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Abstract 

 

Sulfonamide hypersensitivity (HS) is an uncommon but potentially severe drug reaction 

that affects humans and dogs. In immunocompetent humans, this condition may be heritable, and 

in dogs, certain breeds appear predisposed. Thus, in both species, risk for sulfonamide HS may 

have a genetic basis. The goal of this thesis is to understand genetic risk for sulfonamide HS in 

humans and dogs. 

 

 We performed a genome-wide association study (GWAS) in 91 sulfonamide-HS and 184 

sulfonamide-tolerant human patients. No associations were identified in the population overall. 

However, a possible association with a single locus was identified (COL12A1) in a subset of 

patients with severe symptoms. The functional significance of this gene deserves further study. 

We also investigated the mechanisms of the lymphocyte toxicity assay, an in vitro marker for 

sulfonamide HS in which mononuclear cells of HS patients die more readily when exposed to 

reactive sulfonamide metabolites. Patients whose cells showed higher cytotoxicity differentially 

expressed 96 transcripts including a drug transporter (ABCC5), a transmembrane protein that 

mediates cell death (TMEM123), and a mitochondrial iron transporter (SLC25A37). However, 

there was no differential transcription between cells of HS vs. tolerant patients and the assay did 

not differentiate between the two patient groups. 

 

In dogs, we studied a previously identified genetic risk factor in a sulfonamide-

detoxifying enzyme gene (CYB5R3 729A>G). We found that the variant allele is overrepresented 

in Doberman Pinschers, a breed with an apparent predisposition to sulfonamide HS. We also 
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characterized the effects of CYB5R3 729G on gene expression and function. Canine livers of the 

GG genotype showed no differences in mRNA expression or total enzyme activity. It is possible 

that this variant is linked to other loci that are mechanistically important for sulfonamide HS.  

 

 These studies demonstrate the complex nature of risk for sulfonamide HS and highlight 

the need for accurate clinical diagnosis. Future studies should explore the roles of ABCC5, 

SLC25A37, and TMEM123 in drug transport and cell death during exposure to sulfonamide 

metabolites in vitro. Given strong associations for other idiosyncratic drug reactions, the human 

and dog leukocyte antigen genes should also be evaluated in sulfonamide HS. 
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Chapter 1: Introduction 

Jennifer M. Reinhart 

 

Sulfonamide antibiotics have a wide range of indications in both human and canine 

medicine. Unfortunately, their clinical use can be limited by the development of sulfonamide 

hypersensitivity (HS), an uncommon but potentially severe adverse drug reaction. The 

occurrence of sulfonamide HS is difficult to predict because these reactions are idiosyncratic and 

occur at normal dosages. Thus, identifying predictive risk factors for this syndrome is of the 

upmost importance. In the molecular age of biological research, our ability to detect genetic 

influence over pharmacologic traits is becoming ever more precise. The fields of 

pharmacogenetics and pharmacogenomics have identified a host of genetic variants associated 

with adverse drug reactions including sulfonamide HS. These variants impact the responses of 

the body to the drug and the pathogenesis of the adverse reaction. Therefore, a better 

understanding of the mechanisms underlying sulfonamide HS as well as how genetic risk factors 

modulate these mechanisms will further improve our ability to detect hypersensitivity to 

sulfonamide antibiotics and prevent this idiosyncratic reaction. 

 

 The purpose of this review is to summarize the current understanding of the clinical 

characteristics, pathogenesis, and risk factors for sulfonamide HS in humans and dogs. It begins 

with a basic description of the use of sulfonamide antibiotics in clinical practice as well as the 

potential manifestations of an adverse reaction to these drugs with a focus on delayed-type HS. A 

discussion of various theories regarding the metabolic and immunologic aspects of the reaction 

pathogenesis will follow. Risk factors for susceptible populations will then be described 
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including a known in vitro marker of sulfonamide HS, the lymphocyte toxicity assay. Finally, 

previous studies that have identified genetic variants associated with sulfonamide HS will be 

critically evaluated, setting the stage for the genetic and mechanistic studies described in the 

following chapters (Chapters 2-4). 

 

 

Background 

Sulfonamide antibiotics are the oldest of the major classes of antibiotics in therapeutic 

use today and were the first antimicrobial drugs to be used for systemic illness. Synthesized by 

German physician Paul Gerhard Domagk, the first sulfonamide antibiotic, sulfamidochrysoidine, 

trade name Prontosil, was introduced in 1935.1 With its release, mortality from common 

infections caused by Gram-positive bacteria (particularly Streptococcus spp.), such as pneumonia 

and meningitis, reduced dramatically. Soon after, it was discovered that Prontosil was actually a 

prodrug and the active form, sulfanilamide, became the progenitor drug for all modern 

sulfonamide antibiotics including sulfamethoxazole (SMX), sulfadiazine (SDZ), and 

sulfadimethoxine (SDM).2 

 

Today, a wide variety of drug classes contain the sulfonamide moiety (NHSO2) in 

addition to the antibiotics; these include but are not limited to carbonic anhydrase inhibitors 

(acetazolamide), thiazide and loop diuretics (hydrochlorothiazide, furosemide), non-steroidal 

anti-inflammatory drugs (celecoxib), and anticonvulsants (zonisamide). Structurally, the 

sulfonamide antibiotics can be differentiated from the non-antimicrobial sulfonamide drugs by 

the presence of an arylamine ring.3 The sulfonamide scaffold links this ring to an R-group, which 
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is unique to each antibiotic molecule and modulates the antimicrobial spectrum of the drug 

(Figure 1.1). Non-antibiotic sulfonamides contain the sulfonamide group but lack the arylamine 

ring. An important exception to this rule is sulfasalazine, an anti-inflammatory drug. Once it 

reaches the colon, orally administered sulfasalazine is cleaved by bacterial enzymes to yield 5-

aminosalicylic acid and sulfapyridine, which contains an arylamine moiety.4 Thus, from a 

biochemical and metabolic standpoint, sulfasalazine should be grouped with the sulfonamide 

antibiotics rather than the non-antibiotics. 

 
Figure 1.1 – The sulfonamide antibiotic structure containing an arylamine ring, compared to two non-antibiotic 
sulfonamide drugs. Reproduced from Trepanier 2004.44 

 

Sulfonamides exert their antibiotic effect by interfering with folic acid synthesis. 

Whereas higher organisms can use exogenous sources of folic acid, bacteria are almost entirely 

dependent on endogenous production for downstream pathways such as nucleic acid synthesis. 

Thus, the detrimental effects of folic acid deprivation are largely directed at the pathogen, while 

the host is relatively unaffected. Sulfonamide antibiotics competitively inhibit dihydropteroate 

synthetase, an enzyme that functions fairly early in folic acid synthesis pathway (Figure 1.2). As 
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a monotherapy, sulfonamide antibiotics are considered bacteriostatic. However, these drugs can 

be combined with inhibitors of dihydrofolate reductase such as trimethoprim (TMP) or 

oremetoprim (OMP) in a 5:1 ratio. Sequential blockade of bacterial folic acid synthesis produces 

a synergistic, bactericidal effect. Most modern sulfonamide products are prepared in a 

combinatorial form and are known as potentiated sulfonamide antibiotics. These include human 

formulations such Septra (TMP-SMX), Bactrim (TMP-SMX), and Ditrim (TMP-SDX), and 

drugs approved for veterinary use: Tribrissen (TMP-SDZ) and Primor (OMP-SDM).5  

 
Figure 1.2 – Folic acid synthesis pathway and sites of antibiotic action. 

 

SMX is considered to be the prototypical sulfonamide antibiotic drug and its 

pharmacokinetics in humans is well established. SMX is rapidly and well absorbed by the oral 

route with peak blood concentrations occurring 1-4 hours after dosing. The average half-life is 

10 hours, making it suitable for twice daily dosing. SMX is moderately protein bound (70%) and 

distributes well to the ear, respiratory tract and genitourinary tract.6 SMX concentrates in the 

urine and the kidney is the primary route of elimination.  Approximately 70% is excreted as N4-
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acetyl-SMX and 30% excreted unchanged, although trace levels of other metabolites are 

detectable.6  

 

One of the sulfonamide antibiotic approved for use in dogs in the United States is SDM 

(Primor [OTM-SDM], Albon [SDM]).7,8 SDM is well absorbed from the gastrointestinal tract 

and is widely distributed to various body tissues.5 In dogs, the drug is moderately protein bound 

(~75%) with an average half-life of 12 hours.9-11 As in humans, renal excretion is the major route 

of elimination for sulfonamides,5 however, most SDM is excreted unchanged in the urine of 

dogs.12 This is because, unlike humans, dogs lack a functional gene for the N-acetyltransferase 

enzymes (NAT) and thus cannot acetylate sulfonamide antibiotic drugs prior to excretion.13 

 

Indications for Potentiated Sulfonamide Antibiotics 

Microbial susceptibility is relatively similar among potentiated sulfonamide drugs. The 

spectrum includes Gram-positive isolates such as Staphylococcus and Streptococcus spp. as well 

as Gram-negative enterobacteriaceae (e.g. E. coli, Klebsiella spp., Shigella spp.).5,7 Potentiated 

sulfonamides also have good activity against Corynebacterium, Chlamydiophila, Nocardia, and 

some anaerobes.5 Additionally, potentiated sulfonamides have antiprotozoal effects against 

Pneumocystis jivoveci,14,15 Toxoplasma gondii,16 Neospora caninum,17 and intestinal coccidial 

organisms.5 Of note, Pseudomonas, Enterococcus, and Bacteriodes spp. are intrinsically resistant 

to these drugs and resistance can be acquired by normally susceptible species. Mechanisms of 

resistance include impaired entry of the drug through the bacterial cell wall and/or drug-resistant 

dihydropteroate synthetase or dihydrofolate reductase enzyme isoforms.5 In vitro resistance to 



	 6	

combined trimethoprim/sulfonamide preparations apparently develops more slowly than 

resistance to sulfonamide antibiotics alone.6,7 

 

Indications for treatment with potentiated sulfonamide antibiotics are similar between 

humans and dogs. Sulfonamides concentrate in the urine and are very useful for treatment of 

urinary tract infections. Short-course, high-dose TMP-SMX (160/800 mg twice daily for 3 days) 

is considered a first-line therapy for acute bacterial cystitis in women.18 TMP-SMX is also 

considered first-line therapy for treatment of uncomplicated canine bacterial cystitis and a similar 

short-course, high dose protocol has been shown to be effective in female dogs (15 mg/kg twice 

daily for 3 days).19,20 Potentiated sulfonamides can also be used to treat prostatitis in male dogs 

because they are one of only a few antibiotic classes that can penetrate the blood-prostate 

barrier.21 

 

TMP-SMX is indicated for some respiratory tract infections in humans, particularly acute 

bacterial exacerbations of chronic bronchitis.22 Although not a first-line drug, TMP-SMX can 

also be used in certain cases of canine respiratory disease, especially when involving 

streptococcal species or other susceptible organisms indicated by sensitivity testing.23 Potentiated 

sulfonamides are considered a first-line drug for canine superficial bacterial folliculitis,24 which 

is an important indication because dermatologic disease is the most common reason 

antimicrobials are prescribed in small animal medicine.25 Finally, as the rate of resistance 

increases to more commonly used antibiotics, such as beta-lactams, potentiated sulfonamides are 

becoming important alternate therapies, particularly for methicillin-resistant Staphylococcus 



	 7	

aureus (humans) and pseudintermedius (dogs).26-28 TMP-SMX has also been used successfully to 

treat carbapenemase-producing Klebsiella pneumoniae in humans.29 

 

In both humans and dogs, potentiated sulfonamides are important drugs in the prevention 

and treatment of opportunistic infections in immunosuppressed patients. TMP-SMX is the drug 

of choice for prevention of Pneumocystis jiroveci pneumonia in human patients with AIDS, 

cancer, systemic lupus erythematosus, and primary immunodeficiency syndromes as well as 

post-transplant patients undergoing immunosuppressive therapy.14,15,30-32 In dogs, prophylactic 

TMP-SDZ has been shown to reduce morbidity associated with chemotherapy-induced 

immunosuppression in cancer patients.33 Potentiated sulfonamides can also be useful in the 

treatment of infections with atypical organisms such as Burkholderia spp. in humans with cystic 

fibrosis34 and in dogs on immunosuppressive drugs35 as well as fast-growing Mycobacterium 

spp. in both species.36,37 

 

Adverse Drug Reactions to Sulfonamide Antibiotics 

Despite their wide range of applications, use of potentiated sulfonamide antibiotics is 

limited by the occurrence of adverse drug reactions (ADRs). The ADR with the potential for the 

most severe consequences is the idiosyncratic, delayed-type hypersensitivity reaction, which is 

the primary topic of this review. However, other types of ADRs to sulfonamide antibiotics are 

possible in both humans and dogs. In general, ADRs are divided into dose-dependent (Type A) 

and idiosyncratic (Type B) reactions. Dose-dependent reactions are relatively predictable and 

will occur in a large proportion of the dosed population, given a high enough dose. Dose-

dependent reactions can be further sub-divided into on-target and off-target effects. On-target 
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effects are simply an exaggerated manifestation of the intended response to the drug, e.g. 

hypotension in response to an anti-hypertensive drug. Off-target, dose-dependent reactions affect 

body systems or processes other than the intended target of the drug, but their incidence is still 

related to the dose administered, e.g. bone marrow suppression during chemotherapy.38 

 

In contrast, idiosyncratic reactions occur independently of the dose given. That is, drug 

exposure rather than the drug dose is the risk factor for the ADR. This makes idiosyncratic 

reactions less predictable. The incidence of idiosyncratic reactions is also generally lower than 

that of dose-dependent reactions; however, idiosyncratic reactions can be more severe in patients 

that are affected. Most often, idiosyncratic reactions involve a direct or indirect immune response 

to the drug. These are termed hypersensitivity (HS) reactions or drug allergy and can be sub-

divided by the standard Coombs HS classification system (Table 1.1).39 Occasionally, 

idiosyncratic ADR manifestations occur without immune stimulation, which are termed drug 

pseudoallergy. A final, essential differentiating feature of idiosyncratic reactions is that, whereas 

dose-dependent reactions can sometimes be managed with dose reduction, successful treatment 

of idiosyncratic ADRs mandates immediate cessation of drug therapy.38 

 Hypersensitivity Reaction Type 
 I II III IV 

 Acute Cytotoxic Immune-
complex Delayed 

Subtype    a b c 
Immune 
reactant IgE IgG IgG Th1 

cells 
Th2 
cells 

Cytotoxic 
T cells 

Antigen Soluble Cell/matrix- 
associated Soluble Soluble Soluble Cell-

associated 
Effector 

mechanism 
Mast cell 
activation 

Opsonization/ 
phagocytosis 

Opsonization/ 
phagocytosis 

Macrophage 
activation 

Eosinophil 
activation Cytotoxicity 

Table 1.1 – Coombs classification of immune-mediated hypersensitivity reactions.39 
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Dose-Dependent Adverse Drug Reactions to Potentiated Sulfonamides 

There are several potential dose-dependent ADRs of sulfonamide antibiotics. As with 

many antibiotics, gastrointestinal upset may occur in both humans and dogs and headaches are 

possible in human patients.40,41 Less commonly, other transient neurologic symptoms such as 

tremors, disorientation, and gait disturbances are possible.3,40,42,43 Acute kidney injury secondary 

to renal tubular necrosis is yet another possible ADR to sulfonamide antibiotics. In the past, this 

was primarily due to drug precipitation and tubular crystalluria, particularly from SDZ.3 

However, newer sulfonamides such as SMX and particularly SDM have higher solubility in 

normal urine pH and so are less likely to precipitate and cause tubular obstruction.3,7 The acetyl 

metabolites of sulfonamides are more likely to precipitate than the native drugs, so dogs, as poor 

acetylators, may be at lower risk for crystalluria.5,44 Dose-dependent, intrinsic, renal dysfunction 

without crystalluria has also been reported in humans.3,45 These reactions are presumably caused 

by direct nephrotoxicity of the drug or drug metabolite and must be differentiated from 

interstitial nephritis, which can present as a part of idiosyncratic sulfonamide HS. 

 

Although bacteria are much more susceptible to the anti-folate effects of sulfonamide 

antibiotics, folate deficiency can occur in mammalian patients undergoing therapy, particularly 

when sequential blockade of folic acid synthesis is present with the use of combination products 

(e.g. TMP-SMX). In humans, megaloblastic anemia is the most common manifestation, but 

granulopoeisis and thrombopoeisis can also be affected by folate deficiency leading to 

neutropenia and thrombocytopenia.3,46-49 The risk for these ADRs is higher in patients on high-

doses of TMP-SMX and those with comorbidities that predispose to folate deficiency.3,47 

Cytopenias associated with folate deficiency also are possible in dogs taking potentiated 
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sulfonamides, however, the anemias are usually normocytic rather than megaloblastic.44 In both 

species, dose-reduction and supplementation with folinic acid (leucovorin) rather than folic acid 

is recommended since folinic acid does not require dihydrofolate reductase, the target enzyme of 

trimethoprim, for metabolism to the active form of folate, tetrahydrofolate.47,50 These dose-

dependent effects on the bone marrow may complicate or be confused with the immune-

mediated destruction of blood cells and blood progenitor cells that can occur in the sulfonamide 

hypersensitivity syndrome.  

 

Another potential hematologic sulfonamide ADR that rarely occurs is 

methemoglobinemia.42,51,52 The pathogenesis is unclear, but may be explained by a shared 

common pathway between sulfonamide-hydroxylamine metabolites and methemoglobin, the 

cytochrome b5 reductase system. At high doses, the hydroxylamine metabolite may saturate this 

pathway and prevent reduction of methemoglobin back to hemoglobin, thus diminishing the 

oxygen-carrying capacity of the patient.3,51 

 

Some rare, dose-dependent ADRs of sulfonamide antibiotics may result from shared 

mechanisms of action with other non-antibiotic sulfonamide drugs. Similar to glipizide and other 

sulfonylurea drugs, TMP-SMX augments insulin release from pancreatic beta cells53 and can 

lead to hypoglycemia in some patients.40 Both hyponatremia and hyperkalemia have been 

reported during therapy with sulfonamide antibiotics, which may block the epithelial sodium 

transporter in the distal tubule, similar to the action of the potassium-sparing diuretic, 

amiloride.42,45,54 Early sulfonamide antibiotics were known inhibitors of carbonic anhydrase, 

which led to the development of a non-antimicrobial drug class with this intended mechanism.3 
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Modern potentiated sulfonamides such as TMP-SMX are much less likely to have this effect, but 

carbonic anhydrase inhibition may rarely occur, leading to bicarbonate wasting and renal tubular 

acidosis.55 Thus far, these biochemical ADRs have not been reported for sulfonamide antibiotics 

in dogs. However, a case report did describe renal tubular acidosis in a dog associated with 

zonisamide, a sulfonamide-containing anticonvulsant.56 Thus, it is possible that other dose-

dependent reactions due to structural similarity between sulfonamide antibiotics and other 

sulfonamide drug classes could occur in canine patients.  

 

Finally, sulfonamide antibiotics have dose-dependent anti-thyroid effects. Sulfonamides 

reversibly inhibit thyroid peroxidase, a key enzyme in thyroid hormone synthesis.57 In dogs, 

potentiated sulfonamides reliably decrease circulating total and free thyroid to subnormal 

concentrations,58 and clinical hypothyroidism has been well documented including goitrous 

disease and hypothyroid crises.59-62 In contrast, humans appear to be relatively resistant to this 

particular sulfonamide ADR.3 In one study, thyroid hormone concentrations in human patients 

taking sulfonamide antibiotics did show a mild decrease relative to pre-treatment measurements, 

but remained within the reference range.63 To date, hypothyroidism due to thyroid peroxidase 

inhibition by sulfonamide antibiotics has not been reported in humans. However, rarely, 

idiosyncratic sulfonamide hypersensitivity can lead to lymphoplasmacytic thyroiditis and 

hormone deficiency.64 

 

Idiosyncratic Adverse Drug Reactions to Potentiated Sulfonamides 

Clinically, delayed-type reactions are the most important idiosyncratic ADRs to 

sulfonamide antibiotics. However, there are two other idiosyncratic syndromes that are worth 



	 12	

addressing first. Immediate hypersensitivity reactions to sulfonamides have been reported 

developing minutes to hours after initial exposure. Symptoms can include pruritus, urticaria, and 

edema, as well as anaphylactic signs such as dypnea, hypotension, and tachycardia.65-70 Drug-

specific IgE antibodies have been identified in some of these patients confirming a type I 

hypersensitivity.71 Although most delayed-type reactions to potentiated sulfonamides are due to 

the sulfonamide component, rare cases of trimethoprim hypersensitivity have been reported. 

These have included hepatopathy, aseptic meningitis, and toxic epidermal necrolysis.3,72,73 

 

Delayed-type Sulfonamide Hypersensitivity in Humans: Delayed-type idiosyncratic sulfonamide 

hypersensitivity reactions (which will be referred to as sulfonamide HS, for sake of simplicity) 

generally occur 5-14 days after initial exposure to the drug, although can present more quickly in 

cases of re-exposure.3,74 The manifestations generally follow a cell-mediated or type IV 

hypersensitivity reaction (e.g. cutaneous and hepatic involvement); however, some signs are 

more consistent with antibody-mediated disease (e.g. hemolytic anemia, thrombocytopenia, 

polyarthropathy) so may be considered type II or III hypersensitivity syndromes. 

 

In humans, the most common symptom is a maculopapular rash or fixed drug eruption, 

which may be accompanied by fever.3,42,75-77 In a recent investigation in our laboratory including 

99 patients with sulfonamide HS identified through medical records search at the Marshfield 

Clinic, 95% of patients had a rash; 18% had documented fever.78 More severe, multi-systemic 

organ dysfunction can also occur.3 Although these manifestations are less common than a simple 

rash, they may carry a higher morbidity and risk for mortality and thus are of significant interest.  
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Rarely, severe dermatologic lesions beyond macropapular rash can occur as a 

manifestation of sulfonamide HS.3 These presentations are termed severe cutaneous adverse drug 

reactions (SCAR) and include Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis 

(TEN), and drug rash with eosinophilia and systemic symptoms (DRESS). SJS and TEN 

represent a spectrum of the same disease characterized by epidermal detachment and necrosis 

with potential mucocutaneous involvement. Disease with less than 10% of body surface area 

affected is termed SJS and disease with more than 30% is termed TEN. Patients with 10-30% 

body surface area affected are said to have SJS-TEN overlap. DRESS, also termed drug-induced 

hypersensitivity syndrome (DIHS), generally does not feature skin detachment or 

mucocutaneous lesions. Instead it manifests with internal organ dysfunction, specifically, fever 

and eosinophilia, but also can include blood dyscrasias, hepatopathy, and other immune-

mediated disease.79 These syndromes are quite rare; a study reported an SJS-TEN incidence of 

only 5.37 cases per 10 million defined daily drug doses for modern sulfonamide antibiotics.80 

However, among antibiotics, potentiated sulfonamides are one of the most commonly cited 

causative agents of SCAR, accounting for 6-9% of all cases.81-83 Importantly, these syndromes 

carry a high rate of mortality, approximately 30% for TEN.84 Thus, patients should be monitored 

for sulfonamide-induced SCAR, regardless of the low incidence. 

 

Drug-induced liver injury (DILI) has been described as a delayed reaction in patients 

administered TMP-SMX or other potentiated sulfonamide antibiotics.3,74,76,85 Most commonly, 

sulfonamide-associated DILI presents as asymptomatic hepatocellular injury, evidenced by 

elevated serum transaminase activities, but cholestatic change with alkaline phosphatase 

elevation and hyperbilirubinemia may also be present.74,85 Rarely, life-threatening hepatic failure 
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can occur.74,85,86 Biopsy usually reveals acute hepatic necrosis with surrounding mononuclear 

and eosinophilic infiltrates, although neutrophilic inflammation and evidence of cholestasis (e.g. 

bile casts) have also been described.74 

 

A variety of blood dyscrasias have been described as ADRs to sulfonamide antibiotics. 

As previously discussed, dose-dependent cytopenias can result in drug-induced folate 

deficiency.47 However, immunogenic destruction of both circulating cells and precursors of all 

three hematopoietic cell lines can also occur as a part of the idiosyncratic sulfonamide HS. 

Leukopenia, primarily characterized by neutropenia, accounts for about 40% of the blood 

dyscrasias in humans associated with sulfonamide antibiotics.76,87 Severity may range from mild, 

subclinical neutropenia to agranulocytosis with high risk for sepsis and death.47,87 Leukopenia 

associated with HS syndromes is thought to be due to peripheral destruction of neutrophils, 

although suppression of granulopoeisis in the bone marrow may also occur.47 Thrombocytopenia 

is also a reported component of sulfonamide HS. In our recent study in humans, 

thrombocytopenia was the most common blood dyscrasia identified, affecting 11% of HS (vs. 

5% and 4% for neutropenia and anemia, respectively)77 and TMP-SMX is the most common 

cause of drug-induced thrombocytopenia in children.88 Similar to neutropenia, peripheral 

immune-mediated destruction is thought to be the primary mechanism of sulfonamide-associated 

thrombocytopenia with some patients developing drug-dependent platelet-reactive 

antibodies.3,47,88 Red blood cells appear to be the cell line least commonly affected by 

sulfonamide HS.47,77,87 However, both marrow-directed aplastic anemia and peripheral immune-

mediated hemolytic anemia have both been reported.47,87,89 In fact, TMP-SMX use has been 

identified as a general risk factor for immune-mediated hemolytic anemia in human patients.89 
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These drug-induced cytopenias can occur singularly or in combination with higher risk for 

mortality in those patients with bi- and tricytopenias.87 One final blood cell abnormality that 

should be mentioned is eosinophilia. Eosinophilia is actually the most common hematologic 

change documented in sulfonamide HS and often manifests alongside rash and fever as a part of 

the DRESS syndrome.3  

 

Rarely, sulfonamide HS manifests as disease in other organ systems of human patients. 

For example, serum sickness and polyarthritis have been reported in both children and adults 

taking potentiated sulfonamide antibiotics.90,91 Additionally, TMP-SMX is one of the leading 

causes of drug-induced aseptic meningitis.92 This condition can be particularly difficult to 

diagnose since many patients present with a fever, but no rash, along with a wide range of 

neurologic signs ranging from head and neck ache to hypotension and seizures.93 Interstitial 

nephritis leading to acute kidney injury may also present as a part of the HS syndrome.3 

However, compared to acute kidney injury from dose-dependent, intrinsic renal insufficiency, 

these cases are quite rare.94 Other reported components of the sulfonamide HS syndrome include 

thyroiditis,64 pancreatitis,95 uveitis,96  myocarditis,97 and pneumonitis.3,98 

 

Sulfonamide Hypersensitivity in Dogs: Aside from humans, dogs are the most commonly 

reported species to exhibit delayed-type idiosyncratic sulfonamide HS44 and, therefore, are of 

interest from a comparative medicine as well as a veterinary point of view. Similar to humans, 

canine sulfonamide HS is a relatively rare event. The true incidence in dogs is unknown, but one 

study in dermatology patients reported an estimated incidence of 0.25%.99 The timeframe is also 

similar with clinical signs occurring a minimum of 5 days and an average of 12 days after 
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initiation of antimicrobial therapy.100 Although cutaneous and mucocutaneous lesions can occur, 

systemic manifestations predominate in canine sulfonamide HS. In one study, fever and 

thrombocytopenia were the most common clinical signs, affecting 55% and 54% of dogs, 

respectively.100 Thrombocytopenia and other blood dyscrasias including neutropenia, aplastic 

anemia, and Coombs-positive hemolytic anemia have also been identified by investigators.100-103 

A particularly severe manifestation of sulfonamide HS in dogs is hepatopathy. This is generally 

characterized by increases in hepatocellular enzyme activities (ALT, AST), but cholestatic 

involvement (increased ALP activity, hyperbilirubinemia) is not uncommon.100,104 Synthetic liver 

failure such as hypoglycemia and coagulopathies are also possible.104 The primary 

histopathologic finding is acute hepatic necrosis, but cholestasis and lymphoplasmacytic 

infiltrates have been reported.100,104 

 

 Polyarthropathy is another manifestation of sulfonamide HS, which appears to be more 

common in dogs than in humans. Distal joints tend to be most commonly affected and fever 

often accompanies signs of joint swelling and pain.102,105 Joint fluid analysis usually reveals 

neutrophilic non-septic inflammation.100,102 Interestingly, sulfonamide-associated polyarthritis 

affects large breed dogs much more commonly than small breed dogs.44 Doberman Pinschers in 

particular are overrepresented.102,106-108 It is unclear why this breed is affected so, but this 

predisposition could reflect antibiotic prescribing patterns or represent altered physiomechanical 

forces on the joints of large dogs. Alternately, a hereditary risk could be present. Other reported 

manifestations of sulfonamide HS in dogs include lymphadenopathy, uveitis, retinitis, 

proteinuria, edema, pneumonitis, pancreatitis, and neurologic complications.100,102 
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 One final ADR to sulfonamide antibiotics in dogs deserves special mention. 

Keratoconjunctivitis sicca (KCS) or “dry eye” is an inflammatory condition of the ocular surface 

usually caused by pathology of the lacrimal gland and decreased tear production.109 In contrast to 

other sulfonamide-related morbidities, KCS is a fairly common occurrence in dogs, with a 

reported incidence of 15% in one study.110 Sulfonamide-associated KCS also appears to be more 

common in small breeds110 and is delayed in onset relative to other manifestations, occurring 

months after initiation of antimicrobial therapy.111 There is also evidence that some sulfonamide 

antibiotics may be directly toxic to the lacrimal gland mediated by a pyrimidine or pyridine ring 

in the R-group structure.112,113 In these ways, sulfonamide-associated KCS may be a separate 

reaction with a distinct pathogenesis, rather than a part of the classic idiosyncratic 

hypersensitivity. However, KCS can occur in combination with other classic signs of 

sulfonamide HS,100 so the classification of this ADR remains unclear. 

 

Diagnosis, Treatment, Outcome, and Prevention of Recurrence: Diagnosis of sulfonamide HS is 

primarily based on the clinical course of the disease. This may be challenging since clinical signs 

can overlap with many conditions including other immune-mediated diseases, ADRs to other 

drugs the patient may be taking, or even the infection for which the potentiated sulfonamide was 

prescribed. Appropriate timing of clinical signs relative to initiation of antimicrobial therapy is 

key to diagnosis. In a patient naïve to sulfonamide antibiotics, clinical signs of the HS reaction 

generally do not occur less than 5 days after starting the drug.3 However, patients who have been 

previously exposed and sensitized to sulfonamides may exhibit symptoms more quickly.74 Time 

to recovery is also an important component to diagnosis. In patients with mild reactions (e.g. rash 

+/- fever), symptoms usually improve within a few days after withdrawal of the drug. This can 
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be interpreted as supportive evidence for the drug as a causative agent. However, more severe 

manifestations may require additional time or therapies to resolve, so time to recovery may not 

be useful as a diagnostic criterion in these cases. In some reports, testing for immunologic 

involvement (e.g. drug-specific antibodies or T cells, skin patch testing) has provided 

supplementary evidence to support a diagnosis of sulfonamide HS.114-118 These results must be 

interpreted with caution, because patients who are clinically tolerant to sulfonamide antibiotics 

can also have positive results on some of these tests.118,119 In the end, the clinician must weigh 

the evidence in support of or against a diagnosis of sulfonamide HS and proceed according 

to their best judgment.  

 

For research purposes, diagnostic criteria have been codified into adverse drug reaction 

scoring systems to assist investigators when dealing with large populations of patients.120 After 

resolution of clinical signs, the diagnosis of a HS reaction may be confirmed with a drug 

rechallenge and the patient observed for recurrence. Rechallenge trials have been performed with 

success in both human and canine patients.102,121,122 These studies may be particularly useful 

when there is a high likelihood that the potentiated sulfonamide will be needed again and 

antibiotic choices are limited, as in a patient with a resistant bacterial infection or in an 

immunosuppressed patient in need of long-term prophylaxis. Because of the possibility of 

recurrence of severe clinical signs, rechallenge trials should only be attempted in patients with 

mild symptoms and the benefits and risks must be weighed carefully. 

 

In all cases, the first step in treatment of sulfonamide HS is withdrawal of the offending 

drug. As with any idiosyncratic drug reaction, dose-reduction is inappropriate and will prolong 
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the course of disease. The remainder of treatment is based on disease severity and which clinical 

manifestations are present. For example, a maculopapular rash usually resolves within a few 

days of cessation of sulfonamide therapy without any other intervention. In contrast, patients 

with SJS/TEN require intensive management, often in burn wards, to maintain adequate fluid 

balance and prevent secondary infections.79 Patients with drug-induced liver injury may benefit 

from antioxidant therapy and other supportive care, whereas those with polyarthropathy will 

likely require analgesics. Of note, folinic acid supplementation may be considered when treating 

patients with sulfonamide-associated blood dyscrasias because of the possible involvement of 

dose-dependent anti-folate effects of the drug.50 In some cases, immunomodulatory therapy has 

proposed because of the immunologic nature of hypersensitivity reactions. Such treatments may 

include glucocorticoids, secondary immunosuppressants (e.g. cyclosporine), and human 

intravenous immunoglobulin (hIVIG).79 

 

Similar to treatment of this reaction, outcome of sulfonamide HS appears to be dependent 

on clinical presentation and the severity of disease. For example, in one study, human patients 

with sulfonamide-induced blood dyscrasias had an overall mortality rate of 17%, but this 

increased to 52% in patients with pancytopenias.87 In contrast, in humans treated with TMP-

SMX for Pneumocystis pneumonia, mortality rate was not significantly different between 

patients with sulfonamide-associated DILI and those without.85 This suggests that the 

hepatotoxicity component of sulfonamide HS may not influence outcome in most patients. 

SJS/TEN is the most severe manifestation of sulfonamide HS and carries an overall mortality 

rate of approximately 30%.84 Scoring systems have been developed for SJS/TEN that identify 

additional risk factors for poor outcome including age, heart rate, presence of malignancy, 
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biochemical values, and total body surface area affected.84 In dogs, the overall mortality rate for 

sulfonamide HS has been reported as 21%.100 Both hepatopathy and thrombocytopenia have 

been identified as negative prognostic indicators for survival.100 

 

For most patients, recurrence of sulfonamide HS can be prevented by avoiding 

sulfonamide antibiotics in the future. However, for some, TMP-SMX is an important component 

of long-term therapy, in particular, HIV-positive patients undergoing primary or secondary 

prophylaxis for Pneumocystis jiroveci infection. To address this need, desensitization protocols 

have been developed in an attempt to produce immune-tolerance to the drug.123-126 Specific 

protocols vary widely and have described in both HIV-positive123,124 126 and HIV-negative 

patients.127,128 All protocols involved increasing doses of TMP-SMX over several steps with 

dosing intervals that range from 15 minutes to daily; total desensitization time ranges from a few 

hours to two weeks.123-125,128 Both inpatient and outpatient procedures have been described; route 

of administration may be injectable, oral, or a combination of the two.123,125,128 Some protocols 

include rechallenge with TMP alone prior to desensitization, to ensure the ADR was due to the 

sulfonamide component of the drug.124 Overall success rates for desensitization protocols have 

been reported as 70-90%123-125,128,129 but, given the difficulty in obtaining a definitive diagnosis 

of sulfonamide HS and the possibility of false positives, these results must be interpreted with 

caution. Nevertheless, metaanalysis of these studies do support the use of desensitization with 

dose escalation rather than rechallenge of HS patients beginning at full therapeutic doses.130 
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Proposed Pathogenesis of Sulfonamide HS 

Although the pathogenesis of sulfonamide HS is incompletely understood, investigations 

over the past 30 years have uncovered much about this process. Development of sulfonamide HS 

requires multiple metabolic and immunologic steps, culminating in an immune-mediated attack 

against target tissue, leading to clinical signs and patient morbidity.3 Immune involvement is 

indirectly evidenced by the delayed time to manifestation of clinical signs (5 day minimum), 

which represents a period of sensitization of the immune system to the drug as antigen.3,74 

Similarly, the more rapid onset of symptoms sometimes seen on drug re-exposure likely 

represents reactivation of immunologic memory.74 In addition to this clinical evidence, a 

significant body of in vivo and in vitro work exists that supports the central role of the immune 

system in sulfonamide HS. 

 

Immunopathogenesis 

Several models have been proposed to explain the immune mechanisms underlying drug 

hypersensitivities.131 Evidence regarding the pathogenesis of sulfonamide HS best fits the pro-

hapten-carrier model, although other mechanisms may further augment the immune response. 

According to the pro-hapten-carrier model, most drugs are too small to stimulate immune cells 

on their own (pro-haptens), but may be converted to reactive metabolites (haptens) by metabolic 

enzymes and covalently bind endogenous proteins to form drug-protein adducts. These adducts 

are processed and presented on major histocompatibility complex (MHC) molecules by antigen 

presenting cells (APCs) as part of normal immunosurveillance. However, because drug binding 

changes the chemical structure and antigenicity of endogenous protein, T cells can recognize the 

novel antigen as foreign, become activated, and elicit an immune response.132 
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Most requisite steps to stimulate an immune response via the pro-hapten-carrier model 

have been demonstrated for sulfonamide antibiotics. Naturally occurring drug-protein adducts 

have been detected in both humans133 and dogs119 exposed to sulfonamide antibiotics. Adduct 

formation is metabolism-dependent and the nitroso form of the drug (e.g. sulfamethoxazole-

nitroso, SMX-NO) is the proximate metabolite.134,135 By itself, SMX-NO is quite unstable,136 but 

in a biological system, SMX-NO binds cysteine residues on a variety of intracellular,137,138 cell-

surface,139,140 and plasma proteins.119,133 The ability of APCs to internalize these SMX-drug 

adducts has been demonstrated for both soluble139 and membrane-bound134 antigen. Dendritic 

cells stimulated with SMX-NO upregulate CD40, a marker of dendritic cell maturation.141 

Furthermore, the immune response to SMX-NO is apparently MHC-restricted and can be 

invoked both MHC-I and MHC-II molecules.136,139,141 Taken together, these data suggest that 

processing and presentation of drug-adducts as antigen is requisite for effector cell activation, 

although other theories for this interaction have been proposed (see “p-i concept” below).131 

Interestingly, patients who are tolerant to SMX may generate drug-protein adducts without 

displaying clinical signs,119 which provides further evidence that downstream immune activation 

is requisite for the drug reaction. 

 

The classic presentation of sulfonamide HS is that of a type IV hypersensitivity reaction 

and, as such, the primary effector cells are T cells. Multiple investigators have identified drug-

specific T cells in dermal lesions and peripheral circulation of HS patients.115,142-146 Both CD4+ 

and CD8+ T cells have been isolated,115,143-146 however, the type of skin reaction may be 

determined by the predominant T cell phenotype, with a CD4+ phenotype associated with 
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maculopapular reactions and a CD8+ phenotype associated with severe bullous reactions.144,145,147 

When stimulated with the drug, SMX-specific T cells show an activation pattern with down-

regulation of the T cell receptor114 and increased RANTES production,148 as well as secretion of 

both Th1 and Th2 cytokines.115,142-146 Of those lesions predominated by cytotoxic T cells, 

perforin/granulozyme activity, rather than the fas/fas-ligand pathway, appears to mediate cell 

death.115,144,145 

 

Drug-specific antibodies have also been identified in humans133,149 and dogs119 with 

sulfonamide HS. Patients who are tolerant to sulfonamide antibiotics are capable of antibody 

generation,116,119,140 so it is possible that this is a clinically irrelevant epiphenomenon. 

Alternatively, antibodies may play a role in disease pathogenesis in clinical patients. For 

example, drug-specific antiplatelet antibodies have been documented in children with TMP-

SMX-associated thrombocytopenia.150 These antibodies are more likely to be of importance in 

patients with symptoms consistent with a Type II (cytopenias) or Type III (polyarthropathy, 

glomerulopathy, retinitis) HS reaction. However, SMX-stimulated T cells can secrete a cytokine 

profile consistent with a Th2 phenotype (e.g. IL-4, IL-5, IL-10), which stimulates humoral 

immunity.142,151 This can be classified as a Type IVb HS reaction.147 In particular, IL-5 secretion 

seems particularly prominent, which may help explain the eosinophilia commonly reported in 

patients with sulfonamide HS.3 

 

Although the pro-hapten-carrier model is the most widely accepted explanation for the 

stimulation of an immune response by sulfonamide antibiotics, other processes may contribute to 

this interaction.131 Not only do SMX drug-adducts provide a novel antigen for presentation by 
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APCs, SMX metabolites can also directly increase the production CD40 by dendritic cells.141 

Similarly, bystander cells previously exposed to SMX can elicit surface-expression of both 

MHC-II and co-stimulatory factors (CD40, CD80, CD86).131 In this way, SMX and its 

metabolites act as a “danger signal” that further enhances APC function, independent of drug-

adducts acting as antigen. Another theory that does not require antigen processing and 

presentation of SMX-adducted proteins is the pharmacologic interaction hypothesis or “p-i 

concept.”132 This theory is based on the observations that some human SMX-specific T cells, 

once generated, can respond to SMX alone without metabolism to SMX-NO and adduct 

formation.142,152 Furthermore, these T cells can respond to SMX-NO directly when APC antigen 

processing has been chemically blocked.142,152 Rather than presentation on an MHC molecule 

covalently bound to a peptide fragment, the drug interacts directly with the T cell receptor in the 

variable regions.131,152,153 The drug may also interact non-covalently with the MHC molecule or 

the peptide it is presenting, which allows the formation of an immunologic synapse and co-

stimulation of the T cell.132 In silico modeling has been used to identify possible binding site for 

SMX on these molecules,153 but most biological evidence for the “p-i concept” thus far is 

indirect. 

 

Sulfonamide Biotransformation 

In the pro-hapten-carrier model, the parent drug (SMX) must be converted to the 

proximate metabolite, SMX-NO. This occurs in a two-step process: (1) hydroxylation of SMX to 

the hydroxylamine metabolite (SMX-HA) and (2) oxidation of SMX-HA to its nitroso derivative 

(SMX-NO; Figure 1.3). SMX-HA can be generated in the liver by CYP2C8 and 

CYP2C9,141,154,155 and subsequently delivered to target tissues via circulation. Importantly, 



	 25	

hydroxylation occurs on the amino group of the arylamine ring present in sulfonamide 

antibiotics, but not other sulfonamide drugs. This explains the lack of cross-reactivity between 

sulfonamide antibiotics and non-antibiotic drugs as well as the failure of non-antibiotic 

sulfonamides to elicit a sulfonamide HS reaction.3,44,156 SMX may also be converted to SMX-HA 

by myeloperoxidase in dendritic cells.141 Local metabolite generation may help explain the 

predominance of cutaneous ADRs in sulfonamide HS, given the large number of dendritic cells 

present in skin. 

 
Figure 1.3 – Proposed schema for bioactivation of sulfonamide antibiotics, represented by sulfamethoxazole (SMX) 
to the reactive, nitroso metabolite (SMX-NO). SMX-NO adducts endogenous protein to form a novel antigen, which 
can elicit an immune response. Reproduced from Funk-Keenan et al 2012.157 
 

The hydroxylamine is a minor sulfonamide metabolite with only ~2% of SMX 

administered excreted as SMX-HA in the urine.158-160 However, urinary recovery may 

underestimate the total amount of SMX-HA produced because SMX-HA can undergo 

spontaneous oxidation to SMX-NO.161,162 SMX-NO itself is difficult to quantify because it is 

unstable in solution, with alternate metabolites appearing within minutes of dissolution. These 
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may include nitro-SMX, homodimers, reduction back to SMX-HA, or haptenization with 

endogenous protein.136 

 

Detoxification of Sulfonamide Metabolites 

 Not all patients who are exposed to sulfonamide antibiotics develop drug-protein 

adducts.119 Additionally, most of the drug is excreted in the urine in a form other than SMX-HA 

or SMX-NO.10-12,158-160 These findings suggest the presence of other metabolic pathways that 

subvert or reverse the SMX to SMX-HA to SMX-NO route that contributes to the pathogenesis 

of sulfonamide HS. 

 

In humans, the major urinary metabolite of SMX is N4-acetyl-SMX, accounting for ~70% 

of all drug excreted in the urine.6 SMX conversion to N4-acetyl-SMX is catalyzed by the N-

acetyltransferases (NATs), which are phase II detoxification enzymes (Figure 1.3). NAT 

covalently binds an acetyl group to the arylamine moiety of SMX, preventing direct 

hydroxylation by CYP2C8/9 and facilitating excretion by active tubular secretion. NAT also 

acetylates the arylhydroxylamine group on SMX-HA to form N-acectoxy-SMX and prevent 

further oxidation to SMX-NO.3 In humans, there are two isoforms of the N-acetyltransferase 

enzyme: NAT1 and NAT2 encoded for by the NAT1 and NAT2 genes, respectively. SMX is a 

substrate for both isoforms, but tissue distribution of these enzymes varies substantially.3,163 In 

humans, NAT1 is expressed in a wide range of tissues including liver, lung, digestive and urinary 

tracts, mammary tissue, and, interestingly, leukocytes. In contrast, NAT2 expression is limited to 

liver and gut, suggesting a more specific role in xenobiotic detoxification.163,164 This differential 
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isoform distribution may have implications for SMX metabolite generation and target tissues in 

sulfonamide HS. 

 

The hydroxylation of SMX to SMX-HA by cytochrome P450 enzymes is the first step in 

generation of reactive metabolites in sulfonamide HS. However, this process can be reversed 

through SMX-HA reduction by another important detoxification enzyme pathway: cytochrome 

b5 (cyt b5) and cytochrome b5 reductase (Figure 1.3).165,166 SMX-HA reduction by this system is 

an NADH-dependent process:165 the FAD-containing reductase enzyme facilitates electron 

transfer to cyt b5, which acts as an electron carrier to SMX-HA, yielding the less reactive parent 

compound.167 SMX may go on to be acetylated by NAT or excreted directly by the kidney. Cyt 

b5 and cyt b5 reductase, encoded for by CYB5A and CYB5R3, respectively, are primarily 

expressed as microsomal enzymes in the liver,166 although some mitochondrial SMX-HA 

reduction activity may also occur.168 Activity is significantly reduced with removal of either cyt 

b5 and cyt b5 reductase, suggesting that both are requisite for SMX-HA reduction; optimal 

stoichiometry of the components has been determined.166 In the liver, these proteins are 

membrane-bound, but soluble form of both are expressed in red blood cells via alternate 

splicing.169 In the red cell, their primary function is to maintain hemoglobin in a reduced state; 

however, the contribution of soluble cyt b5 and cyt b5 reductase, also known as methemoglobin 

reductase, to total body SMX-HA reduction capacity is unknown. 

 

The spontaneous degradation of SMX-HA to SMX-NO occurs in oxidizing conditions, 

and redox cycling between these intermediates may actually exacerbate oxidation status of the 

environment.170 This process can be reversed in the presence of antioxidants. Both glutathione 
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and cysteine have been shown to mediate reduction SMX-NO, which may be reduced to SMX-

HA or back to the parent SMX compound via a sulfinamide intermediate.161,171 Glutathione, 

cysteine, and ascorbate can also prevent SMX-HA auto-oxidation to SMX-NO.154,161,165,171,172 In 

clinical patients, antioxidant deficiency leads to impaired SMX-NO reduction173,174 and may be 

associated with sulfonamide HS.175 However, prophylactic supplementation with the glutathione 

precursor N-acetylcysteine has not been shown to be effective in reducing the risk of 

sulfonamide HS.176 

 

Species Differences in Sulfonamide HS Pathogenesis 

In dogs, much of sulfonamide biotransformation is known or thought to be similar to that 

in humans. For example, SMX-HA generation has been documented in canine microsomes.107 

However, a few differences do exist. In humans, the primary urinary metabolite is N4-acetyl-

SMX whereas, in dogs, most of the drug is excreted unchanged.12 This is because dogs and other 

canid species lack NAT1 and NAT2 genes for N-acetyltransferase and, therefore, do not express 

the enzymes responsible for generation of the acetylated metabolite.13 This detoxification 

deficiency may predispose dogs, as a species, to sulfonamide HS and help explain why they are 

the only naturally-occurring, non-human model of this ADR.44 Interestingly, SMX-HA reduction 

activity, catalyzed by the cyt b5/cyt b5 reductase system, is ~4x higher in dogs vs. humans.165 

This may represent compensation of another detoxification pathway for the N-acetylation deficit 

in this species. 

 

 

 



	 29	

Population Risk Factors for Sulfonamide HS 

 Idiosyncratic drug reactions are inherently difficult to predict. Without the risk factor of 

dose, it is harder for clinicians to anticipate the occurrence of the ADR and implement 

appropriate monitoring or potential preventative measures in individual patients. Thus, 

identifying risk factors for idiosyncratic ADRs is an important area of pharmacologic research. 

In general, risk can be classified as heritable (genetic) factors or as acquired (environmental) 

factors. Epigenetics can also affect the response of an individual to a drug and may be considered 

a distinct set of risk factors since epigenetic regulation of expression is initially inherited, but is 

altered throughout life in response to various environmental pressures. 

 

 In humans, a major risk factor for sulfonamide HS is immunosuppression. In 

immunosuppressed patients, particularly those with HIV, the incidence of sulfonamide HS has 

been reported as 20-57%.32,76,176,177 This is in contrast to the general, immunocompetent 

population where the incidence is only ~3%.75 Because of this large difference, 

immunosuppressed vs. immunocompetent patients are usually considered separate populations 

with distinct risk factors for the development of sulfonamide HS. To the author’s knowledge, no 

studies have reported differences in incidence of sulfonamide HS between immunosuppressed 

vs. immunocompetent dogs. Therefore, risk for canine sulfonamide HS shall be considered for 

the species as a whole. 

 

Risk Factors in Immunosuppressed Patients 

 A variety of factors have been identified that may help explain the higher incidence of 

sulfonamide HS in immunosuppressed patients. Antibiotic prescribing patterns generally differ 
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between immunosuppressed and immunocompetent patients, with the former much more likely 

to be taking antibiotics. TMP/SMX is the drug of choice for prophylaxis and treatment of 

Pneumocystis pneumonia, a common comorbidity in HIV and cystic fibrosis patients, both of 

whom have increased rates of sulfonamide HS.142,177,178 However, this fact by itself cannot 

explain the higher percentage of individuals exposed to the drug that experience the ADR. 

 

Altered drug metabolism in diseases affecting the immune system may contribute to this 

higher incidence of drug HS. HIV-positive patients excrete lower amounts of SMX-HA in the 

urine compared to HIV-negative patients and those with severe HS reactions may have even 

lower urinary concentrations.160,179 This may suggest more conversion of SMX-HA to SMX-NO 

and adduct formation, which is indirectly supported by evidence of a deficiency in cellular 

antioxidant systems in HIV patients.180 Sulfonamide HS has also been associated with a slow 

acetylator phenotype in HIV patients.158,181,182 This phenotype, determined by NAT2 activity, 

decreases the amount drug detoxified by the acetylation pathway and may leave more drug 

available for metabolism to SMX-HA, subsequent degradation to SMX-NO, and adduct 

formation. Acetylation phenotype is primarily genetically determined, but may also be adversely 

affected by retroviral infection.183-185 

 

Immunologic changes induced by disease may also alter susceptibility to sulfonamide 

HS. T cells from cystic fibrosis patients with sulfonamide HS show a different antigen reactivity 

pattern and cytokine profile from those that are sulfonamide-tolerant.186 Untreated HIV patients 

have higher levels of interferon-γ, which enhances SMX-adduct antigen presentation by dendritic 

cells.187 However, the best studied risk factor for sulfonamide HS in HIV patients is the severity 
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of the HIV infection. Lower CD4+ T cell counts, percentages, or both have been consistently 

identified in HIV patients with sulfonamide HS vs. those tolerant to the drug.129,177,188 Higher 

CD8+ T cell concentrations may also be a marker.178,189 

 

The evidence presented suggests that much of the additional risk for sulfonamide HS in 

immunosuppressed patients, particularly in HIV patients, is attributable to the disease itself, its 

severity, or the biological changes associated with that disease. Thus, risk factors for 

sulfonamide HS in immunosuppressed patients appear to be primarily acquired risk factors. 

 

Risk Factors in Immunocompetent Patients 

 The risk factors contributing to the development of sulfonamide HS in immunocompetent 

patients are even less well understood than those for immunosuppressed patients. 

Immunocompetent patients are oftentimes systemically healthy when antibiotics are initially 

prescribed, with urinary tract and bronchial infections being some of the more common 

indications for TMP-SMX therapy.18,22 Thus, these patients lack many of the metabolic and 

immunologic changes thought to be involved in the pathogenesis of the ADR in HIV-positive 

and other immunosuppressed individuals. Instead, some evidence suggests that sulfonamide HS 

may be heritable among the general population.190-192 This includes one report in which 

individuals in three generations of a family were affected.192 The apparent heritability of 

sulfonamide HS and the lack of identifiable acquired risk factors in immunocompetent patients 

suggests that genetic factors may be in play when assessing risk in the general population. 
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Risk Factors in Dogs 

 Some of the most common indications for sulfonamide antibiotics in dogs include lower 

urinary tract infections and superficial folliculitis.19,20,24 Therefore, dogs with sulfonamide HS 

are also often systemically healthy at the time of initiation of therapy and lack the acquired risk 

factors seen in immunosuppressed humans. However, breed may contribute to risk for 

sulfonamide HS. Multiple reports suggest that Doberman Pinschers are predisposed to 

sulfonamide HS.106-108,193,194 In the largest case series of canine sulfonamide HS to date, 

Trepanier et al. found that Samoyed and Miniature Schnauzers were overrepresented compared 

to the general hospital population, although it is unknown whether antibiotic prescribing patterns 

could have affected these results.100 Breed may also impact which clinical signs manifest, with 

large breed dogs potentially predisposed to sulfonamide-associated polyarthropathy.100,102,106-108 

Given the high degree of relatedness between dogs within a breed, this evidence suggests that 

genetic risk factors may be present for dogs with sulfonamide HS, as well as humans. 

 

Lymphocyte Toxicity Assay (LTA) 

Given the lack of well-defined risk factors and the difficulty in obtaining a definitive 

diagnosis, a clinical or biologic marker for sulfonamide HS is greatly needed. Such a tool could 

aid in both confirming the diagnosis of HS reactions and identifying at-risk patients. The 

lymphocyte toxicity assay (LTA) has been proposed as this marker and has been associated with 

sulfonamide HS in both immunocompetent and HIV-infected patients. Results of this in vitro 

cytotoxicity assay show that peripheral blood mononuclear cells (PBMCs) from HS patients are 

more susceptible to apoptosis in the presence of sulfonamide metabolites when compared to cells 

from sulfonamide-tolerant patients.122,162,195,196  
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In the LTA, PBMCs are isolated from the subject of interest and incubated with various 

concentrations (~25-1000 µM) SMX metabolites for ~2 hours. The drug is then removed by 

washing and the cells are allowed to “recover” overnight followed by assessment of cell death. In 

all patients, a dose dependent cytotoxicity is observed, but the percentage of cell death is greater 

in HS patients, particularly at the higher metabolite concentrations.107,161,162,196-202 The parent 

drug itself appears to be only minimally cytotoxic,107,161,162,190,196-202 which has led to the 

hypothesis that those patients whose cells exhibit more cell death in vitro (a “positive” LTA 

phenotype) may have a defect in detoxification pathways for the drug metabolites.190,203 

 

In the earliest reports of the LTA, the responsible metabolites were unknown and were 

generated by pre-incubating the antibiotic with hepatic microsomes.191,204,205 Later studies 

demonstrated that the hydroxylamine metabolite (SMX-HA) is the proximate metabolite 

responsible for in vitro cytotoxicity and incubation with purified SMX-HA has since become 

standard practice for the LTA.162,178,195,199,201-203,206 SMX-HA induced cytotoxicity can be 

diminished in the presence of glutathione, which may prevent oxidation of SMX-HA to SMX-

NO.162,195 Additionally, substitution of SMX-NO for SMX-HA in the LTA also causes enhanced 

cell death, suggesting a role for SMX-NO in the observed cytotoxicity.162,202 

 

In the LTA, the events leading from SMX-HA exposure up to detectable cell death are 

poorly understood. It is known that a “recovery period” (usually 16-19 hours) is necessary to 

elicit maximal cytotoxicity. Although some acute cell death is detectable directly following drug 

exposure (~2 hours), cell death continues after the drug is removed and the largest difference in 



	 34	

% cytotoxicity between drug-exposed cells and vehicle-controls is delayed by several hours.202 

Whether this delay is due to further metabolism of xenobiotics or activation of cell death 

pathways is not known. However, cell death during the acute and delayed phases of the LTA are 

mechanistically distinct. The acute phase is primarily characterized by cell necrosis whereas the 

delayed phase, which is quantitatively more important, is characterized by apoptosis.199 All 

PBMCs show dose-dependent cytotoxicity in the LTA; however, the extent of cell death varies 

with lymphocyte sub-population. CD8+ T cells are the most susceptible, CD4+ T cells the least, 

and B cells have an intermediate phenotype.199 

 

Three primary methods for detecting cell death in the LTA have been reported. The 

earliest reports of the assay investigating sulfonamide toxicity in vitro used trypan blue dye 

exclusion, which detects dead PBMCs when the dye is able to enter the cell through a ruptured 

cell membrane.191,205 However, trypan blue dye exclusion requires manual cell counting, which 

introduces inter-operator variability and the high potential for user error. Thus, the LTA was 

adapted to incorporate an automated detection system using the MTT tetrazolium salt (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide).207 In this form of the assay, cell 

viability is measured when MTT is converted by mitochondrial dehydrogenases to formazan, 

which is detected colorometrically208 and cytotoxicity is derived from cell viability. To date, the 

majority of studies investigating the LTA as a marker for sulfonamide HS have used the MTT 

method of detection.122,195,196,201,206,207 This method assumes a one-to-one relationship between 

mitochondrial enzyme function and cell viability. However, it is possible for an exogenous 

compound to disrupt enzyme function without causing true cell death, so a third methodology 

was introduced, which addresses the limitations of both prior detection systems. YO-PRO-1 is a 
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DNA-intercalating fluorophore that is impermeant to the cell membrane. Similar to trypan blue, 

only cells with permeable membranes will stain with YO-PRO, however, detection and 

quantification of the fluorescent signal can be automated.209 The LTA using YO-PRO detection 

has been used to investigate sulfonamide HS in HIV-infected patients,202 but has yet to be 

reported for immunocompetent subjects. 

 

The LTA has been evaluated as a means to distinguish HS from tolerant patients in both 

retrospective and prospective studies.122,206 LTA results appear to be a durable marker in 

immunocompetent patients, with increased cytotoxicity still noted years after the HS event.4,148 

In addition, this apparent defect can be demonstrated in family members of HS patients who 

have never been administered potentiated sulfonamides,190,191,203 which suggests a heritable 

defect. Given these findings, the cytotoxicity phenomenon is unlikely to be a residual effect of 

the HS event itself; rather, it appears that the defect is intrinsic to individual patients. 

 

In the general population, the reported specificity of the LTA for predicting sulfonamide 

HS is quite high (78-99%); however, sensitivity varies greatly (41-100%).148,190,206,210 

Additionally, the performance characteristics of the LTA appear to vary with the severity of 

clinical signs. In patients with only an exanthemous rash, sensitivity and specificity are quite 

poor (41% and 78%, respectively), but are vastly improved when the LTA is performed in 

patients with systemic organ involvement (92% and 99%, respectively).148 This disparity in test 

performance may represent true biological differences between cells of individuals that manifest 

sulfonamide HS in different ways. Alternately, the poor sensitivity and specificity in patients 

with mild symptoms could be due to misdiagnosis and misattribution of a rash to drug exposure. 
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Use of the LTA in dogs has only been reported in one study. Using MTT for detection, 

Cribb et al.107 investigated SMX-HA induced cytotoxicity in PBMCs from 10 mixed-breed dogs 

and 15 Doberman Pinschers, one of whom had documented sulfonamide HS. Overall, the 

Doberman Pinscher PBMCs showed more cell death compared to the mixed breed dogs. 

Doberman Pinschers appear to be overrepresented for sulfonamide HS, so it was proposed that 

the observed in vitro susceptibility to sulfonamide metabolites might help explain this clinical 

predisposition. However, to date, no studies have been published that compare results between 

tolerant vs. HS dogs. Our laboratory has attempted to validate a YO-PRO-based canine assay, 

but high background fluorescence has complicated detection (Reinhart, unpublished). Thus, the 

LTA cannot be considered a marker of sulfonamide HS in dogs at this time. 

 

Enhanced cytotoxicity to sulfonamide metabolites in the LTA has been interpreted as a 

“detoxification defect” in HS but not tolerant patients.162,190,211 However, it is unclear whether 

this in vitro “defect” translates to in vivo effects that may be part of the pathogenesis of 

sulfonamide HS. The concentration of SMX-HA used in the LTA (up to 1 mM in some reports) 

is much higher than concentrations that would be generated in a patient administered standard 

therapeutic doses of SMX.155,212 Thus, direct lymphocyte toxicity is unlikely in HS individuals. 

However, failure to detoxify SMX metabolites in the LTA may indicate similar problems during 

antibiotic therapy, predisposing to adduct formation and immunogenicity. Alternately, this defect 

could represent a cellular dysfunction of lymphocytes as immune responders to SMX-adducts as 

antigen, an intriguing possibility since CD8+ T cells, which are most susceptible to LTA-

associated cytotoxicity, are also the primary effector cells of delayed-type HS reactions. These 
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theories are largely speculative and the association between LTA results and clinical status could 

simply be an epiphenomenon. A better understanding of the mechanisms underlying the 

enhanced cytotoxicity of SMX-HA in HS patients is needed. 

 

Pharmacogenetics of Sulfonamide HS in Immunocompetent Patients 

Identifying genetic risk factors for sulfonamide HS is of paramount importance because 

of the unpredictable and sometimes severe manifestations of idiosyncratic drug reactions. 

Although polymorphisms in certain candidate genes have been associated with sulfonamide HS 

in HIV-infected patients (NAT1,213 NAT2,214,215 GCLC,216 GSTM1,217 GSTP1218), acquired risk is 

probably more important in this population since the underlying HIV infection may modulate 

metabolic or immunologic phenotype normally determined genetically.184,219 On the other hand, 

genetic risk factors may be quite relevant for immunocompetent patients with sulfonamide HS, 

given the potentially heritable nature of this condition.190-192 Several candidate genes have been 

evaluated in this population. 

 

NAT2 is the best-studied candidate gene for risk of sulfonamide HS in immunocompetent 

humans. The large variation in total N-acetylation capacity is due primarily to variable NAT2 

activity across the population. As such, multiple low-function polymorphisms in NAT2 have 

been correlated to a “slow acetylator” phenotype.163 Several studies have compared the 

prevalence of these polymorphisms between sulfonamide HS vs. TOL or healthy patients, but 

results have been contradictory. Wolkenstein et al.220 examined four known NAT2 

polymorphisms in sulfonamide HS patients and found that significantly more HS patients had a 

slow acetylator genotype (17/18) vs. controls (10/20). However, this difference was only present 



	 38	

when all loci were combined and was not attributable to a single variant. Furthermore, control 

subjects were healthy volunteers with unknown clinical status, instead of patients known to be 

tolerant to sulfonamide antibiotics. In two similar studies, Zielinska et al.221,222 compared NAT2 

allele frequencies between young patients who were sulfonamide HS vs. TOL. Low function 

alleles were associated with HS in both infants (2 to 12 months)221 and children (3 months to 17 

years)222. However, in the infant study, HS was associated with the NAT2*5A allele whereas it 

was associated with NAT2*6A and *7B in children. Finally, our laboratory investigated NAT2 

genotypes in 99 HS vs. 99 TOL patients.78 Despite full resequencing of the coding region, we did 

not identify any difference in allele frequencies for known variants or in predicted acetylator 

phenotype between the two groups. The large sample size and rigorous genotyping methodology 

of this study may call previous findings in to question. 

 

Based on the proposed pathogenesis of sulfonamide HS, other metabolic enzyme genes 

have been evaluated for genetic associations. The CYP2C9*2/*3 variants have been associated 

with increased production of SMX-HA in human cell lines;223 however, allele frequencies have 

only been investigated in HIV-positive patients with sulfonamide HS, and were not a risk 

factor.215 In a large case-control study performed by our group, we investigated the 

sulfamethoxazole detoxification genes, CYB5A and CYB5R3, but the polymorphism frequencies 

were not significantly different between sulfonamide HS and tolerant patients.78 Finally, an 

increased risk for cutaneous drug eruption in general has been documented for patients with 

GSTM1 and GSTT1 null genotypes, but this study population was mixed, with sulfonamide HS 

patients representing only 4/36 affected patients.117  
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Some of the strongest genetic associations for idiosyncratic adverse drug reactions have 

been found for HLA variants. Presumably, this is because the molecular conformation of HLA 

groove determines the ease with which drugs or drug-adducts can be presented as antigen. For 

example, HS reactions to the antiviral drug, abacavir, are strongly associated with the MHC-I 

allele, HLA-B*5701, and pre-therapy genotyping has been shown to significantly reduce the 

incidence of abacavir HS reactions in clinical practice.224 HLA alleles have also been 

investigated as genetic risk factors for sulfonamide HS. Ozkaya-Bayizit et al.225 found an 

association between the HLA-A30 B16 Cw6 haplotype and sulfonamide-induced skin eruptions 

in a Turkish population. In a more recent study in Thailand, three HLA alleles (HLA-B*1502, 

HLA-C*0602, HLA-C*0801) were found to increase risk for sulfonamide-associated SJS/TEN 

by 3-10-fold, with carriage of multiple alleles having an additive effect on risk.226 It should be 

noted that the population for this latter study included primarily HIV-positive patients and only 

included those with the most severe manifestations of the sulfonamide HS. Thus these results 

may not be applicable to the average immunocompetent patient taking sulfonamide antibiotics. 

Furthermore, these two studies performed in separate geographic regions yielded different 

associations, which is not unexpected since HLA allele distribution varies significantly among 

ethnic groups. 

 

Genetic risk factors for sulfonamide HS have also been investigated in dogs. Since dogs 

lack NAT1 and NAT2 genes, this may confer a species-level predisposition to sulfonamide HS 

but cannot account for individual or breed risk.13 Our laboratory has also investigated CYB5A 

and CYB5R3 as potential candidate genes in dogs.157 We identified a single nucleotide 

polymorphism (SNP) in the CYB5R3 gene, 729A>G, which was overrepresented in dogs with 



	 40	

sulfonamide HS. This variant is a synonymous coding SNP, but is predicted to alter the 

conformation of the mRNA transcript to a more stable form.157 Therefore, it is possible that 

CYB5R3 729G creates a more difficult to translate mRNA structure, which leads to decreased 

enzyme synthesis and detoxification activity. Other candidate genes of interest are those 

encoding dog leukocyte antigens (DLAs), which are analogous to the HLAs in humans. 

Although DLAs has not been specifically investigated in sulfonamide hypersensitivity, DLA 

alleles have been associated immune-mediated hemolytic anemia,227 diabetes mellitus,228 

inflammatory bowel disease,229 and other immune-mediated canine diseases in dogs.230	

 

 Sulfonamide HS is relatively uncommon in immunocompetent humans and dogs. 

However, severe, potentially fatal, reactions are possible and concern for these reactions limit the 

clinical utility of potentiated sulfonamide antibiotics in both species. Thus, identifying risk 

factors has the potential to improve the use and safety of these drugs in practice. Given the 

apparent heritability of sulfonamide HS, genetic risk factors are of great interest; known variants 

need further investigation and modern methodologies can be used to search for novel variants. 

Although it is fairly well established that drug bioactivation and an immunologic response are 

requisite for this ADR to occur, much of the pathogenesis of sulfonamide HS is yet to be 

understood. Of particular interest is the lymphocyte toxicity assay – interrogation of the 

mechanisms underlying this in vitro marker may lead to the discovery of new pathways 

influencing clinical phenotype. Such investigations may suggest improved treatment or 

prevention strategies for sulfonamide HS in humans and dogs. 
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 The overarching goal of this thesis is to better understand the genetic factors and 

molecular mechanisms underlying sulfonamide HS in immunocompetent humans and dogs. 

This is accomplished through three specific aims: 

1) To identify genes associated with human sulfonamide HS, using a genome-wide 

association study (GWAS) design with sulfonamide tolerant patients as controls 

(Chapter 2). 

2) To determine the mechanisms for the enhanced in vitro SMX-HA induced 

cytotoxicity in HS human patients by comparing CD8+ T cell transcriptomes of HS 

vs. tolerant patients (Chapter 3). 

3) To further investigate the importance of the CYB5R3 729A>G SNP in dogs (Chapter 

4). 

a. To determine whether CYB5R3 729A>G is associated with sulfonamide 

hypersensitivity in a larger population of dogs, and whether this SNP is 

overrepresented in Doberman Pinschers relative to other dog breeds. 

b. To characterize the effect of the canine CYB5R3 729A>G variant on transcription, 

translation, and cytochrome b5 reductase activity. 
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Abstract 

Background – Hypersensitivity (HS) reactions to sulfonamide antibiotics occur uncommonly, but 

with potentially severe clinical manifestations. A familial predisposition to sulfonamide HS is 

suspected, but robust predictive genetic risk factors have yet to be identified. Strongly linked 

genetic polymorphisms have been used clinically as screening tests for other HS reactions prior 

to administration of high-risk drugs. 

Objective – The purpose of this study was to evaluate for genetic risk of sulfonamide HS in the 

immunocompetent population using genome-wide association. 

Methods – Ninety-one patients with symptoms after trimethoprim-sulfamethoxazole (TMP-

SMX) attributable to “probable” drug HS based on medical record review and the Naranjo 

Adverse Drug Reaction Probability Scale, and 184 age- and sex-matched patients who tolerated a 

therapeutic course of TMP-SMX, were included in a genome-wide association study using both 

common and rare variant techniques. Additionally, two subgroups of HS patients with a more 

refined clinical phenotype (fever and rash; or fever, rash and eosinophilia) were evaluated 

separately. 

Results – For the full dataset, no single nucleotide polymorphisms were suggestive of or reached 

genome-wide significance in the common variant analysis, nor was any genetic locus significant 
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in the rare variant analysis. A single, possible gene locus association (COL12A1) was identified 

in the rare variant analysis for patients with both fever and rash, but the sample size was very 

small in this subgroup (n=16), and this may be a false positive finding. No other significant 

associations were found for the subgroups. 

Conclusions – No convincing genetic risk factors for sulfonamide HS were identified in this 

population. These negative findings may be due to challenges in accurately confirming the 

phenotype in exanthematous drug eruptions, or to unidentified gene-environment interactions 

influencing sulfonamide HS.  

 

Introduction 

 Potentiated sulfonamides, such as sulfamethoxazole (SMX) in combination with 

trimethoprim (TMP), are effective antibiotics for the treatment of urinary infections, bronchitis, 

pneumonia, and methicillin-resistant S. aureus (MRSA) infections.1-4 TMP-SMX is also the drug 

of choice for the prevention of opportunistic protozoal infections, such as toxoplasmosis and 

Pneumocystis jiroveci pneumonia, in immunocompromised patients, particularly in those with 

AIDS.5-8 

 

 Despite this broad-spectrum of activity, clinical use of TMP-SMX is limited by the 

development of idiosyncratic, delayed-type hypersensitivity (HS) reactions including fever and 

cutaneous drug eruptions and, less commonly, multi-organ dysfunction.9 In fact, TMP-SMX is 

the leading cause of cutaneous hypersensitivity reactions, and the most common culprit in severe 

bullous skin eruptions such as Stevens-Johnson syndrome and toxic epidermal necrolysis, which 

carry up to 30% mortality.10-14 Hypersensitivity reactions occur in approximately 3% of TMP-
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SMX-treated patients in the general population.15,16 Both clinical reports and ex vivo drug 

challenge studies have suggested that this syndrome may be familial; thus a genetic basis for 

sulfonamide HS has been proposed.17,18 

 

 Pharmacogenetic risk for sulfonamide HS has only been evaluated in a limited number of 

studies. Unfortunately, most of these studies were in HIV-positive patients, for whom acquired, 

rather than genetic, risk is more likely.19-23 Genetic studies have been sparse in 

immunocompetent patients and have focused predominately on enzymes responsible for SMX 

biotransformation or on glutathione pathways, which can neutralize reactive drug metabolites. 

Two reports suggested that “slow” acetylator NAT2 genotypes were associated with sulfonamide 

HS.24,25 However, in a larger study in our laboratory, we found no such association despite full 

resequencing of NAT2 coding region.26 In that same study we also investigated the 

sulfamethoxazole detoxification genes, CYB5A and CYB5R3, but polymorphism frequencies 

were low and were not significantly different between sulfonamide HS and tolerant patients.26 

 

 CYP2C9*2/*3 variant alleles have been associated with decreased production of the 

reactive, SMX-hydroxylamine (SMX-HA) metabolite in human liver microsomes;27 however, 

allele frequency variation has not been investigated in immunocompetent patients with 

sulfonamide HS.20 Further, an increased risk for cutaneous drug eruptions overall was reported 

for patients with GSTM1 and GSTT1 null genotypes, but this study population was mixed, with 

sulfonamide HS patients representing only 4/36 affected patients.28 Finally, an association 

between an HLA-A30 haplotype and sulfonamide-induced skin eruptions was found in a Turkish 

population, but HLA genotypes have yet to be studied in other immunocompetent populations.12 
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 Beyond these few candidate-gene studies, no other drug biotransformation, redox, or 

immunoregulatory genes have been evaluated for an association with sulfonamide HS. Genome-

wide association studies (GWAS) have successfully identified genetic targets associated with a 

variety of other adverse drug reactions when a candidate gene approach has proved 

insufficient.29-32 Therefore, the purpose of this study was to screen for genetic markers of 

sulfonamide HS in an immunocompetent population, compared to drug tolerant controls, using a 

GWAS design. 

 

Methods 

Patient Identification 

Patients with delayed sulfonamide HS and patients tolerant of a course of sulfonamide 

antibiotics were identified through the Marshfield Clinic Research Foundation’s Personalized 

Medicine Research Project (PMRP), a cohort of over 20,000 patients who receive their medical 

care at the Marshfield Clinic, Marshfield, WI. These patients have previously provided informed 

consent for the use of their samples for biomedical research, linked to de-identified medical 

records data.33 Medical records were searched electronically for a history of TMP-SMX 

administration or for a diagnosis of sulfonamide HS. Marshfield Clinic Research Foundation 

staff individually reviewed medical records, using a structured abstraction form to identify 

patients with sulfonamide HS. Each case was adjudicated to ensure consistency and accuracy. 

The abstraction form included the following eligibility criteria: (1) administration of TMP-SMX 

for at least 5 days prior to the adverse event;9 (2) documentation of one or more new clinical 

signs after starting TMP-SMX, including fever with or without eosinophilia, skin rash, increases 
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in liver enzyme activities, hyperbilirubinemia, blood dyscrasias (anemia, leukopenia or 

thrombocytopenia), pneumonitis, myocarditis, aseptic meningitis, polyarthritis, acute interstitial 

nephritis, toxic epidermal necrolysis, or Stevens-Johnson syndrome;9 (3) lack of other clinical 

explanation for the adverse event; and (4) resolution of clinical signs with discontinuation of 

TMP-SMX alone. Patients with only gastrointestinal symptoms such as nausea, vomiting or 

diarrhea,9 or with acute anaphylactoid reactions,34,35 were excluded. Because some forms of 

immunosuppression, in particular AIDS, lead to a high acquired risk of SMX hypersensitivity, 

apparently independent of genotype,20 immunocompromised patients, including those with HIV 

infection or undergoing immunosuppressive chemotherapy, were not eligible. These criteria 

together were designed to yield a score of 6 or more, or “probable” adverse reaction, using the 

Naranjo Adverse Drug Reaction scale.36 

 

Control patients (“tolerant;” TOL) within the PMRP that were prescribed TMP-SMX 

were enrolled sequentially from medical records in random order, to provide a 2:1 match with 

the HS patients for race, gender, and decade of age at sulfonamide treatment. TOL patients must 

have been prescribed a course of TMP-SMX at a standard therapeutic daily dosage for at least 10 

days, with adequate follow-up in the medical record to indicate that the drug was taken and 

tolerated without adverse event. Clinical and demographic variables, including body weight, 

dosage, duration of treatment, and reason for TMP-SMX prescription were also abstracted. 

Patient data were provided to the investigators in a de-identified format, and therefore the study 

protocol was reviewed and granted exemption from federal regulations by the UW Health 

Sciences human subjects Minimal Risk Institutional Review Board. One investigator (SY) from 
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the PRMP did have direct access to patient information as a part of the validation process but the 

review board was aware of this at the time the exemption was granted. 

 

Genotyping, Quality Control, and Data Pre-analysis 

DNA samples from 99 HS and 198 TOL patients from the PMRP were genotyped using 

one or more of the following platforms: HumanCoreExome, Illumina 660Hg18, Illumina 

660Hg19, or Infinium (Illumina; San Diego, CA). Genotype-calls were performed in Genome 

Studio software (Illumina; San Diego, CA). For the HumanCoreExome, 660Hg18, and 660Hg19 

platforms, the data was formatted for use in PLINK 

(http://pngu.mgh.harvard.edu/purcell/plink/).37,38 The genotyped Infinium raw data files existed 

in the A/B format and the single nucleotide polymorphisms (SNPs) were converted to their 

corresponding alleles to match the PLINK format of the other platforms. SNPs in the Infinium 

dataset whose genotypes were denoted as either an indel (12,602) or had ambiguous strand 

designations (1,286) were removed. PLINK formatted files for the HumanCoreExome, 660Hg18, 

and 660Hg19 platforms are available on dbGaP, along with the raw text files for the Infinium 

platform. 

 

For each platform, called data were filtered for quality control (QC) in PLINK. No 

patients were removed from the study due to low genotyping (efficiency < 90%). SNPs were 

excluded if the genotyping efficiency was < 98% or if the minor allele frequency (MAF) was < 

0.01.39 Trend tests for Hardy-Weinberg equilibrium were performed and variants with extreme 

deviations were also excluded from analyses. Q-Q plots were used to assess overall quality of the 
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GWAS data, and the quality of any significant SNPs was evaluated manually after association 

analysis.  

 

Data from the four platforms were combined to form a single dataset. However, few 

SNPs were shared among all four platforms. Therefore, to maximize the number of SNPs 

evaluated, only data from the HumanCoreExome and Infinium platforms were included in the 

final analysis. This resulted in the exclusion of 10 patients (4 HS, 6 TOL) who were only 

genotyped on the Illumina Hg660 systems. Imputation was performed on the combined dataset 

using SHAPEIT (https://mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html#home) 

and IMPUTE2 (https://mathgen.stats.ox.ac.uk/impute/impute_v2.html) software. The EUR group 

of individuals (n=379) in the 1000 Genomes Project reference panel (June 2014 release; 

1000genomes.org) was used to phase the haplotypes because the majority of the patients in this 

study were Caucasian. 420 SNPs in the dataset were either missing in the reference panel or had 

strand incompatibilities and were removed. The number of genotyped SNPs used in the 

imputation was 226,516 and the resulting number of imputed SNPs that had an info score  > 0.7 

and that were used in the downstream analyses was 10,329,316. 

 

Including relatives within the same association study can skew results, so the KING 

program (http://people.virginia.edu/~wc9c/KING/) was used to assess relatedness between 

subjects. Patients were removed if a relatedness of the 3rd degree or less was identified, resulting 

in the exclusion of an additional 10 patients (3 HS, 7 TOL). Further population substructure was 

assessed using EIGENSOFT software (http://www.hsph.harvard.edu/alkes-price/software/) with 

a linkage disequilibrium pruned set (62,653) from the genotyped SNPs; principal component 
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analysis identified two clear outliers (1 HS, 1 TOL) from the population, which were removed. 

The final dataset included 275 patients: 91 HS and 184 TOL. 

 

Common Variant Analysis 

Multivariable logistic regression analysis was performed on the genotyped SNPs using 

PLINK and using SNP dosages for the imputed SNPs. 2-bit dummy-encoding was used to ensure 

that no genetic model assumptions were made.39 The first four principle components, determined 

in EIGENSOFT, were included as covariates to minimize spurious associations due to 

underlying population substructure. The population was almost entirely Caucasian (99%), so 

race was not included as a covariate. Similarly, sex and age were not found to be significant 

covariates (coefficient p-value < 0.05), so were not included in the final model. Before 

calculating the genomic inflation factor (λ) for the combined genotyped and imputed common 

variant results, any SNPs with a MAF < 0.01 were removed along with any imputed SNPs that 

also existed in the genotyped set. This resulted in 226,505 genotyped SNPs and 8,066,491 

imputed SNPs. λ was 1.03 and the p-values were adjusted to correct for it. The Q-Q plot is 

shown in Figure 2.1A. All SNPs were assessed in the final analysis, but those within candidate 

genes previously hypothesized to be involved in sulfonamide HS pathogenesis (Table 2.1) were 

of particular interest. Based on the number of comparisons including both the genotyped and the 

imputed SNPs, p ≤ 6.03 x 10-7 was considered suggestive of significance and p ≤ 6.03 x 10-9 was 

considered significant at the genome-wide level. The Bonferroni correction was used for 

multiple comparison corrections at an alpha level of 0.05. 
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Figure 2.1 – (A) Q-Q plot for common variant analysis of full set of sulfonamide hypersensitive (HS) vs. drug 
tolerant (TOL) patients (λ=1.03). (B) Q-Q plot for common variant analysis of HS subgroup with rash and fever 
(FEV-RASH) vs. all TOL patients (λ=0.87). (C) Q-Q plot for common variant analysis of HS subgroup with rash, 
fever, and eosinophilia (FEV-RASH-EOS) vs. all TOL patients (λ=0.68). 
 

Assuming a multiplicative model of inheritance and a risk-allele frequency of 0.5, an a 

priori power calculation demonstrated that an available sample of 99 HS and 198 TOL patients 

would yield at least 80% power to detect a genetic risk model with a relative risk of ≥ 3.0, while 

maintaining an overall family-wise error rate of 10-8 (representing a correction at a genome-wide 

level). 
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Gene Protein Rationale 
CYP1A2 Cytochrome P450, family 1, subfamily A, polypeptide 2 SMX biotransformation 
CYP2C8 Cytochrome P450, family 2, subfamily C, polypeptide 8 SMX biotransformation 
CYP2D6 Cytochrome P450, family 2, subfamily D, polypeptide 6 TMP biotransformation  
GCLC Glutamate-cysteine ligase, catalytic subunit Glutathione pathways  
GCLM Glutamate-cysteine ligase, modifier subunit Glutathione pathways 
GSS Glutathione synthetase Glutathione pathways 
GSTM1 Glutathione S-transferase mu 1 Glutathione pathways 
GSTP1 Glutathione S-transferase pi 1 Glutathione pathways 
GSTT1 Glutathione S-transferase tau 1 Glutathione pathways 

   HLA-A Major histocompatibility complex, class I, A Antigen presentation 
HLA-B Major histocompatibility complex, class I, B Antigen presentation 
HLA-C Major histocompatibility complex, class I, C Antigen presentation 
HLA-
DQA1 Major histocompatibility complex, class II, DQ alpha 1 Antigen presentation 
MARC1 Mitochondrial amidoxime reducing component 1 SMX biotransformation  
MARC2 Mitochondrial amidoxime reducing component 2 SMX biotransformation  
MPO Myeloperoxidase SMX biotransformation 
NAT1 N-acetyltransferase 1 SMX biotransformation 
NAT2 N-acetyltransferase 2 SMX biotransformation 
 
Table 2.1 – Candidate genes within the GWAS hypothesized to be involved in the pathogenesis of sulfonamide HS, 
and the mechanistic rationale for inclusion of each candidate gene. 
 

Rare Variant Analysis 

The present study was not powered to detect a significant difference in allele frequencies 

for SNPs with low MAFs.38 However, associations between low-MAF calls and various diseases 

have been previously identified, emphasizing the potential importance of these rare variants.40-42 

Therefore, we characterized the influence of rare variants using a combined multivariate and 

collapsing gene-level approach.43,44 All SNPs with MAF < 0.03 within an individual gene were 

collapsed into a single covariate and each gene was included in a multivariate logistical 

regression model. 17,793 loci were included in this analysis and candidate genes were 

specifically evaluated. Several rare-variant burden tests (ind, prop, weight) and variance-
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component tests (skat, skat-o) were used including those that weighted for possible functional 

significance of individual SNPs.45,46 For each locus included in the analysis, p-values from the 

separate rare-variant tests were combined to yield a single p-value using Lancaster’s method.47 

Gene-level associations with model adjusted q-value ≤ 0.05 were considered significant. 

 

Subgroup Analyses 

Because definitive diagnosis of sulfonamide HS is difficult and misclassification can 

occur, HS patients matching a more refined clinical phenotype were included in two separate 

subgroup analyses. The first subgroup (FEV-RASH) included patients exhibiting both a fever 

(body temperature > 98.8°F) and cutaneous drug eruption (rash) (n=16). The second subgroup 

(FEV-RASH-EOS) included patients exhibiting fever, rash, and documented peripheral 

eosinophilia (eosinophils > 0.5 M/l) on complete blood count (n=8). Each subgroup was 

compared with the full control group (n=184) in both a common and a rare variant analysis. The 

genotyped (226,516) and imputed SNPs (10,329,316) that were used as input for the full set 

common and rare variant analyses were also used as input for the subgroup analyses. After 

quality filtering the common variant analysis results, 226,444 genotyped and 8,077,026 imputed 

SNPs remained for subgroup FEV-RASH. λ was 0.87 and the resulting Q-Q plot can be seen in 

Figure 2.1B. 17,766 loci were included in the rare variant analysis. For subgroup FEV-RASH-

EOS, 226,415 genotyped and 8,078,605 imputed SNPs remained after the common variant 

analysis results were quality filtered. λ was 0.68 and the resulting Q-Q plot can be seen in Figure 

2.1C. 17,778 loci were included in the rare variant analysis in this subgroup. Candidate genes 

were specifically evaluated in both the common and rare variant analyses. 

 

 



	 71	

Results 

Patient Population 

Ninety-one HS and 184 TOL patients were included in the final analysis. Inclusion and 

exclusion of subjects are represented in Figure 2.2. 

 

Figure 2.2 – Inclusion and exclusion of recruited subjects. 

 

Patient demographics are summarized in Table 2.2. HS patients were predominantly Caucasian 

(98%) and female (82%), with a median age of sulfonamide treatment of 38 years (range 1–80). 

Most of the HS patients had exanthematous (95%) or bullous (1%) drug eruptions. Other clinical 

manifestations included fever (20%), eosinophilia (17%), thrombocytopenia (11%), neutropenia 
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(5%), anemia (4%), or elevated liver enzymes/hyperbilirubinemia (3%).  Matched TOL patients 

were predominantly Caucasian (99%) and female (83%), with a median age of sulfonamide 

treatment of 41 years (range 8–88). 

  HS   
(n=91) 

FEV-RASH  
(n=16) 

Subgroup of HS 

FEV-RASH-EOS  
(n=8) 

Subgroup of HS 

TOL  
(n=184) 

Age at Administration 
(yr) 

40.0 ± 17.2 
(1.1-80.4) 

40.8 ± 18.7 
(1.1-80.4) 

46.5 ± 15.0 
(24.3-70.1) 

41.1  ± 17.3 
(8.5-87.7) 

Body weight (kg) 77.0 ± 19.2 
(13-124) 

84.0 ± 16.0 
(55-105) 

87.0 ± 17.0 
(61-97) 

85.3  ± 21.4 
(27.2-150.0)  

Total Daily Dose 
(mg/kg) 

25.7 ± 6.2 
(10.3-37.5) 

22.9 ± 6.7 
(10.3-35.1) 

23.0 ± 5.6 
(19.8-31.3) 

23.5  ± 6.2 
(7.0-40.6)  

GENDER         
Female 75 10 4  153 
Male 16 6 4  31 
RACE         
Caucasian 89 15 7  183 
Native American 2 1 1  1 
DIAGNOSIS         
Urinary Tract Infection 32 5 3  41 
Respiratory Tract 
Infection 55 9 4  101 

Other Soft Tissue 
Infection 2 1 1  38 

Unknown/Multiple 2 1 0  4 
Table 2.2. Demographic information for sulfonamide hypersensitive (HS) and drug-tolerant (TOL) patients. 
Continuous data are presented as mean ± standard deviation (range). FEV-RASH = hypersensitive subgroup with 
fever and rash; FEV-RASH-EOS = hypersensitive subgroup with fever, rash, and eosinophilia. Diagnosis represents 
the underlying rationale for TMP/SMX prescription. (Note: body weight and therefore total daily dose in mg/kg 
were not available for 58 patients.) 
 

Common Variant Analysis 

The Manhattan plot of the full dataset is shown in Figure 2.3. No SNP was suggestive of, 

or reached, genome-wide significance. Similarly, no SNP in any candidate gene reached 

significance. The SNP with the lowest p-value was rs160978 (p = 4.98 x 10-6) located in an 

intergenic region of chromosome 5. 
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Figure 2.3 – Manhattan plot for common variant analysis of full set of sulfonamide hypersensitive (HS) vs. drug 
tolerant (TOL) patients. No SNPs were suggestive of (p ≤ 6.03 x 10-7) or reached genome-wide significance (p ≤ 
6.03 x 10-9). 
 

Rare Variant Analysis 

Of the 17,793 loci included in this gene-level analysis, there were no statistically 

significant differences between HS and TOL patients in the full data set. In particular, there were 

no significant differences for any of the candidate genes. The gene with the lowest q-value was 

FNBP1 (q = 0.2558), located on chromosome 9, which codes for formin binding protein 1. 

 

Subgroup Analyses 

The 16 patients included in subgroup FEV-RASH were predominantly Caucasian (15/16) and 

female (10/16) with a median age of 42 years (range 1–70). In addition to fever and rash, 7 had 

blood dyscrasias (neutropenia, thrombocytopenia, and/or anemia) and 1 had bullous skin 

eruptions. In the common variant analysis, no SNP was suggestive of or reached genome-wide 

significance (Figure 2.4). However, in the rare variant analysis, there was a statistically 
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significant difference between the TOL and FEV-RASH groups for the gene COL12A1 (q = 

0.0167) on chromosome 6, which codes for type XII α1 collagen. 

 
Figure 2.4 – Manhattan plot for common variant analysis of the HS subgroup with rash and fever (FEV-RASH) vs. 
all TOL patients. No SNPs were suggestive of (p ≤ 6.02 x 10-7) or reached genome-wide significance (p ≤ 6.02 x 10-

9). 
 

The 8 patients in subgroup FEV-RASH-EOS were predominantly Caucasian (7/8) with a 

median age of 48 years (range 24–70). Males (4/8) and females (4/8) were equally distributed. 

Six of these patients had blood dyscrasias and 1 exhibited bullous skin eruptions. In the common 

variant analysis, no SNP was suggestive of, or reached, genome-wide significance (Figure 2.5). 

In the rare variant analysis, there were no significant differences between TOL and FEV-RASH-

EOS patients for any locus, including COL12A1. 
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Figure 2.5 – Manhattan plot for common variant analysis of HS subgroup with fever, rash and eosinophilia (FEV-
RASH-EOS) vs. all TOL patients. No SNPs were suggestive of (p ≤ 6.02 x 10-7) or reached genome-wide 
significance (p ≤ 6.02 x 10-9). 
 

No SNP or locus within the candidate gene set was significant for either subgroup in 

either the common or rare variant analysis. 

 

Discussion 

 In the past 15 years, many pharmacogenetic studies have used novel, genome-wide 

techniques to identify previously unknown genetic risk factors for drug HS reactions.29-32 Many 

of the strongest associations have been found for the HLA loci, but other metabolic, transporter, 

and drug-target genes have also been implicated.29-32,48-55 Such associations are particularly 

important to the rapidly growing field of personalized medicine; in fact, the FDA now 

recommends prospective genotyping for some of these implicated drugs.56 Although a genetic 

basis for sulfonamide HS has long been suspected, little work has been done in 

immunocompetent patients and none at the genomic level.9 Therefore, the aim of this study was 

to identify possible genetic risk factors for sulfonamide HS in the general population using a 
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GWAS approach. Unfortunately, the present study did not demonstrate any genetic associations 

for sulfonamide HS. These negative findings could result from insufficient study sensitivity, 

inadequate clinical phenotyping, or represent a true lack of high impact genetic effects for this 

drug HS syndrome in this population. 

 

The power of a GWAS lies in its ability to simultaneous assess millions of variants across 

tens of thousands of genes. This provides superior sensitivity over a traditional candidate gene 

approach in which only one or few genes are investigated. Candidate studies also require an 

index of suspicion on the part of the investigators that a gene may be mechanistically important 

to the trait of interest, whereas a genome-wide approach is free from such investigator bias. 

However, the ability of any study to detect significant differences between groups relies on its 

sample size and, because a GWAS involves millions of comparisons, large sample sizes are 

usually required to maintain adequate study sensitivity. The present study was powered to detect 

a 3-fold increase in relative risk. Pharmacogenetic studies of drug outcomes are typically 

powered to detect only variants with large genetic effects, because polymorphisms with small 

effects are unlikely to be adequately predictive to impact clinical decision making.57 Although 

the present study was sufficiently powered to detect a relative risk of ≥ 3.0, genotyping more HS 

and TOL patients would have increased sensitivity and may have allowed us to detect significant 

risk of lesser magnitude. 

 

Because it is likely that not all of the SNPs are independent, our significance cutoff value 

of 6.03 x 10-9 may have been overly conservative. If the significance cutoff value were based 

only on the genotyped SNPs, the p-value would increase from 6.03 x 10-9 to 2.21 x 10-7.  Since 
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the smallest p-value found in this study was 4.98 x 10-6, the study conclusions remain the same 

whether the genotyped SNPs alone, or the genotyped and the imputed SNPs, are used in 

calculating the significance cutoff value. 

 

The rare variant analysis used in this study accounted for the genetic effects of low MAF 

SNPs that would have been missed in a traditional GWAS approach. However, this technique 

does not detect genetic interactions. Development of methods to detect interactions at the SNP, 

gene, and pathway level is an ongoing area of bioinformatics research.58-60 Study sensitivity may 

also have been improved had we used a different modality for genotyping. This GWAS was 

performed using SNP arrays, which included hundreds of thousands of known variants. 

Combined with imputation, several million genetic markers were used in this study. However, 

next-generation, whole-genome sequencing exponentially increases the number of possible SNPs 

included and also assesses non-SNP variants (e.g. indels, inversions, transpositions). Whole-

genome sequencing would also allow direct identification of the causative variant, rather than 

relying on linkage disequilibrium to identify an area of the genome, which then must be re-

sequenced. 

 

Our negative findings emphasize the difficulties in studying patients with a diagnosis of 

drug hypersensitivity as manifested by exanthematous rash, which can have other etiologies that 

could be misdiagnosed as a drug reaction. We attempted to minimize this by direct medical 

record review and use of a validated adverse drug reaction scale. Despite these measures, errors 

and misinterpretation of medical records can still occur. For example, upon secondary review of 

the cases, it was discovered that one TOL subject failed to complete the minimum 10-day course 
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of TMP/SMX due to GI upset. Given that our analyses did not reveal any significant findings, 

this oversight is unlikely to affect our results, but it does highlight the difficulties in reviewing 

medical record information in retrospective studies. Furthermore, drug rechallenge remains the 

gold standard for confirming adverse drug reactions,36,61 and this was not performed in most 

patients in our HS group for ethical reasons.  In addition, only banked DNA samples were 

available for most patients, so we were unable to include other potential measures of causality, 

such as the lymphocyte transformation test or the in vitro cytotoxicity assay.16,62,63 These 

additional biomarkers may have refined our HS population and possibly provided a more 

clinically uniform phenotype to study. 

 

Because of concerns about phenotype, we also analyzed a subgroup of patients with fever 

and rash (FEV-RASH) and a subgroup of patients with characteristics of the DRESS (drug 

reaction with eosinophilia and systemic signs) syndrome (FEV-RASH-EOS).64 A single gene, 

COL12A1, was significant for the FEV-RASH group in the rare variant analysis. This gene 

encodes for type XII collagen, a regulator protein mediating the interaction between type I 

collagen and the extracellular matrix.65 Although COL12A1 has been associated with certain 

familial myopathies,66 it is not known to be an immunoreactive protein, and there does not seem 

to be a logical role for a collagen protein in our current understanding of sulfonamide HS 

pathogenesis. Thus, this modest association was likely due to a Type I error, particularly since 

the subgroup analyses were underpowered and at risk for sample size bias. 

 

The lack of identifiable genetic associations for sulfonamide HS could be due to the 

methodical concerns discussed above, but could also represent a true lack of genetic effect for 



	 79	

this syndrome. Although a few studies do support a familial inheritance pattern,17,18 most of the 

evidence is anecdotal. Recent methods developments have allowed for an estimate of the overall 

phenotypic variance from GWAS data, but the current study was underpowered to get a reliable 

estimate.67 Such estimates are often a challenge in pharmacogenomics studies.68 With a 

potentially heritable trait, a genome-wide linkage study among members of an affected family 

appears an attractive option to minimize enrollment and maximize results. However, it is unusual 

for all family members to have been treated with the same drug. Furthermore, ethical 

considerations preclude prospective phenotyping by drug challenge in persons who may have a 

hereditary predisposition to sulfonamide HS. 

 

Epigenetic and environmental factors may also play a role in the development of 

sulfonamide HS reactions. For example, patients infected with HIV have an incidence of 

sulfonamide HS of 20-57% compared to 3% in the general population.69-72 This significant 

overrepresentation, along with the fact that risk for a reaction increases with declining immune 

status in AIDS patients,70,73-76 implies that HIV is an acquired risk factor for sulfonamide HS. 

Several cases of TMP-SMX-induced HS reactions have also been reported during recrudescence 

of human herpesvirus-6 (HHV6) infection.77-79 Although a cause and effect relationship has not 

been established, it has been suggested that HHV6 reactivation induces pro-inflammatory 

cytokines, which might predispose to a cell-mediated immune response, constituting another 

possible acquired risk factor for sulfonamide HS even in the immunocompetent population.78,79 

 

In conclusion, we did not identify any convincing genetic associations for sulfonamide 

HS, manifested primarily as delayed onset of exanthematous drug eruption with or without fever 
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and eosinophilia, in immunocompetent patients in our Caucasian-American population. These 

negative findings highlight the need for careful population phenotyping. Clinical use of assays 

for drug specific T cells or in vitro cytotoxicity may be useful, but new biomarkers for 

confirming HS reactions are also needed. Large, prospective, multicenter studies would allow for 

real-time evaluation of phenotype rather than relying on medical record adjudication. Additional 

studies are currently underway in our laboratory to further investigate the immunopathogenesis 

of sulfonamide HS. 
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Abstract 

Background: The lymphocyte toxicity assay (LTA) is a proposed surrogate marker of 

sulfonamide antibiotic hypersensitivity. In the LTA, peripheral blood mononuclear cells 

(PBMCs) die more readily in hypersensitive versus tolerant patients when exposed to drug-

hydroxylamine metabolites in vitro. The underlying mechanism of enhanced cytotoxicity is 

unknown. 

Objective: To identify key gene transcripts associated with increased cytotoxicity from 

sulfamethoxazole-hydroxylamine in the LTA. 

Methodology: The LTA was performed on PBMCs of 10 patients hypersensitive to 

trimethoprim-sulfamethoxazole (HS) and 10 drug-tolerant controls (TOL), using two 

cytotoxicity assays: YO-PRO (n = 20) and MTT (n = 12). mRNA expression profiles of PBMCs, 

enriched for CD8+ T cells, were compared between HS and TOL patients. Transcript expression 

was interrogated for correlation with % cytotoxicity from YO-PRO and MTT assays. Correlated 

transcripts of interest were validated by qPCR. 

Results: LTA results were not significantly different between HS and TOL patients, and no 

transcripts were differentially expressed between the two groups. 96 transcripts were correlated 

with cytotoxicity by YO-PRO. Transcripts were selected for validation based on mechanistic 
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plausibility, and three were significantly differentially expressed by qPCR in high cytotoxicity 

patients: mitoferrin-1 (SLC25A37, r = -0.63, p = 0.037), multi-specific organic anion transporter 

C (ABCC5, r = -0.49, p = 0.030), and Porimin (TMEM123, r = 0.53, p = 0.017). 

Conclusions: These data identify novel transcripts that could contribute to sulfonamide-

hydroxylamine induced cytotoxicity. These include SLC25A37, encoding a mitochondrial iron 

transporter, ABCC5, encoding an arylamine drug transporter, and TMEM123, encoding a 

transmembrane protein that mediates cell death. 

 

Introduction 

 Sulfonamide antibiotics, such as sulfamethoxazole (SMX) in combination with 

trimethoprim (TMP), are indicated for the treatment of urinary and respiratory tract infections 

and resistant infections such as methicillin-resistant Staph. aureus (MRSA).1-4 TMP-SMX is also 

the drug of choice for the prevention of opportunistic protozoal infections in 

immunocompromised patients, including those with AIDS.5-8 Unfortunately, potentiated 

sulfonamide antibiotics can cause idiosyncratic drug toxicity, also called sulfonamide 

hypersensitivity (HS) or “sulfa allergy,”9 which is characterized by delayed onset of fever and 

pruritic skin rash after 5-14 days of treatment. Less commonly, HS can progress to multi-organ 

involvement and/or severe bullous skin eruptions such as Stevens-Johnson syndrome and toxic 

epidermal necrolysis, with up to 30% mortality.10,11  

 

 Sulfonamide HS occurs in both immunocompromised and immunocompetent populations 

with incidence rates of 20-57% and ~3%, respectively.12-16 In the former, risk for drug reaction is 

primarily an acquired risk and associated with advancing disease status.13,17-19 In contrast, there 
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is some evidence that sulfonamide HS in immunocompetent patients has a familial component, 

suggesting that genetic risk factors may be present.20-22  

 

 A few polymorphic candidate genes have been investigated for associations with 

sulfonamide HS, focusing predominantly on SMX biotransformation and detoxification. 

Genotype of N-acetyltransferase (NAT2), the primary SMX detoxification enzyme, has 

previously been associated with sulfonamide HS,23,24 but a larger, more recent study in our 

laboratory, no associations with were present despite resequencing of the NAT2 coding region.25 

In that same study, polymorphism frequencies in another detoxification system, CYB5A and 

CYB5R3, were not significantly different between sulfonamide HS and tolerant patients.25 An 

increased risk for cutaneous drug eruptions overall was reported for patients with GSTM1 and 

GSTT1 null genotypes, but only 4/36 patients were hypersensitive to sulfonamide antibiotics.26 

Also, an association between sulfonamide-induced skin eruptions and an HLA-A haplotype was 

found in a Turkish population.27 Given these sparse results, our group recently performed a 

genome-wide association study in immunocompetent individuals, but did not identify any 

convincing genetic associations with sulfonamide HS,28 emphasizing the complex nature of this 

trait. Therefore, alternate approaches are needed to understand the mechanisms of risk for 

sulfonamide HS in the general population.  

 

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

associated with a surrogate marker, the lymphocyte toxicity assay (LTA). Results of this in vitro 

cytotoxicity assay show that peripheral blood mononuclear cells (PBMCs) from HS patients are 

more susceptible to apoptosis in the presence of sulfonamide metabolites, particularly SMX-HA, 
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when compared to cells from sulfonamide-tolerant patients.29-32 Furthermore, CD8+ T cells 

appear to be most susceptible to the LTA response.33 Cytotoxicity in the LTA has been measured 

by multiple methods, including trypan dye exclusion,21,34 MTT conversion,29-31,35-37 and YO-

PRO fluorescence.38 

 

These findings have been interpreted as a “detoxification defect” in HS but not tolerant 

patients.32,39,40 Furthermore, this apparent defect can be demonstrated in family members of HS 

patients who have never been administered potentiated sulfonamides,20,21,39 which suggests a 

heritable component. However, the mechanism for this possible defect is not understood.  

Therefore, the purpose of this study was to identify key gene transcripts and pathways that are 

associated with increased cytotoxicity in the LTA in patients treated with potentiated 

sulfonamides. 

  

Methods 

Subject Recruitment 

 Patients with sulfonamide HS and controls tolerant of a course of potentiated sulfonamide 

antibiotics were identified and recruited through the University of Wisconsin-Madison Hospital 

and Clinics. Additional patients and controls were recruited among the UW School of Veterinary 

Medicine’s faculty, staff, and students. Medical records were searched electronically for a 

history of TMP-SMX administration or for a diagnosis of sulfonamide HS, and then were 

reviewed using a structured abstraction form. Each case was adjudicated to ensure consistency 

and accuracy. The abstraction form included the following eligibility criteria: (1) administration 

of TMP-SMX for at least 5 days prior to the adverse event;9 (2) documentation of one or more 
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new clinical signs after starting TMP-SMX, including fever with or without eosinophilia, skin 

rash, increases in liver enzyme activities, hyperbilirubinemia, blood dyscrasias (anemia, 

leukopenia or thrombocytopenia), pneumonitis, myocarditis, aseptic meningitis, polyarthritis, 

acute interstitial nephritis, toxic epidermal necrolysis, or Stevens-Johnson syndrome;9 (3) lack of 

other clinical explanation for the adverse event; and (4) resolution of clinical signs with 

discontinuation of TMP-SMX alone. Patients with only gastrointestinal symptoms such as 

nausea, vomiting or diarrhea,9 or with acute anaphylactoid reactions,41,42 were excluded. Because 

some forms of immunosuppression, in particular AIDS, lead to a high acquired risk of SMX 

hypersensitivity, apparently independent of genotype,43 immunocompromised patients, including 

those with HIV infection or undergoing immunosuppressive chemotherapy, were not eligible. 

These criteria together were designed to yield a score of 6 or more, or “probable” adverse 

reaction, using the Naranjo Adverse Drug Reaction scale.44 Control patients (“tolerant;” TOL) 

must have been prescribed a course of TMP-SMX at a standard therapeutic daily dosage for at 

least 10 days, with adequate follow-up to indicate that the drug was taken and tolerated without 

adverse event. Clinical and demographic variables, including dosage, duration of treatment, and 

reason for TMP-SMX prescription were also abstracted. This protocol was approved by the UW 

Health Sciences Institutional Review Board (Protocol # 2011-0512). 

 

Sample Collection and Processing 

 For each subject, 40 ml of heparinized blood were collected and PBMCs isolated using 

standard density centrifugation. CD8+ T cells were isolated from an aliquot of PBMCs (10.0 

x106) using an antibody-based, negative selection magnetic bead system (MACS CD8+ T cell 

Isolation Kit; Miltenyi Biotec Inc., Auburn, CA, USA). However, based on flow cytometry, the 
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resultant cell population was not purely CD8+ T cells; therefore, these cells were considered 

CD8+ T cell-enriched PBMCs. These enriched PBMCs were placed in RNAlater and stored at -

80°C until RNA isolation. The remainder of the PBMCs was immediately used for the 

lymphocyte toxicity assay (LTA). Unless otherwise noted, chemicals were obtained from Sigma-

Aldrich (St. Louis, MO). 

 

Lymphocyte Toxicity Assay 

Assays were performed in quadruplicate in 96-well microtiter plates. PBMCs were 

suspended in cell media (Hank’s balanced salt solution, 5% fetal bovine serum, 1% penicillin-

streptomycin solution, 15 mM HEPES) and incubated with 25–800 µM SMX-HA (Dalton 

Chemicals; Toronto, CA), and 1 mM SMX or vehicle as negative controls, at 37°C for 2 hours. 

To remove free drug, cells were washed twice in phosphate buffered saline (PBS), resuspended 

in 100 µL cell media, and incubated at 37°C for another 19 hours. Cytotoxicity was determined 

using the YO-PRO method: YO-PRO (12 µM) was added to each well and fluorescence 

measured using a 96-well plate reader (ex. 485, em. 530; Synergy 2; BioTek Instruments, Inc., 

Winooski, VT). To determine the total amount of cells in each well, cells were lysed with the 

addition 15 µL of 2% Triton X and incubated for at room temperature for 1 hour; fluorescence 

was then re-measured. For each condition, % cytotoxicity was defined as pre-Triton treatment 

fluorescence divided by the post-Triton treatment value; values were normalized by subtracting 

the % cytotoxicity of the vehicle from that of each drug-treated condition. 

 

For a subset of samples, % cytotoxicity was also determined using the MTT detection 

method: 10 µL of 12 nM MTT was added to each well and incubated at 37°C for 4 hours to 
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allow generation of formazan. The formazan was solubilized with 100 µL 0.1 N HCl in isopropyl 

alcohol and absorbance measured at 570 nm. For each condition, cell viability was defined as 

absorbance divided by the absorbance of the vehicle; % cytotoxicity was then calculated as 

100% minus % viability. 

 

RNA Isolation and Expression Microarray of CD8+ T cell-enriched PBMCs 

 CD8+ T cell-enriched PBMC samples were thawed washed with 1 volume PBS. Samples 

were centrifuged at 4,000 x g at 4°C for 10 minutes and supernatant removed. RNA was isolated 

using the TRIzol/chloroform method: 1 ml TRIzol (ThermoFisher Scientific; Madison, WI) was 

added to the cell pellet and homogenized by repeated pipetting. Then 200 µg glycogen 

(ThermoFisher Scientific; Madison, WI) was added and genomic DNA sheared by passage 

through a 25 g needle. To each tube, 200 µL chloroform was added, shaken, and centrifuged at 

16,100 xg at 4°C for 5 minutes. The aqueous phase was transferred to a clean tube and 500 µL 

ice-cold 100% isopropanol added. RNA was precipitated for 1 hour at -20°C. Tubes were 

centrifuged at 16,100 xg at 4°C for 10 minutes, supernatant removed, and the pellet allowed to 

dry completely. RNA was then resuspended in nuclease free water. Genomic DNA contaminants 

were digested using TURBO DNA-free (ThermoFisher Scientific; Madison, WI) and residual 

extraction reagents removed using RNeasy MinElute Cleanup (Qiagen; Hilden, Germany) 

according to manufacturers’ directions. 

 

 Prior to expression profiling, RNA quality was assessed on the Agilent 2100 Bioanalyzer 

(RNA 6000 Pico Kit; Agilent Technologies; Santa Clara, CA); samples with an RNA Integrity 

Number ≥ 8 were used for expression arrays.45 Microarray expression profiling was performed 
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using the Human Transcriptome Array 2.0 (Affymetrix; Santa Clara, CA) on the Affymetrix 

GeneChip platform through the University of Wisconsin Biotechnology Center.  

 

Validation of Transcript Expression with Quantitative PCR (qPCR) 

 Expression levels of genes of interest identified by the microarray associated with % 

cytotoxicity were verified with qPCR. Reverse transcription with random oligomers (Superscript 

IV VILO cDNA Synthesis Kit; ThermoFisher Scientific; Madison, WI) was used to generate 

cDNA. Primers were designed for the target gene transcripts along with two reference genes 

(GUSB, HPRT1) and primer efficiencies determined for each using a 10-fold dilution series of 

pooled cDNA. SYBR Green (LightCycler 480 SYBR Green I Master; Roche Diagnostics; 

Indianapolis, IN) qPCR with melting curves was performed on the LightCycler 96 Instrument 

(Roche; Diagnostics; Indianapolis, IN) with parameters adapted from manufacturer’s directions 

(Table 3.1). 

Target (°C) Acquisition Mode Hold (mm:ss) Ramp Rate (°C/s) 
Pre-Incubation    
95 None 05:00 4.4 
Amplification    
95 None 00:10 4.4 
55 None 00:20 2.2 
72 Single 00:20 4.4 
Melting Curve    
95 None 00:05 4.4 
65 None 01:00 2.2 
97 Continuous - - 
Cooling    
40 None 00:10 1.5 
Table 3.1 – LightCycler 96 parameters used for SYBR Green qPCR with 45 amplification cycles and 20 µL reaction 
volumes. 
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Statistical Analysis 

LTA analysis: Continuous data are presented as mean ± standard deviation. For both YO-PRO 

and MTT detection methods, mean % cytotoxicity at 800 µM SMX-HA was compared between 

TOL and HS patients using a Student’s t test. Correlation between YO-PRO and MTT methods 

was assessed by comparing % cytotoxicity (at 800 µM SMX-HA) using the Pearson’s correlation 

coefficient. Analyses were performed with commercial statistical software (Prism 7; GraphPad 

Software Inc.; La Jolla, CA). 

 

Microarray analysis: Microarray analysis was performed in R (www.r-project.org) and 

Bioconductor (bioconductor.org). Raw data were retrieved from .CEL files and normalized by 

the Robust Multi-chip Average (RMA) method. Probe level signals were collapsed to the gene 

level and gene-specific effects were removed using the allez function to generate gene-level 

scores. Three separate analyses were performed on these scores. The first assessed for 

differential expression based on clinical status (TOL vs. HS patients). The second and third 

assessed for correlations between gene expression and % cytotoxicity as determined by the YO-

PRO and MTT methods, respectively. For assessment of correlation, independent filtering was 

used to remove genes of low variance from the analyses.46 Of the genes assessed, candidate 

genes previously hypothesized to be involved in sulfonamide HS pathogenesis (Table 3.2) were 

of particular interest. Transcripts significantly associated with % cytotoxicity by YO-PRO were 

included in a pathway analysis, which grouped transcripts by gene ontology (GO) terms. 
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Gene Protein Rationale 
CYP1A2 Cytochrome P450, family 1, subfamily A, polypeptide 2 SMX biotransformation 
CYP2C8 Cytochrome P450, family 2, subfamily C, polypeptide 8 SMX biotransformation 
CYP2D6 Cytochrome P450, family 2, subfamily D, polypeptide 6 TMP biotransformation  

GCLC Glutamate-cysteine ligase, catalytic subunit 
Glutathione pathways for 
reactive drug metabolites 

GCLM Glutamate-cysteine ligase, modifier subunit Glutathione pathways 
GSS Glutathione synthetase Glutathione pathways 
GSTM1 Glutathione S-transferase mu 1 Glutathione pathways 
GSTP1 Glutathione S-transferase pi 1 Glutathione pathways 
GSTT1 Glutathione S-transferase tau 1 Glutathione pathways 
HLA-A Major histocompatibility complex, class I, A Antigen presentation 
HLA-B Major histocompatibility complex, class I, B Antigen presentation 
HLA-C Major histocompatibility complex, class I, C Antigen presentation 
HLA-DQA1 Major histocompatibility complex, class II, DQ alpha 1 Antigen presentation 
MARC1 Mitochondrial amidoxime reducing component 1 SMX biotransformation  
MARC2 Mitochondrial amidoxime reducing component 2 SMX biotransformation  
MPO Myeloperoxidase SMX biotransformation 
NAT1 N-acetyltransferase 1 SMX biotransformation 
NAT2 N-acetyltransferase 2 SMX biotransformation 

Table 3.2. Candidate genes within the microarray hypothesized to be involved in the pathogenesis of 
sulfonamide HS, and the mechanistic rationale for inclusion of each candidate gene. 
 

Gene Primers Product Efficiency 
RPL37 F 5’ AGTGCCTTCTCTTCCGGTCT 3’ 

R 5’ CAAACGATGACGTTCCCTTC 3’ 
70 bp 2.03 

SLC25A37 F 5’ CCACCCACATGACAGCAG 3’ 
R 5’ TCAAACTCTGCATTCGTGTCTT 3’ 

93 bp 2.01 

ABCC5 F 5’ CCGCCAGTTGAGATCAATTC 3’ 
R 5’ ACCCTGCCCTTTCTCTTC 3’ 

150 bp 1.96 

TMEM123 F 5’ CACAACTCCAGTGCTAACTC 3’ 
R 5’ CGCTGTAGGTTTCATGGTG 3’ 

147 bp 2.02 

TMEM129 F 5’ CTCGCCAGACTCGAACTTG 3’ 
F 5’ TCCCCGTACTCAGTGGAGTT 3’ 

108 bp 1.90 

GUSB F 5’ CGCCCTGCCTATCTGTATTC 3’ 
R 5’ TCCCCACAGGGAGTGTGTAG 3’ 

91 bp 1.94 

HPRT1 F 5’ TGACCTTGATTTATTTTGCATACC 3’ 
R 5’ CGAGCAAGACGTTCAGTCCT 3’ 

66 bp 2.03 

Table 3.3 – Primers used in qPCR validation of gene transcripts of interest. 
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qPCR validation analysis: For each target gene (Table 3.3), ratios normalized to a pooled cDNA 

calibrator were generated using the LightCycler 96 software (Roche Diagnostics; Indianapolis, 

IN). The correlation between normalized expression ratios and % cytotoxicity were assessed by 

the Pearson’s correlation coefficient in Prism (GraphPad Software Inc.; La Jolla, CA). 

 

Results 

Patient Population 

 Ten HS and 10 TOL patients were including in this study. Patient demographics are 

summarized in Table 3.4. The drug reaction was characterized by cutaneous rash in all 10 HS 

patients, and only one patient had a documented fever. No other clinical symptoms of 

sulfonamide HS were reported in this population. 

  TOL (n=10) HS (n=10) 
Age at Administration (yr) 42 (17-73) 38 (21-58) 
Body weight (kg) 81 (42-123) 60 (55-68) 
Total Daily Dose (mg/kg) 14.2 (6.5-23.2) 16.5 (11.7-28.4) 
GENDER     
Female 8 10 
Male 2 0 
RACE     
Caucasian 10 9 
African American 0  1 
DIAGNOSIS     
Urinary Tract Infection 3 3 
Respiratory Tract Infection 3 5 
Other Soft Tissue Infection 3 1 
Unknown/Multiple 1 1 

Table 3.4 – Demographic information for drug-tolerant (TOL) and sulfonamide hypersensitive (HS) patients. 
Continuous data are presented as mean (range). 
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Lymphocyte Toxicity Assays (LTAs) 

The LTA with YO-PRO detection was performed for all 20 patients (10 TOL, 10 HS); 

the LTA with MTT detection was only available for 12 patients (6 TOL, 6 HS) because of 

limited PBMC availability. Unexpectedly, there was no significant difference in % cytotoxicity 

between TOL and HS patients for either the YO-PRO (41.5 ± 19.2% vs. 38.1 ± 15.4%, p = 0.67; 

Figure 3.1A) or MTT (50.8 ± 21.3% vs. 39.9 ± 34.2%, p = 0.52; Figure 3.1B) assays. 

Furthermore, % cytotoxicity between the two methods did not correlate across patients (r = 0.11, 

95% CI -0.50 – 0.64, p = 0.74). Microarray data are available in the GEO database 

(www.ncbi.nlm.nih.gov/geo; accession number GSE100443). 

 
Figure 3.1 – Relationship between clinical status and LTA results detected by the YO-PRO and MTT methods. (A) 
Scatter plot of % cytotoxicity with YO-PRO detection for TOL vs. HS patients, p = 0.669; the black line represents 
the mean for each group. (B) Scatter plot of % cytotoxicity with YO-PRO detection for TOL vs. HS patients, p = 
0.522; the black line represents the mean for each group. 
 

Gene Expression by Clinical Status and Cytotoxicity 

 Expression data from all 20 patients (10 HS, 10 TOL) were included in the final 

comparison. No transcripts (candidate gene or otherwise) were significantly up- or down-

regulated in the HS compared to the TOL group. 
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For cytotoxicity using YO-PRO, 96 gene transcripts were significantly correlated with % 

cytotoxicity at a FDR of 0.188  (Figure 3.2; Table 3.5). No candidate genes were among these 

transcripts. Seven GO terms were identified in the pathway analysis that contained more than 

one correlated transcript (Figure 3.3). Of interest, a group of 8 ribosomal protein genes (RPL13, 

RPL21, RPL24, RPL37, RPL38, RPL9, RPS11, RPS29) was identified in 4 of the 7 GO terms. 

All 8 of these genes were positively correlated with cytotoxicity. 

 
Figure 3.2 – Heat map of 96 transcripts correlated with LTA results by the YO-PRO method. The 20 samples are 
listed along the x-axis in order of lowest (left) to highest (right) % cytotoxicity. 
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Figure 3.3 – Waterfall plot of pathway analysis. GO terms are listed along the y-axis, number of transcripts 
identified for each term is indicated on the x-axis.  
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Gene 
Symbol Name r Gene 

Symbol Name r 

ABCC5 ATP Binding Cassette Subfamily C 
Member 5 -0.7 NDUFV2 NADH:Ubiquinone Oxidoreductase Core 

Subunit V2 0.64 

ACBD6 Acyl-CoA Binding Domain Containing 6 0.68 NFE2L3 Nuclear Factor, Erythroid 2 Like 3 0.64 
AIM2 Absent In Melanoma 2 -0.69 NRIP1 Nuclear Receptor Interacting Protein 1 0.66 
AKAP7 A-Kinase Anchoring Protein 7 0.64 OXLD1 Oxidoreductase Like Domain Containing 1 0.64 
ARHGAP15 Rho GTPase Activating Protein 15 0.69 PFDN5 Prefoldin Subunit 5 0.69 
ARHGAP5 Rho GTPase Activating Protein 5 0.67 PNKP Polynucleotide Kinase 3'-Phosphatase -0.64 

ARHGAP9 Rho GTPase Activating Protein 9 -0.64 POLG DNA Polymerase Gamma, Catalytic 
Subunit -0.66 

ARMCX5 Armadillo Repeat Containing, X-Linked 5 0.65 POLR2M RNA Polymerase II Subunit M 0.66 
ATL2 Atlastin GTPase 2 0.7 POMT2 Protein O-Mannosyltransferase 2 -0.68 
BAG4 BCL2 Associated Athanogene 4 0.64 PPIL4 Peptidylprolyl Isomerase Like 4 0.7 

BEX2 Brain Expressed X-Linked 2 0.72 PTAR1 Protein Prenyltransferase Alpha Subunit 
Repeat Containing 1 0.64 

BTF3 Basic Transcription Factor 3 0.65 RBM12 RNA Binding Motif Protein 12 0.64 
BTF3L4 Basic Transcription Factor 3 Like 4 0.68 REM2 RRAD And GEM Like GTPase 2 -0.67 
C11orf1 Chromosome 11 Open Reading Frame 1 0.66 RPL13 Ribosomal Protein L13 0.65 
C18orf25 Chromosome 18 Open Reading Frame 25 0.66 RPL21 Ribosomal Protein L21 0.65 
CCDC91 Coiled-Coil Domain Containing 91 0.65 RPL24 Ribosomal Protein L24 0.66 
CCNJ Cyclin J 0.64 RPL37 Ribosomal Protein L37 0.65 
CCR7 C-C Motif Chemokine Receptor 7 0.64 RPL38 Ribosomal Protein L38 0.64 
CD200R1 CD200 Receptor 1 0.71 RPL9 Ribosomal Protein L9 0.63 
CD44 CD44 Molecule (Indian Blood Group) 0.67 RPS11 Ribosomal Protein S11 0.66 
CERS6 Ceramide Synthase 6 0.64 RPS29 Ribosomal Protein S29 0.65 
CLNS1A Chloride Nucleotide-Sensitive Channel 1A 0.65 SELENON  0.68 

CNOT2 CCR4-NOT Transcription Complex Subunit 
2 0.73 SELL Selectin L 0.74 

COMMD10 COMM Domain Containing 10 0.64 SERTAD2 SERTA Domain Containing 2 0.71 

CREBL2 CAMP Responsive Element Binding Protein 
Like 2 0.67 SLC25A28 Solute Carrier Family 25 Member 28 -0.66 
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Table 3.5 – Gene transcripts of which expression was significantly correlated with % cytotoxicity by YO-PRO 
detection. 
 

Transcripts were selected for validation by qPCR based on strength of correlation and 

mechanistic plausibility with SMX-HA-induced cytotoxicity (Table 3.1). RPL37, which encodes 

ribosomal protein, large subunit 37, was selected to represent the group of ribosomal proteins 

identified in the pathway analysis. SLC25A37, which encodes a mitochondrial iron transporter, 

was selected because of the relationship between mitochondrial function and cell survival. 

ABCC5, which encodes an organic anion pump, is known to transport arylamine-containing 

drugs including methotrexate and leucovorin.47 Finally, TMEM123, which encodes Porimin, was 

DCAF17 DDB1 And CUL4 Associated Factor 17 0.65 SLC25A37 Solute Carrier Family 25 Member 37 -0.71 

DCP1A Decapping MRNA 1A 0.65 STARD3 StAR Related Lipid Transfer Domain 
Containing 3 -0.64 

DPH6 Diphthamine Biosynthesis 6 0.64 TAAR3 Trace Amine Associated Receptor 3 
(Gene/Pseudogene) 0.73 

EIF2A Eukaryotic Translation Initiation Factor 2A 0.71 TAS2R41 Taste 2 Receptor Member 41 0.67 
EPC2 Enhancer Of Polycomb Homolog 2 0.64 TBCA Tubulin Folding Cofactor A 0.65 
EPPK1 Epiplakin 1 0.7 TFDP1 Transcription Factor Dp-1 -0.63 

FAM60A Family With Sequence Similarity 60 
Member A 0.66 TMEM104 Transmembrane Protein 104 -0.67 

FASTKD2 FAST Kinase Domains 2 0.68 TMEM123 Transmembrane Protein 123 0.72 
FRYL FRY Like Transcription Coactivator 0.65 TMEM38B Transmembrane Protein 38B 0.67 

FUS FUS RNA Binding Protein 0.67 TOMM7 Translocase Of Outer Mitochondrial 
Membrane 7 0.69 

FYTTD1 Forty-Two-Three Domain Containing 1 0.64 TPP2 Tripeptidyl Peptidase 2 0.63 
GBAS Glioblastoma Amplified Sequence 0.64 TRIM44 Tripartite Motif Containing 44 0.68 
HHLA3 HERV-H LTR-Associating 3 0.67 TYK2 Tyrosine Kinase 2 -0.67 

IKZF5 IKAROS Family Zinc Finger 5 0.66 UBIAD1 UbiA Prenyltransferase Domain 
Containing 1 0.67 

KAT6B Lysine Acetyltransferase 6B 0.64 UBR2 Ubiquitin Protein Ligase E3 Component 
N-Recognin 2 -0.65 

LDLRAD4 Low Density Lipoprotein Receptor Class A 
Domain Containing 4 0.64 URB1-AS1 URB1 Antisense RNA 1 (Head To Head) 0.68 

LNPEP Leucyl And Cystinyl Aminopeptidase 0.64 USF3 Upstream Transcription Factor Family 
Member 3 0.69 

MAGED1 MAGE Family Member D1 0.63 WDR78 WD Repeat Domain 78 0.69 

MAML2 Mastermind Like Transcriptional 
Coactivator 2 0.64 ZBTB24 Zinc Finger And BTB Domain Containing 

24 0.64 

MAP10 Microtubule Associated Protein 10 0.65 ZC3H12B Zinc Finger CCCH-Type Containing 12B 0.72 
MED9 Mediator Complex Subunit 9 0.67 ZNF626 Zinc Finger Protein 626 0.63 
MRPL30 Mitochondrial Ribosomal Protein L30 0.64 ZNF844 Zinc Finger Protein 844 0.75 

NDUFS4 NADH:Ubiquinone Oxidoreductase Subunit 
S4 0.64 ZNHIT6 Zinc Finger HIT-Type Containing 6 0.64 
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selected because of its role as a cell membrane protein associated with cell death. In contrast to 

the correlation identified by the expression array for RPL37 (r = 0.65), only a weak correlation 

was found between % cytotoxicity and RPL37 expression by qPCR that did not reach statistical 

significance (r = 0.32, p = 0.17; Figure 3.4). A negative correlation between SLC25A37 

expression by qPCR and % cytotoxicity approached statistical significance (r = -0.42, p = 0.067; 

Figure 3.5); when an outlier was removed (> 3 SD above the mean), the correlation (r = -0.63, p 

= 0.0037) was comparable to that found in the array (r = -0.71). The inverse correlation between 

ABCC5 expression and cytotoxicity in the array (r = -0.70) was confirmed by qPCR (r = -0.49, p 

= 0.02; Figure 3.6), as was the positive correlation between TMEM123 expression and 

cytotoxicity (r = 0.71 in the array and r = 0.53, p = 0.017 by qPCR; Figure 3.7). 

 

 In addition to YO-PRO cytotoxicity, a subset of patients (6 HS, 6 TOL) was also 

evaluated in the LTA using the MTT method. Using independent filtering, no transcripts were 

significantly correlated with % cytotoxicity. However, when all genes were included, a 

correlation was found for a single transcript, TMEM129 (r = 0.92), with FDR < 0.05. TMEM129 

expression was also assessed by qPCR, but an association with % cytotoxicity could not be 

confirmed (r = 0.40, p = 0.19), possibly due to low power in just 12 patients. 
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Figure 3.4 – Correlation between % cytotoxicity by 
YO-PRO detection and expression of RPL37 (r = 
0.322, p = 0.166) by qPCR. 
 

 
Figure 3.6 – Correlation between % cytotoxicity by 
YO-PRO detection and expression of ABCC5 (r = -
0.486, p = 0.030) by qPCR. 

  
Figure 3.5 – Correlation between % cytotoxicity by 
YO-PRO detection and expression of SLC25A37 by 
qPCR without (r = -0.632, p = 0.037) inclusion of the 
outlier. Circles represent included expression levels; 
triangle represents the outlier data point. 

 
Figure 3.7 – Correlation between % cytotoxicity by 
YO-PRO detection and expression of TMEM123 (r = 
0.526, p = 0.017) by qPCR 
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Discussion 

The lymphocyte toxicity assay (LTA) has been proposed as an in vitro marker of 

sulfonamide HS with possible clinical applications.32,39,40 However, the mechanism 

underlying enhanced cytotoxicity of PBMCs to reactive SMX metabolites has not been 

established. Therefore, we set out to define differences in gene expression in patients 

with high versus low susceptibility to SMX-HA cytotoxicity in vitro, using two methods 

for evaluation of cytotoxicity. We chose YO-PRO-1 as our primary method, which is a 

DNA-intercalating fluorophore that measures increased cell permeability and has been 

used as a marker of cellular apoptosis and death. 48 We also used the classical MTT 

assay, which measures mitochondrial viability, in a subset of patients with adequate 

PBMC for both assays.49 

 

In our hands, there was poor correlation between cytotoxicity from SMX-HA 

using the YO-PRO assay versus the MTT assay across patients. Part of this may have 

been due to small sample size, since we had inadequate PBMC numbers to perform the 

MTT assay on all patients. However, the lack of correlation could also be due to different 

assay outcomes (cell permeability versus mitochondrial function) and both assays have 

diagnostic weaknesses. As a vital dye, YO-PRO is considered a conclusive test for cell 

death. 50 However, false negatives can occur with cell death that does not involve 

increased membrane permeability50 and false positives are possible with high expression 

of transporters for large cations.51 In the MTT assay, impaired mitochondrial reductase 

function in otherwise healthy cells will yield falsely low viability results. 50 These factors 

may lead to discordant results between YO-PRO and MTT assays.52 
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We used cytotoxicity of SMX-HA at 800 µM for the purposes of statistical 

comparisons of LTA results, since this metabolite concentration appeared to highlight 

most variability among individuals. However, we did not detect increased cytotoxicity in 

HS patients compared to TOL patients at this concentration for either method, which was 

a concern given the results of previous studies.21,31,53 The reported specificity of the LTA 

is quite high (78-99%), but sensitivity varies greatly (41-100%).37,39,53,54 In the relatively 

small numbers of patients recruited for expression arrays in our study, the lack of 

sensitivity reported by some groups could have led to poor discrimination between HA 

and TOL patients. Additionally, the performance of the LTA in drug HS appears to vary 

with the severity of clinical signs. In patients with only an exanthemous rash, sensitivity 

is quite low (41%), but is much higher in patients with more serious systemic organ 

involvement (92%).53 These differences in apparent assay sensitivity may reflect 

problems not with the assay but with accurate phenotyping of patients with simple rash, 

which can have causes other than drug HS. 

 

Although we did not find differences in cytotoxicity outcomes by clinical 

phenotype in our population, we were still interested in underling gene expression 

patterns associated with the wide range of SMX-HA cytotoxicity that we did observe. 

After independent filtering, which removes transcripts with low variance between 

samples, expression levels for 96 transcripts were significantly correlated with SMX-HA 

cytotoxicity using the YO-PRO method. These genes represent a wide range of cellular 

localization and functions, but none were candidate genes known or hypothesized to 
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metabolize sulfonamide antibiotics (Table 3.2). Since we used a relatively low threshold 

for false discovery (18.8%) in this exploratory study, we selected key transcripts with 

very high cytotoxicity correlations (RPL37, TMEM129) or possible mechanistic 

significance (SLC25A37, ABCC5, TMEM123) for qPCR validation. 

 

RPL37 was one of a group of 8 ribosomal proteins that were significantly and 

positively correlated with SMX-HA cytotoxicity by YO-PRO (r = 0.63 to 0.68). While it 

is difficult to resolve a mechanistic relationship between upregulation of ribosomal 

proteins (which was assessed in an aliquot of PBMC that were not exposed to drug 

metabolite in vitro) and increased drug cytotoxicity, RPL37 overexpression has been 

shown to lead to increased cell death in vitro.55 However, the correlation between 

cytotoxicity and RPL37 expression by qPCR in our study was poor and not statistically 

significant (r = 0.32, p = 0.17). 

 

SLC25A37 encodes mitoferrin 1, a solute carrier in the inner mitochondrial 

membrane that is known to transport iron. SLC25A37 expression was inversely correlated 

with SMX-HA induced cytotoxicity in the microarray, and was confirmed with qPCR (r 

= -0.63). SLC25A37 has been most studied relative to heme biosynthesis in erythroid 

cells, but its role in non-erythroid cells is not well characterized.56 Down-regulation of 

mitoferrin 1 in lymphoid cells could plausibly lead to iron-induced redox stress, and 

possible increased susceptibility to reactive xenobiotics such as SMX-HA. Of note, 

SLC25A28, which encodes for mitoferrin 2, another mitochondrial iron transporter that is 

highly homologous to mitoferrin 1,57 was also inversely correlated with % cytotoxicity in 
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the microarray (r = -0.66).  

 

ABCC5 encodes a multi-specific organic anion transporter, and its expression was 

negatively correlated with SMX-HA cytotoxicity in the microarray and by qPCR (r = -

0.49). This transcript is of interest because it mediates cellular efflux of the drugs 

methotrexate and leucovorin (folinic acid),47 which, like sulfonamide antibiotics, are 

arylamine compounds with therapeutic targets in folate metabolism. The ABCC5 gene is 

polymorphic58 and variants have been associated with altered risk for toxicity to a variety 

of drugs including methotrexate,59 irinotecan,60 and azathioprine.61 These variants are 

thought to either modulate transporter affinity for the drug or drug metabolite or alter 

expression of the transporter itself. Therefore, down-regulation of ABCC5 observed in the 

present study could possibly lead to increased intracellular accumulation of SMX and its 

metabolites, contributing to increased cytotoxicity in vitro and possibly increased 

immunogenic drug adduct formation in vivo. This hypothesis merits further investigation. 

 

Finally, TMEM123, which encodes Porimin, was positively correlated with % 

cytotoxicity by YO-PRO detection in the microarray and confirmed by qPCR (r = 0.53). 

Porimin is of interest because it has been shown to increase membrane permeability and 

cell death in Jurkat (lymphoid) cells.62 This has direct relevance for the cytotoxicity 

observed in the in vitro LTA, but could also influence susceptibility to sulfonamide HS in 

vivo through increased cell death from relatively lower concentrations of reactive SMX 

metabolites, and enhanced “danger signals” to trigger a systemic immune response to 

cellular drug adducts. Like ABCC5, TMEM123 deserves further study relative to the risk 
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of sulfonamide HS. 

 

 The major limitation of this study was its small sample size, which was limited in 

part by the expense of expression array analyses ($650 per sample) and by the logistics of 

prospective recruitment and adjudication of patients for fresh sample collection from a 

single hospital. However, our sample size was based on an a priori power calculation that 

10 patients per group would provide 80% power to detect 2.5-fold or greater differences 

in transcript expression.63 We also used a lenient false positive discovery rate to detect 

novel transcripts that might lead to novel mechanistic insights. Another potential 

limitation of the study was the use of CD8+ enriched, but not pure, lymphocytes. While 

the LTA is traditionally performed on mixed PBMC, a previous study had demonstrated 

that CD8+ T lymphocytes were the predominant cell type affected by SMX-HA 

cytotoxicity.33 We chose to focus on the cell type with the highest toxicity phenotype for 

expression arrays by using negative selection for enrichment of CD8+ T cells. This 

provided adequate RNA for robust array analyses, but since cell yields were not pure, our 

results may have been clouded by expression patterns in other mononuclear leukocytes in 

the samples. 

 

 In summary, although high SMX-HA cytotoxicity towards patient PBMC has 

been previously attributed to a possible innate defect in drug detoxification,32,39,40 we 

found no evidence for an association between increased cytotoxicity and altered 

expression of genes known or hypothesized to be involved in sulfamethoxazole 

biotransformation. Instead, expression array analyses suggested other novel pathways 
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that could contribute mechanistically to SMX-HA cytotoxicity, and by extension, to 

sulfonamide HS in some populations. Novel genes of interest include ABCC5, which 

encodes an arylamine drug transporter, and TMEM123, which encodes a transmembrane 

protein that mediates cell death. ABCC5 in particular is polymorphic,58 and additional 

work is needed to determine whether this transporter mediates SMX or SMX-HA efflux 

from cells, and whether this is affected by known polymorphisms of the transporter. 
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Abstract 

Canine sulfonamide hypersensitivity (HS) has been associated with a variant in 

the cytochrome b5 reductase gene (CYB5R3 729A>G), which encodes a drug-detoxifying 

enzyme. Study objectives were to confirm this association; determine variant allele 

frequencies in a predisposed breed, Doberman Pinschers (DOBE); and characterize the 

effects of CYB5R3 729G on gene expression and function. CYB5R3 729A>G allele 

frequencies were compared between HS (n = 24) vs. drug-tolerant (TOL; n = 20) dogs; 

and DOBE (n = 24) vs. non-Doberman (nonDOBE; n = 60) dogs. CYB5R3 mRNA 

expression, protein expression, and enzyme function were compared between banked 

canine liver samples of AA vs. GG genotype. The 729G allele was overrepresented in HS 

(0.792) vs. TOL dogs (0.550, p = 0.022) and in DOBE (1.00) vs. nonDOBE dogs (0.567, 

p < 0.0001). GG livers expressed less protein than AA (1.35 ± 0.461 vs. 2.80 ± 2.52, p = 

0.037), but mRNA expression and enzyme activities were similar. All Dobermans in this 

study were homozygous for CYB5R3 729G, which could contribute to this breed’s 

predisposition to sulfonamide HS. Lower enzyme expression in GG livers may suggest a 

causal link between the variant and sulfonamide HS, but was not associated with 

decreased SMX-hydroxylamine reduction activity. 
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Introduction 

Hypersensitivity (HS) to sulfonamide antibiotics is an uncommon, but potentially 

severe, idiosyncratic drug reaction that occurs in both dogs and humans.1 In dogs, 

sulfonamide HS occurs a minimum of 5 days and an average of 12 days after initiation of 

antimicrobial therapy.2 The most commonly reported clinical signs include fever, blood 

dyscrasias, hepatopathy, and polyarthropathy, but uveitis, cutaneous and mucocutaneous 

lesions, proteinuria, and neurologic signs may also occur.2-5 Treatment is largely 

symptomatic and requires withdrawal of the sulfonamide drug; our previous retrospective 

study found a mortality rate of 21%, with hepatopathy and thrombocytopenia carrying a 

poorer prognosis.2 

 

 As an idiosyncratic drug reaction, the occurrence of sulfonamide HS is inherently 

difficult to predict. However, in humans, the condition appears to be heritable6-8 and, in 

dogs, breeds such as the Doberman Pinscher appear to be overrepresented.4,9-13 These 

findings suggest that a genetic predisposition to sulfonamide HS may be present for both 

species. 

 

 Our laboratory has previously identified a genetic risk factor for sulfonamide HS 

in dogs: a single nucleotide polymorphism (SNP) in the CYB5R3 gene (729A>G).14 In 

this initial study, the GG genotype was significantly overrepresented in dogs with 

sulfonamide HS compared to dogs tolerant to a course of sulfonamide antibiotics. 

CYB5R3 encodes for cytochrome b5 reductase, a hepatic microsomal enzyme that 

detoxifies the sulfonamide-hydroxylamine drug metabolite, which is thought to be 
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involved in the pathogenesis of the HS reaction.10 The CYB5R3 729A>G variant is a 

synonymous coding SNP, but is predicted to alter the conformation of the mRNA 

transcript to a more stable form.14 We therefore hypothesized that CYB5R3 729G creates 

a more difficult to translate mRNA structure, which leads to decreased enzyme synthesis 

and cumulative function. 

 

The goal of this study was to better understand the role of CYB5R3 729A>G as a 

genetic risk factor for sulfonamide HS in dogs. The specific objectives of this study were 

to confirm the association of CYB5R3 729G with sulfonamide HS in a somewhat larger 

group of dogs, to determine whether this risk allele was over-represented in Doberman 

Pinschers, and to evaluate the effects of the CYB5R3 729G allele on gene expression and 

enzyme activity. 

 

Methods 

Genotyping studies 

 Dogs were recruited for two separate genotyping studies. First, in order to confirm 

findings from the previous study14 in a larger population, allele and genotype frequencies 

for CYB5R3 729A>G were compared between dogs with sulfonamide HS and dogs 

tolerant to a course of sulfonamide antibiotics (TOL). Then, to determine the prevalence 

of this variant in an overrepresented breed, allele and genotype frequencies were 

compared between Doberman Pinschers (DOBE) and dogs of other breeds (nonDOBE). 
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Study population and sample collection. Whole blood (EDTA or heparin) or 

buccal mucosal swabs were collected from pet dogs between 1995 and 2017. Some of the 

dogs in the TOL and HS groups were recruited as part of the original study and their 

genotypes have been previously reported.14 Additional dogs in the TOL and HS groups 

were recruited through the University of Wisconsin, Veterinary Medical Teaching 

Hospital and through referral consultation with one of the authors (LT). All dogs in these 

two groups had received a therapeutic course of potentiated sulfonamide antibiotics. 

Dogs were included in the HS group if hepatopathy, blood dyscrasia, polyarthropathy, 

fever, or skin eruption developed five days or longer after initiation of antibiotic therapy 

and no other plausible explanation for these clinical signs was present. Dogs were 

included in the TOL group if they completed a therapeutic course of potentiated 

sulfonamide antibiotics without developing adverse reactions. Dogs in the DOBE and 

nonDOBE groups were recruited from the University of Wisconsin Veterinary Medical 

Teaching Hospital patient population, from dogs owned by School of Veterinary 

Medicine students, faculty, and staff, at outreach events at local dog training facilities, 

and through Doberman Pinscher interest group message boards and listservs. These dogs 

were reported by their owners to be naïve to sulfonamide antibiotics. The study protocol 

was approved by the University of Wisconsin’s Institutional Animal Care and Use 

Committee. 

 

Genotype determination. Genomic DNA was extracted from blood or buccal swab 

with a commercial kit (DNEasy Blood and Tissue Kit; Qiagen, Hilden, Germany) and 

quantified and checked for quality via spectrometry (Take3; BioTek Instruments Inc., 
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Winooski, VT). The region around the CYB5R3 729 position was amplified via PCR in 

20 µl reactions: 10 µl DNA polymerase master mix (AmpliTaq Gold or DreamTaq; 

Thermo Fisher Scientific, Madison, WI), 1 µl genomic DNA template, 0.5 µM forward 

primer (5’ TCCTCAGGTGAGATGGGGAA 3’), 0.5 µM reverse primer (5’ 

CAGAAGGCCAGCTCTCTGTC 3’). Cycling conditions were as follows: initial 

denaturation at 95°C for 5 minutes, then 30 cycles of 94 °C for 15 seconds, 60°C for 30 

seconds, 72°C for 1 minutes, with a final extension of 72°C for 7 minutes. Amplicons 

were checked for size (564 bp) with gel electrophoresis and sequenced through the 

University of Wisconsin Biotechnology Center. For each dog, genotype was determined 

by inspection of electrophoretograms. 

 

Functional studies 

 The hypothesis that CYB5R3 729G leads to a more stable and difficult to translate 

mRNA transcript, thus decreasing protein expression and total enzyme function, was 

initially investigated in genotyped canine liver samples. The functional implications of 

this variant were also assessed in an in vitro cell transfection and expression system. 

 

Canine hepatic CYB5R3 expression and function. Genomic DNA was extracted 

from the livers of 46 dogs of varying breeds (no Dobermans included) and genotyped for 

CYB5R3 729A>G. Livers with homozygous AA and GG genotypes were used to 

compare CYB5R3 mRNA expression, microsomal cytochrome b5 reductase (b5R) protein 

expression, and microsomal sulfamethoxazole-hydroxylamine reduction. mRNA 

expression was determined using qRT-PCR: total RNA was extracted from canine livers 
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with a commercial kit (RNEasy Mini Plus; Qiagen, Hilden, Germany) and digested to 

remove genomic DNA (TURBO DNA-free; Thermo Fisher Scientific, Madison, WI). 

Following RNA quantification (Take3; BioTek Instruments Inc., Winooski, VT) and 

quality assessment (2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA), cDNA 

was generated from 500 ng of RNA via reverse transcription with random oligomers 

(Superscript IV VILO cDNA Synthesis Kit; Thermo Fisher Scientific; Madison, WI). 

Primers were designed for the canine CYB5R3 transcript along with two canine reference 

genes (B2M, HPRT1, Table 4.1) and primer efficiencies determined for each using a 10-

fold dilution series of pooled cDNA. SYBR Green (LightCycler 480 SYBR Green I 

Master; Roche Diagnostics; Indianapolis, IN) qPCR with melting curves was performed 

on the LightCycler 96 Instrument (Roche; Diagnostics; Indianapolis, IN) with parameters 

adapted from manufacturer’s directions. mRNA expression data were reported as 

normalized ratios. 

Gene Sample Primers Product Efficiency 
CYB5R3 
canine 

canine 
liver 

F 5’ TGCCACCTACTATTTGCCAAC 3’ 
R 5’ GCTTGAAGCGAGCAGAATGT 3’ 

94 bp 1.91 

B2M 
canine 

canine 
liver 

F 5’ GGTTTCCTGGCCTTGCTC 3’ 
R 5’ TGGGTGTCGTGAGTACACTTG 3’ 

93 bp 1.97 

HPRT 
canine 

canine 
liver 

F 5’ AGCTTGCTGGTGAAAAGGAC 3’ 
R 5’ TTATAGTCAAGGGCATATCC 3’ 

114 bp 1.99 

CYB5R3 
canine 

HepG2 
cells 

F 5’ TGGACCTGGTCATCAAGGTT 3’ 
R 5’ TCCAATCTTCATGCTTTCCA 3’ 

95 bp 2.03 

B2M 
human 

HepG2 
cells 

F 5’ CTCCGTGGCCTTAGCTGTG 3’ 
R 5’ TTTGGAGTACGCTGGATAGCCT 3’ 

69 bp 2.02 

HMBS 
human 

HepG2 
cells 

F 5’ TGCAACGGCGGAAGAAAA 3’ 
R 5’ ACGAAGCTTTCAATGTTGCC 3’ 

113 bp 2.00 

 
Table 4.1 – Primers used in qPCR measurement of canine CYB5R3 mRNA expression in canine liver and 
in HepG2 cells. 
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For quantification of cytochrome b5 reductase (b5R) protein expression and 

enzyme function, canine liver microsomes were prepared using ultracentrifugation. 

Protein expression was determined by immunoblotting using β-actin as a loading control. 

For each sample, 2.5 µg of microsomal protein was electrophoresed in polyacrylamide 

and transferred onto a nitrocellulose membrane. Membranes were blocked in 5% bovine 

serum albumin (Sigma-Aldrich; St. Louis, MO) for 1 hour, washed 3 times in 0.1% PBS-

Tween, and then incubated with anti-mouse β-actin monoclonal antibody conjugated with 

horseradish peroxidase (HRP, 1:5,000; Abcam, Cambridge, United Kingdom) for 1 hour 

at room temperature. β-actin protein bands were detected by chemiluminescence (ECL 

Prime Western Blotting Detection Reagent; GE Healthcare, Buckinghamshire, United 

Kingdom) and then the membrane was stripped (Restore PLUS Western Blot Stripping 

Buffer; ThermoScientific, Rockford, IL). The membrane was incubated with polyclonal 

rabbit anti-human b5R antibody (1:50,000 in 1% milk) for 1 hour at room temperature, 

followed by HRP-conjugated rabbit anti-IgG (Promega Corp., Fitchburg, WI) (1:5,000 in 

1% milk) for 1 hour at room temperature and detection of b5R protein bands. Band 

densitometry was assessed using ImageJ (National Institutes of Health, Bethesda, MD) 

and protein expression was reported as b5R:β-actin density ratio. 

 

Microsomal b5R enzyme activity was assessed by measuring reduction of 

sulfamethoxazole-hydroxylamine (SMX-hydroxylamine; Dalton Chemical Co., Toronto, 

Ontario, Canada) to sulfamethoxazole (SMX; Sigma-Aldrich; St. Louis, MO) by HPLC 

as previously described,15 using 125 µg microsomal protein and 200 µM SMX-

hydroxylamine. Enzyme activities were expressed as nmoles SMX generated /mg 
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microsomal protein/min. 

 

 In vitro canine CYB5R3 expression. The full length CYB5R3 cDNA sequence was 

amplified from the liver cDNA of a dog homozygous for the reference 729A allele and 

cloned into a mammalian expression vector (pcDNA3.1(+); Invitrogen Corp., Carlsbad, 

CA). A 729G variant-containing plasmid was generated via site-directed mutagenesis 

(QuickChange Multi Site-Directed Mutagenesis Kit; Agilent Technologies, Santa Clara, 

CA) with the following primers: forward 5’ 

GTGGACAAAGCCCCGGAAGCCTGGGACTA 3’, reverse 5’ 

TAGTCCCAGGCTTCCGGGGCTTTGTCCAC 3’. Both the A- and G-containing 

plasmids were transfected into HepG2 cells (ATCC, Manassas, VA), using a cationic 

transfection reagent (FuGENE HD; Promega Corp., Fitchburg, WI). Cells were incubated 

for 48 hours at 37°C, 5% CO2 prior to downstream applications. 

 

In order to ensure that transfection efficiency was similar between 729A- and G-

plasmid transfected cells, HepG2 cells were co-transfected with a plasmid expressing 

green fluorescent protein (pmaxGFP; Lonza Group, Basel, Switzerland). In separate 

experiments, transfection efficiencies were determined by counting GFP-expressing cells 

normalized to the total number of cells in each culture as determined by SYTOX Orange 

(Thermo Fisher Scientific; Madison, WI) counterstaining. Cell counts were assessed in 

ImageJ (National Institutes of Health, Bethesda, MD). There was no significant 

difference in transfection efficiencies between A- and G-plasmid transfected cells (10.6 ± 

6.5% vs. 12.5 ± 6.6%, p = 0.33) using a Student’s t-test. 
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Following cell transfection and incubation, RNA was extracted for cDNA 

generation and protein was extracted for quantification. mRNA expression was assessed 

by qPCR using primers for canine CYB5R3 with human B2M and HMBS as reference 

genes (Table 4.1). Protein was extracted from separate cell culture preparations using 

passive lysis buffer (Promega Corp., Fitchburg, WI) and quantified via immunoblotting, 

as described above, with the following antibody concentrations: rabbit polyclonal anti-

b5R 1:10,000, anti-rabbit HRP conjugate 1:2,500, and monoclonal mouse anti-β-actin 

HRP conjugate 1:5,000. 

  

Statistical analyses 

Normality was assessed for all continuous data using the D’Agostino and Pearson 

normality test. Parametric data were expressed as mean ± SD; non-parametric data were 

expressed as median [range]. Differences in age and sex between groups were compared 

with Mann-Whitney U and Chi-square tests, respectively. Allele and genotype 

frequencies were compared between groups using Fisher’s exact and Chi-square tests, 

respectively. Expression levels and activities were compared between AA vs. GG 

genotype livers and A- vs. G-plasmid transfected cells using the Student’s t test or Mann-

Whitney U test, depending on distribution. All analyses were performed using 

commercial software (Prism; GraphPad Software Inc., San Diego, CA). Statistical 

significance was set at p < 0.05. 
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Results 

Genotyping by clinical status 

 Forty-four dogs were included in the comparison of CYB5R3 729A>G allele and 

genotype frequencies between dogs hypersensitive and tolerant to sulfonamide antibiotics 

(24 HS, 20 TOL). Of these, 34 were previously reported14 and 10 were newly recruited 

dogs. Demographic data are reported in Table 4.2. There was no significant difference in 

age (p = 0.39) or sex (p = 0.69) between groups. The G allele was significantly over-

represented in HS dogs (allele frequency 0.792) compared to TOL dogs (0.550, p = 

0.022, Figure 4.1A) in this expanded population. The GG genotype frequency appeared 

higher in the HS dogs (0.625) vs. the TOL dogs (0.300), but this difference did not reach 

statistical significance (p = 0.06). 

 

Genotyping by breed 

 Eighty-four dogs were included in the breed comparison of allele frequencies (24 

DOBE, 60 nonDOBE). Demographic data are reported in Table 4.2. There was no 

significant difference in age (p = 0.08) between DOBE and nonDOBE dogs. However, 

intact animals were overrepresented in the DOBE group compared to the nonDOBE 

group (p = 0.0005). The G allele was significantly over represented in DOBE dogs (1.00) 

compared to nonDOBE dogs (0.567, p < 0.0001, Figure 4.1B). Similarly, the GG 

genotype was overrepresented in DOBE dogs (1.00) compared to nonDOBE dogs (0.417, 

p < 0.0001).  
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 HS 
n = 24 

TOL 
n = 20 

DOBE 
n = 24 

nonDOBE 
n = 60 

Age (years) 5.5 [0.5 – 14] 3.0 [0.3 – 12] 7.3 [0.3 – 12] 5.0 [0.8 – 14] 

Sex 

MC 5 
FS 16 
MI 2 
FI 1 

MC 6 
FS 10 
MI 2 
 FI 2 

MC 9 
FS 6 
MI 5 
FI 4 

MC 33 
FS 25 
MI 1 
FI 1 

Breed (# of 
dogs) 

Labrador retriever 
(6), Golden retriever 
(5), Great Dane (3), 
Mixed breed (3), 
Samoyed (2); 1 
each: German 
Shepherd, 
Doberman Pinscher, 
Malamute, Springer 
Spaniel, Dalmatian 

Mixed breed (6), 
Boxer (2), Cocker 
Spaniel (2); 1 each: 
Australian 
Shepherd, Poodle, 
Shar Pei, Labrador 
retriever, German 
Shepherd, Brittany 
Spaniel, Shih Tzu, 
Doberman Pinscher, 
Bernese Mountain 
Dog, Golden 
retriever 

Doberman Pinscher 
(24) 

Mixed breed (25), 
Golden retriever (5), 
German Shepherd 
(5), Australian 
Shepherd (4), 
Labrador retriever 
(4), Australian 
Cattle Dog (3), 
Chihuahua (2), 
Cavalier King 
Charles Spaniel (2), 
Border collie (2); 1 
each: Boxer, 
English Bulldog, 
Brittany Spaniel, 
Cocker Spaniel, 
Plott Hound, Chow 
Chow, Bernese 
Mountain Dog, 
Mallinois 

CYB5R3 729A>G Allele Frequency 
A 0.208 0.450 0.00 0.433 
G 0.792* 0.550 1.00** 0.567 

CYB5R3 729A>G Genotype Frequency 
AA 0.042 0.200 0.00 0.283 
AG 0.333 0.500 0.00 0.300 
GG 0.625 0.300 1.00 0.417 

 
Table 4.2 – Demographic data of dogs included in CYB5R3 genotyping. MC = male castrated, FS = female 
spayed, MI = male intact, FI = female intact. * = significantly different from TOL, p = 0.022; ** = 
significantly different from nonDOBE, p < 0.0001. 
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Figure 4.1. Allele frequencies for CYB5R3 729A>G in HS vs. TOL dogs (A) and in DOBE vs. nonDOBE 
dogs (B). The G allele was significantly over represented in HS dogs (0.792) compared to TOL dogs 
(0.550, p = 0.022). The G allele was also significantly over represented in DOBE dogs (1.00) compared to 
nonDOBE dogs (0.567, p < 0.0001). 
 

Functional effects of CYB5R3 729G: canine liver expression and activity 

 Forty-six banked dog livers of adequate RNA quality were available for analysis. 

Of these, 12 were 729AA and 15 were 729GG; 19 were heterozygotes that were not 

further phenotyped. Expression of CYB5R3 mRNA was not significantly different 

between AA and GG livers (normalized ratio, 1.16 [0.17 – 1.62] vs. 0.97 [0.19 – 1.72], p 

= 0.17, Figure 4.2A). Expression of b5R protein was significantly lower in liver 

microsomes of GG livers (1.35 ± 0.461) vs. those of AA livers (2.80 ± 2.52, p = 0.037, 

Figures 4.2B). However, there was no significant difference in microsomal SMX-

hydroxylamine reduction activities between AA and GG livers (1.08 ± 0.301 vs. 0.977 ± 

0.310 nmol/min/mg, p = 0.379, Figure 4.2C). 
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Figure 4.2. CYB5R3 mRNA expression (A), b5R protein expression (B), and SMX-hydroxylamine 
reduction (C) in canine livers homozygous for CYB5R3 729A (n = 12) and CYB5R3 729G (n = 15). * p = 
0.037. Panel B insert: immunoblotting of canine b5R expression in canine microsomes of dogs 
homozygous for the A (n = 12) and G (n = 15) allele at the CYB5R3 729A>G SNP. β-actin was used as a 
loading control. 
 

Functional effects of CYB5R3 729G: in vitro expression 

 In transfection experiments, there was no significant difference in expression of 

canine CYB5R3 mRNA between HepG2 cells transfected with the A vs. G allele 

(normalized ratio, 4391 [2499 – 7936] vs. 4867 [4127 – 9484], p = 0.31, Figure 4.3A). 

Similarly, there was no significant difference in b5R protein expression in cells 

transfected with the A vs. G allele (5.06 [4.43 – 7.38] vs. 5.93 [2.88 – 11.0], p = 1.00, 

Figures 4.3B). 
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Figure 4.3. CYB5R3 mRNA (A) and b5R protein expression (B) in HepG2 cells transfected with the 
CYB5R3 gene containing either the 729A or G allele. Five separate preparations of A- and G-plasmid 
transfected cells were used for mRNA quantification and three preparations were used for protein 
quantification. There were no significant differences between groups for mRNA or protein expression. 
Panel B insert: immunoblotting of canine b5R expression in HepG2 cells transfected with the CYB5R3 
gene containing either the 729A or G allele. The upper b5R band co-localized with canine b5R and thus 
was used for densitometry readings. The lower b5R band co-localized with human b5R representing 
endogenous expression by the HepG2 cells (data not shown). β-actin was used as a loading control. 
 

Discussion 

Cytochrome b5 reductase, along with cytochrome b5, catalyzes the reduction of 

the reactive sulfonamide metabolite, SMX-hydroxylamine, back to the stable parent 

drug.15,16 Since the hydroxylamine metabolite contributes to the immunogenicity of 

sulfonamide antibiotics such as sulfamethoxazole and sulfadiazine,10,17,18 hydroxylamine 

reduction should be protective against sulfonamide HS. Dogs may rely more heavily on 

the cytochrome b5/b5 reductase system for sulfonamide detoxification, because dogs lack 

the other major detoxifying pathway employed by humans, the N-acetyltransferases.19 

 

We previously examined the role of variants in the cytochrome b5 reductase 

(CYB5R3) and cytochrome b5 (CYB5A) genes in the risk of sulfonamide HS in dogs. We 

found a synonymous SNP in the CYB5R3 gene, 729A>G, that was significantly 
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associated with sulfonamide HS in a group of 18 affected and 16 control dogs.14 The 

purpose of this study was to confirm this association in a somewhat larger group of dogs, 

to determine whether the risk allele was over-represented in Doberman Pinschers, and to 

evaluate the effects of the CYB5R3 729G allele on gene expression and enzyme activity. 

  

Similar to previous findings,14 the frequency of the CYB5R3 729G allele was 

significantly higher in dogs with sulfonamide HS (0.792) than dogs tolerant to 

sulfonamide antibiotics (0.550) and the difference in GG genotype approached 

significance (HS 0.625 vs. TOL 0.300, p = 0.062). Thus, the G allele may predispose to 

sulfonamide HS. However, it is important to note that 80% (AG + GG genotype 

frequencies) of sulfonamide-tolerant dogs do carry the G allele and 30% are 

homozygous, but the incidence of canine sulfonamide HS is much lower (~0.25% by one 

estimate).20 Therefore, it follows that carriage of the CYB5R3 729G allele is not sufficient 

as a single risk factor for sulfonamide HS. 

 

 When Doberman Pinschers were evaluated as a breed, all 24 Dobermans were 

homozygous for the 729G allele. If this variant is truly associated with sulfonamide HS, 

then this may contribute to breed risk in the Doberman Pinscher. However, not all 

Dobermans exposed to sulfonamide antibiotics develop a HS reaction; in fact, one of our 

drug-tolerant controls was a Doberman Pinscher. Therefore, other factors clearly 

influence the risk of sulfonamide HS. Further evaluation and genotyping of Dobermans 

tolerant and hypersensitive to sulfonamide antibiotics is warranted to identify other 

possible genetic risk factors that might interact with CYB5R3 729G. 



	 130	

We next investigated the effects of CYB5R3 729G on gene expression and activity 

in both canine liver and an in vitro mammalian expression system. The CYB5R3 729A>G 

variant is a synonymous coding SNP, so it should not affect enzyme structure or function. 

However, based on in silico predictions, the G allele may confer a more stable and 

difficult to translate structure to the mRNA transcript.14 Therefore, we hypothesized that 

729G would lead to increased mRNA levels but decreased protein synthesis and 

cumulative enzyme function. 

 

 We found that dog livers with the 729GG genotype expressed significantly less 

microsomal cytochrome b5 reductase (b5R) protein than those with the AA genotype. 

However, endogenous CYB5R3 mRNA expression did not differ and SMX-

hydroxylamine reduction was not measurably decreased, even at lower substrate 

concentrations (10 µM SMX-hydroxylamine, data not shown). In addition, a direct effect 

of the 729G allele on protein expression was not confirmed by in vitro transfection in 

HepG2 cells. Of note, SMX-hydroxylamine reduction was not measurable in transfected 

HepG2 cells over background activities observed in non-transfected cells (data not 

shown), which may reflect a requirement for parallel co-transfection of CYB5A at an 

optimized stoichiometry,16 which was not pursued.  Overall, these data provide some 

evidence for decreased endogenous b5R protein expression with the 729G allele, but it is 

difficult to relate this mechanistically to sulfonamide HS without evidence of impaired 

SMX-hydroxylamine reduction. 
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 This follow-up study was still limited by a small sample size for genotyping 

experiments. As an idiosyncratic reaction, sulfonamide HS is intrinsically an uncommon 

occurrence;20 furthermore, sulfonamides are less commonly used today because other 

antibiotics with lower risks of adverse effects are available. However, as antimicrobial 

resistance to “safer” antibiotics (e.g. beta-lactams, fluoroquinolones) increases, we may 

see increased sulfonamide use and a resurgence of HS reactions. Therefore, it is 

important to understand this idiosyncratic reaction and its risk factors as best as possible. 

 

 In conclusion, the CYB5R3 729A>G SNP was significantly overrepresented in 

dogs with sulfonamide HS in a somewhat larger sample size, and all Doberman Pinschers 

genotyped were homozygous for the G allele. However, this variant was not convincingly 

associated with impaired enzyme function. It is possible that CYB5R3 729G is an indirect 

marker for another gene locus that does influence clinical phenotype; alternatively our ex 

vivo liver experiments may not have adequately reflect in vivo metabolite clearance. 

Further work is underway to identify additional genetic risk factors for sulfonamide HS 

in dogs. 
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Chapter 5: Reflections and future directions 

Jennifer M. Reinhart 

 

As an idiosyncratic drug reaction, sulfonamide HS cannot be predicted by drug 

dose. Thus, identifying risk factors for this potentially severe adverse drug reaction is of 

great importance. The studies presented in this thesis represent several different 

approaches to understanding genetic risk for sulfonamide HS in humans and dogs. These 

results highlight the successes and difficulties that can be encountered when studying a 

trait that is genetically, clinically, and mechanistically complex. These findings also 

suggest next steps and new avenues of research to pursue, with the eventual goal of 

improving treatment and prevention strategies for sulfonamide HS. 

 

In the genome-wide association study (Chapter 2) including 91 patients with 

sulfonamide HS and 184 tolerant patients, we found no SNP associations with 

sulfonamide HS. This is in contrast to previous candidate gene studies, some of which 

have suggested genetic risk factors for this condition.1-4 It is possible that the true 

strength of association of the variants identified in these previous studies was not great 

enough to be detectable in a moderately-sized genome-wide study in which several 

million comparisons are made and must be accounted for statistically. It is also important 

to note that the study population characteristics can greatly impact study results. In our 

GWAS, the majority of HS patients exhibited only a maculopapular rash – a fairly mild 

form of the reaction. It is possible that some these rashes were incorrectly attributed to 

sulfonamide HS, “diluting” the power of the study of our study to detect a difference 
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between HS and TOL patients. This highlights a major issue with idiosyncratic drug 

reactions at both a clinical and research level, in that there is no definitive way to confirm 

a drug HS reaction without drug rechallenge, and this has inherent risk. Hence, future 

research efforts should include development of better biochemical or immunologic tests 

for confirming the diagnosis of sulfonamide HS. 

 

In our GWAS study, when more stringent diagnostic criteria for sulfonamide HS 

were used (rash plus fever), a genetic association was identified for COL12A1 by the rare 

variant analysis. These patients with more severe manifestations were more likely to truly 

be HS, thus finding an association only in this subgroup may be indirect support for 

misclassification in patients with more mild symptoms. Alternately, it is possible that 

genetic risk factors influence the severity rather than the occurrence of the reaction. 

COL12A1 encodes for an extracellular matrix adaptor protein and has not been associated 

with any other immune-mediated conditions. Thus, a mechanistic rationale for this 

association is unclear, but further investigation of this locus may be warranted including 

full resequencing of the gene in HS and TOL patients. Given that many other 

idiosyncratic drug reactions have been associated with HLA haplotypes, it may also be 

interesting to reevaluate the MHC region in our patients. Finally, it is possible that 

heritable risk factors for sulfonamide HS are epigenetic rather than genetic. Future 

studies may include evaluation of the epigenome in HS and tolerant patients. 

 

In the expression array study (Chapter 3), we found several transcripts whose 

expression levels correlated (directly or inversely) with susceptibility to 
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sulfamethoxazole-hydroxylamine induced cell death in the lymphocyte toxicity assay 

(LTA). Next steps should include investigations of the interaction between products of 

these transcripts and sulfamethoxazole (SMX) metabolites. For example, it is unknown 

whether SMX is a substrate for the ABCC5 transporter; in fact, SMX transport has not 

been well studied despite some transporter variants being identified as genetic risk factors 

for other adverse drug reactions.5 It would also be interesting to know whether the 

association of these transcripts with cytotoxicity is specific to SMX metabolites or if 

these pathways are important in the cellular response to multiple xenobiotics. 

Hypersensitivity to other aromatic and arylamine drugs has been associated with 

increased cytotoxicity in the LTA, so these compounds, which include dapsone and some 

anticonvulsant medications, provide a logical starting place for such investigations.6,7  

 

In this study, LTA results did not differentiate between HS and TOL patients. 

Although this is not the first report of a lack of association between LTA and clinical 

status,8 most other studies do describe a moderate discriminatory ability. Similar to the 

GWAS results, this again highlights the problem with accurately phenotyping drug HS 

reactions without definitive drug rechallenge.  All but one of the HS patients included in 

the expression arrays had mild symptoms (rash only) so it is possible that some of these 

individuals were misdiagnosed. Elzagallaai et al.9 demonstrated that the diagnostic 

performance of the LTA is much lower in patients with only a rash compared to those 

with more severe manifestations. Thus, this concern with accurate clinical phenotyping 

does not appear to be limited to our work. However, it is also possible different 

pathogenic mechanisms may exist across the spectrum of clinical signs, some of which 
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may be more closely linked to the in vitro LTA. Another area of future research may be 

evaluating what factors determine the severity of a drug HS reaction and which organ 

systems are involved. Tracer studies of drug adduct formation in animal models would be 

worthwhile as would examination of local metabolic enzyme expression and activity of in 

various target tissues. In the clinical setting, genetic and environmental risk factors could 

be compared among patients with differing clinical manifestations. Such investigations 

may be relevant to idiosyncratic reactions to other immunogenic drugs as well. 

 

Our investigations in dogs (Chapter 4) reconfirmed the association between the 

CYB5R3 729G allele and canine sulfonamide HS. We also found that all Doberman 

Pinschers genotyped in this study were homozygous for the 729G allele, which may 

contribute to the apparent breed predisposition to this adverse drug reaction. Based on in 

silico predictions,10 we hypothesized that this synonymous SNP encoded for a more 

conformationally stable and difficult to translate mRNA transcript, leading to less lower 

production of cytochrome b5 reductase, an SMX-detoxifying enzyme. However, we 

found little evidence to support this hypothesis in hepatic and in vitro expression studies. 

It is possible that our techniques were not sensitive enough to detect a difference between 

alleles, but if this locus truly impacts total detoxification function and clinical outcome, 

then a measurable effect on enzyme activity would be expected. It is also possible that the 

CYB5R3 729A>G SNP is not functionally related to canine sulfonamide HS; rather it 

may be in linkage disequilibrium with another variant that is. Full sequencing of the 

CYB5R3 gene as well as areas up- and downstream of this locus would be a logical next 

step in pursuing this genetic association. 
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Although the evidence for overrepresentation of the CYB5R3 729G allele in HS 

dogs is fairly convincing, this allele is also fairly common in tolerant dogs and is, in fact, 

the major allele in the general, naïve population (MAF 0.570). Given the much lower low 

population prevalence of sulfonamide HS in dogs, this variant cannot be the major 

determinant of whether a dog develops a reaction. Thus, other candidate genes should be 

evaluated for an association. Of particular interest are the dog leukocyte antigen (DLA) 

genes. In humans, many drug HS reactions have been correlated with certain HLA 

alleles,11 and several canine immune-mediated diseases have been associated with DLA 

variants.12-15 In a way, these genes represent the antigenic repertoire of an individual, 

determining what molecules can elicit an adaptive immune response. Therefore, 

investigating variation in these genes for drug HS in dogs is a logical step. Genome-wide 

approaches are another potential tool for identifying genetic risk factors in dogs and have 

been successfully used for many adverse drug reactions in humans5,16-21 as well as for 

certain diseases in dogs.22 Finally, acquired risk factors for sulfonamide HS have not 

been as well studied in dogs. Evaluating antioxidant concentrations, immune status, and 

comorbidities in drug-tolerant and HS dogs could yield valuable and clinically relevant 

information. In all of these potential investigations, the lessons learned in human studies 

regarding the importance of careful clinical phenotyping should be heeded for work in 

dogs. 

 

Sulfonamide HS remains an incompletely understood medical phenomenon – not 

surprising for a syndrome that is classically termed “idiosyncratic.” The research 
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presented here highlights the complex nature of genetic risk for non-monogenic traits. 

Future work should continue to focus on identifying risk factors, but be expanded to 

include other genetic loci in dogs, as well as investigations of epigenetic and 

environmental risk in both species. Given the numerous potential clinical manifestations 

of sulfonamide HS, understanding the elements that determine presentation and severity 

of the reaction is also important. While sulfonamide HS is typically treated as a single 

clinical entity, it is possible that different subsets of patients have different pathogeneses 

and risk factors, and so must be considered separately. Finally, diagnosis of sulfonamide 

HS is clinically inexact and rarely definitive, so great care must be taken when selecting 

patient populations of any species when studying this adverse drug reaction. 
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