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Abstract

PRECLINICAL AND CLINICAL DEVELOPMENT OF INTRATUMORALLY
ADMINISTERED HU14.18-1L2 AS TREATMENT FOR NEUROBLASTOMA AND
MELANOMA: THE IMPORTANCE OF TUMOR INFILTRATING LEUKOCYTES IN

TUMORS TREATED WITH HU14.18-1L2

Richard Yang
Under the supervision of Professor Paul M. Sondel

At the University of Wisconsin-Madison

Hu14.18-IL2, an immunocytokine (IC), consists of the humanized 14.18 (hul4.18)
monoclonal antibody (mAb) genetically linked to human recombinant interleukin-2 (IL2). This
mADb recognizes GD2, a disialoganglioside over-expressed on neuroblastoma and melanoma.
Ch14.18, the chimeric form of hul4.18, has been tested as an investigational therapeutic agent,
alone and combined with IL-2, in Phase I-III clinical trials. Recently, clinical benefit was proven
in a published Phase III trial. Testing directly in tumor-bearing mice, intratumoral (IT)
administration of ICs has shown an advantage compared to intravenous (IV) administration. In
an A/J mouse model bearing subcutaneous GD2+ NXS2 neuroblastoma, IT hul4.18-1L2
treatment resulted in a greater antitumor response compared to IV hul4.18-IL2. This response
was antigen-specific and dose-dependent. These studies indicate that clinical testing of IT

hul4.18-IL2 in melanoma patients with measureable disease appears warranted.



To evaluate the antitumor mechanisms of IT-IC, and focus on the degree of tumor-
infiltrating leukocytes (TILs), we examined the effects of IT hul4.18-1L2 in A/J mice bearing
established GD2+ NXS2 neuroblastoma. We hypothesize that IT-IC administration results in
increased and sustained levels of IC within the tumor, augmenting infiltration of immune effector
cells into the tumor thereby enhancing antitumor response. We developed methods to evaluate
these hypotheses in tumor-bearing mice and demonstrate prolonged IC retention and augmented
numbers of activated T and NK cells within tumors. To model patterns of TILs in patients
receiving IC in clinical trials, we developed a histological method in mice to identify and
quantify TILs. Additionally, we used multicolor flow cytometry to quantify TILs and NKG2D
expression on natural killer cells and cytotoxic T cells. We analyzed the profile of hul4.18-1L2
and TILs at the tumor site following IT versus IV delivery of hul4.18-1L2.

Finally, we present a retrospective analysis of parameters predictive of successful
immunotherapy in mice. We evaluated levels and distributions of TILs in individual NXS2-
bearing mice involved in hul4.18-IL2 administration studies. While differences are seen
between treatment groups, substantial heterogeneity is observed within each treatment group. We
analyze the immune infiltrate profile of TILs seen shortly after treatment, and demonstrate that

there is a correlation between immune infiltration and clinical outcome.
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Chapter 1

Introduction and Background



1.1 Overview

The research presented in this thesis is focused on preclinical data obtained in studies
directed towards clarifying mechanisms underlying the antitumor efficacy of intratumoral
administration of an anti-GD2 immunocytokine. These preclinical studies were also designed to
help inform the subsequent clinical monitoring, and analyses of biopsy samples, from patients
that would be participating in a future clinical trial of this same form of intratumoral
immunotherapy. The purpose of this introductory-background chapter is to summarize: a) the
clinical setting and significance of anti-GD2 immunotherapy, b) the preclinical data leading to
our interest in intratumoral administration of anti-GD2 immunocytokine, and ¢) the model
system that we have used to test our hypothesis regarding some of the mechanisms of antitumor

response.

1.2 Neuroblastoma — Clinical Strategies

Neuroblastoma is the most common malignancy in infants, the most common extracranial
solid tumor of childhood, and the third most common cancer in children (Park et al., 2008; Ishola
et al., 2007; Brodeur et al., 2002a; Matthay et al., 1999; Brodeur et al., 2002b). The average age
at diagnosis is 17 months with 50-60% of patients having metastatic disease when diagnosed
(Cheung et al., 2001; Cheung et al., 1997; Ater, 2004). Overall treatment has improved in
children under 15 years of age with 5-year overall survival rates for newly diagnosed patients
increasing from 52% in the 1970s to 69% in the last decade (Jemal et al., 2007; Ries et al., 2007).

Despite advances in the treatment of low- to intermediate-risk neuroblastoma, outcomes
for patients with advanced disease have been historically poor, but recent data incorporating

immunotherapy have shown significant improvement. Standard treatment for high-risk patients



includes multi-agent cytotoxic chemotherapy, surgery, radiation, and/or myeloablative
chemotherapy with autologous stem cell transplantation, followed by cis-retinoic acid (CRA).
CRA, an anti-proliferative agent, when given following completion of chemotherapy has been
shown to have an increased survival effect in patients with stage 4 disease (Matthay et al., 1999;
Schmidt et al., 2000; Kushner et al., 1994). With current standard therapy, most high risk
patients achieve remission with no clinically evident disease (NED) status. However, complete
eradication of tumor cells has remained elusive. Microscopic residual tumor cells (minimal
residual disease) survive treatment and cause recurrent refractory disease. The 3-year event-free
survival of these high risk patients remains as low as ~30% (Matthay et al., 1999; Cheung et al.,
2001; Berthold et al., 2005; Franks et al., 1997). Fortunately, a recent COG randomized trial has
shown that a combination of anti-GD2 antibody and cytokines in this setting can help prevent

recurrence (Yu et al., 2001; Yu et al., 2010).

1.3 Melanoma — Clinical Strategies

The incidence of melanoma continues to rise, with >70,000 new cases in the USA
estimated for 2010 (ACS, 2011). There will be ~8800 deaths from melanoma in the USA this
year. Complete response (CR) can be achieved surgically for most newly diagnosed high risk
melanoma patients. Even so, most patients who achieve CR after resection of metastatic disease
eventually progress and die, with a median overall survival of ~15 months (Balch et al., 2001a;
Balch et al., 2001b; Feun et al., 1982; Hsueh et al., 2002). Interferon alpha (IFN-a) is the only
treatment that has been consistently shown to help prevent recurrence following surgery for high
risk patients with resected stage Il melanoma (Kirkwood et al., 2001). Many other

immunotherapeutic strategies have been tested. Ipilimumab (anti-CTLA4) and IL-2 have shown



some anti-tumor effect (Hodi et al., 2010; Smith et al., 2008; Rosenberg et al., 1994).
Vemurafenib (a BRAF V600E mutation kinase inhibitor) induces clinical responses in a majority
of patients with previously treated BRAF V600—mutant metastatic melanoma (Sosman et al,
2012). In this study, the median overall survival was approximately 16 months. In spite of this,

there is still a lack of effective systemic therapy for metastatic melanoma.

1.4 The Importance of GD2 Disialoganglioside

Surface antigens expressed on neuroblastoma that have been used as targets for mAbs
include the gangliosides GD2, GD3 and GM3, and the glycoproteins CD56 (NCAM), L1-CAM,
GP58 and GP95 (Cheung and Sondel, 2005). GD?2 is a disialoganglioside antigen that is
expressed on tumors of neuroectodermal origin including neuroblastoma and melanoma (Mujoo
et al., 1987; Cheung et al., 1985). These tumors express GD2 with relatively little heterogeneity
between cells (Schulz et al., 1984; Kramer et al., 1998). Patients with neuroblastoma were found
to have significantly elevated free GD2 levels in serum compared with normal children and
children with other tumors (Schulz et al., 1984). Also, GD2 expression is not lost from the cell
surface of neuroblastoma cells even when bound to antibody, unlike other tumor antigens,
described previously, that may be shed or internalized (Kramer et al., 1998).

In normal tissues, GD2 expression is largely limited to neurons, skin melanocytes, and
peripheral pain fibers (Svennerholm et al., 1994), making it well suited for targeted antitumor
therapy. Recently, GD2 has been “ranked” 12th in priority for clinical importance of all
described human cancer antigens by an NCI workshop (Cheever et al., 2009). In addition to

neuroblastoma and melanoma, GD2 is expressed on some soft tissue sarcomas, osteosarcomas,



and small cell lung cancers (Sondel and Hank, 2001; Mujoo et al., 1987). In all, GD2+ diseases
account for ~8% of all cancer deaths in the US (ACS, 2004).

GD2 has been used extensively as a target in mAb therapy and has been the primary
target of antibody recognition in neuroblastoma. In 1984, a murine mAb (mAb126) was
produced against cultured human neuroblastoma cells (LAN1). The original murine anti-GD2
mAbs described were 3F8, 14.18 and 14.G2a (Mujoo et al., 1987; Cheung et al., 1985). Clinical
testing has been performed with 3F8, 14.G2a, and ch14.18 (the human-mouse chimeric variant
of 14.18) in neuroblastoma and melanoma (Cheung et al., 1987, Cheung et al., 1998,
Handgretinger et al., 1992; Yu et al., 1998; Handgretinger et al., 1995; Murray et al., 1994; Saleh

et al., 1992a; Saleh et al., 1992b).

Clinical Strategies of Anti-GD2 Therapy in Treatment of Neuroblastoma and Melanoma
The following section reviews recent and ongoing strategies using 14.18 derived anti-
GD2 antibodies either as monotherapy or as part of a larger and more complex clinical treatment
approach for neuroblastoma and melanoma. This approach using anti-GD2 antibodies and their
combination with other treatments or strategies have shown enhanced and promising clinical

effects.

1.5 Anti-GD2 Single Agent Antibody Therapy
1.5.1 ADCC and CDC

An ideal anticancer agent would specifically target tumor cells and minimize injury to
healthy cells (Sondel and Hank, 2001). Monoclonal antibody (mAb) therapy creates specificity

to tumor cells through its recognition of cell surface antigens found exclusively on tumor cells or



that are found in much greater amounts on tumor cells compared to normal cells (Stephenson et
al., 1995; Sondel et al., 2003). Currently, mAbs are in use in the detection, diagnosis, and
treatment of neuroblastoma (Franks et al., 1997; Jurcic et al., 1997; Moss et al., 1991; Seeger et
al., 2000). Antibodies can mediate destruction of tumor cells through several mechanisms
including antibody-dependent cell-mediated cytotoxicity (ADCC). After the variable region of
the antibody binds to antigen on the tumor cell, the Fc portion of the antibody can bind to the Fc
receptors on monocytes, macrophages, neutrophils and/or natural killer (NK) cells and stimulate
tumor cell lysis via ADCC (Colucci et al., 2003; Lammie et al., 1993).

In addition, complement-dependent cytotoxicity (CDC) may be induced after an antibody
binds to the tumor cell surface (Sondel and Hank, 2001). However, dose limiting toxicities
(DLT) caused by anti-GD2 mAb do occur and include fever, chills, anaphylactoid reactions most
likely from cytokine and complement activation, and transient neuropathic pain, which are
controllable with analgesics. These toxicities are mostly likely the result of mAb recognition of
GD?2 on peripheral pain fibers and complement deposition (Lammie et al., 1993; Xiao et al.,

1997; Yuki et al., 1997; Svennerholm et al., 1994; Yu et al., 1998).

1.5.2 Ch14.18 Clinical Testing

A human-mouse chimeric form of the 14.18 murine anti-GD2 mAb, designated ch14.18,
was subsequently created to reduce the immunogenicity associated with the murine antibody
(Figure 1-1). The chimeric antibody is less immunogenic and is more effective than 14.G2a in
mediating lysis of neuroblastoma cells with human NK cells (Barker et al., 1991). The ch14.18
antibody has undergone clinical testing as a single-agent therapy. Simon et al. have published

their results using standard induction treatment (chemotherapy with autologous stem cell rescue)



for children and infants with stage 4 neuroblastoma followed by consolidation with chimeric
14.18 antibody for 5 days every 2 months, versus 12 months of oral maintenance chemotherapy
or no further therapy (Simon et al., 2004). In patients <1 year old, there was no significant
difference in event-free survival or overall survival in the three consolidation groups, with an
overall survival of >90%. In patients >1 year old, the 3-year overall survival of ch14.18
treatment was superior to maintenance therapy or no additional therapy (P = 0.018) (Simon et al.,

2005), although there was no difference in event free survival.

1.6 Anti-GD2 Antibodies Combined with other Agents
1.6.1 Antibody plus ADCC-Augmenting Cytokines

As the mechanisms of mAb-based tumor cell lysis via ADCC and CDC were discovered,
it was evident that the antibody must accomplish three separate jobs to kill a tumor cell. First,
the antibody must recognize and bind to the tumor cell. Second, it must bind long enough and
avoid internalization to adequately signal immune effector mechanisms. Third, the activated
immune effector cells or effector proteins must be able to create a destructive signal (Sondel and
Hank, 2001). Since mAb-mediated tumor cell destruction relies on ADCC and/or CDC to kill
tumor cells, strong effector functions are required. However, effector function, particularly
ADCC, is often compromised in cancer patients due to immune suppression from metastatic
cancer and/or chemotherapy (Yuki et al., 1997; Hank et al., 1990; Kushner et al., 1989). It is
thought that the addition of cytokines that activate cells to mediate enhanced ADCC to mAb
therapy will augment effector cell function and improve the overall antibody therapy efficacy

(Sondel and Hank, 2001).



1.6.2 14.G2a + IL-2 Trial

Interleukin 2 (IL-2) is a strong pro-inflammatory cytokine with effects on both innate
immunity, increasing the number and activation state of NK cells, and adaptive immunity,
stimulating antigen-specific T cells (Mulé et al., 1987; Sondel and Hank, 1997). A Phase I trial
through the Children’s Cancer Group involved 33 patients. IL-2 was administered by three 96 hr
infusions on days 1, 8, and 15 over consecutive weeks and 14.G2a was given as a daily 2 h
infusion between days 9-13 (Frost et al., 1997). The treatment timing sought to take advantage of
IL-2 induced lymphocytosis and maximal NK cell cytotoxic activity seen in several previously
conducted in vitro analyses (Hank et al., 1999). One patient had a partial response with a 70%
size decrease in an abdominal tumor facilitating complete resection. Three additional patients
had a transient reduction in microscopic bone marrow disease but no overall reduction in tumor
burden. Serum samples from these patients were found to have sufficient levels of 14.G2a to
result in ADCC of GD2-positive tumor cells in in vitro assays (Hank et al., 1994). Human anti-

mouse antibody reactions (HAMA) were also noted.

1.6.3 Ch14.18 + GM-CSF + IL-2 + CRA Pilot Trial

Testing of ch14.18 in refractory neuroblastoma included co-administration of GM-CSF in
studies done by the Pediatric Oncology Group (Yu et al., 1997; Yu et al., 1995). Also, the
Children’s Cancer Group conducted a Phase I clinical trial of ch14.18 with GM-CSF in children
with neuroblastoma immediately after hematopoietic stem cell transplant (Ozkaynak et al.,
2000). Results of this trial determined the MTD of ch14.18 in combination with GM-CSF to be
40 mg/m*/day for 4 days in the early post-transplant period. A subsequent Phase I study found

the MTD of ch14.18 to be 25 mg/m?/d for 4 days given concurrently with 4.5 x 10° U/m?*/d of



IL-2 for 4 days with alternating cycles of IL-2 and GM-CSF. Though two patients experienced
DLTs from ch14.18 and IL-2, this combination was deemed tolerable in the early post-transplant
period. This study also found that cis-RA can be safely administered between courses of

ch14.18 and cytokines (Gilman et al., 2009).

1.6.4 Phase I1I Neuroblastoma Ch14.18 + GM-CSF + IL-2 + CRA Trial

Preliminary data led to the design of the Children’s Oncology Group (COG) Phase III
trial, ANBL0032, which prospectively examined this ch14.18 + GM-CSF + IL-2 + CRA
combination therapy in patients after myeloablative chemotherapy and autologous stem cell
rescue. CRA was added to the regimen because it was shown previously in a Phase III clinical
trial to improve overall survival in patients with stage 4 neuroblastoma (4). Following autologous
transplant, patients were randomized to receive CRA alone or CRA in combination with ch14.18
and GM-CSF (in courses 1, 3 and 5) and IL-2 (in courses 2 and 4) (Yu et al., 2010).

From 226 patients with high-risk neuroblastoma, the results showed a two-year event-free
survival of 66% in the immunotherapy group versus 46% in the standard treatment group
(p=0.0115). Overall survival at two years was 86% for the immunotherapy group versus 75% for
the standard treatment group (p= 0.016). The results from this phase III trial have been recently
reported (Yu et al., 2010).

This study shows a substantive increase in survival for high risk neuroblastoma. It is the
first clinical trial to document that a combination of an anti-cancer mAb with ADCC-augmenting
cytokines is an effective anticancer therapy. Also, it is the first time an antibody targeting a non-
protein antigen (as GD2 is a glycolipid) has proven to be effective for immunotherapy of cancer.

The 20% improvement in 2-year prevention of relapse for children with neuroblastoma receiving
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the experimental immunotherapy represents an advance in treatment that is being regarded now
as the treatment of choice for high risk patients that achieve remission, in order to decrease the
chance of relapse (Yu et al., 2010).

This study also shows the use of a monoclonal antibody combined with cytokines (GM-
CSF and IL-2) to enhance antibody dependent cell-mediated cytotoxicity (ADCC) having made
an impact on increasing survival in neuroblastoma in a minimal residual disease setting. Other
monoclonal antibodies also mediate ADCC (Rituxan, Erbitux, Herceptin), but have yet to be
tested with cytokines in a minimal residual disease setting. This trial may portend future clinical
trials testing cytokine combinations in more common malignancies that are currently treated with

monoclonal antibodies (Yu et al., 2010).

1.7 Immunocytokines (ICs) - Antibodies Linked to Cytokines
Immunocytokines (IC) are synthetic fusion proteins that consist of tumor-specific

monoclonal antibodies (mAb) linked to an immune-stimulating cytokine.

1.7.1 Ch14.18-1L2

The ch14.18-IL2 is an immunocytokine (IC) formed by linking IL-2 to the carboxyl end
of the constant region of the chimeric mouse—human IgG1 ch14.18 mAb (Johnson et al., 2007;
Gillies et al., 1993; Gillies et al., 1992). Preclinical data in mice show that treatment with
ch14.18-IL2 is far superior to comparable doses of ch14.18 mAb combined with IL-2 in
mediating antitumor effects. In general, ADCC depends on the number and function of Fc
receptors (FcR) on effector cells including activated NK cells (Sondel and Hank, 2001; Hank et

al., 1990; Sondel et al., 2008; Weng et al., 2003). However, activated NK cells also have
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augmented IL-2 receptor (IL-2R) expression (Voss et al., 1990) leading to a dramatic in vitro
response to IL-2 (Sondel et al., 1988). In mouse models, the IL-2 component of this IC can
activate NK cells without FcR, through their IL-2R (Weil-Hillman et al., 1989). Thus, it is
thought that IC-facilitated T-cell binding to tumor cells is mediated via IL-2Rs and IC-facilitated
binding of NK cells to tumor cells is mediated via FcRs and IL-2Rs (Gillies et al., 1992; Hank et
al., 1996). Data suggest that ch14.18-IL-2 could function as both a T-cell inducing vaccine as
well as an activator of NK mediated ADCC. These data provided the basis for initiating clinical
testing of this 14.18 based IC molecule as therapy for neuroblastoma and melanoma (Sondel et
al., 2008) using an immunocytokine based on the humanized, rather than chimeric, form of the

mAb; this IC is hul4.18-1L2.

1.7.2 Hu14.18-1L.2
1.7.2.1 Structure and Preclinical Development

Hul4.18-1L2 (Figure 1-2) is a n immunocytokine (IC) consisting of a human
recombinant human interleukin-2 (IL2) molecule genetically linked to each IgG heavy chain of
the hul4.18 monoclonal antibody (mAb) (Gillies et al., 1992). Hul4.18 monoclonal antibody
recognizes the GD2 disialoganglioside that is over expressed on tumors of neuro-ectodermal
origin such as neuroblastoma and melanoma (Cheung et al., 1987; Ribas et al., 2009). When
murine (14.G2a) or chimeric (ch14.18) anti-GD2 IgG mAbs are injected intravenously (IV) in
mice, half-life is 2—5 days (Yu et al., 1998; Mulé¢ et al., 1987). In contrast, the half-life of the
ch14.18-IL-2 and hul4.18-1L2 is only ~4hrs (Kendra et al., 1999) when injected intravenously
into mice. These data led to hul4.18-IL2 being given frequently (daily) to maintain both IL-2

and hul4.18 in vivo activity (Sondel et al., 2008).



1.7.2.2 Phase I Testing in Neuroblastoma and Melanoma
Initial trial results of hul4.18-IL2 in subjects with GD2+ tumors documented that the
hu14.18-IL2 immunocytokine (IC) is clinically safe and well-tolerated at doses that induce

immunologic activation.

1.7.2.2.1 Melanoma
A phase I study performed at the UWCCC (King et al., 2004) treated 33 adults with

refractory MEL. Patients received 2 monthly courses of IC, consisting of 3 consecutive daily

infusions (over 4 hours) each course. This was a standard dose escalation (0.8, 1.6, 3.2, 4.8, 6.0

12

and 7.5 mg/M*/d) phase I study. Hul4.18-IL2 was tolerated acceptably at the 3.2 and 4.8 mg/m’

dose levels. At 6.0 mg/m?, 1 pt developed hypoxia, requiring entry of 3 more patients at that
dose level. At 7.5 mg/m?, one pt developed hypoxia and hypotension, and one developed a

transiently elevated ALT/AST; both qualified as DLT. Thus, with 2 of 6 patients developing

DLT at 7.5 mg/m’, this dose level met study criteria for MTD, and the phase-2 dose was selected

to be 6.0 mg/M?/d.

1.7.2.2.1 Neuroblastoma

The Children’s Oncology Group has completed a Phase I trial using hul4.18-IL2 in 27
pediatric patients with recurrent neuroblastoma using four courses of hul4.18-IL2 for patients
with stable disease (Osenga et al., 2006). The MTD was 12 mg/m®/day with dose limiting
toxicities (DLTs) of hypotension, allergic reaction, blurred vision, neutropenia,

thrombocytopenia, and leukopenia. No CR or PR was noted, but three patients had clinical
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changes suggestive of antitumor activity with radiographic and bone marrow response. Immune
activation was noted with elevated sIL-2Ra and lymphocytosis. All toxicities were reversible,

and there were no treatment-related deaths.

1.7.2.3 Phase II Studies
1.7.2.3.1 Melanoma

A Phase II protocol evaluated the antitumor activity of hul4.18-IL2 in advanced MEL.
Fourteen patients received 3 daily IV doses of 6.0 mg/M?/d IC in each of 2 monthly courses.
Nine had PD after 2 cycles. Four patients had stable disease (SD) following 2 cycles and went
on to complete 4 cycles. The duration of SD in these pts was from 3 to 4 months. One patient
had a PR (shrinkage of a hepatic metastasis) and completed 4 cycles. The duration of the PR
was < 4 months before progressive disease (PD) was noted. Grade 3 toxicities were noted in 5
patients and reversed in <24h. Only 3 patients required a dose reduction in IC (2 for transient
hypotension and 1 for grade 2 elevated Cr with oliguria).

These data suggested that this agent had limited activity at this dose and schedule in
patients with measurable recurrent melanoma (Albertini et al, Submitted). This observation was
consistent with preclinical data suggesting immunocytokine was less effective in the setting of
macroscopic disease (see section 1.7.3, below). For melanoma, we wanted to instead focus our
testing of IV-IC on patients we felt more likely to benefit; namely those with melanoma at very
high risk for recurrence who are currently NED, and those patients with tumor that might be

amenable to treatment with intratumoral immunocytokine.
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1.7.2.3.2 Neuroblastoma

A Phase II study (COG-ANBL0322) of hul4.18-IL2 in children with recurrent or
refractory neuroblastoma was designed to evaluate the clinical antitumor activity and in vivo
immunological effects of hul4.18-1L2. Also, this study sought to differentiate between patients
with bulky disease and patients with minimal evaluable neuroblastoma. Patients received 3 daily
IV doses of 12.0 mg/M?/d hu14.18-IL2 in each of 4 monthly courses (Shusterman et al., 2010).
Fifteen patients had disease measurable by standard radiographical criteria (stratum-1) and 24
patients had disease evaluable only by meta-iodobenzylguanidine (MIBG) scanning and/or bone
marrow (BM) histology (stratum-2). Responses were confirmed by independent radiological
review and immunocytochemical (ICC) evaluation of the bone marrow.

No responses were seen in the 15 stratum-1 patients. In the 24 stratum-2 patients, 5
showed CR (MIBG and BM/ICC resolution). These response data support the conclusion that
this agent and regimen have clinical activity in stratum-2 but not in stratum-1 patients
(Shusterman et al., 2010). As all patients in this study had recurrent/refractory disease to prior
multi-modality therapy, these responses are of interest to pediatric oncologists (Sondel et al.,

2010).

1.8. Influential Factors in Hu14.18-1L2 Immunotherapy
1.8.1 Intratumoral (IT) Administration of Immunotherapy

Localized versus systemic administration of immunocytokines has been tested directly in
tumor-bearing mice and has shown an advantage of IT administration of ICs compared to IV. In
a SCID mouse model using human melanoma xenografts and infused human peripheral blood

lymphocytes, therapeutic effects of ICs consisting of an anti-EGFR mAb linked to IL2 fusion
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protein (IL2-FuP) or TNF (TNF-FuP) showed improved antitumor effects when administered IT
compared to IV (Christ et al., 2001). IT injection of intact IC resulted in a survival advantage
compared to IT injection of the mAb and IL2 as separate IT injections. Survival time was
prolonged by the intratumoral application of FuP. In mice bearing subcutaneous Lewis lung
carcinomas transfected with EpCAM, IT injection of huKS-IL12/IL2 (huKS1/4 mAb linked to a
cytokine combination of IL2 and IL-12) resulted in complete resolution of tumor (Gillies et al.,
2002). In addition, recent preclinical data have shown that intratumoral injection of hul4.18-1L2
(IT-IC) into the GD2+ NXS2 neuroblastoma in A/J mice has a greater ability to slow the growth
of measureable tumors compared to intravenously injected hul4.18-IL2 (IV-IC) (Johnson et al.,
2008). This response was antigen-specific, dose-dependent, and greater than IT injection of IL2
alone. The increased activity of IT compared to IV hul4.18-IL2 in NXS2 tumors was seen even
in the absence of T cells.

Clinical testing of intratumoral IL-2 in melanoma has shown improvement in
intratumorally treated lesions (Weide et al., 2010). A complete response that lasted >6 months
was documented in 70% of all injected metastases. A complete local response of all treated
metastases was achieved in 33 patients (69%), including 11 patients who had between 20 and
100 metastases. Response rates were higher for patients who had stage III disease compared with
patients who had stage [V disease. Intratumoral IL-2 treatment elicited complete local responses
in a high percentage of patients. Patients with cutaneous metastasis without lymph node
involvement in stage III and with soft-tissue metastasis without visceral involvement in stage [V
showed unexpected favorable survival rates after intratumoral treatment with IL-2 (Weide et al.,
2011). As these clinical studies show local benefit of IT IL2 in melanoma patients, and

preclinical data show intratumoral IC treatment is more effective that intratumoral IL2, clinical



16

testing of IT hul4.18-IL2 in melanoma patients with measureable disease appears warranted.
Together with our lab’s preclinical data with IT-IC, these clinical data with IT-IL2 suggest that
melanoma patients with measurable disease may benefit from a localized treatment regimen of

IT-hul4.18-1L2.

1.8.2 Influence of Systemic and Tumor Infiltrating Leukocytes

Immunocytokines (ICs) are capable of augmenting significant antitumor effects in murine
models by targeting the therapy to the tumor and stimulating the immune system to selectively
destroy the cancer cells. Preclinical data have also shown that these immunocytokine mediated
antitumor effects are largely mediated by Natural Killer (NK) cells as well as T cells. In a
syngeneic A/J murine model of neuroblastoma, the IV administration of the anti-GD2 ch14.18—
IL2 fusion protein induced a cell-mediated antitumor response that eradicated established bone
marrow and liver metastases more efficiently than equivalent mixtures of antibody and
recombinant human IL2 (Lode et al., 1997). The effector mechanism involved was shown to be
exclusively dependent on natural killer (NK cells) (Lode et al., 1998). In a syngeneic BALB/c
model, the huKS1/4-IL2 IC, a humanized antibody against epithelial cell adhesion molecule
(EpCAM) linked to IL2, was used to elicit a T cell-mediated eradication of established
pulmonary and hepatic CT26-KSA murine colon carcinoma metastases (Xiang et al., 1997).

A recent trial of hul4.18-1L2 in children with relapsed neuroblastoma showed antitumor
activity that was associated with genotypes indicating a clinical role for NK cells (Shusterman et
al., 2010, Delgado et al., 2010). Patients were genotyped for KIR, HLA, and FcR alleles to
determine whether KIR receptor—ligand mismatch or specific FcyR alleles were associated with

antitumor response. Of 38 patient DNA samples, 24 were found to have autologous KIR/KIR-
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ligand mismatch and 14 were matched. Of the 24 mismatched patients, 7 experienced either
complete response or improvement of their disease after IC therapy. There was no response or
comparable improvement of disease in patients who were matched. Therefore, KIR/KIR-ligand
mismatch was associated with response/improvement to IC (P = 0.03). There was a trend toward
patients with the FcyR2A 131-H/H genotype showing a higher response rate than other FcyR2A
genotypes (P = 0.06). This report indicated that response or improvement of relapsed/refractory
neuroblastoma patients after hul4.18-IL2 treatment is associated with autologous KIR/KIR-
ligand mismatch, consistent with a role for natural killer cells in this clinical response.

A formal analysis via Pubmed and Embase investigated the prognostic influence of TILs
in clinical studies (Gooden et al., 2011). Studies were included in which the prognostic
significance of intratumoral CD3+, CD4+, CD8+, and FoxP3+ lymphocytes were determined
(Gooden et al., 2011). In this pooled analysis, CD3+ TILs had a positive effect on survival with a
hazard ratio (HR) of 0.58 for death, as did CD8+ TILs with a HR of 0.71. FoxP3+ regulatory
TILs were not linked to overall survival, with a HR of 1.19. A separate meta-analysis of studies
found that intraepithelial TILs are a robust predictor of outcome in ovarian cancer and define a
specific class of patients, whose distinct tumor biology should be taken into account in devising
appropriate therapeutic strategies (Hwang et al., 2012). Lack of intraepithelial TILs is
significantly associated with a worse survival among patients (Hwang et al., 2012). The absence
of TILs, together with increasing Breslow thickness, presence of ulceration and male sex, also
predicts sentinel lymph node (SLN) metastasis in patients undergoing SLN biopsy for primary
cutaneous melanoma (Taylor et al., 2007). In melanomas with a brisk TIL infiltrate, the
probability of a positive SLN was 3.9% as compared with 26.2% for melanomas in which TILs

were absent (Taylor et al., 2007). High levels of intratumoral TILs are associated with improved
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recurrence-free survival in stage 1A non-small-cell lung cancer patients as well as a reduced
likelihood of systemic recurrence (Horne et al., 2011). Also, when angiolymphatic invasion is

not present, the beneficial effects of TILs become even more profound (Horne et al., 2011).

1.8.3 Influence of Initial Tumor Load

Results in tumor bearing mice treated with the hul4.18-IL2 molecule and other similarly
configured molecules document that the most striking antitumor effects are obtained when the
tumor burden is quite low (Neal et al., 2004). Mice treated with 5 days of hul4.18-1L2 IC
beginning on days 3, 5, 7, or 9 after IV injection of NXS2 tumor cells displayed a range of
antitumor effects. Mice treated with hul4.18-IL2 beginning on day 9 after tumor inoculation
showed 50-80 metastatic foci, whereas mice beginning treatment on days 3 or 5 had relatively
few (<10) detectable metastases. This indicated that hul4.18-1L2 is more effective when initiated
early after induction of metastases when there is a smaller tumor burden.

Many clinical studies have found that staging is important for the efficacy of a variety of
treatments. Lung cancer is broadly subclassified on the basis of histological features into
squamous cell carcinoma, adenocarcinoma, large cell carcinoma and small cell carcinoma, and
the histopathological type of lung cancer correlates with tumor behavior and prognosis
(Beadsmoore and Screaton, 2003). Moreover, heterogeneity in clinical biology of localized
gastric cancer (LGC) is best reflected after chemoradiation in presurgical and postsurgical
pathologic stages, and correlation of outcome with presurgical staging may facilitate strategies to
individualize therapy for LGC (Patel et al., 2007).

A stage IV neuroblastoma study found that metastatic patterns in neuroblastoma correlate

with tumor biological features and event-free survival (EFS) (DuBois et al., 1999). EFS was
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decreased in patients with bone, bone marrow, CNS, intracranial/ orbital, lung, and pleural
metastases, and improved in those with liver and skin metastases. MYCN amplification and
unfavorable Shimada histopathology correlated with increased frequencies of bone and
intracranial or orbital metastases in infants and with increased frequencies of intracranial or
orbital, liver, and lung metastases in older patients.

Since precise anatomic staging is important for prognosis in neuroblastoma patients,
several systems have been used and are being designed for accurate staging. For example, the
International Neuroblastoma Staging System (INSS) was formulated to incorporate the basic
elements of several systems and to define the significance of tumor resectability, anatomic

“midline”, and lymph node involvement (Haase et al., 1995).

1.9 Hypothesis Experimental Approach

Our lab has previously shown the IT hul4.18-IL2 route of administration provides better
local antitumor effects than IV hul4.18-IL2 in tumor-bearing mice. The mechanisms involved in
improved antitumor effects seen with IT-IC administration are not clear. In order to evaluate the
antitumor mechanisms of IT-IC, and focus on the degree of leukocyte infiltration, we will
evaluate the effects of IT hul4.18-IL2 in A/J mice bearing established GD2+ NXS2
neuroblastoma.

Currently, there have not been any studies examining the intratumoral use of hul4.18-1L2
therapy for GD2+ tumor in patients. The clinical and pre-clinical mouse data mentioned above
suggest that future clinical trials testing the potential toxicity and antitumor effects of localized
(intratumoral) hul4.18-IL2 in melanoma patients with measurable disease may lead to a strategy

with both enhanced antitumor effects and less systemic toxicity. In order to model such an
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immunotherapy regimen, and investigate leukocyte infiltration, we will use a preclinical mouse
model of the GD2+ NXS2 murine neuroblatoma and intratumoral injection of hul4.18-1L2. In
order to evaluate potential mechanism, and clarify what mechanistic parameters to evaluate in
future patients that receive intratumoral hul4.18-1L2, we have developed a novel quantitative
method of histology to identify and quantify leukocyte infiltration patterns in murine tumors
injected intratumorally with hul4.18-IL2. In this way, we can investigate the anti-tumor effect of
localized hul4.18-IL2 treatment on a cellular level.

Our overriding hypothesis is that the targeting of activated leukocytes, and especially NK
cells, to tumors via anti-GD2 mAb will enable IC to induce clinically meaningful in vivo anti-
tumor activity in patients with GD2" tumors. In addition, we hypothesize that IT-IC
administration results in increased and sustained levels of the IC in the tumor, augmenting
infiltration of immune effector cells into the tumor thereby enhancing the antitumor response.

This project presents histologic and flow cytometry studies to test this hypothesis.
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Figure 1-1. Monoclonal Antibodies and Immunocytokines.

(A) A chimeric monoclonal antibody (mAb) combines the constant region of a human antibody
with the variable domain of a murine antibody. The antigen specificity is conferred by the
murine variable domain. (B) In the humanized mAb, the murine framework determinants of both
the heavy and light chains are replaced with human framework determinants, but the antigen
specificity of the original murine mAb is retained. (C, D) Fusion proteins or immunocytokines
combine the mAb with covalently linked cytokines, such as molecules of interleukin 2 (IL-2), to

the end of each of the heavy chains at the C-terminus.
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Figure 1-2. Hu14.18-1IL2 Structure.

Hu14.18-1L2, an immunocytokine (IC), consists of the humanized 14.18 (hul4.18) monoclonal
antibody (mAb) genetically linked to 2 molecules of human recombinant interleukin-2 (IL-2).
The hul4.18 monoclonal antibody recognizes the GD2 disialoganglioside that is over expressed

on tumors of neuro-ectodermal origin such as neuroblastoma and melanoma.
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2.1 Introduction

The general methods and reagents used for the experiments presented in this thesis are
described below. They include many experimental techniques which have been used routinely
by our laboratory team for many years as well as some modifications of these, and some newer
techniques, that have been incorporated into the studies presented in this thesis. Specific details

for a given experiment are noted in the individual figures.

2.2 Mice

We obtained 7-8 week old female A/J mice from Jackson Laboratories (Bar Harbor,
Maine). All mice were housed in university-approved facilities and were handled according to
National Institutes of Health and University of Wisconsin-Madison Research Animal Resource
Center (RARC) guidelines. All experimentation was performed in accordance to protocols
approved by the National Institutes of Health and by the Animal Care and Use Committees of

UW-Madison.

2.3 Cell lines
2.3.1 NXS2 Murine Neuroblastoma

NXS2 is a moderately immunogenic, highly metastatic, murine neuroblastoma hybrid cell
line that was created as previously described (Lode et al., 1997). Briefly, hybridization of the
GD2-negative C1300 murine neuroblastoma cell line (A/J background) with murine dorsal root
ganglional cells from C57BL/6J mice was used to create the murine NX31T28 cell line. The

NXS2 subline was generated by the selection of NX31T28 cells with high GD2 expression.
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NXS2 cells are of A/J background, that is, H2K* positive/H2K" negative (Lode et al., 1997). The
murine NXS2 cell line was grown in Dulbecco’s modified Eagle’s medium (DMEM, Mediatech,
Herndon, VA) with high glucose (4.5g/L) supplemented with penicillin (100U/ml), streptomycin
(100pg/ml), L-glutamine (2mM) (Life Technologies, Inc., Grand Island, NY) and 10% heat-
inactivated fetal calf serum (FCS, Sigma Chemicals, St. Louis, MO). Cells were maintained at

37°C in a humidified 5% CO, atmosphere.

2.3.1.1 Assessment of GD2 on NXS2 Neuroblastoma

GD2 expression on NXS2 was assessed by flow cytometry. Cells were trypsinized for 5
minutes to release the cells from the bottom of a tissue culture flask. After blocking out the
trypsin with FCS in DMEM media, cells were centrifuged 900 rpm for 5 minutes and the
supernatant removed. After resuspension in DMEM media, the NXS2 cells were stained with
0.5pug of hul4.18-1L2 FITC or a no antibody control. After staining 30 minutes at 4°C, stained
cells were washed with flow buffer (PBS supplemented with 2% FCS), centrifuged 900 rpm for
5 minutes, and the supernatant removed. Stained cells were resuspended in 250uL flow buffer
and propidium iodide (PI). Cells were analyzed using the Becton Dickinson (BD) FACS Calibur.
Analyses of data were performed using FlowJo software, version 6.4.7. We found that NXS2

expresses a moderate level of GD2 (Figure 2-1).

2.3.2 B16-RAE-1gamma Murine Melanoma
B16-RAE-1gamma melanoma (a gift from Dr. Lewis Lanier of UCSF) was grown in
Dulbecco’s modified Eagle’s medium (DMEM, Mediatech) with 1.0g/L glucose supplemented

with penicillin (100U/ml), streptomycin (100pg/ml), L-glutamine (2mM) (Life Technologies),
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10% heat-inactivated fetal calf serum (FCS, Sigma), 2mg/mL G418 (Mediatech), and 1 pg/mL

puromycin (Sigma). Cells were maintained at 37°C in a humidified 5% CO, atmosphere.

2.4 Immunocytokines (ICs) and Immunotherapy

The humanized hul4.18-IL2 (APN301, Apeiron Biologics, Vienna, Austria) was
supplied by the NCI Biologics Resources Branch (Frederick, MD) via a collaborative
relationship with Merck KGaA (Darmstadt, Germany). Hul4.18-IL2 is an immunocytokine
consisting of an intact human interleukin-2 (IL2) genetically linked to the carboxyl-termini of
each human IgG1 heavy chain of the hul4.18 mAb (Gillies et al., 1992). The humanized huKS-
IL2 IC (EMD273066) is a similarly structured immunocytokine, but with IL2 linked to a
humanized mAb that recognizes the Epithelial Cell Adhesion Molecule (EpCAM); it was

generated and provided by EMD-Lexigen Research Center (Billerica, MA).

2.5 Well-Established Tumor Model

A/J mice were injected subcutaneously with 2 x 10° cells of NXS2 murine neuroblastoma
in 100ul PBS in the lower right quadrant of the abdomen. Tumors were allowed to grow until the
average volume was 30-150 mm’ (Volume measured with mechanical calipers = width x width x
length / 2), normally this required 14-18 days. Mice were then randomized into appropriate
treatment groups and received 50ug of IC treatment daily for 3 consecutive days (either IV or
IT). Mice were given IV IC by tail vein injection in 100ul PBS. IT injections consisted of IC in
100ul PBS, delivered into the subcutaneous tumor with a 30 gauge needle. Control treatments

consisted of an equivalent volume of PBS administered by IT injection.
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2.6 Early-Established Two Tumor Model

Figure 2-2 shows the schematic of the early-established tumor model including the cell
depletion reigmens. This treatment model was used in a previous report from our lab (Johnson et
al., 2008) that examined intratumorally injected immunocytokines in different mouse models.
A/J mice were injected subcutaneously with 2 x 10° cells of NXS2 murine neuroblastoma in
100pl on Day 0 in the lower right quadrant of the abdomen to establish an initial (primary)
tumor. After 4 days mice were injected again subcutaneously with 2 x 10° cells of NXS2 murine
neuroblastoma in 100ul in the lower left quadrant of the abdomen to establish a second (distant)
tumor. Mice were randomized on day 4 (immediately prior to antibody injections to deplete T or
NK cells and to the second tumor implantation) into appropriate treatment groups and received
15png of IC treatment daily for 5 consecutive days (Days 7-11). Mice were given IV IC by tail
vein injection in 100ul PBS. IT injections consisted of IC in 100ul PBS, placed into the primary
tumor with a needle. IT treatment was only done to the primary (local) tumor. Control treatments
consisted of an equivalent volume of PBS administered by IV or IT injection. Tumor volumes of
the initial (local) and secondary (distant) tumors were measured using mechanical calipers

(Volume = width x width x length / 2).

2.7 Cell Depletion Regimens

Local and distant tumors were induced according to the early-established tumor model.
To deplete NK cells, mice were injected intraperitoneally (I.P.) with 1.6 mg anti-asialo GM1
antibody (Wako Chemicals Richmond, VA) or 1.6 mg Rabbit IgG isotype control (Sigma) in a
total volume of 200uL. PBS on days 4, 9, and 16. To deplete T cells, mice were injected I.P. with

mixtures of anti-CD4 and anti-CD8 mAbs (250 pg of each) or 500 pg Rat IgG (Sigma) isotype
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control in a total volume of 200pL PBS on days 4, 9, and 16. Mice received 5 daily IT injections
(Days 7-11) of 15pg hul4.18-1L2 (IC) to the primary tumor in a volume of 50uL PBS or 50uL

control PBS. Tumor volumes were measured using mechanical calipers.

2.8 Endpoints for Progressive Tumor Growth

The endpoint of all tumor growth and survival studies was death of the animal or
excessive tumor burden as determined by both tumor size (15mm in any direction) and the
condition and behavior of the animal. These criteria are established by the RARC guidelines. The
decision to euthanize an animal was made by an independent observer without regard for

treatment group.

2.9 Hul4.18-1L2 IC Retention Experiments

Tumors were induced according to the well-established tumor model and then
randomized to receive a single treatment of IT-IC (intratumoral injection of 50ug hul4.18-IL2 in
100pL PBS), IV-IC (intravenous injection of 50 pg hul4.18-1L2 in 100uL PBS), or IT-KS
(intratumoral injection of 50pg huKS-IL2 in 100uL PBS). Mice were sacrificed at various times

after treatment and their tumors were taken for flow cytometry.

2.10 Histology Experiments and Immunohistochemistry (IHC)

Mice treated according to the well-established tumor model were sacrificed 48 hours after
treatment completion and their tumors resected for histology. The tumors were embedded in
OCT, flash frozen in liquid nitrogen, and stained. Briefly, frozen sections were cut onto slides

using a cryostat, fixed in cold acetone and dried. After rehydration, sections were blocked with



31

5% Rabbit serum (Sigma) for 25 min, washed and incubated with optimally titered mAb [rat
anti-mouse CD45(clone 30-F11, eBioscience), CD3 (clone 17A2, eBioscience), CD4(clone
GK1.5, eBioscience) , CD8 (clone 53-6.7, eBioscience) , F4/80 (clone BMS, eBioscience) ,
NKG2A/C/E (clone 20d5, eBioscience)] overnight in 1% Rabbit Serum. Following a wash, a
biotinylated rabbit anti-rat secondary antibody was applied for 90 min and followed by ABC
avidin-biotin complex (Vector Labs, Burlingame, CA). Slides were developed with DAB (Vector
Labs, Burlingame, CA) for 4.5 min, counterstained with Mayer’s hematoxylin (Sigma) for 90 sec

and washed in running tap water for 5 min and mounted.

2.11 Quantitation of Immunohistochemistry (IHC)

A histological method to identify and quantify leukocyte infiltration patterns in these IT-
IC treated tumors was developed. Digital pictures of these stained sections were taken at low
magnification (10x) and quantitative analysis was performed using ImageJ software (NIH). The
visual fields were placed on reproducible grids, and five representative areas of the same size
within each frozen section were chosen. These 5 “subsamples” were inspected visually so that
positive and negative cells could be manually counted within each subsample (Figure 2-3).
Analogous grids and subsamples of the same size were obtained for each individual frozen
section specimen being analyzed. This manual counting was done using a blinded system, by 2
separate individuals. These results were confirmed by a boarded hematopathologist who
assessed the methods and analyses (Dr. Erik Ranheim). Percentages of subsamples were
averaged within a sample and significance tests were performed using the Prism 5, Version 5.0.4,

software (GraphPad).
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2.12 Flow Cytometry
2.12.1 Preparation of Cells

Tumors were established and mice treated according to the well-established tumor model.
Forty eight hours after treatment completion, mice were sacrificed and their tumors and spleens
resected for flow cytometry. Single cell suspensions were made by disassociating the tissues
through brass mesh (30 openings per inch) and then 50 micron nylon filters. Cell counts were

determined using a Beckman Coulter cell counter or hemacytometer.

2.12.2 Staining of Cells

About 1 million cells were stained with the following antibodies at 4°C for 30 min: FITC
conjugated anti-mouse NKG2A/C/E (clone 20d5, eBioscience), PE conjugated anti-mouse
NKG2D (clone CX7, eBioscience), PE-Cy5 conjugated anti-mouse F4/80 (clone BMS,
Biolegend), PerCP-eFluor710 conjugated anti-mouse F4/80 (clone BM8, eBioscience), PE-Cy7
conjugated anti-mouse CD4 (clone GK1.5, eBioscience), APC conjugated anti-mouse CD3e
(clone 145-2C11, Biolegend), AlexaFluor700 conjugated anti-mouse CD45 (clone 30-F11,
Biolegend), APC-eFluor780 conjugated anti-mouse CD8a (clone 53-6.7, eBioscience), CD16/32
Fc Block (clone 93, Biolegend), PE conjugated goat anti-human IL2 (clone MQ1-17H12,
eBioscience) and PE conjugated goat anti-human IgG Fc Gamma (cat 12-4998-82, eBioscience).
Cells were washed with flow buffer (PBS supplemented with 2% FCS) and centrifuged 900rpm
for 5 minutes. After removal of the supernatant, cells were resuspended in 0.25mL of flow buffer

and 0.6pg of DAPI (30 uL at 20 pg/mL in flow buffer).
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2.12.3 Surface Phenotypic Analysis of Cells

Cells were analyzed using the Becton Dickinson (BD) LSRII. Compensation beads were
used as positive color standards to subtract out overlapping emission spectra on adjacent color
channels. Analyses of data were performed using FlowJo software. Fluorochromes Minus Ones
(FMOs) were used to distinguish positively stained populations. Erythrocytes were subtracted
from the denominator to allow analyses to focus only on nucleated cells. Our gating strategy for
these flow studies are presented in Figure 2-4. Results are reported as % positive cells, or as

mean fluorescence intensity (MFI) units.

2.12.4 Assessment of NKG2D ligands on NXS2

Although NXS2 cells cultured in vitro do not express RAE-1gamma (a primary ligand for
murine NKG2D), NXS2 cells, when taken from a subcutaneous tumor and disaggregated, do
demonstrate strong expression of RAE-1gamma. This is shown in Figure 2-5. These
tumor/stromal cells were disaggregated from a mouse that died due to progressive disease from
subcutaneous NXS2. These cells were then stained with Rat anti-mouse RAE-1 gamma PE (Red
line, clone CX1, eBioscience) or with Rat IgG2b Isotype control PE (Blue line, clone
eB149/10HS5, eBioscience). The data demonstrate strong and relatively homogeneous staining for

RAE-1gamma.

2.13 Wright-Giemsa Staining
PEC (10*-10° cells in 100 pl media with FCS) were centrifuged at 800 rpm for 3 minutes
using a Shandon Cytospin 2. After air drying for 5 minutes, slides were fixed in 100% methanol

2 minutes, allowed to dry, and stained horizontally with Wright Giemsa Stain (Sigma) for 45
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seconds. An equal volume of glass filtered water was immediately added to the Wright Giemsa
stain solution, and staining with this mixture was performed for 10 minutes, after which the
slides were washed off with glass filtered water and destained horizontally with glass filtered
water for 5 minutes. Slides were allowed to dry and mounted with glass coverslips using
cytoseal 60. Pictures of cells were taken under 40x magnifications with attached computer

software (Magnafire 2.1).

2.14 Statistical Methods

In all figures, p-values are represented with asterisks (*) as follows: <0.05 = (*), <0.01=
(**), <0.001 = (***), <0.0001 = (****), Graphs were generated and significance tests were
performed using the GraphPad Prism 5, Version 5.04, software. Contingency tables and graphs
were analyzed using a Chi-squared statistic test or the Fisher's exact test (for small samples) to
generate p-values. Survival curves were generated using the method described by Kaplan and
Meier and statistically compared using the log rank (Mantel-Haenszel) test.

In all figures with bar graphs, one-tailed or two-tailed (if there was no a priori
hypothesis) Student’s t-tests under the normality assumption were used to determine significance
of differences in antitumor responses (tumor volume, tumor infiltration, tumor growth inhibition,
and delivery and retention of IC) between experimental and relevant control groups. Data are
presented as mean =+ standard error of the mean (SEM) and considered statistically significant for
p values less than 0.05. Due to the exploratory nature of these analyses, multiplicity adjustments
were not made.

In all scatter plot figures testing for correlation, asterisks after treatment groups in the

legend represent a statistically significant different slope of each group’s regression line model
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€6y,

compared to 0. For comparisons between treatment groups, “s” or “x” indications are used in
place of asterisks, to test whether the slopes or elevations, respectively, of each group’s
regression line are statistically significantly different from each other. Slope comparisons

(P2
S

between regression analyses are tested and similarly indicated with “s” values (°) as follows:
<0.05 is represented with one s (%), <0.01 = (*), <0.001 = (**) and <0.0001 = (**). Regression
lines with significantly different slopes cannot be tested for differences in elevation because they
will intersect at some point in space. In cases when slopes are not significantly different,

elevation comparisons between regression analyses are tested and similarly indicated with “x”

values (*) as follows: <0.05 is represented with one x (¥), <0.01 = (**), <0.001 = (***) and <0.0001

— (XXXX) .



36

Figure 2-1. Assessment of GD2 on NXS2 mouse neuroblastoma

GD2 expression on NXS2 was assessed by flow cytometry. NXS2 murine neuroblastoma cells
were stained with 0.5pg hul4.18-IL2 FITC (blue). Hul4.18-IL2 is known to bind specifically to
GD2 disialogangioside (Gillies et al., 1992). A no antibody control (red line) was also made for
comparison. Cells were analyzed using the Becton Dickinson (BD) FACS Calibur. Analyses of
data were performed using FlowJo software, version 6.4.7. Dead cells were excluded from
analysis (gated out by propidium iodide positivity). We found that NXS2 expresses a moderate

level of GD2.
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Figure 2-2. Early Established Tumor Model Dosing Schedule

The early-established tumor model was used to examine the role of NK cell or T cell depletion in
intratumorally hu14.18-IL2 treated mice. A/J mice were injected subcutaneously with 2 x 10°
cells of NXS2 murine neuroblastoma in 100ul on Day 0 in the lower right quadrant of the
abdomen to establish an initial (primary) tumor. After 4 days mice were injected again
subcutaneously with 2 x 10° cells of NXS2 murine neuroblastoma in 100yl in the lower left
quadrant of the abdomen to establish a second (distant) tumor. Mice were randomized on day 4
(immediately prior to depletion antibody injections and second tumor implantation) into
appropriate treatment groups and received 15ug of IC treatment daily for 5 consecutive days
(Days 7-11). Mice were given IV IC by tail vein injection in 100ul PBS. IT injections consisted
of IC in 100ul PBS, placed into the primary tumor with a needle. IT treatment was only done to
the primary (local) tumor. Control treatments consisted of an equivalent volume of PBS
administered by IV or IT injection. Tumor volumes of the initial (local) and secondary (distant)

tumors were measured using mechanical calipers (Volume = width x width x length / 2).
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Figure 2-3. Quantification of Inmunohistochemistry.

In order to quantify the average percent of certain infiltrating leukocytes in these visually striking
stained tissue sections, we developed a histological and statistical method using the freely
available software imaging and statistical programs ImagelJ and R, respectively. Digital pictures
of stained sections were taken at low magnification (10x) and quantitative analysis was
performed using ImagelJ software. Each section was counted using 5 subsamples per section.
For each subsample, the number of positively staining cells was counted to get a numerator. The
cell density of the tissue section (the denominator) was obtained by extrapolation from count
data from a smaller region within each subsection. Percent positivity was obtained from these
data by dividing positively stained cells by overall cell density and multiplying by 100. A
comprehensive data table was then created with a percent positivity for each subsample. These
data were imported into the statistical program “R” and Mixed-Effect regression models were
created for each leukocyte marker, accounting for between-mouse and within-mouse variability.
Treatment groups were compared to percent positivity for each of these leukocyte markers and

histograms were made using these comprehensive statistical models.
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Figure 2-4. Gating Strategy.

This was our gating strategy to obtain Total Live Nucleated Cells (TLNCs) or CD45+ cells. We
first gated on “Cells” using forward and side scatter (upper left figure), then on single cells
(“Singlets”) using forward scatter width (upper right figure), then on live cells using DAPI
(lower left figure), and then (lower right figure) on CD45(+) cells to get tumor infiltrating
leukocytes and on CD45(-) cells to get tumor and stromal cells. Total Live Nucleated Cells
(TLNCs) were obtained from the figure in the lower right by the addition of DAPI-negative

CD45(-) cells and CD45(+) cells.



Figure 2-4.

Gating Strategy

4000

3000

Singlets

0 1000

2000
FSC-A

3000

4000

Live Cells

3000

1000 2000

FSC-W

3000 4000

1000

CD45(-)

CDA5(+)

TLNCs = CD45(-)
+ CD45(+)

1
10° 10%
<DAPI C-A>

I T T
0 10° 10° 104 10°
CD45 AlexaFluor700



44

Figure 2-5. RAE-1gamma Expression on NXS2 ex-vivo.

To assess whether NXS2 murine neuroblastoma expresses NKG2D ligands, we stained a NXS2
tumor ex vivo with a rat anti-mouse RAE-1gamma-PE antibody (clone CX1, eBioscience). These
tumor and stromal cells were disaggregated from a mouse that died due to progressive disease
from subcutaneous NXS2. These cells were then stained with Rat anti-mouse RAE-1 gamma PE
(Red line, clone CX1, eBioscience) or with Rat IgG2b Isotype control PE (Blue line, clone
eB149/10H5, eBioscience). The data demonstrate strong, and relatively homogeneous staining
for RAE-1gamma. The gating strategy was similar to the method mentioned above (Figure 2-4).
We first gated on “Cells” using forward and side scatter, then on single cells (“Singlets”) using
forward scatter width, then on live cells using DAPI, and then on CD45(-) cells to get tumor and

stromal cells.
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Chapter 3

Intratumoral hul4.18-1L2 (IC) Induces Local and Systemic Antitumor Effects that Involve

Both Activated T- and NK cells as well as Enhanced IC Retention
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3.1 Abstract

Hu14.18-IL2 is an immunocytokine (IC) consisting of human IL2 linked to hul4.18
mAb, which recognizes the GD2 disialoganglioside. Phase 2 clinical trials of intravenous
hul4.18-IL2 (IV-IC) in neuroblastoma and melanoma are underway, and have already
demonstrated activity in neuroblastoma. We have previously shown that intratumoral hul4.18-
IL2 (IT-IC) compared to IV-IC results in enhanced antitumor activity in mouse models. Studies
presented here were designed to determine the mechanisms involved in this enhanced activity
and to support the future clinical testing of IT administration of immunocytokines. Improved
survival and inhibition of growth of both local and distant tumors were observed in A/J mice
bearing subcutaneous NXS2 neuroblastomas treated with IT-IC versus IV-IC or control mice.
The local and systemic antitumor effects of IT-IC were inhibited by depletion of NK cells or T
cells. IT-IC resulted in increased NKG2D receptors on intratumoral NKG2A/C/E+ NKp46+ NK
cells and NKG2A/C/E+ CD8+ T cells when compared to control or IV-IC mice. NKG2D levels
were augmented more in tumor-infiltrating lymphocytes (TILs) compared to splenocytes,
supporting the localized nature of the intratumoral changes induced by IT-IC treatment.
Prolonged retention of IC at the tumor site was seen with IT-IC compared to IV-IC. Overall, IT-
IC compared to IV-IC resulted in increased numbers of activated T- and NK cells within tumors,

better IC retention in the tumor, enhanced inhibition of tumor growth, and improved survival.
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3.2 Introduction

Immunocytokines (IC) are synthetic fusion proteins that consist of tumor-specific
monoclonal antibodies (mAb) linked to an immune-stimulating cytokine. Hul4.18-IL2,
originally created and described by Steve Gillies (Gillies et al., 1992), is an IC consisting of
human interleukin-2 (IL2) linked to each IgG heavy chain of the hul4.18 mAb, which recognizes
the GD2 disialoganglioside present on tumors of neuro-ectodermal origin (i.e. neuroblastoma,
melanoma) (Gillies et al., 1992). ICs are capable of augmenting significant antitumor effects in
murine models by targeting the therapy to the tumor and stimulating the immune system to
selectively destroy the cancer cells. In a syngeneic A/J murine model of neuroblastoma, the IV
administration of the anti-GD2 ch14.18-IL2 fusion protein induced a cell-mediated antitumor
response that eradicated established bone marrow and liver metastases more efficiently than
equivalent mixtures of antibody and recombinant human IL2 (Lode et al., 1997). The effector
mechanism involved was shown to be exclusively dependent on natural killer (NK cells) (Lode
et al., 1998). In a syngeneic BALB/c model, the huKS1/4-IL2 IC, a humanized antibody against
epithelial cell adhesion molecule (EpCAM) linked to IL2, was used to elicit a T cell-mediated
eradication of established pulmonary and hepatic CT26-KSA murine colon carcinoma metastases
(Xiang et al., 1997). Again, mixtures of monoclonal antibody huKS1/4 with recombinant human
IL2 were less effective and only partially reduced tumor load (Xiang et al., 1997). In a human
melanoma (A375GFP) xenograft murine model, the immunocytokine scFvMEL/TNF, a fusion of
human tumor necrosis factor (TNF) and an antibody single chain variant fragment (scFv) against
the melanoma gp240 antigen (scFVMEL), targets melanoma cells in vivo and results in

pronounced antitumor effects after systemic administration (Liu et al., 2006).
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Clinical trials involving predecessors to the immunocytokine hul4.18-IL2 to treat GD2+
tumors such as neuroblastoma have shown progress in recent years. A recent Phase 3 trial using
a chimeric anti-GD2 mAb (ch14.18) in combination with IL2, GM-CSF and 13-cisretinoic acid
(CRA) showed an increase (66% vs 46%) in event free survival (EFS) in pediatric neuroblastoma
patients over the previous standard of care maintenance therapy, CRA (Yu et al., 2010). The
hul4.18-IL2 itself has also shown clinical activity in children with recurrent, refractory
neuroblastoma. A phase I clinical trial sponsored by the Children's Oncology Group (COG) and
using the hul4.18-IL2 as a treatment for children with refractory or recurrent neuroblastoma
showed immune activation as evidenced by elevated serum levels of soluble IL2 receptor alpha
and lymphocytosis (Osenga et al., 2006). The maximal tolerated dose was determined to be 12
mg/m?/d when administered i.v. over 4 hours for three consecutive days. This study showed that
hul4.18-IL2 could be administered safely in pediatric patients at doses that induce immune
activation. Subsequently, a phase II study through Children's Oncology Group (COG) showed
that recurrent neuroblastoma patients with non-bulky disease (evaluable only by sensitive '*I-
MIBG scintigraphy or bone marrow histology) treated with hu14.8-IL2 intravenously at 12
mg/m?/d for 3 days every 4 weeks had a 21.7% (5 out of 23) complete response (CR) rate
(Shusterman et al., 2010). These 5 patients had complete response (CR) status lasting 9, 13, 20,
30 and 35+ months, respectively, in duration. In contrast, patients with bulky disease
(measurable by standard radiographic criteria) showed 0 out of 13 responses. This study showed
that hul4.18-1L2 warrants further testing in children with nonbulky high-risk neuroblastoma.

Hu14.18-1L2 has also been tested in adult melanoma patients. A phase I clinical trial of
hul4.18-IL2 in patients with metastatic melanoma showed immune activation as measured by

lymphocytosis, increased peripheral-blood natural killer activity, and increased serum levels of
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the soluble IL2 receptor alpha with reversible clinical toxicities at an MTD of 7.5 mg/m*/d (King
et al., 2004). In addition, eight of 33 (24%) patients had stable disease after two courses of
therapy. A separate phase I/II study of hul4.18-IL2 in patients with stage IV unresectable,
cutaneous metastatic melanoma and showed systemic immune activation as demonstrated by
increases in serum levels of sIL2R, IL.10, and neopterin as well as increased tumor infiltration by
T cells in post-dosing biopsies (Ribas et al., 2009). Stable disease was seen in 2 out of 9 (22%)
patients treated with 4 mg/m*/d of hul4.18-IL2 given as a 4-h IV infusion on 3 consecutive days
every four weeks. These two patients had stable disease status determined after courses 2 or 4,
but progressing 4 months later in each.

Localized versus systemic administration of immunocytokines has been tested directly in
tumor-bearing mice and has shown an advantage of IT administration of ICs compared to I'V. In
a SCID mouse model using human melanoma xenografts and infused human peripheral blood
lymphocytes, therapeutic effects of ICs consisting of an anti-EGFR mAb linked to IL2 fusion
protein (IL2-FuP) or TNF (TNF-FuP) showed improved antitumor effects when administered IT
compared to [V (Christ et al., 2001). IT injection of intact IC resulted in a survival advantage
compared to IT injection of the mAb and IL2 as separate IT injections. Survival time was
prolonged by the intratumoral application of FuP. In mice bearing subcutaneous Lewis lung
carcinomas transfected with EpCAM, IT injection of huKS-IL12/IL2 (huKS1/4 mAb linked to a
cytokine combination of IL2 and IL-12) resulted in complete resolution of tumor (Gillies et al.,
2002). In a subcutaneous GD2+ NXS2 neuroblastoma mouse model, IT hul4.18-IL2 treatment
resulted in a greater antitumor response, compared to IV hul4.18-1L2 injection. This response
was antigen-specific, dose-dependent, and greater than IT injection of IL2 alone (Johnson et al.,

2008). The increased activity of IT compared to IV hul4.18-IL2 in NXS2 tumors was seen even
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in the absence of T cells (Johnson et al., 2008). Clinical administration of intratumoral IL2 in
melanoma patients has shown local antitumor effects (Weide et al., 2010; Weide et al., 2011). As
these clinical studies show local benefit of IT IL2 in melanoma patients, and these preclinical
studies show IT-IC is more effective than IT IL2 in tumor bearing mice, clinical testing of IT
hul4.18-IL2 in melanoma patients with measureable disease appears warranted.

The mechanisms involved in improved antitumor effects seen with IT-IC administration
are not clear. In order to evaluate the antitumor mechanisms of IT-IC, and focus on the degree of
leukocyte infiltration, we have evaluated the effects of IT hul4.18-IL2 in A/J mice bearing
established GD2+ NXS2 neuroblastoma. We hypothesize that IT-IC administration results in
increased and sustained levels of the IC in the tumor, augmenting infiltration of immune effector
cells into the tumor thereby enhancing the antitumor response. We have developed methods to
evaluate these hypotheses in tumor-bearing mice and demonstrate prolonged IC retention at
tumor and augmented numbers of activated T and NK cells in TILs. In order to model patterns of
infiltrating leukocytes in tumors in patients receiving IC in clinical trials, we have developed a
histological method in a preclinical mouse model to identify and quantify these infiltrating
immune cells. Additionally, we have used multicolor flow cytometry to quantify the expression
of the killing ligand NKG2D on NK cells and cytotoxic T cells (CTLs) as well as analyze the

profile of hul4.18-1L2 and TILs at the tumor site following IT vs. IV delivery of hul4.18-1L2.
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3.3 Material and Methods
3.3.1 Mice

We obtained 7-8 week old female A/J mice from Jackson Laboratories (Bar Harbor,
Maine). All mice were housed in university-approved facilities and were handled according to

National Institutes of Health and University of Wisconsin-Madison Research Animal Resource

Center (RARC) guidelines.

3.3.2 Cell lines

NXS2 is a moderately immunogenic, highly metastatic, murine neuroblastoma hybrid cell
line that was created as previously described (Lode et al., 1997). Briefly, hybridization of the
GD2-negative C1300 murine neuroblastoma cell line (A/J background) with murine dorsal root
ganglional cells from C57BL/6J mice was used to create the murine NX31T28 cell line. The
NXS2 subline was generated by the selection of NX31T28 cells with high GD2 expression.
NXS2 cells are of A/J background, that is, H2K* positive/H2Kb negative (Lode et al., 1997). The
murine NXS2 cell line was grown in Dulbecco’s modified Eagle’s medium (DMEM, Mediatech,
Herndon, VA) supplemented with penicillin (100U/ml), streptomycin (100pg/ml), L-glutamine
(2mM) (Life Technologies, Inc., Grand Island, NY) and 10% heat-inactivated fetal calf serum
(FCS, Sigma Chemicals, St. Louis, MO). Cells were maintained at 37°C in a humidified 5% CO,

atmosphere.

3.3.3 ICs and immunotherapy
The humanized hul4.18-1L2 (APN301, Apeiron Biologics, Vienna, Austria) was

supplied by the NCI Biologics Resources Branch (Frederick, MD) via a collaborative
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relationship with Merck KGaA (Darmstadt, Germany). Hul4.18-IL2 is an immunocytokine
consisting of an intact human interleukin-2 (IL2) genetically linked to the carboxyl-termini of
each human IgG1 heavy chain of the hul4.18 mAb (Gillies et al., 1992). The humanized huKS-
IL2 IC (EMD273066) was generated and provided by EMD-Lexigen Research Center (Billerica,

MA).

3.3.4 Tumor Models
3.3.4.1 Well-Established Tumor Model

A/J mice were injected subcutaneously with 2 x 10° cells of NXS2 murine neuroblastoma
in 100ul PBS in the lower right quadrant of the abdomen. Tumors were allowed to grow until the
average volume was 30-150 mm’ (Volume measured with mechanical calipers = width x width x
length / 2), normally this required 14-18 days. Mice were then randomized into appropriate
treatment groups and received 50ug of IC treatment daily for 3 consecutive days (either IV or
IT). Mice were given IV IC by tail vein injection in 100ul PBS. IT injections consisted of IC in
100ul PBS, delivered into the subcutaneous tumor with a 30 gauge needle. Control treatments

consisted of an equivalent volume of PBS administered by IT injection.

3.3.4.2 Early-Established Two Tumor Model

A/J mice were injected subcutaneously with 2 x 10° cells of NXS2 murine neuroblastoma
in 100ul on Day 0 in the lower right quadrant of the abdomen to establish an initial (primary)
tumor. After 4 days mice were injected again subcutaneously with 2 x 10° cells of NXS2 murine
neuroblastoma in 100ul in the lower left quadrant of the abdomen to establish a second (distant)

tumor. Mice were randomized on day 4 (immediately prior to depletion antibody injections and
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second tumor implantation) into appropriate treatment groups and received 15ug of IC treatment
daily for 5 consecutive days (Days 7-11). Mice were given IV IC by tail vein injection in 100ul
PBS. IT injections consisted of IC in 100ul PBS, placed into the primary tumor with a needle. IT
treatment was only done to the primary (local) tumor. Control treatments consisted of an
equivalent volume of PBS administered by IV or IT injection. Tumor volumes of the initial
(local) and secondary (distant) tumors were measured using mechanical calipers (Volume =

width x width x length / 2).

3.3.5 Endpoints for Progressive Tumor Growth

The endpoint of all tumor growth and survival studies was death of the animal or
excessive tumor burden as determined by both tumor size (15mm in any direction) and the
condition and behavior of the animal. These criteria are established by the RARC guidelines. The
decision to euthanize an animal was made by an independent observer without regard for

treatment group.

3.3.6 Cell Depletion Regimens

Local and distant tumors were induced according to the early-established tumor model.
To deplete NK cells, mice were injected intraperitoneally (I.P.) with 1.6 mg anti-asialo GM1
antibody (Wako Chemicals Richmond, VA) or 1.6 mg Rabbit IgG isotype control (Sigma) in a
total volume of 200uL. PBS on days 4, 9, and 16. To deplete T cells, mice were injected I.P. with
mixtures of anti-CD4 and anti-CD8 mAbs (250 pg of each) or 500 png Rat IgG (Sigma) isotype

control in a total volume of 200puL PBS on days 4, 9, and 16. Mice received 5 daily IT injections
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(Days 7-11) of 15pg hul4.18-1L2 (IC) to the primary tumor in a volume of 50uL. PBS or 50uL.

control PBS. Tumor volumes were measured using mechanical calipers.

3.3.7 IC Retention Experiments

Tumors were induced according to the well-established tumor model and then
randomized to receive a single treatment of IT-IC (intratumoral injection of 50ug hul4.18-1L2 in
100uL PBS), IV-IC (intravenous injection of 50 pg hul4.18-1L2 in 100pL PBS), or IT-KS
(intratumoral injection of 50pug huKS-IL2 in 100uL PBS). Mice were sacrificed at various times

after treatment and their tumors were taken for flow cytometry.

3.3.8 Histology Experiments and Immunohistochemistry (IHC)

Mice treated according to the well-established tumor model were sacrificed 48 hours after
treatment completion and their tumors resected for histology. The tumors were embedded in
OCT, flash frozen in liquid nitrogen, and stained. Briefly, frozen sections were cut onto slides
using a cryostat, fixed in cold acetone and dried. After rehydration, sections were blocked with
5% Rabbit serum (Sigma) for 25 min, washed and incubated with optimally titered mAb [rat
anti-mouse CD45(clone 30-F11, eBioscience), CD3 (clone 17A2, eBioscience), CD4(clone
GK1.5, eBioscience) , CDS8 (clone 53-6.7, eBioscience) , F4/80 (clone BMS, eBioscience) ,
NKG2A/C/E (clone 20d5, eBioscience)] overnight in 1% Rabbit Serum. Following a wash, a
biotinylated rabbit anti-rat secondary antibody was applied for 90 min and followed by ABC
avidin-biotin complex (Vector Labs, Burlingame, CA). Slides were developed with DAB (Vector
Labs, Burlingame, CA) for 4.5 min, counterstained with Mayer’s hematoxylin (Sigma) for 90 sec

and washed in running tap water for 5 min and mounted.
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3.3.9 Quantitation of IHC

A histological method to identify and quantify leukocyte infiltration patterns in these IT-
IC treated tumors was developed. Digital pictures of these stained sections were taken at low
magnification (10x) and quantitative analysis was performed using ImageJ software (NIH). The
visual fields were placed on reproducible grids, and five representative areas of the same size
within each frozen section were chosen. These 5 “subsamples” were inspected visually so that
positive and negative cells could be manually counted within each subsample. Analogous grids
and subsamples of the same size were obtained for each individual frozen section specimen
being analyzed. This manual counting was done using a blinded system, by 2 separate
individuals. These results were confirmed by a boarded hematopathologist who assessed the
methods and analyses (author EAR). Percentages of subsamples were averaged within a sample

and significance tests were performed using the Prism 5, Version 5.0.4, software (GraphPad).

3.3.10 Flow Cytometry

Tumors were established and mice treated according to the well-established tumor model.
Forty eight hours after treatment completion, mice were sacrificed and their tumors and spleens
resected for flow cytometry. Single cell suspensions were made by disassociating the tissues
through brass mesh (30 openings per inch) and then 50 micron nylon filters. Cell counts were
determined using a Beckman Coulter cell counter or hemacytometer. About 1 million cells were
stained with the following antibodies at 4°C for 30 min: FITC conjugated anti-mouse
NKG2A/C/E (clone 20d5, eBioscience), PE conjugated anti-mouse NKG2D (clone CX7,

eBioscience), PE-Cy5 conjugated anti-mouse F4/80 (clone BM8, Biolegend), PerCP-eFluor710
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conjugated anti-mouse F4/80 (clone BMS, eBioscience), PE-Cy7 conjugated anti-mouse CD4
(clone GK1.5, eBioscience), APC conjugated anti-mouse CD3e (clone 145-2C11, Biolegend),
AlexaFluor700 conjugated anti-mouse CD45 (clone 30-F11, Biolegend), APC-eFluor780
conjugated anti-mouse CD8a (clone 53-6.7, eBioscience), CD16/32 Fc Block (clone 93,
Biolegend), PE conjugated goat anti-human IL2 (clone MQ1-17H12, eBioscience) and PE
conjugated goat anti-human IgG Fc Gamma (cat 12-4998-82, eBioscience). Cells were washed
and analyzed using the Becton Dickinson (BD) LSRII. Analyses of data were performed using
FlowJo software. Fluorochromes Minus Ones (FMOs) were used to distinguish positively stained
populations. Erythrocytes were subtracted from the denominator to allow analyses to focus only
on nucleated cells. Results are reported as % positive cells, or as mean fluorescence intensity
(MFI) units. In order to obtain Total Live Nucleated Cells (TLNCs) or CD45+ cells. We first
gated on “Cells” using forward and side scatter, then on single cells (“Singlets”) using forward
scatter width, then on live cells using DAPI, and then on CD45(+) cells to get tumor infiltrating
leukocytes and on CD45(-) cells to get tumor and stromal cells. Total Live Nucleated Cells

(TLNCs) were obtained by the addition of DAPI-negative CD45(-) cells and CD45(+) cells.

3.3.11 Statistical Methods

One-tailed or two-tailed (if there was no a priori hypothesis) Student’s t-tests under the
normality assumption were used to determine significance of differences in antitumor responses
(tumor volume, tumor infiltration, tumor growth inhibition, and delivery and retention of IC)
between experimental and relevant control groups. Survival curves were generated using the
Kaplan - Meier method and statistically compared using the Log Rank (Mantel-Cox)

proportional hazard test. Data are presented as mean + SEM (Standard Error of the Mean) and
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considered significant for p values less than 0.05. Due to the exploratory nature of these
analyses, multiplicity adjustments were not made. In all figures, p-values are represented with
asterisks (*) as follows: <0.05 = (*), <0.01= (**), <0.001 = (***), <0.0001 = (****). Graphs
were generated and significance tests were performed using the GraphPad Prism 5, Version 5.04,

software.
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3.4 Results
3.4.1 IT-IC treatment results in enhanced inhibition of tumor growth and augmented
survival compared to controls

Using the well-established tumor model, we established the antitumor effects of IT-IC
compared to no treatment (NT) and intratumoral PBS (IT-PBS) control groups. IT-IC treatment
induced greater inhibition of tumor growth than NT or IT-PBS (Figure 3-1A). IT-IC also resulted
in improved survival compared to the controls (Figure 3-1B). Even though the change in growth
induced by IT-IC is seen quickly (48 hours after the last IT-IC treatment) in Figure 3-1A,
histological evaluation confirms an immunotherapeutic effect. Hematoxylin and eosin stains of
IT-IC treated tumors showed increased lymphocyte infiltration, greater cell death, and increased

necrosis compared to no treatment controls (Figures 3-1C,D) and IT-PBS controls (not shown).

3.4.2 Tumors treated with IT-IC are characterized by increased NK and T cells

Frozen sections of tumors were stained for various cell-specific surface markers. Figure
3-2 shows representative samples of an NXS2 tumor treated with localized hul4.18-1L2 and
stained with an antibody specific for the CTL marker CD8a. There was a visually striking
increase in the amount of infiltrating CTLs compared to the control tumor treated with IT-PBS
(Fig. 3-2A vs. Fig. 3-2B). Representative samples of an NXS2 tumor treated with localized
hul4.18-IL2 and stained with an antibody specific for NKG2A/C/E, a marker of mouse NK
cells, also showed a striking increase in the amount of infiltrating NK cells compared to IT-PBS
(Fig. 3-2C vs. 3-2D). We developed a histological method to quantify and characterize the

augmented TILs seen in these IT-IC treated tumors.
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Digital pictures of these stained sections were taken at low magnification (10x) and
quantitative analysis was performed using ImageJ software. The visual fields were placed on
reproducible grids, and five representative areas of the same size within each frozen section were
used to manually count positive and negative cells within each subsample. Percentages of
subsamples were averaged within a sample and significance tests were performed using the
GraphPad Prism 5 software.

By this method, IT-IC treated tumors showed higher tumor leukocyte infiltration
compared to the controls. An overall increase in leukocyte infiltration was demonstrated by an
increase in CD45+ cells in the IT-IC treated tumors (Figure 3-2E). These treated tumors also had
increased numbers of T cells and macrophages as shown by increases in CD3+,CD4+, CD8a+
cells and F4/80+ cells, respectively (Figure 3-2E). An increased frequency of cells bearing the
NKG2A receptor was also seen in the IT-IC treated tumors; these NKG2A+ cells are presumably
licensed NK cells and/or activated cytotoxic T cells (Figure 3-2E) (Vance et al., 2002; McMahon

et al., 2002). These data were later confirmed by flow cytometry (see below).

3.4.3 T cells and NK cells are involved in the antitumor effects of IT-IC against local and
distant tumors

We wanted to determine whether these TILs were involved in the observed antitumor
effects of IT-IC. In this series of experiments, tumor-bearing mice were depleted of
CD4+/CD8a+ T cells, NK cells (asialo GM1+), or double depleted of CD4+/CD8a+ T cells and
NK cells. The early-established two-tumor mouse model was used for these depletion studies in
order to evaluate the antitumor effects of IT-IC on the local-primary (injected) and distant-

secondary (non-injected) tumor. The early-established model, enables IC treatment to begin
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when tumors are smaller, enabling this immunotherapy to have greater measurable anti-tumor
effects; this is in contrast to the well established tumor model (as used in Fig. 3-1), where larger
tumors are needed in order to be able to collect tumor 48 hours after treatment for flow
cytometry and histology studies. IT hul4.18-IL2 treatment was given only to the local (primary)
tumor and tumor sizes of both the local and distant tumors were measured.

Figure 3-3A shows that IT-IC induced marked inhibition of growth of the local tumor
compared to IT-PBS. The antitumor effect of IT-IC on the local tumor was nearly abrogated by
the T cell depletion. In addition, NK cell depletion caused substantial inhibition of the antitumor
effects of IT-IC on the local tumor. Thus both T and NK cells are involved in the antitumor
effects of IT-IC against the local tumor in this model. Figure 3-3B shows that, in the absence of
T or NK depletion, administration of IT-IC to the local tumor dramatically inhibits the growth of
the distant (non-injected) tumor (compared to the growth of the distant tumor in mice that
received IT-PBS). Figure 3-3B shows that NK cell depletion as well as T cell depletion causes
virtual abrogation of the IT-IC antitumor effect on the distant tumor, suggesting that local IT-IC
treatment of the primary tumor results in systemic immune activation, causing anti-tumor effects
at the distant tumor site.

Survival data show reduced survival of IT-IC treated mice when either NK or T cells are
depleted (Figure 3-3C) in this early-established tumor model. Depletion of T cells or NK cells in
IT-IC treated mice resulted in no long-term survivors compared to IT-IC treated mice without
depletion, which had 62.5% (10 out of 16) long-term, tumor-free survivors. These 10 tumor-free
mice were rechallenged by subcutaneous injection of two million NXS2 cells approximately 110
days after implantation of their initial local primary tumor. Ninety percent of the rechallenged

mice (9 out of 10) rejected the tumor rechallenge and remained tumor-free. This result suggests
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that mice rendered tumor-free by IT-IC treatment developed long-term memory T cell immunity
to NXS2, as shown previously for mice with early tumors made tumor free by the combination

of IV-IC and IL2 treatment (Neal et al., 2004).

3.4.4 IT-IC treatment causes better inhibition of tumor growth and enhancement of
survival than IV-IC treatment

We hypothesized that local injection of IC will induce better antitumor effects than
systemic injection. Therefore, the antitumor effects of IT-IC were compared to those of IV-IC.
Mice bearing a single established subcutaneous NXS2 tumor were treated with IT-IC or IV-IC
beginning on Day 0. Inhibition of tumor growth was more striking in IT-IC treated mice
compared to IV-IC treated mice (Figure 3-4A). IT-IC treated mice also demonstrated improved

survival compared to IV-IC treated mice (Figure 3-4B).

3.4.5 IT-IC treatment is characterized by higher percentage of NKG2A/C/E+ cells and a
lower percentage of living tumor cells in the tumor than seen following IV-IC treatment
IT-IC treatment induced greater inhibition of tumor growth compared to IV-IC treatment
(Figure 3-4A). IT-IC also resulted in improved survival compared to IV-IC (Figure 3-4B). As a
result, we wanted to compare the TILs of IT-IC treated mice to those of IV-IC treated mice.
Tumors of treated mice (and untreated control mice) were harvested 48 hours after the last IC
treatment, frozen, sectioned, and histologically stained for various cell-specific surface markers
(Figure 3-4C) or taken, disaggregated, filtered, and stained with fluorescent antibodies for
analysis by flow cytometry (Figure 3-4D). The IHC analyses showed that IT-IC and IV-IC

caused significant increases in NK cells, CD3 cells and CD8 cells (Figure 3-4C). In the flow
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cytometry analyses, these increases in NK cells and CD8 cells after IC treatment were confirmed
(Figure 3-4D). In addition, the flow cytometry analyses showed tumors taken from IT-IC treated
mice had a higher percentage (%) of NKG2A/C/E+ cells and CD8a+ cells (measured as a % of
total viable nucleated cells) compared to tumors taken from IV-IC treated mice (Figure 3-4D).
Tumors taken from IT-IC treated mice also had a higher % of F4/80 macrophages compared to
untreated mice (Figure 3-4D). This “increase” in % macrophages is relative to all other cells in
the tumor; since the IT-IC treated tumors are actually smaller than the untreated tumors, the
increased % of macrophages (relative to total live nucleated cells remaining in the tumor) likely
corresponds to an actual decrease in actual numbers of macrophages. This is even more clear
when macrophages are evaluated as a % of tumor infiltrating leukocytes (CD45+ cells) as shown
in Figure 3-4E. For these calculations in Figure 3-4D, erythrocytes were subtracted from the total
viable cells to account for recovered viable nucleated cells. We then analyzed (Figure 3-4E) the
presence of these leukocyte populations as a percentage of TILs (CD45+ cells), rather than as a
percentage of total viable nucleated cells including tumor cells. IT-IC resulted in a significant
decrease in the % of CD4+ T cells in the TIL population compared to IV-IC and no treatment.
Both IV-IC and IT-IC caused increases in the % of NK cells (as detected by NKp46 and
NKG2A/C/E) and CTL (CD8a+). Both IV-IC and IT-IC treatments resulted in some detectable
decreases in the % of macrophages (F4/80+) (Figure 3-4E) in these tumors compared to the % of
macrophages in the untreated tumors. This “decrease” in % macrophages is relative to all
leukocytes and reflects the fact that the tumors have decreased in size with IT-IC treatment and
have an increase in % of CD45+ cells (per total live cells, as seen in Figure 3-4D). The fact that
the % macrophages have increased less prominently than CD8 cells or NK cells relative to

TLNC (in Fig. 3-4D), explains why the macrophages (as a % of CD45+ cells) go down in
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Figure 3-4E, while the CD8 and NK cells go up (in Figure 3-4D) with IT-IC treatment. The % of
NKG2A/C/E+ cells was significantly higher for IT-IC than IV-IC (Figure 3-4E). These flow
cytometry studies also showed that IT-IC treated tumors have lower percentages of living tumor
cells than IV-IC treated tumors (Figure 3-4F), consistent with the tumor growth and survival data

summarized above (Figs. 3-4A and B).

3.4.6 IT-IC treatment induces a greater increase of NKG2A/C/E+ and NKG2D+ T- and NK
cells locally than systemically

Our depletion studies showed that both NK cells and T cells are involved in the antitumor
effects of IT-IC (Figure 3-3). Similarly, the IHC and flow cytometry studies show increases in
NK and CD8 cells in IT-IC treated tumors (Fig. 3-4C-E). We evaluated the phenotypes of these
NK and CD8 cells in TILs and compared them to NK and CDS cells found in the spleen. We
characterized the presence of NKG2A/C/E+ cells, shown to be necessary for self recognition
(Vance et al., 1998), within the separate populations of NK cells (NKp46+, Fig. 3-5A) and
cytotoxic T cells (CD8a+, Fig. 3-5B). The level of NKp46+ cells that co-express NKG2A/C/E in
untreated mice was similar in the tumor and in the spleen (Fig. 3-5A). Tumors treated with IT-
IC or IV-IC had an increase in the proportion of NKp46+ cells that co-express NKG2A/C/E (Fig.
3-5A). Statistical significance was not found in the difference of the augmented co-expression of
NKG2A/C/E with IT-IC vs. IV-IC. A similar effect was also seen in the spleen. Namely, the IT-
IC and IV-IC treatment both induced similar augmented co-expression (over that seen in
untreated mice) of NKG2A/C/E on NKp46+ spleen cells (Fig 3-5A); the frequencies of the
NKG2A/C/E phenotype on NKp46+ cells in spleens are comparable to those seen in the TILs. In

contrast, when examining CD8+ cells for co-expression of NKG2A/C/E the data in Figure 3-5B
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demonstrate that even without treatment, the % of CDS cells that co-express NKG2A/C/E is far
higher in the TIL population than in the spleen. In the TILs and spleens, both IT-IC and IV-IC
treatment induced significant increases in the percentages of CDS cells that co-express
NKG2A/C/E over that seen in untreated mice. However, the percentages seen in the TILs are 10-
15 fold greater than those seen in the spleen. We further examined these NK and CD8 cells that
co-express NKG2A/C/E for the level of their surface expression of the NKG2D effector receptor
(Fig. 3-5C and D). We found that tumors treated with IV-IC or IT-IC had significantly higher
expression levels (MFI) of NKG2D+ on NKp46+ NKG2A/C/E+ co-expressing NK cells than
found in control mice (Fig. 3-5C). In contrast, these increases in NKG2D MFI were not seen in
the comparable populations in the spleen (Fig. 3-5C). Similar analyses were done for NKG2D
expression on the cells co-expressing CD8 and NKG2A/C/E (Fig. 3-5D). As in Figure 3-5C, the
MFI of NKG2D in the CD8+ TIL population was augmented by IT-IC and by IV-IC. The level
of NKG2D augmentation on these CD8+ TIL after IC treatment was not statistically significant
for IT vs. IV delivery (p = 0.107). These MFI levels of NKG2D in the CD8+/NKG2A/C/E+ TIL
populations were significantly higher than the MFI levels of NKG2D seen in the comparable
splenic populations (Fig. 3-5D). We have examined expressivity of NKG2D ligands on NXS2
and have found a large increase in RAE-1y expression on tumor cells obtained from NXS2 cells

harvested from tumors growing in vivo (data not shown).

3.4.7 IT-IC treatment results in augmented delivery and retention of IC in the tumor
compared to IV-IC
We next compared the delivery and retention of IC in tumor tissue following IT-IC and

IV-IC treatment. Tumors of IV-IC and IT-IC treated mice were taken at various time points post
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treatment, disaggregated, filtered, and stained with fluorescently labeled anti-human FcGamma
(FcG) chain or anti-human IL2 (as two separate ways to detect IC still bound to the NXS2) for
analysis by flow cytometry. In order to compare the effect of the GD2-specific hul4.18-1L2 IC
in these studies to the delivery and retention of a non-specific IC that could not bind specifically
to the GD2+ NXS2 tumor, we also evaluated animals that received IT administration of the KS-
IL2 IC, which consists of IL2 linked to an mAb that recognizes the EpCAM, and does not
recognize GD2 (and thus is not able to specifically recognize the EpCAM-negative NXS2
tumor). Because absolute MFI values are not consistent from day to day, data collected in these
experiments were normalized to the MFI values for our negative control, the IT-KS-IL2 group.
By doing this, the graphs in Figure 3-6 show the fold change of hul4.18-IL2 IC present on tumor
cells after IT or IV treatment compared to IT-KS-IL2. IT-IC and IV-IC both had fold changes
greater than 1, indicating that the GD2-specific hul4.18-1L2 IC better localizes to the NXS2+
tumor compared to the non-specific IC, KS-IL2; furthermore, since the NXS2 tumor is GD2+ but
does not have IL2 receptors, the specific IC (hul4.18-IL2) would be expected to localize better
to NXS2 than would the non-specific IC (KS-IL2) or unconjugated free IL-2.

There was a ~65-fold (Figure 3-6A) and a ~150-fold (Figure 3-6B) increase in the
amount of IC detected on tumor cells after treatment with IT-IC compared to treatment with I'V-
IC when detecting IC with the anti-Fcy antibody and anti-IL2 antibody (Fig. 3-6A and 3-6B),
respectively, 15 minutes post treatment. This indicates that initially after treatment, local IC
administration results in far more IC being present at the tumor site than systemic IV
administration. Figures 3-6A and 3-6B show that over the 75 hours after IT or IV injection, the
IC level detected in the tumor (after IT-IC treatment) plateaus between 4 and 6 hours, with lower

levels detected at 27 and 75 hours. There is substantially more area under the curve when IC is
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given IT compared to IV. At 27 and 75 hours post treatment, there was no difference in tumor IC
concentration between IT and IV treated mice.

Interestingly, Figure 3-6A (FcG) and 3-6B (IL2) show that IC administered systemically
(IV) seems to take some time to reach the tumor site. At 15 minutes and 1 hour post IV-IC
treatment, there is the same amount of IC present on tumor cells as there was after the control IT-
KS-IL2 treatment (MFI Ratio = 1). However, there is ~5-fold increase and 2-fold increase in IC
at the 3.5 hour time point (Figure 3-6A-B), using anti-FcG antibody or anti-IL.2 antibody,

respectively. This is followed by an eventual decrease in IC at 75 hours.
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3.5 Discussion

Data presented in this report help elucidate possible mechanisms of enhanced antitumor
effects of localized hul4.18-IL2 therapy and assist in distinguishing the IT-IC antitumor effect
from the IV-IC antitumor effect. In this study, we show that IT-IC treatment induces improved
inhibition of tumor growth and augmented survival compared to no treatment or treatment with
IT-PBS. Immunohistochemical and flow cytometric analyses show an increased percentage of
NK and T cells in IT-IC treated tumors. Depletion studies show that T cells and NK cells are
involved in the antitumor effects of IT-IC on directly injected local tumors and on non-injected
distant tumors in those same animals. Depletion of either immune cell population substantially
attenuates the observed antitumor effects on both the local and distant tumors. These data
suggest that both T cells and NK cells are necessary for the local and distant antitumor effects
observed under these conditions. While NK cells may be playing a more direct and immediate
effect (through ADCC), and T cells may be having a more delayed effect, through an adaptive
immune response, we are not able to clarify these mechanisms from the data presented here.
Furthermore, other possible mechanisms (direct induction of tumor apoptosis, or disruption of
the tumor micro-environment or tumor vascular system) also may be possible.

We also show that IT-IC treatment causes better tumor growth inhibition and survival
than [V-IC treatment, which is consistent with flow cytometry analyses demonstrating that IT-1C
results in a lower percentage of living tumors cells than IV-IC treatment. Furthermore, flow
cytometry analyses show that IT-IC treatment is characterized by a higher percentage of
NKG2A/C/E+ cells. IT and IV treatment with hul4.18-IL2 increases the fraction of NK cells and

CDS8 cells that express NKG2A/C/E, while IT-IC increases expression levels of the NKG2D
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effector receptor on NK and CDS cells to a greater degree than does IV-IC. Finally, flow
cytometry analyses were used to show that IT-IC treatment results in augmented delivery and
retention of IC to tumor compared to IV-IC treatment.

While ICs allow the targeting of immune-stimulating cytokines directly to the tumor
microenvironment, systemic administration is still limited by dose-limiting toxicities (Osenga et
al., 2006; King et al., 2004). These dose-limiting toxicities are due to the systemic effects of the
IL2 component of the IC (ie: fever, capillary leakage, and secondary effects of capillary leakage,
such as hypotension) and effects from the mAb component of the IC; for this hul4.18-1L2 IC,
these include neuropathic pain due to mAb recognition of selective GD2-expressing peripheral
nerves. Finding a strategy of IC administration that would maximize the direct delivery of IC to
the tumor site and potentially decrease dose-limiting systemic toxicities would be clinically
beneficial. Using the NXS2 model, we demonstrate a greater antitumor response with localized
IC administration compared to an equivalent systemic IC dose in the treatment of established
subcutaneous tumors. Importantly, IT-hul4.18-IL2 treatment increased delivery of IC to the
tumor site; substantially higher levels of IC were found for several hours at the tumor site
following IT-IC vs. IV-IC.

IT-IC resulted in complete resolution of both the directly treated local and non-injected
distant tumors in several mice. There are several mechanisms that may be resulting in the
antitumor effects of both local and distant tumors. IT-IC may be circulating and having a
systemic effect; IT-IC may be inducing a systemic immune response by the host’s immune
system, or a combination of both. We acknowledge that our experimental design may play some
role in our observation that NK depletion (which begins on day 4, 4 days after implantation of

the primary tumor and just prior to the implantation of the secondary tumor) more potently
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interferes with the IC effects against the distant tumor than the primary one. We also know from
previous studies that T cells from treated mice can respond to NXS2 in an antigen-dependent
manner (18). Our results indicate that IT-IC induces a systemic immune response. T cells and
NK cells were required for rejection of both primary and distant tumors and 90% of mice that
became tumor-free following IT-IC treatment were able to subsequently reject rechallenge with 2
x 10° NXS2 cells.

The IL2 component of the IC augments the effects of the mAb, and has been shown to
increase the number and activation state of NK cells, as well as to stimulate tumor cell killing by
antigen-specific T-cells (Sondel and Hank, 1997). The IL2 component can stimulate both NK
and T-cells via the IL2 receptor, independent of Fc or T-cell receptor binding, respectively
(Gillies et al., 1992, Mule et al., 1987; Voss et al., 1990; Weil-Hillman et al., 1989). Using a
metastatic model of NXS2 neuroblastoma metastasizing to bone marrow in A/J mice, [V
hul4.18-IL2 therapy has been previously shown to be exclusively NK cell mediated (Lode et al.,
1997; Lode et al., 1998). In contrast, our model investigates possible immune effector cells
within well-established subcutaneous tumors and shows a necessary role of both NK and T cells
in response to localized IT hul4.18-1L2 therapy. There is an increased percentage of NKG2A+
on CD8a+ T cells as well as an increased NKG2D expression on CD8a+/NKG2A+ T cells in
tumors versus spleens within similarly treated mice (Figure 3-5B-D). This may suggest at least
some inherent importance of T cells in combating tumor cells in this model since NKG2A/C/E+
cells has been shown to be necessary for self recognition (Vance et al., 1998). Furthermore, the
statistically significant increase in NKG2D expression on NK cells after IT-IC vs. IV-IC
treatment (Fig. 3-5C), may reflect a mechanism that plays some part in the enhanced antitumor

effect of IT vs. IV IC treatment. In addition, the increased expression of NKG2D might also be
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considered a marker of activation, and suggest that other pathways (not assayed for in this study)
might also be further activated by IT-IC than IV-IC.

Depletion data from a two-tumor model showed that T cells, as well as NK cells, play a
large role in the IT-IC antitumor effect compared to the previously shown NK-predominant cell-
mediated IV-IC antitumor effect (Lode et al., 1998). Perhaps having substantial IL2 bound to the
surface of tumor cells after IT-IC treatment (Fig. 3-6B) is directly or indirectly responsible for
increasing these specific lymphocytes (NKG2A/C/E+ TIL) or altering their phenotype
(increasing expression of NKG2D effector receptor) and enhancing the antitumor effect
compared to IV-IC treatment. In vitro data suggest that IC on tumor cells enables cells with IL2
receptors to form more activated immune synapses with the tumor cells than they would using
mAb in combination with IL2 (Gubbels et al., 2011; Buhtoiarov et al., 2011). When treating IT-
IC vs. IV-IC, there is a small but significant increase in NKG2D expression on
NKp46+/NKG2A+ double positive cells as well as a small, but not significant increase in
NKG2D expression on CD8a+/NKG2A+ cells (Figure 3-5C-D). This may indicate a phenotypic
advantage of resulting TILs when treating with IT-IC. Expression of NKG2D on activated CD8+
T cells has been shown to account for TCR independent cytotoxicity against malignant cells in
vitro (Verneris et al., 2004). Its enhanced expression on CD8+ TILs, but not spleen cells,
following IV or IT treatment with IC in our study, demonstrates the localized activation of T
cells, at the tumor site, induced by IC treatment. We have examined expressivity of NKG2D
ligands on NXS2 and have found a large increase in RAE-1y expression ex-vivo (data not
shown). Therefore, NKG2D may be playing a direct role in the enhanced antitumor effects in

addition to being a marker of activation.
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Previous data have shown therapeutic and safety benefits of localized versus systemic IC
therapy in preclinical models (Christ et al., 2001; Gillies et al., 2002; Johnson et al., 2008) as
well as localized versus systemic immune therapy in melanoma patients (Weide et al., 2010;
Weide et al., 2011). Our studies confirm and extend this previous work by evaluating possible
underlying mechanisms of IT administration of IC, as well as showing antitumor efficacy in an
established measureable disease setting in a pre-clinical model. IHC infiltration data collected
using the quantitative method we developed is consistent with infiltration data collected by flow
cytometry. Even though the experimental design intended for each animal within a treatment
group to be identical to one another, there is substantial heterogeneity within treatment groups,
which is the topic of a separate manuscript (Yang RK et al, in preparation). The preclinical data
presented in this report demonstrate several unique antitumor effects of IT-IC compared to
equivalent doses of systemic IC. Flow cytometry analyses of IC delivery and retention show a
substantial difference in the amount of IC present at initial time points at the tumor site between
IT and IV administration. This direct exposure to greater concentrations of IT-IC at the tumor
site between IT-IC and IV-IC may be at least partially responsible for the different tumor
response rates and the different infiltration and expression patterns of TIL between the two
treatment groups. These mechanisms of enhanced activity by localized IT treatment provide
further justification for proceeding with clinical testing of IT-IC, potentially testing IT delivery
of hul4.18-IL2 in patients with GD2+ tumors, such as melanoma patients with metastatic disease
having cutaneous, subcutaneous or readily injectable involved lymph nodes. Furthermore, the
type of analyses presented in this preclinical report might also be conducted on biopsies of
patient samples following IT-IC administration. Such immune monitoring by IHC and flow

cytometry may become a potential means to assess immunologic effects of IC treatment; if these



parameters show correlation with antitumor effect, they may be considered as indicators for

prognosis of patients’ response to IT-IC.
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Figure 3-1. Intratumoral hul4.18-IL2 Shows Enhanced Antitumor Effects Compared to
Control Treatments

Tumors were established according to the well-established tumor model. (A) Tumor growth
curves of IT-IC treated (n=12), IT-PBS treated (n=12), and untreated (n=8) subcutaneous NXS2
in A/J mice. Data presented were obtained from two independent experiments. (B) Kaplan-Meier
survival curves of IT-IC treated (n=13), IT-PBS treated (n=6), and untreated (n=5) mice. Data
represent three independent experiments. (C) H&E stain of IT-IC treated NXS2 4 days post

treatment initiation. (D) H&E stain of untreated NXS2.
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Figure 3-2. Intratumoral hul4.18-IL2 is Distinguished by Increased TILs

Representative immunohistochemical (IHC) stains of subcutaneous NXS2 tumor frozen sections
were digitally photographed. Sections were stained with either anti-CD8a (A, B) or anti-
NKG2A/C/E (C, D) antibodies. Sections from either IT-IC treated tumors (A, C) or untreated
tumors (B, D) are shown. (E) Quantification of IHC pictures using the manual counting method.
IT-IC treated (n=20) tumors are characterized by higher tumor leukocyte infiltration percentages
(CD45+, CD3+, CD8a+, NKG2A+, F4/80+) than IT-PBS treated (n=10) and untreated (n=15)

tumors. Data presented were obtained from three independent experiments.
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Figure 3-3. T cell and NK Cell Depletion Reduces IT-IC Induced Antitumor Effects
Tumors were established according to the early-established tumor model. Local tumor (A) and
distant tumor (B) growth curves of IT-IC treated T cell depleted (n=8), IT-IC treated NK cell
depleted (n=16), IT-IC treated without depletion (n=16), and IT-PBS treated (n=16) mice
bearing subcutaneous NXS2 tumors. (C) Kaplan-Meier survival curves of mice with the early
established 2-tumor NXS2 model, shown in Fig. 3-3A and 3-3B for groups receiving IT-1C
treatment, with and without NK or T cell depletion. Data presented were obtained from two

independent experiments.
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Figure 3-4. IT-IC is More Effective than IV-IC in Slowing Tumor Growth and Prolonging
Survival

Tumors were established according to the well-established tumor model. Mice given IT-IC, IV-
IC, and no treatment were followed. Tumor growth curves (n=30 per group, four independent
experiments) (A) and Kaplan-Meier survival curves (n=13 per group, three independent
experiments) (B) are plotted. Mice in these treatment groups were also sacrificed for
characterization of the TILs, using both manual blinded counting of immunohisotochemistry
pictures (n=15 per group, three independent experiments) (C) as well as flow cytometric analyses
(TLNCs = Total Live Nucleated Cells) (D). (E) Populations of TILs as a percentage of total
leukocytes within a tumor (CD45+) are also plotted. (F) Populations of live NXS2 tumor cells as
a percentage of TLNCs within a tumor are also plotted. (D-F: n=11 per group, three independent

experiments)
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Figure 3-5. Treatment with hu14.18-1L2 Increases NKG2A/C/E+ NK and T cells in tumor
and spleen and Increases NKG2D Expression within Tumors

Flow cytometric analyses show percentages of NKG2A/C/E+ cells within the NKp46+ natural
killer cell populations (A) and the CD8a+ cytotoxic T cell populations (B) within tumors and
spleens. Flow cytometric analyses of NKG2D expression on NKp46+/NKG2A/C/E+ natural
killer cell populations (C) and the CD8a+/NKG2A/C/E+ cytotoxic T cell populations (D) within

tumors and spleens. All data represent three independent experiments with n=11 mice per group.
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Figure 3-6. IT-IC Treatment Results in Augmented IC Localization and Increased IC
Retention Compared to IV-IC

Tumor-bearing mice given hul4.18-IL2 IT or IV were sacrificed at varying times and their
tumors disaggregated. (A) Flow cytometric measurements of levels of human IgG FcG antibody
fragment on NXS2 tumor cells ex-vivo at various times post treatment. (B) Flow cytometric
measurements of levels of human IL-2 on NXS2 tumor cells ex-vivo at various times post
treatment. All values of MFI are normalized to an intratumoral non-specific control
immunocytokine (IT-KS-IL-2). Data represent three independent experiments with ~6 mice per

group per timepoint.



Figure 3-6.
A)
-o- |T-hu14.18-1L2
B 100 %< = |V-hu14.18-1L2
e Kkkk
|:' Fkkk Fkkk
c
8 10
E
i)
e 1
™
=
)
i’ 0-1 L] L] L] L] L] L] L] 1 1 1
02505 1 2 4 8 16 32 64 128
Hours Post Treatment Injection
(B)
7 -o- |T-hu14.18-1L2
X T = |V-hu14.18-IL2
E 100 *kkk
©
o
E
0
= 10
14
™
=
o
=l 1 L] L] L] 1

02505 1 2 4 8 16 32 64 128
Hours Post Treatment Injection

85



86

Chapter 4

Small Tumor Burden at Treatment Initiation Correlates with Higher Density of Tumor

Infiltrating Lymphocytes and Better Antitumor Efficacy of hul4.18-IL2 in Mice



87

4.1 Abstract

Hu14.18-IL2 is an immunocytokine (IC) consisting of human IL-2 linked to hul4.18
mAb, which recognizes the GD2 disialoganglioside. Phase II clinical trials of intravenous
hul4.18-IL2 (IV-IC) in neuroblastoma and melanoma are underway, and have already
demonstrated activity in neuroblastoma. In our Phase II trial, lower neuroblastoma burden at the
time of treatment was associated with a greater likelihood of clinical response to IV-IC. We have
previously shown that intratumoral hul4.18-IL2 (IT-IC) compared to IV-IC results in enhanced
local and systemic antitumor activity in tumor-bearing mice. We sought to investigate the impact
of tumor burden on the efficacy of hul4.18-1L2 as treatment for GD2+ neuroblastoma in a
mouse model. Studies presented here describe analyses of initial tumor burden at treatment and
its effects on treatment efficacy of hul4.18-1L2, tumor-infiltrating leukocytes, tumor
progression, and survival outcome in A/J mice bearing subcutaneous NXS2 neuroblastoma. Our
data show that smaller tumor burden at treatment initiation is an important factor leading to
increased tumor-infiltrating leukocytes, decreased cancer progression, and increased overall
survival. We also show that increased tumor-infiltrating lymphocytes shortly after treatment
initiation correlate with inhibition of cancer growth and improvement in overall survival.
Furthermore, NXS2 tumor shrinkage shortly after treatment initiation is necessary for long-term
survival. These data demonstrate that, in this model system, initial tumor size is a strong

predictor of 14.18-IL2-induced lymphocyte infiltration and treatment outcome.
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4.2 Introduction

Immunocytokines (IC) are synthetic fusion proteins that consist of tumor-specific
monoclonal antibodies (mAb) linked to an immune-stimulating cytokine. Hul4.18-IL2 is an IC
consisting of human interleukin-2 (IL2) linked to each IgG heavy chain of the hul4.18 mAb,
which recognizes the GD2 disialoganglioside present on tumors of neuro-ectodermal origin (i.e.
neuroblastoma, melanoma) (Gillies et al., 1992). ICs are capable of augmenting significant
antitumor effects in murine models by targeting the therapy to the tumor and stimulating the
immune system to selectively destroy the cancer cells (Lode et al., 1997; Lode et al., 1998; Neal
et al., 2004).

The hul4.18-IL2 IC has been tested in adults with melanoma and in children with
neuroblastoma (Osenga et al., 2006; Shusterman et al., 2010; King et al., 2004; Ribas et al.,
2009) and has shown clinical activity in children with neuroblastoma (Shusterman et al., 2010).
A recent phase II study through the Children's Oncology Group (COG) showed that recurrent or
refractory neuroblastoma patients with non-bulky disease (evaluable only by sensitive '*I-MIBG
scintigraphy or bone marrow histology) treated with hul4.8-IL2 intravenously at 12 mg/m?/d for
3 days every 4 weeks had a 21.7% (5 out of 23) complete response (CR) rate (Shusterman et al.,
2010). In contrast, of 13 patients with bulky disease (measurable by standard radiographic
criteria) none showed measurable response (p = 0.03 for response in the non-bulky vs. bulky
disease groups) (Shusterman et al., 2010). Genotyping analyses from these patients showed that
responses were also associated with favorable Killer Immunoglobulin-like receptor (KIR) — KIR
ligand relationships, suggesting an in vivo role for NK mediated antitumor effects (Delgado et
al., 2010). These clinical data suggest that the immune antitumor activity of hul4.18-1L2

warrants further testing in children with non-bulky high-risk neuroblastoma.
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Prior studies in A/J mice bearing the metastatic NXS2 neuroblastoma have shown that IV
treatment with hul4.18-IL2 can effectively eliminate very small subcutaneous tumors, and small
disseminated metastases, with greater efficacy observed if systemic treatment was initiated early
after IV seeding of experimental metastases (Neal et al., 2004). In order to enhance local IC
delivery, our lab has shown that intratumoral administration of immunocytokine (IT-IC) induces
greater local antitumor effects than IV administration (Johnson et al., 2008). We have recently
shown that IT-IC compared to IV-IC results in increased numbers of activated T- and NK cells
within tumors, better IC retention in the tumor, enhanced inhibition of tumor growth, and
improved survival (Yang et al., In Revision). These analyses also showed that IC treatment was
associated with activation of NK cells as well as T cells, selectively within tumors, as measured
by augmented expression of the NKG2D activation receptor on these cells.

In our immunotherapy studies of hul4.18-IL2 treatment of NXS2-bearing mice, different
groups of mice receive different treatments depending on the experimental goals of the study.
For example, one distinct group might receive IV-IC, one may receive IT-IC and a third may
receive no treatment. All mice in all groups are from the same strain, of the same age, and
received identical tumor cell doses. The observed distinct outcomes between groups are used to
make conclusions regarding the different treatments that distinguish the groups (Neal et al.,
2004; Johnson et al., 2008; Yang et al., In Revision). However, for virtually every outcome
parameter (tumor growth, survival time, lymphocyte subset infiltrate, etc.) there is substantial
heterogeneity within treatment groups, even though the experimental design intended for each
animal within a treatment group to be identical to one another. We sought to identify biologic
differences within treatment groups to help account for the heterogeneous outcomes observed.

As we have shown that the level and type of tumor infiltrating lymphocytes (TILs) can
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distinguish between treatment groups, we chose to focus on the number and phenotype of TILs
as well as the initial tumor burden, as parameters to evaluate within treatment groups to
potentially account for tumor growth heterogeneity.

This choice of TIL number and phenotype was also influenced by substantial clinical data
indicating that such correlations have clinical significance.A formal analysis via Pubmed and
Embase investigated the prognostic influence of TILs in clinical studies (Gooden et al., 2011).
Studies were included in which the prognostic significance of intratumoral CD3+, CD4+, CD8+,
and FoxP3+ lymphocytes were determined (Gooden et al., 2011). In this pooled analysis, CD3+
TILs had a positive effect on survival with a hazard ratio (HR) of 0.58 [95% confidence interval
(CI) 0.43-0.78] for death, as did CD8+ TILs with a HR of 0.71 (95% CI 0.62-0.82). FoxP3+
regulatory TILs were not linked to overall survival, with a HR of 1.19 (95% CI 0.84-1.67). A
separate meta-analysis of studies found that intraepithelial TILs are a robust predictor of
outcome in ovarian cancer and define a specific class of patients, whose distinct tumor biology
should be taken into account in devising appropriate therapeutic strategies (Hwang et al., 2012).
Lack of intraepithelial TILs is significantly associated with a worse survival among patients
(Hwang et al., 2012). The absence of TILs, together with increasing Breslow thickness, presence
of ulceration and male sex, also predicts sentinel lymph node (SLN) metastasis in patients
undergoing SLN biopsy for primary cutaneous melanoma (Taylor et al., 2007). In melanomas
with a brisk TIL infiltrate, the probability of a positive SLN was 0.039 as compared with 0.262
for melanomas in which TILs were absent (p<0.001) (Taylor et al., 2007). High levels of
intratumoral TILs are associated with improved recurrence-free survival in stage 1A non-small-

cell lung cancer patients as well as a reduced likelihood of systemic recurrence (Horne et al.,
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2011). Also, when angiolymphatic invasion is not present, the beneficial effects of TILs become
even more profound (Horne et al., 2011).

Staging is a well known predictor of prognosis as well as of treatment efficacy. For
example, heterogeneity in clinical biology of localized gastric cancer (LGC) is best reflected
after chemoradiation in presurgical and postsurgical pathologic stages, and correlation of
outcome with presurgical staging may facilitate strategies to individualize therapy for LGC
(Patel et al., 2007). A stage IV neuroblastoma study found that metastatic patterns in
neuroblastoma correlate with tumor biological features and event-free survival (EFS) (DuBois et
al., 1999). Neuroblastoma EFS was decreased in patients with bone, bone marrow, CNS,
intracranial/ orbital, lung, and pleural metastases.

This current study represents an evaluation of the parameters predictive of successful
immunotherapy in a mouse model; we have focused these analyses at the individual mouse level.
We have evaluated, by histology and flow cytometry, the level and distribution of TILs in
individual NXS2-bearing mice involved in studies of hul4.18-IL2 administration (IT-IC, IV-IC
and control treatment). While differences are seen between these treatment groups, substantial
heterogeneity is observed within each treatment group. We here analyze the immune infiltrate
profile of TILs seen shortly after hul4.18-IL2 treatment. Our analyses demonstrate that even
within the same treatment group, there is a correlation between initial tumor burden and immune
infiltration, between immune infiltration and clinical outcome, and thus also between initial

tumor burden and clinical outcome.
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4.3 Material and Methods
4.3.1 Mice

We obtained 7-8 week old female A/J mice from Jackson Laboratories (Bar Harbor,
Maine). All mice were housed in university-approved facilities and were handled according to

National Institutes of Health and University of Wisconsin-Madison Research Animal Resource

Center (RARC) guidelines.

4.3.2 Cell lines

NXS2 is a moderately immunogenic, highly metastatic, GD2+ murine neuroblastoma
hybrid cell line that was created as previously described (Lode et al., 1997). The murine NXS2
cell line was grown in Dulbecco’s modified Eagle’s medium (DMEM, Mediatech, Herndon, VA)
supplemented with penicillin (100U/ml), streptomycin (100pg/ml), L-glutamine (2mM) (Life
Technologies, Inc., Grand Island, NY) and 10% heat-inactivated fetal calf serum (FCS, Sigma

Chemicals, St. Louis, MO). Cells were maintained at 37°C in a humidified 5% CO, atmosphere.

4.3.3 ICs and immunotherapy
The humanized hul4.18-1L2 (APN301, Apeiron Biologics, Vienna, Austria) was
supplied by the NCI Biologics Resources Branch (Frederick, MD) via a collaborative

relationship with Merck KGaA (Darmstadt, Germany) and Apeiron Biologics.

4.3.4 Tumor Model
A/J mice were engrafted subcutaneously with 2 x 10° cells of NXS2 murine

neuroblastoma in 100ul PBS in the lower right quadrant of the abdomen. Developed tumors were
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measured with mechanical calipers and allowed to grow until the average volume was 30-150
mm® (Volume = width x width x length / 2). Mice were then randomized into three treatment
groups and received 50ug of IC treatment daily for 3 consecutive days (either IV or IT), or
control treatment. Mice were given IV-IC by tail vein injection in 100ul PBS. IT-IC injections
consisted of IC in 100ul PBS, delivered into the subcutaneous tumor with a 30 gauge needle.
Control mice were untreated or treated with an equivalent volume of PBS administered by IT

injection.

4.3.5 Endpoints for Progressive Tumor Growth

The endpoint of all tumor growth and survival studies was death of the animal or
excessive tumor burden as determined by both tumor size (15mm in any direction) and the
condition and behavior of the animal. These criteria are established by the RARC guidelines. The
decision to euthanize an animal was made by an independent observer without regard for

treatment group. Time to death/euthanasia was measured from treatment initiation.

4.3.6 Histology Experiments and Immunohistochemistry (IHC)

Mice treated according to the well-established tumor model were sacrificed 48 hours after
treatment completion and their tumors resected for histology. The tumors were embedded in
OCT, flash frozen in liquid nitrogen, and stained with rat anti-mouse CD45 (clone 30-F11,
eBioscience), CD3 (clone 17A2, eBioscience), CD4 (clone GK1.5, eBioscience), CD8 (clone 53-
6.7, eBioscience), F4/80 (clone BMS, eBioscience), NKG2A/C/E (clone 20d5, eBioscience).
Briefly, frozen sections were cut onto slides using a cryostat, fixed in cold acetone and dried.

After rehydration, sections were blocked with 5% Rabbit serum (Sigma) for 25 min, washed and
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incubated with optimally titered primary antibody overnight in 1% Rabbit Serum. Following a
wash, a biotinylated rabbit anti-rat secondary antibody was applied for 90 min and followed by
ABC avidin-biotin complex (Vector Labs, Burlingame, CA). Slides were developed with DAB
(Vector Labs, Burlingame, CA) for 4.5 min, counterstained with Mayer’s hematoxylin (Sigma)

for 90 sec and washed in running tap water for 5 min and mounted.

4.3.7 Quantitation of IHC

A novel quantitative method of histology to identify and quantify leukocyte infiltration
patterns in these IT-IC treated tumors was developed (Yang et al., In Revision). Digital pictures
of these stained sections were taken at low magnification (10x) and quantitative analysis was
performed using ImagelJ software (NIH). The visual fields were placed on reproducible grids,
and five representative areas of the same size within each frozen section were chosen and these
“subsamples” were inspected visually so that positive and negative cells could be manually
counted within each subsample. Analogous grids and subsamples of the same size were obtained
for each individual frozen section specimen being analyzed. This manual counting was done
using a blinded system, by 2 separate individuals (authors RK'Y& NAK). These were confirmed
by a board certified hematopathologist who regularly assessed their methods and results (author
EAR). Percentages of subsamples were averaged within a sample and significance tests were

performed on the averages using the Prism 5, Version 5.0.4, software (GraphPad).

4.3.8 Flow Cytometry
Tumors were established and mice were treated as described in the Methods section

under “Tumor Model”. Forty eight hours after treatment completion, mice were sacrificed and
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their tumors and spleens resected for flow cytometry. Single cell suspensions were made by
disassociating the tissues through brass mesh (30 openings per inch) and then 50 micron nylon
filters. Cell counts were determined using a Beckman Coulter cell counter or hemacytometer.
About 1 million cells were stained with the following antibodies at 4°C for 30 min: FITC
conjugated anti-mouse NKG2A/C/E (clone 20d5, eBioscience), PE conjugated anti-mouse
NKG2D (clone CX5, eBioscience), PE-Cy5 conjugated anti-mouse F4/80 (clone BMS,
Biolegend), PerCP-eFluor710 conjugated anti-mouse F4/80 (clone BM8, eBioscience), PE-Cy7
conjugated anti-mouse CD4 (clone GK1.5, eBioscience), APC conjugated anti-mouse CD3e
(clone 145-2C11, Biolegend), AlexaFluor700 conjugated anti-mouse CD45 (clone 30-F11,
Biolegend), APC-eFluor780 conjugated anti-mouse CD8a (clone 53-6.7, eBioscience), CD16/32
Fc Block (clone 93, Biolegend), PE conjugated goat anti-human IL-2 (clone MQ1-17H12,
eBioscience) and PE conjugated goat anti-human IgG Fc Gamma (cat 12-4998-82, eBioscience).
Cells were washed and analyzed using the Becton Dickinson (BD) LSRII. Analysis of data was
performed using FlowJo software. Fluorochromes Minus Ones (FMOs) were used to distinguish
positively stained populations. Erythrocytes were subtracted from the denominator to account for
differences in angiogenesis between tumors. Results are reported as % positive cells, or as mean

fluorescence intensity (MFI) units.

4.3.9 Statistical Methods

In all figures, p-values are represented with asterisks (*) as follows: <0.05 is represented
with one asterisk (*), <0.01 = (**), <0.001 = (***) and <0.0001 = (****). Slope comparisons
between regression analyses are tested and similarly indicated with “s” values (°) as follows:

<0.05 is represented with one s (%), <0.01 = (*), <0.001 = (*) and <0.0001 = (****). Regression
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lines with significantly different slopes cannot be tested for differences elevations because they
will intersect at some point in space. In cases when slopes are not significantly different,
elevation (covariate-adjusted means) comparisons between regression analyses are tested (Zar
JH, 1984) and similarly indicated with “x” values (%) as follows: <0.05 is represented with one x
(), <0.01 = (*%), <0.001 = (**) and <0.0001 = (****). Contingency tables and graphs were
analyzed using a Chi-squared statistic test or the Fisher's exact test (for small samples) to
generate p-values. Survival curves were generated using the method described by Kaplan and
Meier and statistically compared using the log rank (Mantel-Haenszel) test. In figures with bar
graphs, one-tailed or two-tailed (if there was no a priori hypothesis) Student’s t-tests were used
to determine statistical significance of observed differences between experimental and relevant
control values. Data are presented as mean + standard error of the mean (SEM) and considered
statistically significant for p values less than 0.05. In all scatter plot figures testing for
correlation, asterisks after treatment groups in the legend represent a statistically significant
different slope of each group’s regression line model compared to 0. For comparisons between
treatment groups, “s” or “x” indications are used in place of asterisks, to test whether the slopes
or elevations, respectively, of each group’s regression line are statistically significantly different
from each other. Graphs were generated and significance tests were performed using Prism 5,
Version 5.04, software (GraphPad). Due to the exploratory nature of the reported statistical

inference, no adjustments were made for multiple testing throughout.
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4.4 Results
4.4.1 Initial Tumor Volume Inversely Correlates with Survival in hu14.18-IL2 Treated
Mice

We first sought to determine whether the initial tumor volume (measured in each mouse,
in each treatment or control group, on the day treatment was initiated) is prognostic or predictive
for survival outcome in tumor-bearing mice after treatment with IC (either IV or IT). Tumors
were induced and tumor-bearing mice were distributed to 3 different groups in a way that the
initial tumor volumes were distributed evenly amongst all three groups. The median initial tumor
volume for all animals was 34 mm’ in all three groups together. These three groups were then
randomly assigned to 3 days of IT-IC, IV-IC or control treatment. These animals were then
evaluated for survival and for tumor growth. After completion of the experiment and collection
of all data, mice were analyzed for survival outcome stratified by initial (Day 0 = Day of
treatment initiation) tumor volume (either < 34mm? or > 34mm’) (Fig. 4-1). Data in Figure 4-1
compare control mice to the combined data for IT-IC and IV-IC treated groups. Hul4.18-1L2
treated mice initially bearing tumors smaller than 34mm’ showed an increased long-term
survival percentage (30.8% survival) compared to mice bearing tumors larger than 34mm” (0%
survival) as well as to control mice (0% survival) (Fig. 4-1A). Hul4.18-1L2 treated mice initially
bearing tumors smaller than 34mm° also showed improved survival time compared to control
mice initially bearing tumors smaller than 34mm’ (Fig. 4-1B). However, hul4.18-IL2 treated
mice bearing tumors larger than 34mm?’ did not survive significantly longer than control treated
mice initially bearing tumors larger than 34mm? (Fig. 4-1B). This indicates that smaller initial

tumor volume is predictive for improved overall survival induced by hul4.18-IL2 treatment.
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Conversely, IC treatment did not provide any survival advantage for the mice with larger initial

tumor volume.

4.4.2 Hul4.18-1L2 Treatment of Mice with Smaller Initial Tumor Volume Leads to
Increased Tumor NK Infiltration and NKG2D Expression on Tumor NK cells and CD8+ T
cells

We hypothesized that smaller initial tumor volume at the time of hul4.18-1L2 treatment
may affect the immune profile of that tumor, which may influence growth of that animal’s tumor
as well as survival. To examine the effect of initial tumor load on tumor infiltrating leukocytes
(TILs) found 4 days later in the IT-IC, IV-IC, and no treatment groups, treated and untreated
NXS2 tumors from tumor-bearing mice were harvested from mice euthanized 4 days following
the initiation of treatment; tumors were dissected, disaggregated, and characterized for TIL
populations by flow cytometry. Unlike the experimental model used in Fig. 4-1, where the
endpoint was survival, this study intentionally sacrificed all mice 4 days after treatment in order
to evaluate the tumors by flow cytometry. In order to make certain that adequate tumor mass was
available (4 days after initiating treatment) in all mice to enable sufficient cells for flow
cytometry analyses, the treatment in this experiment was begun later after implanting the
subcutaneous tumors in these mice, so that the tumor volumes at the time of treatment initiation
was larger than that in the study shown in Fig. 4-1. Thus the median initial tumor volume for all
mice whose tumors were taken for flow cytometry in this study (Fig. 4-2) was 101.6 mm”.
Supplementary figure 4-1 contains the analogous continuous data for all mice in this study. The
amount of CD45+ leukocytes in IT-IC treated tumors, as a percentage of Total Nucleated Cells

(TNCs), is significantly higher when the initial volume is less than 101.6 mm’ compared to
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tumors initially larger than 101.6 mm’ in volume (Fig. 4-2A). This trend was also seen in the no
treatment group and in the IV-IC treated group (Fig. 4-2A), but was not significant for the IV-IC
group. Interestingly, we did observe significant increases in leukocyte density after treatment
with both IT and IV hul4.18-IL2 compared to control treatment for the tumors that were initially
>101.6 mm’. However, we only observed significant increases in leukocyte density after
treatment with IT hul4.18-IL2 compared to control treatment for the tumors < 101.6 mm® (Fig.
4-2A). For all panels in figure 4-2, we have included more detailed correlation comparisons in
the online supplementary data (Supplementary Figure 4-1A-F).

We sought to further characterize this CD45+ population. The amount of F4/80+
macrophages in the tumor as a percentage of CD45+ leukocytes is significantly higher for each
treatment group in tumors that are initially larger than 101.6 mm® compared to tumors smaller
than 101.6 mm’ (Fig. 4-2B). Treatment also had little effect on the amount of F4/80+
macrophages in the tumor, as seen by similar percentages of macrophages in treated and
untreated tumors in the cohort with large initial tumors (Fig. 4-2B), as well as similar (but
smaller) percentages of macrophages in the 3 treatment groups for the animals starting with a
smaller tumor volume. The amount of NKp46+ NK cells as a percentage of CD45+ leukocytes is
significantly higher in IC treated tumors compared to untreated tumors in the animals starting
with small tumors (Fig. 4-2C); this same increase in NK cells in IC treated tumors vs. control
tumors was also seen in the animals starting with larger tumors (Fig. 4-2C). In addition, the
amounts of NKp46+ NK cells in IT-IC treated tumors as a percentage of CD45+ leukocytes are
significantly higher in smaller initial tumors compared to larger initial tumors (Fig. 4-2C). This
trend is not observed in the IV-IC treated or untreated tumors (Fig. 4-2C), indicating that IT-1C

treatment was required for this augmented induction of NKp46+ NK cells in the tumors that start
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smaller. The amount of CD8+ T cells in IT-IC and IV-IC treated tumors, as a percentage of
CD45+ leukocytes, is similar in initially smaller tumors compared to initially larger tumors (Fig.
4-2D). The percentage of CD8+ T cells in IC treated tumors, appears higher than the percentage
of CD8+ T cells in the untreated tumors, independent of initial tumor volume (Fig. 4-2D),
although this increase is non-significant when comparing the IV treated smaller tumors to
untreated smaller tumors. These results suggest that IC treatment (IV or IT) induces somewhat
similar percentage of CD8+ T cell infiltration regardless of initial tumor burden.

The activation status of these infiltrating NKp46+ NK and CD8+ CTL populations is
potentially important for antitumor activity. We tested for the expression of the effector receptor
NKG2D on NKG2A/C/E+ NKp46+ NK cells (considered “licensed” NK cells), and
NKG2A/C/E+ CD8+ cells (considered activated CTL) (Vance et al., 2002; McMabhon et al.,
2002), hypothesizing that the activating NKG2D receptor may be expressed on these cells.
NKp46+ NKG2A/C/E+ co-expressing NK cells in initially small, IT-IC treated tumors had
increased expression levels (augmented MFI) of the NKG2D effector receptor compared to
initially large, IT-IC treated tumors (Fig. 4-2E). NKG2D levels on NKp46+ NKG2A/C/E+ NK
cells are higher in IV or IT treated larger tumors compared to untreated larger tumors, and much
higher in IT treated smaller tumors than in the untreated and IV-IC treated smaller tumors (Fig.
4-2E). The pattern of augmented NKG2D expression on CD8+ NKG2A/C/E+ co-expressing
CTLs (Fig. 4-2F) on IT-IC treated and on smaller initial tumors is similar to that seen on

NKp46+ NKG2A/C/E+ NK cells (Fig. 4-2E).
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4.4.3 Increased Tumor Leukocyte Infiltration Results from Higher CD8+ T cell Density,
but not NK Density, in Mice receiving IT-IC and Correlates with Higher NKG2D
Expression on NK cells and CD8+ T cells

Next, we evaluated which kinds of infiltrating leukocytes (CD45+ cells) are responsible
in the accounting of overall increases in tumor leukocyte density. For ease of biologic
interpretation, a cutoff at the median percent CD45+/TNC (41.2% for all mouse tumors taken for
flow cytometry) was used to distinguish tumors with high (>41.2%) or low (<41.2%) tumor
leukocytes. We compared mice that showed >41.2% CD45+/TNCs cells with those showing <
41.2% CD45+/TNCs cells. These same data as continuous scatter plots are shown in
Supplementary Figure 4-2. The amount of NKp46+ NK cells in the tumor as a percentage of
CD45+ leukocytes rises with IC treatment in animals with CD45 > 41.2% and also rises in those
with CD45 <41.2% (Fig. 4-3A). The amount of NKp46+ NK cells in the tumor as a percentage
of CD45+ cells is similar within these 2 treatment groups [i.e.: between tumors with low
(<41.2%) and high (>41.2%) CD45+ leukocyte densities (Fig. 4-3A)]. These data suggest that
NK cell infiltration increases with IC treatment, but that differential increases of NK cells does
not account for the substantial increase in the overall % of CD45+ leukocytes seen after IC
treatment in the tumors with >41.2% CD45+ cells. In contrast, the amount of CD8+ T cells in the
tumor (as a percentage of CD45+ leukocytes) is higher in IT-IC treated tumors with high CD45+
densities compared to the amount of CD8+ T cells in the tumor (as a percentage of CD45+
leukocytes) in IT-IC treated tumors with low CD45+ densities (39.7% vs. 21.3%) (Fig. 4-3B).
These data suggest that a preferential increase in CD8+ CTLs are in part responsible for the
increases in overall CD45+ leukocytes in those IT-IC treated tumors that show > 41.2% CD45+

leukocyte densities. Moreover, we found that IT-IC treated tumors that have high leukocyte
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(>41.2% CDA45+) densities also have higher levels of NKG2D on NKp46+ NK cells (Fig. 4-3C)
and on CD8+ T cells (Fig. 4-3D) compared to the NKG2D MFTI values seen on these same NK
cell and CDS cell subsets in tumors with low leukocyte densities (<41.2% CDA45). These data
suggest that IT-IC treatment that is capable of inducing high CD45+ leukocyte infiltration is also
associated with the presence of activated infiltrating NK cells and CD8+ T lymphocytes, as

evidenced by augmented NKG2D expression.

4.4.4 Tumor NK Cell and CD8+ T cell Infiltration Inversely Correlate with Tumor Growth
following IC Treatment

We wished to identify types of infiltrating leukocytes that may be involved in the
observed antitumor activity. We developed a histological method (detailed in the Methods
Section) to identify and quantify leukocyte infiltration patterns in tumors. We sought to examine
if the presence of any types of leukocytes correlate with percent tumor growth, as this could
indicate which cells were most prevalent in shrinking tumors. We plotted the percent infiltrate of
different leukocyte subsets within each tumor against the change in tumor size (from the time of
treatment initiation to 4 days later when the animals were euthanized and tumors harvested for
histological analyses) for that same animal, expressed as a percentage of its original tumor
volume [Percent (%) Tumor Growth = 100 x (Tumor Volume at Day 4 — Initial Tumor Volume)
/ Initial Tumor Volume]. Within each treatment group (IT-IC, IV-IC, or Control), we used linear
regression analysis to test whether tumor growth was correlated with infiltrate.

We observed a negative correlation (significantly negative slope compared to 0) between
NKG2A/C/E+ cells and percent tumor growth in IV-IC and IT-IC treated tumors but not in PBS

treated tumors (Fig. 4-4A). These negative slopes indicates that more NK cells correlate with
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less tumor growth in the IV-IC and IT-IC groups. These same negative correlations were also
seen with CD8+ T cells in hul4.18-IL2 treated mice, but not in control mice (Fig. 4-4B).
Furthermore, the elevations of the IV-IC lines are higher than that of the IT-IC lines for NK cell
(Fig. 4-4A) and CTL (Fig. 4-4B) [specific p values for these comparisons are indicated as (),
(™), etc. (see statistical methods section and figure legend)]. The different elevations of these
lines for IT-IC and I'V-IC indicate that, even at similar percentages of NK and T cell infiltration,
IV-IC treated tumors grew more than IT-IC treated tumors [ie: in Figs. 4-4A and 4-4B, at any
value of % NK cells or % CTLs along the x-axis, the value for the blue (control) and red (IV-IC)
line is higher than the value for the black (IT-IC) line]. Interestingly, control treated mice (IT-
PBS, NT) did not show a significant negative correlation; namely the blue lines in Figs. 4-4A
and 4-4B do not have a slope that is significantly different than 0, indicating no significant
relationship between these tumor lymphocytes and tumor growth (although there is a non-
significant trend towards more tumor growth with smaller percentages of NK cells and CD8
cells). Overall, tumors that shrank in size (values below the dashed line at 0% change in volume
on the y-axis) tended to have more tumor lymphocyte infiltrate than tumors that grew (Figs. 4-
4A and 4-4B). Furthermore, this was an incremental relationship; the greater the lymphocyte
infiltrate, the more shrinkage (or less growth) observed for the IT-IC group as well as for the I'V-
IC group.

We confirmed these histological results in separate experiments with separate animals,
using flow cytometry. Flow cytometric analyses showed the same negative correlation between
percent tumor leukocytes and percent tumor growth in the IT-IC treated mice (Fig. 4-4C). The
elevations of the IV-IC and IT-PBS lines are again higher than that of the IT-IC lines, suggesting

that IV-IC and IT-PBS treated tumors grew more than IT-IC treated tumors, even when
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comparing similar values for leukocyte infiltration (Fig. 4-4C) [as in Figs. 4-4A and 4-4B, here
in 4-4C at any value of % CD45 cells along the x-axis, the value for the blue (control) and red
(IV-IC) line is higher than the value for the black (IT-IC) line]. We then evaluated the immune
profile of treated and untreated tumors, stratified by whether the tumors grew or shrank (Fig. 4-
4D). Supplementary Fig. 4-3 shows the raw data for these comparisons from Fig. 4-4D. IT-IC
was the only treatment group that had a significant number of tumors shrink and is thus why IV-
IC and untreated shrinking tumors are not included in the analysis shown in Fig. 4-4D. IT-IC
treated tumors that grew and I'V-IC treated tumors that grew have similar infiltration profiles
(Fig. 4-4D). IT-IC treated tumors that shrank have a different TIL pattern than seen in IT-IC
treated tumor that grew, with significantly higher amounts of CD8+ T cells and NKp46+ NK
cells, but significantly lower amounts of F4/80+ macrophages in tumors as percentages of
CD45+ leukocytes (Fig. 4-4D). These data suggest that CD8+ T cells and NKp46+ NK cells play
important roles in the IC-induced antitumor effect. In contrast, these data suggest that F4/80+
macrophage infiltration may be associated with tumor growth and potentially antagonistic to the
antitumor activity of IT-IC (at least in the IT-IC treated tumors that grew). Unlike NK cells and
CD8 cells, the amount of CD4+ T cells in the tumor as a percentage of CD45+ leukocytes is not
significantly different between IT-IC treated tumors that grew and IT-IC treated tumors that

shrank.

4.4.5 NKG2D Expression on NK cells and CD8+ T cells Correlates with Tumor Volume
Reduction Following Hu14.18-IL2 Treatment
Since relatively similar amounts of Leukocyte (CD45+), NK and CD8 cell infiltration

between IT-IC and IV-IC treated tumors were observed (Figs. 4-2A, C, D, and 4-3A, B), but the
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IT-IC group showed much better tumor shrinkage than IV-IC group (Figs. 4-4A, B, C), we were
interested in other immune mechanisms to potentially account for this enhanced antitumor effect
of IT-IC over IV-IC. The activation status of infiltrating lymphocytes may be important for the
observed antitumor effect. We tested for the expression of the effector receptor NKG2D (a
known activation marker) on NKG2A/C/E+ NKp46+ NK cells and NKG2A/C/E+ CD8+ CTL
cells to evaluate whether NKG2D expression correlates with tumor growth or shrinkage.
NKG2D expression on NKp46+ NKG2A/C/E+ NK cells in IT-IC treated tumors (Fig. 4-5A) and
NKG2D expression on CD8+ NKG2A/C/E+ T cells in IT-IC treated tumors (Fig. 4-5B)
correlates with reduction in tumor volume (the higher the NKG2D expression, the smaller the
tumor). There is an incremental relationship between the increase in NKG2D MFI and tumor
shrinkage seen for the IT-IC groups (black lines) in Figs. 4-5A and 4-5B. This correlation is not
statistically significant in the IV-IC treatment group (red lines in Figs. 4-5A and 4-5B),
suggesting that NKG2D expression may contribute to the enhanced tumor shrinkage in the IT-IC
treatment group compared to IV-IC. Untreated mice show a similar relationship between
NKG2D on NK cells and CTLs with percent tumor growth (Fig. 4-5A and 4-5B). Thus, even in
the absence of treatment, tumors with the greatest spontaneous growth are the ones with the
lowest density of NKG2D on their infiltrating lymphocytes. The elevation of the IV-IC line is
significantly higher than that of the IT-IC line, suggesting that IV-IC treated tumors grew more
than IT-IC treated tumors, even when comparing similar levels of NKG2D expression [as in
Figs. 4-4A, 4-4B, and 4-4C at any value of NKG2D MFT along the x-axis, the value for the red
(IV-IC) line is higher than the value for the black (IT-IC) line]. Other factors in conjunction with
NKG2D expression levels are likely contributing to the observed antitumor effect. Fig. 4-5C

shows the same data as in Figs. 4-5A and 4-5B in bar graph form with t-test comparisons.
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We examined the level of NKp46+ NKG2A/C/E+ NK cell activation through NKG2D
expression against the level of CD8+ NKG2A/C/E+ T cell activation through NKG2D
activation, to see if augmentation of NKG2D on NK cells and CTLs occurs in parallel in
individual mice. We found that, in all treatment groups, augmented NKG2D expression on NK
cells positively correlated with augmented NKG2D expression on activated CTLs (Fig. 4-5D);
namely the mice with the greatest NKG2D on NK cells also showed the greatest NKG2D on
their CTLs. These data suggest that the stimulation and activation of these NK and T cells is not
independent, and that the hul4.18-IL2 IC treatment has the ability to activate both NK and T

cells when given IT or I'V.

4.4.6 Initial Tumor Load Shows an Inhibitory Interaction Effect on Hu14.18-1L2
Treatment and Correlates with Tumor Growth

Next we examined whether tumor load at the time of treatment initiation influenced the
antitumor activity of hul4.18-1L2 therapy. Fig. 4-6A shows significant direct incremental
relationships between initial tumor volume and Day 4 (after treatment initiation) Tumor Volume
in all mice. IT-IC treated mice (black line) had a significantly steeper slope compared to control
mice (blue line) (p=0.013), indicating an interaction effect of initial tumor volume on IT-IC
treatment relative to control mice. As initial tumor volume increases, the IT-IC antitumor
treatment effect gradually disappears. This is demonstrated by all three lines “meeting” at the far
right of the graph, as there is no difference in Day 4 tumor volumes between treatment groups at
these large initial tumor volumes.

Fig. 4-6B represents the same data as in Fig. 4-6A; however, in order to illustrate

decreasing efficacy of treating tumors with increasing initial volumes, mice were separated into
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quartiles based on their initial tumor volumes (cutoffs at 33.86 mm”, 76.28 mm”, and 130.93
mm?®). Fig. 4-6B shows that in the three lowest quartiles (0-130.9 mm®), IT-IC treated mice had
significantly less tumor at Day 4 compared to control mice, whereas there is no difference in the
highest quartile (>130.93 mm®). These data indicate that large initial tumor burden negated the
antitumor effects of hul4.18-1L2 therapy.

Fig. 4-6C shows a significant inverse incremental relationship between initial tumor
volume and reduction in tumor volume in the IT-IC treated mice, indicating that the smaller the
initial tumor volume the less tumor growth observed with IT-IC treatment. Note that the line for
the control mice has a significant negative slope. This is consistent with known sigmoidal growth
patterns for tumors; a number of physiological factors slow the growth rate of untreated tumors
as they get larger. Thus, in Fig. 4-6C, the untreated tumors (blue line) that have the smallest
initial tumor volume actually show the greatest growth (measured as percent change in volume)
over the next 4 days. The slopes of the lines for the IT-IC and IV-IC treated mice are
significantly positive compared to the very negative slope of the line for the control mice. This
translates to the IV-IC and IT-IC lines “meeting” the control line at the far right of the graph,
such that there is no effect of IC treatment, vs. control, for the tumors that are largest at the time
of treatment initiation. In contrast, as one moves farther to the left on the x-axis (smaller initial
tumor size), the [V-IC and IT-IC lines move farther away (less tumor growth) from the control
group (blue) line, indicating that smaller initial tumor volume has an incremental effect on the
ability of IC treatment to modify the growth of tumors, compared to control tumors. The
regression line (black) for the IT-IC treated mice is significantly lower than that of the IV-IC
treated mice (red line), indicating greater amounts of tumor shrinkage are induced by IT vs. IV

IC at all levels of initial tumor volume.
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Fig. 4-6D, which represents the same data as in Fig. 4-6C, shows that when initial tumor
volume was less that 130.93 mm?® (lowest three quartiles), IT-IC treated mice showed
significantly less tumor growth compared to control mice as well as significantly less tumor
growth compared to IV-IC treated mice. However, when initial tumor burdens were greater than
130.93 mm’, there seemed to be no significant effect of hul4.18-IL2 therapy (either IV or IT) on
tumor growth compared to control mice. Again, these data indicate that large initial tumor

burden negated the antitumor growth effects of hul4.18-IL2 therapy.

4.4.7 Tumor Shrinkage at 4 Days Post Treatment Initiation is Necessary for Long-Term
Survival in hu14.18-1L2 Treated Mice

We next wanted to determine if we could identify the particular subset of mice that would
be long-term, tumor-free survivors based on the initial response to treatment observed 4 days
post treatment initiation. For ease of biologic interpretation, a cutoff at 0% Tumor Growth was
used to distinguish growing tumors (>0% Tumor Growth) from shrinking tumors (<0% Tumor
Growth). We observed that all control (IT-PBS, untreated) mice showed tumor growth by 4 days
post treatment initiation and that all of these mice eventually died of tumor-related death (Figs.
4-7A,B). Also, we observed that all hul4.18-IL2 treated mice that did not show any tumor
shrinkage by 4 days post treatment initiation eventually died of tumor-related death (Figs. 4-
7A,B). However, IC treated mice that did show any tumor shrinkage by 4 days post treatment
initiation had an increased chance (44%) of long-term, tumor-free survival (determined 70 days
following treatment initiation) up (compared to mice that did not show tumor shrinkage by day 4
(0% survival) (Fig. 4-7A). These data demonstrate the immediate antitumor effect of the

hul4.18-IL2 immunocytokine and the long-term significance for overall survival of this
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immediate effect. These data indicate that tumor shrinkage soon after administration of the IC
could potentially be used as a prognostic factor for long-term survival following this IC

immunotherapy.
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4.5 Discussion

Initial small tumor load (DuBois et al., 1999) and enhanced TIL infiltration (Gooden et
al., 2011; Hwang et al., 2012; Taylor et al., 2007; Horne et al., 2011) have been noted as two
independent prognostic factors for therapeutic benefit of immunotherapy and cancer host
survival. The results presented here show, for the first time to our knowledge, that initial small
tumor volume correlates with increased rapid TIL infiltration in response to monoclonal-
antibody-based immunotherapy (in this case, hul4.18-1L2). This indicates that, in this model
system, small tumor burden and increased TIL infiltration are two linked, rather than
independent, factors that are predicative of a favorable in vivo antitumor response to
immunotherapy.

We examined whether tumor volume at treatment initiation was an important factor in
overall survival. Our data show that smaller initial tumor volume correlated with increased
survival in hul4.18-IL2 treated mice, indicating that tumor volume at treatment initiation is
prognostic for survival after IT-IC treatment. Next, we examined whether tumor volume at
treatment initiation was an important factor affecting the change in tumor infiltrating leukocytes
associated with hul4.18-IL2 treatment. Our data show that hul4.18-IL2 treatment of mice with
lower initial tumor volume leads to increased tumor leukocyte and NK infiltration and increased
NKG2D expression on tumor infiltrating NK cells and CD8+ T cells. These data indicate that
smaller initial tumor volume when treatment begins is predictive of the level of increased tumor
infiltrating lymphocytes. We examined which immune cells correlated with the increase in tumor
leukocytes seen in small tumors treated with IT-IC. Our data show that increased tumor

leukocyte infiltration seen in IT-IC treated tumors correlated with CD8+ cytotoxic T cells as well
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as higher NKG2D expression on CTLs and NK cells. This indicates that much of the increase in
tumor leukocytes seen in small tumors treated with IT-IC was due to CD8+ CTLs.

Next, we examined whether increases in tumor infiltrating leukocytes, such as CD8+
CTLs or NKp46+ NK cells, resulted in better treatment outcomes such as tumor shrinkage.
Using quantitative histological analyses, our data show that increased NKG2A/C/E+ and CD8+
cells inversely correlated with tumor growth (as measured by percent tumor growth). When
comparing IT-IC treated mice whose tumors shrank against those whose tumors grew, our flow
cytometry data showed a statistically significant increase in CTLs and NK cells as well as a
statistically significant decrease in tumor macrophages in the tumors that shrank. These data
suggest that CTLs and NK cells were involved in the process of tumor shrinkage, while the
presence of macrophages appeared to be associated with tumor growth rather than shrinkage.

We also found that NKG2D expression on CD8+ cells and on NK cells inversely
correlated with tumor growth (measured by Percent Tumor Growth), which suggested a role of
NKG2D expression on NK cells and on CD8 cells in tumor shrinkage. Interestingly, in
individual mice, the level of augmented NKG2D expression on activated NK cells was found to
correlate directly with the level of augmented NKG2D on CTLs. This suggests a shared
relationship for the level of augmented NKG2D on NK and on CD8+ TILs, which also is
involved in helping to inhibit tumor growth. Studies by Verneris et al show that ligation of
NKG2D on NK cells directly induces cytotoxicity (Verneris et al., 2004). They also showed that
NKG2D expression is up-regulated upon IL-2 activation and expansion of CD8+ T cells. T cells
activated and expanded in low and high concentrations of IL-2 both showed comparable up-
regulation of NKG2D, but only cells cultured in high-dose IL-2 were cytotoxic. Verneris et al

also showed that the activated CD8+ T cells demonstrated cytotoxicity against malignant target
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cells, which occurs through NKG2D-mediated recognition and signaling and not through the
TCR (Vance et al., 2002). NKG2D triggering accounts for the majority of MHC-unrestricted
cytotoxicity of activated and expanded CD8+ T cells (Karimi et al., 2005). In this report, we
show how NKG2D up-regulation in the tumor infiltrating leukocytes (specifically on NK cells
and on CD8+ T cells) correlates with slower tumor growth, in treated as well as in untreated
animals. In our prior work (Yang et al., In Revision), we found that NKG2D upregulation in IT-
IC and IV-IC treated animals (but not in control animals) was seen on NK and CD8+ TILs in the
tumors, but not seen on NK and CD8+ cells in the spleens, suggesting that the NK and T
activation induced by the IC treatment was occurring in the tumor microenvironment, potentially
due to tumor-specific localization of the IC in the GD2+ tumors.

We also examined whether tumor burden at treatment initiation played a role in hul4.18-
IL2 induced tumor shrinkage. Our data showed that smaller tumor load at treatment initiation
increased the likelihood of tumor shrinkage in IT-IC treated mice. The opposite was true in
control mice; namely control tumors that were smaller at the time of “treatment initiation”
actually showed greater % change in size than the tumors that were larger at the time of
treatment initiation. These data are consistent with our findings that hul4.18-1L2 treatment of
smaller tumors leads to higher tumor infiltrating leukocytes and that increased tumor leukocytes
correlate with shrinkage of tumors.

We also examined whether initial tumor growth or shrinkage influenced overall survival
outcome. Our data showed that tumor shrinkage detected 4 days after starting treatment was
predictive of increased long term survival in hul4.18-1L2 treated mice. Conversely, tumor
progression detected 4 days after starting treatment in control and in hul4.18-1L2 treated mice

was predictive of continued tumor progression and ultimate death due to progressive disease.
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These data are consistent with our previous findings that hul4.18-IL2 treatment of smaller
tumors leads to increased anti-metastatic effect against NXS2 neuroblastoma (Neal et al., 2004).
Our data in NK and T cell depleted mice indicate that both NK and T cells are involved in the
overall antitumor effect of IC in this system (Yang et al, In Revision). Even so, as adaptive T
cells responses normally take >5 days to develop, it seems unlikely that an adaptive T cell
response can account for this shrinkage seen on day 4. It may be that a combination of innate
immune responses, antibody-dependent cell mediated cytotoxicity, and NKG2D induced
antitumor effects (by NK cells and CD8+ T cells) may account for the initial tumor shrinkage,
which is essential (in this model) for resultant long-term tumor-free survival. This requirement
for early tumor shrinkage after one course of therapy to develop long term benefit is different
from that of recently described for clinical immune benefit obtained with ipilimumab. As
immune benefit with ipilimumab is mediated by an adaptive T cell response (which takes time to
develop), occasional patients show tumor growth during and shortly after treatment, followed by
late detection of antitumor effects (tumor shrinkage) (Hodi et al., 2010; Saenger and Wolchok,
2008).

Interestingly, Fig. 4-6B, which shows the relationship between tumor volume at
treatment initiation and percent tumor growth, indicates that the relationship seen between the 3
different treatment groups is highly dependent upon initial tumor volume. Above 130.9 mm” of
tumor volume, there seems to be little to no effect of hul4.18-1L2 therapy, injected either
intratumorally or intravenously. This is shown by the finding that the regression lines of the three
treatment groups seem to intersect at this initial tumor volume. However, when tumor burden is
less that 130.9 mm’, there are significant effects of both IT and IV hul4.18-IL2 therapy in

slowing tumor growth compared to control treated tumors.
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CD8+ T cells likely play a role in the hul4.18-IL2 mediated tumor shrinkage effect. Fig.
4-4D shows that CD8+ T cells are the cell type that is most increased when IT-IC treated tumors
are shrinking compared to those that are growing. Also, natural killer cells (NKp46+ cells) very
likely have some role in tumor shrinkage because they are also significantly increased in IT-IC
treated shrinking tumors compared to IT-IC treated growing tumors. These results are consistent
with our prior results that show IT-IC treatment can be dramatically inhibited in this model by
either NK or T cell depletion (Yang et al, In Revision). Conversely, macrophages (F4/80+ cells)
are significantly decreased (when measured as a percentage of the CD45+ cells) in IT-IC treated
shrinking tumors compared to IT-IC treated growing tumors (Fig. 4-4D); their relative decrease
in shrinking tumors may reflect the disproportionate increase of NK and CD8+ cells, but may
also indicate an inhibitory role for macrophages in the IT-IC mediated tumor shrinkage process.

It may be useful to determine signatures that could be distinguished in patients, either
prior to IC treatment or soon after treatment initiation, which are predictive of beneficial
antitumor effect. Such predictive signatures could be then used in clinical decision making
regarding treatment continuation or changing to alternate therapies. We have identified several
parameters (measured before and shortly after treatment initiation) in this animal model that
appear to be indicators of prognosis. Some of these are already being used in clinical decision-
making. Clinical stage of disease is a primary factor used to predict prognosis and help with
treatment assignation. Based on these preclinical data, as well as our clinical phase II data
showing greater likelihood of response for patients with less “bulky disease” (6), we hypothesize
that patients should be treated with IC (either IT-IC or IV-IC) when tumor volume is at a
minimum, as larger tumor size interferes with the ability of IC treatment to mediate beneficial

antitumor effects. Tumor growth patterns soon after IC treatment initiation may also be studied
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as a potential predictor of long term benefit. If these murine studies translate to the clinical
setting, patients with tumors that have a reduction in size within the first few days post treatment
initiation may have a greater possibility for long-term benefit. Our preclinical data suggest that
patients with tumors that continue to grow soon after treatment initiation are much less likely to
benefit from IC treatment.

Analyses of TILs, determined by histologic evaluation or by flow cytometry, might also
be used as an important prognostic determinant. Soon after IC treatment initiation, tumor
infiltration might be used as an indicator of treatment efficacy. If extensive clinical testing
demonstrates that the murine data we have obtained actually translate to the clinical setting, then
several parameters may be of clinical utility. Patients with high CD8+ T cell, high NKp46+ NK
cell, and low M2 macrophage tumor infiltrating populations after initial treatment may have a
higher likelihood of experiencing a more potent antitumor effect. The NKG2D expression of NK
cells and activated CTLs may also be indicative of the potential for a more potent IC-induced
antitumor effect. This immune profile could be investigated as a potential predictive parameter of
beneficial IC treatment. Lack of this signature may indicate that treatment adjustments need to be
made.

Our data suggest that the stimulation and activation of NK and T cells are not
independent (Fig. 4-5C) and that the activation of these infiltrating lymphocytes is important for
antitumor activity and survival in this mouse model. Furthermore, the data presented here
demonstrate that even in groups of genetically identical mice, receiving identical doses of tumor
implants and identical antitumor treatments, quantitative measures of initial tumor size and of
TIL patterns are clearly predictive of response to treatment. These data indicate that the ultimate

response to tumor immunotherapy, either beneficial or ineffective, is determined (at least in part)
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by quantitative factors that might be manipulated to enhance antitumor efficacy, or measured for
prognostic purposes. Translating these observations into clinical evaluations will require large
clinical analyses with standardizable parameters for immune measurements, in order to
determine if the principles identified in this mouse model may also pertain to clinical treatments

with analogous immunotherapies.
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Figure 4-1. Initial Tumor Volume Inversely Correlates with Survival in hul4.18-1L2
Treated Mice

A/J mice bearing subcutaneous NXS2 tumors were treated with 3 daily doses of hul4.18-1L2
(either IV or IT), received control treatment (IT-PBS or no treatment). After the experiment was
completed, mice were stratified by initial tumor volume around the median initial treatment
volume of 34mm° and analyzed for survival outcome. (A) Contingency table showing the long
term outcomes of mice treated with IC (hul4.18-IL2 IV or IT) stratified by median initial tumor
volume of 34mm° or control mice (IT-PBS or untreated). (B) Kaplan Meier curves showing
number of survival days post-treatment initiation in IC treated or control groups stratified by
median initial tumor volume of 34mm°. Experiments represent data from 3 independent

experiments with a total of 37 mice.
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Figure 4-2. Hu14.18-IL2 Treatment of Mice with Smaller Initial Tumor Volume Leads to
Increased Tumor NK Infiltration and NKG2D Expression on Tumor NK and CD8+ T cells
A/J mice bearing subcutaneous NXS2 tumors were treated with IT-IC, IV-IC or Untreated. Mice
were sacrificed 4 days post-treatment initiation and tumors underwent flow cytometric analysis.
Initial tumor volumes of all mice are stratified into groups greater or less than the median value
of 101.6 mm® and these groups are compared to each other for the post-treatment parameters,
detected by flow cytometry, shown. (A): post-treatment tumor leukocytes (CD45+ cells) are
presented as a percentage of Total Live Nucleated Cells (TNCs) within the tumor; (B):
macrophages (F4/80+) are presented as a percentage of leukocytes (CD45+) within the tumor;
(O): natural killer cells (NKp46+) are presented as a percent of mouse leukocytes (CD45+); (D):
cytotoxic T cells (CD8+) are presented as a percent of mouse leukocytes (CD45+); (E): NKG2D
expression levels are presented as MFI on NKp46+, NKG2A+ activated natural killer cells; and
(F): NKG2D expression levels are presented as MFI on CD8+, NKG2A+ activated CTLs.
Asterisks in comparison bars represent the level of statistical significance for differences in the
graphed values between the 2 indicated groups. Results represent data from 6 independent

experiments with an average of 19 mice within each treatment group.
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Figure 4-3. Increased Tumor Leukocyte Infiltration Results from Higher CD8+ T cell but
not NK Density, in Mice receiving IT-IC and Correlates with Higher NKG2D Expression
on NK cells and CD8+ T cells

A/J mice bearing subcutaneous NXS2 tumors were treated with IT-IC, IV-IC or Untreated. Mice
were sacrificed 4 days post-treatment initiation and tumors underwent flow cytometric analysis.
Post-treatment tumor leukocytes (CD45+ cells) as a percentage of Total Live Nucleated Cells
(TNCs) within the tumor are stratified at 41.6% CD45+/TNCs. These two groups are compared
to each other for the indicated parameters: (A): natural killer cells (NKp46+) as a percent of
mouse leukocytes (CD45+); (B): cytotoxic T cells (CD8+) as a percent of mouse leukocytes
(CD45+); (C): NKG2D expression levels as MFI on NKp46+, NKG2A+ activated natural killer
cells; and (D): NKG2D expression levels as MFI on CD8+, NKG2A+ activated CTLs. Asterisks
in comparison bars represent statistical significance in values of each group. Results represent

data from 6 independent experiments with an average of 19 mice within each treatment group.
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Figure 4-4. Tumor NK Cell and CD8+ T cell Infiltration Inversely Correlates with Tumor
Growth Following IC Treatment

A/J mice bearing subcutaneous NXS2 tumors were treated with IT-IC, IV-IC or Control
treatment. Mice were sacrificed 4 days post-treatment initiation and tumors underwent
quantitative histological (A-B) or flow cytometric analyses (C-D). (A-B) After
immunohistochemistry, 5 distinct microscopic fields were counted in a blinded fashion within
each mouse’s tumor. NKG2A/C/E+ cells (A) and CD8a+ cytotoxic T cells (B) as a percentage of
Total Nucleated Cells (TNCs) within the each mouse’s tumor are plotted against each mouse’s
percent tumor growth. (A-B) represent data from 3 independent experiments, with an average of
18 mice total within each treatment group. Horizontal error bars represent standard error of the
mean for subsamples within an individual mouse. (C) Post-treatment tumor leukocytes (CD45+
cells) as a percentage of Total Live Nucleated Cells (TNCs) are plotted against each mouse’s
percent tumor growth. (D) Mice are stratified by treatment group and by tumor growth or
shrinkage. Within each group, tumor immune cells (CD8+, NKp46+, F4/80+, CD4+) are shown
as a percentage of tumor leukocytes (CD45+ cells). Asterisks in (D) compare tumor immune cell
populations between IT-IC treated mice whose tumor grew vs. IT-IC treated mice whose tumor
shrank. (C-D) represent data from 6 independent experiments with an average of 19 mice total
within each treatment group. Note, the IT-IC treatment group consists of 6 mice that had tumors

shrink and 15 mice that had tumors grow.



124

Figure 4-4.
(A) (B)
400 3 400
g e T -~ IT-PBS,NT 2 Wng -~ IT-PBS,NT
§ 3009 © =S (VA T oS § 300 HO ﬁ[-a- [\V-[Cr#x*
o & S --= IT_IC**** ° o3 % 0= |T-IC****
2 ] 2
o oo & 200] 2 ®
£ € 100
= =
t t 0
[}] [
2 o
00, e 5 1001 , ,
1 10 100 1 10 100
Tumor NKG2A (NKG2A/C/E+/TNCs(%)+1) Tumor CTLs (CD8a+/TNCs(%)+1)
©) D)
100+ [ CD4/CD45
Q [ F480/CD45
=2= No Treatment < 804 3 NKp46/CD45 &
"[x[-E- IV-IC 2 Bl CD8/CD45 = ns
) » O **x* O
X 300 - |T-IC A x
£ 3
S 200 g
5 E
5 E
g 100
=
[
0
8
Pl &\)
& -100 o

0 10 20 30 40 50 60 70 80 90 100
CD45+/TNCs (%) Treatment Group and Tumor Growth




125

Figure 4-5. NKG2D Expression on NK and CD8+ T cells Correlates with Tumor Volume
Reduction following Hu14.18-IL2 Treatment

A/J mice bearing subcutaneous NXS2 tumors were treated with IT-IC or IV-IC or received no
treatment. Mice were sacrificed 4 days post-treatment initiation and tumors underwent flow
cytometric analysis. Using flow cytometry, post-treatment tumor NKG2D expression (MFI) on
activated natural killer cells (A) and cytotoxic T cells (B) are plotted against each mouse’s
percent tumor growth. Figure 4-5C shows bar graphs of the same data in Figures 4-5A and 4-
5B. In Figure 4-5D, within each mouse’s tumor, NKG2D expression (MFI) on activated
NKp46+, NKG2A/C/E+ natural killer cells (y-axis) is plotted against that same animal’s
NKG2D MFI on CD8+, NKG2A/C/E+ cytotoxic T cells (x-axis). In all scatter plot figures
testing for correlations (A, B, D), asterisks in the legend represent a statistically significant
different slope of each groups’ regression line model compared to 0. Comparisons between
treatment groups are indicated by the “x” designation in place of asterisks, as described in the
statistical methods section, to test whether the elevations of each groups’ regressions line are
significantly different from each other. All panels represent data from 6 independent experiments

with an average of 19 mice total within each treatment group.



Figure 4-5.

(A)

©

MFI NKG2D

Percent Tumor Growth (%)

o[ = No Treatment **

ol L= IV-IC

- IT-IC*

100

200 300

MFI NKG2D/NKG2A+,NKp46+

@8 NT & Tumor Grew

@3 IV-IC & Tumor Grew

3 IT-IC & Tumor Grew —
Ml IT-IC & Tumor Shrank

NKp46+/NKG2A+
Cells

*kkk

*kk
—

CD8+/NKG2A+

(B)

MFI NKG2D/NKp46+,NKG2A+

=2= No Treatment

= 300

< >‘[-Ev- IV-IC
H - [T-IC*
© 200

)

j .

2 100

=

[

2 of------Braeaa0---

8

= Lo} o

& 100

0 100 200 300 400 500 600
MFI NKG2D/NKG2A+,CD8a+

3007 - No Treatment*
2504 == IV-IC*™** o
o [T-IC***

ol T T T T T T T
100 0 100 200 300 400 500 600

MFI NKG2D/NKG2A+,CD8a+

126



127

Figure 4-6. Initial Tumor Load Shows an Inhibitory Interaction Effect on Hu14.18-1L2
Treatment and Correlates with Tumor Growth

Four days after randomization and treatment initiation, A/J mice bearing subcutaneous NXS2
were sacrificed for flow cytometric analysis of their tumors. Figure 4-6A shows individual
mouse tumor volumes at the day of randomization (Initial Tumor Volume (mm)) plotted against
Day 4 Tumor Volume. Linear regression models for each treatment group are shown. Asterisks
marking individual treatment groups within the legend represent a statistically significant
different slope of each group’s regression line compared to 0. Comparisons between treatment
groups, using “s” or “x” indications in place of asterisks, test whether the slopes or elevations,
respectively, of each group’s regression line are significantly different from each other.
Regression lines with significantly different slopes cannot be tested for differences in elevations
because they will intersect at some point in space. Figure 4-6B shows Day 4 Tumor Volume
data stratified into four quartiles based on initial tumor volume (separated by 33.9, 76.3, 130.9)
as well as three treatment groups. Figures 4-6C and 4-6D show analogous graphs as Figure 4-
6A and 4-6B, using Percent Tumor Growth instead of Day 4 Tumor Volume. Percent Tumor
Growth = [100 x (Tumor Volume at Day 4 — Initial Tumor Volume) / Initial Tumor Volume].

All panels represent data from 11 independent experiments with an average of 48 mice total

within each treatment group.
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Figure 4-7. Tumor Shrinkage Detected 4 days after Initiating Treatment with IC is
Predictive of Increased Long Term Survival in hul4.18-IL2 Treated Mice

A/J mice bearing subcutaneous NXS2 tumors were treated with 3 daily doses of hul4.18-1L2
(either IV or IT) or control treated (IT-PBS or Untreated). After the experiment was completed,
mice were stratified by Percent Tumor Growth around 0%, which indicated whether each
individual mouse’s tumor grew (Percent Tumor Growth > 0%) or shrank (Percent Tumor Growth
< 0%) in size over 4 days. Survival outcome data were analyzed on control mice (IT-PBS and
untreated) and hul4.18-IL2 treated mice, with each treatment group stratified by percent tumor
growth. (A) Contingency graph showing the long term outcomes of mice treated with hul4.18-
IL2 (IC) or control mice, stratified by percent tumor growth measure 4 days after starting
treatment. None of the control mice showed tumor shrinkage. (B) Kaplan Meier curves showing
number of survival days post-treatment initiation in IC treated or control groups stratified by
Percent Tumor Growth. All panels represent data from 3 independent experiments with a total of

36 mice in all 3 experiments.
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Supplementary Figure 4-1. Hu14.18-1L2 Treatment of Mice with Smaller Initial Tumor
Volume Leads to Increased Tumor NK Infiltration and augmented NKG2D expression on
Tumor NK and CTL cells

This figure presents the same data as is presented in Figure 4-2. A/J mice bearing subcutaneous
NXS2 tumors were treated with IT-IC, IV-IC or Untreated. Mice were sacrificed 4 days post-
treatment initiation and tumors underwent flow cytometric analysis. Initial tumor volumes of all
mice are plotted against each mouse’s post-treatment parameters, detected by flow cytometry.
(A): post-treatment tumor leukocytes (CD45+ cells) are presented as a percentage of Total Live
Nucleated Cells (TNCs) within the tumor; (B): macrophages (F4/80+) are presented as a
percentage of TNCs within the tumor; (C): natural killer cells (NKp46+) are presented as a
percent of mouse leukocytes (CD45+); (D): cytotoxic T cells (CD8+) are presented as a percent
of mouse leukocytes (CD45+); (E): NKG2D expression levels are presented as MFI on NKp46+,
NKG2A+ activated natural killer cells; and (F): NKG2D expression levels are presented as MFI
on CD8+, NKG2A+ activated CTLs. Linear regression models for each treatment group are
shown. Asterisks marking individual treatment groups within the legend represent a statistically
significant different slope of each group’s regression line compared to 0. Comparisons between
treatment groups, using “s” or “x” indications in place of asterisks, test whether the slopes or
elevations, respectively, of each group’s regression line are significantly different from each
other. Regression lines with significantly different slopes cannot be tested for differences in

elevations because they will intersect at some point in space. All panels represent data from 6

independent experiments with an average of 19 mice within each treatment group.
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Supplementary Figure 4-2. Increased Tumor Leukocyte Infiltration after IT-IC Treatment
is Associated with Higher CTL Density and Higher NKG2D Expression on NK cells and
CTLs

This figure presents the same data as is presented in Figure 4-3. A/J mice bearing subcutaneous
NXS2 tumors were treated with IT-IC, IV-IC or Untreated. Mice were sacrificed 4 days post-
treatment initiation and tumors underwent flow cytometric analysis. Post-treatment tumor
leukocytes (CD45+ cells) as a percentage of Total Live Nucleated Cells (TNCs) within the tumor
are plotted against (A): natural killer cells (NKp46+) as a percent of mouse leukocytes (CD45+);
(B): cytotoxic T cells (CD8+) as a percent of mouse leukocytes (CD45+); (C): NKG2D
expression levels as MFI on NKp46+, NKG2A+ activated natural killer cells; and (D): NKG2D
expression levels as MFI on CD8+, NKG2A+ activated CTLs. Linear regression models for each
treatment group are shown. Asterisks marking individual treatment groups within the legend
represent a statistically significant different slope of each group’s regression line compared to 0.

Data represent results from 6 independent experiments with an average of 19 mice within each

group.
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Supplementary Figure 4-3. Tumor NK Cell and CD8+ T cell Infiltration Inversely
Correlates with Tumor Growth Following IC Treatment

This figure presents the same data as is presented in Figure 4-4D. A/J mice bearing subcutaneous
NXS2 tumors were treated with IT-IC, IV-IC or Control treatment (No Treatment or IT-PBS).
Mice were sacrificed 4 days post-treatment initiation and tumors underwent flow cytometric
analyses. Mice are stratified by treatment group (IT-IC, IV-IC, No Treatment) and tumor growth
(% Tumor Growth >0%) or shrinkage (% Tumor growth <0%). Within each group, tumor
infiltrating leukocyte subtypes (A: CD8+, B: NKp46+, C: F4/80+, D: CD4+) are shown as a
percentage of tumor leukocytes (CD45+ cells) using flow cytometric analysis. Asterisks provide
p values for comparisons between immune cell populations. All panels represent data from 6

independent experiments with an average of 19 mice total within each treatment group.
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Chapter 5

Additional Projects in Clinical Research
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5.1 Overview

This chapter of this PhD thesis provides an overview of additional work that I have been
fortunate enough in which to participate. It begins with a project examining GD2 status of
melanoma patients in a pilot clinical trial (CO-05601) which sought to treat patients with late
stage but resectable melanoma with systemic hul4.18-1L2 before or after surgery. This study
seeks to determine whether GD2 status of patients’ melanoma is prognostic for time to
recurrence after hul4.18-IL2 therapy. Many of the other additional works emphasize histological
or cellular morphologic data, as many of the members of the Sondel laboratory would seek my
assistance with these techniques. I present these works in reverse order of their publication date

or completion.

5.2 Characterization of GD2 Tumor Antigen in Melanoma Patients from CO-05601
5.2.1 Introduction

GD2 has been used extensively as a target in mAb therapy and has been the primary
target of antibody recognition in neuroblastoma. Clinical testing has been performed with the
GD2 specific mAbs 3F8, 14.G2a, and ch14.18 (the human-mouse chimeric variant of 14.18) in
neuroblastoma and melanoma (Cheung et al., 1998, Yu et al., 1998; Handgretinger et al., 1995;
Murray et al., 1994; Saleh et al., 1992a).

A pilot trial (CO-05601) of intravenous hul4.18-IL2 in subjects with completely
resectable recurrent stage III or stage IV melanoma is currently underway at the University of
Wisconsin-Madison. The goals of this trial are to look at effects of intravenous hul4.18-IL2 on
melanoma and to look at time to progression in this population. This trial sought to evaluate 16

patients, beginning IV-IC in half of the patients before surgery and half of patients after surgery,
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with all patients scheduled to receive 3 monthly treatment courses (either 2 or 3 courses after
surgical attainment of complete clinical remission).

We examined the level of GD2 expression in these patients’ melanomas in this study
treating with hul4.18-IL2. More specifically, we are interested in investigating whether there is a
correlation between the GD2 positivity of a patient's melanoma and time to progression or
overall survival time subsequent to receiving hul4.18-IL2. Since the hul4.18-I1L2
immunocytokine is specific for GD2, we hypothesized that patients with melanoma highly
expressing GD2 will have increased time to recurrence compared to patients whose melanoma

does not express GD2.

5.2.2 Methods

We developed and utilized a robust and specific method for evaluating the level of GD2
positivity in melanoma tissue. OCT embedded and flash frozen patient melanoma tissue blocks
from this clinical trial were obtained from Dr. Erik Ranheim, the protocol pathologist. These
samples were sectioned 5 microns thick onto slides, fixed in acetone, and stained with 14.G2a (a
mouse antibody specific for human GD2) or a mouse IgG2a isotype control. A biotinylated goat
anti-mouse polyclonal secondary antibody (#BA-9200, Vector, Burlingame, CA) and an avidin-
biotin complex were used to amplify the primary antibody signal. Tissue sections were
developed with the DAB or NovaRed dye (Vector, Burlingame, CA) and counterstained with
Mayer’s hematoxylin (Sigma). GD2 expression in tumors was evaluated in 13 melanoma
patients and these GD2 expression data were semi-quantified using a 0 - 100% grading scale,

read by two blinded observers (RKY and NAK).
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5.2.3 Results

Figure 5-1 shows an immunohistochemical stain done to validate a histological
methology to gauge GD2 levels in patient melanoma tissue. Melanoma tissue from a patient in
the currently open study of hul4.18-IL2 in patients with resectable melanoma (CO-05601) was
stained with 14.G2a, which is shown in Figure 5-1A. Figure 5-1B shows a closely overlapping
section stained with a mouse isotype control antibody. Figure 5-1 clearly shows that we have a
robust and specific method for evaluating GD2 expression in patients’ melanoma, which will be
used in correlation studies of GD2 level with outcome data for patients who received the
hu14.18-IL immunocytokine.

Results are shown as a data table in Table 5-1. Results were blinded assessments of GD2
positive staining under a high powered microscope. Out of 13 evaluated patients’ tissue, 5
patients (#7, 9, 10, 12, 13) (~38.4%) had at least one tissue section with a strong positive GD2
signal. In addition, there were 5 more patients (#11, 14, 16, 17, 18) (~38.4%) who had at least
one tissue section with a weak positive GD2 signal. Only 3 patients (#2, 4, 6) out of the 13
patients evaluated (23.1%) had only negatively staining melanoma tissue sections. Therefore, 10
out of 13 evaluated patients (72.1%) showed some amount of detectable GD2 expression in their
frozen tissue sections.

Figure 5-2 shows a Kaplan-Meier survival curve of patients stratified by GD2 expression
on their melanoma as determined by immunohistochemical (IHC) staining with 14.G2a. Patients
with negative GD2 expression in their melanoma had a median time to recurrence of 5.75
months compared to patients with strong (5.375 months) or weak (13.5 months) GD2 expression.

Patients with negative GD2 expression in their melanoma tended to have shorter post on-study
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time to recurrence compared to patients with weak or strong GD2 expression, though the trend is

not significant.

5.2.4 Discussion

Our percentage of (72.1%) within the melanoma population (10 out of 13 positive for
GD?2) is close to that found by others. Since there were very few patients with undectable GD2 in
their melanona tissue (n=3), there is a lack of power to determine a significant relationship
between GD2 expression in melanoma and time to recurrence after hul4.18-1L2 therapy in this
small study. Though we are not able to show a significant increase in the time to recurrence for
hul4.18-IL2 treated patients with GD2+ melanoma compared to those with GD2(-) melanoma,
we believe this trend is interesting and deserves further investigation. Furthermore, as the
number of patients in this study was small and the GD2 expression and immune infiltrate
patterns (not shown) were quite heterogeneous, it has not been possible to identify any clear
difference in the histology for those samples obtaind before the hul4.18-IL2 treatment vs. those
biopsies obtained after 1 course of hul4.18-1L2 treatment. In addition, we note that even within
patients, different lesions can show different phenotype (i.e.: patient 9 had 3 lesions evaluated; 2
were strongly positive for GD2 and 1 was negative). For this reason, we would recommend that
future analyses of the potential effect of immunotherapy on clinical lesions be evaluated by
comparing pretreatment biopsies with post-treatment biopsies from the same lesion (whenever

possible).
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5.3 Genotypes of NK cell KIR Receptors, Their Ligands, and Fcy Receptors in the
Response of Neuroblastoma Patients to Hu14.18-1L2 Immunotherapy

I was fortunate enough to be included in this study examining associations comparing
individual cellular phenotype with outcome to autologous stem cell transplant and hu14.18-1L2
immunotherapy for neuroblastoma. I was involved in the editing and revision process for this
study. This study found an association between the mismatch status of a patient's killer
immunoglobulin-like receptor (KIR)/KIR-ligands with patients' improved outcome (showing
complete response or improvement of their disease) after IC therapy (P = 0.03). DNA from 38
patients were evaluated: 24 were found to have autologous KIR/KIR-ligand mismatch; 14 were
matched. Of the 24 mismatched patients, 7 experienced either complete response or
improvement of their disease after IC therapy. There was no response or comparable
improvement of disease in patients who were matched. Therefore, KIR/KIR-ligand mismatch
was associated with response/improvement to hul4.18-1L2. This report indicated that response
or improvement of relapsed/refractory NBL patients after IC treatment is associated with
autologous KIR/KIR-ligand mismatch, consistent with a role for natural killer cells in this

clinical response.

Delgado DC, Hank JA, Kolesar JM, Lorentzen DF, Gan J, Seo S, Kim KM, Shusterman S,
Gillies SD, Reisfeld RA, Yang RK, Gadbaw BC, DeSantes KD, London WB, Seeger RC, Maris

JM, and Sondel PM. Genotypes of NK cell KIR Receptors, Their Ligands, and Fcy Receptors in

the Response of Neuroblastoma Patients to Hul4.18-1L2 Immunotherapy. Cancer Research.

2010 Dec 1;70(23):9554-61. [PMID: 20935224
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5.4 The anti-tumor effect of resveratrol alone or in combination with immunotherapy in a
neuroblastoma model

I was fortunate enough to be included in this study examining hul4.18-IL2 in
combination with peritumoral resveratrol as anti-tumor immunotherapy in subcutaneous GD2+
neuroblastoma bearing mice. I was involved in the consultation, execution, and photography of

the immunohistochemistry portion of this report.

5.4.1 Immunohistochemistry

Twenty four hours after the last injection of RV, tumors were excised and embedded in
tissue freezing medium (OCT). Frozen tissue sections were cut at 5 um on the cryostat and fixed
in cold acetone for 10 minutes. Nonspecific binding was blocked with 10% goat serum in PBS
for one hour. The slides were incubated with CD45 (Ly-5) rat monoclonal primary antibody
(eBioscience, San Diego, CA, 14-0451-85,clone 30F11) at a 1:160 dilution in PBS with 1% goat
serum for one hour at 37° C. Sections were incubated with a biotinylated goat anti-rat (Vector
Laboratories, Burlingame, CA) at 1:200 for one hour. Slides were incubated 30 minutes with
Vectastain ABC Elite (Vector Laboratories, Burlingame CA). Slides were developed with DAB
(3,3-diaminobenzidine) (Vector Laboratories, Burlingame CA), counterstained with Mayer’s
hematoxylin, dehydrated and cover slipped with permount. For Hematoxylin and Eosin (H&E)
staining a modified version of the routine Mayer’s staining protocol was used. Slides containing
dried frozen sections were fixed in 100% EtOH for 2 minutes. Sections were stained with
Mayer’s Hematoxylin, for 15 minutes, and washed in running tap water for 20 minutes. Sections

were counterstained with Eosin (Surgipath, Richmond, IL) for 30 seconds. The slides were the
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dehydrated and mounted. Slides were blindly photographed by one of the authors using an

AxioPhot microscope (Zeiss, Thornwood, New York).

5.4.2 Influence of RV on leukocyte counts and tumor infiltration

We examined the effects of RV treatment on immune cells. Peritumoral treatment with
RV alone did not reduce, but seemed to increase the infiltration of leukocytes into the tumor
microenvironment. This was seen in the CD45 staining for infiltrating leukocytes (Fig. 5-3a,b).
The H&E staining revealed that tumors obtained from mice treated with RV alone or in
combination with IC, showed areas of significant tumor necrosis (Fig. 5-3f, h) when compared
to tissue from tumors treated with DMSO or IC alone (Fig. 5-3e,g). The tumor tissue destruction
was more prominent in tumors from mice receiving combination therapy (Fig. 5-3h) than RV
alone (Fig. 5-3f). These combined results of the blood counts and histology suggest that the
peritumoral injections of RV caused tumor tissue damage without interfering with leukocyte
infiltration into the tumor or changing the leukocytes in the circulation. Furthermore the

combination of RV and IC appeared to induce more tumor damage than RV alone.

Soto BL, Hank JA, Van De Voort TJ, Subramanian L, Polans AS, Rakhmilevich AL, Yang RK,

Seo S, Kim K, Reisfeld RA, Gillies SD, Sondel PM. The anti-tumor effect of resveratrol alone

or in combination with immunotherapy in a neuroblastoma model. Cancer Immunology,

Immunotherapy. 2011 May;60(5):731-8. [PMID: 21340652]
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5.5 Soluble interleukin-2 receptor a activation in a Children's Oncology Group randomized
trial of interleukin-2 Therapy for Pediatric Acute Myeloid Leukemia.

I was fortunate enough to be included in this study examining the immune activation of
pediatric AML patients undergoing IL-2 immunotherapy. For this report, [ was involved in the
serum sample preparation, writing, editing, and revision processes. CCG-2961, opened in August
1996 and closed in December 2002, was a phase 3 trial for previously untreated AML. Eligible
patients were age 1 day to less than 21 years with French-American and -British (FAB) AML
subtypes M0-M2 and M4-M7. Patient received standard aggressive multi-agent chemotherapy
for their AML. After completing all chemotherapy, patients still in remission were randomized to
observation or to a ~2 week regimen of IV IL2. CCG-B972 was a correlative biology study that
provided for acquisition and banking of serum specimens for sIL-2Ra assessment from these

same patients.

5.5.1 Methods

Specimens stripped of identifiers were shipped overnight to the COG Immunology
Reference Laboratory at the University of Wisconsin. Clinical data were sent to the COG
Operations office. Samples were frozen at -20°C. For analysis, all samples were thawed and spun
down. One milliliter of supernatant was preserved with 1 ml 1% thimerosal at 48C. Samples
designated as ‘‘on study,’” ‘‘pre IL-2 day 0,”” “‘no IL-2 day 0°’, and ‘‘no IL-2 day 28’ were
diluted 1/5; samples labeled “‘IL-2 day 4,”” and “‘IL-2 day 18°* were diluted 1/20 to fit in the
optimal assay range (0—2,000 pg/ml) according to manufacturer’s specifications for the sIL-2ra

enzyme-linked immunosorbent assay (ELISA; DuoSet ELISA Development Kit; R&D Systems).
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5.5.2. Results

The CCG-2961 is the first study to evaluate serial concentrations of sIL-2Ra in the
context of a large randomized controlled clinical trial of IL-2 in a relatively homogeneous
population. The trial shows sIL-2Ra concentrations are elevated in untreated pediatric AML
patients compared to those of healthy controls and some other cancer patients. sIL-2Ra
concentrations decline during chemotherapy and show consistent and significant dose-dependent
increases during IL-2 treatment but not during observation in control patients. These findings
provide clear evidence of biologic activity of IL-2. However, the clinical results indicated that
the IL2 treatment did not provide any benefit in overall or event free survival. Based on this

study, the COG is no longer studying the use of IL2 in this clinical setting.

Lange BJ, Yang RK, Gan J, Hank JA, Sievers EL, Alonzo TA, Gerbing RB, Sondel PM. Soluble

interleukin-2 receptor a activation in a Children's Oncology Group randomized trial of

interleukin-2 Therapy for Pediatric Acute Myveloid Leukemia. Pediatric Blood and Cancer. 2011

Sep;57(3):398-405. [PMID: 21681921]
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5.6 Tumor-associated myeloid cells can be activated in vitro and in vivo to mediate
antitumor effects

I was fortunate enough to be included in this study examining the immune activation of
tumor associated myeloid cells. For this report, I was involved in the histological assessment of
immune cells, as well as editing and revision. This study tested the possibility of activating
tumor-associated myeloid cells to mediate antitumor effects using anti-CD40 monoclonal
antibody and CpG1826. Treatment of mice bearing established peritoneal B16 tumors with anti-
CD40 and CpG resulted in activation of tumor-associated PEC, reduction in local tumor burden
and prolongation of mouse survival. This report indicated that in tumor-bearing hosts, tumor-

associated myeloid cells can be activated to mediate antitumor effects with anti-CD40 and CpG.

5.6.1 Methods - Wright-Giemsa Staining

Peritoneal cells (10*-10° cells in 100 ul media with FCS) were centrifuged at 800 rpm for
3 minutes using a Shandon Cytospin 2. After air drying for 5 minutes, slides were fixed in 100%
methanol 2 minutes, allowed to dry, and stained horizontally with Wright Giemsa Stain (Sigma)
for 45 seconds. An equal volume of glass filtered water was immediately added to the Wright
Giemsa stain solution, and staining with this mixture was performed for 10 minutes, after which
the slides were washed off with glass filtered water and destained horizontally with glass filtered
water for 5 minutes. Slides were allowed to dry and mounted with glass coverslips using
cytoseal 60. Pictures of cells were taken under 40x magnifications with attached computer

software (Magnafire 2.1).
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5.6.2 Results - Characterization of Sorted Peritoneal Cells from Tumor-Bearing Mice
Histological evaluation showed that CD11b"Gr-1"¢" cells (Fig. 5-4b) and CD11b"Gr-
1"€"F4/80" cells (Fig. 5-4f) consisted mostly of granulocytes with a smaller percentage of
Md/monocytic cells, while a reverse relationship between granulocytes and M¢/monocytes was
observed in CD11b"Gr-1"" cells (Fig. 5-4b) and CD11b'Gr-1"¢"F4/80" cells (Fig. 5-4f). In an
attempt to obtain more pure cell populations, CD11b" PEC were sorted according to their Gr-1
expression and side/forward scatter characteristics (using the gates for granulocytes and

monocytes) as shown in Fig. 5-4i. As a result, relatively pure populations of granulocytes and

Md/monocytes, respectively, were obtained (Fig. 5-4j).

Rakhmilevich AL, Baldeshwiler MJ, Van De Voort TJ, Felder MA, Yang RK, Kalogriopoulos

NA, Koslov DS, Van Rooijen N, Sondel PM. Tumor-associated myeloid cells can be activated in

vitro and in vivo to mediate antitumor effects. Cancer Immunology, Immunotherapy. 2012 Mar

6. [PMID: 22392192]
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5.7 Intratumoral Delivery of Low Doses of Anti-CD40 mAb Combined with
Monophosphoryl Lipid A induces T Cell-Independent, Local and Systemic Antitumor
Effects in Mice

I was fortunate enough to be included in this study examining the immune activation of
tumor associated myeloid cells. For this report, I was involved in the histological assessment of
immune cells, as well as editing and revision. This study utilized anti-CD40 monoclonal
antibody (anti-CD40) combined with monophosphoryl lipid A (MPL) to assess the antitumor
synergy between the two agents in tumor-bearing mice. Results showed that the antitumor effects
of anti-CD40 are enhanced by subsequent treatment with MPL, even in T cell-deficient hosts.
These preclinical data suggest that the anti-CD40+MPL combined regimen is appropriate for
clinical testing in human patients, including cancer patients that may be immunosuppressed from

prior chemotherapy.

5.7.1 Methods - Wright-Giemsa Staining

Peritoneal cells (10*-10° cells in 100 ul media with FCS) were centrifuged at 800 rpm for
3 minutes using a Shandon Cytospin 2. After air drying for 5 minutes, slides were fixed in 100%
methanol 2 minutes, allowed to dry, and stained horizontally with Wright Giemsa Stain (Sigma)
for 45 seconds. An equal volume of glass filtered water was immediately added to the Wright
Giemsa stain solution, and staining with this mixture was performed for 10 minutes, after which
the slides were washed off with glass filtered water and destained horizontally with glass filtered
water for 5 minutes. Slides were allowed to dry and mounted with glass coverslips using
cytoseal 60. Pictures of cells were taken under 40x magnifications with attached computer

software (Magnafire 2.1, Optronics, Goleta, California).
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5.7.2 Results - CD11b" F4/80" Gr-1"" macrophages and CD11b* F4/80° Gr-1"%" monocytes
are activated by anti-CD40 and MPL

In order to identify the specific subset of effector cells that can be activated by MPL on
day 3 after anti-CD40 priming, PECs were collected from mice that had been injected with anti-
CD40 3 days earlier, stained, gated on CD11b"€" cells, sorted into 4 sub-populations based on
their expression of immunophenotypic surface markers (Fig. 5-54), and were further
characterized by histological staining (Fig. 5-5B). Subpopulation 1 consisted of monocytes and
naive macrophages. Subpopulation 2 expressed slightly less F4/80 and slightly more Gr-1, and
was shown by histological staining (Fig 2B) to be a distinct population from subpopulation 1.
Subpopulation 2 consisted of a relatively pure population of activated macrophages. In order to
identify more precisely which cells were activated in the experiment shown in Fig.5-5, this
population of CD11b" Gr-1" cells was further purified by forward scatter and side scatter
qualities into two distinct populations, one predominantly consisting of granulocytes (Fig. 5-55,

3) and the other, monocytes (Fig. 5-5B, 4).

Tyler J. Van De Voort, Mildred A.R. Felder, Richard K. Yang, Paul M. Sondel, and Alexander

L. Rakhmilevich. Intratumoral delivery of low doses of anti-CD40 mAb combined with

monophosphoryl lipid A induces T cell-independent, local and systemic antitumor effects in

mice. (Submitted, Journal of Immunology, 2012)



151

Table 5-1. Expression of GD2 Antigen in Melanoma Patients from CO-05601

Patient frozen tissue blocks of the NED (IV-IC) melanoma trial were obtained from Dr. Erik
Ranheim. These samples were sectioned 5 microns thick onto slides, fixed in acetone, and
stained with 14.G2a, a mouse anti-GD2 antibody, along with a mouse 1gG2a isotype control.
Melanoma issue from 13 patients were obtained, stained, and evaluated for GD2 expression.
Results are blinded readings (by authors RKY and NAK) of GD2 positivity staining under a high

powered microscope.
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Table 5-1.

Trial Surgery GD2 Reviewer |GD2 Reviewer .

Patient | Arm Date Block 1 2 Interpretation
Number (RKY) (NAK)

2 B | 4/17/08 | A 0-5% ~0% Negative

4 C |5/29/08| A 0% ~0% Negative

6 B |9/15/09| A 0-1% ~0% Negative
7 B 10/6/09 | A 5-25% ~60% Strong Positive
7 B 10/6/09 | B 50-75% ~60% Strong Positive
9 A 2/9/10 A 50-75% ~70% Strong Positive
9 A 2/9/10 A 25-50% ~25% Strong Positive

9 A 2/9/10 B 0-1% ~0% Negative

10 A | 513/10 | A 0-1% ~0% Negative
10 A |5/13/10| B 75-100% ~90% Strong Positive
11 A |11/18/10| A 0-1% ~25% Weak Positive
11 A [11/18/10| B 5-25% ~0% Weak Positive
12 B | 820/10 | A 25-50% ~65% Strong Positive
12 B |820/10| B 25-50% ~40% Strong Positive
13 A 9/9/10 A 25-50% ~20% Strong Positive
13 A 9/9/10 B 5-25% ~10% Weak Positive

14 B |[9/13/10 | A 0-1% ~0% Negative
14 B |9/28/10 | B 5-25% ~40% Weak Positive
16 B 11/9/10 | A 0-1% ~5% Weak Positive
17 B 1/6/11 A 1-5% ~25% Weak Positive
18 A | 3/16/11 A 25-50% ~35% Weak Positive
18 A | 3/16/11 | B 0-1% ~5% Weak Positive
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Figure 5-1. GD2 Postivity in Patient Melanoma is Clearly Distinguishable

The resected melanoma of a human patient in this trial shows a visually striking amount of GD2
positivity. Melanoma tissue from a patient (#12) in the currently open study of hul4.18-IL2 in
patients with resectable melanoma (CO-05601) was embed in OCT, flash frozen in liquid
nitrogen, cut into sections on a cryostat, fixed in cold acetone, and stained with a mouse antibody
specific for human GD2. In panel (A), a section of melanoma is stained with a mouse 14.G2a
antibody. Panel (B) shows a closely overlapping section stained with a mouse IgG2a isotype

control. (10x magnification)
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Figure 5-1.

(A)

(B)
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Figure 5-2. Patients with GD2(+) Melanoma Show a Non-Significant Trend for Longer Post
On-Study Time to Recurrence After Hu14.18-IL2 Treatment Compared to Patients with
GD2(-) Melanoma

Kaplan-Meier survival curve of patients stratified by GD2 expression on their melanoma as
determined by immunohistochemical (IHC) staining with 14.G2a. Patients with negative GD2
expression in their melanoma had a median time to recurrence of 5.75 months compared to

patients with strong (5.375 months) or weak (13.5 months) GD2 expression.
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Figure 5-2.
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Figure 5-3. Immunohistochemistry of tumors from the IC/RV combination study

Tumor tissue was obtained on day 20 from mice treated with peritumoral (p.t.) DMSO (a,e), p.t.
20mg RV (b,f), IC i.v. (c,g) or IC + RV in combination (d,h). Tissue was stained with anti-CD45
(a—d) and, H & E (e—h). Pictures were taken on a bright field at 10X, the inserts on each picture

are at 40X. Representative fields are show.
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Figure 5-3.
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Figure 5-4. Morphology of Sorted Peritoneal Cells (PECs) from Tumor-Bearing Mice
PECs were obtained 14—15 days after injecting C57BL/6 mice i.p. with 1 x 105 B16 cells. PEC
were sorted based on their phenotype (A, E, 1) and also forward-side scatter characteristics (I).
The sorting strategy of PEC from TBM is depicted in A, E and I. The morphology of sorted cell
fractions from naive and TBM is presented in B, F and J. The numbers designate the sorted cell
fraction for that experiment; namely in A, the designations 2, 3 and 4 correspond to the
populations shown in B, where ““1°’ depicts sorted CD11b+ PEC from naive mice. Similarly, in
E, the designations 5 and 6 correspond to those same designated populations in F. In I, the

designations 7, 8 and 9 correspond to those designations in J.
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Figure 5-5. CD11b" F4/80" Gr-1"" macrophages and CD11b* F4/80° Gr-1"e" monocytes are
activated by anti-CD40 and MPL.

C57BL/6 mice were injected i.p. with 500 pg anti-CD40 on day 0. (A) On day 3, mice were
euthanized and their PEC were collected, stained, gated on CD1 1b"€" cells and sorted into 4 sub-
populations by a FACSAria cell sorter. The cells were divided as follows: (1) CD11b" F4/80""
Gr-1"" (monocytes), (2) CD11b" F4/80" Gr-14™ (activated macrophages). A separate group of
cells showed a CD11b" F4/80° Gr-1"€" phenotype; these were further divided by forward and
side scatter into populations (3) (granulocytes), and (4) (monocytes). (B) Each cell population
was stained with a Wright-Giemsa stain to identify cell types based on morphology. The relative
sizes of each sorted cell population have been maintained, and these 4 micrographs all show 40x

magnification.
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Chapter 6

Discussion
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6.1 Overview

This final chapter of this PhD thesis provides an overview of the conclusions made from
the work presented in the prior 5 chapters. It emphasizes the data presented in the preclinical
model system, included in chapters 2, 3 and 4. I then turn to some of the potential biological and
clinical implications of this work for future study and for possible translation into clinical

research and treatment.

6.2 Summary of Data
6.2.1 Role of Intratumoral (IT) hul4.18-IL2 Efficacy in GD2+ Neuroblastoma Mouse
Model

Data presented in this thesis help elucidate possible mechanisms of enhanced antitumor
effects of localized hul4.18-IL2 therapy and assist in distinguishing the IT-IC antitumor effect
from the IV-IC antitumor effect. In chapter 3, we show that IT-IC treatment induces improved
inhibition of tumor growth and augmented survival compared to no treatment or treatment with
IT-PBS. Immunohistochemical and flow cytometric analyses show an increased percentage of
NK and T cells in IT-IC treated tumors. Depletion studies show that T cells and NK cells are
involved in the antitumor effects of IT-IC on directly injected local tumors and on non-injected
distant tumors in those same animals. Depletion of either immune cell population (NK cells or T
cells) substantially attenuates the observed antitumor effects on both the local and distant tumors.
These data suggest that both T cells and NK cells are necessary for the local and distant
antitumor effects observed under these conditions. While NK cells may be playing a more direct
and immediate effect (through ADCC), and T cells may be having a more delayed effect,

through an adaptive immune response, we are not able to clarify these mechanisms from the data
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presented here. Furthermore, other possible mechanisms (direct induction of tumor apoptosis, or
disruption of the tumor micro-environment or tumor vascular system) also may be possible.

We also show that IT-IC treatment causes better tumor growth inhibition and survival
than IV-IC treatment. This improved in vivo antitumor efficacy of IT-IC vs. IV-IC is consistent
with several mechanistic observations that we made in the studies presented in this thesis. Our
flow cytometry analyses demonstrate that IT-IC results in a lower percentage of living tumors
cells than IV-IC treatment. Furthermore, flow cytometry analyses show that IT-IC treatment is
characterized by a higher percentage of NKG2A/C/E+ cells. IT and IV treatment with hul4.18-
IL2 increases the fraction of NK cells and CD8 cells that express NKG2A/C/E, while IT-IC
increases expression levels of the NKG2D effector receptor on NK and CDS cells to a greater
degree than does IV-IC. Finally, flow cytometry analyses were used to show that IT-IC treatment

results in augmented delivery and retention of IC to tumor compared to IV-IC treatment.

6.2.2 Role of Tumor Infiltrating Leukocytes in IT hul4.18-IL2 (IC) Immunotherapy

We examined whether increases in tumor infiltrating leukocytes, such as CD8+ CTLs or
NKp46+ NK cells, resulted in better treatment outcomes such as tumor shrinkage. Using
quantitative histological analyses, our data show that increased NKG2A/C/E+ and CD8+ cells
inversely correlated with tumor growth (as measured by percent tumor growth). When
comparing IT-IC treated mice whose tumors shrank against those whose tumors grew, our flow
cytometry data showed a statistically significant increase in CTLs and NK cells as well as a
statistically significant decrease in tumor macrophages in the tumors that shrank. These data
suggest that CTLs and NK cells were involved in the process of tumor shrinkage, while

macrophages appeared to be associated with tumor growth rather than shrinkage.
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We also found that NKG2D expression on CD8+ cells and on NK cells inversely
correlated with tumor growth (measured by Percent Tumor Growth), which suggested a role of
NKG2D expression on NK cells and CDS cells in tumor shrinkage. Interestingly augmented
NKG2D expression on activated NK cells was found in the same mice that had augmented
NKG2D on CTLs, suggesting a shared relationship of augmented NKG2D on TILs in helping to
mediate tumor shrinkage. In this thesis, we show how NKG2D up-regulation in the tumor
infiltrating leukocytes correlates with slower tumor growth, in treated as well as in untreated
animals (Chapter 4). In Chapter 3 we found that NKG2D upregulation in IT-IC and IV-IC treated
animals was seen in the tumors, but not in the spleens, suggesting that the NK and T activation
induced by the IC treatment was occurring in the IC-treated tumor microenvironment. We also
showed that the NXS2 tumors growing in mice have strong expression of ligands that enable

them to be recognized by the NKG2D receptors on the NK and CDS T cells.

6.2.3 Role of Initial Tumor Load in Intratumoral hul4.18-1L2 (IC) Immunotherapy

We examined whether tumor volume at treatment initiation was an important factor in
overall survival (Chapter 4). Our data show that smaller initial tumor volume correlated with
increased survival in hul4.18-IL2 treated mice, indicating that tumor volume at treatment
initiation is prognostic for survival after IT-IC treatment. Next, we examined whether tumor
volume at treatment initiation was an important factor affecting the change in tumor infiltrating
leukocytes associated with hul4.18-IL2 treatment. Our data show that hul4.18-IL2 treatment of
mice with lower initial tumor volume leads to increased tumor leukocyte and NK infiltration and
increased NKG2D expression on tumor NK cells and CD8+ T cells. These data indicate that

smaller initial tumor volume when treatment begins is predictive of the level of increased tumor
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infiltrating lymphocytes. We examined which immune cells correlated with the increase in tumor
leukocytes seen in small tumors treated with IT-IC. Our data show that increased tumor
leukocyte infiltration seen in IT-IC treated tumors correlated with CD8+ cytotoxic T cells as well
as higher NKG2D expression on CTLs and NK cells. This indicates that much of the increase in
tumor leukocytes seen in small tumors treated with IT-IC was due to CD8+ CTLs.

We also examined whether tumor burden at treatment initiation played a role in hul4.18-
IL2 induced tumor shrinkage. Our data showed that smaller tumor load at treatment initiation
increased the likelihood of tumor shrinkage in IT-IC treated mice. The opposite was true in
control mice; namely control tumors that were smaller at the time of “treatment initiation”
actually showed greater % change in size than the tumors that were larger at the time of
treatment initiation. These data are consistent with our findings that hul4.18-IL2 treatment of
smaller tumors leads to higher tumor infiltrating leukocytes and that increased tumor leukocytes
correlate with shrinkage of tumors. Finally, we examined whether initial tumor growth or
shrinkage influenced overall survival outcome. Our data showed that tumor shrinkage detected 4
days after starting treatment led to increased long term survival in hul4.18-1L2 treated mice.
Conversely, tumor progression detected 4 days after starting treatment in control and hul4.18-
IL2 treated mice led to decreased overall survival. These data are consistent with our previous
findings that hul4.18-1L2 treatment of smaller tumors leads to an increased anti-metastatic effect
against NXS2 neuroblastoma (Neal et al., 2004).

Interestingly, Figure 4-6B, which shows the relationship between tumor volume at
treatment initiation and day 4 tumor volume, indicates that the relationship between treatment
groups is highly dependent upon initial tumor volume. When tumors are over 130.9 mm’ in

volume (highest quartile), there seems to be little to no effect of hul4.18-IL2 therapy, injected
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either intratumorally or intravenously. This is shown by the finding that the regression lines of
the three treatment groups seem to intersect at this initial tumor volume. However, when tumor
burden is less that 130.9mm?’ (lowest three quartiles), there are significant effects of both IT and

IV hul4.18-IL2 therapy in slowing tumor growth compared to control treated tumors.

6.3 Biological Implications of Work

The IL2 component of the hul4.18-1L2 augments the effects of the mAb, and has been
shown to increase the number and activation state of NK cells, as well as to stimulate tumor cell
killing by antigen-specific T-cells (Sondel and Hank, 1997). The IL2 component can stimulate
both NK and T-cells via the IL2 receptor, independent of Fc or T-cell receptor binding,
respectively (Gillies et al., 1992; Mule et al., 1987; Voss et al., 1990; Weil-Hillman et al., 1989).
Using a metastatic model of NXS2 neuroblastoma metastasizing to bone marrow in A/J mice, IV
hul4.18-IL2 therapy in mice with early microscopic metastases has been previously shown to be
exclusively NK cell mediated (Lode et al., 1997; Lode et al., 1998). In contrast, our model
investigates possible immune effector cells within well-established subcutaneous tumors and
shows a necessary role of both NK and T cells in response to localized IT hul4.18-1L2 therapy.

IT-IC resulted in complete resolution of both the directly treated local and non-injected
distant tumors in several mice. There are several mechanisms that may be resulting in the
antitumor effects of both local and distant tumors. IT-IC may be circulating and having a
systemic effect; IT-IC may be inducing a systemic adaptive immune response by the host’s
immune system, or a combination of both. We know from previous studies that T cells from
treated mice can respond to NXS2 in an antigen-dependent manner (Neal et al., 2004). Our

results indicate that IT-IC induces a systemic immune response. T cells and NK cells were
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required for rejection of both primary and distant tumors. Some role exists for antigen specific T
cell memory, as 90% of mice that became tumor-free following IT-IC treatment were able to

subsequently reject rechallenge with 2 x 10° NXS2 cells.

6.3.1 Role NK Cells

Natural killer cells (NKp46+ cells) very likely have some role in tumor shrinkage
because they are significantly increased in IT-IC treated shrinking tumors compared to IT-IC
treated growing tumors (Fig. 4-4D). These results are consistent with our prior results that show
IT-IC treatment can be dramatically inhibited in this model by either NK or T cell depletion (Fig
3-3C). Also, the statistically significant increase in NKG2D expression on NK cells after IT-IC
vs. IV-IC treatment (Fig. 3-5C), may reflect a mechanism that plays some part in the enhanced
antitumor effect of IT vs. IV IC treatment. In addition, the increased expression of NKG2D
might also be considered a marker of activation, and suggest that other pathways (not assayed for

in this study) might also be further activated by IT-IC than IV-IC.

6.3.2 Role of CD8+ T cells

CD8+ T cells likely play a large role in the hul4.18-1L2 mediated tumor shrinkage effect.
Figure 4-4D shows that CD8+ T cells are the cell type that is most increased in frequency when
IT-IC treated tumors are shrinking compared to those that are growing. Also, there is an
increased percentage of cells co-expressing NKG2A+ and CD8a+ as well as an increased
NKG2D expression on CD8a+/NKG2A+ T cells in tumors versus spleens within similarly

treated mice (Fig. 3-5B,D). This may suggest at least some inherent importance of T cells in
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combating tumor cells in this model since NKG2A/C/E+ cells have been shown to be necessary
for self recognition (Vance et al., 1998).

Depletion data from a two-tumor model showed that T cells, as well as NK cells, play a
large role in the IT-IC antitumor effect compared to the previously shown NK-predominant cell-
mediated IV-IC antitumor effect (Lode et al., 1998). Perhaps having substantial IL2 bound to the
surface of tumor cells after IT-IC treatment (Fig. 3-6B) is directly or indirectly responsible for
increasing these specific lymphocytes (NKG2A/C/E+ TIL) or altering their phenotype
(increasing expression of NKG2D effector receptor) and enhancing the antitumor effect
compared to IV-IC treatment. In vitro data suggest that IC on tumor cells enables cells with IL2
receptors to form more activated immune synapses with the tumor cells than they would using

mADb in combination with IL2 (Gubbels et al., 2011; Buhtoiarov et al., 2011).

6.3.3 Role of NKG2D

Studies by Verneris et al show that ligation of NKG2D on NK cells directly induces
cytotoxicity (Verneris et al., 2004). They showed that NKG2D expression is up-regulated upon
IL-2 activation and expansion of CD8+ T cells. T cells activated and expanded in low and high
concentrations of IL-2 both up-regulated NKG2D expression equally, but only cells cultured in
high-dose IL-2 were cytotoxic. Verneris et al also showed that the activated CD8+ T cells
demonstrated cytotoxicity against malignant target cells, which occurs through NKG2D-
mediated recognition and signaling and not through the TCR (Vance et al., 2002). NKG2D
triggering accounts for the majority of MHC-unrestricted cytotoxicity of activated and expanded

CD8+ T cells (Karimi et al., 2005).
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When treating IT-IC vs. IV-IC, there is a small but significant increase in NKG2D
expression on NKp46+/NKG2A+ double positive cells as well as a small, but not significant
increase in NKG2D expression on CD8a+/NKG2A+ cells (Fig. 3-5C,D). This may indicate a
phenotypic advantage of resulting TILs when treating with IT-IC. Expression of NKG2D on
activated CD8+ T cells has been shown to account for TCR independent cytotoxicity against
malignant cells in vitro (Verneris et al., 2004). Its enhanced expression on CD8+ TILs, but not
spleen cells, following IV or IT treatment with IC in our study, demonstrates the localized
activation of T cells, at the tumor site, induced by IC treatment. We have examined expressivity
of NKG2D ligands on NXS2 and have found a large increase in RAE-1gamma expression ex-
vivo (data not shown). Therefore, NKG2D may be playing a direct role in the enhanced
antitumor effects in addition to being a marker of activation. Interestingly, our data suggest that
the stimulation and activation of NK and T cells are not independent (Fig. 4-5C) and that the
activation of these infiltrating lymphocytes is important for antitumor activity and survival in this

mouse model.

6.3.4 Role of Macrophages
Conversely, macrophages (F4/80+ cells) are significantly decreased in IT-IC treated
shrinking tumor compared to IT-IC treated growing tumors (Fig. 4-4D), which may indicate an

inhibitory role of macrophages in the IT-IC mediated tumor shrinkage process.

6.3.5 Biological Variation
The data presented here demonstrate that even in groups of genetically identical mice,

receiving identical doses of tumor implants and identical antitumor treatments, quantitative
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measures of initial tumor size and of TIL patterns are clearly predictive of response to treatment.
These data indicate that the ultimate response to tumor immunotherapy, either beneficial or
ineffective, is determined (at least in part) by quantitative factors that might be manipulated to
enhance antitumor efficacy, or measured for prognostic purposes. Translating these observations
into clinical evaluations will require large clinical analyses with standardizable parameters for
immune measurements, in order to determine if the principles identified in this mouse model

may also pertain to clinical treatments with analogous immunotherapies.

6.4 Clinical Implications of Work

Using an A/J mouse NXS2 neuroblastoma model, our lab had previously demonstrated
the enhanced local and systemic antitumor effects of intratumoral-IC (IT-IC) compared to IV-IC.
IT-IC compared to IV-IC resulted in increased numbers of activated T- and NK cells within
tumors, better IC retention in the tumor, enhanced inhibition of tumor growth, and improved
survival (Chapter 3). Although we had shown that IC treatment can augment potent antitumor
activity in mouse models and in clinical trials, IC administration can also have diverse effects in
terms of overall outcome; in other words, not all treated mice or all treated patients show a
beneficial effect. Therefore, we sought to find signatures that might be distinguished in patients,
either prior to IC treatment or soon after treatment initiation, which might be predictive of tumor

growth inhibition vs. tumor progression.

6.4.1 Potential Impact on Metastatic Melanoma Treatment
It may be useful to determine signatures that could be distinguished in patients, either

prior to IC treatment or soon after treatment initiation, which are predictive of beneficial
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antitumor effect. Such predictive signatures could be then used in clinical decision making
regarding treatment continuation or changing to alternate therapies. We have identified several
parameters (measured before and shortly after treatment initiation) in this animal model that
appear to be indicators of prognosis in these treated mice. Some of these are already being used

in clinical decision-making.

6.4.1.1 Potential Usefulness of Histology

Analyses of TILs, determined by histologic evaluation or by flow cytometry, might be
used as an important prognostic determinant. Soon after IC treatment initiation, tumor infiltration
might be used as an indicator of treatment efficacy. If the murine data we have obtained translate
to the clinical setting, patients with high CD8+ T cell, high NKp46+ NK cell, and low F4/80+
macrophage tumor infiltrating populations after initial treatment may have a higher likelihood of
experiencing a more potent antitumor effect. The NKG2D expression of NK cells and activated
CTLs may also be indicative of the potential for a more potent IC-induced antitumor effect. This
immune profile could be investigated as a potential predictive parameter of beneficial IC

treatment. Lack of this signature may indicate that treatment adjustments need to be made.

6.4.1.1.2 Small Tumor Leads to Better Outcome

Clinical stage of disease is a primary factor used to predict prognosis and help with
treatment assignation. Based on these preclinical data, as well as our clinical phase II data
showing greater likelihood of response for patients with less “bulky disease” (Shusterman et al.,
2010), we hypothesize that patients should be treated with IC (either IT-IC or IV-IC) when tumor

volume is at a minimum, as larger tumor size interferes with the ability of IC treatment to
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mediate beneficial antitumor effects. Tumor growth patterns soon after IC treatment initiation
may also be studied as a potential predictor of long term benefit. If these murine studies translate
to the clinical setting, patients with tumors that have a reduction in size within the first few days
post treatment initiation may have a greater possibility for long-term benefit. Our preclinical data
suggest that patients with tumors that continue to grow soon after treatment initiation are much

less likely to benefit from IC treatment.

6.4.1.1.3 Small Tumor Leads to High TILs

Initial small tumor load (DuBois et al., 1999) and enhanced TIL infiltration (Gooden et
al., 2011; Hwang et al., 2012; Taylor et al., 2007; Horne et al., 2011) serve as two independent
prognostic factors for therapeutic benefit of immunotherapy and cancer host survival. The results
presented in Chapter 4 show, for the first time to our knowledge, that the initial small tumor
volume correlates with increased rapid TIL infiltration in response to 14.18-1L2, indicating that
small tumor burden and increased TIL infiltration are two linked, rather than independent,

factors which are predicative of the favorable clinical response to immunotherapy.

6.4.2 Potential Importance of GD2+ Status

GD2 has been used extensively as a target in mAb therapy and has been the primary
target of antibody recognition in neuroblastoma. In normal tissues, GD2 expression is largely
limited to neurons, skin melanocytes, and peripheral pain fibers (Svennerholm et al., 1994),
making it reasonably well suited for targeted antitumor therapy. Recently, GD2 has been
“ranked” 12th in priority for clinical importance of all described human cancer antigens by an

NCI workshop (Cheever et al., 2009). In addition to neuroblastoma and melanoma, GD2 is
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expressed on some soft tissue sarcomas, osteosarcomas, and small cell lung cancers (Sondel and
Hank, 2001; Mujoo et al., 1987). In all, GD2+ diseases account for ~8% of all cancer deaths in
the US (ACS, 2004).

Using histologic data from patients with melanoma, we examined whether there was a
difference in time to recurrence for melanoma patients receiving hul4.18-IL2, stratified by GD2
expression level on each patient's tumor. All evaluable patients in this study received hul4.18-
IL2 after surgical removal of all clinically evident melanoma. In this small pilot study of Stage
III/TV recurrent, refractory melanoma (CO-05601), Figure 5-2 suggests that there may be a
small (but not significant with small sample size) difference in time to recurrence (measured
from time of study entry) between patients with histologically confirmed GD2(+) melanoma
compared to those with GD2(-) melanoma. These histologic data from patients in study CO-
05601 suggest that GD2+ status may be a valuable assessment tool when deciding whether or not
to put patients on study using an anti-GD2 mAb-based agent, given the antigen specific nature of

the therapy.

6.5 Implications: Role of Intratumoral (IT) hul4.18-IL2 in Cancer Immunotherapy
6.5.1. Background

While ICs allow the targeting of immune-stimulating cytokines directly to the tumor
microenvironment, systemic administration is still limited by dose-limiting toxicities (Osenga et
al., 2006, King et al., 2004). These dose-limiting toxicities are due to the systemic effects of the
IL2 component of the IC (ie: fever, capillary leakage, and secondary effects of capillary leakage,
such as hypotension) and effects from the mAb component of the IC; for this hul4.18-1L2 IC,

these include neuropathic pain due to mAb recognition of selective GD2-expressing peripheral
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nerves. Finding a strategy of IC administration that would maximize the direct delivery of IC to
the tumor site and potentially decrease dose-limiting systemic toxicities would be clinically
beneficial. Using the NXS2 model, we demonstrate a greater antitumor response with localized
IC administration compared to an equivalent systemic IC dose in the treatment of established
subcutaneous tumors. Importantly, IT-hul4.18-IL2 treatment increased delivery of IC to the
tumor site; substantially higher levels of IC were found for several hours at the tumor site
following IT-IC vs. IV-IC.

Previous data have shown therapeutic and safety benefits of localized versus systemic IC
therapy in preclinical models (Christ et al., 2001; Gillies et al., 2002; Johnson et al., 2008) as
well as localized versus systemic immune therapy in melanoma patients (Weide et al., 2010;
Weide et al., 2011). Our studies confirm and extend this previous work by evaluating possible
underlying mechanisms of IT administration of IC, as well as showing antitumor efficacy in an
established measureable disease setting in a pre-clinical model. IHC infiltration data collected
using the quantitative method we developed is consistent with infiltration data collected by flow
cytometry. Even though the experimental design intended for each animal within a treatment
group to be identical to one another, there is substantial heterogeneity within treatment groups.
The preclinical data presented in this thesis demonstrate several unique antitumor effects of IT-
IC compared to equivalent doses of systemic IC. Flow cytometry analyses of IC delivery and
retention show a substantial difference in the amount of IC present at initial time points at the
tumor site between IT and IV administration. This direct exposure to greater concentrations of
IT-IC at the tumor site between IT-IC and IV-IC may be at least partially responsible for the
different tumor response rates and the different infiltration and expression patterns of TIL

between the two treatment groups. These mechanisms of enhanced activity by localized IT
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treatment provide further justification for proceeding with clinical testing of IT-IC, potentially
testing IT delivery of hul4.18-IL2 in patients with GD2+ tumors, such as melanoma patients
with metastatic disease having cutaneous, subcutaneous or readily injectable involved lymph
nodes. Furthermore, the type of analyses presented in this thesis might also be conducted on
biopsies of patient samples following IT-IC administration. Such immune monitoring by IHC
and flow cytometry may become a potential means to assess immunologic effects of IC
treatment; if these parameters show correlation with antitumor effect, they may be considered as

indicators for prognosis of patients’ response to IT-IC.

6.5.2 Phase I/II Trial of Intratumoral Administration of Hul4.18-IL2 in Subjects with
Advanced Melanoma

Utilizing the rationale above, a combined phase I/II protocol has been designed to
evaluate the effect of intratumoral administration hul4.18-IL2 for patients with Stage III or Stage
IV melanoma thought to have completely resectable disease. This protocol has been approval as

a part of an NIH RO1 competitive renewal grant.

6.5.2.1 Objectives

6.5.2.1.1 Primary Objectives

The first primary objective in this first in human trial of IT-IC is to determine the localized and
systemic toxicity and the maximum tolerated dose (MTD) of local administration of hul4.18-
IL2. The second primary objective is to evaluate the clinical anti-tumor activity (both locally and

systemically) of IT-IC in subjects with advanced melanoma.
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6.5.2.1.2 Secondary Objectives

An important secondary objective is to evaluate for histological evidence of antitumor
activity based on the presence of necrotic tumor cells, inflammatory infiltrate, cellular phenotype
of infiltrate, and presence of IC within the tumor at selected post-treatment timepoints. Tumor
histology will be evaluated in treated lesions and distant lesions.

Another secondary objective is to evaluate serial serum samples to determine the
pharmacokinetics of IC administered intratumorally. In addition this study will evaluate adverse
events associated with IT-IC for 3 consecutive days administered on an every 3-week basis.
Also, this study will evaluate the immunologic activation induced in vivo by IT-IC as well as
determine the induction of anti-idiotypic antibodies (anti-hul4.18) and antibody against the

cytokine part of the compound (anti-Fc-1L2).

6.5.2.2 Hypotheses

The protocol hypothesizes that local IT IC will have antitumor effects against measurable
tumors. In addition, we hypothesize that IT-IC will generate systemic levels of IC. Also, we
hypothesize that IT-IC will activate systemic IL-2 response. Finally, we hypothesize that IT-IC

will act as a vaccine and induce T-cell memory response.

6.5.2.3 Schema and Tumor Biopsy Times
6.5.5.3.1 Treatment Dose and Schedule
Phase I is the dose-escalation phase with (n = 3) patients at each dose level. Phase II is

separated into two distinct stages. In stage 1, the protocol will treat a total of 15 patients at the
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MTD, if activity is seen, and consider proceeding to stage 2. In stage 2, the protocol will enter 15
additional patients to a total of 30 patients entered at MTD.

The initial IC dose will be 1.0 mg/M2/injection. Six dose levels are scheduled for study:
Level 1 (1.0 mg/M?/day), Level II (2.0 mg/M*/day), Level III (4.0 mg/M*/day), Level IV (6.0
mg/M*/day), Level V (8.0 mg/M?/day), and Level VI (10.0 mg/M?/day). Additional doses, if
necessary, may be added by increasing the dose in 25% increments. Hul4.18-1L2 will be given
on days 1, 2, and 3 of each course of therapy as an intratumoral and peritumoral injection.
Treatment courses will be repeated every 21 days at the same dose, provided that there is no dose
limiting toxicity. Subjects can receive a maximum of 5 courses of therapy.

Each treatment course will be 3 weeks in duration. Intratumoral administration of
immunocytokine (IT-IC) will be performed on 3 consecutive days (i.e., d1-3) of each treatment
course. Day 1 of Courses 2, 3, 4, and 5 (weeks 4, 7, 10, and 13) is Day 22 of the previous course
(+/- 7 days leeway to facilitate clinical scheduling). Table 6-1 describes scheduling of treatments

and biopsy times.

6.5.2.3.2 Tumor Biopsy Time Schema

Each eligible patient will have at least 2 cutaneous, subcutaneous or readily palpable
lymph node lesions that are at least 1.0 cm but no greater than 5.0 cm in greatest dimension. The
easiest lesion to repeatedly inject will be designated “lesion A” and it will be injected daily with
hul4.18-IL2 for 3 consecutive days in each 3-week course of treatment. Preclinical studies
suggest that biopsies soon after IT-IC (1-3 days) may reveal interesting biological changes
within lesions by histologic assessment. Table 6-2 describes scheduling and locations of

biopsies.
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6.5.2.4 Histologic Assessment

This protocol seeks to monitor histologically patient biopsies and excised tumors before
and after localized therapy of hul4.18-IL2. When possible, comparison between pre and post-Rx
biopsies from the same tumor will be made due to patient-to-patient and lesion-to-lesion
variability. To assess immunological response to therapy within lesions, this protocol seeks to
examine tumor inflammatory infiltrate, cellular phenotype, persistent hul4.18-IL2 in tumor,

GD2 expression as well as necrotic tumor cells

6.5.2.4.1 Biopsy and resection specimen handling and pathologic analysis

All biopsies and all freshly resected tumor specimens at UW will be taken immediately to
the surgical pathology suite adjacent to the operating room. The specimen will then be serially
sectioned with submission of the appropriate tissue for permanent, paraffin-embedded sections to
ensure accurate pathologic analysis of resection margins, as well as high-quality hematoxylin
and eosin stained sections for morphologic analysis of the tumor and for evaluation of necrosis,
apoptosis, and any inflammatory infiltrate. These sections also will be assessed by
immunohistochemical analysis for the presence of CD4 and CDS positive T cells, NK cells
(CD56 and CD16), and macrophages (CD68) (the antibodies for which all function well on

formalin-fixed tissues).

6.5.2.4.2 Handling of fresh tissue samples.
The remaining unfixed tissue will be divided into specimens that will be sent to our

research lab for derivation of autologous cultured tumor cell lines and bulk tumor lysate (for use
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as pulsed antigen for in vitro immunologic assays), and tissue that will be frozen in OCT for
frozen sections or cryopreserved for pilot molecular studies. The standard protocol for frozen
section analysis will include assessment of activation markers on infiltrating T cells (NKG2D,
CD69) and for evidence of regulatory T cells (CD25 and FoxP3) by double immunolabeling with
CD3, CD4, or CD8, as appropriate. Finally, we will assess the expression of GD2 on tumor cells
(the target antigen of hul4.18-IL2) before and after study treatment, as well as the presence of

hul4.18-IL2 bound to tumor cells after study treatment.

6.5.2.5 Summary

This study was designed to assess the feasibility, toxicity, and efficacy of intratumorally
injected hul4.18-IL2 in late stage melanoma patients. We have shown promising data in
preclinical models using this approach. The timing of the biopsy specimens in this study (at least
for biopsies obtained in course 1) corresponds, somewhat, to the timing found in this thesis
(particularly the studies presented in Chapters 3 and 4) investigating this IT-IC approach in
tumor bearing mice. In addition, we are considering including flow-cytometry analyses of
disaggregated tumor in this clinical study (as done for the murine tumors in Chapters 3 and 4).
However we need to obtain pilot data on this flow methodology before incorporating such flow
evaluations of these clinical biopsies into the clinical protocol.

While this protocol, in DRAFT form was submitted to the NCI as a major objective of an
ROI grant, that has been funded, the protocol still remains in DRAFT form. Its submission to the
FDA for an Investigational New Drug (IND) approval, and its submission to the IRB for clinical
approval and activation are pending. Before these submissions, the newly formulated clinical

material needed for this first in human IT-IC trial needs to be approved for clinical use by The
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FDA. Apeiron Biologicals Inc. of Austria is preparing this submission to go to the FDA (with
input from our laboratory). We are hopeful that this trial will be approved and activated
sometime in 2013. If so, I would plan to be involved in the histological and flow cytometry
analyses described in this protocol, during my 3™ and 4™ years of medical school as an MD PhD

student in the UW MSTP.

6.6 Thesis Summary
In summary, we feel the data presented in this thesis (and elsewhere) justify that this
method of IT-IC immunotherapy deserves further investigation, including testing (and potential

development) in patients with readily accessible GD2+ lesions.
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TABLE 6-1. Immunological Assessment Schema

This table shows the schedule of tumor biopsies for treated and untreated lesions

Week 1 Week | Week | Week 4
2 3
DAY Base | "y 1yl 3 | 4| 8 15 22(1)
Line
Treatment with
Hul14.18-1L2 X X X
Serum hu1l4.18-
IL2 levels XX XX
Anti-
hul4.18-1L2 Ab X/ XX X X
Biopsy or
resection of X Day 6' Day 6 of
Lesion A for course 3
histology1
Biopsy of Lesion X Day 6 of
B for histology' course 3
Soluble IL2 X X/ X/ X X X
receptor
X/ = pre-IC
/X = post-IC

! Biopsies/resections will be performed at baseline and day 6 (+/- 2 d to facilitate scheduling) of
course 1 for Lesion A and, as detailed in the schema, following course 3 for Lesions A and B, on
day 6 of course 3. In addition to pilot studies analyzing for hul4.18-IL2 in vivo binding,
immunohistologic components, including viable tumor cells, necrotic tumor and lymphocyte
infiltration and assessing for T cell responses (including CD8", CD4" ) and NK phenotypes and

for macrophages, will be performed on the biopsy samples.
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This table shows the schematic of tumor biopsies for treated and untreated lesions in each course.

A. For subjects with 2 biopsiable lesions (designated lesions A and B):

Lesion Course 1 Course 2 Course 3
A* IT-IC* IT-IC IT-IC—Resect d6
B Observe Observe Resect d6
B. For subjects with 3 biopsiable lesions (designated lesions A, B, and C):
Lesion Course 1 Course 2 Course 3
A* IT-1C IT-1C IT-IC—Resect d6
B Observe Observe Resect d6
Resect pre-Course 1
¢ for Histology n/a n/a
C. For subjects with >3 biopsiable lesions (designated lesions A, B, C, D, etc.):
Lesion Course 1 Course 2 Course 3
A* IT-IC IT-IC IT-IC—Resect d6
B Observe Observe Resect d6
Resect pre-Course 1
¢ for Histology n/a n/a
D, etc. Observe Observe Observe

* For all patients, “lesion A” is the Index Lesion, and must meet strict eligibility criteria, that will

enable it to be biopsied prior to treatment, biopsied again 5 days after the initial treatment, and

then resected (or biopsied) after course 3 of treatment.
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Anti-GD2 Strategy in the Treatment of Neuroblastoma
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Abstract

The prognosis for advanced neuroblastoma remains poor with high nisk of recurrence after
consolidation. Therapies based on monoclonal antibodies that specifically target disialoganglioside
GD?2 on tumor cells are improving treatment results for high-risk neuroblastoma. This article reviews
the use of anti-GD?2 antibodies either as monotherapy or as part of a larger and more complex
treatment approach for advanced neuroblastoma. We review how anti-GD2 antibodies can be
combined with other treatments or strategies to enhance their clinical effects. Tumor resistance and
other problems that decrease the efficacy of anti-GD2 antibodies are discussed. Future developments
i the area of ant1i-GD2 immunotherapies for neuroblastoma are also addressed.

A. Neuroblastoma

1. Significance, Standard of Care, Clinical Strategies

Neuroblastoma 1s the most common malignancy mn mnfants, the most common extracramal solid
tumor of childhood. and the third most common cancer in children (1-5). The average age at
diagnosis 1s 17 months with 50-60% of patients having metastatic disease when diagnosed
{6-—8). Overall treatment has improved i children under 15 vears of age with 5-vear overall
survival rates for newly diagnosed patients increasing from 52% in the 1970s to 692 in the
last decade (9,10).

Despite advances in the treatment of low- to intermediate-risk neuroblastoma. outcomes for
patients with advanced disease remain poor. Standard treatment for high-risk patients includes
surgery, radiation. and/or myeloablative chemotherapy with autologous stem cell
transplantation. followed by cis-retinoic acid (CRA). CRA. an anti-proliferative agent, when
given following completion of chemotherapy has been shown to have an increased survival
effect in patients with stage 4 disease (4,11-12). With current standard therapy. most high risk
patients achieve remission with no clinically evident disease (NED) status. However, complete
eradication of tumor cells has remained elusive. Microscopic residual tumor cells (minimal
residual disease) survive treatment and cause recurrent refractory disease. The 3-year event-
free survival of these high nisk patients remains as low as ~30% (4.6,13-14). Fortunately, a
recent COG randomized trial has shown that a combination of anti-GD2 antibody and cytokines
in this setting can help prevent recurrence (15.16).

In this review, we examine several current strategies using moneclonal antibodies (mAbs)
against the disialoganglioside GD2, and their denivatives, for the treatment of high nisk
neuroblastoma, esther as primary therapy or as part of a multifaceted treatment approach. in
clinical trials. We review the pitfalls of this treatment approach. including tumor resistance
and the development of blecking antibodies that may interfere with mAb therapy. Fmally, we
look ahead at potential future therapies.

2. GD2-Importance, Rationale

Surface antigens expressed on neuroblastoma that have been used as targets for mAbs mclude
the gangliosides GD2, GD3 and GM3, and the glycoproteins CD56 (NCAM), L1-CAM, GP58
and GP95 (17). GD2 is a disialoganglioside antigen that i1s expressed on tumors of
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neuroectodermal onigin including neuroblastoma and melanoma (18-19). These tumors
express GD2 with relatively little heterogeneity between cells (20-21). Patients with
neuroblastoma were found to have sigmificantly elevated free GD2 levels in serum compared
with normal children and children with other tumors (20). Also, GD2 expression 1s not lost
from the cell surface of neuroblastoma cells even when bound to antibody. unlike other tumor
antigens described previously (21).

In normal tissues, GD2 expression on 1s largely limited to neurons. skin melanocytes, and
peripheral pain fibers (22). makmg 1t well susted for targeted antitumor therapy. Recently, GD2
has been “ranked” 12th 1n priority of all clinical cancer antigens by an NCI workshop (23). In
addition to neuroblastoma and melanoma, GD2 1s expressed on some soft tissue sarcomas,
osteosarcomas. and small cell lung cancers (24,18). In all. GD2+ diseases account for 8% of
all cancer deaths in the US (25).

GD?2 has been used extensively as a target in mAb therapy and has been the primary target of
antibody recognition i neuroblastoma. In 1984, a munne mAb (mAB126) was produced
against cultured human neureblastoma cells (LAN1). The ongmal murme anti-GD2 mAbs
described were 3F8. 14.18 and 14 G2a (18-19). Clinical testing has been performed with 3F8,
14.G2a, and ch14.18 (the human-mouse chimeric vanant of 14.18) in neuroblastoma and
melanoma (26-33).

B. Single Agent Antibodies
1. ADCC and CDC

An ideal anticancer agent would specifically target tumor cells and minimize mjury to healthy
cells (24). Monoclonal antibody (mAb) therapy creates specificity to tumor cells through 1ts
recognition of cell surface antigens found exclusively on tumor cells or that are found in much
greater amounts on tumeor cells compared to normal cells (34-35). Currently. mAbs are m use
in the detection, diagnosis. and treatment of neuroblastoma (14,36-38). Antibodies can mediate
destruction of tumor cells through several mechamisms including antibody-dependent cell-
mediated cytotoxicity (ADCC). After the vanable region of the antibody binds to antigen on
the tumor cell. the Fc portion of the antibody can bind to the Fc receptor on monocytes,
macrophages, neutrophils and/or natural killer (NK) cells and stimulate tumeor cell lysis via
ADCC (35-40).

In addition. complement-dependent cytotoxicity (CDC) may be imnduced after an antibody binds
to the tumor cell surface (24). However. dose limiting toxicities (DLT) caused by anii-GD2
mADb do occor and include fever, chills, anaphylactoid reactions most likely from cytokine and
complement activation, and transient neuropathic pam. which are controllable with analgesics.
These toxicities are mostly likely the result of mAb recognition of GD2 on peripheral pain
fibers and complement deposition (40-42.22.29).

2. 3F8 Clinical Testing

The first mAD tested in clinical trials was the anti-GD2 mAb 3F8 (26.43—46). In the mitial
Phase I and II trials using 3F8 in patients with stage 4 nenroblastoma, there was no sigmificant
antitumor effect on bulky disease but some response 1n microscopic bone marrow disease
(17.47-50). Side effects included pain most commonly. hypertension, hypotension, fever,
vomiting, diarrhea. and urticaria. Pain can be dose limiting and has been attributed to antibody
recognition of penipheral pain fibers expressing GD2 (40—42). Also. human antimouse
antibodies (HAMA) can develop in patients treated with 3F8. As these neutralize the function
of 3F8, development of HAMA has resulted in termunation of therapy (51). 3F8 has been shown
to activate tumor cell destruction by both CDC and ADCC in vitre (52-53).

Drugs Future. Anthor manuscript; available in PMC 2010 October 27.
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The 14.18 antibody is a separate [gG3 murine mAb targeted to the GD2 antigen (18). In an
effort to enhance ADCC, a class switch vanant called 14.G2a has also been prepared (54). The
14.G2a antibody activates complement and mediates ADCC with monocytes, neutrophils, NK
cells. and lymphokine-activated killer (LAK) cells (55-56). The 14.G2a antibody has
undergone clinical testing both as single-agent therapy and in combination approaches. Its
toxicities and induction of HAMA responses were similar to that seen with 3F8.

4. Ch14.18 Clinical Testing

A human-mouse clumeric form of the 14.18 munne anti-GD2 mab. designated ch14.18, was
subsequently created to reduce the immunogenicity associated with the murine antibody (Fig.
1). The chimeric antibody 1s less immunogenic and is more effective than 14.G2a in mediating
lysis of neuroblastoma cells with NK cells (57). The ch14.18 antibody has undergone clinical
testing as a smgle-agent therapy. Simon et al. have published their results using standard
induction treatment (chemotherapy with autologous stem cell rescue) for children and infants
with stage 4 neuroblastoma followed by consolidation with chimeric 14.18 antibody for 5 days
every 2 months, versus 12 months of oral mamtenance chemotherapy or no further therapy
(58). In patients <1 year old. there was no significant difference in event-free survival or overall
survival in the three consolidation groups, with an overall survival of =90%. In patients =1
vear old, the 3-year overall survival of ch14 18 treatment was superior to mamntenance therapy
or no additional therapy (P = 0.018) (59), although there was no difference in event free
survival.

5. Hu14.18K322A Clinical Testing

A Phase I clinical trial 1s now underway at St. Jude Hospital using anovel hul4 18K322A anti-
GD2 mAb. which was made using the same vanable region as the ch14 18 mAb. However,
this mAb has 3 major differences from the ch14.18 mAb. First. it 1s a humanized, not chimeric,
mAb and thus could be less immunogenic with less allergic toxicity than chl4 18, Second,
there 1s a single amino acid switch, from K to A at position 322 1n the Fe region. which nearly
abrogates complement activation, hopefully resulting in less neuropathic toxicity than ch14.18.
Third, this mAb 1s produced m the YB2/0 cell line, rather than CHO or NS/O hnes. eliminating
the normal fucosylation of the Fe region, and hopefully augmenting mteraction with FeRs to
increase ADCC (60). Thus, this novel huld 18K322A 15 designed to cause less allergic
reactions. less complement dependent toxicity. and more ADCC-mediated antitumor effects
than ch14.18.

C. Antibodies Combined with other Agents

1. Antibody plus ADCC-Augmenting Cytokines

As the mechamsms of mAb-based tumor cell lysis were discovered. 1t was evident that the
antibody must accomplish three separate jobs to kill a tumor cell. First, the antibody must
recognize and bind to the tumor cell. Second, it must bind long enough and avoid internalization
to adequately signal immune effector mechanisms. Third, the activated immune effector cells
or effector proteins must be able to create a destructive signal (24). Since mAb-mediated tumor
cell destruction relies on ADCC and/or CDC to kill tumor cells. strong effector functions are
required. However, effector function, particularly ADCC. is often compromised in cancer
patients due to tmmune suppression from metastatic cancer and/or chemotherapy (17.53.61).
It 1s thought that the addition of cytokines that activate cells to mediate enhanced ADCC to
mADb therapy will augment effector cell function and improve the overall antibody therapy
efficacy (24).

Drugs Future. Author manuscript: available m PMC 2010 October 27.
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a. 14.G2a + IL-2 Trial—Interleukin 2 (IL-2) 1s a strong pro-mflammatory cytokine with
effects on both mnnate immunity. increasing the number and activation state of NK cells, and
adaptive immunity, stimulating antigen-specific T cells (62—63). A Phase I trial through the
Children’s Cancer Group mnvolved 33 patients. IL-2 was administered by three 96 hr mnfusions
on days 1. 8 and 15 over consecutive weeks and 14 .G2a was given as a daily 2 h mfusion
between days 9—13 (64). The treatment timing sought to take advantage of IL-2 induced
lymphocytosis and maximal NK cell cytotoxic activity seen i several previously conducted
in vitro analyses (65). One patient had a partial response with a 70% size decrease in an
abdominal tumor facilitating complete resection. Three additional patients had a transient
reduction in microscopic bone marrow disease but no overall reduction in tumer burden. Serum
samples from these patients were found to have sufficient levels of 14.G2a to result in ADCC
of GD2-positive tumor cells m in vitro assays (66). HAMA responses were also noted.

b. Ch14.18 + GM-CSF + IL-2 + CRA Pilot Trial—Testing of ch14 18 in refractory
neuroblastoma included co-admimistration of GM-CSF in studies done by the Pediatric
Oncology Group (67.68). Also, the Children’s Cancer Group conducted a Phase I clinical trial
of ch14.18 with GM-CSF in children with neuroblastoma immediately after hematopoietic
stem cell transplant (69). Results of this trial determined the MTD of ch14.18 in combination
with GM-CSF 1o be 40 mg/m?/day for 4 days in the early post-transplant period. A subsequent
Phase I study found the MTD of ch14.18 to be 25 mg/m?/d for 4 days given concurrently with
4.5 % 108 U/m?/d of IL-2 for 4 days with alternating cycles of IL-2 and GM-CSF. Though two
patients experienced DLTs from ch14 18 and IL-2, this combination was deemed tolerable
the early post-transplant period. This study also found that cis-RA can be safely admumistered
between courses of ch14.18 and cytokines (70).

c. Phase lll Neuroblastoma Ch14.18 + GM-CSF + IL-2 + CRA Trial—Preliminary
data led to the design of the Children’s Oncology Group (COG) Phase I trial, ANBLO032,
which prospectively exammed this ch14 18 + GM-CSF + IL-2 + CRA combination therapy in
patients after myeloablative chemotherapy and autologous stem cell rescue. CRA was added
to the regimen because 1t was shown previously in a Phase IIT clinical trial to improve overall
survival in patients with stage 4 neuroblastoma (4). Following autologous transplant. patients
were randomized to recerve CRA alone or CRA 1n combination with ch14 18 and GM-CSF
(1n courses 1, 3 and 5) and IL-2 (10 courses 2 and 4) (16).

From 226 patients with high-risk neuroblastoma. the results showed a two-year event-free
survival of 66% i the immunotherapy group versus 46% in the standard treatment group
(p=0.0115). Overall survival at two years was 86% for the immunotherapy group versus 75%
for the standard treatment group (p= 0.016). The results from this phase IIT trial have been
recently reported (16).

This study shows a substantive increase in survival for high risk neuroblastoma. It 1s the first
clinical trial to document that a combination of an anti-cancer mAb with ADCC-augmenting
cytokines 1s an effective anticancer therapy. Also, 1t 15 the first time an antibody targeting a
non-protein antigen (as GD2 is a glycolipid) has proven to be effective for immunotherapy of
cancer. The 20% mmprovement in 2-year prevention of relapse for children with neuroblastoma
recerving the experimental immunotherapy represents an advance in treatment that 1s being
regarded now as the treatment of choice for high risk patients that achieve remission. in order
to decrease the chance of relapse (16).

This study also shows the use of a monoclonal antibody combined with cytokines (GM-CSF
and IL-2) to enhance antibody dependent cell-mediated cytotoxicity (ADCC) having made an
impact on increasing survival in neuroblastoma in a minimal residual disease setting. Other

monoclonal antibodies also mediate ADCC (Rituxan, Erbitux, Herceptin), but have vet to be

Drugs Future. Anthor manuscript; available in PMC 2010 October 27.
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tested with cytokines in a minimal residual disease setting. This trial may portend future clinical
trials testing cytokine combinations 1n more commeon malignancies that are currently treated
with monoclonal antibodies (16).

d. 3F8 plus B-glucan—3F8 therapy 1s enhanced 1in mice when used 1 combmation with the
glucose polymer B-glucan (71). B-glucan sugars act as strong signals to the innate immune
system, are well tolerated. and have been shown to stimulate TNF-¢ secretion and ADCC
mediated by NK cells, monocytes. and neutrophils (72-76). 3F8 mAb binds to a tumor cell
and coats tumor cells with 1C3b. Soluble f-glucans can be used to prime CR3. the 1C3b receptor,
on the leukocytes, and cause dual ligation of the CR3 receptor on leukocytes to both 1C3b and
soluble B-glucan, which enhances tumor cytotoxicity (71.72). In vivo, oral or intraperitoneal
B-glucan has been shown to be effective against neuroblastoma in mice. In nude mice bearing
human neuroblastoma tumors, §-glucan and 3F8 mAD therapy resulted in near-complete tumor
resolution while erther agent alone had less effect. Survival was also mcreased compared with
control animals and this effect was lost when tested on GD2-negative tumors (44.77). The use
of f-glucan m conjunction with 3F8 1s currently 1n chnical mvestigation.

D. Conjugated Antibodies

1. Antibodies Linked to Toxic Agents (Toxins, Chemotherapeutics, Radionuclides)

Antibodies are fairly easy to manufacture and can be linked to toxic agents. Conjugating mAbs
to agents for selective delivery to tumor cells has mcluded toxins, chemotherapeutic agents.
radioactive isotopes, and immunological agents. Preclinical and some clinical work have been
performed with these agents.

2. Radicimmunoconjugates

Radiolabeled mAbs have been used for both disease detection and targeted treatment of a
variety of adult cancers but very few childhood tumers. However, radioimmunotherapy 1s
attractive in neuroblastoma because of extensive studies on GD2 directed mAbs and because
1ts tendency to be radiosensitive (78). The only widely studied radio-labeled mAb for treatment
of neuroblastoma is 13!T-labelled 3F8. A Phase I dose-escalation study performed at Memeorial
Sloan-Kettering Cancer Center (MSKCC, New York) enrolled 23 patients with refractory stage
4 neuroblastoma. Out of ten patients evaluable, two had complete response (CR) of bone
marrow disease and two had a partial response (PR) of soft-tissue disease (78). Based on these
results, 1>!T-labelled 3F8 was added to a multimodal treatment regimen under study at MSKCC
for children with high-risk neuroblastoma (79).

3. Immunocytokines (ICs) - Antibodies Linked to Cytokines

a. ch14.18-IL2—The ch14.18-IL2 is an immunocytokine (IC) formed by linking IL-2 to the
carboxyl end of the constant region of the chimeric mouse—human IgG1 chl14.18 mAb (80—
82). Preclinical data in mice show that treatment with ch14 18-IL2 is far superior to comparable
doses of ch14.18 mAb combined with IL-2 in mediating antitumor effects. In general. ADCC
depends on the number and function of Fc receptors (FcR) on effector cells including activated
NK cells (83.24.61_84). However. activated NK cells also have augmented IL-2 receptor
(IL-2R) expression (85) leading to a dramatic iz vitre response to IL-2 (86). In mouse models,
the IL-2 component of this IC can activate NK cells without FcR, through their IL-2R (87).
Thus. 1t 15 thought that effector cell binding to tumor 1s mediated 1 T-cells via IL-2Rs and mn
NK cells via FcRs and IL-2Rs (82.88). Data suggest that ch14.18-IL-2 could function as both
a T-cell inducing vaccine as well as an activator of NK mediated ADCC. These data provided
the basis for mitiating clinical testing of this 14 18 based IC molecule as therapy for
neuroblastoma (83) using an immunocytokine based on the humanized. rather than chimeric.
form of the mAb; this IC is hul4 18-IL2.

Drugs Future. Author manuscript; available m PMC 2010 October 27.
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b. hut4.18-IL2

i. Preclinical Development: When murine (14.G2a) or chimeric (ch14.18) anti-GD2 IgG
mAbs are injected intravenously (IV) in mice. half-life 1s 25 days (29.62). In contrast, the
half-life of the ch14 18-TL-2 and hul4 18-1L2 1s only —~4hrs (39) when injected intravenously
into mice. These data led to hul4.18-IL2 bemng given frequently (daily) to maintain both IL-2
and hul4.18 in vivo activity (83).

ii. Phase I Testing in Neuroblastoma: The Children’s Oncology Group has completed a Phase
I trial using hul4 18-IL.2 1 27 pediatric patients with recurrent neuroblastoma using four
courses of hul4 18-TL2 for patients with stable disease (90). The MTD was 12 mg/m?2/day
with dose limiting toxicities (DLTs) of hypotension, allergic reaction. blurred vision.
neutropenia, thrombocytopenia, and leukopenia. No CR or PR was noted, but three patients
had clinical changes suggestive of antitumor activity with radiographic and bone marrow
response. Immune activation was noted with elevated sIL-2Ra and lymphocytosis. All
toxicities were reversible, and there were no treatment-related deaths.

iii. Phase IT Study: A Phase IT study (COG-ANBL0322) of hul4 18-IL2 1n children with
recurrent or refractory neuroblastoma was designed to evaluate the clinical antitumor activity
and in vive immunological effects of hul4.18-IL2. Also, this study sought to differentiate
between patients with bulky disease and patients with minimal evaluable neuroblastoma.
Patients received 3 daily IV doses of 12.0 mg/M2?/d hu14.18-IL2 in each of 4 monthly courses
(91). Fifteen patients had disease measurable by standard radiographical criteria (stratum-1)
and 24 patients had disease evaluable only by meta-iodobenzylguamdine (MIBG) scanning
and/or bone marrow (BM) hustelogy (stratum-2). Responses were confirmed by mdependent
radiological review and immunocytochemical (ICC) evaluation of the bone marrow.

No responses were seen in the 15 stratum-1 patients. In the 24 stratum-2 patients. 5 showed
CE (MIBG and BM/ICC resolution). These response data support the conclusion that this agent
and regimen have clinical activity in stratum-2 but not i stratum-1 patients (92). As all patients
i this study had recurrent/refractory disease to prior multi-modality therapy. these responses
are of mterest to pediatric oncologists (91).

E. Anti-ldiotypic Antibodies
1. Mechanism of Tumor Resistance to Anti-GD2 Ab (HAMA, HACA, HAHA)

A problem with mouse mAb therapy has been the development of blocking antibodies to the
mADb stself, called a HAMA (human anti-mouse antibody) response (80.57). The development
of a HAMA response has been detected within 7 days of treatment and can neutralize any
further treatments with the mouse anti-GD?2 antibody (83.80). Thus led to the development of
increasingly humanized versions of these mAbs. Chimeric antibodies have linked the GD2
specific variable ends of the immunoglobulin light and heavy chains from the mouse antibody
to the human constanst regions of the immunoglobulin light and heavy chains from the human
antibody to create a less immunogenic mAb. Unfortunately, human “antichimeric™ antibody
(HACA) responses can still be detected (80.69).

The current humanized mAb. hul4 18, was developed retaining only the complementarity-
determining regions (CDRs) of the original mouse antibody. It is ~98% human amino acid
sequence (Fig. 1) (83.80.65). This humanized form of IC. hul4 18-I1.2. was made with hopes
of reducing immunogenicity of the IC 1n patients and has been studied n recently completed
Phase I and II trials (80.90). The humamized mAb making the hul4.18-IL2 less immunogenic
typrcally does not stimulate a nentralizing HACA or human antthumanized antibody (HAHA)
response (24).

Drugs Future. Author manuscript; available in PMC 2010 October 27.
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2. Anti—-IC Antibodies and Antibody-Response Networks

Normally. the HAMA response inhibits antitumor effect. However, a HAMA response has
been associated with increased antitumor effect that was also associated with enhanced survival
(12). Current thinking suggests that an antibody-response network mechanism may be
responsible for providing antitumor benefit. The antigen binding component of an anti-GD2
mAb (Ab-1) serves as an antigen for another antibody (Ab-2) generated 1 response to Ab-1
treatment. This binding region of Ab-2 may be “immunologically sinular™ to the GD2 antigen
itself (as both bind to the antigen binding portion of the ant1-GD2 mAb) and may serve as an
additional antigen source for induction of a third antibody (Ab-3). Ab-3 1 certain cases can
bind to GD?2 as well as Ab-2 and can generate antitumor responses similar to those elicited by
Ab-1(24.93.94).

In patients receiving 3F8 antibody. presence of Ab-3 was a predictor of overall survival (6,
94). Ab-3 1z not seen in all patients. Anti-idiotypic antibodies (Ab-2) have been used as an
antigen source in clinical trials (6.95-97). Also. similar to Ab-2, peptide mimics that bind to
the therapeutic Ab-1 have been used mn place of GD2 or Ab-2 molecule in an effort to mduce
an active antitumor response following vaccination (98,99). Currently. efforts at inducing
ADCC are focused on patients entering remission, which typically requires intense
immunosuppressive treatment to achieve. Therefore, as of now, the paradigm of
immunotherapy 1s to avoid the HACA/HAMA (Ab-2) response.

F. T-cell Engineering in the Treatment of Neuroblastoma

T-cell activation and tumor-specific memory responses have been shown in response to mAbs
i animal models and clinical settings (100). T-cell cytotoxicity can be enhanced through
mamipulation of the T-cell receptor (TCR) to redirect 1ts specificity toward tumor antigens
(101). T cells have been genetically altered to express chimeric TCRs consisting of a variable
domain of an ant1-GD?2 antibody linked to a cytoplasmic signaling domain. Engagement of the
TCE complex 1nitiates cytotoxic effector function and release of pro-mflammatory cytokines
wcluding GM-CSF and IFN-y upon incubation with GD2-positive tumor cells. These modified
T cells mediate antitumor killing with minimal effects on GD2-negative targets (102).

Isolation of CD8+ T cells with altered TCR specificity from plasmids encoding engineered
antigen receptors has been shown in human patients (103.104). Incorporation of DNA encoding
the novel antigen receptors has been achieved via uptake of naked plasmid DNA by
electroporation and retrovirus transfection (102.105). Typically. infusions of autologous
tumor-specific T cells had half-lives of 1-42 days with minimal toxicity. Although this
approach has been used more extensively for leukemia and lymphoma, human clhinieal trials
targeting neuroblastoma are also under way (104-108). Patients who undergo stem cell
transplantation require months to regenerate a functional immune system. Thus. the infusion
of large numbers of tumor-specific effector T cells 1s an attractive alternative to waiting for an
autologous immune response. especially in a minimal residual disease setting.

G. Summary

Current conventional therapy of high-risk neuroblastoma (surgery. radiation therapy and multi-
agent chemotherapy) can put most children into remission. However, the majority of these
patients eventually succumb to recurrent or refractory disease. The current strategy for
treatment development 1s to utilize separate therapeutic approaches for patients i remission
but harboring minimal residual disease. The use of anti-GD2 mAbs m this setting has been a
promising approach under investigation. Preclinical data using these mAbs show strong anti-
tumor effects in the mmimal residual disease setting. and antitumor efficacy preclinically can
be enhanced by using cytokines that stimulate ADCC. Thas has potential climical implications
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for patients, who have already undergone conventional surgery. radiation and/or
chemotherapy, and who are m remission but suspected to carry minimal residual disease. A
recent Phase ITI trial of this approach by the Children’s Oncology Group has shown a 20%
increase in event-free survival after two years. Novel approaches. using genetically engineered
mAb dervatives, alone or combined with other agents. are even more effective i preclnical
testing. Clinical trials of these concepts are underway to determme how best to integrate these
approaches into an overall multi-modality treatment that can provide improved long-term
disease free survival
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Figure 1.

Monoclonal Antibodies and Immunocytokines. (a) A chimeric monoclonal antibody (mAb)
combines the constant region of a human antibodv with the vanable domam of a murine
antibody. The antigen specificity 1s conferred by the murnne vanable domain. (b) In the
humanised mAb, the murine framework determinants of both the heavy and light chains are
replaced with human framework determinants_ but the antigen specificity of the onginal murine
mAb 1s retamed. (c.d) Fusion protemns or immunocytokines combine the mAb with covalently
linked cytokines, such as molecules of interleukin 2 (IL-2). to the end of each of the heavy
chains at the C-terminus.
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Abstract

Response to immunocytokine (IC) therapy is dependent on natural killer cells in murine neuroblastoma (NBL)
maodels. Furthermore, killer immunoglobulin-like receptor (KIR)/KIR-ligand mismatch is associated with
improved outcome to autologous stem cell transplant for NBEL. Additionally, clinical antitumor response to
monoclonal antibodies has been associated with specific polymorphic-FeyR alleles. Relapsed/refractory NBL
patients received the hul4.18-112 IC (humanized anti-GD2 monoclonal antibody linked to human 11.2) in a
Children's Oncology Group phase II trial. In this report, these patients were genotyped for KIR, HLA, and FcR
alleles to determine whether KIR receptor-ligand mismatch or specific FcyR alleles were associated with
antitumor response. DNA samples were available for 38 of 39 patients enrolled: 24 were found to have autologous
KIR/KIR-ligand mismatch; 14 were matched. Of the 24 mismatched patients, 7 experienced either complete
response or improvement of their disease after IC therapy. There was no response or comparable improvement of
disease in patients who were matched. Thus KIR/KIR-ligand mismatch was associated with response/improve-
ment to IC (P = 0.03). There was a trend toward patients with the FeyR2A 131-H/H genotype showing a higher
response rate than other FoyR2A genotypes (P = 0.06). These analyses indicate that response or improvement of
relapsed/refractory NBL patients after IC treatment is associated with autologous KIR/KIR-ligand mismatch,
consistent with a role for natural killer cells in this clinical response. Cancer Res; 70f23F 9554-61. 92010 AACR

Introduction

The therapeutic role of natural killer (NK) cells in allo-
geneic hematopoietic stem cell transplant (HSCT) has been
well described. Ruggeri et al. (1) first reported on the
phenomenon of killer immunoglobulin-like receptor
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(KIR)/KIR-ligand incompatibility and response to HLA-hap-
loidentical HSCT, primarily in adult patients with acute
myeloid leukemia (AML). According to this analysis, a dif-
ference in HLA between the donor and recipient such that
the donor KIR receptors lack their cognate ligand in the
recipient results in improved leukemia control. Leung et al.
defined the principle of missing KIR ligand (designated here
as KIR/KIR-ligand mismatch), in which the HSCT recipient
lacks 1 or more HLA class-I lisands for the HSCT donor's
inhibitory KIRs (2). The KIR/KIR-ligand mismatch principle
posits that a difference in HLA between the donor and
recipient is not necessary for the benefit of KIR-HLA mis-
matching. They found that response of pediatric patients
with AML and acute lymphoid leukemia (ALL) to haploi-
dentical HSCT could be predicted by the presence of this
KIR/KIR-ligand mismatch. An analysis of results of HLA-
identical T cell-depleted sibling HSCT also revealed a ben-
efit of KIR/KIR-ligand mismatch (3). KIR/KIR-ligand mis-
match also extends to the autologous transplant setting.
Becanse the genes encoding for KIR and HLA class [ KIR
ligands are inherited independently, it is possible for an
individual to be KIR/KIR-ligand mismatched with himself.
This scenario has been implicated as a favorable prognostic
factor in pediatric solid tumor patients following autologous
HSCT (ASCT) (4, 5). To date, there have been no reports
relating KIR/KIR-ligand mismatch and response of cancer
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patients to immunotherapy or other treatments outside of
the HSCT or allogeneic NK cell infusion settings (6).

Several groups have investigated the role of fragment c
mamma receptor (FeyR) polymorphisms in the response of
cancer patients to rituximab, the chimeric anti-CD20 immu-
noglobulin G1 (IgG1) monoclonal antibody (mAb). Some have
found an association between FeyR genotypes for higher-
affinity FeyR alleles (FeyR2A-131 H/H and FeyR3A-158 V/V
genotypes) and response to ritudmab-based therapy (7-9).
Association between FoyR genotype and response, for both
FryR2A (found largely on neutrophils and monocytes/macro-
phages) and FeyR3A (found predominantly on NK cells) geno-
types, has nowbeen observed in cancer patients receiving other
mAbs (i.e. cetindmab and trastuzumab ) as well (10,11).Cheung
et al. (12) reported a correlation between FeyR2A polymorph-
ism and response of neuroblastoma (NBL) patients to the anti-
GD2 murine [gG3 mAb, 3F8, plus granulocyte macrophage
colony-stimulating factor (GM-CSF). In that study, progres-
sion-free survival was associated with the FeyR2A 131-R/R
alleles with the highest affinity for the 3F8 murine mAh.

GD? is a disialoganglioside that is expressed on human
melanoma and NBL cells. Our recent Children's Oncology
Group (COG) phase 11 study has shown a significant improve-
ment in overall survival and event-free survival for children
receiving an immunotherapy regimen of a chimeric anti-GD2
mAb (chl4.18-1L2) in combination with interleukin 2 (IL2) and
GM-CSF (13). The hul4.18-IL2 immunocytokine (IC) is a
fusion protein linking a molecule of IL2 to the carboxyl
terminus of each of the Izl heavy chains of the humanized
anti-GD2 mAb hul4.18. Tumor response to this IC in mice is
superior to the antitumor effects of comparable amounts of
anti-GD2 mAb infused together with comparable amounts of
IL2 (14). Antitumor effects in mice are primarily dependent on
NK cells in a murine model of NBL ( 15), with better responses
seen in the face of less-established disease (16). Furthermore,
angmented major histocompatibility complex (MHC) class [
expression on murine NBL was associated with escape from
IC-mediated immunotherapy, implying a role for MHC-
induced inhibition of NK cell function (17). Our recent phase
I COG trial has demonstrated antitumor activity for hul4. 18-
L2 in children with relapsed or refractory NBL (18).

In this study we evaluated the role of genotypes for KIR, KIR
lisands (HLA class 1), and FcyR polymorphisms, in the
response of relapsed/refractory NBL patients to hul4.18-112
from our phase II trial (18).

Materials and Methods

Patients

Patients included in this analysis were eligible for and
enrolled on a COG phase 1T trial of hul4.18-1L2 (ANBLO322);
the clinical findings from that study have been reported sepa-
rately (18 ). In brief, children (ages 1-21 years) with refractoryor
recurrent NBL who met all study criteria were enrolledin 1 of 2
strata, Stratum 1 included 15 patients with measurable disease
(using standard radiographic criteria). Stratum 2 included 24
patients with disease that was not measurable by standard
imaging, but was evaluable by '~ I-metaiodobenzylguanidine

[MIBG) scanand/or bone marrow histology. DNA samples were
available for 38 of the 39 enrolled patients. Informed consent
was obtained from Institutional Review Board-approved clin-
ical protocols for all patients and/or their families.

Hul4.18-10L2

The clinical grade hul4.18-IL2 IC (EMD 273063) was gener-
ously provided by Merck Serono (Darmstadt, Germany) via
Dr. Toby Hecht, and the NCI-Biological Resources Branch
{Frederick, MD).

KIR/KIR-ligand genotyping

KIR genotyping was performed on patient DNA samples by
PCR sequence-specific primer technique (SSP Unitray assay;
Invitrogen Corporation, Carlsbad, CA). KIR-ligand typing was
performed at low resolution on the same samples for HLA-B
and -C loci by reverse PCR-550 methodology (LifeMatch
assay; Gen-Probe, Inc. Stamford, CT) and for high-resolution
HLA-C alleles by direct sequencing (AlleleSEQR assay: Abbott
Labs, Des Plaines, IL).

FeyR genotyping

Genotyping of FcgR2A 131-H/R (rs1801274) and FcgR3A
158-F/V (rs396991 ) polymorphisms were detected using pyr-
osequencing and TagMan (19). Forward and reverse primers
are given in Table 1. PCR was performed in 25 pL reactions
using 2X PCR Master Mix (Promega. Madison, WI) with
5 pmole forward, 0.5 pmole reverse, and 4.5 pmole of universal
biotin primer. The biotinylated PCR products were isolated
with Streptavidin-Sepharose HP (GE Healthcare, Piscataway,
NJ) and Sepharose beads. Allele quantification was performed
using a Pyrogold reagent kit (dATP, dCTP, dGTP, dTTP,
enzyme, and substrate mixtures) on the PSQ) HS96A system
(Biotage AB, Uppsala, Sweden). Negative controls were
included on each plate. Plates were read on a PSQ HS
pyrosequencer using PSQ HS 96A SNP analysis software
version 2.1 in AQ mode.

To account for variation in the accuracy of FeyR3A 158-V/F
allele frequency determination, standard curves were gener-
ated by using synthesized biotin-labeled DNA oligonucleo-
tides. Two oligonucleotides with either a "T" or "G" in the
mutation position (representing F and V alleles, respectively)
were combined in ratios (10:0, %1, .. .19, (:10) and underwent
pyrosequencing. The expected and observed allele frequencies
were plotted. Backwards fitting was used to find the most
parsimonious fit

Genotyping of FcyR3A 158-V/F mutation polymorphisms
was confirmed using TagMan SNP genotyping assay
(C_25815666-10, Chr-1, DIS484) in accordance with the man-
ufacturers instructions on a 7300 Real-Time PCR system
(Applied Biosystems, Foster City, CA). This TagMan Assay
uses primers and probes that are predesigned and validated by
the company. The probes are conjugated with VIC-MGB or
FAM-MGE dyes, 1 to each allele. The amount of volume
required for each 25 gL reaction was TagMan Genotyping
PCR Master Mix 12.5 L and TagMan SNP Genotyping Assay
1 pl. The reaction conditions were as follows: 95°C for
10 minutes, and 50 cycles of 92°C for 15 seconds and 60°C
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genotyping

Primers

Table 1. Forward and reverse primer sequences for FcyR2A 131-H/R & FcyR3A 158-V/F polymorphism

Sequences

FeyR2A 131-H/R: Forward
FeyR2A 131-H/R: Reverse
FeyR2A 131-H/R: Sequencing
FeyR3A 158-V/F: Forward
FoyR3A 158-V/F: Reverse
FeyR3A 158-V/F: Sequencing

TTT TGC TGC TAT GGG CTT TC
/5Biosg/CCA GAA TGG AAAATC CCAGAA A
AAG GTG GGA TCC AAA

/5Biosg/CAC TCA AAG ACA GCG GCT CCT
ATT CCA GGG TGG CAC ATG TC

AGT CTC TGA AGA CAC ATT TTT

for 1| minute. Plates were read by the 7300 Real-Time PCR
system according to manufacturer protocols,

Statistical methods

Fisher's exact test was used to examine the association
between 2 categorical variables (Le, KIR mismatch versus
response/improvement, genotype versus response/improve-
ment, and KIR mismatch versus stratum ). Chi-square test of
homogeneity was used to determine whether there was a
difference in distributions of KIR mismatch/match and FeyR
genotypes between our study population and others’ (5, 12).
For the analysis of the association between genotype and
response/improvement, FeyR2A were dichotomized into H/H
versus H/R or B/R, and FeyR3A into V/V versus V/F or F/F.
Statistical significance was defined as a 2-tailed P <005, and a
Pvalue from 0,05 to 0.1 was regarded as marginally statistically
significant. Because of the exploratory nature of this study, no
multiplicity adjustment was made for significance tests,

Resulis

KIR/KIR-ligand genotyping

The 4 inhibitory KIR genes (KIR2DL1, KIR2DL2, KIR2DL3,
KIR3DL1) evaluated in this study and their corresponding
KIR-ligands (HLA-C1, HLA-C2, or HLA-Bw4) are listed in
Table 2. KIR/KIR-ligand mismatch was defined as absence
of 1 or more HLA alleles known to be ligands for the inhibitory
KIR genes present, using previously published criteria (2). The
specific KIR and KIR-ligand genotypes for all 38 patients (with
DNA available) are shown in Table 3. Two patients showed
evidence for only 2 of the 3 inhibitory KIR gene specificities
evaluated in this study; the other 36 patients had all 3
inhibitory KIR gene specificities present. KIR/KIR-ligand mis-
match was observed in 24 of 38 patients whereas in 14 of 38
patients these were matched (Table 4). This ratio of matched
to mismatched genotypes, when using this set of KIR genes
and KIR ligand genes, is not significantly different (P = 0.93)

from that reported for the set of NBL patients undergoing
ASCT reported by Venstrom et al (5).

FeyR genotyping

FcyR genotyping data for all patients tested are also
included in Table 3. and is summarized in Table 4. The
genotype distributions for both FcyR2A and FoyR3A were
in Hardy-Weinberg Equilibrium (HWE). The FeyR24 131-H/R
genotype was more prevalent (16 of 38 patients) than the H/H
genotype (10 of 38) and R/R genotype (12 of 38) (P value of
HWE is (.34). Two of 38 patients (patients 8 and 35) were
excluded from the analysis of FeyR3A genotyping (and rele-
vant analyses of associations) due to discrepant results of
pyrosequencing and TagMan: both patients were F/V by
pyrosequencing and F/F by TagMan. If patients 8 and 35
are included in the analyses as either F/F or F/V the relevant
statistical analyses, as do their conclusions, remain virtually
unchanged. The FeyR3A 158-F/F and F/V genotypes were
equally prevalent (both present in 17 of 36 patients) in this
patient population, whereas the V/V genotype was present in
only 2 patients (P of HWE = 0.39). These distributions of the
FeyR2A (P = 0.5) and FeyR3A (P = 0.92) genotypes were not
significantly different from those reported for the population
of NBL patients reported by Cheung et al. (12).

Clinical response to huld.18-1L2

The clinical details for this phase I trial have been reported
separately (18). Individual response and stratum data are
included in Table 3. For the purposes of the associations
examined in thisreport, 5 patients (2, 10,22, 27, and 29) showed
a completeresponse (CR). These CRslasted 13,9, 20, 30, and =35
months, respectively. Two additional patients (3 and 22) were
scored as showing stable disease, but showed clear clinical signs
of improvement (clearing of all marrow disease and MIBG
improvement not quite meeting partial response criteria for
patient 3, and resolution of all MIBG-detectable disease with
near clearing of marrow disease for patient 22). All 5 patients
with CR and the 2 with "mproved” status were in stratum 2.

Receptor

Table 2. KIR receptors and their MHC class | ligands that were determined by genotyping

Ligand

214

KIR2DL1 (CD1584)
KIRZ2DL2/KIRZDLS (CD158b)
KIR3DL1 (CD158¢)

HLA-C2 (Cw2, Cw4, Cws, Cwé, Cw15, CwiB02, Cwi7, Cwis)
HLA-C1 (Cw1, Cw3, Cw?, CwB, Cw12, Cwi3, Cwid, Cwi601)
HLA-Bw4
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Table 3. KIR, KIR ligand, FcyR, and response data for each patient
Patient no. Stratum KIR genotype KIR ligand Match vs FcyR2A-131 FcyR3A -158 Response
mismatch
1 1 2DL1, 2DL2/2DL3, 3DL1  Cwi, Cw5, Bwd M R/R EAV PD
2 2 2DL1, 2DL220L3, 3DL1  Cwl, Cw3, Bw4 MM R/R FV CR
3 2 20011, 2DL3, 3DL1 Cwd, Cwils MM H/H FV |
4 2 2001, 2DL220L3, 30L1  Cw2, Cwa, Bw4 M RR F sSD
5 2 2DL1, 2DL22DL3, 3DL1  Cw7, Cwi6, Bwd MM RR FV FD
6 2 2DL1, 2DL3, 3DL1 Cwé, Cw7 MM H/H F FD
7 2 2DLA, 2DL2DL3, 3DL1  Cw7 MM H/H FN PD
8 2 20011, 2DL3, 3DL1 Cwil2, Bwd MM R/R . PD
g 2 2DL1, 2DL2/2DL3, 3DL1  Cwé, CwT7, Bw4 M R/R FV PD
10 2 20011, 2DL3, 3DL1 Cwd, Cw7 MM H/H FF CR
11 1 20011, 2DL3, 3DL1 Cws, Bwd MM R/R FiF PD
12#
13 1 2DL1, 2DL3, 3DL1 Cw2, Cw7, Bwd M HR = NE
14 2 2DLA, 2DL2/2DL3, 3DL1  Cw3, Cwé, Bw4 M HR FiF PD
15 2 2DLA, 2DL3, 3DL1 Cw7 MM H/H FiF PD
16 ] 2DL1, 2DL3, 3DL1 Cwi12, Cw16, Bwd MM RR EAV PD
17 1 2011, 2DL22DL3, 3DL1  Cw2, Cwl6 MM HR ViV sD
18 1 20011, 2DL3, Cwd, Bwd MM HR FiF PD
19 1 2001, 2DL220L3, 30DL1  Cw2, CwT7, Bw4 M H/H F sSD
20 1 2DLA, 2DL22DL3, 3DL1  Cw7, Bwd MM R/R Vv PD
-3l 2 2DLA1, 2DL22DL3, 3DL1  Cwd, Cwé, Bw4 MM HR FN I
22 2 2DLA, 2DL22DL3, 3DL1  CwSs, Bwd MM H/H FiF CR
23 2 20011, 2DL3, 3DL1 Cw8, Cw1s MM HR FiF PD
24 1 2011, 2DL220L3, 30DL1  Cw2, Cw3, Bw4 M HR FiF NR
25 2 20011, 2DL3, 3DL1 Cws, Bwd MM RR FiF sSD
26 2 2001, 2DL220L3, 30L1  Cw2, Cwi, Bw4 MM HR F PD
27 2 20011, 2DL3, 3011 Cw12, Cwl16, Bwd MM H/H F CR
28 1 2DL1, 2DL2/2DL3, 3DL1  Cwé, Cw8, Bw4 M HR FN PD
29 2 2DL1, 2DL3, 3DL1 Cws, Cw7 MM R/R FV CR
30 1 2DL1, 2DL22DL3, 3DL1  Cwi2, Cwi5, Bwd M H/H FiF PD
N 1 20011, 2DL3, 3011 Cwd, Cw7 MM HR FiF PD
32 2 20011, 2DL3, 3011 Cwé, Cw7, Bwd M HR F PD
33 2 20011, 2DL3, 3011 Cwé, Cw7, Bwd M RR FiF PD
34 2 2DL2, 30L1 Cwil2, Cwi? MM HR F/F FD
35 2 20011, 2DL2, 3DL1 Cwé, Cw7 MM HR . PD
36 2 2011, 2DL22DL3, 3DL1  Cw3, CwT7, Bw4 M H/H FiF PD
37 1 2DL1, 2DL3, 3DL1 Cwa, Cwid, Bwa MM HR FIF PD
38 1 2DL1, 2DL3, 3DL1 Cwd, Cw7, Bwd M HR FIF PD
39 1 2001, 2DL220L3, 30DL1  Cw6, CwT7, Bw4 M HR FiF PD
“Patient 12 not included, DNA was not available.
“FeyR3A genotyping results from patients 8 and 35 excluded from analysis due to discrepancy in results of pyrosequencing and
TaghMan.
Abbreviations: CR, complete response; |, (clinically) improved; M, match; MM, mismatch; PD, progressive disease; SD, stable
disease.

Associations between clinical response and genotype
data

KIR. The analyses of KIR/KIR-ligand mismatch and FeyR
senotyping data for clinical associations are summarized in
Tables 5-7. All 7 patients who responded (5 of 38) or showed
improvement (2 of 38) following IC therapy were mismatched

for their KIR/KIR-ligand genotypes (ie. lacked HLA ligand for
at least 1 of their KIR genes; Table 5, Mismatch versus
response/improvernent of all patients). In contrast, none of
the 14 KIR/KIR-ligand matched patients demonstrated any
response or improvement. Thus, KIR/KIR-ligand mismatch
was associated with clinical response/improvement following
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evaluated

Table 4. Distribution of genotypes for KIR mismatch/match and FcyR genotypes among the 38 patients

KIR Mismatch: 24/38 (63%)
FeyR2A 131-H/H: 10/38 (26%)
FoyR3A 158-F/F: 17/36 (47 %)

KIR Match: 14/38 (37 %)
FeyR2A 131-H/R: 16/38 (42%)
FoyR3A 158-F/V: 17/36 (47 %)

P =093
FeyR2A 131-R/R: 12/38 (32%) P=05°
FoyR3A 158-V/V: 2/36 (6%) Pe = 0.92°

evaluated for KIR match/mismatch by Venstrom et al. (3).

Cheung et al. (12).

2P value for the difference in distribution of KIR match/mismatch for this population versus comparable population of NBL patients
5P value for the difference in distribution of FeyR genotypes for this population versus that of comparable NBL patients described by

“P value remains 0.79 to 1.0 regardless of whether patients 8 and 35 are FF or FV and included.

IC treatment (P = 0.03). When this same analysis was done for
the 24 stratum 2 patients, there was a trend (that did not meet
criteria for statistical significance) toward a similar associa-
tion of mismatch and response /improvement (7 of 7) versus
nonimprovement (11 of 17) (P = 0.13, Table 5, Mismatch
versus response/ improvement for patients in stratum 2 only).
In addition, there appeared to be a greater fraction of KIR/
KIR-ligand mismatched patients enrolled in stratum 2 (18 of
24, 75%) than in stratum 1 (6 of 14, 43%) with marginal
statistical significance (P = 0.08, Table 5, Mismatch versus
both strata 1 and 2).

FeyR. The FoyR2A genotype data analysis for association
with response suggests, with marginal statistical significance,
that patients with the H/H genotype showed a higher like-
lihood of response/improvement (Table 6, P = 0.06). In
contrast, there was no suggestion of association between

FeyR3A genotype and response/improvement to IC (P =
L0, Table 7).

Discussion

NE-mediated lysis of NBL cell ines in vitro is augmented by
the addition of IL2 (20), especially when using NK cells from
patients receiving 112 (21). Furthermore, NK-mediated anti-
body dependent cell-mediated cytotoxicity (ADCC) is aug-
mented when the NK cells are obtained following i vivo
administration of L2 (22). Initial studies with chimeric
anti-GD2  antibody, chl4.18, fused with human IL-2
(ch14.18-1L2), demonstrated NK-mediated regression of local
and disseminated murine NBL (15). Similar results were later
seen in muringe NBL models with administration of hul4.18-
IL2 (16). As escape from this NK-mediated response to

Table 5. Tests of association of mismatch versus response/improvement of all patients, response/
improvement for patients in stratum 2 only, and both stratum 1 and stratum 2

KIR-mismatch KIR-match Total
Mismatch vs response/improvement (strata 1 and 2)*
Response/improvement 7 (29%) 0 (09a) 7
Mo response/no improvemernt 17 (71%) 14 (100%) 31
Total 24 14 38
Mismatch vs response (stratum 2 only)®
Response/improvement 7 (39%) 0 {0%) 7
Mo responseno improvemert 11 (61%) G (100%) 17
Total 18 5] 24
Stratum 1 Stratum 2 Total
Mismatch vs stratum (strata 1 and 2)°
KIR-mizmatch 6 (43%) 18 (75%) 24
KIR-match B (57%) 6 (25%) 14
Total 14 24 38
“P = 0.03.
°p = 0.13.
“P = 0.08.
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Table 6. Response/Improvement for patients with higher-affinity receptor genotype (H/H) for FcyR2A-131
versus other 2 genotypes (H/R and R/R)

FcyR2A HH HR + RR Total
Response/improvement 4 (40%) 3(11%) 7
Nonresponse/nonimprovement 6 (60%) 25 (89%) 3
Total 10 28 38

P = 0.06.

hul4.18-1L.2 was associated with upregulation of MHC class [
on NBL cells (known to induce inhibitory responses via Ly-49
receptors on murine NK cells) (17), we hypothesized that
similar relationships may influence the clinical response
to hul4.18-1L2. To test this hypothesis, it was first necessary
to identify a population that shows some clinical response to
hul4.18-11.2,

Our recently reported phase I study of hul4.18-IL2 in
patients with relapsed or refractory NBL demonstrated CR
or improved disease in 7 of 38 treated patients (18). All 7 of
these responding/improved patients were in stratum 2 (evalu-
able but not radiographically measurable disease), consistent
with our preclinical data showing greater detection of anti-
tumor activity in animals with less tumor burden (16).
Although the role of KIRs has been evaluated in the setting
of autologous and allogeneic stem cell transplantation and
infusions of allogeneic NK cells following lymphodepletive
chemotherapy (1-6), it has not been studied for association
with antitumor response in patients receiving only cytokines
or mAbs for immunotherapy. We hypothesized that children
with recurrent/refractory NBL, who received the hul4.18-11L2
in our phase II COG study, would demonstrate greater
response to IC in the presence of KIR/KIR-ligand mismatch.
When the data were analyzed for all 38 patients who had
provided DNA samples, 24 of them were found to be KIR/KIR-
ligand mismatched, and all 7 of the responding or improved
patients were found in this group (P = 0.03, Table 5, Mismatch
versus response/improvement of all patients). Because the
KIR/KIR-ligand interaction is primarily a mechanism control-
ling NK cell activity, this result is consistent with the murine
data showing that the anti-NBL effect of chl4.18-IL2 and
hul4.18-112 is primarily mediated by NK cells (15-17). Even
prior to the administration of hul4. 18112, there is a trend
toward greater KIR/KIR-ligand mismatch in the patients who

enter stratum 2 than in stratum 1 (P= 0.08, Table 5, Mismatch
versus both strata 1 and 2). If additional data validate this
trend, it would suggest that a child's endogenous KIR/KIR-
ligand status might play a role in the clinical pattern of relapse;
namely, the patients who are KIB-mismatched may be less
likely to relapse with "bulky” (measurable/stratum 1) disease.
Similarly, if additional data validate the trend (P = 0.13) that
KIR/KIR-ligand mismatch is associated with response within
Stratum 2 patients (Table 5 Mismatch versus response/
improvement for patients in stratum 2 only); the presence
of Stratum 2 status and KIR/KIR-ligand mismatch might be
considered as eligibility criteria for future treatment with
hu14.18-IL2 for children with relapsed or refractory NBL.
The roles of the activating Fc receptors involved in ADCC,
FcyR2A and FoyR3A, have been demonstrated in response to
rihximab, cetixdmab, and trastuzomab (7-11). Cheung et al.
(12) have found anassociation between FoyR2A polymorphism
and outcome of NBL patients receiving the murine anti-GD2
g3 antibody, 3F8, but only when given in combination with
GM-CSF. This result suggests that when nentrophils or mono-
cytes/macrophages are activated with GM-CSF, they facilitate
clinically meaningful ADCC via the high-affinity alleles of
FcyR2A for 3F8 (12). This response was unlikely to be NK-
mediated, as FcyR2A is not present on NK cells. As preclinical
data and our current results (Table 5 Mismatch versus
response/improvement of all patients) suggest that NK cells
are playing a role in the clinical response to hul4.18-1L2 in NBL
patients, we initially hypothesized that the response/improve-
ment of NBL patients to the IgGl-containing IC might be
associated with the presence of the high-affinity FeyR3A
158-V/V genotype (influencing NK function), and not the
high-affinity FeyR2A 131-H/H genotype reflecting neutrophil
and macrophage ADCC. However, we found that patients with
the H/H genotype for FeyR2A did show a trend toward higher

veersus other 2 genotypes (W/F and F/F)

Table 7. Response/lmprovement for patients with higher-affinity receptor genotype (V/V) for FcyR3A-158

FcyR3A W VF + FF Total
Response/improvement 0 (0%4) 7 (21%) 7
Non-Response/Non-improvement 2 (100%6) 27 (79%) 29
Total 2 3 36
P=1.0.

“P value remains 1.0 regardless of whether patients 8 and 35 (both FF or FV) are included.
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response rate, which was of marginal statistical significance
(P = 0.06). Clearly these comparisons are underpowered. Even
so, the near significant association of improvement with the
FeyR2A 131-H/H genotype would be consistent with the acti-
vation of some neutrophil or macrophage-mediated ADCC. TL2
treatment is known to induce release of GM-CSF by IL2
responsive cells (23), and it is possible that activation of ADCC
by these FoyR2A-bearing cells is resulting from GM-CSF pro-
duction stimulated by the [L2 component of the IC.

Given the infrequency of the FeyR3A 158-V/V genotype in
the general population, with only 2 of our 36 genotyped
patients identified with this genotype, it is no surprise that
a statistically significant association was not seen between
this genotype and response. However, this lack of statistical
significance cannot be equated with the lack of proof in this
study due to inadequate sample size with a highly unbalanced
design. Even so, it may be surprising that none of the 7
patients who showed response or improvement had this V/
V genotype. This very preliminary result would suggest that
there may not be an association between the V/V genotype
and improvement in this population when treated with
hu14.18-IL2. The lack of an association with FeyR3A alleles
and response (even if confirmed in a larger sample) does not
necessarily indicate that NK cells are uninvolved in mediating
ADCC. Rather, it could suggest that there is no advantage for
high versus lower affinity FeyR3A alleles in this setting of 1C-
mediated ADCC. We have recently shown that some NK cells
can use their IL2 receptors to recognize the membrane-bound
IL2 on tumor cells coated with tumor-reactive IC (Gubbels
et al. submitted manuscript). This results in NK adhesion to
the IC-coated tumor cells, activation of an immune synapse,
and subsequent tumor cell destruction, apparently without
requiring Fe receptors (Buhtoiarov et al, submitted manu-
script). In the face of this IL2 receptor —facilitated IC-mediated
killing, high-affinity FcyRs on the NK cells might not be
needed. In other words, although high-affinity FeyRs play
an important role in the clinical effects of FcR-mediated
ADCC using conventional mAbs, they might not be as impor-
tant for NK mediated antitumor effects of [Cs. This might
enable NK cells with the F/V or F/F FeyR3A alleles to mediate
comparable in vive destruction to that mediated by cells with
V/V alleles. Clearly, these are speculative hypotheses as the
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Abstract

We wnvestigated the anti-tumor effect of peritumoral resveratrol in combmation with
immunotherapy in vive i neuroblastoma-bearmg mice. Subcutaneous NXS2 tumors were mduced
in A/T mice. On day 10 some mice recerved 15meg of intravenous immunocytokine for 5 days,
mice recewved of 20mg of peritumoral resveratrol twice a week (starting on day 12) for a total of 5
injections, and a separate group received a combination of both regimens. Tumor progression and
survival were assessed every 3—4 days. Blood and primary tumor tissue samples were collected on
day 20 for Complete Blood Count and CD45 immunohistochemistry and histology, respectively.
The primary tumor regressed in all mice receiving peritumoral resveratrol. Most of these mice
receiving peritumoral resveratrol alone developed metastatic tumors and recurrence of the primary
tumor after cessation of therapy. When resveratrol and immunocytokine regimens were combined.
61% of the mice recerving this combmation therapy resolved their primary tumors and survived
without developing metastatic tumors. compared to 15% and 13% recerving resveratrol or
immunocytokine alone. respectively. None of the therapeutic regimes prevented lymphocyte
mfiltration or affected the Complete Blood Count. Greater necrosis was observed microscopically
in tumors from mice receiving the combination therapy. These results demonstrate that the
combination therapy of peritumeoral resveratrol plus intravenous immunocytokine provides better
anti-tumor effects m this model than either therapy alone.
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Introduction

Resveratrol (RV). a natural compound found 1n red wine, some fruits and nuts, has shown
anti-tumor activity i concentrations and regimens that appear to show minimal toxicity to
normal cells [1]. RV slows tumor growth and. depending on the dose and route of
admuinistration. can also lead to the regression of local tumors [1-2]. The anti-tumor action
of RV has been tested in mice bearing different types of malignant tumors such as breast,
lung. liver, melanoma and neuroblastoma [3—6]. This study on the anti-tumor activity of RV
combined with immunotherapy 1s focused on neuroblastoma because GD2™ mouse NXS2
neuroblastoma has been a useful model of cancer immunotherapy with hul4 18-IL.2
immunicytokine (IC) 1 our preclinical studies [7-8].

Neuroblastoma (NB) 1s the most common pediatric extra cranial solid tumor. Current
therapies against NB are able to induce remissions or significant responses m most patients
but unfortunately they do not prevent recurrence of the disease in the majority of patients
with high risk factors [9]. Also the ability to add additional chemotherapy agents is limited
due to the cumulative toxicity to normal cells [10-11]. Our group 1s involved in the
development of a novel immunotherapy based on a fusion protein composed of a humanized
I1gG mAD linked to mterleukin-2 (IL-2). known as the hul4.18-IL2 immunocytokine (IC)
[8]. The mAb component of this IC recognizes GD2, a disialoganglioside expressed with
relatively little heterogeneity and at high density on the cell surface of tumors of
neuroectodermal origin such as melanoma and NB. The proposed mechanisms of action of
this IC mvolve recruitment of IL-2 receptor- and Fe receptor- positive immune cells to the
tumor microenvironment where it facilitates tumor-specific cell destruction mainly via
antibody dependent cell-mediated cytotoxicity (ADCC) executed by NK cells [12]. When
this IC 1s ijected 1.v. in tumor-bearing mice it has anti-tumor activity agamst small
subcutaneous tumors [13—14] and 1s able to prevent or reduce the development of metastatic
tumors induced experimentally or arismg spontaneously [7].

Studies on combinations of RV with chemotherapeutic agents. suggest that RV in addition
to being a tumor growth mwhibitor, may also enhance the antitumor effect of other agents
[15-18]. BV mmproved the anti-tumor activity of 5-FU when given to muice carrying lung
tumors [18]. The strategy of using RV in combination with other cancer therapeutics may
hold a clinical promise. In this study, we aimed to determine whether RV can act
synergistically with IC to result in enhanced anti-tumor effects. than observed with either
agent alone.

The antitumor response mduced by the hul4 18-IL2 IC 1s dependent on functional NK cells.
RV can cause concentration-dependent immunosuppression iz vitre to certain components
of the immune system: while systemic i vive immunosuppression has not been
reproducibly observed after RV treatment in certain mouse models [19-22]. This
discrepancy may be due to the different doses used in vitro and the level of RV achieved in
vive following systemic admimstration. The concentrations exerting anti-tumor and
immunosuppressive activity in vifro are about 25 to 50 fold higher than the peak plasma
levels of RV [--1 micromolar (mcM)] after systemic administration [1]. In separate in vifro
studies, concentrations of RV = 25 mcM inhibited cell proliferation, blocked DNA synthesis
and induced G1 phase arrest in tumor and immune cells. In addition. KV at 12-50 mcM]
mnhibits antibody dependent cell mediated cytotoxicity (ADCC) of tumor cells facilitated by
the IC. In contrast. 1-10 meM RV had no mhibitory effects in these proliferative and ADCC
assays ! (see footnote at end of discussion). In vivo studies using systemic RV regimens as
anti-tumor therapy showed that RV can slow tumor growth but does not induce tumor
regression [1-2]. The in vive activity of KV may be limited by amount or dose of RV
actually reaching the tumor. One way of increasing the RV content in the tumor
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environment is by directly mjecting RV into the tissues surrounding the tumor. van Ginkel ar
al. previously used this approach by iyecting Smg RV peritumorally (p.t.) to xenografts
models of human neuroblastoma [1]. This route of RV administration was able to provide a
robust anti-tumeor effect. achieving tumor regression without causing toxicity to the mice. In
this report we confirm and extend these findings by demonstrating temporal regression of
subcutaneous NXS2 murnine neuroblastoma in syngeneic mice after local RV treatment.
Moreover. we show that a combination of RV with IC immunotherapy prevents tumor
recurrence and metastases in the majornity of the treated muce.

Here we report on: 1) the action of RV administered by direct injection locally into the
tissues surrounding a subcutaneous NXS2 murnmne neuroblastoma tumor (RV was given as
single agent therapy and in combination with systemic IC; 2) the effect of local RV on
circulating leukocytes as well as the infiltration of CD457 cells to these tumors; 3) the level
of RV 1n the serum of mice recerving local RV; and 4) the influence of RV in vifre on GD2
EXPIession.

Materials and Methods

Cells, media and reagents

Mice

NXS2, a GD2-positive murine neuroblastoma cell line was provided by Dr. R. Reisfeld
(Scripps Research Institute, La Jolla. CA). Cells were cultured in high glucose Dulbecco's
Modified Eagle Medium (DMEM) media supplemented with 10% fetal calf serum. 100
units/ml of penicilling 100ug/ml streptomyein and 2nM L-glutamine. Media and
supplements were purchased from Fisher scientific. Pittsburgh, PA. Cultures were
maintained at 37 °C, 5% CO;. Resveratrol was obtained from Cayman laboratories, Dallas.
TX (provided by Dr. A Polans). The IC was obtained from EMD-Lexigen-Research Center
(Billerica, MA). As the concentrations of RV used in this study are not soluble in agqueous
solvents. the organic solvent Dimethyl sulfoxide (DMSO) was used. RV diluted m DMSO
has been used n in vivo studies by others without any reported toxicity to rodents [1].

S1x to eight week-old female A/T mice. were obtamed from Jackson Laboratonies (Bar
Harbor, Maine). All animals were housed 1n the University of WI AAAT AC-approved
facilities and handled according to the NIH and UW-Madison Research Animal Resource

Center guidelines.

Resveratrol plus IC combination in vivo study

NXS2 tumors were induced in A/J mice (n=86) by injecting 2 = 10 cells in 100mcL PBS
subcutaneously (s.c) on the left flank proximal to the spleen. This 15 designated as the
“primary” tumor. On day 10 the average tumor size was between 60—70mm? and mice were
randomized into 4 groups. One group of mice (n=23) received 15mcg of IC intravenously
(1.v.) in 100mcL on days 10 through 14. Two other groups of mice (n=20 each) received a
total of 5 p.t. injections of vehicle DMSO or 20mg of resveratrol/injection in 100meL. These
mjections were given on days 12, 16, 19, 22 and 26. The 20mg dose was chosen because it
showed the best anti-tumor activity on NXS2 upon initial in vivo screening compared to
other doses (data not shown). The remaming group (n=23) recetved combination treatment
of IC and RV by the same schedule. Tumors were measured every 3—4 days. Tumor volume
was determined using the formula: V = (width = length » width/2)= mm>. Mice were

Brenda L. Soto. Jaceuelyn A. Hank, Soesiawati B. Darjatmoko, Arthur 5. Polans, Enc M. Yanke, Alexander L. Rakhmilevich,
Songwong Seo, KyungMann Kim. Ralph A. Reisfeld. Stephen D. Gillies. and Paul M. Sendel. Anti-tumor and immunemodulatory
activity of resveratrol in vitro and 1ts potential for fiuture combination cancer immmotherapy. Subnutted manusenpt, 2010.
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observed for survival for 100 days or their primary tumor reached the size required by our
anmmal facility for enthanasia (15mm in any dimension). In this experiment, 2 mice were
randomly selected from each treatment group. sacrificed after the third RV injection and
blood and tumor were collected, as previously described [1]. Blood was sent to a
commercial lab (Marshfield’s laboratories, Marshfield WI) for Complete Blood Count
(CBC) and differential count. Tumor tissue was used for immunohistochemistry (see below).

Metastasis assessment

Metastatic disease was assessed by mouse necropsy and visual mspection of lymph nodes.
lungs and organs in the peritoneum at the time of sacnifice due to progressive disease or
when a mouse was found dead. The comparison of metastatic tumor development between
groups was not performed, because mice presentng exponential tumer progression (eg.
DMSO-treated mice) had to be sacrificed due to their tumor reaching the allowed maximum
size before gross metastases were evident

Immunchistochemistry

On day 20 (24-hrs after the third injection of RV). tumors were excised and placed in
disposable base molds (Fisher Scientific, Pittsburgh, PA) contaimng tissue freezing medium
(O.C.T.). Tumors were processed and stained by the Experimental Pathology Shared
Services of the Carbone Cancer Center at the University of Wisconsin- (Madison. WI).
0.C.T. embedded tissue sections were cut at 5 pm on the cryostat, mounted on slides, fixed
1 acetone for 10 minutes at 42 C, then air dried. Slides were washed three times with PBS.
Nonspecific binding was blocked with 10% goat serum in PBS for one hour and endogenous
peroxidase was blocked with 0.3% hydrogen peroxide 1n methanol for 10 minutes.
Endogenous biotin was blocked with 0.001% avidin in PBS for ten munutes and the avidin
quenched with 0.001% biotin in PBS for ten minutes, both at 25° C_ The slides were then
incubated with CD45 (Ly-5) rat monoclonal primary antibody (eBioscience, San Diego. CA.
14-0451-85.clone 30F11) at a 1:160 dilution m PBS with 1% goat serum for one hour at 37°
C. After washing with PBS, the sections were mncubated with biotinylated goat anti-rat
{(Vector Laboratories, Burlingame, CA) at 1:200 m PBS for one hour at room temperature.
Slides were washed in PBS and then incubated 30 minutes at room temperature with
Vectastamn ABC Elite (Vector Laboratories, Burlingame CA). Following three washes m
PBS. slides were developed with DAB (3.3-dianunobenzidine) (Vector Laboratories,
Burlingame CA). counterstained with Maver's hematoxylin, dehydrated and cover slipped
with permount. For Hematoxylin and Eosin (H&E) staming a modified version of the
routine Mayer’s staining protocol [23] was used. Slides containing dried frozen sections
were fixed in 100% EtOH for 2 minutes followed by a rinse in tap H2O for 2 minutes.
Sections were stained with Mayer’s Hematoxylin, for 15 minutes, then the excess of stain
was washed off under running tap H>O for 20 nunutes. Eighty % EtOH was applied for 1
minute and sections were counterstained with Eosin (Surgipath, Richmond. IL) for 30
seconds. The slides were then dipped 3 times 1n 95% EtOH and once in 100% EtOH for 15
seconds each. Then 100% EtOH was applied to sections for 2 minutes. Xylene was applied 3
times over sections for 2 minutes each. Fmally. coverslips were placed over slhides with
Micromount (Surgipath. Richmond. IL). All reagents and chemicals were obtained from
Sigma. St. Louis. MO unless otherwise noted. Slides were blindly photographed by one of
the authors using an AxioPhot microscope (Zeiss, Thommwood, New York).

RV concentration in mouse serum

A/T muce (n=4) with subcutaneous NXS2 tumers received a peritumoral mnjection of 20mg
RV. Blood was collected 20 minutes (n=2) or 24 hours (n=2) post-ijection. The
concentration of RV in the serum was deternuned as previously described [1].
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Detection of GD2 levels by flow cytometry

NXS2 cells (1 = 105) were seeded in 12 well plates (n=4). in duplicate wells. and incubated
at 37°C and 5% CO; for 3 days with DMSO. 50, 10 or lmcM RV At the end of the
incubation period cells were washed with PBS and 0.5 * 109 cells were incubated with
1.4meg of hul4 18-IL2-FITC for 1hr at 4°C. Cells were then washed with PBS and stained
with propidium 1odine. Twenty thousand viable events were collected using a BD
FACSCalibur (San Diego. CA). Data were analyzed using FlowJo (Ashland. OR). MFI 1atio
was calculated by dividing the geometric mean of the sample by the geometric mean of the
1sotype control immunocytokine.

Statistical analyses

Results

In order to avoid underestimation of tumor volume due to sacrificed mice, tumor volume
among treatment groups was analyzed when = 75% of mice remain alive in each group.
These were compared using nonparametric Wilcoxon rank sum test. The survival function of
time to death or euthanasia was estimated using the Kaplan-Meier method and compared
among treatment groups using logrank test. Bonferonni multiple adjustments were applied
when significance was obtained with the above mentioned tests. GD2 level in MFI ratio was
compared using one-way analysis of variance (ANOVA). When ANOVA vielded
significance, pairwise comparisons using two-tailed t-test were conducted between two
groups with no adjustments were made for multiple comparisons.

Combination of RV and IC enhanced anti-tumor activity and improved tumor-free survival

The anti-tumor effects of RV or IC alone and the combination of the two were assessed.
Mice were treated with the control velucle, DMSO. or with 20mg FV given p.t. or with IC
given 1.v. The combined treatment was IC with RV. The tumors in the mice treated with
vehicle-DMSO progressed and grew i an exponential fashion (Fig. 1). The majority of the
tumeors in mice receiving IC 1.v. alone stabilized and did not progress during the time of
treatment; however following completion of the 1 v. IC treatment. 20 out of 23 tumors
progressed. Conversely. all tumors treated with RV regressed. However. 14 of 20 primary
tumors recurred approximately one week after cessation of RV treatment. In addition. i 11
of these 20 muce, grossly evident metastatic tumors developed 1n one or more of the
following organs: lymph nodes, liver or kidney (Fig. 2b). Mice also developed metastatic
tumors in the lungs and ovaries. For the group recerving the combined IC/RV treatment, the
primary tumors all regressed as 1n the RV alone group (Fig 2a); however, unlike the RV
alone group. only 5 of 23 mice recerving the IC/RV combination showed primary tumor
recurrence following cessation of treatment and only one of these 5 mice developed grossly
evident metastases.

Survival of mice was assessed for 100 days after initial tumor induction (Fig. 3). Sixty-one
% of the mice in the combination therapy were alive with no detectable tumor on day 100,
compared to 15% and 13% 1 both RV and IC alone groups, respectively. Overall, the group
treated with the combination therapy showed a statistically greater survival (survival with no
tumor requiring euthanasia) than that of all other therapy groups. The results from Figures 1
and 3 mdicate that RV in combination with IC provides an enhanced anti-tumor activity
above that seen by treating with either agent alone. These data are combined from 3
independent experiments which showed similar results.

Influence of RV on leukocyte counts and tumor infiltration

Next we asked 1if RV treatment affected immune cells. The 20mg p.t. KV regimen was not
found to markedly affect the circulating leukocyte population in treated mice: as comparable
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white blood cell numbers were obtained from all animals using 2 representative mice from
each treatment group on day 20 just after the third RV injection (data not shown).
Perttumoral treatment with RV alone did not reduce, but seemed to increase the infiltration
of leukocytes nto the tumor microenvironment. This was seen 1in the CD45 stamning for
wnfiltrating leukocytes (Fig. 4a and b). The H&E staining revealed that tumors obtained from
muce treated with RV alone or m combmation with IC. showed areas of significant tumor
necrosts(Figures 4f and h) when compared to tissue from tumors treated with DMSO or IC
alone (Fig. 4¢ and g). The tumeor tissue destruction was more prominent in fumors from mice
recerving combination therapy (Fig 4h) than RV alone (Fig. 4f). These combined results of
the blood counts and histology suggest that the perttumoral mnjections of BV caused tumor
tissue damage without interfering with leukocyte infiltration into the tumor or changing the
leukocytes in the circulation. Furthermore the combination of RV and IC appeared to mduce
more tumor damage than RV alone.

Concentration of RV in mouse serum after peritumoral administration

The concentration of free or un-metabolized RV in the serum of mice receiving 20mg RV by
perttumeoral ijection was determined mn the serum obtained following a single imjection. At
20 minutes, the serum RV level was 24meM and at 24 hours the RV level had fallen to
2.8mcM. The BV level in serum 20 minutes after administration is in the range of
concentrations known to be immunosuppressive in vitro! (see footnote at end of discussion)
[22]. however, in our in vive studies this concentration did not affect the number of
circulating lymphocytes and CD457 cell infiltration to the tumor. These results show that the
amount of RV available after local administration 1s higher than after systemic
administration (~1mcM). resulting i tumor cell death at higher concentrations [1].

RV induces increased levels of GD2 in tumor cells in vitro

To determine a possible mechanism of the mcreased anti-tumor effect of RV with IC (Fig.
1), we asked 1f RV would upregulate the density of GD2 mn tumor cells. To test this, N3XS2
tumor cells were mcubated with 50mcM and 10meM RV for 3 days. On day 3 the GD2
content on the cells was assessed by flow cytometry using the IC directly conjugated with
FITC.

After incubation of the NXS2 tumor cells with 50mcM RV the GD2 density was
significantly higher than the GD2 density seen on cells incubated with the DMSO control
(Fig. 5). Cells incubated with RV at 10mcM RV also showed an mcrease in GD2 when
compared with the GD2 expression on cells cultured with the DMSO control. In a separate
experiment, media alone and 1meM BV did not modulate GD?2 levels (data not shown).
These results indicate that RV induces a concentration-dependent GD2 increase and this
increase 1s seen at 50mcM RV, a concentration previously shown to stop proliferation of
NXS2 cells in vitrol (see footnote at end of discussion).

Discussion

Treatment of mice bearing NXS2 tumors with peritumoral injections of 20mg RV induced
tumor regression; however, the animals developed late local recurrence at the primary tumor
site as well as metastatic tumors after cessation of BV treatment. We sought to identify an
agent to be used in combination with RV that would prevent the development of these
recurrent and metastatic tumors. IC therapy. given 1.v.. lowers the metastatic tumor
incidence m mice bearing NXS2 tumors and can be effective against small local tumors [7].
This study was designed to determine if the addition of IC to p.t. treatment with RV could
improve survival in NXS2 tumor-bearmg animals. NX52 tumor-bearing mice received RV
alone or m combination with IC. The combination of IC plus RV resulted in long term
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survival of 61% of the mice. van Ginkel et al. demonstrated 1 a previous study [1]. that pt.
RV-treated tumors have significant tumor destruction when examined histologically and
compared to tumors treated with DMSO, the RV vehicle. DMSO-treated tumors appeared
histologically similar to untreated tumors [1]. We obtained similar results in our NXS2
tumor model. as tumors treated with RV alone or 1n combination appeared to have marked
tumor necrosis. These results indicate that RV causes significant tumor tissue damage in
vivo and that there 1s an additional benefit 1 using the p.t. RV 1n combination with 1v. IC.
As DMSO 1s not an optimal solvent for clinical admimistration, other vehicles are being
pursued as a vehicle for p.t. RV for subsequent preclinical studies (Polans A. Unpublished).

Resveratrol as a local p.t. treatment induced a robust anti-tumor effect over a peniod of two
weeks. However, during this period of time some tumor cells may have spread and
established undetectable or micro-metastatic disease in different tissues, accounting for local
and distant recurrences in these mice. Thus, this tumor debulking regimen of local RV
provides a scenario for combming with systemic IC immunotherapy. Thus, our results with
leukocyte blood counts and histological evaluation of CD457 cells 1n s c. tumors suggest that
RV treatment has no effect on systemic leukocyte numbers. but mnduces local leukocyte
wfiltration. The IC consists of a tumor specific anti-GD?2 antibody linked to two molecules
of IL-2_ The IL-2 component of the IC induces the activation of lymphocytes through their
IL-2 receptors. These may mnclude antigen-specific T cells and NK cells. One of the anti-
tumor mechanisms of the IC 1s ADCC performed mainly by NK cells [7. 12]. Initiating
systemic treatment with the IC prior to giving RV may initiate priming of the lymphocytes
so that tumor cells that spread systemically before or during local RV treatment are
controlled by the activated lymphocytes via ADCC. These disseminated tumor cells are
thereby destroyed and unable to establish metastatic sites of tumor. In addition, our in vitre
data suggest that RV treatment may mcrease the level of GD2 on the surface of the tumor
cells (Fig. 5). EV was shown to induce ceramide accumulation on tumor cell lines [24-26].
Ceramide 1s a sphingolipid metabolized to gangliosides mcluding GD2. The modulation of
GD2 in our cell line by RV may be via ceramide accumulation in vifre and this may be one
pathway whereby RV causes tumor death as ceramide has been previously implicated 1 cell
death [27-28]. In vive p.t. BV (20mg) treatment may induce accumulation of ceramide m
NXS2 tumors and consequently mcrease the levels of GD2 on the surface of the tumor cells.
Thus peritumoral BV in addition to causing direct tumor cell death mightalso render the
tumor cell more susceptible to recognition by the anti-GD2 IC and subsequent ADCC due to
increased GD2 expression. However. the potential for RV to induce augmented in vive GD2
expression has not yet been studied.

In summary, RV in combination with IC provided an enhanced anti-tumor treatment in this
preclinical model as 1t lowered the tumor burden and increased survival.
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Fig. 1. NXS2 rumor growth in mice receiving IC/EV combination therapy

Mice carrving GD2™ NXS2 tumors were treated with DMSO p.t. (n=20). 20mg RV p.t.
(0=20). IC 1.v. (n=23) or IC/RV in combination (n=23). Tumors treated with DMSO grew in
an exponential fashion. In contrast, tumors treated with RV regressed, but animals
developed metastatic tumors and in some animals the primary tumor recurred after cessation
of therapy. IC induced anti-tumor activity imitially, but eventually tumors progressed. Data
shown are tumor volume measurements of the primary tumors at the indicated times. Bars
represent the standard deviation. The distribution of tumor volume for the RV group differs
from the IC/RV group (p=0.004 on day 44).
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Fig. 1. Representative pictures of primary and metastatic rumors after treatment
Representative pictures of an NX52 primary tumor from a DMSO-treated and RV-treated

mouse (a). and of organs where metastatic tumors were observed after microscopic
examination (b). after treatment completion.

Cancer Immunol Immunother. Author manusenpt; available i PMC 2011 May 15.
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Fig. 3. Survival of mice receiving IC/RV combinaron therapy

NXS2 tumor-bearing mice were treated with DMSO p.t. (n=20). 20mg RV p.t.(n=20). IC
1.v. (n=23) or IC/RV 1n combination (n=23). Mice were observed for survival for 100 days
or until their primary tumor reached the size limit (15mm in any dimension) requiring
euthanasia. Sixty-one % of the mice receiving IC/RV combination survived to day 100 with
no detectable tumors compared to 15% and 13% of the mice in the REV-alone or the IC-alone
group, respectively. There was a significant difference in overall survival among the four
treatment groups (p=0.0001). Pair-wise comparisons of survival distribution over time:
DMSO vs. RV: p=0.005. DMSO vs. IC: p=0.19, DMSO vs. IC/RV: p=0.0001. IC/RV vs.

IC: p=0.0003, IC/RV vs. RV: p=0.001, RV vs. IC: p=0.16

Cancer Immunol Immunother. Author manuscript; available m PMC 2011 May 15,
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Fig. 4. Immunohistochemistry of rumors from the IC/RV combination study

Tumeor fissue was obtamed on day 20 from mice treated with p.t. DMSO (a.e). p.t. 20mg RV
(b.f). IC 1v_ (c.g) or IC/RV 1n combination (d h). Tissue was stamned with anti-CD45 (a—d)
and, H & E (e—f). Pictures were taken on a bright field at 10X the inserts on each picture are
at 40X. Representative fields are show.

Cancer Immunol Immunother. Author manuscript; available m PMC 2011 May 135,
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Fig. 5. GD2 levels in tumor cells incubated with RV

NXS2 cells were imncubated with DMSO, 50mcM or 10meM RV for 3 days. On day 3 cells
were harvested and analvzed by flow cytometry for GD2 expression. Cells incubated with
RV for 3 days showed an increase in GD2 compared to DMSO 1n a concentration-dependent
manner. Bars represent the standard deviation. *p<20.001 vs. DMSO.

Cancer Immunol Immunother. Author mammscript; available in PMC 2011 May 13.
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Soluble Interleukin-2 Receptor « Activation in a Children’s
Oncology Group Randomized Trial of Interleukin-2
Therapy for Pediatric Acute Myeloid Leukemia

Beverly ]. Lange, mp,'* Richard K. Yang, s,” Jacek Gan, pho,” Jaquelyn A. Hank, pip,” Eric L. Sievers, mp,*
Todd A. Alonzo, rhp,** Robert B. Gerbing, ma,” and Paul M. Sondel, mp, phn*

Purpose. To assess associations of soluble IL-2 receptor alpha
(sIL-2ree) concentration with outcomes in pediatric acute myeloid
leukemia (AML) in a phase 3 trial of IL-2 therapy. Procedures. We
randomized 289 children with AML in first remission after intensive
chemotherapy to receive IL-2 infused on days 0-3 and 8-17 (IL-2
group) or no further therapy (AML control group). We measured
sequential serum slL-2Zre concentrations in both groups  before,
during and after therapy in both groups and in reference controls
without AML. Results. Before treatment, mean slL-2ra concentrations
were similar in the IL-2 group and AML controls, but significantly
higher than in reference controls. Both AML groups experenced
reduction in slL-2re concentration after chemotherapy. Thereafter
in the IL-2 group, mean slL-2ra concentration increased from

Key words:  acute myeloid leukemia; interleukin-2; soluble interleukin-2 receptor alpha

2,669 pg/ml before IL-2 to 15,534 pg/ml on day 4 (P < 0.001) and
10,585 pg/ml on day 18 (P < 0.001). In the control group
siLl-2ra concentration did not change after 28 days of follow-up.
Five-year disease-free survival (DFS) was 51% in the IL-2 group
and 58% in the controls (P = 0.489) and overall survival was 70%
and 73%, respectively (P = 0.727). Conclusion. SIL-2rac concen-
tration was elevated in AML at diagnosis and tended to normalize
after chemotherapy. IL-2 infusion significantly increased sIL-2re con-
centration, but did not improve DFS or survival in pediatric AML.
Furthermore, slL-Zroe concentration was not pmdi(:livc of outcome
before, during or after treatment for AML. Pediatr Blood Cancer

@ 2011 Wiley-Liss, Inc.

INTRODUCTION

The graft versus leukemia effect of allogeneic hematopoietic
stem cell transplantation in acute myeloid leukemia (AML) is
mediated by the immune system [1-3]. IL-2 has substantial
anti-tumor activity in several cancers in which the immune system
contributes to disease control [4-8]. In AML, IL-2 can stimulate
proliferation of antigen-specific T cells, can enhance cytlytic
activity of natural killer cells against AML targets, and induces
activated lymphocytes to release interferon gamma and tumor
necrosis factor alpha [4]. Responses to IL-2 are associated with
release of the « chain of the tri-molecular a3y high-affinity [L-2
receptor from the surface of responding lymphocytes [9-12]. The
serum concentration of soluble a-chain reflects the extent of in
vivo lymphocyte activation by IL-2 and in most cases elevated
sIL-2re is associated with poor prognosis [9,10].

These biologic activities of IL-2 led to many clinical trials of
IL-2 therapy in AML and other cancers. Uncontrolled trials of
single agent 1L-2 with or without autologous stem cell transplan-
tation (ASCT) sometimes reduced tumor burden, occasionally
induced remissions and rarely achieved long-term survival
[13-15]. While contribution of IL-2 in these uncontrolled studies
was not clear, historically controlled studies of IL-2 therapy in
adults with AML in remission after chemotherapy or ASCT
suggested improvements in outcomes [16-21]. More recent
randomized trials in adults with AML have not found any clinical
benefits [22,23]. However, none of these trials systematically
documented the in vivo immunological activation resulting from
IL-2 administration.

The Children’s Cancer Group (CCG) conducted a pilot study
that demonstrated feasibility of IL-2 infusion following com-
pletion of chemotherapy in children in first remission AML and
showed correlative increases in soluble IL-2 receptor alpha (sIL-
2ra) concentration and NK cell numbers [24]. The subsequent
phase 3 trial for newly diagnosed AML patients (CCG-2961) [24],
randomized patients in remission after 3 courses of chemotherapy
to [L-2 therapy or observation. Serial sIL-2ree concentrations were

© 2011 Wiley-Liss, Inc.

DOI 10.1002/phec.22966
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measured from before treatment, after chemotherapy and after
IL-2 or follow-up.

METHODS
Subjects

CCG-2961 (ClinicalTrials.gov  NCT0002798, Combination
Chemotherapy With or Without Bone Mamrow Transplantation

Additional supporting information may be found in the online version
of this article.

"The Children's Hospital of Philadelphia, Philadelphia, PA;
*University of Wisconsin School of Medicine and Public Health,
Madison Wisconsin: “Fred Hutchison Cancer Center and currently
Seattle Genetics, Inc., Seattle, Washington; *University of Southern
California, Arcadia, Califonia; “The Children’s Oncology Group,
Arcadia, California

Conflicts of Interest: Dr. Sievers’ is employed by Seattle Genetics,
which has a product that could compete with IL-2. There are not other
conflicts.

Author contributions: Beverly Lange, designed and oversaw CCG-
2961 and wrote first draft of manuscript; Richard Yang, Jacek Gan,
and Jaquelyn A. Hank performed and analyzed laboratory studies on
IL-2 receptor and wrote methods section; Erc L. Sievers designed
IL-2 clinical trial; Todd A. Alonzo PhD and Robert B. Gerbing MA
performed and distributed data analyses and wrote statistical section;
Paul M. Sondel designed B-972 correlative trial, oversaw specimen
processing and reporting, and wrote background. All authors reviewed
data and edited the manuscript.

Grant sponsor: National Institutes of Health; Grant numbers:
CA 13539, CA 98543, CA 032685, CA 087025.

*Correspondence to: Beverly J. Lange, MD, Yetta Dietch Novotny
Professor in Clinical Oncology, Medical Director of Pediatric
Oncology, Children’s Hospital of Philadelphia, 4308 Wood
Building, Philadelphia, PA 19003. E-mail: lange @email.chop.edu

Received 16 September 201(0; Accepted 15 November 2010

234



2 Lange et al.

in Treating Children With Acute Myelogenous Leukemia or
Myelodysplastic Syndrome) was a phase 3 trial for previously
untreated AML [25]. Eligible patients were age 1 day to less than
21 years with French-American and -British (FAB) AML sub-
types MO-M2 and M4-M7 [26]. CCG-2961 opened in August
1996 and closed in December 2002. Institutional Review
Boards approved the study. Written informed consent was
required. CCG-BY72 was a cormrelative biology study that pro-
vided for acquisition and banking of serum specimens for slL-
2ree assessment from these same patients. Participation in CCG-
B972 was not required for participation in the CCG-2961 study.

Four groups served as non-AML reference controls for the
sIL-2rae assay: 55 healthy adults described in the manufacturer’s
brochure of the DuoSet ELISA Development Kit; R&D Systems
(Minneapolis, MN): 15 healthy adult volunteers; 14 adult patients
with malignant melanoma prior to receiving immunotherapy;
and 36 children with neuroblastoma 56100 days following autol-
ogous HSCT.

IL-2 Treatment and sIL-2ra Specimen Processing

Figure 1 shows the treatment schema, and Supplementary
Figure 1 is the Consort diagram showing enrolled patients.
After completion of chemotherapy, patients in remission were
invited to participate in randomization to IL-2 therapy or obser-
vation. IL-2 randomization was performed centrally using fixed
block allocation. The IL-2 group received IL-2 at 9 x 10° TU/m?/
day by continuous infusion (CI) on days 0-3 and 1.6 x 10° IU/
m*/day CI on days 8-17 as previously described (Inset, Fig. 1)
[15.23]. Chiron, Inc. provided IL-2 to the National Cancer
Institute, which distributed it to institutions. Serum samples were
obtained at study entry and following completion of
all chemotherapy and in the IL-2 group on days 4 and 18 of
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IL-2 of infusion therapy and in the control group, on days 0
and 28 of follow-up.

Figure 1 inset shows the timing of sIL-2ra specimen acqui-
sition in relation to 1L-2 administration. Specimens stripped of
identifiers were shipped ovemight to the COG Immunology
Reference Laboratory at the University of Wisconsin. Clinical
data were sent to the COG Operations office. Samples were frozen
at —20°C. For analysis, all samples were thawed and spun down.
One milliliter of superatant was preserved with 1 pl 1% thimer-
osal at 4°C. Samples designated as “‘on study,” “pre IL-2 day 0.”
“no IL-2 day 07, and “no IL-2 day 28" were diluted 1/5; samples
labeled ““IL-2 day 4.” and “'IL-2 day 18" were diluted 1/20 to fit
in the optimal assay range (0-2,000 pg/ml) according to manu-
facturer’s specifications for the sIL-2ra enzyme-linked immuno-
sorbent assay (ELISA; DuoSet ELISA Development Kit; R&D
Systems). Standards and serum samples diluted in PBS/BSA and
100 pL aliquots were added in duplicates to micro wells coated
with mouse anti-human IL-2re antibody in PBS overnight at
room temperature, washed with PBS, blocked with PBS + 1%
BSA for 3 hr at room temperature, rewashed with PBS + 0.05%
Tween-20, incubated overmight at 4°C and rewashed with PBS/
Tween. Biotinylated-goat anti-human IL-2Ra antibody was
added. Wells were incubated for 3 hr at room temperature on
an orbital shaker. After washing, streptavidin-peroxidase (HRP)
was added for 20 min. Wells were washed, and tetramethylbenzi-
dine (TMB) substrate was added to initiate the enzymatic reac-
tion. Color development was stopped after 10 min with 2 N
H,S80,. Microplates were evaluated at 450 nm (with a 570 nm
reference) using a Spectra microelisa reader (TECAN,
Mainnedorf, Austria). Soluble IL-2ra values were calculated
against a standard curve based on a NS(O-expressed recombinant
human IL-2ra protein provided in the kit and with WinSelect data
processing software. Results were sent to the COG statistician.

CCG-2961 Schema

Fig. 1.

Phase 1 Phase 2 Phase 3
IdaDCTER IdaDCTER Marrow
(N=900) (N=) Transplant
{“;.13'” Phase 4
Follow-Up
crorpR R oy
Phase 3
HidAC
Phase 2 L-asp
Fludarabine {(N=436)
Cytarabine Phase 4
Idarubicin Withdraw Interleukin 2
(N=) (N=) (N=144)
Interleukin-2 Therapy
9x108 IU/m?/day 1x10% |Ufm?/day continuous infusion

R T

Day1 2 3 4
- -

L T A |

IL-2Ra serum assay*

*

Treatment schema for CCG-2961 and schedule of interleukin-2 (IL-2) infusions (inset) and sampling for serum IL-2 receptor (block

arrows). IdaCTER, idarubicin, cytarabine, thioguanaine, etoposide, and rubidomycin (daunorubicin); HidAC, high dose Ara-C: L-asp,
L-asparaginase; R, randomization.
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TABLE L Clinical Characteristics and Outcomes of Patients Eligible for Phase 4 Randomization

Phase 4 randomization None P-value
Time Group A (IL-2) Group B (No IL-2) Group C (withdrawal)
N %o N %o N % Avs. B AB vs. C
144 37 145 38 96 25
Variable

Age (years)

Median (range) 6.9 (0.04-17.9) 7.6 (0.01-19) 11 (0.11-19.8) 0.729 0.008
Male 89 62 67 46 45 47 0.011 0.276
Ethnicity

White 92 67 96 66 59 61 0.965 0.447

Black 10 7 16 11 16 17 0.37 0.067

Asian 24 17 24 17 15 16 0.976 0.885

Hispanic 7 5 0 0 2 2 0.006 0.864

Other 5 4 9 6 4 4 0.467 0.974

Unknown 6 4 0 0 0 0 0.015 0.343
WBC x 10°/L
Median (range) 22.5 (1.0-860) 17.6 (0.8-378) 20 (0.7-269) 0.126 0.686
Karyotype

Favorable 26 29 26 28 16 29 0.945 0.924

Standard 64 70 61 69 41 70 0.921 0.876

Unfavorable 1 1 2 2 2 1 0.619 0.599

Unknown 53 37 56 39 37 39 0.750 0.885
DFS + 25D 53 £ 9% 58 £ 8% 48 = 11% 0.489 0.230
0S + 258D 70 + 8% 73 £ 8% 56 £ 11% 0.727 0.021

Favorable karyotypes are t(8:21), inv(16) or t(16:16); unfavorable, del(7), 7g-. del (5). 5g-and complex (>3 abnormalities): and standard, all
others. P values compare the two randomized groups (A vs. B) and both randomized groups to the withdrawal group (AB vs. C).

Statistical Analysis

Demographic and clinical variables were collected age, gen-
der, ethnicity, white blood cell count at diagnosis, cytogenetic
subset, day 14 marrow response, availability of a matched familial
marrow donor, and randomized regimen in phases 2 and 4
(Fig. 1). Outcome measures include disease-free survival (DFS)
and overall survival {(OS) defined as follows: DFS, time from the
end of phase 3 to relapse or death: and OS, time from study entry
to death. The study was powered to show a 10% difference in
DFS between IL-2 and control groups. The Kaplan-Meier method
[27] was used to calculate the estimates of OS and DFS.
Differences between groups of patients were tested for signifi-
cance using the log-rank statistic [28]. Toxicities from primary
toxicity categories are reported from phase 4 (IL-2 phase) as rates.

Children lost to follow-up were censored at date of last known
contact or at a cutoff 6 months before October 2006. Patients who
withdrew were followed for events and survival. This report
analyzes data collected up to October 30, 2006 with a median
follow-up of 56 months. All analyses are based on intention-to-
treat. A P-value of <0.05 was set as a threshold for significance.

On-study AML sIL-2rae values were compared with single
specimens from non-AML reference controls. AML patients pro-
vided specimens for sIL-2ra analyses at one or more time points.
Correlations of on-study sIL-2ra concentration with outcome and
correlations of the serial post-treatment specimens with outcome
for randomized patients were analyzed. Mean values of sIL-2ra
concentration were compared using an unpaired r-test; median
values, using the Mann—Whitney test [29]. All authors had access
to the complete data sets for phase 4 of the CCG-2961 and for the
B972 studies.

Pediatr Blood Cancer DOI 10.1002/pbc

RESULTS
Outcomes of IL-2 Randomization

Table I shows demographic and clinical characteristics and
outcomes of the eligible patients. At the end of phase 3, of 385
eligible patients, 96 (25%) withdrew from the study, 144 were
randomized to the [L-2 group and 145 to the control group. Those
who withdrew were significantly older and experienced signifi-
cantly inferior OS (Table 1). There was a significantly higher
proportion of males randomized to the IL-2 group. At 5 years,
DFS is 51 4+ 9% in the IL-2 group and 58 + 8% in the control
group (P-value = 0.489; Fig. 2). OS is also not different for the

05: contrals
05 -2
= DF5: controls
3 DFS: IL-2
S
025 +
05 p=0.727
DF5: pedl 4
] +
o 2 4 [ ] 10
Years from IL-2 randomization

Fig. 2. Actuarial 5-year disease-free survival and overall survival of

randomized patients.
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Fig. 3. Actuarial disease-free survival of interleukin-2 and control

groups according to phase 2 randomization to IDADCTER (idarubi-
cin, cytarabine, thioguanine, etoposide, and daunorubicin) and FLU
IDA (fludarabine monophosphate, cytarabine, and idarubicin).
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IL-2 and control groups, 70 = 8% and 73 + 8%, respectively
(Fig. 2; P-value = 0.727). There is no trend for better or worse
outcomes among those who received fludarabine/ara-C/idarubicin
or the 5-drug IDA-DCTER regimens in phase 2 in either the 1L-2
or control arms of the study (Fig. 3; P-value = 0.709).

Among the 144 patients in the IL-2 group, 28% experienced
grade 3 toxicity and 14% grade 4 toxicity. The most common
toxicity was blood pressure changes that were not otherwise
classified. Fifteen percent had hepatic toxicity, most often enzyme
elevation. In contrast to the CCG-2941 pilot study [21], fever and
rash were not noted in this study which did not capture grade 1 or
2 toxicity. One patient discontinued therapy after the high-dose
IL-2 infusion. ICU admissions were rare.

Sequential Changes in sIL-2ra Concentration

Table II compares the on-study sIL-2re concentrations for 134
AML patients on CCG-2961 who contributed on-study specimens
to those of four non-AML reference control groups. Mean

TABLE II. Comparison of Serum sIL-2Rra Concentration of Children With AML With Those of
Healthy Adults and Children and Adults With Other Cancers

Group AML patients (on-study ) Non-AML controls P-value

Reference AML vs. reference
N 134 55
Mean sIL-2Ra” 3.668 1,055 @
Median 2,732 na 4
Range 239-1,1279 458-1,997
SD 2,736 na
SE 236 na

Volunteers AML vs. volunteers
N 15
Mean sIL-2Ra 826 <0.001
Median 739 <0.001
Range 294-1,712
SD 395
SE 102

Melanoma AML vs. melanoma
N 14
Mean sIL-2Ra 941 <0.001
Median 884 <0.001
Range 628-2,173
SD 379
SE 101

Neuroblastoma AML vs. neuroblastoma
N 36
Mean sIL-2Ra 1,772 <0.001
Median 1.660 <0.001
Range 759-3.415
SD 727
SE 121
ALL non- AML AML vs. non-AML

N 65
Mean sIL-2Ra 1.376 <0.001
Median 1,133 <0.001
Range 294-3.415
SD 744
SE 92

On-study sIL-2roc concentration in pg/ml were obtained for 134 AML patients in this CCG2961 study.
These are compared to values for the 4 indicated non-AML control groups. “Because the manufacturer
did not provide median, SD, or SE, comparisons do not include the 55 healthy controls.

Pediatr Blood Cancer DOI 10.1002/pbc
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TABLE III. Sequential sIL-2roa Values for AML Patients Randomized to IL-2 Group or Control Group

N Mean sIL-2Ra Median sIL-2Re Range P-value (test of means)
On-study
Time 1
IL-2 34 3.342 2,447 475-8.691 0.439
Control 30 3.891 2,221 524-11,279
Post-chemotherapy
Time 2
IL-2: day O F/U 39 2,669 1,353 364-30,567 0.276
Control: Pre-IL-2 30 1,594 1,440 547-3.630
Time 3
IL-2: Day 4 39 15,534 13,659 4,125-40,253 —
Time 4
IL-2: Day 18 38 10,585 8,368 773-32,310 <0.001
Control: Day 28 31 1,713 1,586 699-3,966

Figure 1 shows the sequential time points, Figure 3 shows the median values. P values compare the sIL-2ra values for the patients randomized

to IL-2 versus control at tmes 1, 2, and 4.

on-study sIL-2Ra concentrations of the AML patients were nota-
bly higher than the reported range of values from the healthy
volunteers provided by the manufacturer and significantly higher
than the values obtained in the reference laboratory from healthy
adults, melanoma patients prior to immunotherapy, and neuro-
blastoma patients 56-100 days following AHSCT.

Table 111 shows the serial changes in the sIL-2ra concentration
in AML patients following chemotherapy and before, during and
after [L-2 in the IL-2 group or at comparable times in the control
group. Of the 289 patients randomized to IL-2 or control,
64 provided pre-chemotherapy serum samples, and 80 provided
samples at the later time points. There were no differences in
mean on-study sIL-2Ra concentrations between the 64 AML
patients who provided on-study serum that participated in the
phase 4 randomization and the 70 AML patients that provided
on-study serum samples who did not participate (P = 0.784). Of
the 64 randomized patients with on-study specimens, the
34 patients randomized to IL-2 showed no difference in on-
study sIL-2Ra concentrations compared to the 30 randomized
to observation (Table III, time 1). There was also no significant
difference in mean sIL-2Ra concentration between the two
groups after three courses of chemotherapy (Table III, time 2).
However, comparison of pre- and post-chemotherapy samples
within each group showed significant reduction in median
sIL-2Ra concentration (Fig. 4, time 1 vs. time 2; P = (0.001):
the elevated sIL-2Ra before treatment (time 1) was attenuated
by three courses of chemotherapy (time 2). Of note, sIL-2Ra
concentration of the AML patients after chemotherapy are
similar to those of the treated neuroblastoma patients (Tables 11
and III).

In the IL-2 group during phase 4, the mean sIL-2R« concen-
tration increased from 2,669 pg/ml on day 0 to 15,534 pg/ml on
day 4 (P < 0.001) and 10,585 pg/ml on day 18 (P < 0.001),
whereas in the control group sIL-2R« did not change between
days 0 and 28 (P = 0.521). These data confirm that adminis-
tration of IL-2 caused significant induction of lymphocyte
activity, The higher sIL-2Ra concentration on day 4 than
day 18 in the IL-2 group is consistent with this dose-dependent
activation. Furthermore, the striking differences seen at time 4
between these two groups (Fig. 4, P-value < 0.001) confirms that
the IL-2 group of patients did receive the IL-2, and that despite

Pediatr Blood Cancer DOI 10.1002/pbc

their prior aggressive multi-agent chemotherapy. their lympho-
cytes were able to respond to the 1L-2.

Within the group of 134 patients with on-study sIL-2Re data,
four quartiles were defined based on sIL-2Ra concentration. No
significant differences in 5-year OS or DFS were seen between
the four quartiles. A similar quartile analysis was done based on
sIL-2Ra data from each time point for both the 1L-2 and control
groups (Table IV). We saw no significant correlation between OS
and the higher or lower quartiles of sIL-2a concentration for
either 1L-2 treatment or control groups, at any time. Given the
fact that these analyses were not corrected for multiple compari-
sons, we saw no suggestion of any trend (despite occasional P
values < 0.05) for comrelation between DFS and the higher or
lower quartiles of sIL-2a concentration for either IL-2 treatment
or control groups at any time.

DISCUSSION

The CCG-2961 is the first study to evaluate serial concen-
trations of SIL-2Ra in the context of a large randomized con-
trolled clinical trial of IL-2 in a relatively homogeneous
population. The trial shows sIL-2Ra concentrations are elevated

Ty 14000
12000
10000
Median
slL-2Ra (pa/mi)

IL-2

Control 2 3
1 Time of sample

Fig. 4. Comparison of sequential changes in median concentration
of serum soluble IL-2 receptor alpha over time in the IL-2 and control
groups. Time 1 is on-study: time 2 is post-chemotherapy (pre-IL-2 for
IL-2 group and day 0 for control); ime 3 = day 4 of IL-2 for IL-2
group: Time 4 is day 18 of IL-2 for IL-2 group and day 28 follow-up
for controls.
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TABLE IV. Phase 4 Outcomes According to Quartile of sIL-2ra Values for the IL-2 and Control Groups

5-year disease-free survival

5-year overall survival

P-value P-value
N %o % + 2SE % Within IL-2 IL-2 vs. control 9% £2SE% ‘Within IL-2 IL-2 vs. control
Group IL-2
Pre IL-2
All 39 27 57T+ 17 ns 84 + 12 ns
Quartile 1 10 26 40 + 39 ns ns 79 + 27 ns ns
Quartile 2 10 26 70 +£ 29 ns ns 90 £ 19 ns ns
Quartile 3 10 26 60 + 31 ns ns 78 + 28 ns ns
Quartile 4 9 23 56 + 33 ns ns 89 + 21 ns ns
Day 4
All 39 27 50 + 17 — ns 81 £ 13 — ns
Quartile 1 10 26 53 +£29 ns ns 79 + 27 ns ns
Quartile 2 10 26 40 + 31 ns ns 89 + 21 ns ns
Quartile 3 10 26 50 + 32 ns ns 70 £ 29 ns ns
Quartile 4 9 23 56 + 33 ns ns 89 + 21 ns ns
Day 18
All 38 26 55+ 16 — — 78 £ 14 — —
Quartile 1 9 24 67 + 35 ns — 67 + 31 ns —
Quartile 2 10 6 20 £ 25 0.006 — 76 £ 30 ns —
Quartile 3 10 26 60 + 31 ns — 80 £ 25 ns —
Quartile 4 9 24 78 + 28 ns — 89 £ 31 ns —
Within IL-2 vs. Within IL-2 ws.
N % % +2SE% controls control % + 25E% Controls control
Control
End of chemotherapy
All 30 21 65 £ 19 — — 81 £ 16 — —
Quartile 1 7 23 86 + 26 ns — 86 + 26 ns —
Quartile 2 8 27 50 + 35 ns — 75 + 31 ns —
Quartile 3 8 27 70 + 36 ns — 80 + 36 ns —
Quartile 4 7 23 57 +37 ns — 86 + 26 ns —
Day 28
All 31 21 68 £ 18 — — 84 £+ 15 na —
Quartile 1 8 23 86 + 23 ns — 88 + 23 ns —
Quartile 2 8 27 56 + 40 ns — 83 + 30 ns —
Quartile 3 8 27 100 £0 0.047 — 100 £ 0 ns —
Quartile 4 7 23 29 + 34 0.001 — 71 + 34 ns —

Serum sIL-2ra values of patients randomized to IL-2 or Control groups were divided into quartiles at the indicated time points. Quartiles were

evaluated for associations with DFS or OS: ns refers to non-significant P-value, and “—"

in untreated pediatric AML patients compared to those of healthy
controls and some other cancer patients. SIL-2Re concentrations
decline during chemotherapy and show consistent and significant
dose-dependent increases in during [L-2 treatment but not during
observation in control patients. These findings provide clear
evidence of biologic activity of IL-2. Although sIL-2Re has been
reported as elevated at diagnosis in AML and in other cancers and
as predictive of response to therapy, typically showing elevated
sIL-2Ra as associated with inferior outcome [9,10], our study
provides evidence that sIL-2R« concentration is not a predictor
of treatment outcome in pediatric AML when administered as per
the CCG-2961 protocol.

The CCG-2961 study confirmed that IL-2 given in the dose
and schedule used in this trial is tolerable, but is without clinical

Pediatr Blood Cancer DOI 10.1002/pbc

indicates that there are no applicable comparisons.

benefit in children with AML in remission after intensive chemo-
therapy. These findings are consistent with one study in which
IL-2 was given at the same dose and schedule as in CCG-2961
after ASCT for refractory leukemia [30] and with two recent
randomized trials in adults with AML where post-remission
IL-2 given more intensively than in CCG-2961 had no impact
on DFS or OS and was poorly tolerated [22,23]. Some of the
differences between the apparent benefits in earlier trials [13-21]
and the absence of benefit of more recent randomized trials
[22-24] can be attributed to the larger sample sizes and random-
ized designs of the latter. Additionally, the IL-2 itself is a variable;
compared to the Chiron product used in CCG-2961, the Amgen
product may effect greater immunological stimulation and greater
toxicity [31].



One limitation of this study is that the 25% of eligible patients
withdrew. Withdrawal was a mixture of patient/parent refusal or
physician recommendation. A 25% rate of withdrawal is typical
for late randomization where the randomization is something
versus nothing. For example, in CCG-213, the rate of refusal to
randomize to continue on AML therapy or stop treatment was
38% |32]. Patients who withdrew in our study were significantly
older than the randomized patients and had significantly inferior
outcomes. In CCG-2961, older age was significantly associated
with inferior outcome [22]. However, omission of these patients is
unlikely to have affected the clinical or biological response to
IL-2 among the randomized patients. A second limitation is that
not all patients submitted specimens at each of the requested time
points and the comparisons within and between groups over time
are not limited to matched pairs. We did not have specimens to
compare the sIL-2Ra concentration of untreated AML patients to
newly diagnosed children with other malignancies or to age-
matched healthy children.

Since conception of these studies, understanding of the role of
the immune system in controlling cancer has advanced. IL-2
stimulates immune cells and their production of cytokines, some
of which stimulate and others of which inhibit leukemic cell
growth. Moreover, a population of immunosuppressive T cells
(T regulatory cells [T;.]) is both reactive to [L-2 through high
affinity receptors and release sIL-2Ree. In some settings, [L-2
infusions may preferentially enhance proliferation and activity
of Tregs [33]. More specific targeting of AML reactive immune
cells may possibly be more effective. Other approaches to AML
immunotherapy in development include myeloid-specific anti-
bodies, donor lymphocyte infusions following allogeneic trans-
plant, and redirected autologous effector cells, using genetically
engineered chimeric antigen receptors or haploidentical natural
killer cells expanded in vitro [34]. In these settings, addition of
IL-2 appears to be potentially advantageous. Recent data from a
COG trial have shown substantial improvement in both DFS and
OS when IL-2 and GM-CSF are used in combination with a tumor
reactive (anti-GD2) monoclonal antibody, if applied soon after
autologous HSCT for children with high-risk neuroblastoma in
remission [35]. Nevertheless, based on the results of the CCG-
2961 trial and other recent trials, there appears to be no role for
single agent IL-2 to prevent relapse of AML in remission.
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Abstract Tumor growth 1s often accompanied by the
accumulation of myeloid cells in the tumors and lymphoid
organs. These cells can suppress T cell immunity, thereby
posing an obstacle to T cell-targeted cancer immunother-
apy. In this study, we tested the possibility of activating
tumor-associated myeloid cells to mediate antitumor
effects. Using the peritoneal model of B16 melanoma, we
show that peritoneal cells (PEC) in tumor-bearing mice
(TBM) had reduced ability to secrete nitric oxide (NO)
following in vitro stimulation with interferon gamma and
lipopolysaccharide, as compared to PEC from control mice.
This reduced function of PEC was accompanied by the
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influx of CD11b" Gr-17 myeloid cells to the peritoneal
cavity. Nonadherent PEC were responsible for most of the
NO production iIn TBM, whereas In naive mice NO was
mainly secreted by adherent CD11b™ F4/807 macrophages.
Sorted CDI11b" Gr-1~ monocytic and CD11b™T Gr-17
granulocytic PEC from TBM had a reduced ability to
secrete NO following In vitro stimulation (compared to
naive PEC). but effectively suppressed proliferation of
tumor cells in vitro. In vivo, treatment of mice bearing
established peritoneal B16 tumors with anti-CD40 and CpG
resulted in activation of tumor-associated PEC, reduction in
local tumor burden and prolongation of mouse survival.
Inhibition of NO did not abrogate the antitumor effects of
stimulated mveloid cells. Taken together, the results indi-
cate that in tumor-bearing hosts, tumor-associated myeloid
cells can be activated to mediate antitumor etffects.

Keywords  Myeloid cells - Anti-CD40 - CpG -
Immunotherapy

Abbreviations

IFN-y  Interferon gamma
Mg Macrophages
PEC Peritoneal cells
TLR  Toll-like receptor

TAM  Tumor-associated macrophages
TNFz  Tumor necrosis factor alpha
TBM  Tumor-bearing mice

Introduction

Advanced cancer can induce Immunosuppression
(reviewed in [1]). This immunosuppression, especially of T

cells, is considered to be one of the mechanisms by which
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tumors evade immune-mediated destruction [2]. Several
types of immune cells, including T cells, dendritic cells and
macrophages (Mg), can be functionally suppressed by
tumors. In particular, tumor-associated M¢ (TAM) have
been categorized as alternatively activated M2 Mg due to
the influence of tumor-derived factors [ 3, 4]. Monocytes and
Mgh trom tumor-bearing animals can suppress T cell function
[5]. and conversely, CD4CD25" T regulatory cells can
exert direct suppressive effects on monocytes and M [6].
While M¢ outside of the tumor compartment may remain
unsuppressed [7], TAM are functionally inhibited, mediate
immunosuppression and promote tumor growth [3, 8].

In addition to immunosuppressive TAM, Immature
myeloid cells accumulating In tumors and associated
lymphoid organs in tumor-bearing hosts can also mediate
suppression of T cell functions [9-11]. In mice, these
myeloid-derived suppressor cells (MDSC) represent a
heterogeneous population of myeloid cells that express
both CD11b and Gr-1]11]. In addition, murine MDSC can
express IL-4Rz and varying levels of F4/80), depending on
the tumor model [8, 12, 13]. Immunosuppressive activities
of MDSC are attributed, in part, to their production of nitric
oxide (NO) or arginase in response to tumor-produced
PGE: [14], which depletes arginine necessary for T cell
tunctions [15]. In addition to suppressing T cell responses,
MDSC have been found to inhibit Mg tunctions in TBM
[16].

Although TAM have been reported to promote tumor
growth, and the histological detection of abundant TAM
has been associated with poor prognosis for patients with
certain cancers [17, 18], Mg in TBM can also become
antitumor etfector cells following proper activation. Thus,
disruption of the immunosuppressive IL-10 pathway in
combination with the M¢-activating agents CpG and LEC/
CCL16 influenced TAM to become potent antitumor
effectors, presumably causing M2 inhibitory Mg to convert
to M1 effector cells [19]. However, a potential role of
TAM and other tumor-associated myeloid cells as antitu-
mor effector cells has not been well characterized. We have
previously shown that a combination of two distinct
immunomodulators, anti-CD40 mAb (anti-CD40) and class
B oligodeoxynucleotides containing unmethylated CpG
motifs (CpG), induced a strong synergistic activation of
Mg resulting in antitumor effects in mice [20-22]. These
studies, for the most part, involved subcutaneous tumors,
whereas functional and phenotypic analysis was performed
on peritoneal Mg. In this study, we hypothesized that
mmor-associated myeloid cells could induce antitumor
effects following activation in vitro and in vivo. Specifi-
cally, using a peritoneal B16 model, we sought to deter-
mine whether anti-CD4() and CpG treatment can activate
tumor-assoclated myeloid cells in TBM to mediate anti-
tumor effects. The results presented here show that myeloid
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cells at, or near, sites of tumor growth are indeed capable of
being activated in vitro and in vivo to mediate antitumor
effects.

Materials and methods
Mice and cell lines

Female C57BL/6 mice, 8—12 weeks old, were obtained
trom Taconic, Germantown, NY. C57BL/6-Tg(CAG-
EGFP) 10sb/] transgenic mice with an “enhanced™ green
fluorescent protein (EGFP) cDNA were obtained from
Jackson Labs (Bar Harbor, ME) and bred at the UW-
Madison animal facility. Mice were housed at the UW-
Madison animal facility, and animal experiments were
performed under protocols approved by the Animal Care
and Use Committees of UW-Madison. The murine B16
melanoma tumor cell line was grown in RPMI 1640
complete medium supplemented with 10% FCS (Sigma
Chemicals, St. Louis, M), 2 mM r-glutamine, and 100 U/
ml of penicillin/streptomycin (all from Lite Technologies,
Inc., Grand Island, NY) at 37°C in a humidified 5% CO,
atmosphere.

Antibodies and reagents

Anti-CD40 was prepared from the FGK 45.5 hybridoma
cell line as described previously [20]. Toll-like receptor 9
(TLRY) agonist CpGl826 was purchased from Coley
Pharmaceuticals Group, Wellesley, MA. Bacterial LPS
trom Salmonella enteritidis was purchased from Sigma
Chemical, St. Louis, MO. Mouse recombinant IFN-y was
purchased from eBioscience, San Diego, CA.

In vivo tumor models and therapy

C57BL/6 mice were injected subcutaneously (sc.) or
intraperitoneally (i.p.) with 1 x 10° B16 melanoma cells in
(.1 or 0.5 ml PBS, respectively (day 0). For tumor therapy,
the mice with 1.p. tumors were injected i.p. with (.5-mg
anti-CD40 on days 4, 11 and I8 after tumor implantation
and 50-pg CpG on days 7 and 14. Antitumor effects were
evaluated by extended survival of the mice and by the
decrease in the number of CD45~ B16 cells in PEC as
detected by flow cytometry.

Activation of peritoneal cells (PEC)

PEC were obtained via a peritoneal cavity lavage with 5 ml
of cold RPMI 1640 complete medium, supplemented with
I IU/ml of heparin (American Pharmaceutical Partners,
Inc.. Schaumburg, IL) when collected from TBM.
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Collected PEC were placed into 96-well flat-bottomed cell
culture plates (Corning Inc, Corning, NY) at a concentra-
tion 0f 2-2.5 x 10°cells/ml (or 1 x 10° cell¥'ml for sorted
cell populations), 0.1 ml/well. The peritoneal Mg popula-
tion was enriched by allowing PEC to adhere to plastic tor
1.5-2 h, followed by removal of nonadherent cells. For in
vitro activation, total PEC, nonadherent cells, or adherent
Mg were stimulated with 10 U/ml of IFN-y and 1 ng/ml of
LPS, unless stated otherwise, for 48 h. For in vivo acti-
vation, mice were injected 1.p. with 0.5 mg of anti-CD40 in
0.5 ml PBS. On day 3, PEC were harvested, enriched as
described above and incubated for 48 h either in medium
alone or In the presence of LPS (10 ng/ml).

Mg mediated tumoristasis in vitro

Tumoristatic activity of M¢ was determined by the inhi-
bition of DNA synthesis in tumor cells. Briefly, adherent
Mg were stimulated in vitro as described above and
simultaneously co-cultured with B16 tumor cells (1 x 10Y
well) for 48 h. To estimate DNA synthesis, cells were
pulsed with *H-TdR (1 uCi/well) during the last 6 h of
incubation. 3H—Tq:lBt—ina:cnrpcnrz|1i4:znn was determined by
fi-scintillation of total cells harvested from the cell culture
clusters onto glass fiber filters (Packard, Meriden, CT),
using the Packard Matrix 9600 Direct ff-counter {Packard,
Meriden, CT). Results are presented as counts per 5 min
tor triplicate wells = SE.

Nitric oxide production

Peritoneal Mg were prepared and co-cultured with B16
cells tfor 48 h, as described above in the Mg cytostatic
assay. Supernatants were collected and nitrite accumulation
was determined using Griess reagent (Sigma, St. Louis,
MO). Equal volumes of supernatants and Griess reagent
were mixed for 10 min, and the As;, was measured by a
microplate reader and compared to a standard nitrite curve
ranging from O-125 pM.

Inhibition of cytotoxic factors

Inducible NO synthase inhibitor L-NAME (Sigma 5t.
Louis, M) was added to the cultures at a dose of 10 mM
to neutralize the effect of NO. To neutralize arginase,
N*“-hydroxy-nor-L-arginine. diacetate salt (nor-NOHA,
EMD Biosciences Inc., San Diego, CA) was used at a dose
of 100 pM. To block TNFz, anti-TNFz mAb, clone MP6-
XT3 (BD Biosciences., San Jose, CA) was used at a final
concentration of 10 pg/ml. To peutralize NO in vivo,
L-NAME was either injected i.p. at a dose of 50 mg/kg
twice a day or given in the drinking water at a dose of
0.5 g/l for 4 days during anti-CD40/CpG treatment.

Flow cytometric analysis and sorting

PEC from treated and control C57BL/6 mice were har-
vested and stained with anti-F4/80 APC mAb, anti-F4/80
FITC mAb, anti-Gr-1 PE mAb, anti-CDI1b APC mAb,
anti-CD45 FITC mAb (all from eBioscience, San Diego,
CA), anti-CD40 PE mAb, anti-CD80 PE mAb, or anti-
CD86 PE mAb (all from BDPharmingen, San Diego, CA)
for 40 min at 4°C. Isotype-matched irrelevant rat IgG
FITC, IgG APC and IgG PE, purchased from eBioscience
or BDPharmingen, were used as background controls.
After washing the cells in ice-cold PBS supplemented with
0.5-2% FCS (flow buffer), the cell pellet was resuspended
in 0.3-ml flow butfer and analyzed by flow cytometry using
a FACSCalibur flow cytometer and Flowlo software
{Ashland, OR). Data were collected tor 10,000 live events
per sample.

Immunohistochemistry

PEC (I'EJ‘l—I'EJ5 cells in 100 pl media with FCS) were cen-
trifuged at 800 rpm for 3 min using a Shandon Cytospin 2.
After air-drying for 5 min, slides were fixed in 100%
methanol for 2 min, allowed to dry and stained horizontally
with Wrght-Giemsa Stain (Sigma) for 45 s. An equal
volume of glass filtered water was immediately added to
the Wright-Giemsa stain solution, and after staining in the
dilute solution for 100 min, the slides were washed oft with
glass filtered water and destained horizontally with glass
filtered water for 5 min. Slides were allowed to dry and
mounted with glass coverslips using Cytoseal 60, Pictures
of cells were taken at 40> magnification with an Optronics
camera using the attached computer software (Magnafire
2.1).

In vivo depletion of Mg

Peritoneal Mg were depleted in vivo with clodronate lip-
osomes as described [23]. Clodronate was a gift of Roche
Diagnostics GmbH, Mannheim, Germany. Clodronate lip-
osomes were prepared as described [23] and injected Lp. in
TBM on day 9 post tumor cell implantation (0.3 ml) and on
day 13 (0.2 ml). Depletion of Mg with clodronate lipo-
somes was confirmed in naive mice by elimination of more
than 95% of PEC positively stained with both anti-CD1 1b
APC and anti-F4/80 FITC.

Adoptive transter of EGFP PEC
PEC were removed from EGFP mice and counted, and
4.8 x 10° cells were injected 1.p. in wild-type C5TBL/6

mice (day 0). To facilitate survival of adoptively trans-
terred cells, the recipient mice were depleted of T cells by a
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mixture of anti-CD4 and anti-CD8 given i.p. on days —1
and 4. On day 1, half of the mice were injected i.p. with
I x 10 BI16 cells. PEC were removed on day 8, stained
with anti-CD11b APC mAb and anti-Gr-1 PE mAb, and
analyzed by flow cytometry.

Statistical analysis

A two-tailed Student’s 7 test was used to determine sig-
nificance of ditfferences between experimental and relevant
control values. For survival studies, the Gehan—Breslow—
Wilcoxon test was used.

Results
Functional and phenotypic changes in PEC from TBM

Our previous studies demonstrated that anti-CD40 and
CpG induced antitumor effects which involved Mg [20]. In
this study, we sought to determine how anti-CD4) and
CpG treatment affects TAM and other myeloid cells in
mumor-bearing mice. We hypothesized that CD40/TLRY
ligation of TAM in tumor-bearing mice can change them
trom being tunctionally suppressed to becoming antitumor
effector cells.

We asked first whether B16 tumor growth in mice
resulted in suppressed Mg function (as determined by
decreased NO production in response to in vitro stimula-
tion with IFN-y and LPS) and altered Mg phenotype
compared to M¢ from naive mice. We wanted to evaluate
these Mg features for TAM and for Mg obtained from
sites other than the tumor (non-TAM) in TBM. We used
two tumor models to address these questions. Peritoneal
cells (PEC) were obtained either from syngeneic C57BL/6
mice bearing advanced sc. B16 tumors (a source of non-
TAM) or from mice bearing advanced i.p. B16 tumors (a
source of TAM). PEC from mice bearing i.p. BI16 tumors,
rather than the cells from s.c. tumors, were chosen as a
source of TAM because of the better accessibility, viability
and yield of these PEC for functional and phenotypic
characterization, compared to TAM that can be recovered
from s.c. B16 tumors. The results show that adherent PEC
from mice with advanced s.c. B16 tumors, killed on day 18
post tumor cell injection (Mean tumor volume
514 £ 31 mm’, n = 4), secreted a similar amount of NO
(Fig. la) and displayed a similar ability to inhibit tumor
cell proliferation in vitro (data not shown) compared to
adherent PEC from naive mice. There was a small increase
in the percentage of CD11b™ Gr-17 cells in the spleens, but
not in the peritoneal cavities, of s.c. TBM (Fig. Ic). In
contrast to the s.c. model, adherent PEC from mice bearing
L.p. B16 tumors had reduced NO production (Fig. 1b) and
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displayed a different surface phenotype. Specifically,
expression of the F4/80 marker was downregulated on PEC
from TBM, and a new population of CD11b™ Gr-17 cells
emerged comprising 33% of PEC (Fig. 1d). CD11b™ PEC
from TBM expressed IL-4Rz, but did not express mannose
receptor, CD206 (data not shown). These results suggest
that PEC from TBM are suppressed and phenotypically
altered when the mice bear peritoneal tumor, but when the
tumor is s.c. at a distant site.

Next we looked at the kinetics of both functional and
phenotypic changes in PEC obtained from mice injected
1.p. 14-15 days earlier with 10° B16 cells. The results show
that as tumor burden increases with time, adherent PEC
trom TBM gradually lose their ability to secrete NO upon
stimulation with IFNy and LPS (Fig. 2a). A similar, but
less complete loss of NO secretory ability was also seen
with the total PEC population from TBM (Fig. 2a). These
changes in PEC were not observed on days 3 or 7, but were
observed after day 11 post tumor cell injection and were
more pronounced by day 14. The percentage of total PEC
that co-expressed CDI1Ib" and Gr-17 increased starting
| week post tumor cell injection (Fig. 2b). The decreased
ability of PEC from TBM to secrete NO (Fig. 2a) corre-
lated with an increased number of CDI1b Gr-17 cells in
the peritoneal cavities (Fig. 2b) of these mice (Pearson
correlation coefficient —0.87, p < 0.001). In contrast to
B16 mmor cell injection, daily ip. injections of Bl6
supernatants for 14 days failed to induce both CD11b™ Gr-
1™ PEC accumulation and NO production inhibition (data
not shown). When mice were injected i.p. with 1.6 x 10’
B 16 tumor cells (rather than 10° cells, as in Fig. 2a) and
adherent PEC were tested for NO production 4 days later,
there was no suppression of NO production compared with
control PEC (Supplemental Figure, A). This observation
that a large number of tumor cells in the peritoneum for
4 days does not inhibit NO production suggests that the in
vivo tumor-induced suppression of Mg function is more
dependent on the duration of exposure to the peritoneal
tumor than on the total number of peritoneal tumor cells.

Using flow cytometric analysis of PEC with anti-CD45
mAb to distinguish between CD45" host hematopoietic-
derived cells and CD45™ nonhematopoietic cells (primarily
tumor cells), we tound tumor cells in PEC tfrom TBM. To
determine whether these contaminating tumor cells may
account for the suppressed activity of tumor-associated
PEC, we tested the in vitro effect of different doses of B16
cells on NO production by adherent PEC from naive mice.
We found that B16 cells had a dose-dependent immuno-
suppressive effect on NO production, starting at a tumor
cell: Mg ratio of 1:1 (Supplemental Figure, B). In contrast,
in some of our experiments adherent PEC from day 14
TBM had markedly reduced NO production when the
percentage of B16 cells in PEC was only 10%, suggesting
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Fig. 1 Effect of s.c. and i.p. B16 tumor on function and phenotype of
PEC. C57TBL/6 mice were injected s.c. (a, ©) or i.p. (b, d) with 10°
B16 cells. Eighteen (a, ¢ or 14 (b, d) days later, PEC from TBM and
naive mice were removed and analyzed for NO production following
stimulation with LPS or IFNy and LPS (a. b) and phenotype using

that more than just the presence of tumor cells in PEC is
responsible for the observed inhibition of NO production.

Ability of PEC from TBM to produce NO resides
in nonadherent cells

Adherence to plastic is one of the main features of Mg that
allows for their enrichment for functional studies. In our
previous studies, we have found that the majonty of
adherent PEC from naive mice were CD11b™ F4/807 cells
that produced NO upon in vitro stimulation [24]. To test
whether nonadherent PEC rather than, or in addition to,
adherent PEC in TBM are capable of producing NO upon
in vitro stimulation, PEC from TBM were separated into
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flow cytometry (¢, d). In mice bearing s.c. tumors, spleen cells were
analyzed for expression of CD11b and Gr-1 as well (e). NO activity is
expressed as nitrite levels for 4 mice per group (mean £ SEM).
Phenotypes of PEC and spleen cells are shown on representative dot
plots. The experiments were repeated 2-3 times with similar results

nonadherent cells (removed from the plastic by gentle
pipetting) and adherent cells (removed from the plastic
with scraping in EDTA solution after removal of nonad-
herent cells). Nonadherent PEC in TBM were comprised
mostly of F4/80%™~ Gr-17 (Ly6G ™ Ly6C™) cells (Fig. 3a)
and were the main source of NO production (Fig. 3b). In
both naive and TBM, cells producing NO were phagocytes,
as shown by the reduction in NO levels in mice treated with
clodronate liposomes (Fig. 3b). These results suggest that a
majority of NO-producing phagocytic PEC from TBM, in
contrast to PEC from naive mice, do not adhere to plastic.
Consistent with this suggestion, an MTT adherence test
showed that adherence of PEC to plastic was reduced in
TBM on day 14 (data not shown).
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Fig. 2 Kinetics of functional 80
and phenotypic changes in PEC
during umaor growth. CSTBLG
mice were injected i.p. with 10°
B16 cells (day 0). On days 3, 7.
11 and 14, mice were killed and
PEC were removed. a PEC were
placed in 96-well plate. and
total (unseparated) or plastic-
adherent cells were stimulated
with IFN-y (10 Usml) and LPS
(1 ng/ml). The supematants
were collected 48 h later, and
NO activity was determined by
nirite levels. The results are
presented as the mean £ SEM
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Resident PEC do not acquire the Gr-17 phenotype
during tumor growth

To determine whether resident peritoneal Mg acquire the
Gr-17 phenotype during tumor growth, we performed
adoptive transter of PEC from naive GFP transgenic mice
before injecting the recipient mice with tumor cells. The
results in Fig. 3¢ show that both control (iLe., non-TBM)
and TBM contained CD11b" Grl™ donor cells (GFPT), and
that the TBM also contained a population of Gr-17 PEC that
were not seen in the control mice. Importantly, almost all of
the CD11b™ Gr-17 PEC in TBM were GFP negative and
thus of recipient origin. In addition, host PEC (1L.e., EGFP™

@ Springer

cells) in TBM contained a population of FA/80%™ cells

(both Gr-1~ and Gr-17), which was not observed in adop-
tively transterred EGFP PEC from TBM or in PEC from
naive mice (data not shown). Furthermore, a three-day
culture of B16 cells with naive peritoneal Mg or the Mg
cell line RAW 264.7 did not result in the appearance of
Gr-17 cells (Supplemental Figure, C). Together these
results indicate that residemt PEC do not change to the
F4/80%™Gr-17 phenotype when exposed to B16 (either in
vitro or in the peritonea of mice bearing 1.p. tumors). These
results suggest that bone marrow-derived CD11b" F4/804™
Gr-17 immature cells are attracted to the peritoneal cavity
in response to the presence of peritoneal tumor cells.
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Fig. 3 Functional and phenotypic profile of PEC in tumor-bearing
mice. CSTBL/6 mice were injected i.p. with 10° B16 cells. Fourteen
days later, PEC were collected from these mice and from naive mice
and allowed to adhere to plastic for 1.5-2 h. Nonadherent cells were
removed by gentle pipetting. and adherent cells were detached from
plastic by scraping after N/A cells were washed off. a Representative
dot plots of PEC from naive and tumor-bearing mice showing
expression of Gr-1. F4/80, LyoG and Ly6C. b NO production by
adherent and total (unseparated) PEC from naive and tumor-bearing
mice. Phagocytic cells were depleted from the peritoneal cavity by
injecting the mice ip. with clodronate liposomes 2 days before
collecting PEC on day 13 post tumor cell inoculation. Mean £ SEM

Characterization of sorted PEC from TBM

The change in adherence and presence of B16 tumor cells
in PEC from TBM interfered with the accuracy of our
culture assay systems to quantitatively compare NO pro-
duction by 1dentical numbers of PEC subpopulations trom
naive and TBM, and interfered with our assay to evaluate
the etfect of PEC on tumor cell proliferation in vitro. To
circumvent these technical problems, we used flow
cytometry to sort PEC from tumor-bearing and naive mice,
and were then able to evaluate and directly compare the
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of triplicate average values of PEC obtained individually from 2-3
mice per group. ¢ To determine whether resident Mg acquire the
Gr-1" phenotype during tumor growth, C57BL{6 mice were given a
mixture of anti-CD4 and ant-CDR (day 0. 5) and injected i.p. with
4.8 » 10° PEC from naive EGFP transgenic mice (day 1).Ome day
later, half of the recipient mice were injected ip. with 10° B16 cells
(TBM), while the other half did not receive B16 cells (control). Seven
days later, PEC were removed and analyzed for expression of GFP
and Gr-1 by flow cytometry after gating on CDI1b" cells, and
compared to naive mice that had not received either B16 or EGFP*
PEC. The results of one out of two representative experiments are
shown. The numbers indicate percentages of cells in each guadrant

contribution of specific cell subsets In these functional
as5ays.

In TBM, CDI11b"Gr-17 cells, independent of the level
of Gr-1 expression (Fig. 4a), secreted less NO than
CDI1bT Mg from naive mice (populations 2 and 3, vs.
population | in Fig. 4c), but still suppressed Bl16 cell
proliferation similarly to CDI11b" cells from naive mice
(Fig. 4d). When mixed at the 1:1 ratio, CD11bTGr-1"*"
cells did not suppress NO production or antitumor effect
by naive Mg in response to IFNy and LPS (data not
shown). Among CD11bTGr-17 cells from TBM, F4/807
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SSC-A

FSC-Ah‘ e ST

Fig. 4 Functional activity of sorted PEC from mmor-bearing mice.
PEC were obtained 14-15 days after injecting CSTBL/A mice ip.
with 1 % 107 B16 cells. PEC were sorted hased on their phenotype
(@, e, i) and also forward-side scatter characteristics (i). The results of
three such experiments are presented (a-d, e-h and i-I). The sorting
strategy of PEC from TBM is depicted in a, e and i. The morphology
of sorted cell fractions from naive and TBM is presented in b, f and
J- The functional data show nitrite levels produced by IFNy + LPS-
stimulated sorted cell fractions (e, g k) and the ability of these

and F4/80~ PEC (Fig. 4e) had a similar ability to both
secrete NO and suppress tumor cell proliferation (Fig. 4g,
h). Histological evaluation showed that CDI Ib"Gr-1MEh
cells (population 3 in Fig. 4b) and CDI IbTGr-1"E"F4/80™
cells (population 5 in Fig. 4f) consisted mostly of gran-
ulocytes with a smaller percentage of Mg/monocytic
cells, while a reverse relationship (predominant Mg/
monocytes with few granulocytes) was observed in
CDIIb™Gr-1"" cells (population 2 in Fig. 4b) and
CD11b Gr-1"#"F4/80" cells (population 6 in Fig. 4f). In
an attempt to obtain more pure cell populations, CD11b"
PEC were sorted according to their Gr-1 expression and
side/forward scatter characteristics (using the gates for
granulocytes and monocytes) as shown in Fig. 4i. As a
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activated sorted cells to inhibit the proliferation of B16 cells in viro
(d. h, I). The numbers designate the sorted cell fraction for that
experiment; namely in a, the designations 2. 3 and 4 comespond to the
populations shown in b, ¢, d, where 17 depicts sorted CD11b" PEC
from ndive mice. Similarly, in e, the designations 5 and 6 cormrespond
to those same designated populations in £, g and h. In i, the
designations 7, § and 9 correspond to those designations in j. k and
I. “Tota™ refers to unsorted PEC from naive mice. Dashes signify
values below nitrite detection limit (e, k) or below 500 cpm (d. 1)

result, relatively pure populations of granulocytes (popu-
lation 7) and Mg@/monocytes (populations & and 9),
respectively, were obtained (Fig. 4)). When each of these
populations was stimulated with IFNy and LPS, each
secreted no or minimal NO (Fig. 4k), but still suppressed,
to a similar extent, B16 cell proliferation (Fig. 41). An
additional group of sorted cells, CD11b*Gr-1"#" PEC
sated on large cells based on forward scatter and com-
prising M¢ according to histological examination, showed
similar responses (data not shown). Taken together, these
sorting experiments show that following in vitro stimu-
lation with IFNy and LPS, granulocytic and monocytic
CDI1b" PEC from TBM produce less NO than PEC from
naive mice, confirming the results with unsorted PEC in
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Fig. 2a, but still effectively suppress tumor cell prolifer-
ation in vitro.

Anti-CDA/CpG therapy enhances the antitumor
efficacy of tumor-associated myeloid cells

The experiments with sorted PEC showed that tumor-
assoclated myeloid cells can be activated in vitro with
IFN-7 and LPS to suppress proliferation of tumor cells. We
hvpothesized that PEC in TBM can be similarly activated
in vivo to mediate antitumor effects against peritoneal
tumors. In our previous studies, we had shown that anti-
CD40 activates Mg via an IFNy-dependent mechanism
[24], and CpG provides a triggering signal to anti-CD4(-
primed M¢ in a manner similar to that of LPS, resulting in
synergistic antitumor effects against subcutaneous tumors
[20]. To determine whether anti-CD40 and CpG given i.p.
induce antitumor etfects against peritoneal B16 tumors,
B16 tumor cells were injected i.p. (day () and mice were
treated with ant-CD40 on days 4, 11 and 18, and with CpG
on days 7 and 14. The combined results of two experiments
(Fig. 5a) show that i.p. treatment of TBM with anti-CD40
and CpG resulted in the extended survival of mice com-
pared with control-treated mice (21 vs. 15 median survival
days, respectively, p = 0.0111 using Gehan—Breslow—
Wilcoxon test). This extended survival corresponded to the
grossly visible reduction in tumor load in the peritoneal
cavity as shown on day 14 (Fig. 5b). Next, we character-
1zed the phenotype and function of PEC following anti-
CD40 and CpG therapy. Control-treated and anti-CD40/
CpG-treated TBM had similarly increased levels of
CDI1TGr-17 PEC compared to non-TBM (Fig. 5c).
However. anti-CD4(/CpG-treated TBM had an increased
percentage of Ly6C™ cells (a marker of monocytic lineage
[10. 11]). whereas the percentage of Ly6G™ cells (a marker
of granulocytc lineage [10, 11]) remained unchanged
(Fig. 5c), suggesting that anti-CD4YCpG treatment leads
to the prevalence of monocytic cells in the peritoneal
cavity. Histological examination of PEC from anti-CD4()/
CpG-treated mice revealed tumor cells swrrounded by
monocytes and PMNs (data not shown). When anti-CD4(0
treatment was started at an early time point, day 4 post
tumor cell implantation, tumor-associated PEC regained
their ability to secrete NO in response to IFNy and LPS in
vitro (Fig. 5d). When ant-CD40 treatment was started at a
later time point, day 11 post tumor cell implantation, NO
production increased only marginally (Fig. 5e). Yet, a
substantial antitumor effect in the peritoneal cavities of
such treated mice was observed as revealed by the reduced
number of CD45~ PEC in anti-CD40/CpG-treated mice
(Fig. 5f). Histological examination of sorted CD45~ PEC
from B16 tmmor-bearing mice. gated to exclude red blood
cells, showed that 94% of them were tumor cells (data not

shown). Together, these results suggest that, in addition to
their activation in vitro, tumor-associated myeloid PEC can
be activated in vivo to mediate antitumor effects.

Role of NO, arginase and TNFz in the antitumor effects
of simulated myeloid cells

Our experiments have shown that NO production by PEC
from naive mice correlates with their antitumor effects
(Fig. 3b, c); however, this correlation was not observed
with sorted PEC from TBM (Fig. 4) or with the antitumor
etfect of anti-CD40/CpG in vivo (Fig. 5e, f). We therefore
investigated the role of NO in antitumor responses in vitro
and 1n vivo. In vitro, the INOS inhibitor L-NAME sub-
stantially reduced nitrite levels (Fig. 6a, c), but did not
reduce the antutumor activity of sorted polymorphonuclear
neutrophils (PMN) or monocytes from TBM (Fig. 6b).
Interestingly, when CDIIbY Gr-17 myeloid cells were
kept as a single population and not further separated into
granulocyte and monocyte fractions, L-NAME signifi-
cantly reduced, but did not abrogate, the in vitro antitumor
etfect (Fig. 6d). Inhibition of other cytotoxic molecules,
such as arginase and TNF, did not reduce the in vitro
antitumor activity of CD11bT Gr-17 cells stimulated with
IFN-y and LPS (Fig. 6d). Inhibition of both INOS and
TNFz in naive PEC reduced the in vitro antitumor effect to
a greater degree than iINOS inhibition alone, but did not
have an additive effect in tumor-bearing PEC (Fig. 6d).
In vivo, treatment of TBM with INOS inhibitor L-NAME
and anti-CD40/CpG did not reduce, but rather augmented
the antitumor effect of anti-CD40/CpG in the mice that
survived (Fig. 6e). Together, these results argue against
NO playing a major role in the antitumor etfects mediated
by tumor-associated myeloid cells stimulated in vitro or in
vivo.

Discussion

Tumor-induced suppression is one of the obstacles for
successful immunotherapy. Most experimental attention
has been devoted to investigating the mechanisms of T cell
Immunosuppression in tumor-bearing hosts, as T cells are
considered to be the best effector candidate for immuno-
therapy due to their greater specificity. T cell suppression
in TBM has been attributed to the action of T regulatory
cells [25] and MDSC [9-11]. Among other mechanisms,
MDSC can suppress T cells by producing NO [26-28].
Although NO inhibits T cell function, it also can kill mmor
cells [29], and NO secretion by TAM can be an important
mechanism of antitumor etfects of cytotoxic T cells [30].
Theretfore, activation of cells, such as Mg and MDSC, may
be an alternative Immunotherapy strategy, which may
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Fig. 5 Antitumor effects of anti-CD3M/CpG therapy in vivo are
accompanied by the activation of tumor-associated PEC. CSTBL/G
mice were injected ip. with 10° B16 cells. Anti-CD4VCpG
meatments were administered on day 4/7. 11/14, and an additional
mjection of anti-CD40 was given in some experiments on day 18.
Control mice received rat IgG and PBS, respectively. a The mice
were followed for survival. The results of two combined experiments
are shown (n = 16 mice per group). b Photographs of representative
mice showing peritoneal umor loads were taken on day 14 post B16
mmor cell injfections: a naive mouse is shown for comparison. The

involve NO and does not require T cells. In support of this
hypothesis, we have previously shown that treatment of
TBM with ant-CD40) caused T cell-independent tumor
growth suppression which involved NO production by Mg
[31]. The synergistic antitumor effects were achieved by
the combination of anti-CD40 and CpG [20], even in mice
whose T cell and NK functions were 1nhibited by chemo-
therapy [22, 32]. In this study, we show that both
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peritoneal tumor appears hemorrhagic. ¢ Percentage of CD1 167 Gr-1"
cells, as well as Ly6G " and Ly6C" cells, are shown (mean = SEM,
3 mice per group). d-f Tumor-bearing mice were treated with ant-
CD4VCpG on days 47 and 10 (d) or on days 11/14 (e, f) post tumor
cell implantation. PEC were isolated on day 14 (d) or 15 (e, f), and
adherent cells were tested for NO production (d. e). Dashes signify
values below detection limit. The antitumor effect was determined by
the percentage of B16 wmor cells (CD45™ PEC) usng flow
cytometry (F). Mean = SEM of 4 mice per group. * p < 0.001

gramilocytic and monocytic myeloid cells at the site of
tumor growth are capable of being activated to mediate
antitumor etfects.

Our results show that peritoneal Mg in mice bearing
advanced s.c. B16 tumors are not immunologically inert. In
tact, they produced high levels of NO in response to IFNy
and LPS, similar to those produced by M¢ in naive mice.
These findings are similar to those obtained with the
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Fig. 6 Role of NO. arginase and TNFzx in the antimmaor effects
mediated by myeloid cells. PEC were obtained 15 (a, b) ar 14 (c, d)
days following injecting CSTBLA mice i.p. with 10° B16 cells. PEC
were sorted based on their CD11b"Gr-1" phenotype (a-d) and also
forward-side scatter characteristics, resulting in populations enriched
for polymorphonuclear cells (PMN) and monocytes (Mon) (a, b) as
also was verified by histology (not shown). PEC from nalve mice
were used as the control. The inhibitors of NO, arginase and TNFz
were added as described in “Materials and methods.™ The functional
data show mean = SEM of nitrite levels produced by IFN-y + LPS-
simulated sorted cell fractions (a. ¢) and the ability of the sorted cells

DI-DMBA-3 mammary tumor model [33] and are con-
sistent with the results of Danna et al. [7], which show that
the systemic function of M¢ is not inhibited in mice
bearing advanced s.c. 4T1 tumors. The reported inhibited
ability of peritoneal Mg from mice bearing s.c. B16 mel-
anoma to produce NO [34] may be due to the fact that these
M¢ were elicited, rather than resident, as in our experi-
ments. Therefore, our results in the s.c. Bl6 melanoma
model indicate that tumor growth does not induce systemic
suppression of M¢ functions.

to inhibit proliferation of B16 cells in vitro (b, d). Dashes signify
values below detection limit (a). e Tumor-bearing mice were reated
with anti-CD40 on day 11 and CpG on day 14 post tumor cell
implantation. To neutralize NO in vivo, L-NAME was injected either
i.p. at the dose of 50 mg/kg twice a day or given in the drinking water
at the dose of 0.5 g/l on days 11-14. PEC were isolated on day 15,
and the percentage of B16 wmor cells (CD45™ PEC) was determined
by flow cytometry. The combined data of two experiments are
presented. Mean = SEM of 10 mice per group or 7 mice for the last
group (3 of 5 mice reated with anti-CD4VCpG/L-NAME died from
toxicity following i.p. injections)

To analyze the phenotype and function of tumor-asso-
clated cells, we chose the peritoneal model as it offers the
possibility ot locally determining the number and pheno-
tvpe of both host and tumor cells while avoiding the loss of
cell populations caused by enzymatic digestion of sc.
tumors. Our results using NO production as the readout
confirm the studies showing reduced NO production by
immunosuppressed TAM [33]. The ability of Bl6 tumor
cells to suppress NO production by adherent PEC 2 weeks
after 1.p. injection of 10° B16 cells, but not 4 days after i.p.
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injection of 1.6 107 B16 cells, suggests that prolonged
interaction of twmor cells and Mg is required for Mg
suppression. These functional findings suggest that TAM
trom peritoneal TBM may express the M2 phenotype,
similar to data we reported for the s.c. B16 model in our
previous study, where TAM expressed high surface levels
of B7-HI and intracellular levels of IL-10 and IL-4, but
negligible levels of IFN-y, TNF-2 and I1L-12 [32].

It has been shown that tumor growth leads to expansion
of CDLIbT Gr-17 cells in mice [9-11, 14]. In this study,
we confirmed this observation in the peritoneal B16 model
and found an inverse correlation of the percentage of
CD11b™ Gr-17 PEC and the NO levels they produced. The
phenotypic change of Mg from Gr-1" to Gr-17 does not
appear to be tumor-specific, as 1t was described in response
to certaln agents, such as dextrans [33], treatments with
anti-CDAVCpG [22] or chemotherapy [32], or infections,
such as toxoplasmosis [36]. We found that CDIIb"T F4/
g0 G~ Mg present in naive mice disappeared from
the peritoneal cavity of TBM and were replaced with
CDIIbT F4/80%"™~ Gr-17 cells. The results of in vivo
experiments using adoptive transter of PEC from EGFP
transgenic mice (Fig. 3c¢) and short-term in vitro experi-
ments show that resident PEC do not acquire the Gr-17
phenotype in response to the tumor’s presence, suggesting
that bone marrow-derived (potentially immature) cells with
the CDI1b* F4/80"™~ Gr-17 phenotype enter the peri-
toneal cavity in response to the tumor. In agreement with
this suggestion, it has been recently shown that circulating
monocytes in TBM reduce expression of F4/80 and acquire
expression of Gr-1[37]. The experiments with sorted PEC
from TBM (Fig. 4) revealed that these CDI1b™ Gr-17
myeloid cells can be activated to secrete NO and mediate
antitumor etfects. This finding is in agreement with recent
results showing that CDI1b* Gr-17 MDSC can be acti-
vated in vivo with IFN-y and LPS to secrete NO and
suppress T cells [38]. Similarly, it was shown that cyclo-
phosphamide induces the expansion of early myeloid cells,
inhibiting tumor cell growth by a mechanism that involves
NO [39]. Although there are anecdotal reports on the
antitumor etfects of MDSC, we believe our data show, for
the first time, that tumor-induced myeloid cells can be
specifically targeted by immunotherapy to mediate antitu-
mor effects in vitro and in vivo.

It is possible that sorted CDIIb" PEC from TBM
displayed antitumor activity in vitro because they were
separated from Bl6 cells and therefore released from
mmor-related suppression. However, the antitumor activity
of the sorted CDI1b™ Gr-17 PEC from TBM was not
inhibited by adding B16 cell supernatant to the assay (data
not shown ). Moreover, our results show that anti-CD4(0 and
CpG treatment of mice with an advanced peritoneal B16
tumor (tumor cells injected 1.p. 10 days earlier) resulted in
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significant reduction in local mmor load (Fig. 5). This in
vivo result suggests that, even in the presence of growing
tumor, myeloid PEC can be activated to mediate antitumor
etfects in vivo (Fig. 5).

TAM have been reported to facilitate tumor growth and
serve as a negative prognostic factor for patients with
certain cancers [17, 18]. The studies presented here show,
in addition, that tumor-associated myeloid cells including
TAM can be activated in vitro and in vivo to mediate
antitumor effects. One of the mechanisms by which anti-
CD40 and CpG affect tumor-associated cells can involve
switching the M¢ phenotvpe from M2 to MI. This asser-
tion 1s supported by previous data in which anti-CD4() plus
CpG immunotherapy iIn a s.c. B16 model downregulated
the expression of B7-HI1. IL-10 and IL-4 in TAM, and
upregulated the expression of CD40, CDRO, CD&6, MHC
class 11, IFN-y, TNF-2 and IL-12 (32). These results are in
agreement with the findings by Guiducci et al. [19] that
demonstrated that CpG plus anti-interleukin-10 receptor
antibody switched TAM from M2 to MI, resulting in
antitumor activity. Our past [21, 24, 32] and present data
are consistent with recent preclinical and clinical data
showing that, in mice and in patients with pancreatic
cancer, antitumor effects induced by agonistic anti-CD40)
appear to involve M1 macrophages [4(].

The nature of antitumor etfector cells in the peritoneal
cavity of TBM is not entirely clear. When flow cytometry
was used to sort PEC based on their phenotype and size/
granularity, tumor-associated PEC that become antitumor
etfector cells in vitro in response to IFN-7y and LPS con-
sisted of two major groups of cells: CDI Ib*Gr-1"#" Fyy
80~ granulocytes and CD11b™Gr-17~ F4/80"™ mono-
cytes/M¢@. These findings are in agreement with reports
showing that MDSC consist of granulocytes and mono-
cytes/M¢ in mice [27, 41] and in people with cancer [41].
Each cell type was equally effective in suppressing Bl6
cell proliferation in vitro. We found that in TBM., NO-
producing PEC capable of phagocytosing clodronate lipo-
somes (as evidenced by the reduction in NO production)
were mainly nonadherent to plastic. Together with the
downregulation of the Mg marker F4/80), these results
suggest that either M¢ change their phenotype and prop-
erties in TBM, or that functional PEC are not mature Mg at
all, but are rather MDSC or monocytes. In support of the
second hypothesis, the results in Fig. 3a show that most
nonadherent PEC in TBM have high expression of Ly6C, a
marker that is highly expressed on precursor cells and
downregulated when monocytes mature in the blood [42].

The mechanism of the antitumor effect mediated by
activated myeloid cells is not completely understood. The
main factors implicated in the antitumor mechanisms of
activated Mgy are NO [29-31, 43, 44], TNFz [31, 44, 45] or
arginase [46]. OQur In vitro results indicate that NO does not
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play a major role in tumor cell suppression by sorted PEC
trom TBM. Our in vivo data using iNOS inhibitor L-NAME
(Fig. be) suggest that NO can even suppress the antitumor
effect of antu-C40 + CpG immunotherapy. This result
(Fig. 6e) may be analogous to a recently published study in
which L-NAME treatment in vivo augmented the antitumor
effect of IL-12 [47]. The mechanism of the enhanced anti-
tumor etfect by INOS inhibition 1s not clear. It 1s known that
NO may have protumor and antitumor etfects depending on
the level and persistence of NO in the tissue, microenvi-
ronment and tumor cell sensitivity [48]. It has been shown
that INOS inhibitors reduced the growth of human gastric
tumors [49] or melanomas [50] in immunodeficient mice,
an effect that was assoclated with reduced angiogenesis.
Whether inhibition of angiogenesis or another mechanism
(e.g., increased lymphatic contraction suppressed by
CDI11b™ Gr-17 cells via NO production [51]) is responsible
for the increased antitumor effect of INOS inhibitor
L-NAME in our model warrants further investigation.

In addition to a limited role of NO, our in vitro results
suggest no role of TNFz and arginase in tumor cell sup-
pression (Fig. 6). It is possible that the mechanism of tumaor
killing by activated myeloid cells is similar to that of Mg
activated by cyclophosphamide and IL-12 [52]. This mech-
anism was found to be NO-independent and contact-depen-
dent. It cannot be excluded, however, that NO may play a
role in suppressing tumor metastasis, while being ineffective
against primary tumors, as was recently shown for IL-2/anti-
CD40 immunotherapy [53]. It appears that anti-CD4/CpG
immunotherapy can induce antitumor effects of myeloid
cells at least by two mechanisms: by directly activating them
to mediate antitumor effects, as found in this study, and
indirectly by reducing their suppression of antitumor T cells,
as was recently reported for CpG immunotherapy [54].
Given the expansion of myeloid cells in cancer patients [55],
strategies for activating these cells against the tumor, as
shown in this study, might be a novel approach tor cancer
immunotherapy that warrants further investi gation.
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Abstract

In this study, an agonistic anti-CD40 monoclonal antibody (anti-CD40) was combined
with monophosphoryl lipid A (MPL), a nontoxic derivative of LPS and agonist of toll-like
receptor 4 (TLR4), to assess the immunomodulatory and antitumor synergy between the two
agents in mice. Anti-CD40 was capable of priming macrophages to subsequent ex vivo activation
by MPL in immunocompetent and T cell-deficient mice. Intraperitoneal injections of anti-
CD40+MPL induced additive to synergistic suppression of poorly immunogenic B16-F10
melanoma growing subcutaneously in syngeneic mice. When anti-CD40+MPL were injected
directly into the subcutaneous tumor, the combination treatment was more effective, even with a
25-fold reduction in dose. Low-dose intratumoral treatment also slowed the growth of a
secondary tumor growing simultaneously at a distant, untreated site. These antitumor effects
were reproduced in immunodeficient SCID mice and in T cell-depleted C57BL/6 mice. Taken
together, our results show that the antitumor effects of anti-CD40 are enhanced by subsequent
treatment with MPL, even in T cell-deficient hosts. These preclinical data suggest that an anti-
CD40+MPL combined regimen is appropriate for clinical testing in human patients, including

cancer patients that may be immunosuppressed from prior chemotherapy.
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Introduction

The CDA40 receptor protein is expressed on antigen-presenting cells and is an important
co-stimulatory molecule for T cell, B cell, and macrophage (M¢) activation. Many experimental
cancer immunotherapies are designed to activate the CD40 pathway in order to enhance the
potency of tumor-specific cytotoxic T lymphocytes (1). Unfortunately, effective preclinical T
cell-mediated therapies have been difficult to translate into clinical settings (2—7) because of
immunosuppressive factors in the tumor microenvironment (6, 8) and immunosuppression
caused by other factors, including conventional cancer treatments (9, 10). However, innate
immune cells, including M¢ have been shown to be more durable and recover from
chemotherapy more quickly than B or T lymphocytes (3), suggesting that T cell-independent
antitumor strategies based on the innate immune system may be of value as alternatives to T cell-
dependent immunotherapies.

T cells are not the only type of cells that can be activated by CD40 ligation; our lab (11—
14) and others (15) have shown that T cells may not be necessary for the antitumor effects
observed when this pathway is activated. For instance, in a murine pancreatic tumor model, T
cells seemed unable to infiltrate the tumor microenvironment upon anti-CD40 treatment, and
instead migrated to the tumor periphery (15).

Our group has been using a murine B16-F10 melanoma model to explore T cell-
independent antitumor mechanisms of CD40 ligation in combination with clinically relevant
immunostimulants. Previous in vitro studies in our lab showed that anti-CD40 stimulated M¢ to
mediate antitumor effects in an IFNy-dependent manner (12). Anti-CD40 was also found to
initiate T cell-independent antitumor effects against intraperitoneal (i.p.) (13) and subcutaneous

(s.c.) (14) B16 tumors in mice. When combined with a toll-like receptor (TLR) 9 agonist, CpG,
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the antitumor effects of anti-CD40 were synergistically enhanced, retarding tumor growth and
prolonging survival in C57BL/6 and SCID/beige mice bearing either B16 melanoma or NXS2
neuroblastoma tumors, respectively. The antitumor effects persisted in the absence of T cells,
cytolytic NK cells, and neutrophils (14). CpG has been used as a T cell adjuvant preclinically
(16) and clinically (17); while the ability of CpG to activate M¢ and other cells of the mouse
innate immune system has been documented by our group (14, 18) and others (19), CpG seems
to be less effective in activating human M¢ (20) .

As an activator of the TLR4 pathway, lipopolysaccharide (LPS) activates M¢ (21, 22)
and also synergizes with anti-CD40 to activate M¢ in vitro (12). However, the therapeutic
potential of LPS in vivo is limited because of its severe toxicity in mammals. Lipid A is the
component of LPS that is primarily responsible for its immunologic effects; chemical
modification of Lipid A produces monophosphoryl lipid A (MPL), a potent immunostimulant
which is significantly less toxic than LPS (23, 24).

TLR agonists have potential as adjuvants for future cancer therapies, especially when
combined with other agents (19). MPL has been effective as a vaccine adjuvant (5, 25-30), but
its role in promoting the immune response against cancer has not been fully explored. The first
goal of this study was to determine if MPL, in a manner similar to CpG or LPS, could be
combined synergistically with anti-CD40 to prompt immune cells, specifically M¢, to inhibit
tumor cell proliferation in vitro. Using the immunotherapy protocol that we established for anti-
CD40+CpG, we then also assessed the in vivo antitumor effects of anti-CD40 combined with
MPL. Two treatment approaches were explored: a high-dose, systemic treatment injected i.p.;

and a local, low-dose treatment injected directly into a growing tumor. In addition, we tested
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whether T cells were required for M¢ activation and the resulting antitumor effects after

treatment with anti-CD40+MPL.
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Materials and Methods
Mice and cell lines

Female C57BL/6 and CB-17 SCID mice (6 to 8 weeks old), were obtained from Taconic
Farms (Germantown, NY) or from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed in the University of Wisconsin-Madison animal facilities at the Wisconsin Institutes for
Medical Research. All experimentation was performed in accordance to protocols approved by
the National Institutes of Health and by the Animal Care and Use Committees of UW-Madison.
The B16-F10 melanoma tumor cell line was used as a tumor model because it is weakly
immunogenic and syngeneic to the C57BL/6 strain of mice. B16-F10 cells were grown in RPMI
1640 complete medium supplemented with 10% FCS (Sigma Chemicals, St. Louis, MO), 2 mM
L-glutamine and 100 U/ml of penicillin/streptomycin (all from Life Technologies, Inc., Grand

Island, NY) at 37°C in a humidified 5% CO, atmosphere.

Antibodies and reagents

FGK 45.5 hybridoma cells capable of producing the agonistic anti-CD40 Ab were a gift
from Dr. F. Melchers (Basel Institute for Immunology, Basel, Switzerland). The mAb was
obtained from ascites of nude mice injected previously with the hybridoma cells, and the ascites
was then enriched for IgG by ammonium sulfate precipitation (12). MPL from Salmonella
enterica serotype minnesota (#L6895) was purchased from Sigma-Aldrich (St. Louis, MO) and
reconstituted as previously described (31). In brief, the lyophilized MPL was reconstituted to 1.0
mg/ml in distilled water containing 0.2% triethylamine, sonicated for 5 min, and stored at 4°C.
MPL was sonicated for 5 min before each additional use. Rat IgG control Ab and bacterial LPS

(from Salmonella enteritidis) were purchased from Sigma-Aldrich (St. Louis, MO).
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Unmethylated CpG-1826 oligodeoxynucleotide (TCCATGACGTTCCTGACGTT) was

purchased from TriLink Biotechnologies (San Diego CA).

Activation of M¢ with anti-CD40 and MPL

Mice were injected i.p. with 0.5 mg of either anti-CD40 or Rat IgG in 0.5 ml calcium-
and magnesium-free phosphate buffered saline (PBS). After 3 days, peritoneal exudate cells
(PECs) were obtained by peritoneal cavity lavage with 5 ml of cold RPMI 1640 complete
medium. Collected PECs were placed into 96 well flat-bottom cell culture plates (Corning Inc,
Corning, NY) at a concentration of 2x10’ cells per well in 0.1 ml medium. The peritoneal Md
population was enriched by allowing PECs to adhere to the plastic wells for 1% to 2 h, followed
by careful aspiration and removal of non-adherent cells. In our previous studies, flow cytometry
indicated that 95% of these adherent cells were M@, based on their expression of the F4/80 M¢
marker (12). Adherent M¢ were then co-cultured with B16 melanoma cells (10* cells per well)
for 48 h in complete RPMI 1640 medium, alone or in the presence of MPL (5 pg/ml), CpG (5
pg/ml), or LPS (10 ng/ml). Assay plates were incubated at 37°C in a humidified 5% CO,

atmosphere.

Mg-induced tumor cytostasis assay

The antitumor effect of mouse M¢ activated by anti-CD40 and MPL was determined by
co-culturing M¢ and B16 cells for 48 h and pulsing the wells with tritiated thymidine ([*H]-TdR,
PerkinElmer, Boston, MA, 1 puCi/well) for the last 6 h of incubation. [*H]-TdR incorporation was
determined by liquid B-scintillation counting of total cells after harvesting onto glass fiber filters

(Packard, Meriden, CT), using the Packard Matrix 9600 Direct -counter (Packard, Meriden,
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CT). M¢ incorporate negligible amounts of [*H]-TdR compared to rapidly-dividing B16 cells

(12, 32).

Nitric oxide (NO) production assay

Peritoneal M¢ were prepared and co-cultured with B16 cells as described in the M¢
cytostatic assay above. Supernatants were collected after 42 h, and nitrite accumulation was
measured using Griess Reagent (Sigma, St. Louis, MO). Equal volumes of supernatants and
Griess Reagent (50 pL each) were mixed for 10 min, and the absorbance at 570 nm was
measured by a microplate reader and compared to a standard nitrite curve ranging in

concentration from 0-125 pM.

Flow cytometric analysis of TLR expression

PECs from C57BL/6 mice injected on day -1, -3, or -5 with anti-CD40 or Rat IgG were
collected on day 0. As TLR4 can only bind LPS or MPL when it is associated with MD-2
(lymphocyte antigen 96) (33), PECs were stained with anti-TLR4-MD-2-PE (clone MTS510,
eBioscience, San Diego, CA), and also with anti-F4/80-APC (clone BMS), for 40 min at 4°C.
After surface staining, cells were washed, fixed, and permeabilized as described previously (12).
Cells were stained intracellularly with anti-TLR4-MD-2-PE and anti-TLR9-FITC (TLR9
expression data not shown) and resuspended in 0.3 ml flow buffer (PBS supplemented with 0.5%
FCS). Propidium iodide was added to stain dead cells, which were excluded from subsequent
analysis. Flow cytometry was performed on a FACSCalibur flow cytometer (BD, Franklin
Lakes, NJ) and analyzed for TLR4 expression within the F4/80" cell population using FlowJo

Software (Ashland, OR).
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Fluorescence-activated cell sorting

PECs from anti-CD40-treated C57BL/6 mice were collected and stained for 40 min at
4°C with anti-CD11b-APC (clone M1/70, BioLegend, San Diego, CA), anti-Gr-1-PE (clone
RB6-8C5), anti-F4/80-FITC (clone BMS), and anti-CD19-PECy7 fluorochromes (clone 1D3,
eBioscience, San Diego, CA). Cells were then sorted into purified populations according to their
immunophenotype or forward scatter and side scatter characteristics. FACS sorting was
performed with a FACSAria cell sorter (BD, Franklin Lakes, NJ). The purity of the sorted
populations was confirmed by standard flow cytometry. For functional assays involving sorted
cells, 5x10* sorted PECs and 1x10* B16 tumor cells were plated in triplicate in 96-well flat-
bottomed plates. The [’H]-TdR incorporation and NO assays were performed as described in the

sections above.

Immunohistochemistry.

The cytospin preparations of sorted PECs were stained with Wright-Giemsa Stain
(Sigma) as described (34). Briefly, PECs were centrifuged at 800 rpm for 3 min, fixed in 100%
methanol for 2 min, and stained horizontally with Wright-Giemsa Stain (Sigma) for 45 s. Cells
were further stained with an equal volume mixture of Wright-Giemsa Stain and glass filtered
water for 10 min, washed, and destained for 5 min. Pictures of cells were taken at 40x

magnification using the Magnafire 2.1 computer software (Optronics, Goleta, California).
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In vivo tumor model and therapy

C57BL/6 mice or CB-17 SCID mice were injected subcutaneously (s.c.) in the lower-
right quadrant of the shaved abdomen with 1x10° viable B16 melanoma cells in 0.1 ml PBS on
day 0. In some experiments, a primary tumor was implanted s.c. in the right flank of the animal
on day 0, followed by a secondary s.c. tumor injection in the left flank on day 3. Mice were
randomized into treatment groups after tumors were injected. For mice receiving i.p. treatment,
0.5 mg anti-CD40 or 0.5 mg rat IgG was injected i.p. in 0.5 ml PBS on days 4 and 11, and 50 pg
MPL in 0.5 ml or 0.5 ml PBS was injected i.p. on days 7 and 14. For mice receiving intratumoral
(i.t.) therapy, 20 pg anti-CD40 or 20 pg rat IgG was injected i.t. into the primary tumor on days 5
and 12, and either 2 ug MPL or PBS was given i.t. on days 8 and 15. Intratumoral injections
were administered in 0.1ml PBS. The perpendicular diameters of s.c. tumors were measured
every 3 to 4 days using digital calipers. Tumor volumes were estimated according to the formula:
(1/2) x tumor length x tumor width”. Mice that had no visible or palpable tumors by day 8 post-

tumor cell inoculation were excluded from experimental analysis.

In vivo T cell depletion

For certain experiments, C57BL/6 mice were depleted of T cells with a mixture of 250 pg
anti-CD4 mADb and 250 pg anti-CD8 mAbs injected i.p. 2 days before the start of treatment.
Injections of depleting Abs were repeated every 5 days for the remainder of the experiment.
Non-depleted mice received 500 ug rat IgG as a control. The efficacy of T cell depletion was
confirmed by flow cytometry showing an 83.4% reduction of CD4" lymphocytes and an 89.3%
reduction of CD8" lymphocytes compared to CD4" and CD8" lymphocytes from IgG control

mice.
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Statistical analysis

A two-tailed Student’s t-test was used to determine significant differences between
experimental and relevant control means for in vitro experiments. Survival data were analyzed
with the log-rank test. Differences in the mean tumor growth rate of treatment groups were
determined by fitting the tumor growth curve of each mouse to an exponential curve using the
equation for exponential growth (V, = Vye*), where V,is tumor volume, ¢ is time, and the rate
constant  is the parameter taken to describe the overall tumor growth rate for each mouse. The
parameter V, was calculated to be the same for all mice within an experiment. The group mean r
was compared between groups using Student’s two-tailed t test. For all tests, p<0.05 was
considered statistically significant. In all figures, p-values are represented with asterisks (*) as
follows: p<0.05 (*), p<0.01 (**), p<0.001 (***). Graphs were generated and significance tests

were performed using the GraphPad Prism 5.04 software.
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Results
Anti-CD40 and MPL synergize to activate Mg.

Our first set of experiments tested whether an 1.p. injection of 0.5 mg anti-CD40 into
naive C57BL/6 mice could prime M¢ to further stimulation by MPL ex vivo. Our previous
studies showed that CD40 ligation by anti-CD40 upregulated TLR9 expression in M¢ in a time-
dependent manner, peaking 3 days after anti-CD40 and correlating with anti-CD40/CpG-induced
antitumor effects (14). Since the receptor for MPL is TLR4, we asked if there is a similar pattern
of anti-CD40-mediated upregulation of TLR4. The level of MPL-responsive TLR4 was indeed
enhanced in F4/80" cells (M¢) when analyzed by flow cytometry on days 1, 3, and 5 post-
treatment with anti-CD40 (Fig 14). A similar effect was seen for TLR9 expression (data not
shown), in agreement with our previous data (14). Two mice were tested for each time point and
gave consistent results. The baseline TLR4 expression from one representative naive mouse had
a mean fluorescence intensity (MFI) of 9.6, compared to MFIs of 25 on day 1, 33.2 on day 3, and
24.4 on day 5 following anti-CD40 (Fig. 14).

Since TLR4 expression seemed to reach peak levels 3 days after in vivo treatment with
anti-CD40, we hypothesized that M¢ from anti-CD40-treated mice would show higher levels of
antitumor activity upon exposure to MPL on day 3, compared to M¢ from rat IgG-treated mice.
Indeed, M¢ from anti-CD40-treated mice were further activated by MPL in vitro, almost
completely inhibiting B16 proliferation (Fig 1B) and secreting a significant amount of NO (Fig
10). A comparable synergistic effect with anti-CD40 was also seen when the cells were
stimulated by LPS or CpG, which were used as positive controls. In addition to their ability to
suppress proliferation of B16 murine melanoma, M¢ that were primed by anti-CD40 and

activated by MPL also suppressed the proliferation of human tumor cell lines, including M21
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melanoma, ECC-1 endometrial carcinoma, SKOV-3 ovarian carcinoma, and K562 myelogenous

leukemia (data not shown).

CD11b" macrophages and monocytes are activated following anti-CD40 and MPL treatment.

In order to identify the specific subset of effector cells that can be activated by MPL on
day 3 after anti-CD40 priming, PECs were collected from mice that had been injected with anti-
CD40 3 days earlier, stained, gated on CD11b"€" cells, sorted into 4 sub-populations based on
their expression of immunophenotypic surface markers (Fig. 24), and were further characterized
by histological staining (Fig. 2B) and functional analysis (Fig. 2C and 2D). Subpopulation 1
consisted of monocytes and naive macrophages that did not suppress B16 proliferation (Fig. 2C)
or secrete NO (Fig. 2D) following anti-CD40 treatment (black bars), but could be induced to do
so by MPL (grey bars). Subpopulation 2 expressed slightly less F4/80 and slightly more Gr-1,
and was shown by histological staining (Fig 2B) to be a distinct population from subpopulation
1. Subpopulation 2 consisted of a relatively pure population of activated macrophages that
strongly inhibited B16 proliferation (Fig. 2C) and secreted large quantities of NO (Fig. 2D).

In a separate prior experiment (not shown), CD11b" Gr-1" cells were sorted as one
population that consisted of a mixture of monocytes and polymorphonuclear cells, according to
histology. These cells were capable of inhibiting B16 proliferation and secreting modest amounts
of NO. In order to identify more precisely which cells were activated in the experiment shown in
Fig. 2, this population of CD11b" Gr-1" cells was further purified by forward scatter and side
scatter qualities into two distinct populations, one predominantly consisting of granulocytes (Fig.
2B, 3) and the other, monocytes (Fig. 2B, 4). The granulocytes showed no antitumor activity (Fig

2C and 2D). Monocytes were able to suppress B16 proliferation after stimulation by anti-CD40
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(Fig. 2C), but these cells did not synergize with MPL to cause further suppression of B16
proliferation (Fig. 2C).

In a different experiment, CD11b and CD11b"" cells in anti-CD40-injected mice were
found to be mostly CD19" naive and activated B cells, respectively. Neither of these B cell
populations mediated antitumor effect or produced NO following stimulation by MPL (data not

shown).

Combining anti-CD40 and MPL in mice with intact immune systems slows s.c. B16 tumor growth
and prolongs survival more effectively than treating with either agent individually.

The above experiments established synergy between anti-CD40 and MPL in vitro,
indicating that the two immunostimulants could be therapeutically efficacious when used as a
dual-agent cancer treatment. Since the route of administration for anti-cancer therapy may play a
critical role in determining a treatment’s outcome (5, 16, 35, 36), we looked at two methods of
administering anti-CD40 and MPL, treating mice either intraperitoneally (i.p.) or intratumorally
(i.t.). C57BL/6 mice were first engrafted with s.c. tumors on day 0 and then treated i.p. with anti-
CD40 and MPL, either alone or in combination, as described in Materials and Methods. The
mice that received both agents had a significantly reduced tumor burden compared to any other
group, based on the rate at which the tumors grew after beginning treatment. The mice treated
with the combination therapy also survived longer than the PBS+IgG and MPL+PBS groups, but
not compared to the anti-CD40+PBS group (p=0.27) (Fig. 3C).

Next, we targeted immune cells in the tumor microenvironment by injecting anti-CD40
and MPL directly into the tumor. A dose titration pilot study was performed to determine

suboptimal doses for 1.t. anti-CD40 and 1.t. MPL in order to reduce the ability of i.t. anti-CD40 or
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i.t. MPL to overpower the tumor individually and mask a possible synergistic effect of the
combination. Suboptimal doses of 20 pg anti-CD40 and 2 pug MPL were chosen (data not
shown), each of which was 25 times less than the doses we used for i.p. therapy. These doses
were used for all i.t. experiments. When injected locally into the growing tumor, the combination
of anti-CD40 and MPL resulted in a significant reduction in tumor burden (Fig. 3B). The tumors
treated with anti-CD40 or MPL alone were slightly smaller than the untreated tumors at the end
of treatment on day 15, but the combination-treated tumors remained very small (1-4 mm?) for
several days after the cessation of treatment. Most combination-treated mice (6 / 8) eventually
developed large tumors and died as a result, but some (2 / 8) rejected the tumor and remained
tumor free, whereas none of the mice from other groups survived (Fig. 3D). Thus, anti-CD40 and
MPL were synergistic in vivo in immunocompetent mice, and the antitumor effects of i.t. therapy

with anti-CD40 and MPL were more pronounced than those of i.p. therapy.

MPL with and without anti-CD40 can activate M¢ to in the absence of T cells

In the next series of experiments we tested whether T cells played a role in activating M¢
or mediating the antitumor effects induced by anti-CD40 and MPL. Peritoneal M¢ from
immunocompetent C57BL/6 mice were primed with anti-CD40 for further activation by MPL,
resulting in greatly augmented tumoristasis (Fig. 1B8) and NO production (Fig. 1C). Because
CD40 ligation may require additional T cell help to fully sensitize M¢ to MPL, we depleted T
cells in C57BL/6 mice with anti-CD8 and anti-CD4 depleting mAbs (250 png each, injected i.p. in
0.5 ml) 2 days before giving a single dose of anti-CD40 or control rat IgG (0.5 mg, i.p.) on day 0.
On day 3, PECs from these mice were collected and tested in vitro for their ability to suppress

B16 proliferation (Fig 44) and produce NO (Fig. 4B). M¢ from T cell-depleted C57BL/6 mice



272

were activated by anti-CD40 and MPL, resulting in an almost complete inhibition of B16
proliferation (**p=0.009) (Fig. 44). However, this anti-proliferative effect was equally strong in
M¢ obtained from T cell-depleted mice that received MPL and non-specific rat IgG instead of
anti-CD40 (*p=0.035). Furthermore, in these CD4/CDS depleted animals, the rat IgG treatment
alone also induced some tumor inhibition, similar to that in anti-CD40-treated mice (Fig. 44). As
pretreatment of immunocompetent mice with the control rat IgG alone did not cause
tumoristasis, NO production, or priming to MPL (Fig. 1B and Fig. 1C), we hypothesized that
some systemic effect was induced by the CD4/CDS depletion resulting in M¢ priming similar to
that induced by anti-CD40. In terms of NO levels, the combination of anti-CD40 and MPL was
more effective than rat [gG and MPL in inducing NO production (*p=0.019) (Fig. 4B). Even
without anti-CD40, M¢ from IgG-treated mice secreted more NO when cultured in the presence
of MPL than when cultured with media alone (*p=0.018).

In order to eliminate any potential stimulating effects of CD4" and CD8" T cell-depleting
antibodies, we repeated these experiments using T and B cell-deficient CB-17 SCID mice. SCID
mice were injected i.p. with either anti-CD40 or control rat IgG (0.5 mg in 0.5 ml PBS) and the
PECs harvested 3 days later. Similar to the results observed with T cell-depleted C57BL/6 mice
(Fig. 44), anti-CD40-M¢ and rat IgG- M¢ from SCID mice showed an equally strong response
to MPL (*p<0.05) (Fig. 4C). Anti-CD40, however, unlike its effects on NO production by M¢
from T cell-depleted mice (Fig. 4B), was unable to induce SCID M¢ to produce NO, with or

without MPL, (Fig. 4D) for reasons that remain to be investigated.
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Intratumoral MPL with or without anti-CD40 slows tumor growth in SCID mice

When combined into a single treatment regimen, anti-CD40 and MPL mediated potent
antitumor effects in immunocompetent mice. Our previous studies showed that anti-CD40 could
exert antitumor effects in the absence of T cells when given i.p. (11, 14, 32). In order to explore
the role of T cells in i.t. treatment, anti-CD40 and MPL were given i.t. to CB-17 SCID mice
bearing subcutaneous B16 tumors. The tumors were treated i.t. with anti-CD40 (20 pg/mouse) on
day 5 and day 12 and with MPL (2 pg/mouse) on day 8 and day 15. Untreated mice received rat
IgG in place of anti-CD40 and PBS in place of MPL. When CB-17 SCID mice were treated i.t.
with a combination of anti-CD40 and MPL, there was a significant reduction in the growth of
their tumor (Fig. 54), but this antitumor benefit was no better than what was seen in mice given
MPL without anti-CD40. Intratumoral MPL by itself seemed capable of slowing B16 tumor
growth, consistent with our in vitro observations (Fig. 4C). In this setting, treatment with anti-

CD40 + MPL, or MPL alone did not cause a significant prolongation of survival (Fig. 5B).

Intratumoral anti-CD40 and MPL can delay the growth of distant, untreated B16 tumors in
immunodeficient hosts

Even though locally-administered MPL meditates T cell-independent antitumor effects in
SCID mice, T cells may still be involved when immunocompetent mice receive this treatment. In
order to determine whether T cells affect the growth of distant tumors, we injected primary s.c.
tumors into C57BL/6 mice (Fig. 64-C), anti-CD4/CD8-treated C57BL/6 mice (Fig. 6D-F), and,
in a separate experiment, CB-17 SCID mice (Fig. 6G-I). Secondary tumors were injected s.c.
into the opposite flanks of all mice on day 3. Primary tumors were treated i.t. with anti-CD40 on

day 5 and with MPL on day 8, followed by a second round of anti-CD40 on day 12 and MPL on



274

day 15. In all 3 groups of mice (immunocompetent, T cell-depleted, and SCID), i.t. treatment
resulted in a substantial retardation of the growth of the primary (Figs. 64, D, G) and secondary
tumors (Figs. 6 B, E, H), and significantly prolonged survival (Figs. 6C, F, I). In contrast with
the results of single-tumor experiments, in which the low i.t. doses of anti-CD40+MPL
occasionally resulted in complete tumor eradication and long-term survival (Fig. 3D), complete
tumor rejection was not seen in these two-tumor experiments, with the exception of one treated
SCID mouse. Collectively, these results suggest that the antitumor effects at the treated and
distant secondary tumors appear, at least in this tumor model at the doses tested, to be mediated

by cells other than T cells.
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Discussion

Anti-CD40 (15, 37) and MPL (19, 38) have been used in clinical settings as individual
therapies, but have not, to our knowledge, been combined into a single immunotherapy regimen
for experimental or clinical cancer treatment. In this study, we show that anti-CD40 mAb and
MPL can activate monocytes and M¢ in both immunocompetent and T cell-deficient hosts, and
induce suppression of tumor growth in vitro and in vivo. Moreover, the synergy between anti-
CD40 and MPL was observed in immunocompetent mice.

This study is a clinically-relevant follow up to our lab’s earlier work on the potential
cellular effector mechanisms of CD40 ligation (11-14, 32, 37, 38). Most current therapies based
on CDA40 ligation are aimed toward the activation of T cells as the main effector cells (39), but
we established that M¢ and NK cells can also be activated by CD40 ligation to mediate
antitumor effects that persist even when T cells are absent (13, 37). T cells were still unnecessary
when we combined anti-CD40 in vivo with CpG (14), a TLR9 agonist, yielding results consistent
with those presented here for TLR4 agonist MPL. Even though CpG is a powerful vaccine
adjuvant in preclinical studies (16, 35) and activates mouse M¢ (18), it seems to be less effective
in activating human M¢ (20). Alternatively, MPL is relatively non-toxic (24, 40), has a history of
use in clinical trials as a single agent (41), and activates monocytes/ M¢ in human patients (41).
Because of these characteristics and our results, we believe that a combination of anti-CD40 and
MPL may prove to be more clinically beneficial than a combination of anti-CD40 and CpG.

In this study we present evidence that anti-CD40+MPL treatment results in antitumor
effects in which T cells are not the main effector cells, since M¢ activation and antitumor effects
against primary and distant tumors were observed in mice in the absence of T cells. In addition,
our preliminary data indicate that subcutaneous injections of anti-CD40+MPL into healthy skin

is similarly effective against a distant, untreated tumor as compared to i.t. injections of anti-
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CD40+MPL, arguing against a necessary role of local T cell activation in the systemic antitumor
effect of this combination against B16-F10 tumors. However, while not required for tumor
suppression in this tumor model, T cells still may be activated. For instance, MPL has been
reported to induce IFNy release from T cells (42). MPL can also inhibit suppressor T cells,
possibly leading to a strengthened immune response against the tumor (31). This activation of T
cells by anti-CD40 and MPL may contribute to rejection of tumors that are more immunogenic
than B16, as we have shown previously for anti-CD40 (32).

The T cell-independent, M¢-dependent mechanism of antitumor effects induced by anti-
CD40 and MPL is in agreement with the recent clinical and preclinical results on anti-CD40
therapy of pancreatic cancer (14). A Phase I trial of the first fully-humanized anti-CD40
agonistic mAb (CP-870,893) (43) combined with gemcitabine chemotherapy resulted in tumor
regression in 4 out of 21 pancreatic ductal adenocarcinoma (PDA) patients (15). Biopsies
showed that regressing tumors had been infiltrated with M¢, but lacked signs of lymphocytes. In
immunocompetent KPC mice that spontaneously developed PDA, anti-CD40 treatment resulted
in M¢ (but not lymphocyte) infiltration into tumors, failed to produce protective T cell immunity,
and required M¢ for anti-CD40-induced tumor regression (15), suggesting that the targets for the
anti-CD40 mAb are immature M¢ and monocytes.

During the course of our experiments, we observed that SCID and T cell-depleted
CS57BL/6 mice responded strongly to MPL, with or without initial priming by anti-CD40. SCID
Mo might be primed as a compensatory defense mechanism in the absence of T- and B-cells. If
SCID M¢ are primed, then further priming by anti-CD40 may have no discernible effect. The
results obtained from T cell-depleted C57BL/6 mice showing M¢ activation (Fig. 4C) are

potentially explained by the mechanism of T cell-depletion. The anti-CDS8 and anti-CD4
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depleting antibodies opsonize CD8" and CD4" T cells, leading to M¢-mediated antibody-
dependent cellular cytotoxicity. Because M¢ would be responsible for the depletion of T cells,
they might still be in an activated or primed state upon removal from these T-cell depleted mice.
This would explain why MPL by itself was a sufficient stimulus for M¢ from T cell-depleted
mice (Fig. 4C), but not from immunologically intact mice (Fig. 1B).

Compared to untreated controls, it appears that i.p. treatment with anti-CD40 alone was
effective against tumors in immunocompetent mice (p=0.037), but i.p. treatment with MPL alone
did not have an effect (p=0.49) (Fig. 34). Conversely, when we injected these agents i.t. in lower
doses, MPL slowed tumor growth (p=0.017), but anti-CD40 did not (p=0.42) (Fig. 3B). These
observations may suggest a potential benefit of injecting anti-CD40 systemically in order to
prime large numbers of monocytes or M¢ that would then migrate to and infiltrate the tumor. If
systemic anti-CD40 is followed by an i.t. injection of MPL, it might introduce a high local
concentration of the activating signal in the tumor site for the newly-arrived primed M¢. By
combining alternate routes of administrating anti-CD40 and MPL, it might be possible to further
augment the therapeutic potential of this combination. However, the results of this present study
demonstrate that injecting both agents intratumorally, even at very small doses, can still elicit a
strong antitumor response. This suggests that local delivery is a potential strategy for reducing or
eliminating the toxicity of anti-CD40 in the clinical setting.

Another promising use for anti-CD40 is combining it with other agents in addition to
MPL (44). For example, the efficacy of anti-CD40 and CpG was enhanced in combination with
cyclophosphamide (11) and other chemotherapeutic agents (45) which are normally
immunosuppressive in high doses. Since anti-CD40 and MPL are effective at slowing tumor

growth in immunocompromised CB-17 SCID mice and in C57BL/6 mice depleted of CD4" and
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CD8" T cells, this combination immunotherapy may be appropriate for future testing in cancer

patients that have become functionally immune suppressed by their chemotherapy regimens.



279



280

Acknowledgements

The authors would like to thank the UW Flow Cytometry staff for their assistance with sorting,
Dr. Kory Alderson for helpful discussions and experimental advice, and Xiaoyi Qu and Nicholas
Kalogriopoulos for technical help.



281

References
1. Tong, A. W., and M. J. Stone. 2003. Prospects for CD40-directed experimental therapy of
human cancer. Cancer Gene Ther. 10: 1-13.

[\9)

. Weiner, L. M., R. Surana, and J. Murray. 2010. Vaccine prevention of cancer: Can
endogenous antigens be targeted? Cancer Prev. Res. 3: 410-5.

[98)

. Solomayer, E.-F., M. Feuerer, L. Bai, V. Umansky, P. Beckhove, G. C. Meyberg, G. Bastert,
V. Schirrmacher, and I. J. Diel. 2003. Influence of adjuvant hormone therapy and

chemotherapy on the immune system analysed in the bone marrow of patients with breast
cancer. Clin. Cancer Res. 9: 174-180.

I

. Speiser, D. E. 1997. Self antigens expressed by solid tumors do not efficiently stimulate naive
or activated T cells: Implications for immunotherapy. J. Exp. Med. 186: 645-653.

W

. Baldridge, J. R., and R. T. Crane. 1999. Monophosphoryl lipid A (MPL) formulations for the
next generation of vaccines. Methods 19: 103-7.

(o)

. Whiteside, T. L. 2006. Immune suppression in cancer: effects on immune cells, mechanisms
and future therapeutic intervention. Semin. Cancer Biol. 16: 3-15.

~

. Rosenberg, S. A.,J. C. Yang, and N. P. Restifo. 2004. Cancer immunotherapy: moving
beyond current vaccines. Nat. Med. 10: 909-15.

8. Stewart, T. J., and M. J. Smyth. 2011. Improving cancer immunotherapy by targeting tumor-
induced immune suppression. Cancer Metast. Rev. 30: 125-40.

\O

. Harris, J., D. Sengar, T. Stewart, and D. Hyslop. 1976. The effect of immunosuppressive
chemotherapy on immune function in patients with malignant disease. Cancer 37: 1058-
69.

10. Nair, R. E., M. O. Kilinc, S. A. Jones, and N. K. Egilmez. 2006. Chronic immune therapy
induces a progressive increase in intratumoral T suppressor activity and a concurrent loss
of tumor-specific CD8+ T Effectors in her-2/neu transgenic mice bearing advanced
spontaneous tumors. J. Immunol. 176: 7325-7334.

11. Johnson, E. E., I. N. Buhtoiarov, M. J. Baldeshwiler, M. A. R. Felder, N. Van Rooijen, P. M.
Sondel, and A. L. Rakhmilevich. 2011. Enhanced T-cell-independent antitumor effect of

cyclophosphamide combined with anti-CD40 mAb and CpG in mice. J. Immunother. 34:
76-84.

12. Buhtoiarov, I. N., H. Lum, G. Berke, D. M. Paulnock, P. M. Sondel, A. L. Rakhmilevich, 1.
N Buhtoiarov, D. M Paulnock, P. M Sondel, and A. L Rakhmilevich. 2005. CD40
Ligation Activates Murine Macrophages via an IFN-gamma-Dependent Mechanism
Resulting in Tumor Cell Destruction In Vitro. J. Immunol. 174: 6013-6022.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

282

Lum, H. D., I. N. Buhtoiarov, B. E. Schmidt, G. Berke, D. M. Paulnock, P. M. Sondel, and
A. L. Rakhmilevich. 2006. In vivo CD40 ligation can induce T-cell-independent
antitumor effects that involve macrophages. J. Leukocyte Biol. 79: 1181-92.

Buhtoiarov, I. N., H. D. Lum, G. Berke, M. Sondel, A. L. Rakhmilevich, and P. M. Sondel.
2006. Synergistic activation of macrophages via CD40 and TLR9 results in T Cell
independent antitumor effects. J. Immunol. 176: 309-18.

Beatty, G. L., E. G. Chiorean, M. P. Fishman, B. Saboury, U. R. Teitelbaum, W. Sun, R. D.
Huhn, W. Song, D. Li, L. L. Sharp, D. A. Torigian, P. J. O’Dwyer, and R. H.
Vonderheide. 2011. CD40 agonists alter tumor stroma and show efficacy against
pancreatic carcinoma in mice and humans. Science 331: 1612-6.

Nierkens, S., M. H. den Brok, T. Roelofsen, J. A. L. Wagenaars, C. G. Figdor, T. J. Ruers,
and G. J. Adema. 2009. Route of administration of the TLR9 agonist CpG critically
determines the efficacy of cancer immunotherapy in mice. PloS One 4: e8368.

Cooper, C. L., H. L. Davis, M. L. Morris, S. M. Efler, M. A. Adhami, A. M. Krieg, D. W.
Cameron, and J. Heathcote. 2004. CPG 7909, an immunostimulatory TLR9 agonist

oligodeoxynucleotide, as adjuvant to Engerix-B HBV vaccine in healthy adults: a double-
blind phase VII study. J. Clin. Immunol. 24: 693-701.

Buhtoiarov, I. N., P. M. Sondel, J. C. Eickhoff, and A. L. Rakhmilevich. 2007. Macrophages
are essential for antitumour effects against weakly immunogenic murine tumours induced
by class B CpG-oligodeoxynucleotides. Immunology 120: 412-23.

Ulevitch, R. J. 2004. Therapeutics targeting the innate immune system. Nat. Rev. Immunol. 4:
512-20.

Campbell, J. D., Y. Cho, M. L. Foster, H. Kanzler, M. A. Kachura, J. A. Lum, M. J.
Ratcliffe, A. Sathe, A. J. Leishman, A. Bahl, M. McHale, R. L. Coffman, and E. M.
Hessel. 2009. CpG-containing immunostimulatory DNA sequences elicit TNF-alpha-
dependent toxicity in rodents but not in humans. J. Clin. Invest. 119: 2564-76.

Sweet, M. J., and D. A. Hume. 1996. Bacterial lipopolysaccharide confers resistance to
G418, doxorubicin, and taxol in the murine macrophage cell line, RAW264. J. Leukocyte
Biol. 59: 280-6.

Bode, J. G., C. Ehlting, and D. Haussinger. 2012. The macrophage response towards LPS
and its control through the p38(MAPK)-STATS3 axis. Cell. Signal. 24: 1185-94.

Ribi, E., K. C. Milner, D. L. Granger, M. T. Kelly, K.-ichi Yamamoto, W. Brehmer, R.
Parker, R. F. Smith, and S. M. Strain. 1976. Immunotherapy with nonviable microbial
components. Ann. NY Acad. Sci. 277: 228-238.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

283

Masihi, K. N., W. Lange, W. Brehmer, and E. Ribi. 1986. Immunobiological activities of
nontoxic lipid A: enhancement of nonspecific resistance in combination with trehalose

dimycolate against viral infection and adjuvant effects. Int. Immunopharmacol. 8: 339-
45.

Baldridge, J. R., P. McGowan, J. T. Evans, C. Cluff, S. Mossman, D. Johnson, and D.
Persing. 2004. Taking a Toll on human disease: Toll-like receptor 4 agonists as vaccine
adjuvants and monotherapeutic agents. Expert Opin. Biol. Th. 4: 1129-38.

Vandepapeliere, P., Y. Horsmans, P. Moris, M. Van Mechelen, M. Janssens, M. Koutsoukos,
P. Van Belle, F. Clement, E. Hanon, M. Wettendorff, N. Gar¢on, and G. Leroux-Roels.
2008. Vaccine adjuvant systems containing monophosphoryl lipid A and QS21 induce
strong and persistent humoral and T cell responses against hepatitis B surface antigen in
healthy adult volunteers. Vaccine 26: 1375-86.

Persing, D. H., R. N. Coler, M. J. Lacy, D. A. Johnson, J. R. Baldridge, R. M. Hershberg, and
S. G. Reed. 2002. Taking toll: lipid A mimetics as adjuvants and immunomodulators.
Trends Microbiol. 10: s32—s37.

Garcon, N., and O. Leo. 2010. Innate Immunity and Vaccine Adjuvants: From Concepts to
the Development of a Unique Adjuvant System AS04 Used for the Formulation of a
Human Papillomavirus (HPV) Vaccine. Curr. Cancer Ther. Rev. 6: 126-137.

Evans, J. T., C. W. Cluff, D. A. Johnson, M. J. Lacy, D. H. Persing, and J. R. Baldridge.
2003. Enhancement of antigen-specific immunity via the TLR4 ligands MPL adjuvant
and Ribi.529. Expert Rev. Vaccines 2: 219-29.

Didierlaurent, A. M., S. Morel, L. Lockman, S. L. Giannini, M. Bisteau, H. Carlsen, A.
Kielland, O. Vosters, N. Vanderheyde, F. Schiavetti, D. Larocque, M. Van Mechelen,
and N. Garcon. 2009. AS04, an aluminum salt- and TLR4 agonist-based adjuvant system,
induces a transient localized innate immune response leading to enhanced adaptive
immunity. J. Immunol. 183: 6186-97.

Baker, P. J., J. R. Hiernaux, M. B. Fauntleroy, B. Prescott, J. L. Cantrell, and J. a Rudbach.
1988. Inactivation of suppressor T-cell activity by nontoxic monophosphoryl lipid A.
Infect. Immun. 56: 1076-83.

Rakhmilevich, A. L., I. N. Buhtoiarov, M. Malkovsky, and P. M. Sondel. 2008. CD40
ligation in vivo can induce T cell independent antitumor effects even against
immunogenic tumors. Cancer Immunol. Immunother. 57: 1151-60.

Hyakushima, N., H. Mitsuzawa, C. Nishitani, H. Sano, K. Kuronuma, M. Konishi, T. Himi,
K. Miyake, and Y. Kuroki. 2004. Interaction of soluble form of recombinant extracellular
TLR4 domain with MD-2 enables lipopolysaccharide binding and attenuates TLR4-
mediated signaling. J. Immunol. 173: 6949-54.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

284

Rakhmilevich, A. L., M. J. Baldeshwiler, T. J. Van De Voort, M. A. R. Felder, R. K. Yang,
N. A. Kalogriopoulos, D. S. Koslov, N. Van Rooijen, and P. M. Sondel. 2012. Tumor-
associated myeloid cells can be activated in vitro and in vivo to mediate antitumor
effects. Cancer Immunol. Immunother.

Lou, Y., C. Liu, G. Lize, W. Peng, C. Xu, Y. Ye, B. A. Rabinovich, Y. Hailemichael, A.
Gelbard, D. Zhou, W. W. Overwijk, and P. Hwu. 2011. Antitumor Activity Mediated by
CpG : The Route of Administration is Critical. J. Immunother. 34: 279-288.

Johnson, E. E., H. D. Lum, A. L. Rakhmilevich, B. E. Schmidt, M. Furlong, I. N. Buhtoiarov,
J. A. Hank, A. Raubitschek, D. Colcher, R. A. Reisfeld, S. D. Gillies, and P. M. Sondel.
2008. Intratumoral immunocytokine treatment results in enhanced antitumor effects.
Cancer Immunol. Immunother. 57: 1891-902.

Turner, J. G., A. L. Rakhmilevich, L. Burdelya, Z. Neal, M. Imboden, P. M. Sondel, and H.
Yu. 2001. Anti-CDA40 antibody induces antitumor and antimetastatic effects: the role of
NK cells. J. Immunol. 166: 89-94.

Lum, H. D., I. N. Buhtoiarov, B. E. Schmidt, G. Berke, D. M. Paulnock, P. M. Sondel, and
A. L. Rakhmilevich. 2006. Tumoristatic effects of anti-CD40 mAb-activated
macrophages involve nitric oxide and tumour necrosis factor-alpha. Immunology 118:
261-70.

Fonsatti, E., M. Maio, M. Altomonte, and P. Hersey. 2010. Biology and clinical applications
of CD40 in cancer treatment. Semin. Oncol. 37: 517-23.

Vosika, G. J., C. Barr, and D. Gilbertson. 1984. Phase-I study of intravenous modified lipid
A. Cancer Immunol. Immunother. 18: 107-12.

Qureshi, N., K. Takayama, and E. Ribi. 1982. Purification and structural determination of
nontoxic lipid A obtained from the lipopolysaccharide of Salmonella typhimurium. J.
Biol. Chem. 257: 11808—-11815.

Johnson, A. G. 1994. Molecular adjuvants and immunomodulators: new approaches to
immunization. Clin. Microbiol. Rev. 7: 277-289.

Vonderheide, R. H., K. T. Flaherty, M. Khalil, M. S. Stumacher, D. L. Bajor, N. a Hutnick,
P. Sullivan, J. J. Mahany, M. Gallagher, A. Kramer, S. J. Green, P. J. O’Dwyer, K. L.
Running, R. D. Huhn, and S. J. Antonia. 2007. Clinical activity and immune modulation
in cancer patients treated with CP-870,893, a novel CD40 agonist monoclonal antibody.
J. Clin. Oncol. 25: 876-83.

Khalil, M., and R. H. Vonderheide. 2007. Anti-CD40 agonist antibodies: preclinical and
clinical experience. Update Cancer Ther. 2: 61-65.



285

45. Buhtoiarov, I. N., P. M. Sondel, J. M. Wigginton, T. N. Buhtoiarova, E. M. Yanke, D. A.
Mahvi, and A. L. Rakhmilevich. 2011. Anti-tumour synergy of cytotoxic chemotherapy
and anti-CD40 plus CpG-ODN immunotherapy through repolarization of tumour-
associated macrophages. Immunology 132: 226-39.



286

Figure Legends

FIGURE 1. Synergistic activation of M¢ with anti-CD40 and MPL. (A) Expression of TLR4 on
M¢ from mice treated with anti-CD40. C57BL/6 mice were injected 1.p. with anti-CD40 (0.5
mg/mouse in 0.5 ml PBS), and their PECs were collected 1, 3, or 5 days later and tested by flow
cytometry for TLR4 expression. Results are presented as histograms of viable M¢ (PI" F4/80")
from 1 representative mouse out of the 2 mice injected on each day. On histogram: black peak,
baseline TLR4 expression from naive mouse, MFI 9.6; open peaks, overlapping TLR4
expression 1 day or 5 days after anti-CD40, MFI 25 (1 d) and 24.4 (5 d); grey peak, TLR4 on M¢
collected 3 days after anti-CD40, MFI: 33.2. (B) Tumoristatic synergy between anti-CD40 and
MPL in vitro. C57BL/6 mice were injected with anti-CD40 (500 pg i.p.) or rat IgG (500 pg i.p.)
on day 0. On day 3, PECs were collected and enriched for M¢ by allowing cells (2x10° per well)
to adhere to plastic wells for 2 hours, followed by gentle pipetting to remove non-adherent cells.
Adherent cells were then co-cultured in triplicate wells for 48h with 10* B16 cells and stimulated
with either MPL (5pug/ml), CpG (5 png/ml), or LPS (10ng/ml). Wells were pulsed with [*H]
thymidine (1 nCi/well) for the last 6 h of incubation in order to measure proliferation of B16
cells. Results are presented as the mean total number of  counts over 5 min + SE from 10 mice
combined from 3 identical experiments. Cells from each mouse were tested in all 4 in vitro
conditions. (C) Anti-CD40+MPL-M¢ secrete NO in a synergistic manner. After 42 hr of
stimulation IgG- or anti-CD40-M¢ with medium alone, MPL (5 pg/ml), CpG (5 pg/ml), or LPS
(10 ng/ml), supernatants were tested for nitrite concentration using the Griess test. Results from
2 identical experiments are presented. Each bar represents the mean nitrite concentration + SE

from 6 IgG-treated mice and 6 anti-CD40-treated mice. Cells from each mouse were tested in all
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4 in vitro conditions. A two-tailed Student’s t test was used to compare anti-CD40-M¢ with rat

IgG-M¢ for each in vitro treatment (*p<0.05; **p<0.01; ***p<0.001).

FIGURE 2. CD11b" macrophages and monocytes are activated following anti-CD40 and MPL
treatment. C57BL/6 mice were injected i.p. with 500 pg anti-CD40 on day 0. (A) On day 3,
mice were euthanized and their PECs were collected, stained, gated on CD1 1b"e" cells and
sorted into 4 sub-populations by a FACSAria cell sorter. The cells were divided as follows: (1)
CD11b" F4/80"" Gr-1"" (monocytes), (2) CD11b" F4/80" Gr-19™ (activated macrophages). A
separate group of cells showed a CD11b" F4/80° Gr-1"¢" phenotype; these were further divided
by forward and side scatter into populations (3) (granulocytes), and (4) (monocytes). (B) Each
cell population was stained with a Wright-Giemsa stain to identify cell types based on
morphology. The relative sizes of each sorted cell population have been maintained, and these 4
micrographs all show 40x magnification. (C) Each sorted population was tested in medium or 5
ng/ml MPL for the cells’ ability to inhibit B16 proliferation ([*’H] thymidine incorporation) and
(D) produce NO. A two-tailed Student’s T test was used to compare [*H] counts (C) or nitrite
concentration (D) (*p<0.05; **p<0.01; ***p<0.001). This experiment was performed 3 times;

data from 1 representative experiment is shown.

FIGURE 3. Anti-CD40 and MPL synergistically induce antitumor effects in vivo. (A) C57BL/6
mice (n=8-10, combined from two identical experiments) were injected s.c. with 10° B16
melanoma cells on day 0 and treated i.p. with 0.5 mg anti-CD40 (or 0.5 mg rat IgG as control) on
days 4 and 11. MPL (or PBS as control) was given on days 7 and 14. Graph shows the mean

tumor volume + SE. The tumor growth curve of each mouse was fit to an exponential curve, and
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the mean specific growth constant from the combination-treated mice was compared to each of
the 3 other groups individually using a two-tailed Student’s T test. Asterisks indicate significant
differences in growth rates (***p<0.001, Anti-CD40+MPL vs. [gG+PBS; *»<0.019, Anti-
CD40+MPL vs. anti-CD40+PBS; ***p<0.001, Anti-CD40+MPL vs. MPL+IgG). (B) C57BL/6
mice (n=8-10, combined from two identical experiments) were implanted with a B16 tumor and
treated i.t. with 20 pg anti-CD40 on days 5 and 12, and with 2 ug MPL on days 8 and 15.
Control mice received 20 pg rat IgG or PBS, respectively, injected i.t. (***p<0.001, Anti-
CD40+MPL vs. IgG+PBS; ***p<0.001, Anti-CD40+MPL vs. anti-CD40+PBS; **p=0.0099,
Anti-CD40+MPL vs. MPL+IgG). (C) Overall survival of the mice shown in (A) (**p<0.0075,
Anti-CD40+MPL vs. IgG+PBS; p=0.27, Anti-CD40+MPL vs. anti-CD40+PBS; **p=0.0048,
Anti-CD40+MPL vs. IgG+MPL). (D) Overall survival of the mice shown in (B) (***p<0.001,
Anti-CD40+MPL vs. IgG+PBS; ***p<0.001, Anti-CD40+MPL vs. anti-CD40+PBS;

**p=0.0032, Anti-CD40+MPL vs. [gG+MPL).

FIGURE 4. PECs from T cell deficient mice treated with anti-CD40 in vivo cause tumoristatic
effects and produce NO after in vitro culture with MPL. (A) C57BL/6 mice were injected 1.p.
with anti-CD4 (250 pg) and anti-CD8 (250 pg) mAbs on day -1. On day 0, mice were divided
into two groups (n=4) and injected 1.p. with either anti-CD40 or rat IgG (0.5 mg/mouse in 0.5
ml). Mice were euthanized on day 3. PECs were collected and enriched for adherent cells (M¢)
by plating 2x10° cells per mouse into each well of a 96-well plate. Non-adherent cells were
removed after 1.5 — 2 h and adherent cells were co-cultured with 10* B16 cells per well and
stimulated with MPL at a concentration of (5 ug/ml) for 48 hrs. Wells were pulsed with [*H]-

thymidine (1 pCi/well) for the last 6h of incubation in order to measure proliferation of B16
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cells. Results are presented as the mean total number of § counts over 5 min + SE from 4 mice
per group. (B) T cells are not required for anti-CD40-induced NO production. After 42 h of
stimulation, supernatants were taken from the wells described in (A) and tested for nitrite
concentration using the Griess test. The experiments described in (A) and (B) were also repeated
in SCID mice (C, D). (C) [3H]-Thyrnidine incorporation into B16 cells in the presence of rat
IgG- or anti-CD40-treated adherent SCID PEC. (D) Nitrite production of the same PEC as in
(C). Mean £ SE of 9 mice from 3 separate experiments are included in (C) and (D). In all panels,

groups were compared using a two-tailed Student’s T test (*p<0.05; **p<0.01).

FIGURE 5. MPL with and without anti-CD40 slows tumor growth in SCID mice when injected
i.t. (A) CB-17 SCID mice (rn=5) were implanted with a B16 tumor and treated i.t. with 20 pg
anti-CD40 on days 5 and 12, and with 2 pg MPL on days 8 and 13. Control mice received (20
ug rat IgG or PBS, respectively, injected i.t.) The graph shows the mean tumor volume =+ SE.
The tumor growth curve of each mouse was fit to an exponential curve, and the mean specific
growth constants from the combination-treated group and the rat [gG+MPL group were
compared to the rat IgG+PBS control group using a two-tailed Student’s T test. Asterisks
indicate significant differences in growth rates (*»<0.05). (B) Survival of the mice shown in (A).
Although the combination-treated mice and the rat [gG+MPL had higher median survival times
than the other two groups, the survival benefit was not statistically significant by the log-rank

test.

FIGURE 6. L.t. anti-CD40 and MPL treatment is effective against local and distant tumors in

immunocompentent C57BL/6 mice, T cell-depleted C57BL/6 mice, and CB-17 SCID mice.
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Mice were implanted with 10° B16 melanoma cells on day 0 and with a second inoculum of 10°
B16 into the opposite flank on day 3. Groups of mice received i.t. treatment with either the anti-
CD40+MPL combination (triangles) or control rat I[gG+PBS (circles) into the primary tumor for
two rounds corresponding to days 5 and 12 for anti-CD40 and days 8 and 15 for MPL. (A)
Primary tumor growth of immunologically intact C57BL/6 mice (injected i.p. with 500 pg rat
IgG on days 3, 9, and 14 as control for T cell depletion) (**p=0.008). (B) Secondary tumor
growth of the same mice as in (A) (*p=0.03). (C) Survival of the same mice as in (A) and (B)
(**p=0.0054). (D) Primary tumor growth of C57BL/6 mice (injected i.p. with 250 pg of anti-
CD4 and 250 pg anti-CDS8 depleting mAbs on days 4, 9, and 14) (***p<0.001). (E) Secondary
tumor growth of the same mice as in (D) (**p=0.004). (F) Survival of the same mice as in (D)
and (E) (**p=0.0022). The experiments with C57BL/6 mice that are shown in (A) through (F)
were performed in parallel using 5 — 7 mice per treatment group. (G) In a separate experiment,
CB-17 SCID mice (n=4 for rat IgG+PBS; n=5 for anti-CD40+MPL) were injected s.c. with 10
B16 cells on day 0 and in the opposite flank on day 3, and treated i.t. with two rounds of
treatment: anti-CD40 (20 pg) on day 5 and 12 and MPL (2 pg) on day 8 and 15 (*p<0.031). (H)
Secondary tumor growth of the same mice as in (G) (*p=0.012). (I) Survival of the same mice as

in (G) and (H) (**p=0.0054).



Figure 1
5d 1d
A \ /
100 R
i A
il
.]od—d [i+—3d
80 i
= Bl
[ | S
O9 g E IH\ ‘
Qe —§Ian!
£3 5
39 .
e — I
— I
|1y F4/80* cells
50 4 — -t from cs7BLG
%’ '\.\ \\ (treated with
y—i W\ anti-CD40)
100 101 102 10° 10
PE (TLR4) ——
B El Medium
150 = LPS
B3 CpG
1 — MPL
125+
—_ * %
0 J
S 100-
8
@ b *
S 75- Hkk
=
et J
©
= 50+
r .
LN
25+
0- i
Rat IgG Anti-CD40 No PEC
(B16 only)
C 75- * % %
d * %%
L] El Medium
60+ = LPS
J B3 CpG
. — MPL
= 454
=
P 4
£ 30+
=2
b * ok
154
o _ﬁiﬁl
Rat IgG Anti-CD40

291



Figure 2

CD

11b* Cells

A3

CD11b* Gr-1+ Cells

T T T T
0 1000 2000 3000 4000

—— FSC—>

[*H]-TdR (x10° counts)

Nitrite (M)

ok
* %k
Koxx
1 2 3 4 No PEC
Sorted Cell Population (B16 only)
—_— Bl Medium
Txx [ MPL
ok
1 2 3 4

Sorted Cell Population

292



Figure 3
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Figure 4

A

[3H]-TdR (x10 2 counts)

(@

[*H]-TdR (x10 2 counts)

B
100 -
Bl Medium
&3 MPL
80+
* —_—
60 - *x §
2
40 - =
£
20 -

No PEC RatIgG Anti-CD40

Rat IgG Anti-CD40

(B16onty T cell depl. C57BL/6
D
100 - = Medium 100-
-'ﬂl ) MPL
80 - 80 -
** ko
60 ]'_ l = 60+
2
40 - T 40+
Z
20- 20- ns ns
0 III I-T-I 0 ™ |=|

No PEC RatlgG Anti-CD40

Rat ilgG Anti-CD40

 (B160nly CB-17 SCID |

294



295

Figure 5
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