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ABSTRACT

Breast cancer is the most common type of cancer affecting women worldwide with
an increasing annual incidence (Sung et al., 2020). While therapies for treating localized
breast cancer will frequently result in cure, mortality for metastatic breast cancer is still
high due to few effective targeted treatments (Chen et al., 2017). Conventional
chemotherapies are a mainstay for metastatic breast cancers, though durable
responses are rare (Dent et al., 2007). Immunotherapies promise long-term responses
through immune activation but have been underwhelming in breast cancer relative to
other cancer types (Emens, 2018).

In chapter one, | will review the mechanisms of existing therapeutic strategies that
can recruit an immune response in breast cancers. From the mechanistic overview, |
suggest biomarkers for combinations of conventional chemo- and immunotherapies.
Since some conventional non-immunogenic therapies cause chromosomal instability,
this chapter will begin with a review of mitosis, aneuploidy, chromosomal instability and
the various mechanisms by which chemotherapy, targeted therapies, and endocrine
therapy could stimulate an immune response. In doing so, | hope to provide a
mechanistic basis for future investigations of treatment combinations in the clinical
setting. By reviewing the major mechanisms of conventional therapies, | hope to convey
the importance that understanding mechanism may help us to select the proper
biomarker for therapies, in particular in combination with immunotherapies.

Chapter two will focus on how paclitaxel chemotherapy can activate the
cGAS/STING pathway to induce polarization of macrophages to a pro-inflammatory M1

phenotype. This chapter explores one of the most widely used chemotherapies in breast



Vi

cancer and extends work completed in the Weaver lab investigating the mechanism of
multipolar spindle formation by low dose paclitaxel. Specifically, this chapter will explore
cGAS/STING as a proxy for how paclitaxel can exert cell extrinsic effects through
activation of this pathway and stimulate an innate immune response. Through this work,
we suggest that cGAS expression should be explored as a candidate biomarker for

selecting patients for combination therapy with immune checkpoint inhibitors.
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CHAPTER 1: INTRODUCTION
1.1 Mitosis and its regulatory checkpoints in animal cells

Mitosis is the critical process of cell division by which replicated DNA is segregated
equally into two daughter cells (Mclntosh, 2016). Mitosis is fundamental for continued
propagation and development at the cellular and organismal levels. In literature, mitosis
is known as M phase and is one of four stages of the cell cycle, which also include G1
(gap 1), G2 (gap 2), and S (DNA synthesis) phases (Israels & Israels, 2000). Go is
another phase referring to a reversible state of quiescence that can be induced by
external stressors or the programming of rarely dividing cells. Collectively, Go, G1, G2
and S phases comprise interphase. Despite the complexity of mitosis, M phase is the
shortest of the four cell stages and only lasts from minutes to hours (Cooper, 2000).
Following mitosis, cells can undergo cytokinesis to physically separate DNA and
cytoplasmic components into their own membrane-bound cells.

Mitosis can be separated into distinct sequential phases known as prophase,
prometaphase, metaphase, anaphase, and telophase (Mclntosh, 2016). Prior to mitosis,
cells undergo S phase, which is characterized by duplication of DNA, centrosomes and
organelles (Fischer et al., 2018). During prophase, the replicated chromatin condenses
into sister chromatids attached at the centromere (Hartwell et al., 2008). A process
known as compaction occurs, where DNA becomes increasingly coiled and packed into
chromosomes (Martinez-Balbas et al., 1995). This results in increased chromatid
thickness and decreased chromatin length, allowing visualization of these structures
under low or high magnification under a brightfield or fluorescence microscopy (Hartwell

et al., 2008). When the DNA becomes tightly wound, most transcription processes are



silenced as factors become displaced and lose access to the formerly loose chromatin
(Martinez-Balbas et al., 1995). In addition, the nucleolus begins dissolving, which
results in fewer ribosomes being produced and decreased translation (Cooper, 2000). In
the cytoplasm, the two centrosomes begin moving apart as microtubules originate,
grow, and radiate from these centrosomes to form the mitotic spindle. Weakening of the
lamin network occurs and causes the nuclear membrane to become porous, initiating
nuclear envelope breakdown (Beaudouin et al., 2002). This process ultimately allows
the cytoplasm and nucleoplasm to mix, a phenotype that marks the end of prophase.

The transition to prometaphase begins with nuclear envelope breakdown,
allowing microtubules originating from the two centrosomes to grow and attach to the
kinetochores of sister chromatids (Lian & Chircop, 2016). The kinetochore is comprised
of multiple proteins located at the centromere of sister chromatids (Figure 1.1). The
kinetochore forms the bridge between microtubules and chromatids (Cheeseman,
2014). Key proteins of the inner kinetochore include the constitutive centromere-
associated network (CCAN) found at the centromere. These inner kinetochore proteins
directly bind centromeric nucleosomes through CENPA (Hori et al., 2008, 2013). The
outer kinetochore contains a complex of core proteins KNL1, Mis12 and NDC80, the
latter of which is directly linked to the microtubule (Varma & Salmon, 2012). The
kinetochore also binds motor proteins such as dyneins and kinesins that help regulate
proper attachment to the microtubules and assist in the pulling of the kinetochores
towards the equator of the cell to form the metaphase plate (Howell et al., 2001; Mayr et
al., 2007). The role of prometaphase is to ensure that all kinetochores are able to

properly attach to microtubules from opposing centrosomes, such that each sister



chromatid pair is attached to microtubules and achieves biorientation (Kapoor et al.,
2006). To prevent mitotic errors, chromosomes must have amphitelic attachments such
that each kinetochore of the sister chromatid pair is attached to microtubules from the
nearest facing pole (Godek et al., 2015). Once kinetochores have proper attachments to
microtubules, the spindle assembly checkpoint is satisfied, and anaphase can begin
(May & Hardwick, 2006). Proper attachments also lead to chromosome alignment at the
equator of the cell called the metaphase plate, which is important for proper cell division
(Tan et al., 2015).

Before sister chromatids can separate to their respective poles, the spindle
assembly checkpoint (SAC), which ensures proper attachment of microtubules to the
kinetochore, must be silenced (Bokros & Wang, 2016). This is important because
separation prior to proper attachments of chromatids to microtubules will result in
missegregation of chromosomes and in turn, aneuploid daughter cells in the
subsequent interphase (Bharadwaj & Yu, 2004). Aneuploidy, which is a hallmark of
cancer, is detrimental to both the fidelity of DNA content and cellular functions and can
contribute towards tumorigenesis. The SAC helps to prevent aneuploidy by delaying
anaphase onset until all unattached kinetochores have a microtubule attachment.

The SAC is comprised of mitotic checkpoint complex proteins including BUBR1,
BUB1, BUB3, MAD1, MAD2, MPS1 and CDC20 (Musacchio & Salmon, 2007). Kinases
such as Aurora B are also involved in the SAC. In an unattached kinetochore, the MCC
inhibits the anaphase-promoting complex or cyclosome (APC/C) (Izawa & Pines, 2015).
Mechanistically, Mps1 phosphorylates the Knl1 MELT repeats on unattached

kinetochores where Bub3 is recruited (Yamagishi et al., 2012). Bub1 is subsequently



recruited to Bub3 through the Bub1 GLEBS maotif and forms the scaffold for recruiting
Cdc20 through the ABBA motif (Ji et al., 2017). Mad1 is assembled on the Conserved
Domain 1 (CD1) motif of Bub1 through a phosphorylation on Thr 461 (G. Zhang et al.,
2017). Mad1 on the unattached kinetochore recruits Mad2, which converts the protein
from an open to closed conformation (Maldonado & Kapoor, 2011). This allows the
formation of a heterotetramer Mad1-Mad2 complex, which can further catalyze the
formation of more closed Mad2. These closed Mad2 will then bind to CDC20 to form a
complex that will inhibit the APC/C and prevent anaphase onset. Silencing of the SAC
through MCC inhibition occurs when microtubules attach to the kinetochore (Foley &
Kapoor, 2013). Once the microtubule is attached, p31-comet can be recruited to the
kinetochore and inhibit the MCC from converting the form of Mad2 from open to closed
(Westhorpe et al., 2011). In addition, MPS1 can also be released from the kinetochore,
which helps in MCC inhibition. The motor proteins of the attached microtubule such as
dynein also remove proteins such as Mad1, Mad2 and MPS1 from the kinetochore
(Howell et al., 2001). These events result in activation of the APC/C. CDC20 forms an
active complex with APC/C because it is no longer inhibited by the closed form of Mad2
(Qiao et al., 2016). APC/C then ubiquitinates securin, leading to its degradation, which
frees separase from inhibition (Hornig et al., 2002). This allows separase to degrade
cohesin at the centromere of the sister chromatids, breaking the physical linkage
between the two chromatids allowing them to separate to opposite poles by microtubule
forces.

During Anaphase A, one copy of the sister chromatid, one for each chromosome,

migrates to opposite poles, where the centrosomes forming the spindle poles are



located (Asbury, 2017). The kinetochore fibers shorten during this stage of anaphase.
Anaphase A ends once the sister chromatids reach their respective spindle poles.
During Anaphase B, centrosomes forming the spindle poles move outward (Scholey et
al., 2016). These movements are accomplished by the growing and shrinking of
microtubules (kinetochore, interpolar and astral) and by forces exerted via motor
proteins. During telophase, the nuclear envelope reforms around chromosomes at the
poles and the spindle disassembles. This is also accompanied by the decondensation
of chromosomes and reappearance of the nucleoli. After the end of mitosis, cytokinesis
occurs, which physically separates the two newly formed daughter cells (Pollard &
O’Shaughnessy, 2019). This final step of mitosis is characterized by the formation of a
cleavage furrow and actin-myosin contractile ring between the two connected cells.

Once the contractile ring tightens, abscission occurs, ending mitosis.



1.2 Aneuploidy and chromosomal instability in cancer

According to the National Cancer Institute, aneuploidy is defined as “the occurrence
of one or more extra or missing chromosomes leading to an unbalanced chromosome
complement, or any chromosome number that is not an exact multiple of the haploid
number (23 in human beings).” At the end of the 19" century, von Hansemann
observed abnormal mitotic phenotypes such as multipolar spindles at the cellular level,
which can lead to subsequent aneuploidy during interphase. Since cells have multiple
checks and balances to ensure proper chromosome segregation, aneuploidy only
occurs at low levels in normal human cells and tissues (Knouse et al., 2014).
Uncorrected errors at any step of mitosis, either due to random occurrence or insults
such as radiation, can generate aneuploidy. In normal cells, aneuploidy can be lethal
and will typically cause proliferation defects (Compton, 2011). Interestingly, some
trisomic aneuploidies are viable in human beings. This is seen most commonly for
Trisomy 21 (Down Syndrome). Other viable trisomies include those of chromosomes 8
(Warkany Syndrome), 13 (Patau Syndrome), 18 (Edwards Syndrome) and sex
chromosome trisomies. Unlike trisomies, monosomies are lethal in human beings
except for X-chromosome monosomy (45X0O genotype), which results in Turner
syndrome. For cancer cells, aneuploidy is not only common but remarkably well-
tolerated. Under pressures of selection, the presence of aneuploidy may confer a
growth advantage, where upregulation of oncogenes can enhance fitness over euploid
karyotypes (Ben-David & Amon, 2020).

In 1902, Boveri was the first scientist to postulate that cancers can be caused by

abnormal mitoses resulting from different mechanisms in experiments conducted in sea



urchins. Indeed, aneuploidy is very common in cancer, comprising around 90% of solid
and 75% of hematopoietic cancers (Weaver & Cleveland, 2006, 2008). A concept
related to aneuploidy is chromosomal instability (CIN), which is defined as “the recurrent
gain and loss of chromosomes over multiple cell divisions” (Burkard & Weaver, 2017).
While aneuploidy is typically thought of as the state of an abnormal number of
chromosomes, CIN is seen as an increased rate of structural and/or numerical
chromosome abnormalities. Whole chromosome analyses have shown that CIN exists
in 44% of solid and 14% of hematopoietic cancers (Zasadil et al., 2014a). CIN and
aneuploidy are often found together, and it is generally accepted that recurrent gains
and losses of chromosomes due to CIN can cause aneuploidy. The causative factors of
CIN are malfunctioning biological processes that result in mitotic errors including defects
in the SAC, microtubule dynamics and attachments, centrosome duplication resulting in
amplification, telomere maintenance, DNA replication and sister chromatid cohesion
(Bakhoum & Swanton, 2014). Interestingly, certain aneuploid phenotypes may result
in increased or decreased synthesis of proteins involved in mitosis that can
consequently induce error-prone mitotic phenotypes and cause CIN. For example, both
decreased and increased levels of Mad1 weakens the mitotic checkpoint and induce
chromosomal instability (Ryan et al., 2012). In addition, aneuploid yeast strains
exhibited genetic alterations characteristics of genomic instability (Sheltzer et al., 2011).
These findings suggest that under certain conditions, aneuploidy can also cause CIN.

Since CIN generates a diversity of aneuploid karyotypes, it predisposes cancer cells
to faster adaptations (Sansregret et al., 2018). This is because aneuploid cells can

confer proliferation advantages under extreme stress, whereas euploid karyotypes are



hindered, despite otherwise decreased overall fithess. This was observed when
comparing aneuploid to euploid yeast strains and also when yeast exposed to high heat
acquired chromosome duplications (Pavelka et al., 2010; Yona et al., 2012). In addition,
trisomy 7 and 13 HCT116 cell lines tend to be more resistant to cisplatin and paclitaxel
when compared to the euploid wild type (Replogle et al., 2020).

In one study, partial inhibition of Mps1, which is required for proper mitotic
checkpoint signaling, was used to titrate CIN, resulting in different levels of chromosome
missegregation events (Burkard & Weaver, 2017; Sansregret et al., 2017). Chemical
inhibition of Mps1 resulted in survival for clones that had mutations in APC/C, which
decreased CIN, suggesting that one mechanism by which cancer cells can tolerate
selective pressures such as higher rates of CIN is to upregulate pathways that result in
lower CIN under those selective pressures. Surprisingly, while low CIN was tolerated
and even conferred some increase in proliferation with loss of p53, these effects were
abolished for high rates of CIN, which severely decreased proliferation even in the
absence of p53.

While CIN is associated with poor prognosis in solid tumors, excessive CIN has
been shown to be lethal in cell line models where levels of mitotic checkpoint proteins
BubR1 and Mad2 are absent, resulting in massive chromosome loss (citation). Indeed,
excessive CIN has been shown to correlate to better survival for a large clinical dataset
including ER-/ERBBZ2, ovarian, squamous NSCLC and gastric tumors (citation). In this
study, a gene signature score, which measured total functional aneuploidy, CIN70 was
used as surrogate measure of chromosomal instability to measure survival in 2125

patients. When categorized by quartile, CIN was predictive of worse prognosis in the



third highest quartile but was predictive of better prognosis in the highest quartile
(Birkbak et al., 2011). While the surrogate measure for CIN70 as a marker for CIN has
limitations, results from this study suggest that high CIN can potentially be used as a
therapeutic strategy.

Work done previously in the Weaver lab, suggests that low dose paclitaxel can
induce extreme CIN by causing the formation of multipolar spindles in primary breast
cancers. As the dosage of paclitaxel was increased, cell lines exhibited a greater
degree of CIN as observed by multipolar spindles and misaligned chromosomes as well
as increased aneuploidy. Critically, these phenotypes were also accompanied by
increased cell death (Zasadil et al., 2014a). In addition, mitotic arrest and interphase

cytotoxicity of paclitaxel were ruled out as potential explanations for these effects.
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1.3 The role of aneuploidy and CIN in immunogenicity

Most studies to date have focused on the effects of CIN on cell intrinsic processes
involving tumorigenesis and proliferation. Recently, the consequences of CIN on the
tumor immune microenvironment are being explored and add to the growing literature of
how CIN can exert tumor-extrinsic effects. For example, G1-arrested senescent
aneuploid cells generated from MPS1 inhibitor are able to be cleared in co-culture by
natural killer cell line, NK92, significantly more efficiently than euploid cells (Santaguida
et al., 2017). In addition, tetraploid colorectal cancer cell line CT26 expressed increased
immunogenic markers such as cell surface calreticulin compared to wild type due to
increased endoplasmic reticulum stress (Senovilla et al., 2012). Another study
examined tetraploid CT26 cells forming tumors at a similar rate as wild type when
injected into immunodeficient Rag y BALB/c mice. However, in immunocompetent
BALB/c mice, the tetraploid CT26 cells were noticeably delayed in tumor formation,
suggesting tetraploidy inducing immune surveillance. This was further verified when
growth of hyperploid cell tumors in C57BI/6 mice was inhibited but rescued when these
cells were grown in mice deficient of interferon-gamma and interferon-alpha receptor 1,
which is involved in immune recognition of cancer cells. Similarly, colon organoids
generated from tetraploid Tp53 deficient colonocytes grew in immunodeficient but not
immunocompetent mice (Boiléve et al., 2013). On the other hand, one study suggests
that CIN may contribute towards downregulation of genes associated with antigen
presentation and increased immune evasion due to selection of tumors with

suppression of the STING pathway (Tripathi et al., 2019).
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These studies suggest that aneuploidy and CIN can upregulate an immune
response at least in the short term. CIN can result in lagging chromosomes and
chromatin bridges, which can form micronuclei. Micronuclei rupture has been
associated with cGAS/STING activation, which upregulates type 1 interferons to induce
an immune response (Mackenzie et al., 2017b). Given the connection of CIN to
immunogenicity, therapeutic targeting of CIN has recently been of great interest in the
field. For example, radiation, which induces chromosomal instability, increases
prognosis of both animals and patients in combination with immunotherapies in
melanoma. The mechanistic pathway has been hypothesized to be radiation activating
cGAS/STING via DNA damage and micronuclei formation to sensitize tumors to

immunotherapies.
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1.4 Therapeutic targeting of cGAS/STING for immune checkpoint blockade

Historically, cytosolic DNA sensing is recognized as a protective mechanism that
host cells employ against dsDNA viruses to alert the immune system of their presence
(Margolis et al., 2017). When foreign dsDNA is detected in the cytosol, affected cells
can activate cGAS to synthesize Type-I interferons and pro-inflammatory products that
can attract immune cells such as macrophages, T-cells and dendritic cells to initiate a
targeted immune response. More recent studies have shown that cytosolic DNA
sensors are non-discriminant to self-DNA, which presents an exploitable pathway by
which cancer cells can be forced to alert the immune system for detection and
destruction (L. Sun et al., 2013a).

While many DNA sensors have been discovered, cGAS has been shown to be the
chief cytosolic DNA sensor and therapeutic target of interest (Vance, 2016).
Mechanistically, cGAS binds to double stranded DNA, resulting in synthesis of 2'3’-
cGAMP, a cyclic dinucleotide that functions as a major substrate of stimulator of
interferon genes in human beings. 2°3’-cGAMP can activate downstream STING
signaling to increase the production of type-I interferons such as interferon-beta and
interferon-stimulated genes, which can both activate and attract innate immune cells to
the cancer cell secreting these products to promote an adaptive immune response,
ultimately resulting in the recruitment of stromal tumor-infiltrating lymphocytes to the
tumor (X.-D. Li et al., 2013; S. Liu et al., 2015; L. Sun et al., 2013a; J. Wu et al., 2013).
To complicate matters, cells have counter-regulatory mechanisms in place to prevent
overt activation of recruited lymphocytes resulting from STING activation. This includes

the upregulation of immune checkpoint signals from interferon-beta (Garcia-Diaz et al.,
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2017; Morimoto et al., 2018). Not surprisingly, pre-clinical STING agonists have typically
been combined with immune checkpoint blockade in animal models to boost the effects
of both therapies and have been described as a sensitizer for immunotherapy (Fu et al.,
2015).

Strategies have been developed to target STING signaling, but so far, these efforts
have not resulted in commercially available drugs (Naour et al., 2020). Fortunately,
several conventional therapies have been recently shown to activate the cGAS-STING
pathway by causing treated cancer cells to expose their self-DNA to the cGAS sensor
(Yum et al., 2020). Mechanistically, conventional therapies that impair mitosis such as
microtubule inhibitors can promote chromosome missegregation, which causes the
formation of micronuclei (Lohard et al., 2020; Zierhut et al., 2019a). These micronuclei
often have weak nuclear membranes and can rupture to expose dsDNA to cytosolic
cGAS. In addition, therapies that result in DNA breakages such as PARP inhibitors,
radiation and anthracyclines have also been hypothesized to cause DNA fragments to
leak into the cytosol from the nucleus, further amplifying cGAS activation in the cancer
cell (Harding et al., 2017b; Mackenzie et al., 2017b; Shen et al., 2019; Z. Wang, Chen,
et al., 2019b). In some instances, DNA and 2’'3’-cGAMP can be transferred from dying
cancer cells to innate immune cells, where cGAS activation can occur (Carozza et al.,
2020).

When dsDNA is exposed to cGAS in either the cancer or immune cell, this can
result in production of 2'3’-cGAMP and downstream STING signaling using the cell’s
own machinery to activate pro-inflammatory signaling (Harding et al., 2017b; Mackenzie

et al., 2017b). These therapies when combined with immune checkpoint blockade are
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hypothesized to result in potentially synergistic immune activation in patients (Yum et
al., 2020). Several clinical trials have already started looking into the effects of
microtubule inhibitors, PARP inhibitors and radiation in combination with immune
checkpoint blockade in reducing cancer in patients with positive outcomes (Hu et al.,
2017; Peyraud & Italiano, 2020).

Since cGAS is required to produce 2’3’-cGAMP, we hypothesize that expression of
this protein in tumor biopsies may be predictive for patients, who can benefit from
combination therapy with immune checkpoint blockade therapies. Concordantly, cGAS
expression in pan-cancer by RNA sequencing of TCGA cohorts suggest increased T-
cell infiltration (An et al., 2019). Furthermore, in 7 patients treated with microtubule
inhibitor (nab-paclitaxel or eribulin) and immune checkpoint blockade (PD-1 or PD-L1),
we found a statistically significant correlation between cGAS expression and tumor
control (see Chapter 2, Figure 6). These data suggest that cGAS may have predictive
value as a biomarker and is a candidate biomarker for evaluation in animal studies and
clinical trials.

These efforts have been especially relevant for triple negative breast cancers
because recent efforts to improve prognosis for metastatic and other difficult-to-treat
populations have focused on immunotherapies which promise durable responses
responses (Emens, 2018). However, immune checkpoint inhibitors have limited efficacy
as single agents. For example, KEYNOTE-086 tested pembrolizumab in a small cohort
of metastatic, triple-negative breast cancer patients, yielding an objective response rate

of 21.4% and 5.7% for treatment-naive and previously treated PD-L1 positive patients,
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respectively (Adams et al., 2019; Tokumaru et al., 2020). Such trials suggest that it is
not enough to relieve an immunosuppressive tumor microenvironment in breast cancer.
In contrast to single-agent immune checkpoint inhibitors, combinations with
chemotherapy have yielded better results in breast cancer (Heinhuis et al., 2019). In
neoadjuvant therapy with paclitaxel, the I-SPY2 trial found pembrolizumab improved
complete response (pCR) rate nearly threefold in patients with TNBC (60% vs 22%)
(Nanda et al., 2020). Atezolizumab received accelerated approval for PD-L1 positive
TNBC in combination with nab-paclitaxel due to an improved progression-free survival
of 1.7 months in IMpassion-130 (Schmid et al., 2018). Accelerated approval of
pembrolizumab with chemotherapy was granted after KEYNOTE-355, though multiple
chemotherapies were selected (Cortes et al., 2020). In short, combinations of immune
checkpoint inhibitor have shown more promise when combined with existing
chemotherapies. It is not yet known whether combinations are synergistic due to
immune activation by chemotherapy, or if the effects are merely additive—combining
two treatments with non-overlapping toxicities will generally improve response rate and
progression-free survival (Emens & Middleton, 2015). If there is synergy, then specific
combinations of chemotherapy or targeted drugs with immune checkpoint inhibition may

be privileged and offer the best response.
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1.5 Amplifying immunity using conventional therapies in breast cancer

It is well known that some breast cancers respond better than others to
conventional therapies (Houssami et al., 2012). A further complicating factor is that
some tumor or immune system characteristics might be necessary to enable the
immunogenic response to standard chemotherapy. If so, it would be important to select
the right patients and tumors, in which a particular chemotherapy and immunotherapy
could interact to make outcomes more favorable. In short, there are potentially complex
interactions between the mechanism of a standard drug, tumor biology, immune
checkpoint inhibitor, and the host immune system. Due to this complexity, it will not be
likely possible to empirically define patient subsets from disparate trials. Instead, it is
optimal to identify and test potential mechanisms of interactions in future trials that could
mediate a chemotherapy-checkpoint inhibitor interaction in specific patient subsets.
Since the immune-modulating mechanisms of conventional therapies may be different,
different biomarkers may be appropriate depending on the combination therapy used,
even for conventional therapies that are very similar. For example, IMpassion-131,
which tested paclitaxel in place of nab-paclitaxel demonstrated no improvement in
survival when PD-L1 expression on immune cells was used as a biomarker to select for
patients despite both therapies being quite similar (Miles, 2020). While other factors
such as pre-medication steroids may influence these results, we cannot rule out the
differences in how both therapies may activate the immune system, which places
importance on the potential impact of mechanism on combination therapy efficacy. In

particular, the combination of paclitaxel and PD-L1 inhibitor therapy offers marginally
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longer PFS compared to paclitaxel monotherapy, suggesting that some immune
response may still be present, although this trend is not statistically significant.

To better understand if chemotherapies can exert synergistic effects on an immune
response, we must understand their mechanistic processes. Therefore, | will review the
mechanisms of existing therapies and their role in immune activation based on current
literature. Next, | review the effects that each conventional therapy has on the immune
system and the potential mechanisms by which these immune effects are mediated.
Finally, | will discuss tumor and host-specific factors that could be required for synergy
in individual patients. | divided the effects of conventional therapies into six categories,
which are immunogenic cell death, increased surface immune markers, cGAS-STING
activation, T-cell activation and recruitment, immune cell modulation and immune cell
cytoxicity (Figure 2). | summarize the immune responses activated by conventional
therapies in Table 1.

Conventional therapies for breast cancer such as chemotherapies are cytotoxic
because they prevent proliferation by indirectly or directly disrupting DNA synthesis,
repair, and segregation during cell division (Bracci et al., 2014). Some also target
kinases that are central to proliferation pathways (Table 1). Conventional therapies elicit
an immune response by indirect paracrine signaling originating from cancer cells or by
directly modulating immune cell activity and viability (Opzoomer et al., 2019). Newer
therapies such as vaccines and adoptive cell transfer directly target immune activation
by promoting the expression of tumor antigens on the surface of host cells or by

engineering cytotoxic T-cells to attack cancer cells, respectively.
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Mechanisms for immune activation can indirectly be due to changes in copies of
chromosomes in cancer cells, resulting in potentially increased expression of existing
tumor antigens, secretion of pro-inflammatory cytokines and cell death in a manner that
recruits a host immune response (Figure 2). Similarly, many of these pathways are
functional in host immune cells and can boost an immune response by altering
expression of immunogenic ligands or by selectively depleting immunosuppressive
cells. Here, | systematically review the immunomodulatory mechanisms exhibited by

conventional breast cancer therapies.

1.51 Immunogenic Cell Death

Immunogenic cell death (ICD) is a unique cellular response to microbial infection
and exogenous stimuli including chemotherapy and radiation (Fucikova et al., 2020).
This response results in major stress on the endoplasmic reticulum and other
organelles, resulting in cell death that is typically associated with release of damage-
associated molecular patterns (DAMPs) and exposure of calreticulin on the cell
membrane (Galluzzi et al., 2020). Cell death caused by certain chemotherapies such as
DNA crosslinkers and damaging agents are particularly effective at inducing ICD (Hato
et al., 2014). ICD releases DAMPs that can bind to pattern recognition receptors (PRRs)
on innate immune cells such as dendritic cells to facilitate maturation and antigen
presentation resulting in differentiation and proliferation of antitumoral T-cells. ICD-
inducing treatments may potentially synergize with immune checkpoint inhibitors since
the latter can further boost the antitumoral adaptive immune response activated by ICD

(Emens & Middleton, 2015). In addition, expression of some DAMPs have been shown
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to have prognostic and predictive significance in both animal models and patients (Pol
et al., 2015).

In breast cancer, biomarkers of ICD including HMG-B1, LC3B+, STQSM1/p62 have
been evaluated histologically on biopsies from 1798 patients in a breast cancer study
showing that poor prognosis is significantly associated with loss of HMGB1 expression
and active autophagy (Ladoire et al., 2016; Rapoport & Anderson, 2019). In another
study involving 52 patients with breast cancer and 8 patients with esophageal
squamous cell carcinoma, pre-treatment biopsies and resected surgical specimens
were both evaluated for calreticulin and HMGB1, which were both found to be
significantly elevated after neoadjuvant chemotherapy relative to pretreatment samples
(Aoto et al., 2018). Of note, the expression of these markers did not predict
monotherapy efficacy and survival. However, the mechanism of ICD in inducing an
immune response suggests that when used in combination with immunotherapies such
as immune checkpoint inhibitors, ICD-inducing therapies may potentially work best in

patients expressing ICD markers such as those described.

1.52 Increased surface immune markers

Conventional cancer therapies such as HER2-targeted, mTOR inhibitors,
anthracyclines, PARP inhibitors, microtubule inhibitors and radiation can increase
immune markers on the surface of cancer cells (Amiel et al., 2012; Garcia-Diaz et al.,
2017; Goel et al., 2017; Griguolo et al., 2019; O’'Donnell et al., 2018; S.-Y. Sun, 2020;
Walle et al., 2018). These surface markers can modulate an immune response in both

positive and negative ways. For example, for HER2-targeted therapies, exogenous
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antibodies bound to the surface of cancer cells are able to direct natural killer cells to
the tumor for targeted lysis in a process known as antibody-dependent cellular
cytotoxicity (Griguolo et al., 2019). Other therapies such as anthracyclines, PARP
inhibitors and radiation may induce immune evasion by increasing expression of
immune checkpoint ligands such as PD-L1 and CTLA-4 on the surface of cancer cells,
resulting in T-cell exhaustion. Mechanistically, this is thought to occur due to the
production of Type | and Type Il interferons from these therapies, which can involve

activation of cGAS-STING and JAK-STAT pathways (Garcia-Diaz et al., 2017).

1.63 Immune Cell Cytotoxicity

Chemotherapy and radiation are non-discriminately toxic to all cell types,
particularly those that are actively proliferating (Baskar et al., 2014; Stover et al., 2016).
Due to this cytotoxicity, a well-known side effect is immunosuppression due to depletion
of proliferating immune cells. Fortunately, doses are given over time rather than
continuously, allowing for immune cell populations to recover in between treatments,
and there is longitudinal evidence suggesting that after treatment, T-cells experience at
least partial recovery (Gustafson et al., n.d.; Rotstein et al., 1985). However, incomplete
elimination of cancer stem cells by chemotherapy or radiation coupled by elimination of
immune cells may allow the cancer to return in an immunosuppressive environment and
become therapeutically resistant (Jiang et al., 2020; Morrison et al., 2010).

At the same time, some types of immunosuppressive immune cell populations such
as myeloid-derived suppressor cells and regulatory T-cells (Tregs) are more easily

depleted by chemotherapy and radiation than other types of white blood cells, allowing
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for potential synergy with immunotherapy (Sanchez-Margalet et al., 2019; Z. Wang et
al., 2017). Depletion of immunosuppressive cell populations occurs to some extent with
most conventional therapies excluding HER2-targeted therapies. Fortunately, T-cells
are typically resistant to these therapies as evidenced by the increased efficacy of
combined conventional therapy and immunotherapy in eliciting an effective T-cell
mediated antitumoral response (Heinhuis et al., 2019). Therefore, the presence of
immunosuppressive cell populations may serve as potential biomarkers for efficacy of

conventional therapies and potentially may also result in synergy with immunotherapies.

1.54 Immune Cell Modulation

Conventional therapies can modulate immune cell responses. The presentation of
tumor antigens on MHC-I molecules allows professional antigen presenting cells to
interface with the adaptive immune system to activate and recruit cytotoxic T-cells
directed against the tumor (McDonnell et al., 2015). MHC-I can be upregulated by
radiation and other chemotherapies that induce interferons, which can increase cell
surface expression of MHC-I molecules (Zhou, 2009). Conventional DNA-damaging
agents such as radiation can also promote the expression of neo-antigens, which can
bind to MHC | molecules to promote a targeted immune response (Lhuillier et al., 2021).
Potential biomarkers of interest include expression of functional cGAS and STING
proteins as well as a functioning interferon secretion pathway. In addition, conventional
therapies such as taxanes can mediate M1 macrophage polarization to reverse the
immunosuppressive effects of tumor-associated macrophages, resulting in a more

robust immune response (Wanderley et al., 2018).
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The M1/M2 nomenclature was used to highlight differences between macrophages in
mice that had either a Th1- or Th2- dominant adaptive immune response (Orecchioni et
al., 2019). Macrophages from Th1-dominant C57BL/6 can produce nitric oxide with IFN-
y or LPS stimulation in contrast to macrophages from Th2-dominant BALB/c mice,
which increase arginine metabolism to ornithine instead (Mills et al., 2000). Later
studies showed that M1 macrophages were pro-inflammatory and played a role in the
elimination of cancer cells and pathogens compared to M2 macrophages, which could
promote tumor growth and stimulate an anti-inflammatory reaction (ltaliani & Boraschi,
2014). Numerous molecular signatures distinguish the two types of macrophage
phenotypes. For example, M1 macrophages have been shown to upregulate a pro-
inflammatory genes and chemotactic genes including CXCL10 and CXCL11 (Orecchioni
et al., 2019). M2 macrophages can upregulate anti-inflammatory cytokines and
chemokines such as IL10 and CCL18, among others (Orecchioni et al., 2019). In
addition, M2 macrophage have higher mRNA expression of matrix metalloproteinases

such as MMP9 compared to M1 macrophages (Jager et al., 2016).

1.55 T-cell Activation and Recruitment

The expression of T-cell exhaustion markers on both tumor and immune cells can
hamper T-cell mediated antitumoral immunity by creating an immunosuppressive
environment (Anderson et al., 2017). Blockade of immune checkpoints can overcome T-
cell exhaustion by antibodies against PD-1/PD-L1 and CTLA-4 (Grywalska et al., 2018).

Furthermore, therapies such as adoptive cell transfer can be used to re-engineer T-cells
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and other immune cells obtained from the patient to selectively target tumors, which can
be combined with immunotherapies to potentially increase treatment efficacy (Kalos &

June, 2013).
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1.6 Potential roles of specific therapies
1.61 Chemotherapies

Fluouracil (5-FU) is an inhibitor of thymidylate synthase, which is a key enzyme that
synthesizes pyrimidine thymidylate for DNA synthesis to prevent cell proliferation
(Ghiringhelli et al., 2013). While effective in killing some types of cancer cells, 5-FU also
exerts its effects on immune cells by selectively depleting myeloid-derived suppressor
cells (MDSCs) in a colon cancer model. MSDCs are immunosuppressive and generally
increase in number with progressing disease to suppress antitumoral T-cell activation
(Vincent et al., 2010). Strikingly, other immune cell populations, including T-cells, NK
cells, dendritic cells and B cells, are not adversely affected by 5-FU. As a consequence
of MSDC depletion, 5-FU indirectly increases IFN-gamma production by tumor-
infiltrating CD8+ T-cells to recruit an antitumoral immune response. However,
subsequent studies examined repeated cycles of 5-FU to impair the anti-tumor functions
of cytotoxic T-cells in a CT26 tumor-bearing mouse model (Y. Wu et al., 2016). These
effects suggest that combination immunotherapy may be more effective when limiting
the amount of chemotherapy used. While these treatments focus on targeting MDSCs
rather than cancer cells themselves, we cannot eliminate the possibility that the type of
cancer may affect results.

Gemcitabine is a pyrimidine nucleoside antimetabolite that prevents proliferation in
breast cancer by impairing DNA replication (Heinemann, 2005). Similar to 5-FU,
gemcitabine has indirect effects on immune cell populations and has been reported in
one study to inhibit MDSCs while augmenting expansion of T-cells in the 4T1 tumor-

bearing BALB/c mice (Heinemann, 2005). In a syngeneic thymoma model, gemcitabine
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was reported to have less efficacy over 5-FU at inducing MDSC apoptotic cell death
(Vincent et al., 2010).

Cyclophosphamide is a highly toxic alkylating agent with an active metabolite,
phosphoramide mustard, that reacts with either cytidine or guanine from DNA to form
inter-strand cross-links in a cell cycle independent manner (Ahlmann & Hempel, 2016).
Due to its non-specific effects on all types of cells, cyclophosphamide is recognized as
an immunosuppressant. Despite its generally immunosuppressive effects,
cyclophosphamide can counteract immunosuppression in cancer by selectively
depleting Tregs after a single dose in multiple cancer models and patients (Awwad &
North, 1988; Hong et al., 2010; Hughes et al., 2018; P. Liu et al., 2010; Moschella et al.,
2013; Noguchi et al., 2016; Takeuchi et al., 2012).

Platinum agents such as oxaliplatin function by forming DNA-platinum adducts that
interfere with DNA replication and transcription, ultimately inducing an apoptotic
response (Hato et al., 2014). Cell death due to oxaliplatin can be immunogenic in that
dying cells release three key signals, ATP, calreticulin and HMGB1 to recruit and
activate dendritic cells for more effective antigen cross-presentation, presumably
resulting in better T-cell mediated antitumoral immunity. In a cohort of 338 colorectal
cancer patients comparing oxaliplatin-based combination chemotherapy versus
sequential chemotherapy, patients with a loss-of-function allele for TLR4, which is the
receptor for HMGB1, had worse progression-free and overall survival, suggesting that
oxaliplatin may induce clinically meaningful immunogenic cell death (Tesniere et al.,

2010).
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Anthracyclines such as doxorubicin primarily function by interacting with
topoisomerase-Il to prevent ligation of dSDNA breakages, resulting in growth arrest and
apoptotic cell death (Venkatesh & Kasi, 2020). Anthracyclines appear to induce
immunogenic cell death in that ATP, calreticulin and HMGB1 are released by the
apoptotic cell (Fucikova et al., 2011). It has also been long known that anthracyclines
can result in release of Type-| interferons (Z. Zhang et al., 2015), and this has been
linked to the cGAS-STING pathway (Imai et al., 2018). Apart from tumor cell-specific
effects, anthracyclines have also been shown to eliminate MDSCs in mouse models of

cancer (Alizadeh et al., 2014; X.-D. Li et al., 2013).

1.62 Targeted therapies

CDKA4/6 inhibitors such as palbociclib, ribociclib and abemaciclib are classically
thought to cause cell cycle arrest in G1 due to phosphorylation of retinoblastoma protein
(Rb), resulting in activation of this tumor suppressor protein, resulting in apoptosis in
some types of breast cancers. Critically, CDK4/6 inhibitors are relatively well-tolerated
by patients, resulting in fewer side effects compared to chemotherapies (Sherr & Bartek,
2017; Thill & Schmidt, 2018). In cancer cell lines, CDK4/6 inhibitors can increase the
capacity for antigen presentation through upregulation of MHC class | proteins on the
cancer cell surface (Goel et al., 2017). Mechanistically, CDK4/6 activation of Rb leads to
E2F transcription, which is a critical component for controlling transcription DNA
methyltransferases (DNMTSs), specifically DNMT1. Transcription of DNMT1 prevents
synthesis of type lll interferons, which can directly upregulate MHC class | proteins.

Therefore, CDK4/6 inhibitors can upregulate MHC class | proteins on the cell surface by
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increasing type Il interferon synthesis by inducing viral mimicry through inhibition of
DNA methyltransferases (Goel et al., 2017). Unfortunately, these potentially therapeutic
effects are circumvented in cancers where Rb protein is not expressed or non-
functional, which is seen more in triple negative breast cancers compared to other
subtypes. In the tumor microenvironment, CDK4/6 inhibitors can downregulate DNMT1
transcription in regulatory T-cells (Tregs), which results in hypomethylation of CDK1a
promoter and increased expression of p21. p21 is a cell cycle inhibitor that prevents
proliferation of Tregs, which are immunosuppressive.

Alpesilib is used to treat breast cancer and is an inhibitor of the phosphoinositide 3-
kinase (PI3K), a key signaling protein that affects growth and proliferation. In breast
cancer, the PI3K pathway can be hyper activated by gain-of-function mutations in
oncogene PIK3CA and loss-of-function mutations in tumor suppressor gene PTEN
(Okkenhaug et al., 2016), allowing cells to grow unimpeded. Rather than killing the cells
outright, PI3K inhibition causes cancer cells to become dormant and mimic a nutrient-
deprived state, owing to the pathway’s role in nutrient sensing. Since this pathway is
ubiquitously expressed, alpesilib and other PI3K inhibitors have off-target effects on
host cells such as immune cells, specifically leukocytes that tend to express more PI3K
compared to other cell types. These effects can be immunostimulatory through selective
depletion of immunosuppressive regulatory T-cell populations via inhibition of isoforms
PI3Ka/d in mouse syngeneic tumor models (Carnevalli et al., 2018). In addition,
selective inhibition of PI3Ka/d can potentiate CD8+ T-cell activation without decreasing
the rate of proliferation by enhancing IL-2 secretion, which serves as a survival signal

for effector T-cells.
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Rapalogues such as everolimus inhibit the function of a protein known as
mechanistic target of rapamycin (mTOR), which is a constitutively expressed and
evolutionarily conserved serine/threonine kinase from the family of PI3K-related kinases
(Powell et al., 2012). Mechanistically, mTOR, which comprises two complexes
MmTORC1 and mTORC?2, is inhibited when bound to a complex formed by the rapalogue
and FK506 binding protein 12kDa (FKBP12) that acts as an allosteric inhibitor and
changes the conformation of mTOR to prevent downstream signaling (H. Yang et al.,
2013). mTOR is important for controlling cell growth and proliferation. Early mouse
studies showed that rapamycin prevents T-cell proliferation, leading to the long-held
belief that mTOR inhibition induces immunosuppression (Dumont et al., 1990).
However, one preclinical cell line study suggested that mTOR inhibition can be
immunostimulatory in certain contexts by studying dual mTORC1/2 kinase inhibitor,
vistusertib (Langdon et al., 2018). This and other studies found that mTOR inhibition
can upregulate production of the pro-inflammatory cytokine IL-12 in activated dendritic
cells while simultaneously reducing the anti-inflammatory cytokine IL-10 (Amiel et al.,
2012; Langdon et al., 2018; Ohtani et al., 2008; Weichhart et al., 2008).

mTOR inhibition can also increase expression of immune checkpoint protein, PD-
L1, on cancer cell lines, including breast cancer, which may explain the observed
decrease in T-cells seen in mouse studies with rapamycin (Amiel et al., 2012; O’Donnell
et al., 2018; S.-Y. Sun, 2020). Mechanistically, this is thought to be due to decreased
proteasomal degradation of PD-L1, which is facilitated by mTORC1. Therefore,
rapalogues in combination with PD-1/PDL-1 inhibitors may reverse the

immunosuppressive effects of rapologue monotherapy and is potential treatment
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combination for difficult-to-treat cancers such as triple negative breast cancer (Vikas et
al., 2018). Given the dose-dependent immunosuppressive nature of rapalogues,
appropriately scheduling and titrating these combination therapies may determine their
effectiveness in the clinical setting.

PolyADP-ribose polymerase (PARP) is an enzyme that repairs single stranded DNA
breakages, which is more commonly upregulated in triple negative breast cancers
(Ossovskaya et al., 2010). For cancers with BRCA1/2 mutations, small molecule PARP
inhibitors (PARPI) have been developed to exert a synthetic lethal effect by disrupting
homologous recombination, resulting in effective cell death (Han et al., 2020). PARP
trapping, which is a mechanism for PARPI that tightly links PARP complexes to DNA
has been shown to activate the cGAS-STING pathway (Kim et al., 2020; Murai et al.,
2012). This finding connects PARPI to innate immunity.

Radiation induces ssDNA and dsDNA breakages at high doses, resulting in cell
death and a myriad of immune responses. While at high doses, radiation can be
immunosuppressive, radiation therapy targeted to the tumor can result in more efficient
T-cell priming due to causing immunogenic cell death of the tumor and from activation
of the cGAS-STING pathway of cells that survive the initial treatment (Walle et al.,
2018). Type-I interferons are released by tumor cells with cGAS-STING activation and
can attract antitumoral lymphocytes to the microenvironment. Finally, radiation therapy
can increase tumor cell surface markers such as MHC-I, NK cell ligands and

costimulatory receptors on to enhance activation of these associated cell types.
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Microtubule targeting agents (MTASs) such as taxanes, vinorelbine and eribulin
modify microtubule stability, resulting in chromosome missegregation and aneuploid
daughter cells that undergo apoptosis (Weaver, 2014; Zasadil et al., 2014a).
Mechanistically, MTAs induce multipolar mitoses in both cell culture and patients at
clinically relevant concentrations, resulting in rupture-prone micronuclei in daughter cells
(Lohard et al., 2020; Mitchison et al., 2017a). Multiple studies have indicated that
micronuclei rupture can result in cGAS activation (Harding et al., 2017b; Mackenzie et
al., 2017b). Both 2’3’-cGAMP and Type | interferons are synthesized downstream of
cGAS activation, which have a variety of effects including polarization of macrophages
to an M1 phenotype and activation of immune cells such as NK cells, T-cells and

dendritic cells. (Carozza et al., 2020; Cordova et al., 2020; Hervas-Stubbs et al., 2011).

1.63 HERZ2-directed therapies in immune modulation

HER2+ BC patients have tumors that overexpress the HERZ2 oncogene, which
forms a protein tyrosine kinase receptor (RTK) that drives tumor growth and progression
in about 15 to 20% of breast cancers (Krishnamurti & Silverman, 2014). Currently,
therapies targeted against the extracellular domain of the HER2 receptor are most
effective at treating this subtype of BC. These therapies include monoclonal antibodies
such as trastuzumab and small molecule RTK inhibitors such as lapatinib. Both prevent
the formation of heterodimers between the HER2 receptor and other related RTKs,
which are an integral component of intracellular growth signaling pathways such as

phosphatidylinositol 3 kinase (PI3K)/Akt and Ras/mitogen-activated protein kinase.
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HER2 targeted treatments can impact the immune system by promoting antibody-
dependent cellular cytoxicity (ADCC) (Griguolo et al., 2019). The Fc fragment of the
bound antibody of trastuzumab can interact with receptors on natural killer (NK) cells,
gamma-delta-T-cells and neutrophils of the innate immune system, thereby promoting
ADCC (Baselga & Albanell, 2001; Molina et al., 2001). By increasing ADCC, more
antigens are present in the tumor microenvironment, which can be taken up by
professional antigen presenting cells. Activated NK cells can also facilitate dendritic cell
priming and promote recruitment of T-cells by releasing pro-inflammatory cytokines and
chemokines such as IFN-y and TNF-a (Muntasell et al., 2017). As a small molecule,
lapatinib also enhances STAT1 activation and recruitment of IFN-gamma secreting T-
cells to the tumor (Hannesdottir et al., 2013).

Outside of conventional chemotherapy and radiation are cancer vaccines, which are
distinct tumor antigens that can be detected by host immune cells to orchestrate a
specific adaptive immune response (Benedetti et al., 2017). NeuVax is composed of a
HER2-derived peptide E75 (nelipepimut-S) combined with the immune-adjuvant
granulocyte macrophage colony-stimulating factor (GM-CSF) that mechanistically can
activate CD8+ CTLs and CD8+ memory cells against the E75 breast cancer MHC class
| epitope, resulting in selective depletion of HER2+ breast cancer cells. AVX901 is an
attenuated strain of Venezuelan equine encephalitis virus that highly expresses HER2
RNA to sensitize immune cells against HER2 as an antigen. INO-1400 is a DNA
vaccine that is directed against human telomerase reverse transcriptase, which is

commonly expressed in breast cancers.
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1.64 Potential anti-synergistic effects of standard therapies

It has been long known that conventional therapies can be immunosuppressive
given their nonspecific cytotoxicity, particularly at high concentrations (Penn & Starzl,
1973). In addition to potential mechanisms of synergy, it is possible that the certain
drugs could antagonize immune checkpoint therapy by making the tumor less
immunogenic, or by suppressing immunity systemically. It has long been a concern that
corticosteroids, for example, can suppress the immune system and make
immunotherapy less effective. While steroids have not impacted efficacy of immune
checkpoint therapy in melanoma, when used for immune-mediated toxicities,
corticosteroids could have an impact in breast cancer (Horvat et al., 2015). Indeed the
effect of steroids could explain, in part, the differences observed in IMpassion 130 and
IMpassion 131, only the latter of which involved routine steroid premedications (Miles,
2020; Schmid et al., 2018). In short, it is not assured that standard of care therapies will

synergize or simply have additive effects with immunotherapy.
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1.7 Gaps in knowledge

Many conventional therapies could potentially modulate tumor cell susceptibility to
immune monitoring and response, activate the immune system to recognize and
destroy tumor cells and deplete immunosuppressive populations in the tumor immune
microenvironment. Given this, new strategies that rely on combining chemotherapies
with immunotherapies might produce more effective treatments than either therapy
alone. There already exists a wide body of literature that suggest combinations to test
(Bailly et al., 2020). At the same time, adverse effects can be expected from combining
treatments and care must be made to schedule and titrate combination therapies
carefully to avoid toxicity in pre-clinical models before proceeding to patient treatment.

Moving forward, it will be important to consider these potential mechanisms of
interactions in clinical investigations, and the biomarkers that may predict response.
For example, it is well known that MHC-I interactions depend on HLA genotype.
Further, cGAS expression can vary among breast cancers, so its mechanism of action
may be limited specifically to cancers that express this innate immune sensor. In order
to identify the mechanisms and biomarkers that predict interactions, it will be critical to
design future studies that will identify the specific mechanisms of interaction.

In addition, there is substantial evidence to suggest that mechanisms for
conventional therapies will result in acquired resistance and tumorigenesis (Holland &
Cleveland, 2009; Lee et al., 2011). Furthermore, CIN can result in lagging
chromosomes, which can result in micronuclei. Micronuclei can rupture and activate
cGAS/STING. Chronic activation of cGAS/STING has been thought to result in

metastasis by selectively activating NF-kB pathway, which can drive inflammation in the
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absence of a Type-I interferon response (Bakhoum et al., 2018). Therefore,
mechanisms of conventional therapies should be investigated in further detail to
determine potential long term negative effects from therapeutic targeting of these
pathways.

In Chapter 2, | will investigate a potential hypothesis for how clinically relevant
concentrations of paclitaxel may activate an immune response in triple negative breast
cancer. We hypothesize cGAS/STING pathway as a potential mechanism for how
paclitaxel may activate innate immune signaling by polarizing M2 to M1 macrophages
through paracrine signaling via either 2°3’-cGAMP or IFN-(B. In the discussion, | will also
review other cytosolic signaling pathways and why we decided to focus on the

cGAS/STING pathway in particular.
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Fig. 1.1: Proteins comprising the kinetochore

Kinetochore is a proteinaceous complex that acts as a scaffold for microtubule binding.
Kinetochores assemble on centromeres on each chromosome. Centromeres are
composed of alpha satellite DNA, formed by the repetition of a 170 bp monomer
sequence. The composition of the alpha satellite DNA is unique to individual
chromosomes. In addition to the alpha satellite repeats, the location of the centromere
in a chromosome is specified by the presence of CENPA, which is an alternate Histone
3 (H3) that forms octameric nucleosomes similar to H3. The kinetochore which
assembles on the CENPA nucleosomes at the centromeres is composed of two protein-
complexes: Constitutive Centromere Associated Network (CCAN) or inner-kinetochore

and the KMN network or the outer-kinetochore. CCAN complex is composed of
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subcomplexes such as CENP-C-H/I/K/M, CENP-L/N, CENP-O/P/Q/U/R and CENP-
T/W/S/X. KMN network is composed of three subcomplexes: Knl1 complex, Mis12
complex and Ndc80 complex and is assembled on CCAN through CENP-C and CENP-
T during mitosis. Once assembled, the kinetochores bind microtubules from opposite
poles through the Ndc80 complex at the outer kinetochore. This figure contributed by

Roshan X. Norman of the Mark Burkard Research Group.
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Fig. 1.2: Mechanisms of immune activation by breast cancer therapies

General schema of immune activation mechanisms. The outer ring (blue) represents
potential biomarkers and types of therapies that can result in six immune-activating
effects shown in the middle ring (purple), which are the increase of surface immune
markers, induction of immunogenic cell death, activation of cGAS-STING, promotion of

immune cytotoxicity, modulation of innate immune cells, and recruitment of T-cells.



Furthermore, these immune-activating effects in the middle ring (purple) can result in
downstream activation of other immune processes shown in the inner ring (pink).
Ultimately, these downstream effects can feedback into the other immune-activating
processes shown in the middle (purple) and outer (blue) rings, resulting in multiple

immune-activating effects from one type of therapy or mechanism.
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Therapies

Her2 inhibitor

(trastuzumab pertuzumab)
EGFR tyrosine kinase inhibitor
(lapatinib)

CDK4/6 inhibitor (palbociclib,
ribociclib, abemaciclib)
mTOR inhibitor (everolimus)
PI3K inhibitor (alpelisib)
PARRP inhibitor (olaparib,
talozoparib, rucaparib)
Anthracyclines (doxorubicin,
epirubicin)

Microtubule Inhibitors (paclitaxel,
docetaxel, vinorelbine, eribulin)

Antimetabolites (5-Fluorouracil,
Gemcitabine)
Alkylating/platinum agents
(cyclophosphamide, cisplatin,
carboplatin)

Radiation

Vaccines

Therapies

Her2 inhibitor

(trastuzumab pertuzumab)
EGFR tyrosine kinase inhibitor
(lapatinib)

CDK4/6 inhibitor (palbociclib,
ribociclib, abemaciclib)

mTOR inhibitor (everolimus)
PI3K inhibitor (alpelisib)

PARP inhibitor (olaparib, talozoparib,
rucaparib)

Anthracyclines (doxorubicin,
epirubicin)

Microtubule Inhibitors (paclitaxel,
docetaxel, vinorelbine, eribulin)

Antimetabolites (5-Fluorouracil,
Gemcitabine)
Alkylating/platinum agents
(cyclophosphamide, cisplatin,
carboplatin)

Radiation

Vaccines

Immunogenic Cell Death

Drug Class

Receptor tyrosine kinase inhibitor

Epidermal growth factor receptor
kinase inhibitor

Cyclin-dependent kinase inhibitor

mTOR kinase inhibitor
PI3K kinase inhibitor

PARP protein inhibitor

DNA intercalator, TOPOIl inhibitor

Antimitotics

Antimetabolite

DNA crosslinking compound

DNA-damaging agent

Tumor antigens

Cytotoxic Mechanism
Prevents proliferation
Prevents proliferation

Prevents proliferation

Prevents proliferation
Prevents proliferation

Prevents DNA repair

DNA damage

Prevents proper mitosis

Prevents DNA synthesis

Prevents DNA repair/synthesis

Prevents proper mitosis, prevents
repair/synthesis, DNA damage
Expression of antigens on host cells
to promote targeted immune
response

Tumor cell

Increased surface immune

markers

cGAS-STING Activation

Immune Cell
Cytotoxicity Modulation
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Immunity-enhancing Mechanisms

Biomarkers
HERZ2 protein expression

HER2 protein expression

Rb protein expression, DNMT1 wild
type DNA expression

PIK3CA gene signature

PIK3CA gene signature

cGAS protein expression and
BRCA1/2 deletion

cGAS protein expression

cGAS protein expression
Presence MDSCs

Immunogenic Cell Death Markers
cGAS protein expression

High tumor mutation burden

Immune Cell

Immune Cell T-cell Activation
and Recruitment

X

X

X X
X
X
X
X X
X
X
X
X X
X X

Table 1.1: Summary of conventional therapies effects on the immune system
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CHAPTER 2: PACLITAXEL INDUCES MICRONUCLEATION AND ACTIVATES PRO-
INFLAMMATORY CGAS/STING SIGNALING IN TRIPLE NEGATIVE BREAST

CANCER

Work in this chapter was submitted for revision to Molecular Cancer Therapeutics
Paclitaxel induces micronucleation and activates pro-inflammatory cGAS/STING
signaling in triple negative breast cancer

Yang Hu, Baraa K. Manasrah, Stephanie M. McGregor, Robert F. Lera, Roshan X.
Norman, John B. Tucker, Christina M. Scribano, Rachel E. Yan, Mouhita Humayan, Kari
B. Wisinski, Amye J. Tevaarwerk, Ruth M. O'Regan, Lee G. Wilke, Beth A. Weaver,

David J Beebe, Ning Jin and Mark E. Burkard



41

2.1 Abstract

Taxanes remain one of the most effective medical treatments for breast cancer. Recent
trials have coupled taxanes with immune checkpoint inhibitors (ICls) in triple-negative
breast cancer (TNBC) patients with promising results. However, the mechanism linking
taxanes to immune activation is unclear. To determine if paclitaxel could elicit an
antitumoral immune response, we sampled tumor tissues from patients with TNBC
receiving weekly paclitaxel (80 mg/m?) and found increased stromal tumor-infiltrating
lymphocytes (sTILs) and micronucleation over baseline in three of six samples.
Mechanistically, paclitaxel operates by inducing chromosome missegregation on
multipolar spindles during mitosis. Consequently, post-mitotic cells are multinucleated
and contain micronuclei, which often activate cyclic GMP-AMP synthase (cGAS) and
induce a type | interferon response reliant on the stimulator of interferon genes (STING)
pathway. Other microtubule-targeting agents (MTASs), eribulin and vinorelbine,
recapitulate this cGAS/STING response and increased the expression of immune
checkpoint molecule, programmed death-ligand 1 (PD-L1), in some types of TNBC
cells. To test the possibility that MTAs sensitize tumors that express cGAS to ICls, we
identified ten TNBC patients treated with PD-L1 or PD-1, seven of whom also received
MTAs. Elevated baseline cGAS expression significantly correlated with treatment
response in patients receiving MTAs in combination with ICls. Our study identifies a
mechanism by which MTAs can potentiate an immune response in TNBC. Further,
baseline cGAS expression may predict treatment response in therapies combining

MTAs and ICls.
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2.2 Introduction

Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype and
taxane-based regimens remain the standard of care. Paclitaxel, which stabilizes
polymerized microtubules, is one of the most widely used chemotherapy agents in
breast cancers including TNBC (Kellokumpu-Lehtinen et al., 2013; Perez, 1998). In
human tumors, it reaches 1-9 uM peak concentration and induces aberrant
chromosome segregation, leading to cell death in a portion of daughter cells after
mitotic exit (Zasadil et al., 2014b).

The IMpassion130 clinical trial demonstrated an overall survival benefit in patients
with PD-L1 positive TNBC receiving PD-L1 inhibitor, atezolizumab, in combination with
nab-paclitaxel, compared to patients receiving nab-paclitaxel with placebo (Schmid et
al., 2019) and changed the treatment paradigm in patients with metastatic TNBC. A
similar clinical trial, KEYNOTE-355 also showed overall survival benefit for patients
treated with chemotherapy regimens that included paclitaxel with PD-1 inhibitor,
pembrolizumab (Cortes et al., 2020). Although, these clinical trials were not designed to
distinguish additive or synergistic drug effects, it remains possible that taxanes and
other MTAs can activate the immune system.

Cyclic GMP-AMP synthase (cGAS) is a key component of innate antiviral immunity
and induces a pro-inflammatory type | interferon response (J. Wu et al., 2013; L. Sun et
al., 2013b). As a cytosolic DNA sensor, cGAS binds to double-stranded DNA (dsDNA)
and activates catalysis of 2’3’-cGAMP, a cyclic dinucleotide that further functions to
activate stimulator of interferon genes (STING). STING then activates transcription of

type | interferons such as interferon-beta (IFN-B). Classically, these interferons can be
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secreted to alert both innate and adaptive immune cells to host cells that are infected by
dsDNA viruses. cGAS can also be activated by nonspecific sequences including self-
DNA from cancer cells. For example, when one or a few chromosomes are erroneously
separated from bulk DNA during mitosis, a separate but fragile nuclear envelope forms
around the isolated chromosome to create a structure known as a ‘micronucleus’. Such
micronuclei are prone to nuclear membrane rupture, exposing the DNA to the cytoplasm
(Bartsch et al., 2017; Harding et al., 2017a; Mackenzie et al., 2017a), eliciting cGAS-
STING signaling and type | interferon signaling. These interferons can upregulate
immune checkpoint molecules such as PD-L1 on cancer cells, providing a rationale for
combining MTAs with ICls (Garcia-Diaz et al., 2017). In addition, both 2’3’-cGAMP and
type | interferons recruit and activate M1 macrophages and Batf3 dendritic cells, which
can prime effector T-cells for antitumoral cytoxicity (Corrales et al., 2017; Mdller et al.,
2018, p. 1; Ohkuri et al., 2017). Recently, 2'3’-cGAMP has been reported to be
transferred between cells and can modulate and potentially recruit immune cells such
as stromal tumor-infiltrating lymphocytes (sTILs), a feature of immune activation that is
associated with improved survival in TNBC patients (Carozza et al., 2020; Cordova et
al., 2020; Gao et al., 2020).

Here, we investigate a mechanism by which paclitaxel and other MTAs can
potentiate ICIs when used in combination and identify a predictive biomarker for these
combination therapies in TNBC patients. Paclitaxel and other MTAs trigger a pro-
inflammatory immune response via micronuclei generated from aberrant mitosis.
Ruptured micronuclei permit cGAS entry, 2'3’-cGAMP production, STING signaling and

production of type | interferons in most TNBCs expressing cGAS. Elevated baseline
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cGAS expression correlates with treatment response in patients receiving MTAs in
combination with ICls. These findings suggest that cGAS expression can predict patient

populations that will have optimal benefit from a combination MTAs and ICls.

2.3 Results
2.31 Paclitaxel increased tumor-infiltrating lymphocytes in some but not all clinical
patient samples

In TNBC, stromal tumor-infiltrating lymphocytes (sTILs) are associated with immune
activity and better survival outcomes (Gao et al., 2020). To determine if paclitaxel can
be associated with an immune response, we assessed sTILs in six primary breast
tumors from treatment-naive patients with TNBC before paclitaxel and at two time
points following initiation of therapy (Figure 1A, B). Day 2 samples were collected 20
hours after the first dose of paclitaxel, when the first wave of mitotic defects can be
observed. Day 15 samples were collected 20 hours after the third dose of paclitaxel,
which is anticipated to be sufficient for accumulating post-mitotic cellular defects, such
as micronuclei. We measured lymphocyte infiltration at each time point. Histologically,
there was robust recruitment of sTILs at Day 15 but not at Day 2 in two patient samples,
P102 and P103. Similarly, patient sample P113 had increases in sTlLs at Day 15,
though these increases were modest (Figure 1B). In each case, measurement of TILs
from separate cores at the time of biopsy were identical, suggesting little to no variation
due to regional tumor sampling (Supplemental Table 1). These data suggest that

paclitaxel can induce the recruitment of TILs in some, but not other, TNBC samples,
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consistent with other investigations (Demaria et al., 2001). We therefore sought to
understand and identify the specific predictors of sTIL recruitment.

Paclitaxel is known to induce mitotic aberrations, which could generate micronuclei.
Rupture of micronuclei activates innate immune signaling in certain contexts (Harding et
al., 2017a; Mackenzie et al., 2017a). To determine if we can observe increased
micronuclei after paclitaxel in human TNBC, we quantified interphase DAPI fragments
representing micronuclei, excluding mitotic cells identified by condensed chromosomes
and NUMA localization at spindle poles (Figure S1A, Figure 1C). Indeed, the fraction of
cells with micronuclei increased at Day 15 compared with the percentage at baseline in
three of four samples (Figure S1B), matching the samples that recruited TILs (Figure
1B). We observed a non-significant positive trend of increased micronuclei being
associated with increased sTILs in two patient samples (Figure S1C).

Previous studies suggest that cGAS-positive micronuclei are associated with
activation of downstream STING pathway. Importantly, activation of the STING pathway
with agonists results in sTIL recruitment and has may potentiate immune checkpoint
blockade therapies (A. Li et al., 2019). Therefore, we evaluated cGAS recruitment to
micronuclei in histological samples from patients on Day 15 (Figure 1C, S1D). We
observed a trend towards increased cGAS-positive micronuclei with increased sTILs
(Figure S1E), although P118 did not have a sTIL increase despite having cGAS-positive
micronuclei, suggesting other modifying factors. Overall, quantitative cGAS expression
positively correlated with sTIL recruitment (Figure 1E). These results suggested a
signaling pathway that could operate in some tumors to allow microtubule targeting

therapy to elicit immune response. Based on these observations in clinical samples, we
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hypothesized that cGAS expression and micronucleation may play a role in downstream
STING activation, which may potentially promote an immune response. Therefore, we

set out to interrogate this hypothesis mechanistically.

2.32 Paclitaxel induces cGAS-positive micronuclei following mitosis on multipolar
spindles.

To determine the mechanism by which paclitaxel forms micronuclei, we challenged
fluorescently tagged RFP-H2B, GFP-Tubulin MDA-MB-231 TNBC cells with paclitaxel
and tracked them through mitosis into the subsequent interphase by live-cell imaging
(Figure 2A, Supplemental Videos 1, 2). Cells exposed to clinically relevant doses of
paclitaxel are known to form multipolar spindles and divide, sometimes after a delayed
mitosis (Zasadil et al., 2014b). In accord with this, we found that most cells complete
aberrant cell division on multipolar spindles (Figure 2B). In the subsequent interphase,
cells became multinucleated and contained a subset of irregularly sized nuclear
fragments, some resembling micronuclei. These findings suggest that mitotic transit on
multipolar spindles is sufficient to generate cells with nuclear fragments.

We extended these findings to fixed cell analysis of wild type MDA-MB-231 cells
exposed to clinically relevant, 10 nM paclitaxel. Multinucleated cells were frequently
observed (68% +/- 6.4) 48 hours after paclitaxel challenge, when compared with
controls (1.1% +/- 0.6) (Figure 2C, D). Moreover, a proportion of multinucleated cells
had nuclear fragments that stained brightly with cGAS, which far exceeded the

untreated controls (Figure 2D). We reasoned that most micronuclei appeared sooner in
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cell culture compared to patient samples due to much faster growth rates of cells in
culture (Zasadil et al., 2014Db).

To determine if this effect is general, we quantified the frequency of cGAS-positive
multinucleated cells in cell lines corresponding to distinct molecular subtypes of TNBCs
(Figure 2E). Molecular subtypes were determined from previous studies (Lehmann et
al., 2011, 2016). Indeed, paclitaxel induced cGAS-positive micronuclei in diverse cell
lines, though, importantly, it was absent in MDA-MB-468 and MDA-MB-453 cells, two
cell lines that do not express detectable cGAS by immunoblot (Fig. S2C).

Because cGAS recruitment was commonly found on smaller nuclear fragments, we
reasoned that fragments with only a small number of chromosomes are most prone to
exposure to this nuclear DNA sensor. To test this, we co-stained cells with CREST
antibody, which labels centromeres, to mark individual chromosomes (Figure 2F). In
untreated cells, we sometimes found cGAS recruitment, most prominently to fragments
that lacked CREST foci, suggesting acentric chromosome fragments. However, after
treatment, most cGAS-positive micronuclei contained one or two CREST foci,
consistent with paclitaxel inducing whole chromosome missegregation. By contrast, we
did not find a significant number of cGAS-positive fragments in micronuclei with three or
more CREST foci, suggesting that these larger nuclear fragments are less likely to be
exposed to cytosolic sensors. This might be due to less lamin B1 being incorporated in
smaller micronuclei compared to micronuclei as seen in other studies or faster timing of
rupture compared to larger micronuclei (Hatch et al., 2013; Kneissig et al., 2019; S. Liu

et al., 2018).
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To further characterize the nuclear fragments that contribute to increased cGAS
positivity, we categorized each nuclear morphology observed after paclitaxel treatment
of TNBC cell lines, resulting in eight distinct phenotypes (Figure S2A). Next, we
quantified the nuclear morphologies after paclitaxel exposure in a range of TNBC cell
lines with different levels of cGAS expression (Figure S2B-C). Cells with high (MDA-MB-
231), intermediate (MDA-MB-436, BT-549, HCC-1806) and low/no cGAS expression
(MDA-MB-468, MDA-MB-453) were examined. Cell lines exhibited similar patterns of
nuclear phenotypes, with the majority of cells exhibiting a single primary nucleus prior to
paclitaxel and multinucleation afterwards. In cells expressing cGAS, the increase in
multinucleation was accompanied by an increase in cGAS-positive micronuclei (Figure
S2C, D). These results suggest that the formation of cGAS-positive micronuclei is a
general effect elicited by treatment with paclitaxel. Similarly, nanomolar concentrations
of additional MTAs, vinorelbine and eribulin, also induced cGAS-positive
micronucleation at a similar magnitude as that induced by paclitaxel in MDA-MB-231
cells (Figure S2E, F). Given the strikingly similar nuclear phenotype, these results
support the conclusion that nanomolar concentrations of MTAs can generally yield
micronuclei, and recruit cGAS if it is expressed.

Although these findings suggested a clinically important mechanism of immune
activation, we considered alternative explanations. We found cGAS puncta are not
simply a consequence of generally increased expression, as judged by unchanged
cGAS levels after 4-days exposure to paclitaxel (Figure S3A). We ruled out nonspecific
staining with two additional antibodies targeting distinct regions of cGAS, which also

stained micronuclei (Figure S3B). Further, we generated biallelic knockout mutants of
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cGAS in MDA-MB-231 cells using CRISPR-Cas9 and validated clones by immunoblot,
TA cloning and 2'3’-cGAMP production after radiation-induced stimulation (Figures
S3C-E). As expected, cGAS-positive puncta were abrogated in cGAS-null MDA-MB-231
cells before or after paclitaxel (Figure S3F). These results provide strong evidence that
the observed signals are specific to cGAS. To ensure that the mechanism is consistent
with previous studies, we assessed the integrity of the nuclear envelope of micronuclei
for rupture, which is known to precede cGAS recruitment to micronuclei in other
contexts (Bartsch et al., 2017; Harding et al., 2017a; Mackenzie et al., 2017a). As
expected, paclitaxel-induced cGAS-positive micronuclei have reduced levels of nuclear
envelope and intranuclear proteins (Figure S3G, H) (S. Liu et al., 2018). Taken together,
our findings demonstrate that MTA treatment in TNBC cell lines causes multipolar cell
divisions, producing daughter cells with micronuclei containing defective nuclear

membranes, which can recruit cGAS.

2.33 Paclitaxel activates cGAS signaling in triple-negative breast cancer cell lines.
cGAS preferentially binds to double stranded DNA (dsDNA) to activate synthesis of
STING-substrate, 2’3’-cGAMP (L. Sun et al., 2013b; J. Wu et al., 2013). To interrogate
the pathway, we evaluated if the appearance of cGAS-positive micronuclei
corresponded with activation of cGAS activity after paclitaxel exposure. To test this, wild
type and cGAS knockout MDA-MB-231 cells were exposed to 10 nM paclitaxel over four
days and assessed for 2'3’-cGAMP levels. Consistent with activation, paclitaxel
increased 2'3’-cGAMP, which peaked after two days in wild type cells, but remained

undetectable in cGAS-knockout cells, as expected (Figure 3A). Further, STING
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activation, as measured by phosphorylation of downstream proteins TBK1, IRF3, p65,
and STAT1, increased after paclitaxel exposure in wild type MDA-MB-231 cells (Figure
3B, S4A). Importantly, paclitaxel failed to induce STING activation after cGAS knockout
in MDA-MB-231 cells and also cGAS knockdown in another TNBC cell line, MDA-MB-
436, suggesting that STING is specifically activated by upstream cGAS and that this
effect is not cell line dependent (Figure 3C, D). In addition, sh-RNA mediated cGAS and
STING knockdown also showed decreased upregulation of interferon-stimulated genes
after paclitaxel in MDA-MB-231 cells (Figure S4B, C). Increases in 2’3’-cGAMP
synthesis also follow in the accumulation of cGAS-positive micronuclei, rather than total
micronuclei, which does not increase after Day 1 (see Figure 2D). These results
demonstrate that paclitaxel activates cGAS-STING signaling in TNBC cells, and this is
associated with the appearance of cGAS-positive micronuclei.

Although MDA-MB-231 cells express abundant cGAS, they are inconsistent in their
ability to synthesize type | interferons (Bakhoum et al., 2018; Lohard et al., 2020). In our
study, we did not detect IFN-f3 secretion by MDA-MB-231 after paclitaxel despite
activation of the cGAS-STING pathway (Figure 3E). By contrast, MDA-MB-436 cells
have an intact type | interferon pathway (Feng et al., 2020; Parkes et al., 2017; Z.
Wang, Sun, et al., 2019). Therefore, we also measured IFN-f protein in MDA-MB-436
cells, which readily form cGAS-positive multinucleated cells after paclitaxel (Figure
S2D). After five days of 10 nM paclitaxel, we detected increased IFN- protein in the
supernatant (Figure 3F). Importantly, this effect was dependent on cGAS as we

observed an attenuation of IFN-B production with siRNA-mediated cGAS knockdown.
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Collectively, our data show that paclitaxel activates the STING pathway, and induces

synthesis of 2’3’-cGAMP and IFN-(3, in a cGAS-dependent manner.

2.34 Paclitaxel induces cGAS-dependent soluble factors that induce M1 polarization.

Following cGAS activation in the setting of self-DNA exposure, cells can initiate a
signaling cascade that results in the production of 2'3’-cGAMP, inflammatory cytokines,
chemokines and IFN-B (L. Sun et al., 2013b). These soluble factors are secreted and
maintained through autocrine and paracrine loops (Hopfner & Hornung, 2020; Lohard et
al., 2020). Among immune cells, macrophages have functional plasticity and can be
reprogrammed to either an M1 or M2 phenotype in response to environmental cues (S.
X. Liu et al., 2020). Macrophage polarization is influenced by IRF/STAT signaling
pathways; exposure to lipopolysaccharides and interferon-gamma (IFN-y) can polarize
macrophages to a pro-inflammatory M1 phenotype, resulting in antitumoral activity
(Genard et al., 2017). Conversely, exposure to IL-4 and IL-13 can polarize these cells to
an anti-inflammatory M2 phenotype in favor of immune suppression, resulting in tumor
growth.

We began our investigation with THP-1 derived macrophages as a model because
of their accessibility and high reproducibility compared to primary macrophages.
Following well-established protocols (Chang, 2009; Genin et al., 2015), THP-1
monocytes were differentiated into MO macrophages using phorbol myristate acetate
(PMA) . MO macrophages were then incubated with paclitaxel-conditioned media from
MDA-MB-231 cells. After incubation, macrophage polarization was assessed by RT-

gPCR for M1 and M2 markers (Figure S5A). We first assessed the ability of paclitaxel to
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directly polarize macrophages to an M1 phenotype given previous reports that paclitaxel
has this effect in a mouse breast cancer model (Wanderley et al., 2018). Importantly,
direct exposure of macrophages to 10 nM paclitaxel for four days only minimally
upregulated pro-inflammatory chemokines associated with M1 polarization (Figure
S5B). By contrast, paclitaxel-conditioned media from MDA-MB-231 cells induced M1
polarization, which is attenuated by cGAS knockout in MDA-MB-231 cells (Figure S5C,
D). This finding indicates the release of immunostimulatory factors into conditioned
media after paclitaxel is dependent on cGAS. As a complementary approach, we
performed 2D co-culture using transwell plates of wild type or cGAS knockout MDA-MB-
231 cells with THP-1 in the presence and absence of paclitaxel (Figure S5E). We
observed increased M1 polarization of THP-1 cells co-cultured with MDA-MB-231 cells
following paclitaxel treatment that was downregulated after cGAS knockout (Figure S5F,
G). Importantly, co-culture and incubation with conditioned media polarize THP-1
macrophages to an M1 phenotype to a greater extent than direct treatment with
paclitaxel. These data suggest that paclitaxel induces MDA-MB-231 cells to secrete
soluble factors, in a cGAS-dependent manner, that exhibit paracrine effects on THP-1
macrophages to elicit an M1 phenotype.

Since THP-1 cells are immortalized and derived from a patient with acute monocytic
leukemia, they have differences in gene expression, protein secretion and cellular
morphology compared to primary blood-derived human macrophages at baseline and
after polarization (Tedesco et al., 2018). To more closely mimic normal human
physiology, we incubated MO macrophages from blood-derived human monocytes in

conditioned media from MDA-MB-231 previously treated with and without paclitaxel to
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assess for polarization. MDA-MB-231 cells are known to polarize blood-derived human
monocytes to an M2 macrophage phenotype with a striking morphological changes with
an elongated shape (Hollmén et al., 2015). Therefore, we took advantage of this known
phenotype and measured for a known M1 marker, CD80, and the greatest length of the
cell after exposure to conditioned media.

Three healthy volunteers contributed monocytes, which were then differentiated into
MO monocytes and separately incubated with conditioned media from MDA-MB-231
parental and cGAS knockout cell lines. Conditioned media were either obtained from
MDA-MB-231 previously untreated or treated with two days of 10nM paclitaxel before
washing off and replacing with fresh media (Figure 4A). We also polarized MO
macrophages to an M1 phenotype to assess the validity of our CD80 marker (Figure
S5H). For all conditions, following three days incubation with conditioned media, blood-
derived human macrophages were assessed for M1 polarization. We quantified
immunofluorescence images for maximum length of macrophage on bright field images
and total CD80 immunofluorescence (Figure 4B). In accordance with previous studies,
conditioned media from MDA-MB-231 cells polarized macrophages to a pro-tumoral M2
phenotype, characterized by an elongated shape and decreased CD80 expression
(Figure 4C, D). By contrast, conditioned media from paclitaxel-treated MDA-MB-231
maintained round morphology and increased CD80 expression. Importantly, these
levels were different from baseline MO macrophages, suggesting paclitaxel-treated
MDA-MB-231 can re-educate M2 macrophages to an M1 phenotype.

As expected, we found that conditioned media from paclitaxel-treated cGAS

knockout MDA-MB-231 did not affect polarization of macrophages, illustrating that this
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signaling pathway is needed for this effect to occur (Figure 4C, D). CD80 is not known
to be affected by cGAS, so we were surprised to see increased expression in the cGAS
knockout. However, we do not think this expression is indicative of M1 polarization
because the length of cGAS KO cells did not increase compared to parental MDA-MB-
231. Potentially, CD80 is regulated by cGAS through some unknown mechanism.
Since cGAS-STING activation results in production of 2°’3’-cGAMP and IFN-8 in some
cell lines, we tested if these compounds could induce M1 polarization when
exogenously added to conditioned media from cGAS knockout MDA-MB-231 cells.
Previous studies suggest that both 2’3’-cGAMP and IFN- have the capacity to polarize
macrophages to an M1 phenotype (Cordova et al., 2020; Downey et al., 2014, 2014,
Muller et al., 2018). In concordance, our data suggest that both 2’3’-cGAMP and IFN-3
can partly rescue M1 polarization in MDA-MB-231 cGAS knockout cells. Since MDA-
MB-231 do not secrete noticeable IFN-f (Figure 3E), we suspect that endogenously
produced 2’3’-cGAMP may at least partly be responsible for polarizing macrophages to

an M1 phenotype as a result of paclitaxel exposure.

2.35 Microtubule-targeting agents increase surface PD-L1 expression in TNBC.

PD-L1 is an immune checkpoint marker whose expression on tumors can prevent
T-cell activation and its expression can be upregulated by type | interferons (Bazhin et
al., 2018, p. 1; Garcia-Diaz et al., 2017, p. 1; Juneja et al., 2017, p. 1; Z. Wang, Sun, et
al., 2019, p. 1). PD-L1 blockade not only allows activated T-cells to kill tumor cells
expressing PD-L1 but may also promote T-cell priming by dendritic cells, which is

important for generating an adaptive immune response (Curiel et al., 2003).



95

Interestingly, T-cell priming may depend on cGAS expression (H. Wang et al., 2017).
Therefore, cGAS activation is a possible intermediary in the efficacy of ICls and the
need for them (Bazhin et al., 2018; Garcia-Diaz et al., 2017; Liang et al., 2018; H. Wang
et al., 2017; Yum et al., 2020). PD-L1 mRNA expression increases after 20 hours of 30
nM paclitaxel in murine 4T1 and CT26 cancer cell lines (J. Zhang et al., 2018); however,
this report did not examine protein expression and surface localization. Therefore, we
tested whether these findings extend to human cancer cell lines with prolonged
paclitaxel exposure, and whether cGAS was necessary for this effect. For this purpose,
we selected two cell lines: MDA-MB-436 cells which have a robust type | interferon
response, and MDA-MB-231 cells which do not. As expected, nanomolar paclitaxel
upregulated total PD-L1 expression in MDA-MB-436 cells and this effect was dependent
on cGAS, as siRNA-mediated depletion of cGAS blocked this effect (Figure 5A). Since
only surface rather than intracellular PD-L1 binds to immune cell receptors, we also
assessed surface PD-L1 expression on MDA-MB-436 cells (Figure 5B). As expected,
paclitaxel significantly upregulated surface PD-L1 in a cGAS-dependent manner,
recapitulating our immunoblot results (Figure 5C). By contrast, MDA-MB-231 cells did
not exhibit increased total or surface PD-L1 after paclitaxel (Figure S6A-C), due to a
lackluster type | interferon response and/or high baseline PD-L1 expression.
Interestingly, other MTAs such as vinorelbine and eribulin increased PD-L1 to a greater
degree than paclitaxel in MDA-MB-436 cells (Figure 5D). Our results illustrate
upregulation of PD-L1 by MTAs in a cGAS-dependent manner, particularly in cell lines

with intact IFN- signaling. These findings are consistent with other studies that have
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associated exposure of cells to type | interferons including IFN- with tumor cell PD-L1
upregulation (Bazhin et al., 2018, p. 1; Garcia-Diaz et al., 2017, p. 1; Liang et al., 2018).
2.36 Some triple negative breast cancer patients with high levels of tumor cGAS have
durable responses on combination therapy.

While multiple cancer types may express and activate cGAS, these effects vary
greatly (E. K. Curran et al., 2014; Deng et al., 2014; Schadt et al., 2019; Wang-Bishop
et al., 2020; Woo et al., 2014). The average cGAS is highest in the hormone-receptor
negative subtypes and reaches the highest levels in a small fraction of TNBC tumors
(Figure S7A). We reasoned that if the cGAS-STING pathway mediates immune
activation after paclitaxel, patients with higher cGAS expression could mount the most
robust immune response after treatment. Consistent with this idea, relapse-free survival
(RFS) after adjuvant taxane-based chemotherapy was superior with high cGAS
expression, though no such effect was found in the absence of chemotherapy (Figure
S7B). Interestingly, in hormone receptor-positive breast cancers, there was also a
significant positive correlation between cGAS and RFS (Figure S7C). STING is
activated by 2’3’-cGAMP, the product of cGAS activity. Unlike cGAS, STING exhibited
similar distribution across all breast cancer subtypes (Figure S7D) and did not correlate
with RFS in chemotherapy-treated patients (Figure S7E-F). These findings support the
idea that cGAS expression, but not STING, varies among TNBC subtypes and could
mediate therapeutic response.

Our study so far suggests that paclitaxel can directly activate a cGAS-mediated
immune response. To test if cGAS expression could predict response to combined

MTAs and ICls, we obtained pre-treatment FFPE slides from ten metastatic TNBC
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patients who were subsequently treated with an ICI with or without MTAs. Quantitative
immunofluorescence illustrated variable cGAS levels in tumor specimens (Figures 6A,
B). Staining specificity was validated with paraffin-embedded cell pellets from MDA-MB-
231 cells which express cGAS and HEK-293T cells, which do not (Figure 6A, C). We
found highest cGAS expression in P109, P811, P888, and P169 (Figure 6B). Among
these, three of six patients had progression free survival exceeding 20 months after
initiation of therapy, a durable response that greatly exceeds the average for triple-
negative breast cancer. By contrast, patients with tumors expressing lower levels of
cGAS had disease progression several months after initiation of therapy (Figure 6D). To
evaluate this quantitatively, we evaluated Spearman correlation of cGAS intensity and
progression-free survival, finding these statistically correlated (Figure 6E). Interestingly,
P811 remained an outlier with high expression of cGAS and rapid progression,
suggesting that additional variables are at play, such as the use of a PD-L1 inhibitor
with this subject versus a PD-1 inhibitor with the others. In any case, these data strongly
support the idea that basal cGAS expression can help identify patients most likely to
benefit from combined MTAs with ICI.

Based on our mechanistic findings and clinical validation data in patient tumor
specimens, MTAs may activate an immune response in cells and tumors expressing
cGAS. Our results suggest that cGAS expression could help select patients for

combined MTAs and ICls with a strong underlying mechanistic rationale.

2.4 Discussion
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In this study, we found that paclitaxel and other MTAs activate the cGAS-STING
pathway and then explored the possibility of cGAS as a potential biomarker for
combined MTAs and ICls. We employed clinically relevant levels of paclitaxel in cell
culture to assess micronuclei formation and subsequent cGAS recruitment and
activation in TNBCs. At these concentrations, human cells complete mitosis on
multipolar spindles (Figure 2A-B, Supplemental Videos 1,2), an effect that is markedly
distinct from the mitotic arrest elicited by exposure to micromolar concentrations of
paclitaxel (Gascoigne & Taylor, 2009; Zasadil et al., 2014b).

Tumor cells act as a sink that concentrates intracellular levels of paclitaxel 67- to
over 1000-fold relative to the extracellular concentration (Derry et al., 1995; Jordan et
al., 1993, 1996; Zasadil et al., 2014b). Intratumoral paclitaxel levels accumulate to only
1-9 uM in human breast cancer (Zasadil et al., 2014b). Therefore, cell culture paclitaxel
concentrations between 5 nM and 50 nM, depending on cell type, best recapitulate
physiologic intratumoral levels, contrasting with a number of prior preclinical studies that
use 10- to 100-times higher concentrations. Therefore, we expect our mechanistic
findings in cell culture using these pharmacologically relevant concentrations reflect the
effects of paclitaxel in humans, and further use clinical samples as a touchstone to
verify concordance.

Previous work discovered that recruitment of cGAS to mitotic chromosomes
modifies the timing of slippage and cell death in cells exposed to 500 nM paclitaxel
(Zierhut et al., 2019b). This resultant mitotic arrest permits cell death during mitosis in a
cGAS-dependent manner. However, at low-nanomolar paclitaxel, we did not observe

appreciable differences in cell death between wild type and cGAS knockout MDA-MB-
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231 cells, suggesting that the cGAS effect on mitotic timing does not play a major role in
triple-negative breast cancer at pharmacologically achieved concentrations. Further, we
do not anticipate a major immunological effect of STING-based signaling during mitosis,
given that this cell-cycle phase is short lived and during which chromatin is condensed
and transcriptionally silent. For these reasons, we conclude that the crucial cGAS
signaling events elicited by paclitaxel are post-mitotic.

Given that division on multipolar spindles directly results in multinucleated cells with
micronuclei, we and others hypothesized that cGAS activation resulting from ruptured
micronuclei is a major mechanism for paclitaxel-mediated immune activation (Mitchison
et al., 2017b). cGAS activates IFN-$ synthesis, which is associated with increased TIL
recruitment and better patient outcomes (Doherty et al., 2017). The product of cGAS
activation, 2'3’'-cGAMP, has also been found to modulate immune cells in the tumor
microenvironment through tumor-host interactions that include NK cells, macrophages,
CD4+ T-cells and dendritic cells (Corrales et al., 2015; Marcus et al., 2018; Ohkuri et al.,
2018). We make the distinction between acute and chronic STING activation as the
latter can result in immunosuppression. We hypothesize paclitaxel treatment in the short
term to result in acute rather than chronic activation of STING, which may result in
antitumoral immunity through interferon-mediated pathways. In the context of chronic
STING activation, both cancer and host immune cells are hypothesized to upregulate an
unfolded protein response through autophagy-ER stress programs, which can drive
tumorigenesis and immunosuppression (Bakhoum et al., 2018; Kwon & Bakhoum,

2020).
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Antitumoral immunity induced cGAS-STING activation can be further boosted by
ICls in multiple cancer types (A. Li et al., 2019; H. Wang et al., 2017; Yum et al., 2019).
Compared with local delivery of radiation or injected STING agonists, paclitaxel has the
advantage of systemic administration, allowing it to reach cancer cells at virtually any
site, including all metastatic—and micrometastatic—sites of disease. Therefore, the
ability of paclitaxel to activate cGAS is highly suitable for treating or preventing
metastatic breast cancer in tumors with high cGAS expression. Interestingly, other
genotoxic agents such as PARP inhibitors and anthracyclines have been investigated to
activate the cGAS-STING pathway and may potentially similarly synergize with ICls to
induce antitumoral immunity (Pantelidou et al., 2019; Z. Wang, Chen, et al., 2019a).
These agents also can cause DNA damage and replication stress, which may drive a
robust cGAS-STING activation, resulting in greater tumor immunity.

Here, we focused solely on the cGAS DNA sensor. While there are other cytosolic
DNA sensors, cGAS is the only indispensable candidate capable of mediating an IFN-3
response to self-DNA (Gray et al., 2016; X.-D. Li et al., 2013; Vance, 2016). Other DNA
sensors, including AIM2, DAI, IFI16, and DDX41 are unlikely to contribute to paclitaxel-
induced IFN-B synthesis. AIM2 is a dsDNA sensor that can indirectly activate type |
interferons but is not found in breast cancer cell lines and requires co-stimulation with
IFN-y, which is not known to be upregulated by paclitaxel (He et al., 2018). DAI/ZBP1
and IFI16 can directly activate STING but are expressed at low levels in breast cancer
cell lines and tumors (Fujiuchi et al., 2004; Gu et al., 2009). On the contrary, DDX41 is a
DNA sensor expressed in many cancers and can activate STING in vitro; however, such

activation through this sensor is questionable in vivo (E. Curran et al., 2017, p. 41).
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LRRFIP1 activates IRF3 signaling through [I-catenin phosphorylation, and while the
protein is expressed in breast cancers, this pathway appears to induce very little IFN-3
synthesis, suggesting that it is only contributes little, if at all, to paclitaxel-mediated IFN-
B signaling (P. Yang et al., 2010). While these prior studies cannot rule out minor roles
of other sensors, our cGAS knockout and knockdown data strongly support the idea that
cGAS is the major DNA sensor involved in paclitaxel-mediated effects on IFN-.

We recognize that cGAS expression alone may not be sufficient to predict
immunotherapy response for TNBC after paclitaxel. Immunotherapy response is
influenced by many factors that regulate the immune system such as the presence of
detectable neoantigens, and its suppression by the presence of PD-1/PD-L1, regulatory
T cells and myeloid-derived suppressor cells (MSDC) among others (Vicari et al., 2009;
M. Wang et al., 2017). Paclitaxel may modulate some of these other factors, including
inhibiting MDSC and regulatory T-cell populations while increasing PD-1/PD-L1
expression (Peng et al., 2015; Sevko et al., 2013). While we did not investigate the
effects of PD-1/PD-L1 blockade on other immune cells, PD-1 blockade on tumor-
associated M2 macrophages can directly reactivate phagocytosis and tumor immunity
and may contribute to increased immunity rather than just reactivation of cytotoxic T-
cells (Gordon et al., 2017).

In some instances, paclitaxel may induce PD-L1 expression through interferons as
a feedback system to prevent the immune system from mounting antitumoral immune
response, which may be overcome with immune checkpoint inhibition. By contrast, PD-
L1 can also be constitutively expressed in some cancers, which may indicate an already

immunosuppressed environment that may not benefit from checkpoint inhibitors alone
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(Kythreotou et al., 2018, p. 1). Therefore, as a biomarker, cGAS may be more
advantageous than PD-L1 because it may be difficult to uncouple inducible versus
chronic PD-L1 expression from a patient pre-treatment biopsy (Hao et al., 2019).

While we focused on cGAS activation in TNBC cells, paclitaxel might also directly
activate cGAS/STING in tumor-extrinsic host cells. For example, paclitaxel has
contributes to reprograming M2 macrophages to an M1 phenotype (Wanderley et al.,
2018). In addition, there different components of the cGAS/STING pathway can polarize
macrophages to an M1 phenotype. For example, 2'3’-cGAMP secreted by tumors may
polarize M2 macrophages to an M1 phenotype (Downey et al., 2014; Mdller et al., 2018,
p. 1). Thus, we recognize that paclitaxel could modulate immunity in myriad ways, in
addition to activating cGAS, complicating its mechanistic interactions with
immunotherapy. Further, TNBCs are a highly heterogeneous group of cancers and the
mechanism delineated here may be limited to cancers with cGAS expression and other
characteristics that promote potential paclitaxel-induced immunostimulatory factors.

Our study systematically demonstrates that paclitaxel activates cGAS-STING via
micronuclei rupture. Our data show that, in a fraction of patients, paclitaxel increases
micronuclei and TILs. Larger confirmatory studies are required to substantiate these
observations. Since nanomolar paclitaxel can polarize macrophages toward an M1
phenotype, this interaction may serve as a key link in activating an adaptive immune
response. Further, studies have shown that 2'3’-cGAMP itself can recruit an antitumor
response by cross-priming and recruiting CD8+ T-cells, and we find that paclitaxel also
induces synthesis of this substrate (T. Li et al., 2016). Future studies with larger cohorts

will be necessary to determine if cGAS expression can reliably predict efficacy for
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combined MTAs and ICls. Nevertheless, our results can be valuable in interpreting past
clinical trials and designing new clinical trials. For example, IMpassion 131 found no
improvement in progression free survival benefit with the addition of atezolizumab to
paclitaxel in the PD-L1 positive population (Miles et al., 2017). This finding contrasts
with the IMpassion 130 results with nab-paclitaxel, yet this difference could potentially
be explained if there were a difference in the proportion of subjects with high-cGAS
tumors.

In conclusion, paclitaxel and other MTAs, in addition to eliciting cytotoxic death due
to multipolar mitosis, also generate micronuclei, associated with cGAS-STING activation
in surviving post-mitotic cells. This is associated with polarization of macrophages to an
M1 phenotype and may contribute to lymphocyte recruitment found in some TNBC
samples after paclitaxel treatment and better survival for patients on combination
therapy. Further studies are needed to confirm our findings in vivo. However, given the
current lack of effective biomarkers in clinical studies, our findings demonstrate the
potential value of cGAS expression in predicting response to standard-of-care and

experimental treatments with combined MTAs and ICls in TNBC.
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2.5 Materials and Methods:

Cell lines and culture conditions

All cell lines were either directly purchased from ATCC/NCI or were gifted from other
research groups. Cell lines gifted from other research groups were validated using
polymorphic short tandem repeat loci throughout 2019 through the Small Molecules
Screening Facility at UW-Madison. Mycoplasma contamination was regularly monitored
using the R&D Systems Mycoprobe Mycoplasma Detection Kit. All cell lines were
maintained at 37°C and 5% CO2 in a humidified incubator in growth media
supplemented with 10% fetal bovine serum, 100 units/mL penicillin-streptomycin and 1X
plasmocin prophylactic. MDA-MB-231, BT-549 and MDA-MB-468 were obtained from
NCI. MDA-MB-436 cells were obtained from ATCC. MDA-MB-453, Hs578T and
HCC1806 were gifts from Ruth O'Regan. THP-1 was a gift from David Beebe. MDA-MB-
231 stably expressing RFP-H2B and GFP-Tubulin was a gift from Beth Weaver. All
triple negative breast cancer cell lines were propagated in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 4.0 mM L-Glutamine, 4500 mg/L glucose and 1X
plasmocin prophylactic. THP-1 was propagated in RPMI 1640 medium with 2 mM L-
glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium

pyruvate, 1X glutamax and 1X plasmocin prophylactic.

Reagents and antibodies
Reagents used in this study were Paclitaxel/Taxol (Tocris 1097), Phorbol 12-myristate
13-acetate/PMA (Sigma P8139), digitonin (Sigma D141), Cyclic [G(2’,5")pA(3’,5’)p]/2’3’-

cGAMP (Invitrogen tlrl-nacga23) and recombinant human IFN-y (BD Biosciences
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554616). The following primary antibodies were obtained from Cell Signaling
Technologies: cGAS D1D3G Rabbit mAb #15102 (immunoblot 1:1000 dilution,
immunofluorescence 1:200 dilution); STING D2P2F Rabbit mAb # 13647 (immunoblot
1:1000 dilution, immunofluorescence 1:200 dilution); Phospho-IRF-3 (Ser396) (4D4G)
Rabbit mAb #4947 (immunoblot 1:1000 dilution); Phospho-Stat1 (Tyr701) (58D6) Rabbit
mADb #9167 (immunoblot 1:1000 dilution), Pan-keratin (C11) Mouse mAB #4545 (IHC
1:100 dilution), PD-L1 Extracellular Domain Specific D8T4X Rabbit mAb Alexa Fluore
647 (flow cytometry 1:100). Other primary antibodies used were a tubulin, clone YL1/2
rat monoclonal IgG2a from Millipore Sigma MAB1864 (immunofluorescence 1:2500
dilution); B actin ab6276 from Abcam (immunoblot 1:1000 dilution); human GAPDH

4650S from Developmental Studies Hybridoma Bank (immunoblot 1:1000).

Infrared 800CW and 680LT secondary antibodies were used at 1:10,000 dilution and
were obtained from LI-COR. Rabbit and mouse HRP antibodies were used at 1:10,000
dilution and were obtained from Jackson ImmunoResearch. Detection was performed
either on an Odyssey infrared imaging system (LI-COR) or on a film developer. For
immunofluorescence microscopy, Alexa-488 , Alexa-594 and Alexa-647 coupled

secondary antibodies from Jackson ImmunoResearch were used.

Clinical samples
Clinical data and patient samples were de-identified and approved for use by the
University of Wisconsin-Madison Institutional Review Board. All patients signed an

informed consent for voluntary participation in trials or sample collection. Furthermore,
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all authors had completed training for The Health Insurance Portability and

Accountability Act of 1996 and Research Ethics and Compliance.

Patient samples from Figure 1 were obtained from clinical trial UW16106 conducted at
University of Wisconsin-Madison. Paclitaxel was initiated as standard infusion on days
1, 8, 15 of a 21-day cycle. Patients were continued on paclitaxel 80mg/m? for cycles 2-4
prior to surgery. Biopsies were obtained at diagnostic baseline and 20 hours after
infusions on days 1 and 15 and preserved in formalin. Samples were then obtained de-

identified by study authors for H&E and IHC analysis.

Patient samples from Figure 5 were obtained from clinical trial UW15068 conducted at
University of Wisconsin-Madison. Patients were selected based on history of immune
checkpoint blockade during the course of their disease with or without either nab-

paclitaxel or eribulin.

Quantification criteria for tumor-infiltrating lymphocytes

Tumor-infiltrating lymphocytes were quantified by based on the International TILs
Working Group (Salgado et al., 2015). Briefly, TILs are reported for the stromal
compartment, where the numerator and denominator denote areas and not individual
cells. The denominator represents the area of stroma and numerator represent the
percentage of the stromal area occupied by lymphocytes. TILs are evaluated within the
borders of the invasive tumor and are excluded outside of the tumor border and around

DCIS and normal lobules. Tumor zones with crush artifacts, necrosis, and regressive
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hyalinization as well as in the previous core biopsy site are also excluded from the
analysis. All mononuclear host immune cells (including lymphocytes and plasma cells)
are scored with exclusion of polymorphonuclear leukocytes. At least one section (4-5
pum, magnification x200—400) per patient is assessed. Biopsies are not preferred but
can be used if full sections are not available as in this study. These criteria are designed
for TILs assessment in the pre-therapeutic neoadjuvant setting but we have also used
them in the neoadjuvant setting since no other criteria exist for evaluation in the
neoadjuvant setting. TILs hot spots are excluded with a full assessment of average TILs

in the tumor area by the pathologist as the final number being used in this study.

Immunohistochemistry

Tissue cutting and H&E staining were completed by the Translational Research
Initiatives in Pathology (TRIP) and Experimental Pathology laboratories at UW-Madison.
Optimization of IHC staining for cGAS D1D3G Rabbit mAb #15102 was completed by
the TRIP lab and used at 1:100 dilution. Cancer cells were visualized by Pan-keratin
(C11) Mouse mAB #4545 and used at 1:100 dilution. DNA was visualized using DAPI at
1ug/mL dilution. Staining for both cGAS and pan-keratin used the immunofluorescence
IHC protocol for pan-keratin, which was obtained from Cell Signaling Technology with
the following modification. Antigen retrieval was performed in a pressure cooker at 250

Fahrenheit for 5 minutes in pH 6 citric acid buffer with 0.1% Triton-X.

Quantification of cGAS expression is determined by average (mean) cGAS signal

intensity of tumor cell clusters. Each tumor cluster was assessed for cGAS by using the
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NIS elements ROI auto-detect tool. Tumor clusters from at least 10 random fields were
assessed for each patient treatment condition at 600x magnification. Background

subtraction was performed using the minus primary antibody negative control.

Time-lapse video microscopy

For live cell imaging, MDA-MB-231 cells stably expressing H2B-RFP and tubulin-GFP
were seeded onto glass-bottomed plates. Cells were maintained at 37 °C in DMEM HG
media. Prior to imaging, MDA-MB-231 cells were treated with 10nM paclitaxel. Image
acquisition of MDA-MB-231 cells undergoing mitosis in either DMSO or paclitaxel was
performed every 4 minutes at 20x magnification on a Nikon Eclipse Ti inverted
microscope equipped with a 100x/1.4NA (Plan Apo) DIC oil immersion objective,
motorized stage (Prior Scientific) and ORCA Flash4.0 V2+ digital sSCMOS camera
(Hammamatsu). FITC and Cy5 image datasets were both collected, representing
tubulin-GFP and H2B-RFP respectively. Analysis focused on time in mitosis and cell
fates. Representative live cell images were captured at 60X objective with a Nikon
Spinning Disk Confocal Microscope equipped with Yokogawa CSU-W1, 2 Hamamatsu
Orca Flash 4 cameras, motorized stage, generation 4 Perfect Focus System and Tokei
Hit. This microscope was supplied for use by the UW Optical Image Core. Video
montages of single and combined wavelength channels of confocal microscope images

were produced using FIJI.

Immunofluorescence microscopy
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Cells were seeded on glass coverslips at low density in 24-well plates and allowed to
grow until 50% confluence. For cGAS puncta and STING positivity experiments, cells
were challenged for 1-4 days with 10nM paclitaxel. Coverslips were washed twice in
PBS before being fixed in 4% paraformaldehyde in PHEM buffer for 15 min at room
temperature (RT), washed 3 times in PBS, and then blocked for 30 min at RT in 3%
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS (PBSTx+BSA). Primary
antibodies were pooled and diluted in PBSTx+BSA. Coverslips were incubated in
primary antibodies for 1 h at RT and washed 3 times in PBSTx. Alexa Fluor (Invitrogen)
secondary antibodies were pooled and diluted at 1:350 in PBSTx+BSA. Coverslips were
incubated in secondary antibodies for 45 min at RT and then washed twice with PBSTx.
Coverslips were counterstained with DAPI and mounted on glass slides with Prolong
Diamond anti-fade medium (Invitrogen) and allowed to cure overnight.

Image acquisition was performed on a Nikon Eclipse Ti inverted microscope equipped
with a 100x/1.4NA (Plan Apo) DIC oil immersion objective, motorized stage (Prior
Scientific), and CoolSNAP HQ2 CCD camera (Photometrics). Optical sections were
taken at 0.2 um intervals and, except for extraction experiments, deconvolved using the

AQI 3D Deconvolution module in Nikon Elements.

For quantification of cGAS puncta, observer blinding was performed by slide label

concealment. cGAS puncta were quantified as positive if immunofluorescence in puncta
is above the background signal and there is also an overlaying DAPI signal. At least 250
cells were quantified for each replicate for a total of 3 replicates per treatment condition.

Phenotypes observed upon paclitaxel challenge were also quantified. A classification
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scheme of 9 categories of DNA organization was employed for this purpose explained
in more detail in the micronuclei quantification criteria section. Diffuse and punctate
staining of cGAS positivity was also quantified. CREST signals were also quantified in

cGAS puncta.

Quantification of cytoplasmic fluorescence intensity was performed using Nikon
Elements. Cells were also imaged at 60x magnification with oil immersion and cell
diameters were measured using the Nikon NIS Elements software. Images of at least
100 cells were acquired for each condition for paclitaxel. Threshold levels were equally
applied to all images to exclude background intensity. cGAS immunofluorescence
intensity was qualitatively determined by examining surrounding cell intensities. Sample
size was selected for cell biology experiments based on prior experience and
biologically significant effect size. For immunofluorescence, the sample size was
typically ~100 cells. Three biological replicates were performed each with this sample

size.

Data analysis was performed using Prism 8 (GraphPad). Statistical significance was
determined using an ordinary one-way ANOVA with Dunnett’s multiple comparisons test
with a single pooled variance when comparing multiple cell lines against the vector
control or a two-tailed, unpaired t-test with Welch'’s correction when comparing a single

cell line with different chemical treatments.

Micronuclei quantification criteria
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Micronuclei were qualitatively assessed based on nuclear morphologies present in
untreated MDA-MB-231 cells (Figure S2A). Major (M) nuclei have one nucleus and
represent the most abundant phenotype seen in the cell population (Figure 2D). The bi-
nucleated+ category includes all nuclear morphologies that have two distinct nuclei
categorized as follows. Major Minor (MR) have one large and one small nuclei
(equivalent to nuclear structure with 3+ CREST puncta). Major Mini (MI) have one large
and a qualitatively smaller nuclei (equivalent to nuclear structure with 2 CREST puncta).
Major Micro (MC+) have the smallest nuclei (equivalent to nuclear structure with 1 or O
CREST puncta). Major Micro+ (MC+) have a major, minor and micronucleus. Major
Major+ (MM+) have two Major nuclei with or without micronucleus attached. The
multinucleated category includes nuclear categories that typically only show up after
paclitaxel treatment. These cells have 3 or more nuclei of similar sizes similar to a
bunch of grapes. We divided the multinucleated cells into 3-5 MultiN (MN3+) with three
to five nuclei and 6+ MultiN (MN6+) with six or more nuclei. This separation was made
because paclitaxel at micromolar concentrations is known to arrest cells in mitosis,
which can cause slippage, resulting in the formation of many smaller nuclei, typically
greater than 6. However, cells that are delayed by mitosis but that still progress through

it typically have fewer nuclei being formed even though slippage can still occur.

Nuclear blebbing is defined as protrusions from the nuclear surface in interphase cells
with a phenotype that suggests these structures to be connected to the main and we
employed several stringent criteria to define micronuclei to exclude blebbing from our

analysis. Micronuclei were defined as structures stained by DAPI that are separate from
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the main nucleus (if one exists). Micronuclei were also only quantified if they are oval or
circular in shape. Z-stacks were employed over the entire height of the cell to ensure
that there is no connection between the micronucleus and potentially other surrounding
nuclei. For micronuclei overlapping with larger nuclei, changes in chromatin patterns
between overlapping structures should exist or nuclear borders must be seen to clearly

demarcate the borders of overlapping structures into either an oval or circular shape.

ELISAs for 2°3-cGAMP and IFN-

2'3’-cGAMP ELISA Kit (Item No. 501700) was purchased from Cayman Chemicals and
used according to manufacturer’s instructions. Lysates for the 2’3’-cGAMP ELISA Kit
were prepared by mixing 100uL of lysis buffer with previously frozen cell pellets
consisting of 1 million cells flash frozen in liquid nitrogen and stored at -80°C.

For MDA-MB-231, Human IFN Beta Construction Kit (Item No. RHF842CK) was used to
measure for supernatant IFN-3 according to manufacturer’s instructions. For other
breast cancer cell lines, Human IFN-beta DuoSet ELISA (Item No. DY814-05) was used
with DuoSet ELISA Ancillary Reagent Kit 2 (Item No. DY008) to measure supernatant
IFN-B according to manufacturer's instructions. For each condition in measuring IFN-f3,
50uL of supernatant was harvested from 2mL of total media in each well harboring 500

thousand cells of 6-well plates.

CRISPR-cas9 knockout of cGAS
A polyclonal pool of cGAS -/- null MDA-MB-231 was produced as follows: Wild type

MDA-MB-231 were transfected with Cas9-GFP Protein (Item No. CAS9GFPPRO) from
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Sigma Aldrich with predesigned Alt-R® CRISPR-Cas9 guide RNA against cGAS from
Integrated DNA Technologies. 48 hours after transfection, cells were singly flow sorted
for GFP-positive cells into a 96-well plate. Cells were allowed to grow to confluence
before passaging into 6-well plates. After growth to ~80% confluence, half of the cells
were lysed and blotted for cGAS protein. Colonies that do not express cGAS further
underwent TA cloning using the pGEM-T vector from Promega (Item No. A3600)
according to manufacturer's instructions. Only clones that expressed out-of-frame indels
were kept for experiments.

RNA interference

shcGAS and shSTING plasmids were purchased from Vector Builder. Predesigned
MISSION siRNA against cGAS and STING were purchased from Sigma Aldrich.
Transfection of sSiRNA was completed using Lipofectamine 3000 following
manufacturer’s instructions. Cells were incubated overnight following transfection
followed by fresh media change and incubation for another day before being used for

experiments.

THP-1 differentiation

THP-1 cells between passage numbers 5 and 10 were grown in RPMI 1640 media to a
density of 1-10 x 105. For differentiation to an MO macrophage phenotype, THP-1 cells
incubated with 320nM of PMA diluted in media in 6 well tissue culture plates for 24
hours. Subsequently, cells were washed three times with Hank’s Balanced Salt Solution
(HBSS) before replacing with 10% FBS supplemented DMEM-High Glucose media.

Cells were rested unperturbed for another 24 hours prior to experimentation.
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Digitonin permeabilization

Digitonin permeabilization was carried out in a buffer containing 50 mM HEPES (pH 7),
100 mM KCI, 3 mM MgClI2, 0.1 mM DTT, 85 mM sucrose, 1 mM ATP, 0.1 mM GTP and
0.2% (v/v) FBS. 5ug/mL of digitonin was added either in isolation or with 10 ug/mL of
2'3' cGAMP in permeabilization buffer for 10 min at 37 °C before replacing with fresh

DMEM HG media.

Real-time quantitative PCR

cDNA preparation and quantitative PCR. cDNA was prepared as follows. ~ 3 x 106 cells
were harvested and resuspended in 1 ml TRIzol (Life Technologies, # 15596018). For
RNA extraction, 0.2 ml chloroform was added after incubation on ice for 10 minutes,
and samples were thoroughly mixed. Samples were allowed to stand at room
temperature for 10 min before centrifugation for 10 min (10,000 g; 4 °C). The aqueous
phase was removed and mixed with an equal volume of isopropanol and centrifuged.
The supernatant was removed and the remaining pellet was washed with 75% ethanol
and allowed to dry at room temperature. Samples were eluted using 50 pl of nuclease-
free water. ~ 300 ng RNA of each sample were used to generate cDNA using the
Transcriptor First Strand cDNA Synthesis kit (Roche, # 04 379 012 001) according to
the manufacturer’s instructions (both Anchored-oligo (dT)18 as well as random hexamer
primers were used). 2 ul of each cDNA reaction were used for quantitative PCR with the
LightCycler 480 SYBR Green | Master mix (Roche, # 04 707 516 001), carried out on an

iCycler (Bio-Rad) equipped with the 1Q 5 detection system. The following temperature
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program was used: 5 min 95 °C; 50 x (10 sec 95 °C; 20 sec “annealing temperature”; 20

sec 72 °C).

The following primer sequences comprise the Type | interferon response panel with an
annealing temperature of 55°C: STAT1 forward: 5- CAGCTTGACTCAAAATTCCTGGA-
3, reverse: 5-TGAAGATTACGCTTGCTTTTCCT-3’; STATZ2 forward: 5'-
GAGCCAGCAACATGAGATTGA-3', reverse: 5-GCCTGGATCTTATATCGGAAGCA-3’;
IRF3 forward: 5-AGAGGCTCGTGATGGTCAAG-3, reverse: 5-
AGGTCCACAGTATTCTCCAGG-3’; IRF9 forward: 5'-
GCCCTACAAGGTGTATCAGTTG-3', reverse: 5-TGCTGTCGCTTTGATGGTACT-3;
OAS1 forward: 5-TGTCCAAGGTGGTAAAGGGTG-3', reverse: 5'-
CCGGCGATTTAACTGATCCTG-3’; IFNB1 forward: 5'-
ATGACCAACAAGTGTCTCCTCC-3', reverse: 5- GGAATCCAAGCAAGTTGTAGCTC-

3.

The following primer sequences comprise the Type | interferon response panel with an
annealing temperature of 57°C: IRF7 forward: 5-CCCAGCAGGTAGCATTCCC-3
reverse: 5-GCAGCAGTTCCTCCGTGTAG-3’; OAS2 forward: 5'-
ACGTGACATCCTCGATAAAACTG-3, reverse: 5-GAACCCATCAAGGGACTTCTG-3;
NLRCS5 forward: 5-ACAGCATCCTTAGACACTCCG-3’, reverse: 5'-
CCTTCCCCAAAAGCACGGT-3’; IFI16 forward: 5- GTTTGCCGCAATGGGTTCC-3',
reverse: 5-ATCTCCATGTTTCGGTCAGCA-3’; IFI27 forward: 5’-

TCTCTGCCCGGTGTTTTTGT-3, reverse: 5-TTCCGTGGCATTCCAGAGTC-3’
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The following primer sequences comprise the THP-1 macrophage differentiation panel
with annealing temperature of 56°C: RPLPO forward: 5'-
GCAGCATCTACAACCCTGAAG-3, reverse: 5- CACTGGCAACATTGCGGAC-3’;
CCL18 forward: 5-AAAATTGGCCAGGTGCAGTG-3', reverse: 5-
TGAGGTTTCACCATGTTGGC-3’; CXCL10 forward: 5'-
GTGGCATTCAAGGAGTACCTC-3, reverse: 5-TGATGGCCTTCGATTCTGGATT-3’;
CXCL11 forward: 5-AAGCAGGAAAGGTGCATGAC-3, reverse: 5'-
AGCTTTGCTGCTCTTCTTGG-3’; MMP9 forward: 5-TGTACCGCTATGGTTACACTCG-
3, reverse: 5-GGCAGGGACAGTTGCTTCT-3’; IL10 forward: 5'-
GACTTTAAGGGTTACCTGGGTTG-3, reverse: 5-TCACATGCGCCTTGATGTCTG-3..

Readings were normalized to RPLPO.

Immunoblot

For all experiments, cells were challenged with 10nM paclitaxel for 2 or 4 days and cells
were lysed and frozen down and stored at —80°C prior to use. Cell pellets were lysed in
lysis buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 0.5% NP-40, 10% glycerol)
containing phosphatase inhibitors (10 mM sodium pyrophosphate, 5 mM -
glycerophosphate, 50 mM NaF, 0.3 mM Na3V04), 1mM PMSF, 1x protease inhibitor
cocktail (Thermo-Scientific) and 1 mM dithiothreitol. A 25-gauge syringe was used to
provide additional mechanical lysis to the cell membrane before incubating lysate on ice
for 30 minutes and centrifuging at 15,000 x g speed at 4°C to remove insoluble pellets.

Protein concentration was measured using the Bradford assay. Proteins were separated
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by SDS-PAGE, transferred to Immobilon PVDF membrane (Millipore), and blocked for
30 min in 0.1% Tween-20 Tris buffered saline ph 7.4 supplemented with either 5% BSA
(STING, phospho-IRF3) or 5% milk (cGAS, phospho-STAT1). Membranes were
incubated with gentle agitation for 24 hours at 4°C with primary antibodies diluted in
either TBST supplemented with 5% BSA or 5% milk, washed 3x with TBST, incubated
for 1 h at room temperature in secondary antibodies conjugated to horseradish
peroxidase diluted 1:10,000 in TBST supplemented with 5% milk and subsequently in
LI-COR secondary antibodies after developing on film. Membranes were washed and
developed with luminol/peroxide (Millipore) and visualized with film. Housekeeping

proteins GAPDH and actin were developed

All results were obtained from single gels. To simultaneously probe for the protein of
interest and the loading marker, the membrane was divided in two after transfer and
incubated in separate antibody solutions. When identical-sized proteins prevented
membrane division, the membrane was first probed for the protein of interest, stripped
in an acidic glycine wash (100 mM glycine pH 2, 500 mM NaCl, 2% SDS), rinsed in

deionized H20, and then reprobed for the loading marker.

Flow cytometry

Flow cytometry was conducted at the Flow Cytometry Laboratory at UW-Madison.
Either MDA-MB-231 or MDA-MB-436 were treated with 10nM paclitaxel, eribulin or
vinorelbine prior to harvesting and labeling according to the flow cytometry protocol

using PD-L1 Extracellular Domain Specific D8 T4X Rabbit mAb Alexa Fluore 647 (flow
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cytometry 1:100). Cells were labeled with DAPI at 1Tug/mL for live-dead staining. Cells
were kept on ice before analysis. FCS Express 7 Research Edition was used to make

flow plots. Data analysis was performed using Prism 8 (GraphPad).
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Fig. 1. Some but not all triple-negative breast cancer patients develop tumor-
infiltrating lymphocytes following neoadjuvant paclitaxel.

(A) Representative hematoxylin and eosin (H&E) images showing increased stromal
tumor-infiltrating lymphocytes (sTILs) in one patient P102 after the third dose of
80mg/m? neoadjuvant paclitaxel approximately 15 days after the start of therapy. Inset
are magnifications with representative tumor outlined in black and stroma surrounding
the tumor. Tumor is outlined in black and sTILs are represented by cells with dark,
purple nuclei in “Day 15” sample. Original images are at 400x magnification.

(B) Dose scheduling of patients with biopsies (P102, P103, P113, P114, P118, P119)
undergoing neoadjuvant paclitaxel treatment. Treatment regimen comprises biweekly
80mg/m? neoadjuvant paclitaxel for four doses. Quantification of sTILs of patient H&E
images by staff pathologist using International TILs Working Group criteria. See
supporting information for more details.

(C) Representative images of tumor cells from patient biopsies of nuclear phenotypes
after paclitaxel with staining of DNA (DAPI), cGAS and pan-cytokeratin (PCK). Scale
bar, 50um.

(D) Quantification of intratumoral cGAS expression by average (mean) cGAS signal
intensity of tumor cell clusters. AU=arbitrary units

(E) Spearman correlation of six patients treated with neoadjuvant paclitaxel from (A-D)

plotted by change in TILs between “Day 15" and “Baseline”. AU=arbitrary units
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Fig. 2. Paclitaxel causes cGAS-positive micronuclei to form in interphase
following delayed mitosis on multipolar spindles.

(A) Representative images of MDA-MB-231 cells expressing H2B-RFP and tubulin-GFP
filmed with 60X objective at 4-min intervals from mitosis to subsequent interphase with
no treatment (UNT) or 10 nM paclitaxel (PAX).

(B) Quantification of live cell images from (A) for mitotic duration and chromosome
segregation defects from Nuclear Envelope Breakdown (NEBD) to anaphase onset and
daughter cell interphase nucleus morphology. N=50 cells for UNT and 150 cells for
10nM PAX.

(C) Representative images of multinucleated MDA-MB-231 after 10nM paclitaxel with
and without cGAS puncta. Scale bar, 10 ym.

(D) Quantification of nuclei phenotypes (sum of blue and green bars) and cGAS-
positivity (green bar) in MDA-MB-231 interphase cells after 0, 24, 48 and 72 hours of
10nM paclitaxel. N=3 independent experiments comprising 2250 asynchronous cells per
condition. Mean and SEM are plotted. P values are calculated by one-way ANOVA with
Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not significant). See Figure
S2A for representative images of nuclei phenotypes.

(E) Quantification of micronuclei (sum of blue and green bars) of multinucleated cells of
multiple TNBC cell lines after 0 and 48 hours of 10nM paclitaxel N=3 independent
experiments comprising 2250 asynchronous cells per condition. Results for MDA-MB-
231 from (D). Mean and SEM are plotted. P-values were calculated by two-tailed, paired

Student’s T Test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not significant). TNBC
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subtypes are M=mesenchymal, MSL=mesenchymal stem-like (retired classification),
BL1=basal-like 1, BL2=basal-like 2, LAR=luminal androgen receptor.

(F) Representative images of multinucleated MDA-MB-231 after 10nM paclitaxel stained
for cGAS and CREST. Yellow arrows indicate a cGAS-positive micronucleus with one
CREST foci, which is magnified in the top-left inset. Scale bar, 10 pm.

(G) Quantification of MDA-MB-231 CREST foci with no treatment (UNT) or after two
days of 10nM paclitaxel (10nM PAX) categorized by number of cGAS-positive or cGAS-
negative micronuclei. N=3 independent experiments comprising 250 asynchronous cells
(= total 100 micronuclei) per condition. Mean and SEM are plotted. P values were
calculated by one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, *™P <

0.001, ns=not significant).
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Fig. 3. Paclitaxel activates cGAS signaling in triple-negative breast cancer cell

lines.

(A) ELISA analysis of 2’3’-cGAMP production in wild type and cGAS knockout MDA-

MB-231 four days after exposure to 10nM paclitaxel. N=3 independent experiments.

Mean and SEM are plotted. P values were calculated by one-way ANOVA with
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Dunnett’s test with control as 0 day (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not
significant).

(B) Representative immunoblot of MDA-MB-231 wild type cells exposed to 10nM
paclitaxel after 0, 0.5, 1, 2 and four days probed with phosphoproteins downstream of
the STING pathway that increase with activation of the pathway comprising pTBK1,
pSTING, pIRF3 and pSTAT1.

(C) Representative immunoblot of cGAS, STING and pIRF3 from MDA-MB-231 wild
type (WT) and cGAS knockout (KO) cells exposed to 10nM paclitaxel for four days.
Alpha tubulin serves as the loading control.

(D) Representative immunoblot of cGAS and pIRF3 from MDA-MB-436 wild type (WT)
and cGAS knockdown (KD) cells exposed to 10nM paclitaxel for four days. Alpha
tubulin serves as the loading control.

(E) Interferon-beta measurements of wild type (WT) and cGAS knockout (KO) MDA-
MB-231 exposed to no treatment (UNT) or 10nM paclitaxel (PAX) over five days. N=2
independent experiments. Mean and SEM are plotted. P values were calculated by one-
way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not
significant).

(F) Interferon-beta measurements of wild type (WT) and si-cGAS knockdown (KD)
MDA-MB-436 exposed to no treatment (UNT) or 10nM paclitaxel (PAX) over five days
compared. N=2 independent experiments. Mean and SEM are plotted. P values were
calculated by one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P <

0.001, ns=not significant).
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Fig. 4. Paclitaxel causes secretion of cGAS-dependent soluble factors in breast
cancer that induce M1 polarization in human macrophages.

(A) Schematic of mono-culture conditioned media experiments with human blood-
derived macrophages.

(B) Representative images of human macrophages expressing CD80 incubated with
conditioned media from MDA-MB-231 parental and cGAS knockout cell lines untreated
or pre-treated with 10nM paclitaxel.

(C) Measurement of CD80 expression on macrophages following conditioned media
from parental and cGAS knockout MDA-MB-231 untreated or pre-treated with paclitaxel.
N=3 independent experiments. Mean and SEM are plotted. P values were calculated by
one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not
significant).

(D) Measurement of longest dimension of macrophages following conditioned media
from parental and cGAS knockout MDA-MB-231 untreated or pre-treated with paclitaxel.
N=3 independent experiments. Mean and SEM are plotted. P values were calculated by
one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not

significant).
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Fig. 5. Nanomolar paclitaxel and other microtubule-targeting agents can increase

surface PD-L1 expression in TNBC cell line MDA-MB-436 dependent on cGAS

expression.
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(A) Representative Immunoblot of wild type and cGAS knockout MDA-MB-436 probed
for total PD-L1 in MDA-MB-231 cells four days with or without 10nM paclitaxel. Alpha
tubulin serves as the loading control.

(B) Flow cytometry strategy for PD-L1 expression.

(C) Quantification of surface PD-L1 by percent of the live parent population of wild type
and si-cGAS MDA-MB-436 cells before and after three days of 10nM paclitaxel. Mean
and SEM of n=3 independent biological experiments comprising 2100,000 events per
condition are shown. P values were calculated by one-way ANOVA with Dunnett’s test
with control as 0 day (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not significant).

(D) Quantification of surface PD-L1 by percent of the live parent population of wild type
MDA-MB-436 cells before and after three days of 10nM eribulin and vinorelbine. Mean
and SEM of n=3 independent biological experiments comprising 2100,000 events per
condition are shown. P values were calculated by one-way ANOVA with Dunnett’s test

with control as 0 day (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not significant).
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Figure 6
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Fig. 6. Patients expressing higher levels of cGAS have increased disease control
after combined microtubule-targeting agents and PD-1/PD-L1 inhibitors.

(A) Representative images of patient tumors from diagnostic biopsies with DNA (DAPI),
cGAS and pan-cytokeratin (PCK) staining. Positive control for cGAS is derived from
paraffin-embedded MDA-MB-231 cell pellet stained simultaneously with patient samples
under same protocol. Negative control for cGAS is derived from HEK293T cell pellet.
Scale bar, 50 ym.

(B) Quantification of intratumoral cGAS expression by average (mean) cGAS signal
intensity of tumor cell clusters. AU=arbitrary units

(C) Immunoblot of cGAS in MDA-MB-231 and HEK293T, which serve as positive and
negative controls for cGAS staining.

(D) Swimmer’s plot showing progression free survival of patients in months after
combination therapy of paclitaxel and atezolizumab (PD-L1) or eribulin and
pembrolizumab (PD-1) stratified from top to bottom by high to low cGAS expression.
Legend indicates treatment regimen (top) and response status (bottom). Top legend
color coding also applies to (E) for patient treatments.

(E) Spearman correlation of seven patients treated with both microtubule and immune
checkpoint inhibitors from (B-C) plotted by mean cGAS intensity against progression
free survival in months. This analysis excludes three patients without microtubule

inhibitor treatment. AU = Arbitrary Units
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(A) Representative images of tumor cells from patient biopsies of nuclear phenotypes

after paclitaxel with DAPI (DNA), NUMA (mitotic cells) and pan-cytokeratins (tumor cell

boundary). Scale bar, 25um.
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(B) Quantification of interphase micronuclei of tumor cells from patient biopsies, N=600-
2000 cells collected from at least 10 random fields for all patient treatment conditions.
(C) Scatter plot showing relationship between change in micronuclei and change in TlLs
between “Day 2” and “Day 15” after neoadjuvant paclitaxel for patients.

(D) Bar graph showing percentage of cGAS-positive micronuclei of total micronuclei on
“‘Day 15” for patients after neoadjuvant paclitaxel. Bars highlighted in red represent
patients with increased TILs at “Day 15.” Bars highlighted in blue represent patients
without increased TILs. (E) Scatter plot showing relationship between percentage of

positive micronuclei and change in TlLs between “Day 2” and “Day 15”.
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Fig. S2. Nanomolar microtubule-targeting agents such as paclitaxel cause cGAS-
positive micronuclei predominantly in multinucleated TNBC cell lines.

(A) Representative images of categories of nuclei phenotypes that appear after 10nM
paclitaxel exposure of MDA-MB-231. Text above images represent simplified
quantification scheme shown in Figure 1D. Detailed quantification scheme shown in text
below images was used for Figure S1D.

(B) Representative images of multinucleated TNBC cell lines after 10nM paclitaxel,
showing cGAS-positive and cGAS-negative micronuclei. Scale bar represents 25 um.
(C) Immunoblot of a panel of TNBC cell lines expressing cGAS protein with
quantification of cGAS expression relative to MDA-MB-231 by LI-COR.

(D) Quantification of nuclei phenotypes (sum of blue and green bars) and cGAS-
positivity (green bar) in TNBC interphase cell lines after 0, 1, 2 and 4 days of 10nM
paclitaxel (PAX). Mean and SEM of n=3 independent biological experiments comprising
=250 cells per condition and replicate are shown.

(E) Representative images of MDA-MB-231 cells treated with 10nM paclitaxel, 10nM
vinorelbine or 10nM eribulin and stained for cGAS.

(F) Quantification of micronucleation and cGAS/STING cells in MDA-MB-231 treated
with multiple treatment modalities indicates spindle-targeting treatments lead to highest
rates of cGAS localization. Experiments done in triplicate (n=3) with 2250 cells counted

per experiment.
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Fig. S3. cGAS is concentrated in interphase micronuclei with envelope defects

after paclitaxel.

(A) Immunoblot of cGAS expression at 0, 4, 6 and 8 days after 10nM paclitaxel in MDA-

MB-231 cells.

(B) Representative images of MDA-MB-231 cells exposed to 2 days paclitaxel showing

cGAS-positive micronuclei stained with antibodies targeting different epitopes of cGAS

protein. Scale bar represents 10um.

(C) Quantification of nuclei phenotypes in MDA-MB-231 after paclitaxel for two

antibodies targeting different epitopes of cGAS. See methods for more information.
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(D) Representative immunoblot of cGAS expression in MDA-MB-231 and CRISPR-
Cas9 mediated cGAS knockout.

(E) TA cloning of region surrounding the PAM site of cGAS gene. Image shows Sanger
sequence reads of unaltered wild type cGAS DNA sequences above with cGAS
knockout DNA sequences below of MDA-MB-231. Each sequence represents an
individual allele of one cGAS knockout clone.

(F) ELISA analysis of 2'3’-cGAMP production in wild type (231 cGAS +/+) and cGAS
knockout (231 cGAS -/-) MDA-MB-231 4 days after exposure to 10gy radiation. Mean
and SEM of n=3 independent biological experiments are shown. P values were
calculated by one-way ANOVA with Dunnett’s test with control as 0 day (*P < 0.05, **P
< 0.01, **P < 0.001, ns=not significant).

(G) Quantification of nuclei phenotypes (sum of blue and green bars) and cGAS-
positivity (green bar) in MDA-MB-231 interphase cells after 2 days of 10nM paclitaxel in
wild type and cGAS knockout MDA-MB-231 using a monoclonal antibody against cGAS.
N=3 independent experiments comprising 2250 cells per condition and replicate. Mean
and SEM of n=3 independent biological experiments are shown.

(H) Representative images of MDA-MB-231 cells stained for cGAS, Mab414, and Rb.
Scale bar represents 10 um.

(h Quantification of Mab414 and Rb in micronuclei after 2 days of 10 nM paclitaxel. N=3
independent experiments comprising 250 cells per condition and replicate. Mean and
SEM of n=3 independent biological experiments are shown. P values were calculated
by two-tailed, paired Student’s T test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not

significant).
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Supplemental Figure S4
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Fig. S4. Paclitaxel activates STING pathway in MDA-MB-231 but not in interphase.
(A) Quantification of signal intensity of Immunoblot by LICOR for Figure 3B. Red error
bars represent SEM of n=3 independent experiments. P values were calculated by one-
way ANOVA with Dunnett’s test with comparisons based on control “0 Day” (*P < 0.05).
(B) Immunoblot of MDA-MB-231 parental, shcGAS and shSTING cell lines for cGAS
and STING expression. Alpha-tubulin used as a loading control.

(C) Measurement of interferon-stimulated genes, MX71, OAS1, OAS2, IFI27, by RT-

gPCR for MDA-MB-231 parental, shcGAS and shSTING cell lines.
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(D) Immunoblot of MDA-MB-231 for pSTING and STING expression after aphidicolin

with and without paclitaxel. Alpha-tubulin used as a loading control.
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Fig. S5. THP-1 macrophages exhibit M1 polarization after exposure to conditioned
media from or co-culture with MDA-MB-231 after paclitaxel.

(A) Schematic of mono-culture conditioned media experiments with list of M1 and M2
genes used in experiments.

(B) Measurement of M1/M2 gene panel of THP-1 macrophages following 4 days
incubation in 10nM paclitaxel. N=2 biological experiments.

(C) Measurement of M1/M2 gene panel of THP-1 macrophages following 3 days
incubation in 3 days conditioned media from wild type MDA-MB-231 with and without
exposure to 2 days 10nM paclitaxel. N=3 biological experiments.

(D) Measurement of M1/M2 gene panel of THP-1 macrophages following 3 days
incubation in 3 days conditioned media from cGAS knockout MDA-MB-231 with and
without exposure to 2 days 10nM paclitaxel. N=3 biological experiments.

(E) Schematic of co-culture experiments.

(F) Measurement of M1/M2 gene panel of co-cultured THP-1 with wild type MDA-MB-
231 with and without 5 days 10nM paclitaxel. N=2 biological experiments.

(G) Measurement of M1/M2 gene panel of co-cultured THP-1 with cGAS knockout

MDA-MB-231 with and without 5 days 10nM paclitaxel. N=2 biological experiments.
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Fig. S6. Expression of PD-L1 is not modulated by nanomolar paclitaxel at the

protein level.

(A) Representative Immunoblot of wild type MDA-MB-231 probed for total PD-L1 in

MDA-MB-231 cells 4 days with or without 10nM paclitaxel. Alpha tubulin serves as the

loading control.

(B) Flow cytometry gating strategy. MDA-MB-231 were first gated on a forward scatter

(FSC)/side scatter (SSC) plot and then further gated by FSC-H and SSC-H to isolate

single cells. These were then gated for live cells and then gated for the surface PD-L1

population. Fluorescence minus one (FMO) wild type and cGAS knockout MDA-MB-231

were used to determine the gate parameters for cells positive for surface PD-L1. Data
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were analyzed using FCS Express 7 Research Edition software, and population
frequencies expressed as percent of the live parent population.

(C) Quantification of surface PD-L1 by percent of the live parent population of wild type
and cGAS knockout MDA-MB-231 cells before and after 3 days of 10nM paclitaxel.
Mean and SEM of n=2 independent biological experiments comprising 2100,000 events
per co+ndition are shown. P values were calculated by one-way ANOVA with Tukey-

Kramer test (*P < 0.05, **P < 0.01, ***P < 0.001, ns=not significant).
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Fig. S7. cGAS expression positively correlates with progression-free survival in
patients treated with chemotherapy.

(A) cGAS mRNA expression z-scores from breast cancer patients of METABRIC cohort
categorized by subtype. A statistically significant difference (p=0.02) between HR-
/HER2+ and HR-/HER2- exist. Mean and SD of individual data points are shown. P
values were calculated by one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P <
0.01, ***P < 0.001, ns=not significant).

(B) Relapse-free survival curves of ER-ve breast cancer patients stratified by cGAS
MRNA expression for all treatments and system chemotherapy (taxane, anthracycline,
cytoxan) only groups (cutoff: median).

(C) Relapse-free survival curves of ER+ve breast cancer patients stratified by cGAS
MRNA expression for all treatments and chemotherapy only groups (cutoff: median).
(D) STING mRNA expression z-scores from breast cancer patients of TCGA cohort
categorized by subtype. Mean and SD of individual data points are shown. P values
were calculated by one-way ANOVA with Tukey-Kramer test (*P < 0.05, **P < 0.01, ***P
< 0.001, ns=not significant).

(E) Relapse-free survival curves of ER-ve breast cancer patients stratified by STING
MRNA expression for all treatments and system chemotherapy (taxane, anthracycline,
cytoxan) only groups (cutoff: median).

(F) Relapse free-survival curves of ER+ve breast cancer patients stratified by STING

MRNA expression for all treatments and chemotherapy only groups (cutoff: median).
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS

This thesis began with a chapter on the review of the different mechanisms by
which conventional therapies such as chemotherapy and radiation can activate immune
signaling mechanisms. This was proceeded by a chapter examining paclitaxel activating
cGAS-STING signaling to induce micronucleation and M1 macrophage polarization. We
were most interested in focusing on cGAS/STING signaling over other cytosolic DNA
sensors because previous literature suggested that cGAS/STING signaling is most
important for activating both 2’3’-cGAMP and IFN- production, which we believe
induced M1 macrophage polarization. While other cytosolic nucleic acid sensors can
also activate IFN-B signaling, we did not find ample evidence for their activation in
breast cancer by paclitaxel. There is, however, some evidence for cGAS to be activated
by paclitaxel signaling in breast cancer (Lohard et al., 2020; Zierhut et al., 2019a). One
study did demonstrate paclitaxel to potentially serve as a TLR-4 agonist and to activate
IFN-B signaling through toll-like receptor signaling, which is separate from cGAS
signaling (Wanderley et al., 2018). However, that study used micromolar concentrations
of paclitaxel, which is much higher than clinically relevant concentrations of paclitaxel
used in our study. At lower concentrations, we did not find paclitaxel to function as a
TLR4 agonist (Chapter 2, Figure S4D).

The first chapter of this thesis examined the current literature regarding mechanistic
processes of conventional chemotherapies with the end goal of determining whether
there is evidence for effective activation of an immune response from use of these
cytotoxic therapies. While it is accepted that chemotherapies can reduce immune cell

populations, recent work has suggested that the picture is more complex. For example,
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in the second chapter of this thesis we examined how clinically relevant low dose
paclitaxel can promote innate immune signaling by tumor cells through the
cGAS/STING pathway. Past studies examined high dose paclitaxel, which would arrest
cells in mitosis and directly kill them. Whether or not mitotic arrest by high dose
paclitaxel can trigger a more robust immune response is not known since these drugs
nonspecifically kill rapidly dividing host cells including host immune cells and would
exert significant toxicity. In fact, leukopenia is a common side effect of paclitaxel.

However, it is still important to consider dosing and timing of these therapies, which
can also affect optimal pathway activation. This is seen to be the case for radiation,
which also activates cGAS/STING pathway. For instance, B16 and B78 melanoma cell
lines achieved maximal IFNB1 gene upregulation 7 days after irradiation (Jagodinsky et
al., 2021). Similarly, a single high dose of radiation results in dsDNA degradation in
human cell lines by exonuclease Trex1, which dampens IFNB1 expression; however,
the same dose spread over multiple days increases IFNB1 (Vanpouille-Box et al.,
2017). Similar studies involving dosing and timing of conventional chemotherapies in
the lab and clinical settings would be useful to test this hypothesis.

The second chapter of this thesis examined the role of paclitaxel in activating
cGAS/STING to recruit an immune response. While this chapter did not include in vivo
work, some clinical samples were examined for cGAS expression. There are few
biomarkers that can predict response to combination therapies, so it was interesting to
see a positive correlation between both tumor-infiltrating lymphocytes and progression
free survival for combination therapy of microtubule-targeting agents and immune

checkpoint inhibition.
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Future studies will benefit from looking at this correlation with a larger clinical cohort
of patients on neoadjuvant therapies. This analysis may be completed with currently
available datasets from completed clinical trials that have combined paclitaxel with
immune checkpoint inhibitors for which either bulk RNA sequencing was performed, or
for which tissues are available and can be obtained for IHC analysis. Data from these
trials can then be evaluated for cGAS expression by IHC or RNA sequencing.
Otherwise, similar clinical trials may be designed either prospectively or retrospectively
to analyze the utility of cGAS expression in predicting the effectiveness of combination
therapy in patients. More importantly, syngeneic mouse studies evaluating the efficacy
of combination therapy in mice implanted with either parental or cGAS-deficient tumors
would help to confirm if cGAS expression is required for activation of the immune
system and can predict response to combination therapy. In these studies, IHC and flow
cytometry can be employed to evaluate changes in immune cell populations and tumor
growth over the course of combination therapy in tumors expressing or deficient in
cGAS. Macrophage polarization can also be assessed by these same methods in these
tissues. In addition, primary cell cultures and organoids may provide further evidence for
cGAS-STING activation after paclitaxel.

The appendices of this thesis present work suggesting the activation of cGAS-
STING signaling may also be associated with chromosomal instability (CIN) in both
breast cancer and leukemia in concordance with previous work (Bakhoum et al., 2018).
This is hypothesized to be due to CIN causing micronuclei formation, which can rupture

and activate cGAS-STING signaling. Further work will help to clarify the extent of
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constitutive activation of cGAS-STING and its impact on immune signaling in breast
cancers is warranted as some breast cancers do exhibit CIN (Watkins et al., 2020).

In addition, CIN has been hypothesized to cause seemingly contradictory outcomes
of tumorigenesis and immune activation (Bakhoum et al., 2018; Santaguida et al.,
2017). Studies suggest that the chronicity of cGAS/STING activation can influence the
downstream outcomes and would be worthwhile to study from a therapeutic standpoint.
For instance, CIN from underlying cancers can potentially result in chronic activation of
cGAS-STING, which may blunt further activation of this signaling pathway, resulting in
an immunosuppressive tumor microenvironment (Bakhoum & Cantley, 2018).
Therefore, aside from validating the clinical significance of cGAS/STING in activating
immunity in patients, an important question would be to evaluate the significance of
constitutive cGAS/STING signaling in tumors with a high baseline level of ruptured
micronuclei in affecting combination therapy response. More careful investigation of the
specific factors underlying inflammation and how it results in tumorigenesis versus
immune activation would be important. One way to do this would be to induce CIN or
cGAS/STING activation in cell lines or organisms and then to conduct a global
transcriptomic or proteomic screen for pathways that are activated or de-activated.

One advantage of using chemotherapy to activate cGAS-STING signaling over
targeted STING agonists is that the response can be somewhat targeted to tumor cells
with chemotherapy, which tends to be more effective in quickly dividing cells.
Potentially, using chemotherapy to activate cGAS-STING would result in a more
targeted immune response against tumors over normal cells, which may also be non-

specifically targeted by STING agonists. One disadvantage of chemotherapy,
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particularly paclitaxel, is that it does not generate neoantigens to help activate an
immune response. Therefore, cGAS-STING signaling may be more effective in cancers
with a high tumor mutation burden and with neoantigens that can be targeted by the
immune system. Potentially, chemotherapy-induced cGAS-STING activation might be
useful in future studies that use cancer vaccines to help recruit an immune response.

In conclusion, this thesis focused on how paclitaxel can activate cGAS-STING
signaling to polarize macrophages to an M1 phenotype. Due to this mechanism of
immune activation, we suggest that cGAS expression may have utility in predicting
patient response to combination paclitaxel and checkpoint inhibitor therapy. Similar
mechanistic investigations of other chemotherapies may potentially identify biomarkers

that can predict combination therapy response and can be worthwhile to pursue.
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APPENDIX
Chromosomal instability positively correlates to increased immune cell
infiltration in cancer

Yang Hu, Ryan A. Denu, Stephanie M. McGregor, Beth A. Weaver, Mark E. Burkard

Introduction: Chromosomal INstability (CIN) refers to the repeated gain and loss of
chromosomes over multiple cell divisions and is a common attribute of many cancers.
CIN is caused by errors in mitosis that result in missegregation of entire chromosomes,
resulting in karyotypic irregularities that have intrinsic effects on cell survival.
Chromosome gain and loss may confer a survival advantage or may cause cell death due
to loss of both copies of an essential chromosome. Thus, CIN is a driver of tumor evolution.
However, the effect of CIN on immune regulation is controversial. The aim of this study

is to explore the relationship of CIN with immune cell infiltration.

Methods: We have conducted pan-cancer gene expression analyses of public cohorts
from the METABRIC and TCGA databases using CIBERSORT (Newman et al, Nature
Methods, 2015), which applies gene expression data from a list of 547 genes to infer the
abundances of immune cell types. Using this method, we evaluated the correlation of CIN
with immune cell populations. CIN is estimated by CIN70, a score derived from 70 genes
that correlate with total functional aneuploidy in solid tumors. As a complementary
approach, we identified 256 patients with Stage I-lll breast cancer treated at the UW
Carbone Cancer center from 1999-2007. Chromosome number was determined on a cell-

by-cell basis using 6 centromeric FISH probes. CIN was measured as the fraction of cells
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with non-modal chromosome numbers averaged across the 6 chromosomes. The
abundance of stromal tumor-infiltrating lymphocytes (TILs) on H&E slides was determined

by a breast pathologist according to the 2014 International TILs Working Group criteria.

Results: CIBERSORT analysis demonstrates statistically significant, positive correlations
between CIN70 and immune cells for activated CD4 memory T cells (R-squared=0.11, p-
value<0.0001) and M1 macrophages (R-squared=0.11, p-value<0.0001) in the majority
of cancer types evaluated. For the cohort of 256 patients with breast cancer, tumors
enriched for TILs had significantly higher CIN (0.50 +/- 0.02) compared to tumors with low
levels of TILs (0.41 +/- 0.01, p-value=0.002). This result was unaffected by exclusion of
highly necrotic tissues, which are known to recruit TILs. Together, these data support the
conclusion that CIN tumors have higher levels of immune cell infiltration, although the

function of these immune cells remains unclear.
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Fig. 1: CIN70 correlates with activated CD4 T-cells and M1 macrophages in the
METABRIC cohort. mRNA sequencing data from METABRIC dataset of 2509 primary
breast tumors was evaluated for CIN70 gene score on a per-patient basis. CIBERSORT
was used to estimate immune cell populations on a per-patient basis. CIN70 was
correlated with fraction of activated M1 macrophages and CD4+ memory T-cells.
Pearson R (CIN70 vs Activated CD4 Memory T Cells) = 0.4238, P-value < 0.0001.

Pearson R (CIN70 vs M1 Macrophages) = 0.3236, P-value < 0.0001.
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Fig. 2: Pan-cancer analyses of METABRIC and TCGA mRNA gene expression
datasets show CIN70 to correlate with activated CD4 T-cells in pan-cancer.

(Top) Heat map represents strength of correlations by Pearson R between CIN70 gene
score and CIBERSORT-derived immune cell populations using mRNA expression from
METABRIC and TCGA datasets. Red boxes indicate positive correlations between
CIN70 and indicated immune cell population by cancer database. Green boxes indicate
negative correlations. (Middle) Volcano plot showing top five most positively (red) and
negatively correlated (blue) immune cell populations by CIN70 gene score. (Bottom)
Statistically significant correlations are in green and red boxes while non-significant

correlations are crossed out.
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Fig. 3: CIN assessed by 6-chromosome FISH positively correlates with TILs by

H&E in clinical samples.

More than 250 primary breast cancer patient biopsies were evaluated by H&E for

stromal tumor-infiltrating lymphocytes using the 2014 International TlLs Working Group

criteria. Samples were also stained for chromosomes 3, 4, 7, 9, 10 and 17 to determine

average ploidy for CIN calculations as described in Choudhary et al. Mol Cancer Ther.

2016.
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Fig. 4: CIN assessed by 6-chromosome FISH positively correlates with CD4+ T-
cells by CD45RO expression in clinical samples.

More than 60 primary breast cancer patient biopsies were evaluated by CD45RO
expression by immunofluorescence intensity for CD4+ T-cells and CD3 expression for
T-cells. CIN was calculated by 6-chromosome FISH and CD45R0O expression was

normalized to CD3 expression on a cell-by-cell basis.
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Chromosomal instability upregulates interferon in acute myeloid leukemia
Ning Jin, Robert F. Lera, Rachel E. Yan, Fen Guo, Kim Oxendine, Vanessa L. Horner,

Yang Hu, Jun Wan, Ryan J. Mattison, Beth A. Weaver, Mark E. Burkard

Abstract: Chromosome instability (CIN) generates genetic and karyotypic diversity that
is common in hematological malignancies. Low to moderate levels of CIN are well
tolerated and can promote cancer proliferation. However, high levels of CIN are lethal.
Thus, CIN may serve both as a prognostic factor to predict clinical outcome and as a
predictive biomarker. A retrospective study was performed to evaluate CIN in acute
myeloid leukemia (AML). Chromosome mis-segregation frequency was correlated with
clinical outcome in bone marrow core biopsy specimens from 17 AML cases.
Additionally, we induced chromosome segregation errors in AML cell lines with AZ3146,
an inhibitor of the Mps1 mitotic checkpoint kinase, to quantify the phenotypic effects of
high CIN. We observed a broad distribution of chromosome mis-segregation frequency
in AML bone marrow core specimens. High CIN correlated with complex karyotype in
AML, as expected, although there was no clear survival effect. In addition to CIN,
experimentally inducing chromosome segregation errors by Mps1 inhibition in AML cell
lines causes DNA damage, micronuclei formation, and upregulation of interferon
stimulated genes. High levels of CIN appear to be immunostimulatory, suggesting an
opportunity to combine mitotic checkpoint inhibitors with immunotherapy in treatment of

AML.
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