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Introduction

Abstract

HIV-infected patients show a markedly increased risk of delayed hypersensitiv-
ity (HS) reactions to potentiated sulfonamide antibiotics (trimethoprim/
sulfamethoxazole or TMP/SMX). Some studies have suggested altered SMX bio-
transformation in HIV infection, but hepatic biotransformation pathways have
not been evaluated directly. Systemic lupus erythematosus (SLE) is another
chronic inflammatory disease with a higher incidence of sulfonamide HS, but it
is unclear whether retroviral infection and SLE share risk factors for drug HS.
We hypothesized that retroviral infection would lead to dysregulation of hepatic
pathways of SMX biotransformation, as well as pathway alterations in common
with SLE that could contribute to drug HS risk. We characterized hepatic
expression profiles and enzymatic activities in an SIV-infected macaque model
of retroviral infection, and found no evidence for dysregulation of sulfonamide
drug biotransformation pathways. Specifically, NATI, NAT2, CYP2C8, CYP2C9,
CYB5R3, MARCI/2, and glutathione-related genes (GCLC, GCLM, GSS,
GSTM1, and GSTPI) were not differentially expressed in drug naive SIV-
mac239-infected male macaques compared to age-matched controls, and activi-
ties for SMX N-acetylation and SMX hydroxylamine reduction were not
different. However, multiple genes that are reportedly over-expressed in SLE
patients were also up-regulated in retroviral infection, to include enhanced
immunoproteasomal processing and presentation of antigens as well as up-reg-
ulation of gene clusters that may be permissive to autoimmunity. These find-
ings support the hypothesis that pathways downstream from drug
biotransformation may be primarily important in drug HS risk in HIV infec-
tion.

Abbreviations

COX, cyclooxygenase; FMO, flavin monooxygenase; HS, hypersensitivity; IFN,
interferon; MPO, myeloperoxidase; SLE, systemic lupus erythematosus; SMX-HA,
sulfamethoxazole-hydroxylamine; SMX-NO, sulfamethoxazole nitroso; TMP/SMX,
trimethoprim/sulfamethoxazole.

Isospora infections in HIV infection (aidsinfo.nih.gov).
However, HIV-infected patients show a markedly

Potentiated sulfonamide antibiotics such as trimethoprim/
sulfamethoxazole (cotrimoxazole or TMP/SMX) remain
the drugs of choice for treatment and prevention of Pneu-
mocystis jirovecii pneumonia, toxoplasma encephalitis, and
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increased risk of delayed hypersensitivity (HS) reactions
to TMP/SMX when compared to the general population
(20-65% vs. 3% incidence). (Gordin et al. 1984; Kovacs
et al. 1984; Medina et al. 1990; Hennessy et al. 1995;
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Walmsley et al. 1998; Hughes et al. 2005; Chantachaeng
et al. 2011) The typical manifestation of sulfonamide HS
is maculopapular rash with or without fever, (Alfirevic
et al. 2003; Yunihastuti et al. 2014) but can also include
hepatotoxicity or other organ involvement. (Yang et al.
2014; Chang et al. 2016; Hernandez et al. 2016) The risk
of sulfonamide HS increases with HIV disease progres-
sion, with higher risk seen at lower CD4 + counts. (Carr
et al. 1993; Kennedy et al. 1993; Hennessy et al. 1995;
Ryan et al. 1998; Rabaud et al. 2001; Eliaszewicz et al.
2002) This risk has been attributed, at least in part, to
acquired alterations in SMX biotransformation in HIV
infection. (Lee et al. 1993; Carr et al. 1994; Delomenie
et al. 1994; Smith et al. 1997; Walmsley et al. 1998; Nais-
bitt et al. 2000; Wolkenstein et al. 2000)

The pathogenesis of sulfonamide HS involves bioactiva-
tion of SMX to a reactive metabolite, followed by an
immune response to drug-adducted proteins in the skin,
liver, or other tissues. (Cribb et al. 1996) SMX is bioacti-
vated in the liver to an SMX-hydroxylamine (SMX-HA)
metabolite by CYP2C8/9 or flavin monooxygenases
(FMOs), or by myeloperoxidase (MPO) or cyclooxyge-
nases (COX1, COX2) in other tissues (Fig. 1). (Cribb
et al. 1990, 1995; Vyas et al. 2006) SMX-HA oxidizes
spontaneously to SMX-nitroso (SMX-NO), which forms
immunogenic adducts with endogenous proteins. (Nais-
bitt et al. 2001; Manchanda et al. 2002) These adducts
can be processed and presented in association with
MHC-I or MHC-II molecules; (Naisbitt et al. 2002; Roy-
Chowdhury et al. 2007; Sanderson et al. 2007) this stimu-
lates the development of cytotoxic T cells and antibodies
that target altered self-antigens expressed on ker-
atinocytes, platelets and other cells. (Curtis et al. 1994;
Nassif et al. 2004) Thus, SMX HS can be considered an
acquired autoimmune disorder.

The formation of immunogenic SMX-NO metabolites
can be prevented by three recognized detoxification path-
ways: N-acetylation of SMX by N-acetyltransferases
(NAT1 and NAT2), (Nakamura et al. 1995) reduction of
SMX-HA by cytochrome bs and NADH cytochrome bs
reductase, (Kurian et al. 2004) with a contribution from
the mitochondrial enzymes mARC1 and mARC2, (Ott
et al. 2014) and reduction of SMX-NO by antioxidants
such as ascorbate and glutathione. (Cribb et al. 1991; Tre-
panier et al. 2004) It has been hypothesized that SMX
detoxification pathways are impaired in HIV infection,
and that this contributes to the increased risk of sulfon-
amide HS. (Delomenie et al. 1994; Lehmann et al. 1996;
Smith et al. 1997) For example, impaired N-acetylation
activity has been documented in vivo in some studies of
HIV-infected patients, (Lee et al. 1993; Carr et al. 1994;
Kaufmann et al. 1996) despite normal NAT2 genotypes.
(Quirino et al. 1999; Wolkenstein et al. 2000; O’Neil
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et al. 2002) However, the mechanisms for this impaired
detoxification are not understood. Hepatic pathways of
SMX biotransformation have not been directly evaluated
in retroviral infection, and tissue expression profiling in
SIV or HIV infection has been limited to blood cells, lym-
phoid organs, the brain, and the gut. (Bosinger et al.
2004; Roberts et al. 2004; George et al. 2006; Mehla and
Ayyavoo 2012) We hypothesized that hepatic pathways of
SMX biotransformation would be dysregulated in retrovi-
ral infection.

Sulfonamide HS risk in humans is also increased in
another chronic inflammatory disease, systemic lupus ery-
thematosus (SLE). (Petri and Allbritton 1992; Cooper
et al. 2002; Pope et al. 2003; Aceves-Avila and Benites-
Godinez 2008; Jeffries et al. 2008) SLE is a systemic
autoimmune disorder that affects the skin, joints, kidneys,
blood cells and other organs. (Yu et al. 2014) SLE
patients have an 18-52% incidence of sulfonamide HS
reactions, which is significantly higher than the general
population or in patients with other systemic inflamma-
tory diseases. (Petri and Allbritton 1992; Pope et al. 2003;
Aceves-Avila and Benites-Godinez 2008; Jeffries et al.
2008) The mechanisms for this increased risk are not
understood, although multiple genes have been shown to
be dysregulated in SLE. (Feng et al. 2006, 2015; Ober-
moser and Pascual 2010; Kennedy et al. 2015) Therefore,
we also hypothesized that SLE and retroviral infection
share similar pathway alterations that may contribute to
drug HS risk.

The aim of this study was to characterize hepatic
expression profiles in retroviral infection, and determine
whether retroviral infection leads to dysregulation of sul-
fonamide drug biotransformation pathways or of genes
involved in autoimmunity, as manifested in SLE. We
addressed this objective using liver tissues from drug
naive SIV-infected macaques, the principal model of HIV
infection and pathogenesis, (Ambrose et al. 2007; Lackner
and Veazey 2007; Valentine and Watkins 2008) compared
to drug naive sex- and age-matched uninfected controls.

Materials and Methods

Chemicals

All chemicals were obtained from Sigma-Aldrich (St.
Louis, MO), except SMX-HA that was purchased from
Dalton Chemicals (Toronto, CA), and N-acetyl SMX that
was obtained from Frinton Laboratories (Hainesport, NJ).

Animals

Male rhesus macaques (Macaca mulatta) chronically
infected with the pathogenic molecular clone virus
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Figure 1. Biotransformation of sulfamethoxazole (SMX) with generation of the reactive metabolite SMX-NO (sulfamethoxazole-nitroso), which
leads to drug-protein adducts that act as haptens. These adducted peptides are processed and presented in association with MHC-I or MHC-II
molecules to generate drug specific T cells and autoantibodies that target the skin and other tissues and lead to clinical signs of delayed
sulfonamide hypersensitivity. Pathways that promote generation of SMX-NO include cytochrome P450s 2C8 and 2C9, myeloperoxidase (MPO),
flavin monooxygenases (not depicted) and cyclooxygenases (not depicted), all of which can oxidize SMX. Pathways that counteract generation of
SMX-NO include N-acetyltransferases (NAT2 in liver and gut, and NAT1 in most tissues), cytochrome bs and its reductase, and the antioxidants

glutathione, ascorbate, and cysteine.

SIVmac239, along with age and sex-matched uninfected
controls, were obtained through the Wisconsin National
Primate Research Center. Animals were studied during
chronic infection, at least 10 weeks after inoculation. All
macaques were screened prior to inclusion in the study
with a physical exam, CBC, and serum biochemical panel.
Infected animals also had a CD4 + count and viral load
performed prior to sampling. All animals were fed a fixed
formula global primate diet (Teklad, Harlan Laboratories,
Madison WI), and no animals had a history of prior
TMP/SMX exposure.

Liver sample collection and RNA isolation

Macaques were anesthetized with ketamine and
dexmedetomidine, and 2-3 needle biopsies were obtained
percutaneously from the liver under ultrasound guidance.
Liver samples were placed in RNAlater (Ambion®) for
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24 h at 4°C. Excess RNAlater was then removed, and sam-
ples were stored at —80°C. Total RNA was extracted by
homogenizing liver samples in TRIzol (Ambion®) accord-
ing to the manufacturer’s protocol. RNA pellets were
resuspended in RNase free water and were treated with 2U
DNase I (Ambion®) at 37°C for 30 min, followed by
inactivation with EDTA (5 mmol/L) and heating at 75°C
for 10 min. RNase inhibitor (Applied Biosystems, Foster
City, CA) was added to a final concentration of 1U/uL.
RNA integrity (Schroeder et al. 2006) was assessed by Agi-
lent 2100 BioAnalyzer, and RNA was quantified by Nano-
Drop ND-1000 (ThermoFisher, Madison, WI). RNA was
stored at —80°C until preparation for arrays.

Microarray processing

For hepatic expression arrays, total RNA (100 ng) was
used to generate sense-strand cDNA with the Ambion
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WT Expression kit, and c¢cDNA was fragmented and
labeled with biotin by the GeneChip WT Terminal Label-
ing kit (Affymetrix, Santa Clara, CA). The fragmented
and labeled ¢cDNA was hybridized with the GeneChip
Rhesus Gene 1.0 ST Array (Affymetrix). Microarrays were
processed with the Affymetrix automated GeneChip Flu-
idics Station 450 and scanned with the GeneChip Scanner
3000 7G (Affymetrix), both controlled by the Affymetrix
GeneChip Command Console Software v4.0.0.1567G.

Microarray data analyses

Raw data for hepatic transcript expression were exported
from the Affymetrix platform and analyzed by Gene-
Spring GX (Agilent, Santa Clara, CA). Data were normal-
ized by the Robust Multi-chip Average (RMA) method
(molmine.com). (Irizarry et al. 2003) For liver tissue,
gene expression was compared between SIV-infected and
non-infected macaques using a moderated f-statistic
(Smyth 2004) with >2-fold difference in expression and
P < 0.005 as thresholds for significance. Microarray probe
sets that had signal intensities lower than 100 in both SIV
and control groups were excluded. Genes with significant
differences in expression between groups at P < 0.005
(without a requirement for fold-change) were exported to
DAVID Bioinformatics Resources 6.7 (david.ncifcrf.gov)
for pathway analyses using the KEGG PATHWAY
Database (http://www.genome.jp/kegg/pathway.html).
Interferon (IFN)-inducible genes were identified using
INTERFEROME v2.01 (www.interferome.org), as anno-
tated for humans (Rusinova et al. 2013).

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

Macaque hepatic RNA was used to confirm altered
expression of selected transcripts by qPCR. cDNA was
generated from 2.5 ug RNA using the SuperScript VILO
cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). Primers
and probes for recognizing sequence-specific DNA were
designed using the Universal ProbeLibrary (Roche,
Branchburg, NJ). cDNA was diluted 1:100 for qPCR, and
incubated with gene-specific probes (0.125 pmol/L), and
forward and reverse primers (670 umol/L), using the
FastStart Essential DNA Probes Master kit (Roche) and
the LightCycler 96 Instrument (Roche). f-actin (ACTB),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and hypoxanthine phosphoribosyltransferase 1 (HPRTI)
was used as reference genes. (Hashemi et al. 2012) qPCR
cycles were as follows: 95°C for 10 min pre-incubation,
then 95°C for 10 sec, 60°C for 20 sec, for 55 amplifica-
tion cycles. Primer efficiency was determined by perform-
ing qPCR for each gene with 1:10, 1:100, 1:1,000 and
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1:10,000 dilutions of cDNA (Table S1). Statistical analyses
for relative mRNA expression between groups were per-
formed using relative expression software tool (REST)
2009 versionl, which uses the methods described by Pfaffl
and Vandesompele. (Pfaffl 2001; Pfaffl et al. 2002; Van-
desompele et al. 2002; Pabinger et al. 2014).

Hepatic activity assays

To further evaluate phenotypic expression of key SMX
detoxification pathways, additional banked liver samples
(non-RNA quality) were obtained from SIVmac239-
infected and control macaques from the Wisconsin
National Primate Research Center. Liver cytosol and
microsomes were prepared by standard ultracentrifuga-
tion, (Sacco and Trepanier 2010) and protein
concentrations were determined by the Bradford assay
(Bio-Rad). SMX-HA reduction to SMX was assayed in
macaque hepatic microsomes. (Trepanier and Miller
2000) Briefly, 125 pg of macaque liver microsomal pro-
tein was incubated with 1 mmol/L SMX-HA in PBS with
1 mmol/L NADH, for 30 min at 37°C. Both ascorbic acid
and reduced glutathione were added to final concentra-
tions of 1 mmol/L to prevent SMX-HA oxidation. Con-
trol and SMX standards were incubated with human
serum albumin instead of microsomal protein. Reactions
were terminated by adding 50% volume ice-cold metha-
nol. The reaction mix was centrifuged at 16,000¢ for
10 min at 4°C, and the supernatant was filtered and sub-
ject to high performance liquid chromatography (HPLC)
analysis as previously described (Trepanier and Miller
2000), with a retention time for SMX of 8.3 min. N-acet-
ylation of SMX was determined in macaque hepatic cyto-
sols. SMX (300 umol/L) was incubated with 250 ug
cytosolic protein and 3 mmol/L acetyl CoA for 20 min at
37°C. Both control and N-acetyl SMX standards were
incubated with human serum albumin instead of cytosolic
protein. Reactions were terminated by adding 10% vol-
ume of ice-cold 15% perchloric acid. The reaction mix
was centrifuged and filtered as for the SMX-HA reduction
assay, prior to HPLC analysis as previously described,
(Trepanier et al. 1998), with a retention time of 10.4 min
for N-acetyl SMX. Activities were compared between
groups using Mann—Whitney tests, and are reported as
medians with observed ranges.

Results
Hepatic expression: SMX biotransformation
pathways

High-quality RNA samples, based on an RNA integrity
number of 7.0 or higher, (Schroeder et al. 2006) were

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 1. Differential expression of genes involved in SMX biotransfor-
mation in livers from SIVmac239-infected male macaques (n = 3)
compared to livers from age-matched uninfected males (n = 3).

Fold Uncorrected
Pathway Gene change P value
SMX bioactivation CYP2C8 -1.01 0.939
CYP2C9 —-1.11 0.319
MPO -1.27 0.026
PTGS1 1.25 0.043
PTGS2 -1.14 0.169
FMO3 -1.02 0.894
SMX and SMX-HA NATT 1.10 0.291
detoxification NAT2 1.23 0.052
CYB5R3 —1.32 0.187
MARCI1/2 1.04 0.615
Glutathione synthesis GCLC 1.04 0.882
and recycling GCLM 1.06 0.739
GSS 1.01 0.951
GSTM1 —1.09 0.745
GSTP1 1.40 0.276

PTGST and PTGS2 encode COX1 and COX2, respectively. CYB5A,
encoding cytochrome bs, was not annotated in the array.

selected for array analyses from SIV-infected male maca-
ques (7.2-18.3 years old, viral loads 453,000-10,868,000
VRNA copies/ml plasma; CD4 + counts 49-355 cells/uL,
n=3) and age-matched male controls (7.3-20.5 years
old, n=3). Genes encoding SMX biotransformation
pathways, including SMX oxidation (CYP2C8, 2C9, MPO,
FMO3, PTGSI (COXI) and PTGS2 (COX2)), SMX N-
acetylation (NATI/NAT2), or SMX-HA reduction
(CYB5R3, MARCI/2) were not differentially expressed
(Table 1). Genes involved in glutathione synthesis or con-
jugation pathways, including GCLC, GCLM, GSS, GSTM1I
and GSTPI, differentially expressed
(Table 1).

In order to further explore the effect of retroviral infec-
tion on SMX biotransformation pathways, enzymatic
detoxification of SMX and SMX-HA was evaluated in
banked livers from five SIV-infected male macaques (ages
7.2-17.3 years, viral loads 443,000-792,000 copies/ml;
CD4 + counts 175-1149 cells/ul; n = 5) and five non-
infected male macaques (ages 3.4-19.3 years, n = 5). N-
acetylation of SMX did not differ significantly between

were also not

groups (median activity 0.11 nmol/mg/min in SIV group
versus 0.09 nmol/mg per min in controls, P = 0.30;
Fig. 2A), and the infected macaques with the lowest
CD4 + counts did not have the lowest N-acetylation
activities. Further, hepatic reduction of SMX-HA was not
impaired in SIV infection (median 0.54 nmol/mg per min
in the SIV group versus 0.43 nmol/mg/min in controls,
P = 0.55; Fig. 2B).

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 2. (A) N-acetylation of SMX in liver cytosols from SIV-infected
and non-infected control macaques (P = 0.30 between groups).
B) Hepatic reduction of SMX-HA in liver microsomes from the same
macaques (P = 0.55 between groups).

Hepatic expression: SLE-associated genes
and other pathways

Although the expression of key SMX biotransformation
genes was not detectably altered by SIV infection, 154
transcripts were differentially expressed in the livers of
SIV-infected and control macaques at the P < 0.005
threshold. Of these, 138 probe sets were associated with
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an identified gene, 59 genes showed a twofold or greater
difference in expression, and 30 genes showed a threefold
or greater difference in expression (Table 2). These data
have been deposited in NCBI’s Gene Expression Omni-
bus, (Edgar et al., 2002) and are accessible through GEO
Series accession number GSE87185 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE87158).

Multiple genes that were significantly up-regulated in
livers of SIV infected macaques (3.5-14.2—fold), are also
up-regulated in tissues of patients with SLE, including
MXI, (Feng et al. 2006; Aranow et al. 2015) IFI6, (Higgs
et al. 2011) OAS2, (Bing et al. 2016) IFI44 and IFI44L,
(Higgs et al. 2011) HERCS5, (Kennedy et al. 2015) STATI,
(Bing et al. 2016) IFITI, (Aranow et al. 2015) EPSTII,
(Ishii et al. 2005; Kennedy et al. 2015) CMPK2, (Kennedy
et al. 2015) IFIHI, (Robinson et al. 2011) ISGI5, (Feng
et al. 2006; Care et al. 2016) and USPI8 (Coit et al.
2013) (Tables 2, 3). A DAVID pathway analysis for the
138 differentially expressed genes in liver tissue revealed
five pathways that were altered by SIV infection: genes
dysregulated in SLE, as well as immunoproteasomal
degradation, antigen presentation, RIG-I-like receptor sig-
naling, and ISGylation (Table 3).

Validation by qPCR was performed for selected path-
way genes, to include key genes overexpressed in patients
with SLE (HERC5 and ISG15), (Feng et al. 2006, 2015;
Care et al. 2016) those involved immunoproteasomal
degradation (PSMEI, PSME2, PSMBI10), or those not pre-
viously reported in retroviral infection (HERC6 and
PSMBI0). Expression of all transcripts was confirmed to
be up-regulated by qPCR in the livers from SIV-infected
animals compared to controls (3.2-91.9 fold), with
P < 0.001 (Table S2).

Discussion

An increased risk of sulfonamide hypersensitivity is
observed in HIV-infected patients, (Gordin et al. 1984;
Medina et al. 1990; Hennessy et al. 1995; Walmsley et al.
1998; Chantachaeng et al. 2011) and although acquired dif-
ferences in SMX biotransformation have been proposed,
(Lee et al. 1993; Carr et al. 1994; Delomenie et al. 1994;
Smith et al. 1997; Walmsley et al. 1998; Naisbitt et al. 2000;
Wolkenstein et al. 2000; Trepanier et al. 2004) the mecha-
nisms for this higher risk are not fully understood. The
autoimmune disease SLE is another chronic inflammatory
disease with a higher risk of HS reactions to sulfonamide
antibiotics. We wanted to determine, therefore, whether
retroviral infection led to alterations in hepatic SMX bio-
transformation pathways or to changes in gene expression
that parallel those reported in human patients with SLE.
Because of the ethical and practical constraints to
obtaining liver tissue from drug-naive HIV-infected
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human patients, we addressed this question using an SIV-
mac239-infection model. SIVmac239, which is pathogenic
in rhesus macaques, and HIV-1 are closely related retro-
viruses that share key similarities in gene organization,
receptor recognition, cell tropism, and CD4 + deple-
tion.(Cullen and Garrett 1992; Ambrose et al. 2007; Lack-
ner and Veazey 2007; Valentine and Watkins 2008)
SIVmac239 infection leads to immunosuppression in rhe-
sus macaques, with progression to diarrhea, wasting, and
opportunistic infections that models the clinical progres-
sion to AIDS in humans. (Lackner and Veazey 2007;
Valentine and Watkins 2008).

Using this model, we found no effect of retroviral
infection on hepatic expression of any genes known to be
involved in SMX biotransformation, including those in
the major enzymatic detoxification pathway, N-acetyl-
transferase. We expanded on the relatively small group of
animals available for hepatic expression arrays with activ-
ity assays in additional liver samples, and also found no
difference in N-acetylation of SMX. Further, in a recent
TMP/SMX dosing study in the same population of
macaques, (Wong et al. 2016) we found no differences in
24-hour urinary concentrations of N-acetylated SMX in
SIV-infected versus control animals (54.4% of total uri-
nary metabolites versus 55.1%, respectively, n = 7 in each
group, P = 0.45). In HIV-infected patients, some studies
have found impaired N-acetylation, using caffeine or dap-
sone as in vivo probe drugs, in individuals with normal
NAT2 genotypes. (Carr et al. 1994; Wolkenstein et al.
2000; O’Neil et al. 2002) This acquired metabolic defect
has not been found in all studies, however (van der Ven
et al. 1995; Kaufmann et al. 1996), and may be more pro-
nounced in patients with CD4 + counts <200 cells/uL.
(Quirino et al. 1999) SIV-infected macaques in our liver
activity studies had CD4 + counts ranging from 175 to
1149 cells/uL (median 462 cells/uL), so we may have
missed an effect of advancing disease on NAT expression
and activity because some macaques were too early in
their disease progression. A longitudinal study in SIV-
infected macaques with progressive depletion in CD4 + T
cells would help to determine whether impaired in vivo
N-acetylation of SMX is truly observed with advancing
disease.

Hepatic reduction of SMX-HA by cytochrome bs
reductase is another enzymatic pathway for SMX detoxifi-
cation, and we found no detectable differences in hepatic
expression of CYB5R3 or in vitro hepatic SMX-HA reduc-
tion in SIV infection. While this pathway has not been
directly assessed in HIV infection, two studies found de-
creased concentrations of urinary SMX-HA metabolites in
HIV-infected patients compared to healthy controls after
dosing with TMP/SMX. (Lee et al. 1994; van der Ven
et al. 1995) We found similar results in our recent

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 3. Results of pathway analyses for genes that are differentially
expressed in the livers of SIV-infected macaques compared to non-
infected controls.

Pathway Gene Fold change P value
RIG-I-like receptor RIG-I (DDX58)? 5.0 <0.001
signaling IFIHT3 36 <0.001

DHX58° 3.1 <0.001

1SGylation HERC6® 10.0 <0.001
HERC5>" 5.8 <0.001

UBQLNL 3.8 0.002

1SG15>" 3.6 <0.001

usp18*! 3.5 <0.001

Systemic lupus MAMU-DQAT>? 2.8 0.001
erythematosus’ HISTTIH2AC? 2.0 0.002

FCGR3 (CD16)* 1.9 0.001

HIST1H3D 1.9 <0.001

c1QC 1.8 <0.001

C1QA3 1.7 0.002

Immunoproteasomal PSME2 (PA28p)? 1.5 0.003
degradation PSMET1(PA28x)? 1.5 0.001

PSMB10 (MECL1)® 1.3 0.002

Antigen presentation ~ B2M? 3.1 0.002
MAMU-E 2.3 0.002

TAPT?! 2.0 <0.001

MAMU-A 2.0 <0.001

MAMU-F 1.7 0.003

Genes in pathways were identified through DAVID analysis; additional
genes up-regulated in SLE from the literature are listed in Table 2 and
are summarized below.

"Additional genes up-regulated in SLE, from the primary literature:
ISG15, USP18, IFI6, OAS2, HERC5, CMPK2, EPSTIT and STAT1 (fold-
increases in our study and references listed in Table 2); and IFI27 (Bing
et al. 2016) (increased by 2.3-fold in our study, P = 0.003).

2SLE pathway analysis refers to human ortholog (HLA-DQAT1).
3Indicates interferon-inducible gene (from Interferome v2.01). Genes
not previously associated with SIV or HIV infection are in bold.

in vivo TMP/SMX dosing study in the same macaque
population. (Wong et al. 2016) Based on normal hepatic
SMX-HA reduction activities found in the present study,
decreased urinary SMX-HA in retroviral infection may
reflect further oxidation of SMX-HA to SMX-NO (which
is not detected in urine due to instability) rather than
altered SMX-HA reduction by cytochrome bs reductase.
Glutathione-related genes, including GCLM, GCLC,
GSS, and GSTs, were also not differentially expressed in
the livers of SIV-infected macaques. A small study in
HIV-infected patients found down-regulation of GCLC
and GSS protein expression in erythrocytes, but transcript
levels were not evaluated. (Morris et al. 2014) Further-
more, the retroviral protein Tat (found in both HIV and
SIV viruses) led to down-regulation of GCLM (gluta-
mate-cysteine ligase regulatory subunit) and decreased
hepatic glutathione concentrations when over-expressed
in transgenic mice. (Choi et al. 2000) However, only one

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Hepatic Expression in SIV Infection

of two murine GCLM transcripts was down-regulated by
Tat, and our macaque array may have been insensitive to
this differential finding. Hepatic glutathione concentra-
tions were not measured in our study because of insuffi-
cient tissue available from in vivo needle biopsies, but
these data would have been helpful. A recent study found
that a low functioning genetic polymorphism in GCLC
(the catalytic subunit of glutamate-cysteine ligase) was a
risk factor for sulfonamide HS in HIV-infected patients;
(Wang et al. 2012) this individual risk factor could be
compounded by acquired deficiencies in glutathione
homeostasis in HIV. Further work is needed to
understand changes in hepatic glutathione synthesis in
retroviral infection, which may influence that amount of
SMX-NO or other reactive drug metabolites that can
form drug-protein adducts.

We next looked for similarities in tissue expression
between retroviral infection and SLE, the other major
chronic inflammatory disease that leads to a higher risk
of sulfonamide drug HS reactions. (Petri and Allbritton
1992; Cooper et al. 2002; Pope et al. 2003; Aceves-Avila
and Benites-Godinez 2008; Jeffries et al. 2008) In support
of our hypothesis, we found up-regulation of an SLE gene
cluster in an unbiased pathway analysis, as well as
increased expression of other individual genes that are
reportedly up-regulated in patients with SLE. This SLE
expression pattern, characterized to date in blood cells
and synovium of SLE patients, comprises genes involved
in innate immunity, RNA and protein catabolism, and
apoptosis, many of which are inducible by Type I IFNs
(Tables 2, 3). (Han et al. 2003; Li et al. 2010; Coit et al.
2013; Bing et al. 2016; Zhu et al. 2016).

It is well established that retroviral infection is associ-
ated with up-regulation of Type I IFN-associated genes,
(Utay and Douek 2016) and many genes that are up-
regulated in SLE are also inducible by Type 1 IFN. (Feng
et al. 2006, 2015; Obermoser and Pascual 2010; Kennedy
et al. 2015) The presence of a Type I IFN gene signature
in both retroviral infection and SLE may be just an
epiphenomenon of two unrelated chronic inflammatory
diseases. However, this gene signature appears to be
related to the pathogenesis of autoimmunity in SLE, and
therefore may be relevant to drug HS reactions that target
self-antigens. (Cribb et al. 1996). For example, chronic
activation of IFN-induced genes is thought to contribute
to autoimmunity by maintaining mature dendritic cells
that activate autoreactive T and B cells, breaking self-tol-
erance. (Obermoser and Pascual 2010; Podolska et al.
2015; Ronnblom 2016).

Type I IFN-associated gene expression has been corre-
lated with overall disease activity and advancing disease
severity in SLE. (Feng et al. 2006) (Hoffman et al. 2016)
Furthermore, treatments with monoclonal antibodies

2017 | Vol. 5 | Iss. 3 | e00312
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targeting IFN-a or the type I IFN receptor have been
effective in reducing clinical signs in human patients with
SLE. (Kalunian 2016; Oon et al. 2016; Greth et al. 2017).

Although up-regulation of IFN-inducible genes appears
to be related to the pathogenesis of SLE, a causal link
between up-regulation of IFN-inducible genes and drug
HS has not been evaluated. However, the incidence of
sulfonamide HS is also increased in another autoimmune
disease with a Type I IFN signature, Sjogren’s syndrome.
(Antonen et al. 1999; Bave et al. 2005) Interestingly, sul-
fonamide HS risk is not higher in patients with rheuma-
toid arthritis, (Aceves-Avila and Benites-Godinez 2008)
an autoimmune disease that lacks an IFN expression sig-
nature in most individuals. (Bave et al. 2005; Feng et al.
2006; Kunz and Ibrahim 2009; Higgs et al. 2011) Further-
more, a single case report described sulfonamide HS (as a
cutaneous drug eruption) in a patient undergoing bone
marrow transplantation, but only after IFN-o treatment
was initiated. (Mehta et al. 1993) These findings together
raise the possibility that up-regulation of IFN-inducible
pathways contributes mechanistically to drug HS risk in
both SLE and retroviral infection.

Additional pathways that were up-regulated in livers
from SIV-infected animals were, not surprisingly, those
with direct antiviral effects, including RIG-I, which senses
intracellular double-stranded (viral) RNA, and ISGylation,
which is mediated by a group of IFN-inducible genes that
interact with the antiviral protein ISG15. (Zhang and
Zhang 2011)). Genes involved in antigen presentation also
were up-regulated, including TAPI, which transports anti-
genic peptides for presentation in association with MHC-
I molecules, and B2M (52 microglobulin), a component
of the MHC-I receptor complex. Notably, TAP1 and B2M
are each required for the development of clinical manifes-
tations of SLE in murine models. (Singer et al. 1999) In
addition, IFN-induced immunoproteasomal degradation
pathways were up-regulated in SIV infection. While array
data suggested very modest up-regulation (1.3—1.5-fold),
confirmation by qPCR showed up-regulation by 3.2-4.6-
fold. Immunoproteasome complexes generate sets of
antigenic peptides for presentation in association with
MHC-I molecules, leading to activation of CD8 + T cells.
(Kimura et al. 2015) Immunoproteasomal components
are also up-regulated in human patients with SLE and
Sjogren’s syndrome. (Krause et al. 2006) Further, selective
inhibitors of immunoproteasomal proteins lead to resolu-
tion of clinical signs in animal models of SLE and other
autoimmune diseases, (Ichikawa et al. 2012; Basler et al.
2015) which suggests that immunoproteasome up-regula-
tion contributes directly to autoimmunity.

One drawback of these studies was the limited number
and volume of liver samples available for analyses, such
that a more global assessment of additional pathways of

2017 | Vol. 5 | Iss. 3 | e00312
Page 10

Y. Y. Wong et al.

hepatic biotransformation could not be performed. In
addition, our study design in drug naive animals did not
allow for assessment of possible effects of TMP/SMX itself
or other co-medications on SMX biotransformation. A
second set of expression arrays obtained after a course of
TMP/SMX, or in combination with other drugs com-
monly use in HIV infection, would have been interesting.
However, this study was designed to address the effect
of retroviral infection itself on hepatic biotransformation
pathways, without noise from concurrent drug
administration.

Our findings together raise the question of whether up-
regulation of Type 1-IFN induced genes, including
immunoproteasomal and antigen presentation pathways
and gene clusters that may be permissive to autoimmu-
nity, increases the likelihood that drug-protein adducts
will be processed and presented as antigenic peptides in
retroviral infection. Such mechanisms could be indepen-
dent of altered sulfonamide biotransformation, for which
we found no evidence in this primate model. Generalized
up-regulation of antigen processing and presentation
could also lead to a higher risk of HS reactions to drugs
that are structurally unrelated but have a similar
immunopathogenesis, and indeed, compared to the gen-
eral population, HIV-infected patients appear to have a
higher incidence of HS reactions to anti-tuberculosis
drugs and possibly to penicillins. (Nunn et al. 1991;
Chintu et al. 1993; Fiszenson-Albala et al. 2003; Yee et al.
2003; Yunihastuti et al. 2014) These studies need to be
followed up with targeted experiments on the effect of
retroviral infection on drug antigen presentation at the
functional level.

Overall, our results support the hypothesis that path-
ways downstream from drug biotransformation may be
primarily important in sulfonamide HS risk in HIV infec-
tion. These pathways include enhanced immunoproteaso-
mal processing and presentation of antigens as well as
up-regulation of gene clusters that may be permissive to
autoimmunity. Additional work is needed to understand
the effects of retroviral infection, and more specifically
Type 1 IFNs, on processing and presentation of drug-
protein adducts for sulfamethoxazole and other drugs
associated with HS reactions in HIV-infected patients.

Disclosures

No relevant conflicts of interest.

References

Aceves-Avila FJ, Benites-Godinez V (2008). Drug allergies may
be more frequent in systemic lupus erythematosus than in
rheumatoid arthritis. J Clin Rheumatol 14: 261-263.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



Y. Y. Wong et al.

Alfirevic A, Stalford A, Vilar F, Wilkins E, Park B (2003). Slow
acetylator phenotype and genotype in HIV-positive patients
with sulphamethoxazole hypersensitivity. Br J Clin Pharmacol
55: 158-165.

Ambrose Z, KewalRamani VN, Bieniasz PD, Hatziioannou T
(2007). HIV/AIDS: in search of an animal model. Trends
Biotechnol 25: 333-337.

Antonen JA, Markula KP, Pertovaara MI, Pasternack Al
(1999). Adverse drug reactions in Sjogren’s syndrome.
Frequent allergic reactions and a specific trimethoprim-
associated systemic reaction. Scand ] Rheumatol 28: 157—-159.

Aranow C, Kamen DL, Dall’ Era M, Massarotti EM, Mackay
MC, Koumpouras F, et al. (2015). Randomized, double-blind,
placebo-controlled trial of the effect of vitamin d3 on the
interferon signature in patients with systemic lupus
erythematosus. Arthritis Rheumatol 67: 1848-1857.

Basler M, Mundt S, Bitzer A, Schmidt C, Groettrup M (2015).
The immunoproteasome: a novel drug target for autoimmune
diseases. Clin Exp Rheumatol 33: S74-S79.

Bave U, Nordmark G, Lovgren T, Ronnelid J, Cajander S,
Eloranta ML, et al. (2005). Activation of the type I interferon
system in primary Sjogren’s syndrome: a possible
etiopathogenic mechanism. Arthritis Rheum 52: 1185-1195.
Bing PF, Xia W, Wang L, Zhang YH, Lei SF, Deng FY (2016).
Common marker genes identified from various sample types
for systemic lupus erythematosus. PLoS ONE 11: e0156234.

Bosinger SE, Hosiawa KA, Cameron M]J, Persad D, Ran L, Xu
L, et al. (2004). Gene expression profiling of host response in
models of acute HIV infection. ] Immunol 173: 6858—-6863.

Care MA, Stephenson SJ, Barnes NA, Fan I, Zougman A, El-
Sherbiny YM, et al. (2016). Network Analysis Identifies
Proinflammatory Plasma Cell Polarization for Secretion of
ISG15 in Human Autoimmunity. ] Immunol 197: 1447-1459.

Carr A, Swanson C, Penny R, Cooper DA (1993). Clinical and
laboratory markers of hypersensitivity to trimethoprim-
sulfamethoxazole in patients with Pneumocystis carinii
pneumonia and AIDS. J Infect Dis 167: 180-185.

Carr A, Gross AS, Hoskins JM, Penny R, Cooper DA (1994).
Acetylation phenotype and cutaneous hypersensitivity to
trimethoprim-sulphamethoxazole in HIV-infected patients.
AIDS 8: 333-337.

Cella M, Salio M, Sakakibara Y, Langen H, Julkunen I,
Lanzavecchia A (1999). Maturation, activation, and protection
of dendritic cells induced by double-stranded RNA. J Exp Med
189: 821-8209.

Chang HM, Tsai HC, Lee SS, Kunin C, Lin PC, Wann SR,

et al. (2016). High daily doses of trimethoprim/
sulfamethoxazole are an independent risk factor for adverse
reactions in patients with pneumocystis pneumonia and AIDS.
J Chin Med Assoc. 79: 314-319.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Hepatic Expression in SIV Infection

Chantachaeng W, Chularojanamontri L, Kulthanan K,
Jongjarearnprasert K, Dhana N (2011). Cutaneous adverse
reactions to sulfonamide antibiotics. Asian Pac J Allergy
Immunol 29: 284-289.

Chintu C, Luo C, Bhat G, Raviglione M, DuPont H, Zumla A
(1993). Cutaneous hypersensitivity reactions due to
thiacetazone in the treatment of tuberculosis in Zambian
children infected with HIV-I. Arch Dis Child 68: 665-668.

Choi J, Liu R-M, Kundu R, Sangiorgi F, Wu W, Maxson R,

et al. (2000). Molecular mechanism of decreased glutathione
content in HIV type 1 Tat-transgenic mice. ] Biol Chem 275:
3693-3698.

Co JG, Witwer KW, Gama L, Zink MC, Clements JE (2011).
Induction of innate immune responses by SIV in vivo and
in vitro: differential expression and function of RIG-I and
MDADS. J Infect Dis 204: 1104-1114.

Coit P, Jeffries M, Altorok N, Dozmorov MG, Koelsch KA,
Wren JD, et al. (2013). Genome-wide DNA methylation study
suggests epigenetic accessibility and transcriptional poising of
interferon-regulated genes in naive CD4 + T cells from lupus
patients. ] Autoimmun 43: 78-84.

Cooper GS, Dooley MA, Treadwell EL, St Clair EW, Gilkeson
GS (2002). Risk factors for development of systemic lupus
erythematosus: allergies, infections, and family history. J Clin
Epidemiol 55: 982-989.

Cribb A, Miller M, Tesoro A, Spielberg S (1990). Peroxidase-
dependent oxidation of sulfonamides by monocytes and
neutrophils from humans and dogs. Mol Pharmacol 38:
744-751.

Cribb AE, Miller M, Leeder JS, Hill J, Spielberg SP (1991).
Reactions of the nitroso and hydroxylamine metabolites

of sulfamethoxazole with reduced glutathione:

implications for idiosyncratic toxicity. Drug Metab Dispos
19: 900-906.

Cribb AE, Spielberg SP, Griffin GP (1995). N4-hydroxylation
of sulfamethoxazole by cytochrome P450 of the cytochrome
P4502C subfamily and reduction of sulfamethoxazole
hydroxylamine in human and rat hepatic microsomes. Drug
Metab Dispos 23: 406—414.

Cribb AE, Lee BL, Trepanier LA, Spielberg SP (1996). Adverse
reactions to sulphonamide and sulphonamide-trimethoprim
antimicrobials: clinical syndromes and pathogenesis. Adverse
Drug React Toxicol Rev 15: 9-50.

Cullen BR, Garrett ED (1992). A comparison of regulatory
features in primate lentiviruses. AIDS Res Hum Retroviruses 8:
387-393.

Curtis BR, McFarland JG, Wu G-G, Visentin GP, Aster RH
(1994). Antibodies in sulfonamide-induced immune
thrombocytopenia recognize calcium-dependent epitopes on
the glycoprotein IIb/IITa complex. Blood 84: 176-183.

2017 | Vol. 5 | Iss. 3 | e00312
Page 11



Hepatic Expression in SIV Infection

Delomenie C, Grant D, Mathelier-Fusade P, Jacomet C,
Leynadier F, Jacqz-Aigrain E, et al. (1994). N-acetylation
genotype and risk of severe reactions to sulphonamides in
AIDS patients. Br J Clin Pharmacol 38: 581-582.

Ebstein F, Lange N, Urban S, Seifert U, Kruger E, Kloetzel PM
(2009). Maturation of human dendritic cells is accompanied
by functional remodelling of the ubiquitin-proteasome system.
Int ] Biochem Cell Biol 41: 1205-1215.

Edgar R, Domrachev M, Lash AE (2002). Gene Expression
Omnibus: NCBI experession and hybridization array data
repository. Nucleic Acids Res 30: 207-210.

Eliaszewicz M, Flahault A, Roujeau J, Fillet A, Challine D,
Mansouri S, et al. (2002). Prospective evaluation of risk factors
of cutaneous drug reactions to sulfonamides in patients with
AIDS. ] Am Acad Dermatol 47: 40—46.

Fagone P, Nunnari G, Lazzara F, Longo A, Cambria D,
Distefano G, et al. (2016). Induction of OAS gene family in
HIV monocyte infected patients with high and low viral load.
Antiviral Res 131: 66-73.

Feng X, Wu H, Grossman JM, Hanvivadhanakul P, FitzGerald
JD, Park GS, et al. (2006). Association of increased interferon-
inducible gene expression with disease activity and lupus
nephritis in patients with systemic lupus erythematosus.
Arthritis Rheum 54: 2951-2962.

Feng X, Huang J, Liu Y, Xiao L, Wang D, Hua B, et al.
(2015). Identification of interferon-inducible genes as
diagnostic biomarker for systemic lupus erythematosus. Clin
Rheumatol 34: 71-79.

Fernandez-Botran R, Joshi-Barve S, Ghare S, Barve S, Young
M, Plankey M, et al. (2014). Systemic cytokine and interferon
responsiveness Patterns in HIV and HCV mono and co-
infections. J Interferon Cytokine Res 34: 885-893.

Fiszenson-Albala F, Auzerie V, Mahe E, Farinotti R, Durand-
Stocco C, Crickx B, et al. (2003). A 6-month prospective
survey of cutaneous drug reactions in a hospital setting. Br J
Dermatol 149: 1018-1022.

George MD, Verhoeven D, McBride Z, Dandekar S (2006).
Gene expression profiling of gut mucosa and mesenteric
lymph nodes in simian immunodeficiency virus-infected
macaques with divergent disease course. ] Med Primatol 35:
261-269.

Gordin FM, Simon GL, Wofsy CB, Mills J (1984). Adverse
reactions to trimethoprim-sulfamethoxazole in patients with
AIDS. Ann Intern Med 100: 495-499.

Goujon C, Moncorge O, Bauby H, Doyle T, Ward CC,
Schaller T, et al. (2013). Human MX2 is an interferon-
induced post-entry inhibitor of HIV-1 infection. Nature 502:
559-562.

Greth W, Robbie GJ, Brohawn P, Hultquist M, Yao B (2017).
Targeting the interferon pathway with sifalimumab for the

2017 | Vol. 5 | Iss. 3 | e00312
Page 12

Y. Y. Wong et al.

treatment of systemic lupus erythematosus. Immunotherapy. 9:
57-70.

Han GM, Chen SL, Shen N, Ye S, Bao CD, Gu YY (2003).
Analysis of gene expression profiles in human systemic lupus
erythematosus using oligonucleotide microarray. Genes
Immun 4: 177-186.

Hashemi A, Roohvand F, Ghahremani MH (2012). Selection
of valid reference genes for expression studies of hepatic cell
lines under IFN-alpha treatment. Biochem Biophys Res
Commun 426: 649-653.

Hennessy S, Strom BL, Berlin JA, Brennan PJ (1995).
Predicting cutaneous hypersensitivity reactions to
cotrimoxazole in HIV-infected individuals receiving primary
Pneumocystis carinii pneumonia prophylaxis. ] Gen Intern
Med 10: 380-386.

Hernandez AV, Thota P, Pellegrino D, Pasupuleti V, Benites-
Zapata VA, Deshpande A, et al. (2016). A systematic review
and meta-analysis of the relative efficacy and safety of
treatment regimens for HIV-associated cerebral toxoplasmosis:
is trimethoprim-sulfamethoxazole a real option? HIV Med 18:
115-124.

Higgs BW, Liu Z, White B, Zhu W, White WI, Morehouse C,
et al. (2011). Patients with systemic lupus erythematosus,
myositis, rheumatoid arthritis and scleroderma share activation
of a common type I interferon pathway. Ann Rheum Dis 70:
2029-2036.

Hoffman RW, Merrill JT, Alarcon-Riquelme MM, Petri M,
Dow ER, Nantz E, et al. (2016). Gene expression and
pharmacodynamic-induced changes in 1,760 SLE patients from
two phase III Trials of B cell activating factor blockade with
tabalumab. Arthritis Rheumatol 69: 643-654.

Hughes WT, Dankner WM, Yogev R, Huang S, Paul ME,
Flores MA, et al. (2005). Comparison of atovaquone and
azithromycin with trimethoprim-sulfamethoxazole for the
prevention of serious bacterial infections in children with HIV
infection. Clin Infect Dis 40: 136-145.

Ichikawa HT, Conley T, Muchamuel T, Jiang J, Lee S, Owen
T, et al. (2012). Beneficial effect of novel proteasome
inhibitors in murine lupus via dual inhibition of type I
interferon and autoantibody-secreting cells. Arthritis Rheum
64: 493-503.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis
KJ, Scherf U, et al. (2003). Exploration, normalization, and
summaries of high density oligonucleotide array probe level
data. Biostatistics 4: 249-264.

Ishii T, Onda H, Tanigawa A, Ohshima S, Fujiwara H,
Mima T, et al. (2005). Isolation and expression profiling of
genes upregulated in the peripheral blood cells of

systemic lupus erythematosus patients. DNA Res 12: 429—
439.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



Y. Y. Wong et al.

Jeffries M, Bruner G, Glenn S, Sadanandan P, Carson CW,
Harley JB, et al. (2008). Sulpha allergy in lupus patients: a
clinical perspective. Lupus 17: 202-205.

Kalunian KC (2016). Interferon-targeted therapy in systemic
lupus erythematosus: Is this an alternative to targeting B and
T cells? Lupus 25: 1097-1101.

Kato H, Fujita T (2015). RIG-I-like receptors and autoimmune
diseases. Curr Opin Immunol 37: 40-45.

Kaufmann GR, Wenk M, Taeschner W, Peterli B, Gyr K,
Meyer UA, et al. (1996). N-aceyltransferase 2 polymorphism in
patients infected with human immunodeficiency virus. Clin
Pharmacol Ther 60: 62-67.

Kennedy C, Pimentel J, Lewis D, Anderson M, Weiss P, Oldfield
E (1993). Crossover of HIV-infected patients from aerosolizd
pentamidine to trimethoprim-sulfamethoxazole: lack of
hematologic toxicity and relationship of side effects to CD4 +
lymphocyte count. Journal of Infectious Disease. 168: 314-317.

Kennedy WP, Maciuca R, Wolslegel K, Tew W, Abbas AR,
Chaivorapol C, et al. (2015). Association of the interferon
signature metric with serological disease manifestations but
not global activity scores in multiple cohorts of patients with
SLE. Lupus Sci Med 2: e000080.

Khuder SA, Al-Hashimi I, Mutgi AB, Altorok N (2015).
Identification of potential genomic biomarkers for Sjogren’s
syndrome using data pooling of gene expression microarrays.
Rheumatol Int 35: 829-836.

Kimura H, Caturegli P, Takahashi M, Suzuki K (2015). New
Insights into the Function of the Immunoproteasome in
Immune and Nonimmune Cells. ] Immunol Res. 2015: 541984.

Kovacs ], Hiemenz J, Macher A, Stover D, Murray H,
Shelhamer J, et al. (1984). Pneumocystis carinii pneumonia: a
comparison between patients with the acquired
immunodeificiency syndrome with other immunodeficiencies.
Ann Intern Med 100: 663-671.

Krause S, Kuckelkorn U, Dorner T, Burmester GR, Feist E,
Kloetzel PM (2006). Immunoproteasome subunit LMP2
expression is deregulated in Sjogren’s syndrome but not in
other autoimmune disorders. Ann Rheum Dis 65:
1021-1027.

Kunz M, Ibrahim SM (2009). Cytokines and cytokine profiles
in human autoimmune diseases and animal models of
autoimmunity. Mediators Inflamm 2009: 979258.

Kurian J, Bajad S, Miller J, Chin N, Trepanier L (2004).
NADH cytochrome bs reductase and cytochrome bs catalyze
the microsomal reduction of xenobiotic hydroxylamines and
amidoximes in humans. ] Pharmacol Exp Ther 311:
1171-1178.

Lackner AA, Veazey RS (2007). Current concepts in AIDS
pathogenesis: insights from the SIV/macaque model. Annu Rev
Med 58: 461-476.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Hepatic Expression in SIV Infection

Lee B, Wong D, Benowitz NL, Sullam PM (1993). Altered
patterns of drug metabolism in patients with acquired
immunodeficiency syndrome. Clin Pharmacol Ther 53:
529-535.

Lee B, Delahunty T, Safrin S (1994). The hydroxylamine of
sulfamethoxazole and adverse reactions in patients with
acquired immunodeficiency syndrome. Clin Pharmacol Ther
56: 184-189.

van der Lee R, Feng Q, Langereis MA, Ter Horst R, Szklarczyk
R, Netea MG, et al. (2015). Integrative Genomics-Based
Discovery of Novel Regulators of the Innate Antiviral
Response. PLoS Comput Biol 11: €1004553.

Lehmann D, Holohan P, Blair D (1996). Comparisons of
oxidative metabolism and reductive capacity in sulfonamide-
tolerant and -intolerant patients with human
immunodeficiency virus. J Clin Pharmacol 36: 1149-1153.

Lehmann M, Milev MP, Abrahamyan L, Yao X]J, Pante N,
Mouland AJ (2009). Intracellular transport of human
immunodeficiency virus type 1 genomic RNA and

viral production are dependent on dynein motor function
and late endosome positioning. J Biol Chem 284: 14572—
14585.

Li QZ, Zhou J, Lian Y, Zhang B, Branch VK, Carr-Johnson F,
et al. (2010). Interferon signature gene expression is correlated
with autoantibody profiles in patients with incomplete lupus
syndromes. Clin Exp Immunol 159: 281-291.

Manchanda T, Hess D, Dale L, Ferguson S, Rieder M (2002).
Haptenation of sulfonamide reactive metabolites to cellular
proteins. Mol Pharmacol 62: 1011-1026.

Marin I (2014). The ubiquilin gene family: evolutionary
patterns and functional insights. BMC Evol Biol 14: 63.

Medina I, Mills J, Leoung G, Hopewell P, Lee B, Modin G,

et al. (1990). Oral therapy for Pneumocystis carinii pneumonia
in the acquired immunodeficiency syndrome. N Engl ] Med
323: 776-782.

Mehla R, Ayyavoo V (2012). Gene array studies in HIV-1
infection. Curr HIV/AIDS Rep. 9: 34-43.

Mehta J, Nagler A, Ackerstein A, Kapelushnik J, Or R (1993).
Cutaneous hypersensitivity to co-trimoxazole after autologus
bone marrow transplantation and immunotherapy with
interferon alpha-2A and interleukin-2. J Assoc Physicians India
41: 235-236.

Morris D, Ly J, Chi PT, Daliva J, Nguyen T, Soofer C,

et al. (2014). Glutathione synthesis is compromised in
erythrocytes from individuals with HIV. Front Pharmacol. 5:
73.

Naisbitt D, Vilar F, Stalford A, Wilkins E, Pirmohamed M,
Park B (2000). Plasma cysteine deficiency and decreased
reduction of nitrososulfamethoxazole with HIV infection.
AIDS Res Hum Retroviruses 16: 1929-1938.

2017 | Vol. 5 | Iss. 3 | e00312
Page 13



Hepatic Expression in SIV Infection

Naisbitt D, Gordon S, Pirmohamed M, Burkhart C, Cribb A,
Pichler W, et al. (2001). Antigenicity and immunogenicity of
sulphamethoxazole: demonstration of metabolism-dependent
haptenation and T-cell proliferation in vivo. Br J Pharmacol

133: 295-305.

Naisbitt D, Farrell J, Gordon S, Maggs ], Burkhart C, Pichler
W, et al. (2002). Covalent binding of the nitroso metabolite of
sulfamethoxazole leads to toxicity and major
histocompatibility complex-restricted antigen presentation.
Mol Pharmacol 62: 628—637.

Nakamura H, Uetrecht ], Cribb A, Miller M, Zahid N, Hill J,

et al. (1995). In vitro formation, disposition and toxicity of N-
acetoxy-sulfamethoxazole, a potential mediator of sulfamethox-
azole toxicity. ] Pharmacol Exp Ther 274: 1099-1104.

Nassif A, Bensussan A, Boumsell L, Deniaud A, Moslehi H,
Wolkenstein P, et al. (2004). Toxic epidermal necrolysis:
effector cells are drug-specific cytotoxic T cells. J Allergy Clin
Immunol. 114: 1209-1215.

Nunn P, Kibuga D, Gathua S, Brindle R, Imalingat A,
Wasunna K, et al. (1991). Cutaneous hypersensitivity reactions
due to thiacetazone in HIV-1 seropositive patients treated for
tuberculosis. Lancet 337: 627-630.

Obermoser G, Pascual V (2010). The interferon-alpha
signature of systemic lupus erythematosus. Lupus 19:
1012-1019.

O’Neil W, MacArthur RD, Farrough MJ, Doll M, Fretland A,
Hein D, et al. (2002). Acetylator phenotype and genotype in
HIV-infected patients with and without sulfonamide
hypersensitivity. J Clin Pharmacol 42: 613-619.

Oon S, Wilson NJ, Wicks I (2016). Targeted therapeutics in
SLE: emerging strategies to modulate the interferon pathway.
Clin Transl Immunol 5: 79.

Ott G, Plitzko B, Krischkowski C, Reichmann D, Bittner F,
Mendel RR, et al. (2014). Reduction of sulfamethoxazole
hydroxylamine (SMX-HA) by the mitochondrial amidoxime
reducing component (mARC). Chem Res Toxicol 27:
1687—-1695.

Pabinger S, Dander A, Fischer M, Snajder R, Sperk M,
Efremova M, et al. (2014). A survey of tools for variant
analysis of next-generation genome sequencing data. Brief
Bioinform 15: 256-278.

Petri M, Allbritton J (1992). Antibiotic allergy in systemic
lupus erythematosus: a case-control study. ] Rheumatol 19:
265-269.

Pfaffl MW (2001). A new mathematical model for relative
quantification in real-time RT-PCR. Nucleic Acids Res 29: e45.
Pfaffl MW, Horgan GW, Dempfle L (2002). Relative
expression software tool (REST) for group-wise comparison

and statistical analysis of relative expression results in real-time
PCR. Nucleic Acids Res 30: e36.

2017 | Vol. 5 | Iss. 3 | e00312
Page 14

Y. Y. Wong et al.

Podolska MJ, Biermann MH, Maueroder C, Hahn J,
Herrmann M (2015). Inflammatory etiopathogenesis of
systemic lupus erythematosus: an update. J Inflamm Res 8:
161-171.

Pope J, Jerome D, Fenlon D, Krizova A, Ouimet J (2003).
Frequency of adverse drug reactions in patients with systemic
lupus erythematosus. ] Rheumatol 30: 480-484.

Quirino T, Bonfanti P, Arcidiacono M, Pusterla L, Cagni A,
Scaglione F, et al. (1999). Acetylator phenotype prevalance in
HIV-infected patients without previous trimethoprim-
sulfamethoxazole hypersensitivity. Biomed Pharmacother 53:
286-287.

Rabaud C, Charreau I, Izard S, Raffi F, Meiffredy V, Leport C,
et al. (2001). Adverse reactions to cotrimoxazole in HIV-
infected patients: predictive factors and subsequent HIV
disease progression. Scand J Infect Dis 33: 759-764.

Riley JP, Kulkarni A, Mehrotra P, Koh B, Perumal NB,
Kaplan MH, et al. (2013). PARP-14 binds specific DNA
sequences to promote Th2 cell gene expression. PLoS ONE 8:
e83127.

Roberts ES, Burudi EM, Flynn C, Madden LJ, Roinick KL,
Watry DD, et al. (2004). Acute SIV infection of the brain leads
to upregulation of IL6 and interferon-regulated genes:
expression patterns throughout disease progression and impact
on neuroAIDS. ] Neuroimmunol 157: 81-92.

Robinson T, Kariuki SN, Franek BS, Kumabe M, Kumar AA,
Badaracco M, et al. (2011). Autoimmune disease risk variant
of IFIHI is associated with increased sensitivity to IFN-alpha
and serologic autoimmunity in lupus patients. ] Immunol 187:
1298-1303.

Ronnblom L (2016). The importance of the type I
interferon system in autoimmunity. Clin Exp Rheumatol 34:
21-24.

Rotger M, Dalmau J, Rauch A, McLaren P, Bosinger SE,
Martinez R, et al. (2011). Comparative transcriptomics of
extreme phenotypes of human HIV-1 infection and SIV
infection in sooty mangabey and rhesus macaque. J Clin Invest
121: 2391-2400.

Roychowdhury S, Vyas PM, Svensson CK (2007).
Formation and uptake of arylhydroxylamine-haptenated
proteins in human dendritic cells. Drug Metab Dispos 35:
676—681.

Rusinova I, Forster S, Yu S, Kannan A, Masse M, Cumming
H, et al. (2013). Interferome v2.0: an updated database of
annotated interferon-regulated genes. Nucleic Acids Res 41:
D1040-D1046.

Ryan C, Madalon M, Wortham DW, Graziano FM (1998).
Sulfa hypersensitivity in patients with HIV infection: onset,
treatment, critical review of the literature. Wis Med J 97:
23-27.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



Y. Y. Wong et al.

Sacco J, Trepanier L (2010). Cytochrome b5 and NADH
cytochrome b5 reductase: genotype-phenotype correlations
for hydroxylamine reduction. Pharmacogenet Genomics 20:
26-37.

Sanchez-Tena S, Cubillos-Rojas M, Schneider T, Rosa JL
(2016). Functional and pathological relevance of HERC family
proteins: a decade later. Cell Mol Life Sci 73: 1955-1968.

Sanderson JP, Naisbitt DJ, Farrell J, Ashby CA, Tucker MJ,
Rieder MJ, et al. (2007). Sulfamethoxazole and its metabolite
nitroso sulfamethoxazole stimulate dendritic cell costimulatory
signaling. ] Immunol 178: 5533—-5542.

Scagnolari C, Monteleone K, Selvaggi C, Pierangeli A,
D’Ettorre G, Mezzaroma I, et al. (2016). ISG15 expression
correlates with HIV-1 viral load and with factors regulating T
cell response. Immunobiology 221: 282-290.

Schnyder T, Castello A, Feest C, Harwood NE, Oellerich T,
Urlaub H, et al. (2011). B cell receptor-mediated antigen
gathering requires ubiquitin ligase Cbl and adaptors Grb2 and
Dok-3 to recruit dynein to the signaling microcluster.
Immunity 34: 905-918.

Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M,
Gassmann M, et al. (2006). The RIN: an RNA integrity
number for assigning integrity values to RNA measurements.
BMC Mol Biol 7: 3.

Siangphoe U, Archer KJ (2015). Gene Expression in HIV-
Associated Neurocognitive Disorders: A Meta-Analysis. |
Acquir Immune Defic Syndr 70: 479-488.

Singer DS, Zinger H, Kohn LD, Mozes E (1999). Differing
MHC class I requirements for induction and propagation of
experimental systemic lupus erythematosus. Eur J Immunol
29: 2259-2268.

Smith C, Brown I, Torraca B (1997). Acetylator status and
tolerance of high-dose trimethoprim-sulfamethoxazole therapy
among patients infected with human immunodeficiency virus.
Clin Infect Dis 25: 1477—1478.

Smyth GK (2004). Linear models and empirical bayes methods
for assessing differential expression in microarray experiments.
Stat Appl Genet Mol Biol 3: 1-25.

Trepanier L, Miller J (2000). NADH-dependent reduction of
sulphamethoxazole hydroxylamine in dog and human liver
microsomes. Xenobiotica 30: 1111-1121.

Trepanier LA, Cribb AE, Spielberg SP, Ray K (1998).
Deficiency of cytosolic arylamine N-acetylation in the domestic
cat and wild felids caused by the presence of only a single
NATI-like gene. Pharmacogenetics 8: 169-179.

Trepanier LA, Yoder AR, Bajad S, Beckwith MD, Bellehumeur
JL, Graziano FM (2004). Plasma ascorbate deficiency is
associated with impaired reduction of sulfamethoxazole-
nitroso in HIV infection. J Acquir Immune Defic Syndr 36:
1041-1050.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Hepatic Expression in SIV Infection

Utay NS, Douek DC (2016). Interferons and HIV infection:
the good, the bad, and the ugly. Pathog Immun 1: 107-116.

Valentine LE, Watkins DI (2008). Relevance of studying T cell
responses in SIV-infected rhesus macaques. Trends Microbiol
16: 605-611.

Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N,
De Paepe A, et al. (2002). Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biol 3: RESEARCHO0034.

van der Ven A, Vree T, van Ewijk-Beneken Kolmer E,
Koopmans P, van der Meer]. W. (1995). Urinary recovery and
kinetics of sulphamethoxazole and its metabolites in HIV-
seropositive patients and healthy volunteers after a single oral
dose of sulphamethoxazole. Br J Clin Pharmacol 39: 621-625.

Vyas PM, Roychowdhury S, Khan FD, Prisinzano TE, Lamba
J, Schuetz EG, et al. (2006). Enzyme-mediated protein
haptenation of dapsone and sulfamethoxazole in human
keratinocytes: 1. Expression and role of cytochromes P450. ]
Pharmacol Exp Ther 319: 488-496.

Walmsley SL, Khorasheh S, Singer ], Djurdjev O (1998). A
randomized trial of N-acetylcysteine for prevention of
trimethoprim-sulfamethoxazole hypersensitivity reactions in
Pneumocystis carinii pneumonia prophylaxis (CTN 057). ]
Acq Immun Def Synd Hum Retrovirol 19: 498-505.

Wang D, Curtis A, Papp AC, Koletar SL, Para MF (2012).
Polymorphism in glutamate cysteine ligase catalytic subunit
(GCLQ) is associated with sulfamethoxazole-induced
hypersensitivity in HIV/AIDS patients. BMC Med Genomics 5:
32.

Winkler JM, Chaudhuri AD, Fox HS (2012). Translating the
brain transcriptome in neuroAIDS: from non-human primates
to humans. ] Neuroimmune Pharmacol 7: 372-379.

Wolkenstein P, Loriot M-A, Aractingi S, Cabelguenne A,
Beaune P, Chosidow O (2000). Prospective evaluation of
detoxification pathways as markers of cutaneous adverse
reactions to sulphonamides in AIDS. Pharmacogenetics 10:
821-828.

Wong YY, Rakasz EG, Gasper DJ, Friedrich TC, Trepanier LA
(2016). Immunogenicity of trimethoprim/sulfamethoxazole in
a macaque model of HIV infection. Toxicology 368—-369:
10-18.

Woods MW, Kelly JN, Hattlmann CJ, Tong JG, Xu LS,
Coleman MD, et al. (2011). Human HERCS5 restricts an early
stage of HIV-1 assembly by a mechanism correlating with the
ISGylation of Gag. Retrovirology 8: 95.

Yang JJ, Huang CH, Liu CE, Tang HJ, Yang CJ, Lee YC, et al.
(2014). Multicenter study of trimethoprim/sulfamethoxazole-
related hepatotoxicity: incidence and associated factors among
HIV-infected patients treated for Pneumocystis jirovecii
pneumonia. PLoS ONE 9: e106141.

2017 | Vol. 5 | Iss. 3 | e00312
Page 15



Hepatic Expression in SIV Infection

Yee D, Valiquette C, Pelletier M, Parisien I, Rocher I, Menzies
D (2003). Incidence of serious side effects from first-line
antituberculosis drugs among patients treated for active
tuberculosis. Am J Respir Crit Care Med 167: 1472-1477.

Yu C, Gershwin ME, Chang C (2014). Diagnostic criteria for
systemic lupus erythematosus: a critical review. ] Autoimmun
48-49: 10-13.

Yunihastuti E, Widhani A, Karjadi TH (2014). Drug
hypersensitivity in human immunodeficiency virus-infected
patient: challenging diagnosis and management. Asia Pac
Allergy 4: 54-67.

Zahoor MA, Xue G, Sato H, Aida Y (2015). Genome-wide
transcriptional profiling reveals that HIV-1 Vpr differentially
regulates interferon-stimulated genes in human monocyte-
derived dendritic cells. Virus Res 208: 156-163.

Zhang D, Zhang DE (2011). Interferon-stimulated gene 15 and
the protein ISGylation system. J Interferon Cytokine Res 31:
119-130.

Zhao ZY, Yang NP, Huang XY, Min L, Liu XX, Zhang J, et al.
(2010). Interferon-inducible genes 2’, 5'-ollgoadenylate

2017 | Vol. 5 | Iss. 3 | e00312
Page 16

Y. Y. Wong et al.

synthetase-like and tetratricopeptide repeats 2 are correlated
with clinical features of patients with systemic lupus erythe-
matosus. Sichuan Da Xue Xue Bao Yi Xue Ban 41: 247-251.

Zhu H, Mi W, Luo H, Chen T, Liu S, Raman I, et al. (2016).
Whole-genome transcription and DNA methylation analysis of
peripheral blood mononuclear cells identified aberrant gene
regulation pathways in systemic lupus erythematosus. Arthritis
Res Ther 18: 162.

Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Table S1. Primers and probes used for qPCR confirma-
tion of expression changes for selected transcripts in
macaque liver. Primers and probes were designed using
the Universal ProbeLibrary (Roche).

Table S2. qPCR confirmation of transcript expression in
livers from SIVmac239-infected male macaques and age-
matched male controls.

© 2017 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



