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Abstract 

HIV-infected patients have a high acquired risk of rash and other delayed hypersensitivity 

reactions to potentiated sulfonamide antibiotics (trimethoprim/sulfamethoxazole; TMP/SMX), 

which correlate with low CD4+ counts. Further, this risk is associated with a biomarker, in 

which patient lymphocytes (especially CD8+ cells) show apoptosis from reactive SMX 

metabolites in an in vitro lymphocyte toxicity assay (LTA). The mechanisms are not understood, 

but an underlying SMX detoxification defect has been postulated. We hypothesized that acquired 

metabolic and immunologic alterations were present in retroviral infection that lead to SMX 

immunogenicity and LTA susceptibility. 

 

SIVmac239-infected rhesus macaques and age-matched controls were administrated TMP/SMX 

(120 mg/kg/day p.o.) for 14 days, and immune responses were measured. At baseline, blood was 

assayed for ascorbate, glutathione, IFN-γ, sCD14, and LPS, and liver biopsies and lymphocytes 

were collected for expression arrays. After treatment, plasma and 24 hour-urinary SMX 

metabolites were measured, and macaques were tested for SMX-adducts in lymph nodes, anti-

drug antibodies, and drug-responsive T cells. Among 9 SIV-infected and 7 non-infected controls, 

3 macaques showed drug-responsive T cells and 4 macaques developed anti-SMX antibodies. 

Two macaques developed transient rash during dosing, and these animals had the highest 

percentage of lymph node cells with SMX-adducts. However, no association was found between 

immunologic response and SMX disposition, antioxidants, or inflammatory mediators.  

 



ii 

 

Hepatic expression arrays, along with hepatic activity assays, did not support an effect of SIV 

infection on SMX detoxification. Instead, genes involved in antigen processing, trafficking, and 

presentation were over-expressed, and this could contribute to SMX hypersensitivity via 

promiscuous presentation of SMX-adducted peptides. 

 

Lymphocyte death in the LTA was apparently increased in SIV-infected macaques (29.8% vs. 

1.8%, P = 0.06), but CD8+ lymphocyte expression arrays from high and low LTA animals did 

not support impaired detoxification of SMX metabolites. Instead, several pro-apoptotic and 

lysosomal degradation genes were up-regulated, which could lower the threshold for cell death 

from reactive SMX metabolites. 

 

In summary, this is the first animal model that demonstrates immunogenicity to SMX at 

therapeutic dosages; studying more animals with CD4+ counts < 200 cells/µl may better model 

the risk of SMX immunogenicity and hypersensitivity in HIV-infected human patients. 
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Chapter 1 – Introduction 

1.1 Indications for Sulfonamide Antibiotics, and Adverse Reactions 

Sulfamethoxazole (SMX) is a sulfonamide antibiotic that serves as a competitive inhibitor for 

dihydropteroate synthase, and inhibits synthesis of folate.
1, 2

 All organisms require folate for 

DNA synthesis, repair and methylation.
3, 4

 Mammals have an active transport system at the cell 

membrane to acquire folate,
5
 bacteria, certain fungi, and protozoa do not, providing SMX with 

broad spectrum to fight infections. 

 

Trimethoprim (TMP) is often administrated together with SMX to potentiate the inhibition of 

bacterial folate synthesis.
2
 TMP selectively inhibits bacterial dihydrofolate reductase, another 

enzyme involves in folate synthesis.
2, 6

 TMP/SMX is often administrated in a 1:5 ratio to treat 

diseases such as bronchitis, urinary tract infections, methicillin-resistant Staphylococcus aureus, 

and Pneumocystis jiroveci pneumonia.
7-10

 

 

Pneumocystis pneumonia is caused by a yeast-like fungus, Pneumocystis jiroveci. It is an 

opportunistic pathogen, and mostly infects patients that are immunocompromised, such as those 

with AIDS, or patients that are on immunosuppressive therapy for autoimmune disease.
11-13 

TMP/SMX is the primary treatment recommended by the United States Centers for Disease 

Control and Prevention to treat and prevent Pneumocystis jiroveci pneumonia in HIV-infected 

patients (www.cdc.gov). Further, the World Health Organization strongly recommends that 
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AIDS patients (with CD4+ counts  ≤ 350 cells/mm
3
) start TMP/SMX prophylaxis to prevent 

opportunistic  infections. (www.who.int).  

 

The use of TMP/SMX is essential in AIDS patients but its use is often limited by adverse drug 

reactions. Adverse drug reactions can be classified into type A and type B reactions. Type A 

reactions are dose-dependent and associated with actions of the drug, either intended or 

unintended. For example, TMP/SMX can cause gastrointestinal upset in some patients. However, 

the most concerning adverse drug reactions of SMX are type B reactions, or idiosyncratic drug 

reactions.
14, 15

 These reactions are dose independent, not associated with the pharmacological 

effect of the drug, and are often immune-mediated. Therefore, the term drug hypersensitivity is 

often used interchangeably with idiosyncratic drug toxicity. 

 

Immune-mediated adverse drug reactions are classified by four types of hypersensitivity 

reactions. Type I hypersensitivity (“immediate”) is an allergic reaction mediated by IgE 

antibodies, and it often occurs within minutes to hours. Type II hypersensitivity is due to 

cytotoxicity caused by the binding of immunoglobulin. Type III hypersensitivity is caused by 

immune complex deposition. The major SMX idiosyncratic reaction is type IV, or delayed, 

hypersensitivity.
14, 15 

It is a mediated by drug-responsive T lymphocytes that lead to tissue 

damage.  
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SMX hypersensitivity is typically characterized by the delayed onset of fever and skin rash after 

5-14 days of treatment.
16

 The more severely affected patients may develop hepatic toxicity, 

thrombocytopenia, or bullous skin eruptions, such as Stevens-Johnson syndrome and toxic 

epidermal necrolysis, with up to 30% mortality.
17-19

 In SMX-hypersensitive patients, anti-SMX 

antibodies have been detected.
21, 92, 93

 In addition, both CD4+ and CD8 T+ cells have been 

detected by immunohistochemical analyses of skin biopsies at the time of a hypersensitivity 

reaction.
20, 22- 24

 

 

If TMP/SMX cannot be tolerated, second line treatments such as dapsone, atovaquone, or 

pyrimethamine can be used, but these treatments are more expensive and less effective when 

compared to TMP/SMX.
25

 Also, they have their own adverse effect profiles. Notably, dapsone, 

an arylamine that shares structural similarities with sulfamethoxazole, leads to cross-

hypersensitivity in 20-39% of sulfonamide-hypersensitive patients.
26-28

  

 

The risk of developing SMX hypersensitivity is 1-3% in the general population.
29-31

 However, 

multiple studies have shown that the risk for developing SMX hypersensitivity in HIV-infected 

patients increases to 20-57%.
32-35

 This increased risk appears to be acquired, and varies with 

severity of HIV infection. For example, a higher risk is seen in HIV-infected patients with 

moderately low CD4+ T cell counts, and low CD4/CD8 ratios.
26, 33, 36-38

 However, the 

mechanism of this acquired risk is unknown. 
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1.2 SMX Biotransformation Pathway and its Associated Risk Factors 

SMX is a small, and inactive molecule, but it can act as a prohapten to trigger an immune 

response.
14, 15

 Furthermore, SMX can supplement and stimulate an immune response through 

pharmacological interaction (p-i concept), by binding directly and reversibly to immune 

receptors.
136

 The development of SMX hypersensitivity depends on SMX bioactivation.
39-41

 As 

shown in Figure 1.1, SMX is oxidized to form SMX-hydroxylamine (SMX-HA) by CYP2C8 

and  CYP2C9 in the liver,
42-44

  or by myeloperoxidases in keratinocytes and dendritic cells.
44-46

 

Nitonavir and nelfinavir, protease inhibitors for treating HIV infection, were shown to induce 

CYP2C8 and CYP2C9 activity by two-fold in human hepatocytes in vitro.
47, 48

 This may 

contribute to an increased risk of hypersensitivity in HIV-infected patients. Variants of CYP2C8 

and CYP2C9 have been identified, but none of them have ultra-high expression or activity.
49, 50 

 

Once SMX is bioactivated to form SMX-HA, this hydroxylamine metabolite can be further 

oxidized spontaneously to form SMX-nitroso (SMX-NO).
40, 51

 The nitroso metabolite can bind to 

cysteine residues on a protein and form protein adduct,
52

 which can be processed and presented 

in association with MHC-I or MHC-II.
53

 This stimulates the activation of T cells and B cells to 

target SMX-protein adducts,
44, 54

 which may lead to the development of hypersensitivity.  
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The formation of protein adducts can be prevented by several detoxification pathways. N-

acetylation of SMX in the liver is the primary detoxification pathway. N-acetylation of SMX, by 

N-acetyltransferase 1 (NAT1) in leukocytes and N-acetyltransferase 2 (NAT2) in the liver, leads 

to an inactive and non-immunogenic acetylated metabolite for urinary excretion.
 55-59

 NAT2 is 

highly polymorphic with more than 25 alleles that have wide range of expression and activity.
60

 

Slow acetylation caused by genetic defects in NAT2 has been reported in about 50% of 

Caucasians and African Americans.
60-64

 In studies that were done in HIV-infected patients, slow 

acetylation phenotype was over-represented in SMX-hypersensitive patients compared to SMX-

tolerant patients, and a discordance was observed between acetylator genotype and phenotype.
65

 

However, another study found no such discordance between AIDS patients and healthy 

controls.
66

 These observations suggest that HIV infection leads to acquired defects in this drug 

detoxification pathway, but the mechanism for this is not known. 

 

If SMX is oxidized to SMX-HA, it can be reduced to the parent drug by cytochrome b5 and 

NADH cytochrome b5 reductase.
67

 This pathway shows substantial variability in hepatic 

expression, with some genetic polymorphisms in cytochrome b5  (encoded by CYB5A) and 

cytochrome b5 reductase (CYB5R3) associated with very low activity.
68

 However, no associations 

were found between these polymorphisms and hypersensitive outcomes in a population of 100 

SMX-hypersensitive and 100 SMX-tolerant patients (manuscript submitted). Previous data from 

our laboratory suggest that much of the wide variability in cytochrome b5 and b5 reductase 
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expression is due to acquired, but not genetic factors,
69

 which could be relevant to the risk of  

acquired hypersensitivity in HIV infection. 

 

If SMX-HA is further oxidized spontaneously to form SMX-NO, it can be reduced to the 

hydroxylamine metabolite by antioxidants, such as ascorbate and glutathione.
40, 70

 Deficiencies in 

these antioxidants are common in HIV infection, and can lead to decreased capacity for SMX-

NO reduction.
40,70-72

 This could contribute to increased drug haptenization and risk of SMX 

hypersensitivity reactions. In support of this, ascorbate and glutathione have been shown to 

decrease the formation of SMX-NO adducts in lymphoid cells in vitro.
22, 73, 74

 Furthermore, 

antioxidant deficiencies may also directly affect cytochrome b5 expression.
75, 76

 However, in one 

prospective study of AIDS patients,
77

 glutathione deficiency was not predictive of sulfonamide 

hypersensitivity, and supplementation with the glutathione precursor N-acetylcysteine did not 

significantly decrease sulfonamide hypersensitivity incidence.
35

 Therefore, glutathione depletion 

alone is unlikely to contribute to the acquired risk of sulfonamide hypersensitivity in HIV 

infection. 

 

Due to the impaired immune responses, HIV-infected patients often suffer from opportunistic 

infections. One common site of infection is the gastrointestinal tract, which can lead to chronic 

diarrhea.
78-83

 HIV itself is also associated with structural and functional abnormalities of the 

gastrointestinal tract.
84-87

 Both opportunistic infections and HIV enteropathy could lead to 

alteration of SMX bioavailability. However, pharmacokinetic studies in HIV-infected patients 
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with and without Pneumocystis jiroveci pneumonia have shown that SMX bioavailability was 

not affected by HIV and its complications when compared to healthy individuals.
88, 89

  

 

One interesting finding for in vivo SMX biotransformation was that the level of urinary SMX-

HA was lower in HIV-infected patients when compared to healthy individuals.
90

 This decrease in 

hydroxylamine metabolites may be due to a reduction in SMX bioactivation by CYP2C8 and 

CYP2C9, or an increase of SMX-HA reduction by cytochrome b5 and NADH cytochrome b5 

reductase. Both scenarios could lead to a protective effect against SMX hypersensitivity. Another 

possibility is that more SMX-HA is oxidized to SMX-NO to form protein adducts (which would 

not be detected in the urine) because HIV-infected patients are known to suffer from antioxidant 

deficiencies.
40,70-72

 Increased SMX-protein adduct formation could enhance risk of SMX 

hypersensitivity. 

 

1.3 SMX-Adduct Formation and Cellular Mediated Immune Response in Humans 

Serum SMX-protein adducts and anti-SMX antibodies can be detected in both healthy and AIDS 

patients prescribed TMP/SMX.
21,

 
91-93

 SMX-protein adducts were detected in 6 out of 8 

hypersensitive AIDS patients, while adducts were only detected in 1 out of 4 AIDS patients that 

did not show signs of hypersensitivity.
92

 This suggests that SMX-adduct formation could be 

important in the development of hypersensitivity. In addition to circulating adducts, adducts can 
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be generated locally in tissues, since SMX may be oxidized by dendritic cells and keratinocytes 

to form protein adducts.
39, 46, 54, 73, 105

  

 

Dendritic cells are antigen presentation cells that stimulate the activation of adaptive immune 

responses.
94, 95

 Incubation of human dendritic cells with SMX-NO led to instant adduct 

formation in vitro.
44, 54

 Some CYP450s and a high level of myeloperoxidase were detected in 

dendritic cells, but CYP2C8 and CYP2C9 expression were absent.
44, 96

 Prolonged incubation of 

SMX or SMX-HA led to intracellular adduct formation.
39, 54,

 
73

 Furthermore, dendritic cells are 

capable of the uptake of pre-formed SMX-protein adducts.
39

 All these data suggest that dendritic 

cells are capable of SMX bioactivation and adduct formation.  

 

In addition to SMX adduct formation, SMX and its metabolites also lead to human dendritic cell 

activation and expression of the co-stimulatory molecule CD40 in vitro, which enhances its 

ability to stimulate the adaptive immune response.
44

 In support of this, co-administration of anti-

CD40L with SMX-NO has been shown to inhibit T cell responses to the drug in vivo in mice.
44

 

These findings indicate that oxidative SMX metabolites can act as both an antigenic signal and a 

second “danger” signal, leading to partial maturation of dendritic cells.
54, 97

 

 

Immune dysregulation is clearly present in HIV infection, and despite the immunosuppressed 

state, there are higher percentages of activated lymphocytes and increases in pro-inflammatory 
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cytokines in these patients, including higher plasma concentrations of LPS, TNF-α, and IFN-γ. 
66, 

98-102
 These inflammatory mediators have been shown to act on dendritic cells to enhance further 

presentation of SMX-adducted protein antigens.
73

 

 

In addition to dendritic cells, keratinocytes can also form local SMX-protein adducts. 

Keratinocyte is the major cell type of skin epidermis, and it is the major target affected by SMX 

hypersensitivity.
103, 104

 Similar to dendritic cells, incubation of keratinocytes with SMX-NO led 

to immediate surface adduct formation.
20 

Keratinocytes also have the ability to oxidize SMX, and 

generate adducts intracellularly.
46, 105

 High concentrations of SMX-HA can lead to cytotoxicity 

in keratinocytes under glutathione depletion, and SMX-protein adducts that are released can then 

be taken up by dendritic cells upon keratinocyte cell death.
39, 105

 Furthermore, upon incubation of 

keratinocytes with SMX-HA in vitro, co-localization of SMX-protein adducts and MHC-I was 

observed using confocal microscopy.
46

 This result suggests that SMX-protein adducts can be 

processed and presented by keratinocytes as antigen. This may lead to drug immunogenicity and 

subsequent cutaneous drug hypersensitivity. 

 

1.4 Lymphocyte Toxicity Assay – A Possible Surrogate Marker for Drug Hypersensitivity 

In both immunocompetent and HIV-infected patients, sulfonamide hypersensitivity has been 

associated with a surrogate biomarker, expressed in the lymphocyte toxicity assay (LTA). 

Results of this in vitro cytotoxicity assay showed that peripheral blood mononuclear cells 
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(PBMC) from hypersensitive patients are more susceptible to apoptosis in the presence of 

sulfonamide oxidative metabolites, when compared to cells from sulfonamide-tolerant 

patients.
106-108

 SMX-HA, which converts to SMX-NO, is responsible for the cytotoxicity in 

vitro.
108, 109

 Differences in cytotoxicity were not observed with the parent SMX, or with a control 

compound that generates reactive oxygen species (menadione).
110

 These findings, which have 

been replicated by multiple groups, have been interpreted as a “detoxification defect” in 

hypersensitive, but not tolerant, patients.
110, 111

 

 

The LTA has been evaluated both retrospectively and prospectively in SMX-hypersensitive 

patients,
106, 112

 and appears to be a durable marker in immunocompetent patients, with increased 

cytotoxicity still noted years after the hypersensitivity reactions.
113, 114

 The LTA has a high 

specificity (90-99%),
112, 113

 with negative results shown to be predictive of uneventful 

exposure.
106, 107

 The sensitivity of the assay, however, varies from 62-100%.
110, 113, 115

 

 

Since SMX is often administrated with TMP, it has been noted that a minority of patients may be 

hypersensitive to TMP, not SMX. However, TMP metabolites are not routinely tested in the 

cytotoxicity assay. Notably, rechallenge with TMP alone leads to hypersensitivity in 16-19% of 

patients with a history of hypersensitivity to TMP/SMX.
116, 117

 TMP alone has also been 

associated with toxic epidermal necrolysis,
118, 119

 and TMP-responsive T cells have been found in 

some patients hypersensitive to TMP/SMX.
120

 Human liver microsomes generate reactive TMP 

metabolites,
121

 which could contribute to hapten formation and T cell sensitization. Therefore, 
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pathways of TMP bioactivation and detoxification, in addition to SMX, may be important in 

some patients with hypersensitivity reactions to potentiated sulfonamides. 

 

1.5 SMX Immunogenicity in Animal Models 

SMX hypersensitivity has been studied in multiple animal models. Upon treating mice with 

SMX-NO, SMX-protein adducts were detected in serum and multiple lymph nodes.
122

 Cells 

isolated from spleen, inguinal lymph nodes and auricular lymph nodes proliferated and secreted 

IL-5 when exposed to SMX-NO in vitro.
22,

 
122, 123 

Mice treated with SMX did not generate SMX-

protein adducts nor drug-responsive T cell-mediated immune responses.
122, 123 

 In another study, 

treatment of mice with SMX incubated with S9 fractions (both microsomes and cytosol) from 

CYP450-induced rat livers led to footpad swelling, a sign of hypersensitivity, but these signs 

were not seen with SMX treatment alone.
124

 These observations suggest that healthy mice, unlike 

humans, lack the ability to bioactivate SMX to lead to immune responses in vivo. Only when 

SMX metabolite is administrated, can mice develop drug-specific T cell-mediated immune 

responses with a possible sign of hypersensitivity. 

 

In rats treated with SMX-NO, SMX-protein adducts were detected on the surface of lymphocytes, 

splenocytes, and epidermal keratinocytes.
20, 22 

Ex vivo stimulation of these splenocytes with 

SMX-NO led to proliferation.
20, 22

 One study found anti-SMX antibodies in rats sensitized with 

either SMX-HA or SMX-NO.
125

 In another study, incubation of rat splenocytes with SMX-NO 
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showed that SMX-NO binds preferentially to antigen presenting cells when compared to CD4+ 

and CD8+ T cells.
126

 Further, ex vivo proliferation was observed when splenocytes from SMX-

NO sensitized rats were again exposed to SMX-NO.
126

 However, proliferation was blocked when 

anti-MHC-I and II antibodies were pre-incubated with the splenocytes.
126

 These data suggest that 

SMX-protein adducts can be processed and presented to T cells by antigen presenting cells, and 

stimulate T cell activation and proliferation. However, the mechanisms of antigen processing 

were not examined. Similar to mice, immunization of rats with SMX did not lead to SMX adduct 

formation nor a drug-responsive cellular-mediated immune response.
20

 Therefore rats, like mice, 

appear to lack the ability to generate enough SMX metabolites for adduct formation in vivo. 

 

SMX immunogenicity has also been studied in rabbits. Similar to rodents, treatment of SMX-NO 

in rabbits led to the activation and proliferation of lymphocytes when exposed to SMX-NO ex 

vivo,
22

 but no signs of SMX haptenation and immune responses when rabbits were immunized 

with SMX itself.
22

 This suggested that development of SMX hypersensitivity requires efficient 

drug bioactivation for protein adduct formation, and both rodent and rabbit models failed to 

achieve this. 

 

In contrast to rabbits and rodents, pet dogs can show clinical signs of drug hypersensitivity when 

they are given the parent drug SMX, as TMP/SMX, for clinical infections.
127-129

 The dog is 

therefore the only species, besides humans, that shows clinical signs of SMX hypersensitivity 

when given with the parent drug SMX. Circulating SMX-protein adducts and anti-SMX 
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antibodies have also been detected in sera of dogs with the clinical diagnosis of SMX 

hypersensitivity.
130

 However, SMX-specific T cells have not yet been demonstrated. SMX 

biotransformation, adduct formation, and the immune responses to SMX can therefore be studied 

in susceptible dogs. However, these cases are sporadic, and client-owned pets cannot be subject 

to experimentation. Although dogs could be studied in an experimental setting,
135

 this is not an 

appropriate model for the acquired risk of SMX hypersensitivity in HIV infection. A better 

animal model is necessary. 

 

1.6 SIV as a Model of HIV Infection 

Simian immunodeficiency virus (SIV) infection in non-human primates is a useful and widely 

accepted model of HIV infection.
131-133

 SIVmac239, which is pathogenic in rhesus macaques, 

and HIV-1, are closely related retroviruses that share key similarities in gene organization, 

receptor recognition, cell tropism, production of Tat, and CD4+ T cell depletion.
131-134

 Most 

importantly, SIVmac239 infection leads to immunosuppression in rhesus macaques, with 

progression to diarrhea, wasting, and opportunistic infections that models the clinical progression 

to AIDS in humans.
132, 133 

Furthermore, the pharmacokinetics of SMX in macaques are similar to 

those in humans, suggesting that SMX biotransformation could be similar.
137, 138

 The macaque 

model also allows the use of more invasive procedures, such as collection of lymph nodes and 

liver tissue, which can be used to assess adduct formation and expression of drug 

biotransformation pathways.  
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1.7 Hypothesis and Specific Aims 

Based on these findings to date, we hypothesized that a combination of acquired metabolic and 

immunologic alterations are present in HIV infection that lead to the high risk of sulfonamide 

hypersensitivity, and that these same alterations are also present in an SIV infection model. 

Therefore, the specific aims of this thesis were to: 

Aim 1: Determine whether SIV-infected Rhesus macaques show immunologic sensitization to 

TMP/SMX, and evaluate the associated risk factors (Chapter 2). 

Aim 2: Determine the effects of SIV infection on hepatic biotransformation and other pathways, 

using expression array analyses in livers from infected and control macaques (Chapter 3). 

Aim 3: Evaluate the mechanisms for enhanced lymphocyte cytotoxicity from SMX metabolites, 

observed in HIV-infected patients, using expression array analyses in lymphocytes from drug-

naïve SIV-infected macaques (Chapter 4).   
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Figure 1.1: Sulfamethoxazole (SMX) biotransformation with generation of reactive metabolites 

that lead to hapten formation, immunogenicity, and clinical signs of delayed sulfoanmide 

hypersensitivity in immunocompetent and HIV-infected patients.  
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Chapter 2 – Immunogenicity of Trimethoprim/Sulfamethoxazole in a Macaque Model of 

HIV Infection 

 

2.1 Introduction 

The sulfonamide antibiotic sulfamethoxazole (SMX), in combination with trimethoprim (TMP), 

is the standard of care treatment for opportunistic infections such as Pneumocystis jiroveci 

pneumonia in patients with HIV/AIDS (cdc.gov). One major adverse effect of TMP/SMX is the 

development of drug hypersensitivity, which is characterized by the delayed onset of fever and 

skin rash after 5-14 days of treatment.
1
 Sulfonamide hypersensitivity occurs in only about 3% of 

the general population, but the incidence increases to 20-57% in HIV-infected patients.
2-5

  This 

risk varies with severity of illness, with higher risk seen at low CD4+ counts (< 200 but greater 

than 30 cells/µl).
3,6-10

 However, the mechanisms for this increased risk are not well understood.  

 

The development of sulfonamide hypersensitivity requires the bioactivation of SMX to form 

SMX-hydroxylamine (SMX-HA; Figure 2.1).
11-13

 The hydroxylamine molecule spontaneously 

oxidizes to SMX-nitroso (SMX-NO), which generates protein adducts that can act as tissue 

haptens.
14-16

 This leads to the generation of SMX-responsive T cells and anti-drug antibodies that 

appear to mediate the clinical signs SMX hypersensitivity.
15-19

 

 

There are several detoxification pathways that prevent the accumulation of the proximate 

immunogen SMX-NO. A primary pathway is N-acetylation of SMX to form a non-immunogenic 

metabolite (N-acetyl SMX). In some studies of HIV-infected patients, impaired N-acetylation 
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was over-represented in sulfonamide-hypersensitive patients compared to sulfonamide-tolerant 

patients,
20-22

 with a discordance between a normal N-acetyltransferase genotype and a slow 

acetylator phenotype,
23, 24

 especially in patients with lower CD4+ counts.
25

 A second 

detoxification pathway is the reduction of SMX-NO back to SMX-HA by antioxidants such as 

ascorbate and glutathione (GSH).
26, 27

 Blood ascorbate and GSH concentrations can be depleted 

in HIV-infected patients, causing impaired ability to reduce SMX-NO.
26, 27

 SMX-HA can be 

further reduced back to SMX by the cytochrome b5 reductase pathway (Figure 2.1).
28

 

 

In addition to metabolic factors, inflammatory mediators may also contribute to the development 

of SMX hypersensitivity in HIV infection. For example, IFN-γ and LPS enhance the presentation 

of SMX-adducted protein antigens by human dendritic cells in vitro,
29

 and IFN-γ increases the 

cytotoxicity of SMX-responsive T cells toward human keratinocytes.
30

 High concentrations of 

these inflammatory mediators have been detected in untreated HIV-infected patients,
31,  32

 but 

they have not been evaluated in relationship to the risk of SMX immunogenicity or 

hypersensitivity. 

 

Despite evidence that acquired metabolic and inflammatory changes may contribute to the risk of 

SMX hypersensitivity in HIV infection, this adverse drug reaction remains difficult to predict. 

One barrier to understanding mechanisms of risk is the lack of an appropriate animal model that 

expresses the immunologic and toxicologic aspects of SMX hypersensitivity. In rodents and 

rabbits, administration of SMX itself does not lead to an immune response, and the SMX-NO 

metabolite must be administered directly to stimulate drug-responsive T cells; however, rash or 
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other signs of hypersensitivity do not develop.
15, 18, 19, 33

 Pet dogs can develop sulfonamide 

hypersensitivity with clinical signs similar to humans,
34

 but the reaction cannot be reliably 

reproduced in the experimental setting.
35

 Further, these models do not address the risk of SMX 

hypersensitivity in HIV infection. 

 

Simian immunodeficiency virus (SIV) infection in non-human primates is a well-accepted model 

of HIV infection.
36-38

 HIV-1 and SIVmac239 are closely related retroviruses that share key 

similarities in receptor recognition, cell tropism, and CD4+ depletion.
36-39

 Importantly, 

SIVmac239 infection leads to immunosuppression in rhesus macaques, with progression to 

diarrhea, wasting, and opportunistic infections that models the clinical progression to AIDS in 

humans.
36-38

 

 

We hypothesized that SIV-infected macaques would be a useful model of SMX immunogenicity 

and hypersensitivity in the setting of HIV infection. The primary aim of this study was to 

determine whether TMP/SMX at therapeutic dosages was sufficient to lead to SMX adduct 

formation, SMX immunogenicity, or signs of drug hypersensitivity in SIVmac239-infected 

rhesus macaques. Secondary aim was to determine whether differences in antioxidant 

concentrations, pro-inflammatory mediators, or SMX disposition were observed in HIV infection, 

and whether any of these biomarkers were predictive of SMX immunogenicity in macaques. 

 

2.2 Methods 

Chemicals 
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All chemicals were obtained from Sigma-Aldrich, except SMX-HA and SMX-NO, which were 

purchased from Dalton Chemicals, and N-acetyl SMX, which was obtained from Frinton 

Laboratories. 

 

Animals 

Rhesus macaques (Macaca mulatta) chronically infected with SIVmac239, along with age- and 

sex-matched non-infected controls, were selected from the Wisconsin National Primate Research 

Center. Animals were studied after reaching set-point viremia, at least 10 weeks after inoculation, 

and no animals had a history of prior to TMP/SMX exposure. MHC genotyping data were 

available for Mamu-A1 (6 alleles), Mamu-B (2 alleles), Mamu-DRB (3 alleles) and Mamu- 

DRB1 (6 alleles), obtained using PCR with sequence-specific priming.
61

 

 

All macaques were evaluated with a physical exam, complete blood count, and serum 

biochemical panel prior to TMP/SMX dosing. Infected animals also had a CD4+ count and viral 

load performed. Macaques were fed a fixed formula global primate diet (Teklad, Harlan 

Laboratories) throughout the study, except for fasting overnight before sample collection under 

sedation prior to dosing and on day 14. The Institutional Animal Care and Use Committee 

(IACUC) of the University of Wisconsin-Madison approved all procedures. 

 

Baseline measurements and dosing 

At least 24 hours prior to dosing, animals were sedated with ketamine and dexmedetomidine for 

baseline sample collection. Whole blood was collected in heparinized tubes for antioxidants, 
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IFN-γ and sCD14 measurements, and in serum tubes for LPS assays, and was transported on ice.  

All macaques were then dosed orally for 14 days with TMP/SMX at 120 mg/kg/day, which is the 

daily dosage used to treat Pneumocystis jiroveci pneumonia in humans.
4, 6, 7

 The drug was 

formulated in a banana-flavored paste (Banana crème, Professional Compounding Centers of 

America) and mixed in food for administration. Animals were observed to confirm that the full 

dose was consumed each day. 

 

Post-dosing sample collection 

Twenty-four hour voided urine was collected after the 13
th

 dose of TMP/SMX, for measurement 

of SMX metabolites. Total urine volume was measured, 500 mg ascorbate was added to prevent 

oxidation of SMX-HA,
40

 and aliquots were frozen at -80°C. Animals were sedated 2-3 hours 

after the 14
th

 dose of TMP/SMX for another complete blood count, biochemical panel. In 

addition, whole blood was collected in heparinized tubes, and was kept at room temperature to 

harvest plasma for drug metabolite and anti-SMX antibody assays, and for peripheral blood 

mononuclear cell (PBMC) isolation for drug-responsive T cell assays. One to two inguinal 

lymph nodes were harvested using sterile surgical technique and placed on ice for lymph node 

mononuclear cell (LNMC) isolation. Animals were recovered from sedation, except for some 

SIV-infected macaques that were scheduled for necropsy as part of their original study protocols. 

 

Quantification of plasma ascorbate 

Plasma ascorbate was measured from chilled baseline heparinized blood by HPLC. Briefly, equal 

volume of 0.33% perchloric acid was added to plasma samples to precipitate proteins by 
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centrifugation at 13,000 × g for 5 min. The supernatant were filtered for HPLC analysis. 

Ascorbate was quantified by HPLC using a C18 Ultrasphere ODS column (4.6 mm × 25 cm; 

Beckman Coulter) and ultraviolet detection at 254 nm. Mobile phase A was 0.05% triethylamine 

and 1.0% glacial acetic acid in water, with acetonitrile as mobile phase B. Gradient elution was 

performed from 0% to 20% mobile phase B over 5 min, isocratic elution of 20% mobile phase B 

for 10 min, a gradient over 5 min to 0% mobile phase B, followed by isocratic elution of 0% for 

2 min at the end. The flow rate was 0.75 ml/min. 

 

Quantification of erythrocyte reduced GSH 

Erythrocyte reduced GSH were measured from chilled baseline heparinized blood by HPLC, as 

previously described with slight modification.
27

 Briefly, 125 µl red blood cell (RBC) was 

incubated with 150 µl of 9 mM monobromobimane in PBS in dark for 10 min. 25 ul of 60% 

perchloric acid was added to RBC samples to precipitate proteins by centrifugation at 13,000 × g 

for 15 min. The supernatant was incubated with 5-sulfosalicylic acid, dithiothreitol, N-

ethylmorpholine, and acetonitrile in dark at 37°C for 5 min. Trichloroacetic acid (3% final 

volume) was added to RBC lysates to precipitate proteins by centrifugation at 13,000 × g for 5 

min. The supernatant was filtered for HPLC analysis. GSH was quantified by HPLC using a C18 

Ultrasphere ODS column (4.6 mm × 25 cm; Beckman Coulter) and fluorescence detection with 

excitation at 394 nm and emission at 480 nm. Mobile phase A was 0.05% triethylamine and 

1.0% glacial acetic acid in water, with acetonitrile as mobile phase B. Gradient elution was 

performed from 10% to 40% mobile phase B over 10 min, isocratic elution of 40% mobile phase 
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B for 5 min, a gradient over 5 min to 10% mobile phase B, followed by isocratic elution of 10% 

for 2 min at the end. The flow rate was 2 ml/min. 

 

Erythrocyte reduction activity assay 

In addition, to assess the capacity for reduction of SMX-HA, activity of the cytochrome b5/b5 

reductase pathway, which reduces SMX-HA to SMX,
28

 was determined in chilled pre-dosing 

blood using cytochrome c as a prototype substrate, as previously described with slight 

modification.
59

 Briefly, 5 ul erythrocyte was lysed by adding 20X volume of deionized water. 50 

µl lysed erythrocyte was added to 80 µM cytochrome c in 1 ml PBS. 10 µM dicoumarol was 

added to inhibit competing NAD(P)H:quinone oxidoreductase activity.
60

 Human serum albumin 

instead of lysed erythrocyte was added as negative control. The reaction mix was transferred to 

flat-bottom, 96-well plates in duplicate, and incubated at 37°C for 5 min. A final concentration of 

5 mM NADH was added to the warmed reaction mix, and reduced cytochrome c was read 

immediately at 550 nm every 60s for 7 min.  

 

Measurement of IFN-γ, LPS, and sCD14 

Pre-treatment plasma and sera were thawed at room temperature. Plasma IFN-γ was quantified 

with a commercially available Monkey IFN-γ ELISA kit (U-CyTech biosciences) according to 

the manufacturer’s protocol. For determination of LPS, sera were diluted with endotoxin-free 

water and heated at 70°C for 15 min to inactivate serum proteins. LPS was quantified with a 

commercially available QCL-1000™ Endpoint Chromogenic Limulus Amebocyte Lysate Assay 
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(Lonza; limit of quantitation 0.1 EU/ml) according to the manufacturer’s directions. Plasma 

sCD14 was quantified with a commercially available sCD14 Quantikine ELISA Kit (R&D 

Systems) according to the manufacturer’s protocol. 

 

Quantification of SMX metabolites in plasma and urine after dosing 

SMX, SMX-HA, and N-acetyl SMX concentrations were quantified in pooled 24-hour urine after 

13 days of dosing, using HPLC with ultraviolet detection as previously described with slight 

modifications,
41

 and were normalized for urine volume. SMX metabolites were also quantified in 

plasma 2-3 hours after the 14
th

 dose of TMP/SMX, to approximate the timing of peak SMX-HA 

concentrations.
42

 Briefly, trichloroacetic acid (1% final volume) was added to plasma or urine 

samples to precipitate proteins by centrifugation at 13,000 × g for 5 min. The supernatant was 

filtered for HPLC analysis. SMX, SMX-HA and N-acetyl SMX were quantified by HPLC using 

a C18 Ultrasphere ODS column (4.6 mm × 25 cm; Beckman Coulter) and ultraviolet detection at 

274 nm. Mobile phase A was 0.05% triethylamine and 1.0% glacial acetic acid in water, with 

acetonitrile as mobile phase B. Elution was performed with 20% mobile phase B for 12 min, 

followed by a gradient over 3 min to 80% mobile phase B, isocratic elution with 80% mobile 

phase B for 4 min, a gradient over 2 min to 20% mobile phase B, followed by isocratic elution of 

20% for 3 min at the end. The flow rate was 2 ml/min. 

 

Synthesis of SMX-conjugated proteins 
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SMX was conjugated to human serum albumin (HSA), ovalbumin (OVA), or keyhole limpet 

hemocyanin (KLH) by a diazotization reaction. SMX was dissolved in 1 N hydrochloric acid. 

Ice-cold sodium nitrite was then added dropwise while the reaction was kept on ice with stirring. 

The mixture was added dropwise to HSA, OVA, or KLH in 0.13 M sodium chloric and 0.16 M 

boric acid. pH was held at 9-9.5 with sodium hydroxide. After the last addition, the mixture was 

kept on ice for 1 hour with stirring. The pH was adjusted to 7.4 with hydrochloric acid. The 

mixture was dialyzed with 300X volume of PBS. The dialyzed SMX-conjugated protein was 

lyophilized. 

 

Production of anti-SMX antibodies 

A specific pathogen free, barrier raised New Zealand white rabbit was immunized with SMX-

KLH in Freund’s complete adjuvant on day 0 (Panigen Inc, Blanchardville, WI), and SMX-KLH 

in Freund’s incomplete adjuvant on day 21 and 42. Sera were collected for anti-SMX antibodies 

two weeks after the final immunization. 

 

Detection of surface SMX adducts in lymph node cells  

Inguinal lymph nodes were teased apart and used to isolate LNMC. LNMC were washed with 

ice-cold PBS containing 10% heat-inactivated FBS, and centrifuged at 300 × g for 10 min at 4°C. 

ACK lysing buffer (Lonza) was added to pelleted cells to remove erythrocytes. Isolated LNMC 

were placed in heat-inactivated FBS with 10% DMSO, placed in a Mr. Frosty™ freezing 
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container (Thermo Scientific) at -80°C for 24 hours, and then transferred to a liquid nitrogen 

dewar for storage. 

 

For determination of SMX-protein adducts by flow cytometry, LNMC were thawed at 37°C and 

washed with PBS containing 10% heat-inactivated FBS; 500,000 cells were stained with 

polyclonal rabbit anti-SMX sera (1:30,000), along with polyclonal goat anti-rabbit IgG linked 

with FITC (1:20 dilution; BD Biosciences). Validation experiments for detecting B cells 

revealed excessive background without the primary antibody, so subsequent experiments were 

focused on T cell populations. T cells were identified with specific antibodies for macaque CD3 

(linked to Alexa Fluor 700, BD Biosciences) clone SP34-2, CD4 (linked to APC, Miltenyi 

Biotec Inc) clone M-T466, and CD8 (linked to Pacific Blue; BD Biosciences) clone RPA-T8. 

Reactions were analyzed for surface SMX adducts in lymphocyte subpopulations on an LSR II 

analytical flow cytometer (BD Biosciences), and data were analyzed using FlowJo software.  

 

PBMC isolation 

After 14 days of dosing, PBMC were isolated from room temperature heparinized blood as 

previously described with slight modification.
44

 Briefly, whole blood was diluted with an equal 

volume of 37°C HBSS buffer, then layered on Lymphocyte Separation Media (Lonza), and 

centrifuged at 400 × g for 30 min at room temperature. The interface containing PBMC was 

washed and resuspended with 37°C PBS with 10% heat inactivated FBS. RBC were lysed by 
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addition of ACK lysing buffer (Lonza). Isolated PBMC were immediately processed on the same 

day for detection of drug-responsive T cells.  

 

Detection of drug-responsive T cells 

The lymphocyte transformation test was used to detect drug-responsive T cells in PBMC (or in 

LNMC if PBMC yield was poor), using previously described techniques.
45

 Briefly, cells 

(200,000 cells/well) were resuspended in RPMI media with 10% heat-inactivated FBS, 1% L-

glutatamine, 1% antibiotic/antimycotic, and incubated in triplicate with SMX (1000 μM), SMX-

NO (75 and 100 μM), TMP (75 and 100 μM), media with drug vehicle (1% DMSO, 1.5% 

NaOH), or concanavalin A (2 μg/ml) as a positive control, in flat-bottom, 96-well plates for 72 

hours at 37°C with 5% CO2. SMX-NO and TMP were also incubated with concanavalin A to 

ensure that these drug concentrations were not inhibiting cell proliferation. Lymphocyte 

proliferation was measured using incorporation of [
3
H]-thymidine,

45
 and proliferative responses 

were calculated as stimulation indices (SI; cpm in drug-treated cultures divided by cpm in 

cultures containing media plus vehicle alone). A positive result for T cell proliferation was 

defined as a stimulation index in response to TMP, SMX or SMX-NO in vitro that was two-fold 

or greater than drug vehicle controls.
15, 46, 47

 

 

Detection of anti-SMX antibodies 

Post-dosing plasma was assayed for anti-SMX antibodies using an ELISA protocol and BD 

OptEIA™ reagents (Reagent Set B, BD Biosciences). Flat-bottom, 96-well microtiter plates 

were coated in triplicate overnight at 4°C with 10 mg/ml OVA or 10 mg/ml SMX-OVA. Plates 



35 

 

 

were blocked for 2 hours with assay diluent at room temperature. Macaque plasma was 

centrifuged 4°C, diluted up to 1:512 with coating buffer, and incubated in plates at 4°C overnight. 

HRP-linked anti-macaque IgG secondary antibodies (1:30,000; Bethyl Laboratories, Inc.) were 

added to plates and incubated for 2 hours at room temperature. The presence of macaque anti-

SMX antibodies was detected using the OptEIA™ kit substrate solution per the manufacturer’s 

instructions, with ultraviolet detection at 450 nm. Absorbance results for SMX-OVA were 

blanked for absorbance in OVA-coated wells; plasma samples were considered positive for anti-

SMX antibodies if the blanked absorbance was 2 standard deviations above the mean blanked 

absorbance for plasma from SMX-naïve rhesus macaques. These latter samples were obtained 

from 6 SIV-negative individual animals from the Wisconsin National Primate Research Center 

colony. 

 

Statistical analyses 

Outcomes were compared between groups (SIV positive versus negative; immune responders 

versus non-responders) with Mann Whitney tests, using commercial software (Prism 6.0, 

Graphpad Software, Inc.), with P < 0.05. The prevalence of Mamu genotypes was compared 

between immune responders and non-responders using a Fisher’s exact test. Data are reported as 

medians and observed ranges. 

 

2.3 Results 

Animals  
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Sixteen rhesus macaques were studied: 9 (8 male, 1 female) chronically infected with 

SIVmac239, and 7 non-infected controls (6 male, 1 female). For the SIV-infected group, the 

median age (8.6 years, range 7.2-18.3) and weight (10.3 kg, range 9.0-16.5) were comparable to 

those of the control animals (10.2 years, range 7.3-20.5, and 11.8 kg, range 8.9-18.5). The SIV 

group had been infected for a median of 13 months (range 9-68), with a median pre-dosing 

CD4+ count of 351 cells/µl (range 49-1149 cells/µl) and a median viral load of 614,000 

copies/ml (range 453,000-792,000 vRNA copies/ml, with one outlier macaque having a viral 

load of 10,868,000 copies/ml; Table 2.1). 

 

No macaques developed hematologic or serum biochemical abnormalities after 2 weeks of 

TMP/SMX dosing. One non-infected macaque developed transient facial erythema and eyelid 

swelling with decreased feed intake on day 6 of dosing, and one SIV-infected macaque 

developed lethargy and a transient, non-pruritic rash on the face, chest and axilla on day 7. This 

latter animal had the highest viral load (10,868,000 vRNA copies/ml) and lowest CD4+ counts 

(49 cells/µl) of all the macaques. However, in both cases, skin eruptions resolved despite 

continued dosing. 

 

Surface SMX adducts on T lymphocytes  

We next evaluated SMX adducts on the surface of T lymphocytes from the peripheral lymph 

nodes in both groups of macaques. The percent of adducted CD4+ and CD8+ lymphocytes was 

variable, with no significant differences between SIV-infected and non-infected groups (Figure 
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2.2). However, in each case the highest percentage of adducted cells was found in the two 

macaques with transient rashes. 

 

Immunologic responses to TMP/SMX 

Three of 16 macaques (1 SIV-infected and 2 controls) dosed with TMP/SMX had detectable T 

cells (using an SI threshold of 2-fold)
15,46,47

 that proliferated in response to SMX-NO (SI 2.0-3.2; 

vehicle cpm 160-333). Two of these animals also had T cell responses to TMP (SI 2.0-2.4; 

vehicle cpm 333-760), but no macaques had detectable T cells that responded to the parent drug 

SMX (median SI, 0.83; Table 2.2).  

 

Four macaques (3 SIV-infected and 1 control) had detectable circulating antibodies to SMX, 

including the SIV-positive macaque with the facial, chest, and axillary rash. Titers ranged from 

1:32 to 1:128 (Table 2.1). Overall, 4 of 9 of SIV-positive (44%), and 3 of 7 SIV-negative (43%) 

macaques had at least one positive immune marker to SMX (drug-responsive T cells or anti-

SMX antibodies), and this was not significantly different between groups. 

 

Antioxidants, IFN-γ, LPS, and sCD14 

Plasma ascorbate concentrations were very similar between groups (Figure 2.3A). Although 

erythrocyte reduced GSH concentrations did not differ statistically (median GSH 2.0 mM in each 

group), a subset of SIV-infected, but not control, macaques had very low GSH concentrations ( < 

1 mM; Figure 2.3B), including the SIV-infected macaque with the rash on the face, chest and 

axilla (GSH 0.59 mM). Circulating plasma IFN-γ concentrations did not differ significantly 
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between infection groups (control macaques, median 0.0 pg/ml, range 0.0-5.5; SIV group, 

median 1.8 pg/ml, range 0.0-7.0; P = 0.21). Only one macaque had detectable serum LPS (15.4 

EU/ml); this SIV-infected animal had pneumonitis at necropsy and also had evidence of drug-

responsive T cells to SMX-NO and TMP. Circulating plasma sCD14 concentrations also did not 

differ between groups (control macaques, median 0.97 µg/ml, range 0.56-1.50; SIV group, 

median 1.11 µg/ml, range 1.03-1.67; P = 0.39). 

 

Plasma and urine SMX metabolites 

Plasma and urinary concentrations of N-acetyl SMX were not significantly different between 

SIV-infected and control animals (Table 2.3). In contrast, SMX-HA concentrations in plasma 

and urine were significantly lower in the SIV group compared to controls (P = 0.036 for both; 

Figure 2.4).  In addition, SMX-HA comprised a lower percentage of total measured plasma drug 

in SIV infection compared to controls (P = 0.049; Table 2.3).  To determine whether capacity 

for SMX-HA reduction differed in SIV infection, we also measured the activity of the 

cytochrome b5 reductase pathway in erythrocytes in both groups. There was a trend for lower 

activities in SIV-infected macaques, but this difference did not reach significance (P = 0.08; 

Figure 2.5). 

 

Predictors of immunogenicity 

Finally, we grouped the macaques by whether they had a detectable immune response to 

TMP/SMX and compared potential predictors of immunogenicity. Seven of the 16 macaques had 

either anti-SMX antibodies or drug-responsive T cells (with no macaque having both; Table 2.1). 
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There were no discernable differences in blood antioxidants, LPS, IFN-γ, sCD14, SMX 

metabolites, or cytochrome b5 reductase activities between “immune responder” and non-

responder macaques (Table 2.4). However, the Mamu-DRB1_0401 allele was significantly over-

represented in immune responder macaques (4 of 7) compared to non-responder animals (0 of 9; 

P = 0.019).  

 

2.4 Discussion 

Sulfonamide hypersensitivity develops in 20-57% of critically ill HIV-infected patients,
2-5

 but 

the mechanisms for increased risk are not well understood. The risk varies with severity of 

illness, with higher incidence seen at lower CD4+ counts.
3, 6, 8-10

 One study found an increased 

relative risk for SMX hypersensitivity of 1.28 with each decrement in CD4+ count of 50 

cells/µl,
9
 although extremely low CD4+ counts ( < 27/µl) appear to be protective.

7
 The 

association of viral load with SMX hypersensitivity is less well documented, since many older 

reports lack information on viral loads.
2, 4-6, 17, 20,  22-25, 59

 However, one study did report a relative 

risk of 1.42 for adverse events from TMP/SMX for each log increment in viral load.
9
 

 

Animal models of SMX hypersensitivity have been disappointing. Rodents and rabbits do not 

develop immune responses when dosed with the parent SMX, and require parenteral dosing with 

SMX-HA or SMX-NO metabolites in order to develop drug-specific immune responses.
15, 16, 18, 

33
 In addition, these species show no evidence of cutaneous rash or systemic illness even when 

given relatively high dosages of the reactive SMX-NO metabolite. Pet dogs can develop 

sulfonamide hypersensitivity when treated with TMP/SMX therapeutically, with clinical signs 



40 

 

 

similar to those seen in humans.
34

 However, none of these animal models are appropriate to 

address the mechanisms of risk for SMX hypersensitivity in the setting of retroviral infection. 

  

In the present study, we found that like humans,
4, 6, 7

 macaques can generate drug-tissue adducts, 

drug-responsive T cells and anti-SMX antibodies when given oral TMP/SMX at therapeutically 

relevant dosages. Three of 16 animals had detectable drug-responsive T cells and 4 of 16 animals 

developed anti-SMX antibodies after 2 weeks of treatment with the parent drug, SMX. This is in 

contrast to rodents and rabbits,
15, 16, 18, 33

 and may be due to differences between these species and 

primates in SMX bioactivation, adduct formation, peptide processing, or antigen presentation.   

 

Two macaques also developed transient facial or truncal rashes during dosing, which were 

similar in appearance and time of onset to human patients with SMX hypersensitivity.
2, 5, 48

 

These same two macaques also had the greatest number of SMX-adducted CD4+ and CD8+ 

lymphocytes in lymph nodes. However, we did not detect drug-responsive T cells in either 

animal, and only one of the two had anti-SMX antibodies. In addition, in both cases, the rash 

resolved over 24-48 hours despite continued administration of TMP/SMX. Sulfonamide-induced 

rashes can sometimes resolve despite continued drug administration in human patients,
2
 and can 

occasionally be seen without detectable anti-SMX antibodies or drug-responsive T cells.
49-52

 

However, it is uncertain whether the observed events in our macaques were induced by 

TMP/SMX administration.  
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Neither drug-protein adducts nor anti-SMX antibodies were sufficient for the development of 

drug hypersensitivity in macaques, since we observed both markers in animals without clinical or 

biochemical evidence of an adverse reaction. This is consistent with previous findings in human 

patients with incomplete concordance between these immune markers and clinical 

hypersensitivity.
17, 50, 53

  We also observed drug-responsive T cells in macaques without clinical 

or biochemical evidence of SMX hypersensitivity. Further, we re-dosed two of the SIV-negative 

animals that had drug-responsive T cells for an additional 14 days with the TMP/SMX, 4-8 

months after initial exposure, without adverse event (data not shown). Therefore, even with 

dosing of the parent drug in non-human primates, T cell or antibody responses against SMX 

were not sufficient to lead to drug hypersensitivity. It is unclear whether detectable drug-

responsive T cells are sufficient for SMX hypersensitivity in humans, since most studies have 

evaluated a relatively small number of patients or have not included SMX-tolerant patients.
18, 46, 

54-56
  

 

We next evaluated antioxidant status, pro-inflammatory mediators, and SMX disposition in SIV 

infection. For antioxidants, we focused on ascorbate and GSH, which can mediate the reduction 

of immunogenic SMX-NO back to SMX-HA.
11, 27

 Plasma ascorbate concentrations did not differ 

between SIV-infected and non-infected animals. In our previous study in HIV-infected patients, 

plasma ascorbate concentrations were significantly decreased in un-supplemented individual; 

however, ascorbate concentrations were normal in those patients that self-reported taking a 

vitamin C supplements.
27

 The macaques in our study were fed a uniform diet containing 

stabilized vitamin C, and were offered fruits and vegetables daily.  Therefore, if ascorbate 
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disposition were altered in SIV infection as it is in HIV infection, high levels of vitamin C intake 

could have masked this. Since ascorbate appears to be important in reducing, and thus 

detoxifying, plasma SMX-NO,
27, 44

 additional studies are indicated in macaques with moderate 

ascorbate restriction to model the nutritional status of un-supplemented HIV-infected patients. 

 

Median GSH concentrations were also not significantly different between groups. However, 3 of 

9 SIV-infected macaques had very low erythrocyte GSH concentrations ( ≤ 1 mM), including the 

macaque with the highest viral load and axillary rash. We previously found erythrocyte GSH 

concentrations ≤ 1 mM in about 57% of HIV-infected human patients using the same 

methodology.
27

 Others have also found significantly lower blood GSH concentrations in 

untreated HIV infection,
23

 which correlate inversely with viral load.
58

 However, low blood GSH 

alone was not a risk factor for sulfonamide hypersensitivity in one study in AIDS patients.
23

 

Because ascorbate and glutathione are interdependent pathways,
62

 and either antioxidant can 

reduce SMX-NO,
26, 27

 studying additional animals with combined GSH and ascorbate 

deficiencies may help to address the role of antioxidant status in the pathogenesis of SMX 

hypersensitivity.  

 

We next evaluated several pro-inflammatory mediators in SIV infection. Both IFN-γ and LPS 

have been shown to enhance SMX adduct formation within dendritic cells in vitro,
29

 and serum 

IFN-γ, plasma LPS, and plasma sCD14, which is secreted in response to circulating LPS,
57

 are 

reportedly increased in HIV-infected patients.
32, 57, 63

 In our study, median circulating IFN-γ 

concentrations were not significantly different in SIV-infected macaques (1.8 pg/ml) compared 
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to non-infected controls (0.0 pg/ml). Serum IFN-γ concentrations can vary from undetectable to 

> 10 pg/ml in HIV-infected patients, and do not appear to correlate with clinical status, viral load, 

or CD4+ count,
32

 so our findings are not unexpected. Serum LPS was detected in only one SIV-

infected macaque, and median plasma sCD14 concentrations (in the range of 1.0 μg/ml) did not 

differ significantly between groups. The detection of LPS is also variable in HIV infection, and 

while median plasma sCD14 concentrations are higher in HIV-infected patients than in non-

infected controls, concentrations can vary between 1.0 to 3.0 μg/ml in either group.
63

 

 

We next examined SMX disposition in SIV-infection. Plasma and urinary SMX-HA concentrations were 

significantly lower in the SIV-infected group, which is similar to what has been found in HIV-infected patients.
42

 

This may result from further oxidation of SMX-HA to SMX-NO, which binds to tissue proteins and is not filtered 

into the urine. This finding in our population cannot be attributed to enhanced reduction of SMX-HA back to SMX, 

since cytochrome b5 reductase activities were not increased in SIV infection. 

 

In contrast to SMX-HA, we did not find differences in plasma or urinary N-acetyl SMX 

concentrations between SIV-infected and control animals. However, there was considerable 

individual variability among animals, and we may have had inadequate power to show an effect 

of SIV infection, particularly without information on N-acetyltransferase 2 (NAT2) genotype. 

Studies of N-acetylation in HIV infection have been conflicting, and associations with SMX 

hypersensitivity have been mixed.
7, 20, 24, 59

 Some groups of HIV-infected patients show 

discordance between normal NAT2 genotypes and a slow acetylator phenotype.
23, 24

 In particular, 

impaired N-acetylation has been shown in clinically ill AIDS patients,
20-22

 and has been 
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correlated with lower CD4+ counts < 200 cells/µl.
25

 This acquired metabolic defect could be due 

to down-regulation of NAT2 expression or decreased availability of acetyl-CoA donors, but the 

mechanism has not been characterized. An effect of SIV infection on N-acetylation might have 

been detected had we included more animals with advanced disease, as only 3 of the SIV-

infected macaques had CD4+ counts < 200/µl. Slow acetylation appears to be a risk factor for 

SMX hypersensitivity in HIV infection,
23

 and screening macaques for CD4+ counts < 200/µl 

before enrollment may provide a stronger model for studying both the mechanisms of impaired 

N-acetylation as well as hypersensitivity risk.   

 

Overall, we did not see an association between SMX immunogenicity and antioxidant 

concentrations, selected pro-inflammatory mediators, or SMX disposition in our study. However, 

we did observe an association between SMX immunogenicity and Mamu-DRB1 genotype. This 

is intriguing, since allelic variants in the orthologous gene in humans (HLA-DRB1) increase the 

risk of idiosyncratic drug reactions to nevirapine in HIV-infected patients, as well as to 

asparaginase, lapatinib, amoxicillin/clavulanate and aromatic antiepileptics in immunocompetent 

populations.
64-68

 Screening macaques for this genotype might strengthen the power of this model 

to detect SMX hypersensitivity. 

 

Our study was limited by the availability of chronically infected rhesus macaques, particularly 

those with low CD4+ counts. Perhaps due to our small study population, along with intrinsic 

biological variability among animals, made it difficult to demonstrate significant differences 

between SIV-infected and control macaques for several outcomes. 
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We can conclude, however, that macaques provide a model of SMX immunogenicity that 

resembles the response seen in human patients with SMX hypersensitivity. Studying more 

animals with CD4+ counts < 200/µl, along with moderately restricted ascorbate intake to match 

deficiencies seen in humans, may better model the risk of SMX hypersensitivity in HIV-infected 

human patients. In addition, the role of Mamu-DRB1 genotype in modeling hypersensitivity to 

SMX and other drugs in retroviral infection deserves further study.
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 Figure 2.1: Sulfamethoxazole (SMX) biotransformation with generation of reactive metabolites 

that lead to hapten formation, immunogenicity, and clinical signs of delayed sulfoanmide 

hypersensitivity in immunocompetent and HIV-infected patients.  
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Table 2.1 Immune outcomes in 17 macaques dosed orally with TMP/SMX at 120 mg/kg/day for 14 days. 

Animal ID Condition 
CD4 

(cells/µl) 

Viral load 

(copies/ml) 

DRB1*0401/

0406/ 0411 
Rash 

T cell 

response 

Anti-SMX 

antibodies 

r2267 SIV 49 10,868,000 Pos Yes 
 

Pos, 1:64 

r98016 SIV 355 453,200 
    

r2353 SIV 351 792,000 
    

r2366 SIV 116 614,000 
    

r2360 SIV 175 780,000 Pos 
 

Pos 
 

r2355 SIV 1149 470,000 
    

r2367 SIV 573 786,667 Pos 
  

Pos, 1:128 

r1049 SIV MD 315,667 
    

r4087 SIV-female MD 520,000 Pos 
  

Pos, 1:32 

r2252 Control ND ND 
 

Yes 
  

r4024 Control ND ND 
  

Pos 
 

r5090 Control ND ND 
  

Pos 
 

r99070 Control ND ND 
   

Pos, 1:128 

r4050 Control ND ND 
    

r3015 Control ND ND 
    

r4031 Control-female ND ND 
    

 

MD: missing data.  

ND: not determined 
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Figure 2.2: Surface drug (SMX; sulfamethoxazole) adducts detected in inguinal lymph node 

lymphocytes from SIV-infected macaques and non-infected controls, after dosing with 

TMP/SMX at 120 mg/kg/day per os for 14 days. Highlighted data points indicate outlier high 

adduct formation in 2 macaques that developed transient erythematous rashes during treatment. 
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Table 2.2: Detailed lymphocyte transformation test data showing counts per minute (cpm) and stimulation indices (SI) after 

incubating macaque PBMC with drug vehicle, 1000 µM SMX, 75-100 µM SMX-NO, or 75-100 µM TMP. 

 

 

Animal 

ID 

Condition Vehicle 
SMX 

1000 µM 

 

SMX-NO 

100 µM  

 

 

SMX-NO 

75 µM  

 

TMP 

100 µM 

 

TMP  

75 µM  

 

  cpm cpm SI cpm SI cpm SI cpm SI cpm SI 

r2267 SIV 167.83 160.00 0.95 93.50 0.56 not determined 171.97 1.02 not determined 

r98016 SIV 91.77 85.30 0.93 71.43 0.78 not determined 119.47 1.30 not determined 

r2353 SIV 1627.10 746.03 0.46 1001.60 0.62 887.37 0.55 581.33 0.36 744.23 0.46 

r2366 SIV 253.53 438.30 1.73 463.17 1.83 268.83 1.06 197.97 0.78 233.73 0.92 

r2360 SIV 333.50 198.17 0.59 955.03 2.86 278.93 0.84 794.23 2.38 257.57 0.77 

r2355 SIV 226.43 133.27 0.59 171.37 0.76 183.70 0.81 138.20 0.61 185.00 0.82 

r2367 SIV 118.47 108.20 0.91 103.47 0.87 106.20 0.90 79.47 0.67 98.17 0.83 

r1049 SIV 103.60 101.67 0.98 89.50 0.86 105.47 1.02 54.03 0.52 171.80 1.66 

r4087 SIV- female 95.10 90.33 0.95 95.10 1.00 100.33 1.06 63.87 0.67 133.50 1.40 

r2252 Control 223.23 105.53 0.47 173.80 0.78 298.27 1.34 137.77 0.62 236.40 1.06 

r4024 Control 760.13 374.93 0.49 1552.07 2.04 1467.53 1.93 624.20 0.82 1527.77 2.01 

r5090 Control 160.17 174.37 1.09 146.57 0.92 525.97 3.28 131.67 0.82 244.20 1.52 

r99070 Control 289.13 140.40 0.49 116.10 0.40 204.07 0.71 105.60 0.37 138.87 0.48 

r4050 Control 150.33 112.00 0.75 121.00 0.80 149.00 0.99 106.67 0.71 124.33 0.83 

r3015 Control 393.80 177.00 0.45 208.40 0.53 317.27 0.81 168.13 0.43 289.23 0.73 

r4031 Control-female 118.40 182.53 1.54 123.00 1.04 138.50 1.17 112.07 0.95 146.47 1.24 
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Figure 2.3: Plasma ascorbate (panel A) and erythrocyte reduced GSH (panel B) concentrations 

in SIV-infected macaques and non-infected controls prior to dosing with TMP/SMX. 

A. 

B.  
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Table 2.3: Steady state plasma concentrations and 24-hour urinary excretion of 

sulfamethoxazole-hydroxylamine (SMX-HA) and N-acetyl SMX metabolites, along with 

baseline cytochrome b5 reductase activities (a surrogate for SMX-HA reduction), in rhesus 

macaques given 120 mg/kg/day of trimethoprim/SMX per os for 14 days. Data are reported as 

medians and observed ranges. Data are reported as medians and observed ranges. 

 

 Control SIV 
1
 P value 

Plasma SMX-HA (µM)  1.04 

(0.0-1.25) 

0.0 

(0.0-0.30) 
0.027* 

Plasma SMX-HA  

(% of total measured drug)
 2

 

0.6 

(0.0-5.4) 

0.0 

(0.0-0.6) 
0.045* 

Urinary SMX-HA (µmoles
 

excreted in 24 h.) 

 

2.2 

(0.0-5.6) 

0.0 

(0.0-3.7) 
0.032* 

Urinary SMX-HA  

(% of total measured drug)
 2

 

0.5 

(0-2.3) 

0.0 

(0-1.4) 
0.098 

Plasma N-acetyl SMX (µM) 9.7 

(2.4-43.0) 

6.9 

(0.8-24.9) 
0.62 

Plasma N-acetyl SMX 

(% of total measured drug)
 2

 

11.0 

(5.3-32.8) 

10.1 

(5.4-50.2) 
0.31 

Urinary N-acetyl SMX (µmoles
 

excreted in 24 h.) 

 

238 

(83-841) 

135 

(17-2021) 
0.27 

Urinary N-acetyl SMX  

(% of total measured drug)
 2

 

55.1 

(32.7-61.4) 

54.4 

(12.0-74.9) 
0.45 

Cytochrome b5 reductase activity 

(nmole/µl RBC/min) 

1267.0 

(714.3-2381) 

738.1 

(276.2-2429) 
0.080 

 

1 
Metabolite concentrations censored for 2 SIV-infected macaques with poor TMP/SMX 

ingestion on days 13 and 14. 

2 
Calculated using a denominator of measured SMX, SMX-HA, and N-acetyl SMX.  

* Significantly lower than non-infected control macaques, by one tailed Mann Whitney test. 
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Figure 2.4: Approximate peak plasma (panel A) and 24-hour urinary (panel B) concentrations of 

SMX-hydroxylamine (SMX-HA) in SIV-infected and control macaques after two weeks of 

TMP/SMX dosing. 

A. 

 

 

 

 

 

 

 

 

 

 

B. 
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Figure 2.5: Cytochrome b5 reductase activities (a surrogate for SMX-HA reduction), measured 

in erythrocytes of control and SIV-infected macaques prior to TMP/SMX dosing. P = 0.08 

between groups. 
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Table 2.4: Potential markers of a detectable immune response to TMP/SMX (defined as the 

presence anti-SMX antibodies or drug-responsive T cells) in macaques after oral administration 

of 120 mg/kg/day for 14 days. Data are reported as medians and observed ranges. 

 

 Detectable 

immune response 

No detectable 

immune response 
P value 

SIV status Infected n = 4 

Control n = 3 

Infected n = 5 

Control n = 4 
1.00 

Plasma IFN-γ (pg/ml) 1.21 

(0.0-5.46) 

1.71 

(0.0-7.01) 
0.86 

Plasma sCD14 (µg/ml) 1.11 

(0.69-1.50) 

1.05 

(0.56-1.67) 
0.60 

Plasma ascorbate (µM) 18.3 

(12.4 - 44.0) 

24.6 

(13.2 - 42.3) 
0.30 

Erythrocyte reduced 

GSH (mM) 

2.05 

(0.59-2.17) 

2.00 

(0.50-2.45) 
0.84 

Plasma peak SMX-HA 

(µM) 

86.0 

(3.1-352.7) 

64.8 

(8.0-503.0) 
1.00 

Plasma peak N-acetyl 

SMX (µM) 

12.0 

(0.8-33.5) 

5.8 

(2.4-43.0) 
0.74 

Urinary SMX-HA 

(µmoles) 

1.8 

(0.0-4.7) 

1.1 

(0.0-5.6) 
0.75 

Urinary N-acetyl SMX 

(µmoles) 

186.2 

(16.6-556.5) 

153.9 

(40.7-2021.0) 
1.00 

Cytochrome b5 reductase 

activity (nmole/µl/min) 

842.9 

(285.7-2429) 

828.6 

(285.7-2429) 
0.98 

 

Not shown: LPS (only detected in one SIV-infected animal without a detectable immune 

response). 
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Chapter 3 – Effects of SIV Infection on Hepatic Expression 

 

3.1 Introduction 

An increased risk of sulfamethoxazole (SMX) hypersensitivity is observed in HIV-infected 

patients.
1-4

 20-57% HIV-infected patients suffer from SMX hypersensitivity while it only affects 

3% of the general population.
1-7

 Skin rash occurs in most affected patients, and liver toxicity, 

thrombocytopenia, and bullous skin eruptions, such as Stevens-Johnson syndrome and toxic 

epidermal necrolysis, are observed in the more severely affected patients.
8-11

 The risk factors 

associated with an unusually high incidence of sulfonamide hypersensitivity are still not clear, 

but the increased risk is thought to be due to metabolic alternations in HIV infection.  

 

The development of SMX hypersensitivity depends on SMX bioactivation.
12-14

 As shown in 

Figure 3.1, SMX is oxidized to form SMX-hydroxylamine (SMX-HA) by CYP2C8 and 

CYP2C9 in the liver.
15, 16

 This hydroxylamine metabolite can be further oxidized spontaneously 

to form SMX-nitroso (SMX-NO).
16, 17

 The nitroso metabolite can bind to cysteine residues on a 

protein and form protein adduct,
18

 which can be processed and presented in association with 

MHC-I or MHC-II.
125, 126

 This stimulates the activation of T cells and B cells to target SMX-

protein adducts,
16, 19 

which may lead to the development of drug hypersensitivity.  
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The formation of protein adducts can be prevented by several detoxification pathway. N-

acetylation of SMX by N-acetyltransferase 2 (NAT2) in the liver leads to an inactive and non-

immunogenic acetylated metabolite (N-acetyl SMX) for urinary excretion.
20-22

 If SMX is 

oxidized to SMX-HA, it can be reduced to the parent drug by cytochrome b5 and NADH 

cytochrome b5 reductase.
23

 If SMX-HA is further oxidized to form SMX-NO, it can be reduced 

to the hydroxylamine metabolite by antioxidants such as ascorbate, and glutathione (GSH). 
13, 24 

 

Trimethoprim (TMP) is often administrated with SMX.
104-107

 Rechallenge with TMP alone leads 

to hypersensitivity in 16-19% of patients with a history of hypersensitivity to TMP/SMX.
108, 109

 

TMP alone has also been associated with toxic epidermal necrolysis,
110, 111

 and TMP-responsive 

T cells have been found in some patients allergic to TMP/SMX.
112

 Incubation of TMP with 

human liver microsomes generate reactive TMP metabolites,
113

 which could contribute to hapten 

formation and T cell sensitization. One study showed that TMP has 50% inhibitory effect on 

CYP2D6,
114

 which could suggest that TMP is a substrate for CYP2D6. 

 

N-acetylation of SMX in the liver is the primary detoxification pathway.
 20-22 

NAT2 is highly 

polymorphic with a wide range of expression and activity.
22,

 
25-29, 37

 It has been shown that the 

slow N-acetylation phenotype was over-represented in HIV-infected patients compared to the 

general population in several studies, with the slow phenotype correlated with low CD4+ T cell 

counts.
30-35, 48

 These observations suggest that HIV infection leads to acquired defects in this 
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drug detoxification pathway, but its role in the individual risk of sulfonamide hypersensitivity in 

HIV infection has not been established.
33, 36

 

 

HIV-infected patients also have deficiencies in blood antioxidants, including GSH and ascorbate, 

and this decreases the capacity for SMX-NO reduction.
13, 24, 38, 39

 This could contribute to the 

increased risk of hypersensitivity. It has been shown that glutamate-cysteine ligase (GCL) and 

glutathione synthetase (GSS), involved in GSH synthesis, are down-regulated in macrophages of 

HIV-infected patients, and this could also occur in the liver.
40

 Furthermore, antioxidant 

deficiencies may also directly affect hepatic cytochrome b5 expression.
41, 42

 A lower cytochrome 

b5 expression could increase the risk of sulfonamide hypersensitivity by decreasing the reduction 

of SMX-HA back to the parent compound, SMX.  

 

Studies on urinary metabolites have suggested that HIV-infected SMX-hypersensitive patients 

may have altered function of some CYP450s compared to HIV-infected SMX-tolerant patients, 

and may lead to increased SMX bioactivation.
 43

 Although SMX-HA is the immediate precursor 

of the immunogenic SMX-NO, urinary SMX-HA concentrations were actually lower in HIV-

infected patients, and in two seropositive patients that developed liver toxicity from 

TMP/SMX.
44, 45, 72

 While this seems counter-intuitive, it could reflect enhanced oxidation of 

SMX-HA to SMX-NO, which binds rapidly to plasma proteins and would not be detected in 

urine. These findings demonstrate the need for a better understanding of hepatic 

biotransformation pathways in HIV infection. 
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Because obtaining liver biopsy samples from HIV-infected patients has ethical and practical 

constraints, we used an SIV-infected rhesus macaque model of HIV infection to examine the 

effects of retroviral infection on expression of drug biotransformation pathways. We 

hypothesized that retroviral infection would lead to enhanced SMX bioactivation and decreased 

detoxification pathways in the liver. 

 

3.2 Methods 

Chemicals 

All chemicals were obtained from Sigma-Aldrich, except SMX-HA which was purchased from 

Dalton Chemicals, and N-acetyl SMX, which was obtained from Frinton Laboratories. 

 

Animals 

Male rhesus macaques (Macaca mulatta) chronically infected with SIVmac239, along with age- 

and sex-matched non-infected controls, were selected from the Wisconsin National Primate 

Research Center. Animals were studied after reaching set-point viremia, at least 10 weeks after 

inoculation, and no animals had a history of prior TMP/SMX exposure. All macaques were 

evaluated with a physical exam, complete blood count, and serum biochemical panel prior to 

liver biopsy. Infected animals also had a CD4+ count and viral load performed. Macaques were 
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fed a fixed formula global primate diet (Teklad, Harlan Laboratories). The Institutional Animal 

Care and Use Committee (IACUC) of the University of Wisconsin-Madison approved all 

procedures. 

 

Liver samples collection and storage 

Macaques were sedated with ketamine and dexmedetomidine, and 2-3 Tru-cut needle biopsies 

were obtained from the liver transcutaneously with ultrasound guidance. Liver samples were put 

in RNAlater for 24 hours at 4°C. Excess RNAlater was removed, and the samples were stored at 

-80°C until RNA extraction. 

 

RNA extraction 

Total RNA was extracted by homogenizing liver samples in TRIzol (Ambion) according to 

manufacturer’s protocol, with slight modifications. Briefly, 200 µl chloroform was added to 1 ml 

of lysate, vortexed and centrifuged at 16,000 × g for 5 min at 4°C. The aqueous phase at the top 

was added to 500 µl ice-cold isopropanol in a new tube, and allowed to precipitate at -20°C for 1 

hour. RNA was pelleted by centrifuging at 16,000 × g for 15 min at 4°C. The supernatant was 

removed, and the RNA pellet was washed with 75% ethanol. Ethanol was removed by 

centrifuging at 16,000 × g for 1 min with the centrifuge lid open. The ethanol-free RNA pellet 

was resolubilized in RNase free water (Ambion). RNA samples were treated with 2 U DNase I 



64 

 

 

(Ambion) for 30 min at 37°C according to the manufacturer’s protocol to remove DNA 

contamination. DNase I was inactivated by adding EDTA to a final concentration of 5 mM, 

followed by heating at 75°C for 10 min. RNase inhibitor (Applied Biosystems) was added to a 

final concentration of 1 U/µl. RNA integrity was accessed by Agilent 2100 BioAnalyzer, and 

quantified by NanoDrop ND-1000 (ThermoFisher). RNA was stored at -80°C until preparation 

for arrays. 

 

Microarray processing 

High quality RNA was selected from 3 SIV-infected male macaques (ages 7.2-18.3) and 3 age-

matched controls (ages 7.3-20.5) for expression arrays. 100 ng of total RNA was used to 

generate sense-strand cDNA with the Ambion WT Expression Kit. cDNA was fragmented and 

labeled with biotin by the GeneChip WT Terminal Labeling Kit (Affymetrix). The fragmented 

and labeled cDNA was hybridized with the GeneChip Rhesus Gene 1.0 ST Array (Affymetrix) 

using the Hybridization Oven 640 (Affymetrix). The microarray chip was washed and stained 

using the GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) with the automated 

GeneChip Fluidics Station 450 (Affymetrix). The stained microarray chip was scanned by the 

GeneChip Scanner 3000 7G (Affymetrix). Both fluidics station and scanner were controlled by 

the Affymetrix GeneChip Command Console Software v4.0.0.1567G. 

 

Microarray data analysis 
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Raw data exported from the Affymetrix platform was analyzed by GeneSpring GX (Agilent). 

Data were normalized by the Robust Multi-chip Average (RMA) method. Gene expression was 

compared between SIV-infected and non-infected macaques using a moderated t-test,
102

 with P ≤ 

0.005 and  2-fold difference in expression as thresholds for significance. Microarray probe sets 

that had signal intensity lower than 100 in both SIV and control groups were excluded. Genes 

with significant differences in expression between groups at the level of P ≤ 0.005 were further 

exported to DAVID Bioinformatics Resources 6.7 (david.ncifcrf.gov) for pathway analysis using 

the KEGG PATHWAY Database. Interferon (IFN)-inducible genes were further identified using 

INTERFEROME v2.01.
59 

 

Quantitative real-time PCR (qPCR) confirmation of transcript expression 

Hepatic RNA from individual macaques was also used for qPCR to confirm altered expression of 

select transcripts. cDNA was generated from 2.5 µg  RNA using the SuperScript VILO cDNA 

Synthesis Kit (Invitrogen). cDNA was diluted 1:100, and incubated with gene-specific probe 

(0.125 µM), and forward and reverse primers (0.67 mM) for qPCR, using the FastStart Essential 

DNA Probes Master kit (Roche) and the LightCycler 96 Instrument (Roche). Primers and probes 

for recognizing sequence-specific DNA were designed using the Universal ProbeLibrary (Roche). 

qPCR cycles were as follows: 95°C for 10 min pre-incubation, then 95°C for 10s, 60°C for 20s, 

for 55 cycles amplification. β-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), and hypoxanthine phosphoribosyltransferase 1 (HPRT1) were used as reference 

genes.
101

 Samples were run in triplicate, and all data were normalized to the reference genes. 
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Primer efficiency was determined by running qPCR for each gene with 1:10, 1:100, 1:1,000 and 

1:10,000 dilutions of cDNA. Primer sequences, efficiency, and probe numbers are shown in 

Table 3.1. Statistical analyses for relative mRNA expression between groups were performed 

using relative expression software tool (REST) 2009 version1, which utilized the method 

described by Pfaffl and Vandesompele.
62-64, 103 

 

Liver microsome preparation 

Additional banked liver samples were obtained from the Wisconsin National Primate Research 

Center for hepatic biotransformation activity assays. Liver samples were homogenized on ice in 

PBS, pH 7.4, and centrifuged at 9000 × g for 20 min at 4°C. The supernatant was centrifuged at 

100,000 × g for 60 min at 4°C to obtain microsomal and cytosolic fractions, which were stored at 

-80°C. Protein concentration was determined by the Bradford protein assay (Bio-rad). 

 

Hepatic SMX oxidation activity assay 

Activity of SMX oxidation to SMX-HA was assayed as previous described, with slight 

modification. 
115

 Briefly, 1 mM SMX was incubated with 250 µg microsomal protein and 1 mM 

NADPH in PBS for 30 min at 37°C. Both ascorbate and reduced GSH were added to final 

concentrations of 1 mM to prevent SMX-HA oxidation. 1 mM final concentration of α-Lipoic 

acid and 6-Propyl-2-thiouracil were added to prevent SMX-HA reduction.
116

 Inhibition of SMX-

HA reduction was evaluated by adding 100 µM SMX-HA instead of 1 mM SMX to the reaction 
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mix. Both negative control and SMX-HA standards were incubated with human serum albumin 

instead of microsomal protein. Reactions were terminated by adding half volume of ice-cold 

methanol. The reaction mix was centrifuged at 16,000 × g for 10 min at 4°C, and the supernatant 

was filtered and subject to HPLC analysis.  

 

Hepatic SMX-HA reduction activity assay 

SMX-HA reduction was assayed as previously described, with slight modification.
60

 Briefly, 1 

mM SMX-HA was incubated with 125 µg microsomal protein and 1 mM NADH in PBS for 30 

min at 37°C. Both ascorbate and reduced GSH were added to final concentrations of 1 mM to 

prevent SMX-HA oxidation. Both negative control and SMX standards were incubated with 

human serum albumin instead of microsomal protein. Reactions were terminated by adding half 

volume of ice-cold methanol. The reaction mix was centrifuged at 16,000 × g for 10 min at 4°C, 

and the supernatant was filtered and subject to HPLC analysis.  

 

Hepatic SMX N-acetylation activity assay 

N-acetylation of SMX was determined as previously described.
61

 Briefly, 300 µM SMX was 

incubated with 250 µg cytosolic protein and 3 mM acetyl CoA for 20 min at 37°C. Both negative 

control and N-acetyl SMX standards were incubated with human serum albumin instead of 

cytosolic protein. Reactions were terminated by adding 10% volume of ice-cold 15% perchloric 
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acid. The reaction mix was centrifuged and filtered as the SMX-HA reduction assay prior to 

HPLC analysis.  

 

HPLC analysis of SMX metabolites 

SMX, SMX-HA and N-acetyl SMX were quantified by HPLC using a C18 Spherisorb ODS2 

Column (4.6 mm × 25 cm, 5 µm particle size; Waters) and a Shimadze LC-20AD solvent 

delivery system with ultraviolet detection at 274 nm. Mobile phase A was 0.05% triethylamine 

and 1.0% glacial acetic acid in water, with acetonitrile as mobile phase B. Elution was performed 

with 20% mobile phase B for 12 min, followed by a gradient over 3 min to 80% mobile phase B, 

isocratic elution with 80% mobile phase B for 4 min, a gradient over 2 min to 20% mobile phase 

B, followed by isocratic elution of 20% for 3 min at the end. The flow rate was 2 ml/min, 

yielding retention times for SMX, SMX-HA, and N-acetyl SMX of 8.269 min ± 0.005 SEM, 

6.381 min ± 0.001 SEM and 10.406 min ± 0.030 SEM, respectively. 

 

Statistical analyses 

Unless described otherwise, outcomes were compared between groups (SIV-positive versus 

negative) with Mann Whitney tests, using commercial software (Prism 6.0, Graphpad Software, 

Inc.), with P < 0.05. Data are reported as medians and observed ranges.  
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3.3 Results 

Microarray analysis – SMX biotransformation pathways 

Gene expression of SMX biotransformation pathways is shown in Table 3.2. Genes involved in 

SMX oxidation (CYP2C8 and CYP2C9) and TMP bioactivation (CYP2D6), were not 

differentially expressed in livers between SIV-infected and non-infected macaque. Genes 

involved in SMX detoxification, including NAT2 and CYB5R3, were not differentially expressed; 

CYB5A was not included in the microarray. Genes involved in GSH synthesis and conjugation, 

included GSS, GCL, GSTM1 and GSTP1, were also not differentially expressed; GSTT1 was not 

included in the microarray. 

 

Hepatic bioactivation activities of SMX 

In order to confirm a lack of effect of retroviral infection on hepatic SMX bioactivation, 

oxidation of SMX was evaluated between 5 SIV-infected and 5 non-infected male macaques. No 

oxidation activities were detected in both SIV-infected and non-infected macaques. Incubation of 

SMX-HA in the present of cytochrome b5 reductase inhibitors, α-Lipoic acid and 6-Propyl-2-

thiouracil, did not prevent SMX-HA reduction activities. 

 

Hepatic detoxification activities of SMX and its metabolites 
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In order to confirm a lack of effect of retroviral infection on hepatic SMX detoxification 

pathways, reduction of SMX-HA and N-acetylation of SMX were evaluated between 5 SIV-

infected and 5 non-infected male macaques. Reduction activates between the two groups were 

similar, with a median of 0.54 nmol/min/mg (range 0.38-0.88) in the SIV-infected group, and 

0.43 nmol/min/mg (range 0.36-0.96) in the control group (Figure 3.2). N-acetylation activates 

between the two groups were similar, with a median of 0.11 nmol/min/mg (range 0.08-0.20) in 

the SIV-infected group, and 0.09 nmol/min/mg (range 0.03-0.18) in the control group (Figure 

3.3). 

 

Microarray analysis – non-biotransformation genes 

Although key SMX biotransformation genes were not altered, 154 microarray probe sets were 

differentially expressed between the SIV-infected and non-infected control macaques at P ≤ 

0.005. Of those, 138 of the probe sets were associated with an identified gene, and 59 genes 

showed a two-fold or greater difference in expression. Among the 59 genes, four were down-

regulated and 55 were up-regulated (Table 3.3). 33 of these 59 genes were IFN-inducible, with 7 

induced only by type I IFN, one only by type II IFN, and 25 by either type I or type II IFN. 

 

Pathway analyses 

Pathway analyses were performed with the 138 identified differentially expressed genes, without 

requirement for a 2-fold change. Analyses revealed five pathways that were altered by SIV 
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infection, including RIG-I-like receptor signaling, ISGylation, systemic lupus erythematosus 

(SLE) development, immunoproteasomal degradation, and antigen presentation (Table 3.4).  

 

qPCR confirmation of transcript expression  

Based on the results of the expression array, up-regulated genes involved in ISGylation (ISG15, 

3.6 fold; HERC5, 5.8 fold; and HERC6, 10 fold), and immunoproteasomal degradation (PSMB10, 

1.3 fold; PSME1, 1.5 fold; and PSME2, 1.5 fold) were selected for validation by qPCR. Target 

gene expression was normalized to the reference genes, ACTB, GAPDH, and HPRT1. All of the 

genes were confirmed to be up-regulated in the SIV-infected macaque livers compared to 

controls, with P ≤ 0.001 (Table 3.5). 

 

3.4 Discussion 

An increased risk of sulfonamide hypersensitivity is observed in HIV-infected patients,
1-7

 but the 

mechanisms for this are not well understood. The development of hypersensitivity depends on 

SMX bioactivation to form the reactive SMX-NO metabolite, which binds to protein.
12-18

 These 

SMX-protein adducts can then act as haptens to stimulate an immune response, which can 

ultimately lead to drug hypersensitivity.
16, 19
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In order to understand the increased risk, we first determined whether retroviral infection 

affected the gene expression of SMX biotransformation pathways, using liver biopsy samples 

from SIV-infected macaques as model for HIV infection. However, we found no evidence for 

differential expression of genes involved in SMX oxidation (CYP2C8 and CYP2C9). We were 

unable to assess this in vitro because forward oxidation was undetectable in both SIV-infected 

and control liver microsomes, due to rapid reverse reduction. The cytochrome b5 reductase 

inhibitors, α-Lipoic acid, and 6-Propyl-2-thiouracil, only inhibited NADH cytochrome b5 

reductase activity up to 40%.
65

 At this rate, SMX-HA reduction activity is faster than SMX 

oxidation in the hepatic microsomal proteins. This may explain why SMX induced 

hepatotoxicity is relatively rare; rapid reduction of SMX-HA may prevent the generation of 

SMX-NO and formation of protein adducts in the liver. However, SMX as a parent drug can still 

escape hepatic transformation and be oxidized locally by keratinocytes and dendritic cells, and 

lead to the development of cutaneous drug hypersensitivity.
12, 16, 19, 66-71

 

 

There were also no detectable differences in the hepatic reverse reduction pathway, either in 

gene expression of CYB5R3 or in SMX-HA reduction. In Chapter 2, we found that levels of 

plasma and urinary SMX-HA were significantly lower in the SIV-infected macaques after dosing 

with TMP/SMX for 14 days. This is similar to what has been found in HIV-infected patients, 

who show decreased excretion of SMX-HA compared to healthy subjects.
44, 45, 72

 These 

observations together with the CYB5R3 expression and hepatic SMX-HA reduction activity data 

suggest that the decreased SMX-HA concentrations are not a result of increased hepatic 
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reduction. Instead, decreased measurable SMX-HA in SIV infection may be due to increased 

oxidation to SMX-NO. 

 

We also found no detectable differences in hepatic N-acetylation of SMX, either in gene 

expression of NAT2 or enzyme activities. In Chapter 2, we found that the levels of plasma and 

urinary N-acetyl SMX were not different between the SIV-infected and non-infected macaques 

after dosing with TMP/SMX for 14 days. This is in contrast to previous studies suggesting HIV 

infection acquired slow acetylation.
 30-36, 48

 However, these studies involved acutely ill AIDS 

patients,
30-32

 with lower CD4+ counts < 200 cells/µl,
35 

while the SIV-infected macaques in this 

study had a median CD4+ counts of 351 cells/µl (range 49-1149 cells/µl; Chapter 2). It is 

possible that an effect of SIV infection on N-acetylation might have been detected had we 

included more animals with advanced disease (CD4+ counts < 200 cells/µl). 

 

Finally, we found no differences in genes involved in GSH synthesis and conjugation (GCL, GSS, 

GSTM1, GSTP1, and GSTT1). This is contradictory to other studies that show decreased GCL 

and GSS gene expression in a model of Tat transfection or in macrophages of HIV-infected 

patients.
40, 116

 Similar to our expression array, we found no differences in erythrocyte GSH levels 

between SIV-infected and non-infected controls (Chapter 2). The inability to show alterations in 

GSH level and genes involve in GSH regulation could due to the lack of SIV-infected macaques 

with high viral loads.  
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Although SIV infection did not affect hepatic SMX biotransformation, it could still lead to 

acquired risks for drug hypersensitivity through other pathways. HIV can infect multiple hepatic 

cells in vivo, including Kupffer cells, sinusoidal cells and hepatocytes.
53-55

 In vitro studies of 

HIV-infected hepatocytes also showed that HIV infection can lead to apoptosis and 

fibrogenesis.
56, 57

 These observations suggest that HIV infection could alter hepatic gene 

expression in other pathways.  

 

Immune dysregulation is clearly present in HIV infection, and despite the immunosuppressed 

state, there are higher percentages of activated lymphocytes and increases in pro-inflammatory 

cytokines in these patients.
46-49

 Microarray studies in retroviral infection have shown an 

increased expression of IFN-inducible genes in lung tissue and macrophages.
50, 51

 These changes 

might lead to alterations in antigen processing and presentation
58

 that could promote drug 

hypersensitivity. For example, multiple genes that were up-regulated in our expression array are 

inducible by type I (IFN-α and IFN-β) or type II (IFN-γ) IFN. Up-regulation of IFN-inducible 

genes including the genes involved in RIG-I-like signaling pathway in the SIV-infected 

macaques are responsible for fighting against viral infections, and this has been shown in 

multiple studies of viral infection.
58, 73,75, 76 

 Up-regulation of IFN-γ can lead to drug 

hypersensitivity through enhancing presentation of SMX-adducted protein antigens by human 

dendritic cells in vitro,
69

 and increasing cytotoxicity of SMX-responsive T cells toward human 

keratinocytes.
117

 However, we did not see a significant increase of serum IFN-γ in SIV-infected 
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macaques (Chapter 2), and this could suggest that the up-regulated IFN-inducible genes were 

induced by type I IFN. 

 

One pathway that was up-regulated in SIV infection was ISGylation. It involves a group of IFN-

inducible genes that mediate the conjugation of ISG15 protein on a target protein.
79

 ISG15 has a 

strong anti-viral activity,
84-86

 and it has been shown to conjugate to more than 150 protein targets 

with a wide spectrum of functions. 
87

 The up-regulation of this pathway during SIV infection 

could be expected due to its anti-viral properties. Furthermore, ISGylation may be involved in 

altering proteasomal degradation indirectly, and this could promote drug hypersensitivity by 

generating SMX-adducted peptides for antigen presentation.
79, 118, 119

  

 

Another group of genes that was up-regulated in SIV infection included those related to SLE, 

which is an autoimmune disease caused by autoantibodies targeting cell nuclei.
88, 89

 While it 

seems improbable to associate autoimmunity with a disease of immunodeficiency, multiple 

reports have shown that HIV-infected patients can be diagnosed with SLE,
90, 91

 and up-regulation 

of IFN-inducible genes have been detected in SLE patients.
92, 93

 Type I IFN has been associated 

with the pathogenesis of SLE via the activation of autoreactive T cells and B cells.
120-122

 These 

observations suggest that HIV-infected patients are capable of developing autoimmune disease, 

and the up-regulation of IFN-inducible genes may lower the threshold for drug hypersensitivity. 
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Additional up-regulated genes in SIV infection were those involved in immunoproteasomal 

degradation. PSMB10 (β2i), PSME1 (PA28α), and PSME2 (PA28β) encode immunoproteasome 

subunits that can be up-regulated by type I IFN, and they enhance production of selective set of 

antigenic peptides for MHC-I presentation.
94-98

 Up-regulation of these genes may increase the 

chance of processing SMX-adducted proteins, and generating SMX-adducted antigenic peptides 

for MHC-I presentation. Multiple studies report the up-regulation of immunoproteasome in 

autoimmune diseases.
94

 It is possible that up-regulation of the immunoproteasome contributes to 

the risk of SMX hypersensitivity by increasing peptide processing even without enhanced drug 

metabolite generation or adduct formation. 

 

Consistent with this hypothesis, genes involved in antigen presentation were also up-regulated in 

SIV infection. Short peptides produced by immunoproteasomal degradation are transported into 

the endoplasmic reticulum,
98,100

 where tight binding of the peptide and MHC-I allows the release 

of MHC-I to the cell surface for antigen presentation.
98, 100

 B2M (β2 microglobulin), MAMU-A, 

MAMU-E, and MAMU-F encode are macaque MHC-I receptor components, and their 

expressions were up-regulated in our SIV-infected macaques. This suggests that SIV infection 

may increase antigen presentation in a global manner, and this may have a role in SMX as well 

as other drug hypersensitivities in HIV infection, including the antituberculosis drug thiacetazone, 

and the antiretroviral drugs, efavirenz and nevirapine.
123-125
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Overall, these data do not support a role for enhanced bioactivation or impaired detoxification of 

SMX in retroviral infection. Instead, these results raise the possibility that the increased risk of 

SMX hypersensitivity could be due to non-specific up-regulation of antigen processing and 

antigen presentation. This hypothesis would be consistent with the increased risk of 

hypersensitivity to other structurally unrelated drugs. Additional studies are needed to assess 

antigen processing and presentation for immunogenic and non-immunogenic drugs in the setting 

of HIV infection. 
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Figure 3.1: Sulfamethoxazole (SMX) biotransformation with generation of reactive metabolites 

that lead to hapten formation, immunogenicity, and clinical signs of delayed sulfoanmide 

hypersensitivity in immunocompetent and HIV-infected patients.  
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Table 3.1: Primers and gene-specific probes were designed using the Universal ProbeLibrary 

(Roche). Listed are the primer sequences, probe number, and amplification efficiency for each 

gene. 

 

Genes Primer Sequences 
Probe 

Number 

Amplification 

Efficiency 

ACTB 
Forward: aggtcatcaccattggcaac 

Reverse: cgtggatgccacaggact 
122 1.98 

GAPDH 
Forward: tcagccgcattttctcttg 

Reverse: gcccaatacgaccaaatcc 
60 1.98 

HPRT1 
Forward: tgaccttgatttattctgcatacc 

Reverse: cgagcaagacgttcagtcc 
73 2.02 

ISG15 
Forward: cggcagttgagaggcagt 

Reverse: accttcaggtcccagctca 
140 2.00 

HERC5 
Forward: tgggccacactgagagtaaa 

Reverse: tcaactttctgattgtctagtgcttc 
12 1.92 

HERC6 
Forward: ccaaaagccatcattggaag 

Reverse: ccaatgtcatcagcatcatca 
60 2.00 

PSMB10 
Forward: ggttccagccgaacatga 

Reverse: cccaggtcacccaagattc 
135 1.91 

PSME1 
Forward: agaacctgctcgggagctat 

Reverse: attgctcaggttggcttcat 
42 1.93 

PSME2 
Forward: gaaagtcctgtccctgcttg 

Reverse: aatcttggggatcaggtgct 
129 2.08 
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Table 3.2: Genes that may affect the SMX biotransformation pathway in the microarray. None 

of the genes involved were differentially expressed in the microarray. 

 

Pathway Gene Fold Change P value 

SMX oxidation 
CYP2C8   1.0 0.94 

CYP2C9  -1.1 0.32 

TMP oxidation CYP2D6  -1.1 0.53 

Detoxification 

NAT2   1.2 0.05 

CYB5A not in array 

CYB5R3  -1.3 0.19 

Glutathione 

synthesis and 

conjugation 

GCL   1.0 0.88 

GSS   1.0 0.95 

GSTM1   1.1 0.74 

GSTP1   1.4 0.28 

GSTT1 not in array   
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Figure 3.2: SMX-HA reduction activities between SIV-infected and non-infected control 

macaques were similar. Activities range from 0.38 to 0.88 nmol/min/mg with a median 0.54 

nmol/min/mg in the SIV-infected group, and activities range from 0.36 to 0.96 nmol/min/mg 

with a median 0.43 nmol/min/mg in the control group. 
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Figure 3.3: N-acetylaion activities between SIV-infected and non-infected control macaques 

were similar. Activities range from 0.08 to 0.20 nmol/min/mg with a median 0.11 nmol/min/mg 

in the SIV-infected group, and activities range from 0.03 to 0.18 nmol/min/mg with a median 

0.09 nmol/min/mg in the control group. 
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Table 3.3: 59 genes had a two-fold or higher expression (P ≤ 0.005) in the microarray. 33 of 

these genes were IFN-inducible. 

Gene Symbol 
Fold 

Change 
P value 

IFN-Inducible 

(Type I, Type II, or both) 

ACE2 -2.96 0.003 Type I 

ADAR 2.16 0.001   

ALPL 2.83 0.001   

AOAH 2.08 0.001   

B2M 3.11 0.002   

BST2 2.38 <0.001 Both 

CCDC69 2.03 0.004   

CMPK2 4.23 <0.001 Type I 

DDX58 5.03 <0.001 Both 

DDX60 6.06 <0.001 Both 

DDX60L 2.26 0.001 Type I 

DHX58 3.06 <0.001 Type I 

DNHD1 2.55 0.001   

FAM162A|DTX3L 2.29 <0.001   

FAM205B|CCL21 2.31 <0.001   

GBP1 3.67 <0.001 Both 

HEPACAM2 2.39 <0.001   

HERC5 5.80 <0.001 Type I 

HERC6 9.97 <0.001 Type I 

HIPK2|PARP12 2.13 0.003   

HIST1H2AC 2.00 0.002   

IFI27 2.34 0.003 Both 

IFI44 6.68 <0.001 Both 

IFI44L 7.78 <0.001 Both 

IFI6 12.25 <0.001 Both 

IFIH1 3.59 <0.001 Both 

IFIT1 4.78 <0.001 Both 

IFIT2 3.27 0.004 Both 

IFIT3 5.38 0.001 Both 
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Table 3.3 (continue): 59 genes had a two-fold or higher expression (P ≤ 0.005) in the microarray. 

33 of these genes were IFN-inducible.
 

Gene Symbol 
Fold 

Change 
P value 

IFN-Inducible 

(Type I, Type II, or both) 

ISG15 3.64 <0.001 Both 

LHFP -2.37 0.001   

LOC699022 -2.17 <0.001   

LOC700208 4.28 <0.001   

LOC705561 3.38 <0.001 Both 

LOC719747 2.16 0.002   

MAMU-A 2.04 <0.001   

MAMU-DQA1 2.82 0.001 Type II 

MAMU-E 2.30 0.002   

MAPK6 2.34 0.005   

MX1 14.21 <0.001 Both 

MX2 5.04 0.001 Both 

OAS2 10.08 0.001 Both 

PARP14 3.37 <0.001 Both 

PARP15 2.66 0.001   

PARP9 2.57 <0.001 Both 

PIK3AP1 2.20 0.005   

PLAC8 2.97 <0.001   

PM20D1 -2.73 0.005   

RNF213 2.73 0.001   

RSAD2 2.54 <0.001 Both 

SECTM1 2.08 0.005 Both 

SLC26A11 2.91 0.001   

STAT1 5.21 <0.001 Both 

TAP1 2.00 0.001 Both 

TRIM14 3.64 0.001 Type I 

UBQLNL 3.82 0.002   

UNC45B 3.57 0.001   

USP18 3.51 0.001 Both 

XAF1 3.09 <0.001 Both 
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Table 3.4: Genes up-regulated in RIG-I-like receptor signaling, ISGylation, SLE development, 

immunoproteasomal degradation, and antigen processing and presentation in the microarray. 

 

Function Pathway Gene Fold Change P value 

Anti-viral 

RIG-I-like receptor 

signaling 

DDX58 5.0 < 0.001 

DHX58 3.1 < 0.001 

IFIH1 3.6 < 0.001 

ISGylation 

UBQLNL 3.8 0.002 

ISG15 3.6 < 0.001 

HERC5 5.8 < 0.001 

HERC6 10.0 < 0.001 

USP18 3.5 < 0.001 

Autoimmune 

Systemic lupus 

erythematosus 

(SLE) 

FCGR3 1.9 0.001 

C1QA 1.7 0.002 

C1QC 1.8 < 0.001 

HIST1H2AC 2.0 0.002 

HIST1H3D 1.9 < 0.001 

MAMU-DQA1 2.8 0.001 

Antigen 

processing 

Immunoproteasomal 

degradation 

PSMB10 1.3 0.002 

PSME1 1.5 0.001 

PSME2 1.5 0.003 

Antigen 

presentation 

Peptide transporter TAP1 2.0 < 0.001 

MHC-I 

MAMU-A 2.0 < 0.001 

MAMU-E 2.3 0.002 

MAMU-F 1.7 0.003 

B2M 3.1 0.002 
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Table 3.5: qPCR confirmation of transcript expression from expression array. All of the genes 

were confirmed to be up-regulated in the SIV-infected macaque livers compared to controls, with 

P ≤ 0.001. 

 

Gene Fold Change 95% Confidence Interval 

ISG15 30.8 6.4-163.2 

HERC5 17.6 4.6-94.8 

HERC6 91.9 7.8-947.6 

PSMB10 3.5 1.3-7.6 

PSME1 4.6 1.4-16 

PSME2 3.2 0.9-13.1 
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Chapter 4 – Effects of SIV Infection on SMX Biotransformation Pathways in CD8+ 

Lymphocytes 

 

4.1 Introduction 

An increased risk of sulfamethoxazole (SMX) hypersensitivity is observed in HIV-infected 

patients.
1-4

 20-57% HIV-infected patients suffer from SMX hypersensitivity while it only affects 

3% of the general population.
1-7

 Skin rash occurs in most affected patients, and liver toxicity, 

thrombocytopenia, and bullous skin eruptions, such as Stevens-Johnson syndrome and toxic 

epidermal necrolysis, are observed in the more severely affected patients.
8-11

 The risk factors 

associated with an unusually high incidence of sulfonamide hypersensitivity are still not clear, 

but the increased risk is thought to be due to metabolic alternations in HIV infection. 

 

The development of SMX hypersensitivity depends on SMX bioactivation.
12-14

 As shown in 

Figure 4.1, SMX is oxidized to form SMX-hydroxylamine (SMX-HA) by CYP2C8 and 

CYP2C9 in the liver.
15, 16

 This hydroxylamine metabolite can be further oxidized spontaneously 

to form SMX-nitroso (SMX-NO).
16, 17

 The nitroso metabolite can bind to protein and form 

protein adduct,
18

 which can be processed and presented in association with MHC-I or MHC-II. 

This stimulates the activation of T cells and B cells to target SMX-protein adducts,
16, 19 

which 

may lead to the development of hypersensitivity.  
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The formation of protein adducts can be prevented by several detoxification pathways. N-

acetylation of SMX leads to an inactive and non-immunogenic acetylated metabolite (N-acetyl 

SMX) for urinary excretion.
20-22

 However, associations between SIV infection and urinary N-

acetyl SMX or hepatic gene expression of N-acetyltransferase 2 (NAT2) were not observed in our 

rhesus macaque model (Chapter 2 and Chapter 3). If SMX is oxidized to SMX-HA, it can be 

reduced to the parent drug by cytochrome b5 and NADH cytochrome b5 reductase,
23

 but 

differences in hepatic gene expression and activities for this pathway between SIV-infected 

macaques and non-infected controls were not seen (Chapter 3). If SMX-HA is further oxidized 

to form SMX-NO, it can be reduced to the hydroxylamine metabolite by antioxidants, such as 

ascorbate, and glutathione (GSH).
13, 24

 However, both plasma ascorbate and erythrocyte GSH 

level were not different between SIV-infected macaques and non-infected controls (Chapter 3). 

Although hepatic gene expression and activities showed no differences in SMX 

biotransformation between the two groups of macaques, metabolic alterations could still occur in 

dendritic cells, keratinocytes and lymphocytes, and lead to acquired risk of drug 

hypersensitivity.
12, 19, 25-27

 

 

Development of sulfonamide hypersensitivity has been associated with a surrogate marker, the 

lymphocyte toxicity assay (LTA). Results of this in vitro cytotoxicity assay showed that 

peripheral blood mononuclear cells (PBMC) from SMX-hypersensitive patients are more 

susceptible to apoptosis in the presence of sulfonamide oxidative metabolites, when compared to 

cells from sulfonamide-tolerant patients.
28-30

 SMX-HA is often used in the assay, but it oxidizes 
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spontaneously to SMX-NO, which is responsible for the cytotoxicity in vitro.
30, 31

 Addition of 

ascorbate or GSH, which reduce SMX-NO,  decrease the cytotoxicity.
32

 Differences in 

cytotoxicity were not seen with SMX, or with control compounds that generate reactive oxygen 

species (menadione).
33

 These findings, which have been replicated by multiple groups, have 

been interpreted as a “detoxification defect” in hypersensitive, but not tolerant, patients.
33, 34

 

 

In addition, this apparent defect can be demonstrated in family members of hypersensitive 

patients who have never been administered potentiated sulfonamides, with either normal, 

intermediate, or abnormal cytotoxicity profiles,
33-35

 which suggests a heritable defect.  However, 

it is not clear whether this marker is an epiphenomenon or is directly related to the pathogenesis 

of systemic hypersensitivity. 

 

Another study was done to determine the cell type(s) among PBMC that is/are responsible for 

the enhanced susceptibility to SMX-HA. PBMC were isolated into different cell populations, and 

the enhanced SMX metabolite susceptibility was seen only when the cell populations included 

CD8+ T cells, while CD4+ T cells and B cells alone were minimally affected.
36

 This suggests 

that CD8+ T cells may be either more susceptible to SMX-HA or they are responsible for 

causing cell death to other cell types in vitro. 
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The LTA has also been studied in Jurkat cells and MOLT3 cells (both immortalized line of 

human T lymphocytes) experimentally infected with HIV, and these cells also showed increased 

cytotoxicity compared to non-infected cells in the presence of sulfonamide metabolites, while 

parent SMX was no more toxic than vehicle.
37, 38

 This susceptibility to sulfonamide metabolites 

can be replicated by transfecting lymphoid cells with the HIV-transactivator protein, Tat,
39

 which 

alters a large number of host cellular genes in HIV infection.
40-42

 Specifically, transfection of 

Jurkat cells with Tat leads to enhanced cytotoxicity in the presence of SMX metabolites, but not 

the parent SMX, that parallels that of HIV-infected cells.
39

 Furthermore, cells from HIV-infected 

patients that developed SMX hypersensitivity show significantly greater cytotoxicity from SMX 

metabolites than HIV-infected tolerant patients,
28,

 
35, 43

 which suggests that the cytotoxicity 

phenotype may be useful to understand individual risk, even among patients with HIV infection. 

However, the mechanisms for this predictive phenotype are not well understood, and the assay is 

time consuming. 

 

We hypothesized that the increased cytotoxicity seen in HIV infection, and in hypersensitive 

individuals in particular, may be due to acquired alterations in SMX biotransformation or 

apoptotic pathways.  We tested this hypothesis in an SIV model of HIV infection in rhesus 

macaques. The specific objective of this study was to determine whether retroviral infection 

altered expression pathways in CD8+ T cells that would explain the susceptibility to SMX 

metabolite cytotoxicity in vitro.  
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4.2 Methods 

Chemicals 

All chemicals were obtained from Sigma-Aldrich, except SMX-HA, which was purchased from 

Dalton Chemicals, and N-acetyl SMX, which was obtained from Frinton Laboratories. 

 

Animals 

Male rhesus macaques (Macaca mulatta) chronically infected with SIVmac239, along with age- 

and sex-matched non-infected controls, were selected from the Wisconsin National Primate 

Research Center. Animals were studied after reaching set-point viremia, at least 10 weeks after 

inoculation, and no animals had a history of prior TMP/SMX exposure. All macaques were 

evaluated with a physical exam, complete blood count, and serum biochemical panel prior to 

sample collection and TMP/SMX exposure. Infected animals also had CD4+ counts and viral 

load performed. Macaques were fed a fixed formula global primate diet (Teklad, Harlan 

Laboratories). The Institutional Animal Care and Use Committee (IACUC) of the University of 

Wisconsin-Madison approved all procedures. 

 

Samples collection and PBMC isolation 

Blood samples were obtained prior to dosing macaques with TMP/SMX at 120 mg/kg/day per os 

for 14 days for a related study on SMX immunogenicity in SIV infection (Chapter 2). Macaques 
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were sedated with ketamine and dexmedetomidine for whole blood collection in heparinized 

tubes. Whole blood collected was diluted with an equal volume of 37°C HBSS buffer, then 

layered on Lymphocyte Separation Media (Lonza), and centrifuged at 400 × g for 30 min at 

room temperature. The interface containing PBMC was washed and resuspended with 37°C PBS 

with 10% heat-inactivated FBS. Red blood cells were lysed by addition of ACK lysing buffer 

(Lonza). Isolated PBMC were immediately processed on the same day for the LTA and for 

CD8+ cell isolation. 

 

Lymphocyte toxicity assay (LTA) 

PBMC were resuspended in HBSS media with 10% heat-inactivated FBS, 1% penicillin-

streptomycin, and 15 mM HEPES at a density of 80,000 cells/well. Cells were plated in 

quadruplicate with 1000 μM SMX, 25-800 μM SMX-HA, or vehicle (1% DMSO) control in flat-

bottom, 96-well plates for two hours at 37°C, 5% CO2. SMX and SMX-HA were dissolved in 

1% DMSO final well concentration. After incubation, cells were washed three times with PBS 

with 10% heat-inactivated FBS by centrifugation. Cells were then resuspended in HBSS media 

with 10% heat-inactivated FBS, 1% penicillin-streptomycin, and 15 mM HEPES at 37C, 5% 

CO2 for 19 hours. Dead cells were stained with YO-PRO-1 Iodide dye,
27, 44

 and measured by a 

fluorescence reader with excitation at 485 nm and emission at 530 nm. To normalize cell death 

with the total cell number in each well at the end of the assay, all cells were then permeabilized 

with 2% Triton-X for second (total cell) florescence reading. Percent cell death was calculated 
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by dividing the fluorescence of dead cells after drug exposure by the fluorescence of all cells 

after Triton-X permeabilization. 

 

CD8+ cell isolation 

CD8+ cells were isolated from fresh PBMC using the mini magnetic-activated cell separation 

system, MiniMACS (Miltenyi Biotec Inc), according to manufacturer’s protocol. Briefly, CD8+ 

cells were isolated through positive selection using antibodies targeting CD8 surface receptors 

and conjugated to magnetic beads. The labeled cells were bound in separation column under a 

magnetic field, and elution of the separation column in the absence of the magnetic field 

recovered a purified CD8+ cell population. The purity of isolated cells was confirmed by flow 

cytometry on an LSR II analytical flow cytometer (BD Biosciences). Isolated CD8+ cells were 

put in 200 µl RNAlater for 24 hours at 4°C and stored at -80°C until RNA extraction. 

 

RNA extraction 

Total RNA was extracted by lysing CD8+ cells with TRIzol (Ambion) according to the 

manufacturer’s protocol with slight modifications. Briefly, CD8+ cells stored in RNAlater were 

thawed and 200 ul ice-cold PBS was added, followed by centrifugation at 3,000 × g. The 

supernatant was removed, and 1 ml TRIzol was added. Cells were lysed by pipetting up and 

down for 5 times, followed by addition of 200 µg glycogen to help precipitating RNA. 200 µl 

chloroform was added and vortexed, followed by centrifugation at 16,000 × g for 5 min at 4°C. 
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The aqueous phase at the top was added to 500 µl ice-cold isopropanol in a new tube, and 

precipitated at -20°C for 1 hour. RNA was pelleted by centrifuging at 16,000 × g for 15 min at 

4°C. The supernatant was removed, and RNA pellet was washed with 75% ethanol. Ethanol was 

removed by centrifuging at 16,000 × g for 1 min with the lid open. The ethanol-free RNA pellet 

was resolubilized in RNase free water (Ambion). RNA samples were treated with 2 U DNase I 

(Ambion) for 30 min at 37°C according to the manufacturer’s protocol to remove DNA 

contamination. DNase I was inactivated by adding EDTA to a final concentration of 5 mM, 

followed by heating at 75°C for 10 min. RNase inhibitor (Applied Biosystems) was added to a 

final concentration of 1 U/µl. RNA integrity was accessed by Agilent 2100 BioAnalyzer, and 

quantified by NanoDrop ND-1000 (ThermoFisher). RNA was stored at -80°C until preparation 

for arrays. 

 

Microarray processing 

High quality RNA was selected for expression array analyses from 3 SIV-infected macaques 

with high cytotoxicity from 800 µM SMX-HA ( > 22%) and 3 control macaques with low 

cytotoxicity ( < 2%). For each animal, 10 ng of total RNA was used to generate sense strand 

cDNA with the GeneChip WT Pico Reagent Kit (Affmetrix), followed by fragmentation and 

labeling with biotin. The fragmented and labeled cDNA was hybridized with the GeneChip 

Rhesus Gene 1.0 ST Array (Affymetrix) using the Hybridization Oven 640 (Affymetrix). The 

microarray chip was washed and stained using the GeneChip Hybridization, Wash, and Stain Kit 

(Affymetrix) with the automated GeneChip Fluidics Station 450 (Affymetrix). The stained 
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microarray chip was scanned by the GeneChip Scanner 3000 7G (Affymetrix). Both fluidics 

station and scanner were controlled by the Affymetrix GeneChip Command Console Software 

v4.0.0.1567G. 

 

Microarray data analysis 

Raw data exported from the Affymetrix platform were analyzed by GeneSpring GX (Agilent). 

Data were normalized by Robust Multi-chip Average (RMA) method. Gene expression was 

compared between groups (SIV-infected/ high cytotoxicity and non-infected/low cytotoxicity) 

using a moderated t-test,
45

 Microarray probe sets that had signal intensity lower than 100 in both 

SIV and control groups were excluded. Initially, genes that had differential expression at the 

level of P ≤ 0.005 were exported to DAVID Bioinformatics Resources 6.7 (david.ncifcrf.gov) for 

pathway analysis using the KEGG PATHWAY Database. Due to the small number of genes that 

were significant at this threshold, P ≤ 0.010 was used instead to select genes to be exported for 

pathway analysis. Interferon-inducible genes were identified using INTERFEROME v2.01.
46 

 

Statistical analyses 

Unless described otherwise, outcomes were compared between groups (SIV-positive versus 

negative) with Mann Whitney tests, using commercial software (Prism 6.0, Graphpad Software, 

Inc.), with P < 0.05. Data are reported as medians and observed ranges.  
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4.3 Results 

Lymphocyte toxicity assay (LTA) 

Cytotoxicity in the presence of 800 µM SMX-HA was used for all statistical analyses. The 

background PBMC cytotoxicity (from media with drug vehicle) was higher in the SIV-infected 

macaques compared to the non-infected controls (SIV-infected macaques, median 39.3%, range 

23.3-48.8; control macaques, median 26.6 %, range 14.1-37.3, P = 0.01; Figure 4.2A). Drug 

cytotoxicity was calculated by subtracting the % cytotoxicity of vehicle from that seen with 

SMX or SMX-HA.  

 

Increased drug cytotoxicity was observed in PBMC incubated with SMX-HA (800 µM) when 

compared to  SMX in the SIV-infected macaques (SMX-HA cytotoxicity, median 29.8%, range 

0.0-44.3%; SMX cytotoxicity, median 0.6 %, range 0.0-4.8; P = 0.005). However, this 

differential metabolite susceptibility was not seen in the control macaques (SMX-HA 

cytotoxicity, median 1.8%, range 0.0-24.0; SMX cytotoxicity, median 3.8 %, range 0.0-28.9; P = 

0.50; Figure 4.2B).  

 

Overall, SMX-HA cytotoxicity was apparently higher in the SIV-infected macaques comparing 

to the control group, but this did not reach statistical significance due to individual variability 
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(SIV group, median 29.8%, range 0.0-44.3; control macaques, median 1.8 %, range 0.0-24.0; P = 

0.06). 

 

All macaques were dosed with TMP/SMX for 14 days for the immunogenicity study (Chapter 

2). Therefore, cytotoxicity data were also analyzed with animals grouped depending on whether 

they developed a detectable immune response after dosing (either drug-responsive T cells or 

anti-SMX antibodies; Chapter 2) The background vehicle cytotoxicity was not different 

between macaques that had any immunologic response (n = 6) and those without (n = 8) (median 

32.7%, range 14.1-43.3, and 34.2 %, range 18.6-48.8, respectively; P = 0.63; Figure 4.3A).  

 

Interestingly, increased SMX-HA cytotoxicity was observed when compared to SMX in 

macaques without immunologic responses (SMX-HA cytotoxicity, median 14.2%, range 0.0-

44.3; SMX cytotoxicity, median 0.7 %, range 0.0-14.1; P = 0.001; Figure 4.3B), but metabolite 

cytotoxicity was not statistically different from SMX in macaques with immunologic responses 

(SMX-HA cytotoxicity, median 12.1%, range 0.0-42.4; SMX cytotoxicity, median 2.7 %, range 

0.0-28.9; P = 0.25).   

 

Further, when macaques were categorized by immune response rather than SIV status, there was 

no difference in SMX-HA cytotoxicity between groups (negative immune macaques, median 

14.2 %, range 0.0-44.3; positive immune group, median 12.1%, range 0.0-42.4; P = 0.36). 
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Microarray analysis – SMX biotransformation and apoptotic pathways 

Three SIV-infected macaques with high SMX-HA cytotoxicity ( > 22% for 800 M SMX-HA) 

and three control macaques with low SMX-HA cytotoxicity ( < 2% for 800 M SMX-HA) were 

selected for expression array analyses in CD8+ cells. 

 

Gene expression of SMX biotransformation pathways is shown in Table 4.1. Genes involve in 

SMX oxidation (CYP2C8 and CYP2C9) were not differentially expressed in CD8+ cells between 

the SIV-infected high cytotoxicity and non-infected low cytotoxicity group. Genes involved in 

SMX detoxification, including NAT1 and CYB5R3, were also not differentially expressed, and 

CYB5A was not included in the microarray. Genes involved in GSH synthesis and conjugation, 

including GSS, GCL, GSTM1 and GSTP1, were not differentially expressed; GSTT1 was not 

included in the microarray. However, IFI27 (ISG12), was up-regulated 15.8 fold in the SIV-

infected high cytotoxicity group (Table 4.2). This gene product has been shown to sensitize cells 

to apoptotic stimuli through mitochondrial membrane destabilization in HT1080 cells 

(fibrosarcoma cell line).
47, 48 

 

 

Microarray analysis – other genes 
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Transcripts detected by 170 microarray probe sets were differentially expressed between the high 

cytotoxicity/SIV-infected macaques and the low cytotoxicity/non-infected macaques at P ≤ 0.01. 

Of these, 142 were identified to be associated with a known gene, and 22 showed a two-fold or 

greater difference in expression. Among the 22 genes, seven were down-regulated and 15 were 

up-regulated (Table 4.2). Twelve of these 22 genes were interferon (IFN)-inducible, with 1 

induced only by type I IFN, and 11 by either type I or type II IFN.  

 

Pathway analysis 

Pathway analyses were performed with the 142 identified differentially expressed genes, without 

requirement for a 2-fold change. Analyses revealed two pathways that were altered: RIG-I-like 

receptor signaling and lysosomal degradation (Table 4.3). 

 

4.4 Discussion 

In vitro cytotoxicity from SMX metabolites toward PBMC has been used as a prospective and 

retrospective marker of sulfonamide hypersensitivity in both HIV-infected and 

immunocompetent patients.
28-33

 Further, cell death in the LTA is dependent on the presence of 

CD8+ T cells in the PBMC.
36

 However, the mechanism for this enhanced cytotoxicity in SMX-

hypersensitive patients is still unclear.  In this study, we examined the LTA in SIV-infected 

macaques and non-infected controls prior to 14 days of TMP/SMX dosing, a protocol that led to 

immune responses to SMX in some macaques (Chapter 2). 
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As shown previously in HIV-infected and Tat-transfected lymphoid cells,
39

 the background 

cytotoxicity from drug vehicle (1% DMSO in 100 µl media) was higher in PBMC from the SIV-

infected macaques when compared to non-infected controls. DMSO (> 2% final concentration) 

has been shown to induce apoptosis in EL-4 lymphoma cells (T lymphocyte cell line),
49

 and 

Burkitt's lymphoma cells (B lymphocyte cell line).
50

 These observations suggest that retroviral 

infection may lower the threshold for apoptosis in PBMC.  

 

Beyond vehicle cytotoxicity, net cytotoxicity from SMX-HA incubation (800 µM) was higher 

than SMX alone in the SIV-infected macaques, but not in the control group. Further, there was a 

trend toward higher cytotoxicity of SMX-HA in SIV-infected PBMC compared to non-infected 

PBMC. More samples may be required to show statistical significance because of a wide range 

in cytotoxicity observed in SIV-infected macaques. 

 

These observations are similar to those reported in PBMC from HIV-infected patients by other 

groups,
28, 35, 43

 suggesting a possible acquired alternation in SMX-HA detoxification in PBMC 

during retroviral infection. It is possible that ascorbate and GSH deficiencies seen in HIV-

infected patients,
13, 24

 lead to increased SMX-HA oxidation to SMX-NO, which enhances 

cytotoxicity.
32

 Future experiments in retroviral-infected PBMC with the addition of ascorbate 
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and GSH during SMX-HA exposure could suggest whether redox stress caused by intracellular 

ascorbate or GSH deficiencies contributes to enhanced cytotoxicity. 

 

The phenotype of increased in vitro SMX-HA cytotoxicity has been associated with subsequent 

SMX hypersensitivity in HIV-infected patients.
28-30, 35, 43

 Therefore, we also categorized 

macaques by whether they had a detectable drug-specific immune response following two weeks 

of oral treatment with TMP/SMX at therapeutic dosages, and compared in vitro cytotoxicity 

results between groups. 

 

As expected, background vehicle cytotoxicity was not different between macaques that had a 

subsequent detectable immune response to TMP/SMX, compared to those that did not. In 

addition, as found in human patients (both immunocompetent and HIV-positive, SMX-

hypersensitive or not),
28-33

 SMX-HA was more cytotoxic than SMX. However, in this model, 

SMX-HA cytotoxicity did not distinguish between macaques that later developed immunologic 

responses to TMP/SMX and those that did not.  Since only two macaques developed a skin rash 

during dosing (and this could not be confirmed to be caused by TMP/SMX), we cannot draw 

conclusions about the use of in vitro drug cytotoxicity to predict in vivo drug hypersensitivity in 

this model.  
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We next determined whether SIV-infected PBMC with high in vitro SMX-HA cytotoxicity 

showed differences in expression of SMX biotransformation or apoptotic pathways. We focused 

on CD8+ cells since a previous study showed that human CD8+ cells were much more 

susceptible to SMX-HA cytotoxicity than CD4+ T cells or B cells.
36

 As found in the macaque 

liver (Chapter 3), SMX biotransformation pathways were not differentially expressed in CD8+ 

cells in SIV infection, including CYP2C8, CYP2C9, CYB5R3, NAT1 (the latter present in 

leukocytes but not in liver),
58

 and genes involved in GSH synthesis and conjugation (GCL, GSS, 

GSTM1, GSTP1, and GSTT1). This suggests that increased lymphocyte cytotoxicity from SMX-

HA seen in retroviral infection is not due to altered gene expression of SMX biotransformation 

pathways.  

 

Although SIV infection did not appear to affect SMX biotransformation in CD8+ lymphocytes, 

other pathways were of course affected, particularly those induced by IFN. Pathway analysis of 

our array data showed that SIV infection up-regulated anti-viral pathways of RIG-I-like receptor 

signaling, including DDX58 (RIG-1), IFIH1 (MDA5), IRF7, and ISG15 that encode proteins that 

sense viral infection and lead to the release of type I IFN.
52-56

 The up-regulation of this pathway 

during SIV infection could be expected due to its anti-viral properties.  

 

In addition, IFI27 (ISG12), an IFN-inducible gene, has been shown to enhance apoptosis in 

HT1080 cells,
47, 48

 and this could further explain the enhanced vehicle and SMX-HA cytotoxicity 

in retroviral infection. Other than IFI27, multiple IFN-inducible genes have been shown to 
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enhance apoptosis in PBMC,
57

 and could potentiate apoptotic effect of retroviral infection.
58

 

Therefore, it is possible that the up-regulated IFN-inducible genes could lower the threshold for 

apoptosis when lymphocytes are exposed to reactive drug metabolites such as SMX-HA.  

 

Another pathway that was altered in SIV infection was lysosomal degradation, included ABCA2 

(-1.3 fold), GALC (-1.5 fold), and PPT1 (1.3 fold). Deficiencies in ABCA2, GALC, or PPT1 

activity have been associated with lysosome malfunction, and can lead to enhanced cell death in 

macrophages, myelinating cells, and neurons respectively.
59-63

 Lysosomal degradation activities 

have not been evaluated specifically in lymphocytes during retroviral infection, but deserve 

further study.  

 

Overall, these data do not support an association between increased lymphocyte cytotoxicity 

from SMX-HA in SIV infection and altered SMX biotransformation pathways. However, as 

expected, SIV infection up-regulated multiple IFN-inducible genes. Specifically, IFI27 up-

regulation may contribute to the enhanced SMX-HA susceptibility. Further investigation in 

IFI27 and other IFN-inducible genes may provide new insights for enhanced PBMC 

susceptibility to SMX-HA, and the acquired risk in drug hypersensitivity during retroviral 

infection. 
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Figure 4.1: Sulfamethoxazole (SMX) biotransformation with generation of reactive metabolites 

that lead to hapten formation, immunogenicity, and clinical signs of delayed sulfoanmide 

hypersensitivity in immunocompetent and HIV-infected patients.  
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Figure 4.2A: Enhanced background vehicle cytotoxicity in SIV-infected macaques. Control 

macaques, median 26.6 %, range 14.1-37.3, versus SIV group, median 39.3%, range 23.3-48.8; P 

= 0.01. 
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Figure 4.2B: Higher in vitro cytotoxicity of SMX-HA compared to SMX alone in PBMC from 

SIV-infected macaques (SMX-HA, median 29.8%; SMX, median 0.6 %; P = 0.005), but not in 

non-infected control macaque PBMC (SMX-HA, median 1.8%; SMX, median 3.8%; P = 0.50). 

Cytotxicity results were normalized by subtracting cytotoxicity seen from drug vehicle alone. 

There was also a trend toward higher SMX-HA cytotoxicity in the SIV-infected PBMC (29.8%) 

compared to the control group (1.8%); P = 0.06. 
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Figure 4.3A: The background vehicle cytotoxicity was not different between macaques that had 

detectable immunologic responses after oral TMP-SMX dosing (Pos immune; median 32.7%, 

range 14.1-43.3), and those without (Neg immune, median 34.2 %, range 18.6-48.8, P = 0.63). 
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Figure 4.3B: In macaques without a subsequent immune response to TMP/SMX, the SMX 

metabolite SMX-HA was more toxic to PBMC than the parent drug SMX, as expected (P = 

0.001). The same pattern was seen in macaques that did later develop a detectable immune 

response to TMP/SMX, but the difference did not reach significance (P = 0.25). Cytotoxicity 

results were normalized by subtracting cytotoxicity seen from drug vehicle alone. When 

comparing the two groups of macaques directly, SMX-HA cytotoxicity was not different 

between macaques with immune responses and those without (P = 0.36). 
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Table 4.1: Gene expression of genes that may affect the SMX biotransformation pathway in the 

microarray. None of the genes involved were differentially expressed in the microarray. 

 

Pathway Gene Fold Change P value 

SMX oxidation 
CYP2C8   1.0 0.16 

CYP2C9  -1.1 0.40 

Detoxification 

NAT1   1.2 0.05 

CYB5A not in array 

CYB5R3  -1.2 0.70 

Glutathione 

synthesis and 

conjugation 

GCL   1.0 0.88 

GSS   1.2 0.29 

GSTM1   1.2 0.41 

GSTP1   1.1 0.84 

GSTT1 not in array   
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Table 4.2: Twenty-two genes with two-fold or higher difference in expression by microarray 

analysis (at P ≤ 0.01)  in CD8+ cells from 3 SIV-infected macaques with high SMX-HA 

cytotoxicity and 3 non-infected controls with low SMX-HA cytotoxicity. Twelve of the genes 

were IFN-inducible. 

 

Gene Fold Change P value 
IFN-inducible 

(Type I, Type II, or Both) 

CR1 -2.3 0.005   

DDX58 2.2 0.002 Both 

DDX60 2.6 0.005 Both 

GBP1 2.3 0.003 Both 

IFI27 15.8 0.000 Both 

IFI6 4.8 0.002 Both 

IFIT3 2.9 0.001 Both 

INADL -2.9 0.005   

ISG15 6.6 0.003 Both 

LOC696781 -2.1 0.003   

LOC700208 2.0 0.001   

LPIN1 -2.1 0.001   

MICALCL -2.0 0.006   

MX1 6.1 0.004 Both 

MX2 5.3 0.001 Both 

OAS2 3.5 0.001 Both 

PRPF4|SLC31A1 2.1 0.002   

SPATS2L 2.2 0.005 Type I 

TCF7L2 2.0 0.003   

XAF1 2.5 <0.001 Both 

ZDBF2 -2.3 0.002   

ZDBF2 -2.7 0.004   

 

  



124 

 

 

Table 4.3: CD8+ lymphocyte gene expression was altered in RIG-I-like receptor signaling and 

lysosomal degradation in the microarray. 

 

Function Pathway Gene Fold Change P value 

Anti-viral 
RIG-I-like 

receptor signaling 

DDX58   2.2 0.002 

IFIH1   1.4 0.008 

IRF7   1.5 0.006 

ISG15   6.6 0.003 

Antigen 

processing 

Lysosomal 

degradation 

GALC  -1.5 0.005 

PPT1   1.3 0.008 

ABCA2  -1.3 0.008 
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Chapter 5 – Summary and Conclusions 

 

TMP/SMX is an important antibiotic for treating multiple infections, especially in treating and 

preventing Pneumocystis jirovecii pneumonia in HIV-infected patients.
1-4

 However, 

administration of TMP/SMX has been limited by drug hypersensitivity reactions. Most SMX-

hypersensitive patients suffer from fever and skin rash,
5
 and the more severely affected patients 

may develop liver toxicity, thrombocytopenia, or bullous skin eruptions, which can cause up to 

30% mortality.
6-8

 In SMX-hypersensitive patients, anti-SMX antibodies and drug-responsive T 

cells have been detected.
9-15

 

 

The risk of developing SMX hypersensitivity is 1-3% in the general population.
16-18

 However, 

multiple studies have shown that the risk for SMX hypersensitivity in HIV-infected patients 

increases to 20-57%.
19-22

 This increased risk appears to be acquired, and varies with severity of 

HIV infection.
20,

 
23-26

 However, the mechanism of this acquired risk is unknown.  

 

Animal models including mice, rats, rabbits, and dogs have been used to investigate the risk of 

SMX hypersensitivity.
9,11, 27-36

 However, these models lack similar SMX biotransformation 

profiles as humans, or a retroviral infection status that models HIV infection. 
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The lymphocyte toxicity assay (LTA) has been used as a surrogate biomarker to investigate the 

risk of SMX hypersensitivity. In this in vitro cytotoxicity assay, peripheral blood mononuclear 

cells (PBMC) from hypersensitive patients are more susceptible to apoptosis in the presence of 

SMX-hydroxylamine (SMX-HA), when compared to PBMC from sulfonamide-tolerant 

patients.
37-39

 However, the mechanism for the increased cell susceptibility to SMX-HA is 

unknown.  

 

In order to understand the acquired risk factors for SMX hypersensitivity in HIV infection, SIV-

infected rhesus macaques were used. We hypothesized that a combination of acquired metabolic 

and immunologic alterations are present in HIV infection that lead to the high risk of 

sulfonamide hypersensitivity, and that these same alterations are also present in an SIV infection 

model. In Aim 1 (Chapter 2), we determined whether SIV-infected macaques can show 

immunologic sensitization to TMP/SMX, and evaluated the associated risk factors. In Aim 2 

(Chapter 3), we determined the effects of SIV infection on hepatic biotransformation and other 

pathways, using expression array analyses in infected and control livers. In Aim 3 (Chapter 4), 

we evaluated the mechanisms for enhanced lymphocyte cytotoxicity from SMX metabolites, 

observed in HIV-infected patients, using expression array analyses in SIV-infected macaque 

lymphocytes. 

 

To determine whether SIV-infected rhesus macaques can be a model suitable for investigating 

SMX hypersensitivity, SIV-infected and non-infected macaques were dosed with TMP/SMX. 
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Drug-responsive T cells and anti-SMX antibodies were detected in both SIV-infected and non-

infected macaques. One SIV-infected and one non-infected macaque developed transient facial 

and truncal rash during dosing, which was similar in appearance and time of onset to that seen in 

human patients with SMX hypersensitivity.
19, 22, 40

 These observations suggest that rhesus 

macaques, like humans, are capable of SMX bioactivation, that could lead to the development of 

SMX hypersensitivity. 

 

Although immunologic responses were seen in macaques, we did not see an association between 

SMX immunogenicity and antioxidant status, cytokine concentrations, or SMX disposition in our 

study. This could be due to the lack of SIV-infected macaques with high viral loads and 

abnormal CD4+ counts, because a higher risk of hypersensitivity is observed in HIV-infected 

patients with moderately low CD4+ counts.
20, 23-26

 Furthermore, the formula global primate diet 

fed to macaques in our studies was healthily supplemented with ascorbate, and animals did not 

develop the low plasma ascorbate concentrations seen in HIV-infected patients, which has been 

shown to impair SMX-nitroso (SMX-NO) reduction capacity. It is possible that studying animals 

with higher viral loads and lower CD4+ counts, and with moderately restricted ascorbate intake, 

could increase the sensitivity of the model for SMX hypersensitivity by affecting SMX 

disposition and antioxidant levels in SIV-infected macaques. Also, immunohistochemical 

analyses of skin biopsies at the time of a hypersensitivity reaction could be done to confirm the 

event of SMX hypersensitivity, by documenting drug adducts and drug-responsive T cells in 

affected tissues. In addition, intravenous (IV) or intraperitoneal (IP) administration of SMX-NO 
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to a limited number of animals might trigger an overt cutaneous hypersensitivity reaction in the 

macaque model.  

 

To further investigate whether SMX biotransformation is affected by retroviral infection, liver 

biopsies were obtained from SIV-infected macaques to evaluate expression of genes involved in 

SMX biotransformation pathways. Using an expression array, we found that genes involved in 

SMX biotransformation was not affected by SIV infection, and hepatic activity assays further 

confirmed that SMX biotransformation activities were not affected. This is in contradiction to 

some studies that have shown impaired N-acetylation and glutathione (GSH) production in HIV 

infection.
20, 41-48, 50, 51

 However, other studies have not found changes in N-acetylation or plasma 

reduced GSH concentrations in HIV infection,
49, 64, 65

  and alterations may depend on stage and 

severity of retroviral infection. Therefore, hepatic biotransformation genes should also be 

evaluated in more macaques with advanced disease (CD4+ counts < 200 cells/µl).  

 

Although we did not find an effect of SIV infection on hepatic SMX biotransformation genes, 

SIV significantly altered genes involved in immunologic pathways, as expected. Multiple IFN-

inducible genes, including antiviral genes, were up-regulated to fight against SIV infection, as 

has been shown by other studies.
59-62

 Among these IFN-inducible genes, some are involved in 

ISGylation, immunoproteasomal degradation, and antigen presentation. Up-regulation of these 

genes could increase processing of SMX-protein adducts into SMX-adducted peptides. Together 

with up-regulated MHC-I, presentation of SMX-adducted protein antigen could be more efficient, 
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and contribute to the acquired risk of SMX hypersensitivity. To test this, type I and type II IFN 

could be administered to healthy macaques during TMP/SMX administration to determine 

whether IFN-inducible genes lead to increased drug-antigen presentation in lymph node cells, 

development of drug-responsive T cells, or even clinical signs of drug hypersensitivity.  

 

Interestingly, a few genes that are involved in systemic lupus erythematosus (SLE), an 

autoimmune disease, were also up-regulated in SIV infection. While it may seem improbable to 

associate autoimmunity pathways with a disease of immunodeficiency, HIV-infected patients, 

although rare, can actually be diagnosed with SLE,
52, 53

 and up-regulation of IFN-inducible genes 

have been detected in SLE patients.
54, 55

 The association between type I IFN and the activation of 

autoreactive T cells and B cells in SLE suggests that autoimmunity in SMX hypersensitivity may 

be partially associated with up-regulated IFN pathways.
56-58

 We did not see a difference in 

plasma IFN-γ (type II IFN) levels between SIV-infected and non-infected macaques, and 

between macaques that showed immunologic responses (drug-responsive T cells, anti-SMX 

antibodies) and those did not. Therefore, the levels of type I IFN (IFN-α and IFN-β) should also 

be evaluated in future studies. It is possible that treatments to lower the up-regulated IFN 

response in retroviral infection could lower the threshold for drug-antigen processing and 

presentation, and reduce the pathogenesis of SMX and other drug hypersensitivity, but this 

theory would require further investigation. In addition, the possible adverse effects of such 

interventions on viral load would need to be considered, because this could suppress immune 

responses against active retroviral infection. 
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In Chapter 4, we evaluated whether findings of the lymphocyte toxicity assay (LTA) in HIV-

infected patients could be repeated in SIV-infected macaques, and further explored the 

mechanism of enhanced PBMC cytotoxicity. We found that PBMC from SIV-infected macaques 

incubated with vehicle have higher background cytotoxicity when compared to the controls. 

DMSO ( > 2% final concentration) has been shown to induce apoptosis in lymphocytes cell 

line,
66, 67

 and this suggests that retroviral infection may lower threshold for apoptosis in PBMC.  

 

An apparently increased SMX-HA cytotoxicity in PBMC from SIV-infected macaques was 

observed when compared to PBMC from the controls, but it just missed statistical significance at 

P = 0.06. Although a larger sample size is needed to explore this trend, this result is similar to 

findings that HIV-infected patients have higher SMX-HA-induced in vitro cytotoxicity.
37-39

 This 

enhanced cytotoxicity was not seen with the parent drug SMX, and could suggest an acquired 

lymphocyte susceptibility in retroviral infection due to oxidative stress from SMX-HA, which 

oxidizes to SMX-NO. 

 

In HIV-infected patients, despite higher in vitro SMX-HA cytotoxicity overall, the LTA can still 

distinguish between patients with and without SMX hypersensitivity.
37, 68, 69

 However, only one 

SIV-infected and one non-infected macaque developed rash during TMP/SMX dosing in our 

study, and it was inconclusive whether it was sign of hypersensitivity caused by SMX. Therefore, 
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we could not evaluate the LTA as a predictor of drug hypersensitivity in this macaque model 

under the conditions of the study. However, we did not see an association between the presence 

of detectable immunologic makers (drug-responsive T cells, anti-SMX antibodies) in TMP/SMX 

dosed macaques and enhanced SMX-HA cytotoxicity. This may be due to the limitation of the 

lymphocyte transformation test for drug-responsive T cell detection. This assay may have false 

negatives in some macaques, including those that developed rash, because only a finite number 

of PBMC are present in a given blood sample to be plated in the assay, while a small number of 

undetected circulating drug-responsive T cells may be sufficient for a hypersensitivity reaction. 

Furthermore, hypersensitivity reactions to TMP, but not SMX, could lead to false negatives in 

the LTA.
70, 71

 Limitations in both the LTA and the lymphocyte transformation test, together with 

an apparently low incidence of rash in macaques with CD4+ counts below 200/µl, may have 

lowered the statistical power to evaluate LTA as a surrogate marker for SMX hypersensitivity.   

 

In the LTA, CD8+ T cells appear to be most susceptible to apoptosis upon exposure to SMX-HA 

in vitro, compared to CD4+ T cells and B cells.
63

 A defect in SMX-HA detoxification in CD8+ T 

cells has been hypothesized.
63

 In order to determine whether metabolic alterations are present in 

CD8+ cells from high cytotoxicity LTA assays, expression arrays were carried out in PBMC 

from SIV-infected macaques with high cytotoxicity, and from control macaques with low 

cytotoxicity. Similar to the liver expression array, we found that SMX biotransformation 

pathways were not altered, and multiple IFN-inducible genes, including antiviral genes, were up-

regulated in SIV infection, which is a common response in retroviral infection.
59-62

 Multiple IFN-
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inducible genes have been shown to enhance apoptosis in PBMC.
74, 75

 Specifically, IFI27, which 

was up-regulated in the expression array, have been shown to enhance apoptosis in PBMC,
72

 and 

could potentiate apoptotic effect of retroviral infection.
73

 Future experiments of LTA incubated 

with type I and type II IFN, or IFI27 specifically, could confirm whether increased PBMC 

susceptibility in LTA is IFN related. 

 

Pathway analyses also revealed that genes involved in lysosomal degradation were altered in SIV 

infection. It has been shown that deficiency in lysosomal enzyme expression lead to increase cell 

death in neurons and macrophages,
76-80

 and this could also occur in CD8+ T cells. Further 

experiments could be focused in this direction by transfecting lymphocyte cell lines with siRNA 

targeting lysosomal degradation and performing the LTA with SMX-HA.  

 

Overall, SIV-infected macaques have the potential to be a useful animal model for investigating 

the risk of SMX hypersensitivity in HIV infection. Encouraging results include demonstrated 

immunogenicity to SMX when dosed in a manner similar to human patients, possible drug-

associated rash in two animals, and similar effects of retroviral infection on SMX-HA 

concentrations, and in some animals, blood GSH concentrations. Drawbacks of the model are its 

expense, and difficulty in accruing enough animals with low CD4+ counts to recapitulate the 

“risk window” seen in HIV infection. However, the lack of differences in SMX 

biotransformation pathways and measurable drug adducts in SIV infection, even in animals with 

immune responses to SMX, suggests that risk for SMX hypersensitivity could involve 
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pathways that are downstream from adduct formation. Although it has been hypothesized 

that HIV-infected patients have defects in SMX drug disposition,
20, 41-48, 50, 51

 our observations 

did not support this. Instead, the up-regulation of antigen processing, antigen presentation, and 

“autoimmune” (SLE) genes in retroviral infection could be related to the risk of drug 

hypersensitivity reactions to many structurally unrelated drugs in HIV infection. For example, 

HIV- infected patients also have a higher incidence of drug hypersensitivity reactions to the 

antituberculosis drug thiacetazone, and the antiretroviral drugs, efavirenz and nevirapine.
81-83 

Further studies on drug hypersensitivity in retroviral infection should address mechanisms of 

drug immunogenicity downstream from adduct formation. These investigations can be focused 

on the role of IFN inducible genes in drug hypersensitivity, opening up a new possibility to 

prevent drug hypersensitivity in HIV-infected patients. 
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