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Abstract 

Idiosyncratic drug reactions (IDRs) are associated with significant patient morbidity/mortality and lead to considerable drug 
candidate attrition in drug development. Their idiosyncratic nature makes the study of IDRs difficult. In particular, nevirapine is 
associated with a relatively high risk of serious skin rash and liver injury. We previously found that nevirapine causes a similar skin 
rash in female Brown Norway rats, but these animals do not develop significant liver injury. Programmed cell death protein-1 (PD-1) 
is an immune checkpoint involved in immune tolerance, and anti-PD-1 antibodies have been used to treat cancer. However, they 
increase the risk of liver injury caused by co-administered drugs. We found that PD-1 − / − mice are more susceptible to drug-induced 
liver injury, but PD-1 − / − mice are not a good model for all drugs. In particular, they do not develop a skin rash when treated with 
nevirapine, at least in part because they lack the sulfotransferase in their skin that forms the reactive metabolite responsible for the 
rash. Therefore, we developed a PD-1 mutant (PD-1m/m) rat, with an excision in the ligand-binding domain of PD-1, to test whether 
nevirapine would cause a more serious skin rash in these animals. The PD-1m/m rat was based on a Sprague Dawley background, 
which has a lower incidence of skin rash than Brown Norway rats. The treated PD-1m/m rats developed more severe liver injury than 
PD-1 − / − mice, but in contrast to expectations, they did not develop a skin rash. Functional knockouts provide a unique tool to study 
the mechanisms of IDRs.
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Idiosyncratic drug reactions (IDRs) are a significant source of 
patient morbidity and mortality. Moreover, they significantly 
increase the risk of failure during drug development because 
IDRs are usually encountered late in clinical trials or post-market 
surveillance when a large amount of money has already been 
invested in a drug candidate (Uetrecht, 2019; White et al., 1999). 
Our understanding of IDRs is superficial, and without a better 
mechanistic understanding, it will be very difficult to predict or 
treat them. The unpredictable nature of IDRs makes them virtu-
ally impossible to study prospectively in patients. Animal models 
are important for mechanistic studies, but IDRs are also idiosyn-
cratic in animals; therefore, valid animal models are rare 
(Uetrecht and Naisbitt, 2013).

Most animal models of IDRs involve acute toxicity and have 
very different characteristics from those of IDRs in humans. To 
be useful, an animal model must involve the same, or at least a 
very similar, mechanism as the IDR in humans. Therefore, the 
clinical characteristics should be very similar. In general, there is 
a delay between starting a drug and the onset of an IDR of weeks 
to months. This is typical of a delayed immune response, and 
there are also multiple lines of evidence to indicate that most 
IDRs are immune mediated (Cho and Uetrecht, 2017; Jee et al., 
2021; Sernoskie et al., 2021). Mild IDRs are more common than 
serious IDRs, and the mild reactions often resolve despite 

continued treatment with the drug. If the IDR is immune- 
mediated and resolves despite continued treatment, the resolu-
tion must involve immune tolerance. We developed an animal 
model of amodiaquine-induced liver injury by using PD-1 − / − 

mice co-treated with anti-CTLA-4 to impair immune tolerance. 
When treated with amodiaquine, these mice developed CD8þ T- 
cell-mediated liver injury similar to the idiosyncratic drug- 
induced liver injury that amodiaquine can cause in humans (Mak 
and Uetrecht, 2015; Metushi et al., 2015). This is consistent with 
the clinical observation that the use of checkpoint inhibitors 
increases the risk of IDRs caused by co-administered drugs (Ribas 
et al., 2013). Idiosyncratic drug-induced liver injury is of much 
concern because it is a major IDR that leads to drug candidate 
failure (Jee et al., 2021). Although the mouse PD-1 − / − model is 
very useful, mice are not a good model for all IDRs, and we devel-
oped a rat with a targeted deletion of the PD-1 ligand-binding 
domain (within exon 2) using CRISPR (clustered regularly inter-
spaced palindromic repeats)/Cas-9, which we will refer to as a 
PD-1m/m rat as previously described (Cho et al., 2024). Similar to 
the PD-1 − / − mouse, the PD-1m/m rat developed liver injury when 
treated with amodiaquine.

One test of the rat PD-1m/m model is with the use of nevira-
pine. Nevirapine, a potent non-nucleoside reverse transcriptase 
inhibitor for the treatment of HIV-1 infections, can cause a severe 
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rash in patients (Bersoff-Matcha et al., 2001; DrugBank, 2023). The 
skin rash has been observed in 3% of patients taking nevirapine 
in clinical trials. Moreover, women have a 7-fold increase in the 
risk of developing a severe rash. We also found that the treat-
ment of rats with nevirapine caused an immune-mediated skin 
rash, which was strain- and sex-dependent (Shenton et al., 2003). 
Specifically, the incidence was 100% in female Brown Norway 
rats, about 20% in female Sprague Dawley rats, 0% in female 
Lewis rats, and 0% in male rats of all the strains tested in the 
study. We found that nevirapine treatment in mice did not lead 
to a skin rash, at least in part, because they did not have the 
requisite sulfotransferase in the skin that is required to form the 
reactive metabolite responsible for the rash (Sharma et al., 
2013a). Nevirapine causes a wide variety of skin rashes in 
humans, the most serious being toxic epidermal necrolysis, 
which is mediated by CD8þ T-cells (Friedmann et al., 1994; Nassif 
et al., 2004). The skin rash in the Brown Norway rat, although 
serious, appears to be mediated by CD4þ T-cells (Shenton et al., 
2005). Blocking PD-1 promotes a CD8þ T-cell response (Ahn et al., 
2018); therefore, it seemed likely that if we treated our PD-1m/m 

rats with nevirapine, it would result in an animal model that 
could be useful for the study of toxic epidermal necrolysis or 
Stevens-Johnson syndrome, 2 very serious skin rashes. We based 
the PD-1m/m model on Sprague Dawley rats because in previous 
experiments they had a low, but significant incidence of skin 
rash. If we had based it on Brown Norway rats, the rash might be 
worse, but it would be hard to show a difference because the inci-
dence is already 100%, whereas if we used Lewis rats, there might 
be some reason that they are completely resistant because the 
incidence in previous experiments was zero.

Materials and methods
Animals

Rats with a targeted deletion of the PD-1 ligand binding domain 
were generated by CRISPR/Cas9 genome editing using pronuclear 
microinjection into Crl: CD(SD) Sprague Dawley embryos at the 
Model Production Core at the Centre for Phenogenomics (TCP; 
Toronto, Ontario, Canada) as described previously (Cho et al., 
2024). Female and male Sprague Dawley rats (3–4 months old) 
were bred in-house and maintained in the Canadian Council on 
Animal Care (CCAC)-accredited CCBR animal facility within the 
Division of Comparative Medicine at the University of Toronto 
(Toronto, Ontario, Canada). They were housed in pairs in stand-
ard cages in a 12-h light-dark (6:00 AM on/6:00 PM off) cycle with 
access to water and rodent meal ad libitum. Litters were weaned 
at 3 weeks and were ear-notched for genotyping purposes as pre-
viously described. Animals were then segregated by genotype 
(wild-type, heterozygous [PD-1þ /m], and homozygous deficient 
[PD-1m/m]). In the 1–3-week studies, nevirapine (Boehringer- 
Ingelheim Pharmaceuticals, Ridgefield, Connecticut) was pro-
vided in a concentration of 0.2% w/w in Teklad global 18% rodent 
meal (2018; Harlan Laboratories; Indianapolis, Indiana), which 
was made by serial dilution of the drug with vigorous shaking 
and mixing. This concentration is equivalent to about 150 mg/kg 
body weight and produces a blood level in female rats within the 
therapeutic range in humans (Almond et al., 2004; Chen et al., 
2008). Food and water were provided ad libitum to rats starting on 
day 0; control animals received regular rodent meals. 
Approximately 100 ml of blood was collected weekly via the tail 
vein using a 23G needle, which was repeated for the duration of 
the experiment (up to 3 weeks). Serum aminotransferase (ALT) 
levels were examined as a biomarker of liver injury. Whole blood 

was collected in Microvette capillaries with clot activator additive 
(CB300; Sarstedt; N€umbrecht, Germany) and centrifuged for 
5 min at 11 200 × g. Using the ALT Liquid Stable Reagent (Thermo 
Scientific; Waltham, Massachusetts), ALT activity levels were 
determined as per package instructions. Body weights were 
recorded together with liver, spleen, thymus, and inguinal lymph 
node tissue weights at necropsy. Rats were euthanized at end-
point by CO2 asphyxiation.

Animal Use Protocols were reviewed and approved by the 
Institutional Animal Care Committees, and all procedures fol-
lowed the CCAC guidelines contained in the Guide to Care and Use 
of Experimental Animals, Vol. 1, second edition and CCAC Guidelines 
on Transgenic Animals (1997). Upon transfer to the Division of 
Comparative Medicine (CCBR Facility) at the University of 
Toronto, animal procedures were performed in accordance with 
the same guidelines outlined by the CCAC and approved by the 
Local Animal Care Committee.

RNA isolation and real-time polymerase chain reaction 
(qPCR)

Harvested tissues were washed in ice-cold phosphate-buffered 
saline (PBS) and immediately flash-frozen in liquid nitrogen. For 
liver RNA isolation, approximately 50 mg of frozen liver was 
homogenized in 500 ml of TRIzol Reagent (15596026; Thermo 
Fisher). Samples were incubated at room temperature to allow 
for the complete dissociation between complexes before the 
addition of chloroform. The samples were vigorously vortexed 
and centrifuged at 13 000 × g for 15 min at 4�C for phase separa-
tion. The upper aqueous phase was removed and mixed with an 
equal volume of 70% ethanol and transferred into RNA binding 
columns supplied by the Aurum Total RNA Mini Kit (7326820; 
Bio-Rad). The eluted RNA was collected and placed directly on 
ice. RNA concentration, purity, and quality were measured. 
Extracted liver RNA sample concentrations were adjusted to 
50 ng/ml with the addition of DNase/RNase-free distilled water.

For the synthesis of cDNA, 10 ml of normalized RNA content 
was reverse-transcribed using SuperScript III Reverse 
Transcriptase and its components (18080044; Thermo Fisher). 
The reaction mixture consisted of 5× First Strand buffer, 0.1 mM 
dithiothreitol, 50 mM random hexamers (51-01-18-26; IDT), 10 mM 
dNTP mix (18427013; Thermo Fisher), SuperScript III Reverse 
Transcriptase, and distilled water in a total reaction volume of 
20 ml per sample. Using the MJ Cycler Software 2.0 (Bio-Rad) on 
the Bio-Rad Chromo4 DyadDisciple, the cDNA synthesis reaction 
involved an initial 1-h incubation at 50�C followed by a 15-min 
enzyme inactivation step at 70�C. The synthesized reaction was 
then diluted with 60 ml of DNase/RNase-free distilled water. The 
qPCR reaction was prepared using SsoFast EvaGreen SYBR 
Supermix (172-5201; Bio-Rad), 10 mM each of the forward and 
reverse mRNA primer verified with NCBI Primer-BLAST 
(Bethesda, Maryland) for the gene of interest. Technical dupli-
cates were performed for each target gene transcript and nor-
malized to β-actin mRNA content. Reactions were performed 
with the following conditions: 95�C for 3 min for initial denatura-
tion, 45 cycles of a series (95�C for 5 s for denaturation, 60�C for 
20 s for extension), and held at 4�C upon completion. Data were 
analyzed using the Opticon Monitor 3 software (Bio-Rad) and fold 
changes were computed with the comparative cycle threshold 
(ΔΔCT) method and normalized to control wild-type animals.

Histology

The distal end of the left lateral lobe of the liver, a section of the 
spleen, both inguinal lymph nodes, and the thymus were 
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collected at the endpoint. All samples were fixed in 10% neutral 
buffered formalin (Sigma-Aldrich), followed by embedding, sec-
tioning (5 mm), and staining with hematoxylin/eosin. Slides were 
scanned using the Hamamatsu Nanozoomer 2.0 HT (20×) 
(Hamamatsu Photonics; Shizuoka, Japan) at the Princess 
Margaret Hospital HistoCore and the University of Toronto 
(Toronto, Ontario, Canada).

Flow cytometry

Liver mononuclear cells were isolated by digestion of minced 
whole liver in digestion buffer (1× PBS, 0.05% Type IV collagenase 
from Clostridium histolyticum [C0130; Sigma-Aldrich], 1.25 mM 
CaCl2, 4 mM MgSO4, 10 mM HEPES) for 30 min at 37�C. Spleen 
samples were processed similarly without the need for digestion. 
Contents were isolated through a 100-mm cell strainer, where 2– 
5 ml of anti-coagulant-citrate-dextrose buffer (1× PBS, 0.5% fetal 
bovine serum [FBS, F2242; Sigma-Aldrich], 0.6% citrate-dextrose 
solution [C3821; Sigma-Aldrich], 10 mM HEPES) was added and 
centrifuged at 30 × g for 3 min at 4�C. The supernatant was col-
lected and centrifuged at 320 × g for 5 min at 4�C. The resulting 
pellet was resuspended with 2 ml RPMI buffer (1× RPMI-1640 
medium [R0883; Sigma-Aldrich] 10% FBS, 10 mM HEPES) and lay-
ered on a 30% Percoll gradient (14 ml 1× PBS, 6 ml Percoll 
Centrifugation Media [17-0891-01; GE Healthcare, Chicago, 
Illinois]). For the isolation of peripheral blood mononuclear cells 
(PBMCs), whole blood was collected via cardiac puncture at end-
point and dispensed into EDTA blood collection tubes (368589; 
BD Biosciences, Franklin Lakes, New Jersey). Blood was rinsed 
with PBS, and the diluted sample was overlaid on Ficoll Paque 
Plus (GE Healthcare). Samples were centrifuged at 800 × g for 
15 min with the brake turned off at 4�C. For PBMC collection, the 
buffy coat layer was harvested and washed with PBS. For all sam-
ples, the single cell pellet was resuspended with FACS buffer (1% 
FBS, 1× PBS) and counted with a hemocytometer stained with 
Trypan Blue (15250061; Thermo Fisher) where 107 of the live cells 
were plated per well.

All incubation steps in the staining procedure were conducted 
at room temperature and in the dark for 20 min. All concentra-
tions used followed the supplier’s recommendations. 
Centrifugation steps were set to 650 × g for 5 min at 4�C. To 
reduce Fc receptor-mediated binding by antibodies of interest to 
FcγII receptor-bearing cells for analysis, purified mouse anti-rat 
CD32 (550270; BD Biosciences) was preincubated with the cell 
suspension. Antibodies of interest were added directly to prein-
cubated cells. Cells were characterized by staining with the fol-
lowing antibodies: BV421-conjugated anti-CD3 (563948; 1:40 
dilution), BV605-conjugated anti-CD45RA (740372; 1:100 dilu-
tion), BV650-conjugated anti-CD161 (744052; 1:100 dilution), 
BV786-conjugated anti-CD8 (740913; 1:133 dilution), and BUV395- 
conjugated anti-CD4 (740256; 1:133 dilution) from BD 
Biosciences; eFluor506-conjugated Fixable Viability Dye (65-0866- 
14; 1:100 dilution), FITC-conjugated anti-FOXP3 (11-5773-82; 1:50 
dilution), and PerCP-eFluor710-conjugated anti-CD25 (46-0390- 
82; 1:100 dilution) from Thermo Fisher; APC-conjugated anti- 
CD11b/c (201809; 1:40 dilution), APC/Cy7-conjugated CD45 
(202216; 1:100 dilution), and PE/Cy7-conjugated anti-CD43 
(202816; 1:40 dilution) from BioLegend (San Diego, California); 
and Alexa Fluor 700-conjugated anti-CD68 (MCA341A700; 1:50 
dilution) from Bio-Rad. Helper T-cells were characterized as 
CD3þCD4þ , cytotoxic T-cells as CD3þCD8þ , macrophages 
as CD68þCD11b/cþ ; classical and non-classical monocytes 
as CD11b/cþCD43 − , and CD11b/cþCD43þ , respectively; 
T-regulatory cells (Treg) cells as CD3þCD4þCD25þFOXP3þ ; NK 

cells as CD3 − CD161þ ; NKT cells as CD3þCD161þ ; dendritic cells 
as CD11b/cþMHCIIþ ; and B-cells as CD3 − CD45RAþ . For intra-
cellular staining, the FOXP3/Transcription Factor Staining Set 
(00-5523-00; Thermo Fisher) was used according to the man-
ufacturer’s instructions. Cells were counted on a BD LSR Fortessa 
X-20 Cell Analyzer (BD Biosciences) using FACSDiva for data 
acquisition. Data analysis was conducted on FlowJo 10 software 
(Tree Star Inc., Ashland, Oregon). For flow cytometry analysis, 
cells were initially gated on singlets (FSC-H vs FSC-A), live cells, 
and then by population. A minimum of 50 000 cells/sample were 
acquired for each analysis.

Statistical analysis

All data were presented as the means ± standard error of the 
mean (SEM). One-way or 2-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test was used to assess for statistical 
significance (� or † denotes p< .05 for a treatment-mediated 
effect or a genotype-mediated effect, respectively) using 
GraphPad Prism 6 (San Diego, California).

Results
Treatment with nevirapine did not lead to a skin rash; 
however, it did lead to increased moribundity and mortality 
in treated PD-1m/m rats
It was hypothesized that the incidence and severity of 
nevirapine-induced skin rash would be increased by deletion of 
the PD-1 ligand binding domain, and it might also lead to an 
increased sensitivity to nevirapine-induced liver injury (Figure 1). 
In contrast to previous studies in which about 20% of wild-type 
female Sprague Dawley rats treated with nevirapine developed a 
rash (Shenton et al., 2003), none of the wild-type or PD-1m/m rats 
of either sex developed a rash in the current study 
(Supplementary Figure 1). Female nevirapine-treated PD-1m/m 

rats became ill with heavy porphyrin staining around the nose 
and eyes, orbital tightening, hunched posture, respiratory dis-
tress, ungroomed fur, and animals were cold to the touch. Death 
and early termination due to moribundity occurred at ≤3 weeks. 
Similarly, nevirapine-treated PD-1m/m males were euthanized 
between 4–5 weeks (inclusive) due to multiple features of dis-
tress. Moribundity or premature mortality was not observed in 
any nevirapine-treated wild-type animals.

Treatment with nevirapine led to significant increases in 
liver weights in treated female PD-1m/m rats but increases 
in spleen and inguinal lymph node weights in the 
nevirapine-treated PD-1m/m rats of both sexes
Liver lobes in the treated female PD-1m/m rats were often grossly 
abnormal with lesions and/or areas with discoloration 
(Supplementary Figure 2). The spleens and inguinal lymph nodes 
were visibly larger in the treated PD-1m/m animals in comparison 
to treated wild-type animals (Supplementary Figure 2). Treated 
PD-1m/m females had increased liver weights at day 14, which 
was significantly greater than the liver weights of control PD-1m/m 

females or nevirapine-treated wild-type females (Figure 2). On 
day 21, the difference in female liver weights between the treated 
wild-type and PD-1m/m animals was abolished, but there were 
significant increases in the treated animals compared with 
untreated controls. Consistent with the images of the enlarged 
spleen and inguinal lymph nodes, nevirapine-treated PD-1m/m 

females had a significantly larger spleen weight on days 14 and 21. 
These animals also had larger inguinal lymph nodes on days 7, 
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14, and 21. A significant decrease in thymus weights was 
observed at day 21 in the nevirapine-treated animals and also in 
the untreated PD-1m/m animals (Figure 2). Because major body 
weight changes were observed closer to the end of the experi-
ment, that is, day 21 for females or when animals began display-
ing signs of moribundity, and day 35 for the males, that is when 
they were weighed (Supplementary Figure 3). Tissue weights in 
male rats were weighed at day 35 (endpoint) only. In comparison 
with the females, nevirapine-treated PD-1m/m males had signifi-
cantly increased spleen and inguinal lymph node weights 
(Supplementary Figure 4). Although the increased liver weights 
observed in nevirapine-treated PD-1m/m females were not 
observed in males, there was a non-significant trend of increased 
tissue weights in treated wild-type and PD-1m/m males. Although 
there was a trend toward a decreased thymus weight in 
nevirapine-treated PD-1m/m males, no significant differences 
were detected.

Histology of the liver, spleen, and lymph nodes reveal 
cellular and morphological changes in nevirapine-treated 
PD-1m/m rats
Diffuse hepatitis with a marked depletion of hepatocytes and 
active necrosis/apoptosis was seen in the liver of nevirapine- 
treated PD-1m/m females. Mononuclear leukocyte infiltrates were 
also present surrounding the central vein and periportal areas. 
Overall, there was widespread disorganization of hepatocytes 
with prominent diffuse interstitial leukocytic infiltration and 
apoptotic hepatocytes in the liver of the nevirapine-treated PD- 
1m/m females (Figure 3). In the spleen of the nevirapine-treated 
wild-type females during the third week and nevirapine-treated 
PD-1m/m females throughout treatment, extensive areas of extra-
medullary hematopoiesis (EMH) were also present in the red 

pulp, with a few intact lymphoid areas in the periarteriolar 
sheaths and adjacent follicles (Figure 4). Large areas of follicular 
dissociation and ablation were apparent in the nevirapine- 
treated PD-1m/m females, which worsened throughout treatment. 
The inguinal lymph nodes in the nevirapine-treated females 
showed fewer primary and secondary follicles than in control 
animals, which became unidentifiable later in treatment 
(Supplementary Figure 5). At day 35, similar patterns of leuko-
cytic infiltration near the central vein and periportal areas were 
present in the nevirapine-treated PD-1m/m males with some hep-
atocellular necrosis/apoptosis (Supplementary Figure 6). The 
zones between the red pulp and white pulp in the spleen were 
slightly less distinguishable in the spleen of the treated PD-1m/m 

males. Similar to the nevirapine-treated PD-1m/m females at end-
point, the follicular structures within the lymph nodes were dis-
torted by day 35 in the nevirapine-treated males.

Flow cytometry of the leukocytic cells in the liver, spleen, 
and blood indicate significant changes in cell populations
Eleven populations of single cells were quantified by flow cytom-
etry in the liver, spleen, and blood to determine the cellular 
changes in these tissues at different time points (Supplementary 
Figure 7). Immunophenotyping was conducted on days 7, 14, and 
21 (Figure 5) in the females and on day 35 in the males 
(Supplementary Figure 8). In the liver, a significant increase in 
cytotoxic T-cells in the nevirapine-treated PD-1m/m females 
appeared as early as day 7 and remained elevated on days 14 and 
21 (Supplementary Figs. 9 and 10). The relative decrease in T- 
helper cells and B-cells in the liver of nevirapine-treated PD-1m/m 

females was also sustained from the earliest time point to day 
21. Similarly, a significant increase in cytotoxic T-cells was 
observed in the nevirapine-treated PD-1m/m males with a relative 

Figure 1. PD-1 is involved in immune tolerance, and it was hypothesized that deletion of the PD-1 ligand binding domain would increase the incidence 
and severity of immune-mediated nevirapine-induced skin rash and liver injury. This deletion was accomplished through a CRISPR/Cas9-mediated 
deletion of a segment of exon 2 of the rat PDCD1 gene. (TCR, T-cell receptor; MHC, major histocompatibility complex; APC, antigen-presenting cell).
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Figure 2. Weight of the whole liver, spleen, inguinal lymph nodes, and thymus in control and treated wild-type and PD-1m/m female rats at endpoint 
(day 21). Liver: At day 14, nevirapine (NVP)-treated PD-1m/m females were observed with an increased liver weight compared with treated wild-type 
females and control PD-1m/m animals. On day 21, both treated wild-type and PD-1m/m groups had increased liver weights compared with their control 
counterparts. Spleen: On days 14 and 21, nevirapine-treated PD-1m/m females had significantly increased spleen weights compared with treated wild- 
type females and control PD-1m/m animals. No other trends or changes were observed. Inguinal lymph nodes: On days 7, 14, and 21, nevirapine-treated 
PD-1m/m females had significantly increased inguinal lymph node weights compared with treated wild-type females and control PD-1m/m animals at 
each respective time point. No other trends or changes were observed. Thymus: At day 21, all treated and control PD-1m/m females had significantly 
decreased thymus weights when compared with control wild-type animals. Data were normalized to individual body weights at endpoint. Data were 
normalized to individual body weights at endpoint. The data represent the mean ± SEM, and statistical significance was tested using a 2-way ANOVA 
with Tukey’s multiple comparisons test (n¼3–19 per group), � p< .05 for treatment-mediated effects between control and nevirapine treatments (same 
genotype, different treatment); † p< .05 for genotype-mediated effects between wild-type and PD-1m/m animals (same treatment, different genotype).
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decrease in T-helper cells and B-cells in the liver. The fraction of 
dendritic cells was also significantly lower on day 35 in the males. 
Consistent throughout the study, a relative decrease in B-cells was 
observed in the spleen of the nevirapine-treated PD-1m/m animals. 
A relative decrease in T-helper cells was also apparent on day 7 
and day 21, but not on day 14. The only cellular increases in the 
spleen of the nevirapine-treated PD-1m/m animals were present 
on day 7 with elevations in cytotoxic T-cells, NK cells, NKT cells, 
and non-classical monocytes (Supplementary Figure 9). In males, 
only a relative decrease in B-cells was observed in the spleen 
of the nevirapine-treated PD-1m/m animals (Supplementary 
Figure 8). In the blood, increases in cytotoxic T-cells were 
detected on days 7, 14, and 21 in the female nevirapine-treated 
PD-1m/m rats and on day 35 in the nevirapine-treated PD-1m/m 

males. Along with the increase in cytotoxic T-cells, NKT cells 
were also significantly elevated when compared with nevirapine- 
treated wild-type females on day 7, with increases in NK cells 
and classical monocytes on day 14 and day 21. A decrease in 
T-helper cells and B-cells was present on days 7 and 21, and 
although a decreased trend can also be observed on day 14, it 
was not significant.

Nevirapine treatment led to increased gene expression of 
inflammatory cytokines and chemokines in the liver
mRNA primer sequences are presented in Supplementary 
Table 1. Significant increases in TNFα, IL-1β, IL-18, TGFβ1, CCL2, 
and CCL3 transcript levels were observed in the nevirapine- 
treated PD-1m/m females, and these increases were greater in 
comparison with nevirapine-treated wild-type or control PD-1m/m 

females (Figure 6). An increase in PD-L1 mRNA levels was also 
observed. Although there was a trend toward an increase in 
IL-17A levels in the nevirapine-treated PD-1m/m females, this was 
not statistically significant. An increase in ARG1 mRNA levels 

was also noted in the nevirapine-treated wild-type females in 
comparison with all other groups.

PD-1 exon 2 modification promotes alternative splicing
Prior CRISPR-mediated gene modification has demonstrated the 

potential for relatively benign modifications (point mutations) to 
induce changes in gene splicing (Zhang et al., 2020). In addition, 

the wild-type PD-1 transcripts have previously been suggested to 

be capable of undergoing alternative splicing of exons 2 and 3 

(Nielsen et al., 2005). With this in mind, we examined relative lev-
els of exon expression in wild-type and PD-1m/m rats using real- 

time qPCR with primers designed to detect PD-1 mRNA transcript 

changes in the liver in the presence of drug treatment with nevir-

apine and normalized to β-actin expression levels using primers 
shown in Supplementary Table 2. As shown in Figure 7, the 

induced deletion within exon 2 results in a substantial depres-

sion in exon 2 utilization. In addition, this alteration results in a 

relative enhancement in exon 1 and exon 3–5 expression in 
PD-1m/m females compared with wild-type animals. Within 

exons 3–5, a 12-fold increase was detected in the nevirapine- 

treated animals when compared with untreated PD-1m/m ani-

mals and nevirapine-treated wild-type animals.

Nevirapine-treated PD-1m/m females developed delayed- 
onset liver injury
By day 14 and day 21, increases in serum ALT levels in the 

nevirapine-treated PD-1m/m rats were significant compared with 
nevirapine-treated wild-type and control PD-1m/m females 

(Figure 8). In the males, serum ALT levels peaked at day 14 and 

the level of injury appeared to decline over time, and differences 

between groups were negligible on day 35. Significant increases 
in total serum bilirubin were observed in the nevirapine-treated 

Figure 3. H&E-stained liver sections from the left lateral lobe in female rats at endpoint (days 7, 14, and 21). The architecture and cellularity of the 
control groups appeared undisturbed; however, focal areas of inflammation were observed in the 2- and 3-week nevirapine (NVP)-treated wild-type 
(WT) females. Areas of marked hepatocyte depletion and active necrosis/apoptosis were observed in the nevirapine-treated PD-1m/m females with 
increasing severity over time. Representative images are shown at 5× magnification.
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PD-1m/m females on day 23 (Figure 9), which complement the 
similar increases in serum ALT activity levels.

Age may be a risk factor for increased liver injury
To determine if age was a presiding factor in eliciting greater lev-
els of liver injury, nevirapine-treated wild-type and PD-1m/m 

females of different ages (3–12 months) were used 
(Supplementary Figure 11). Females were only observed in this 
instance as they appeared to be more sensitive to delayed-onset 
drug-induced liver injury. As each data point is a single rat, sta-

tistics were not used to determine the significance of the data. 
However, 12-month-old nevirapine-treated PD-1m/m females 
appear to have an increasing trend in serum ALT levels com-
pared with younger PD-1m/m females.

Heterozygous females are phenotypically similar to wild- 
type females with respect to their extent of liver injury and 
measured serum cholesterol levels
Heterozygous females were treated with nevirapine to determine 
their phenotype in response to the drug-induced liver injury in 
comparison with wild-type animals (Supplementary Figure 12). 
Females were only observed in this instance as PD-1m/m females 
appeared to be more sensitive to nevirapine treatment. No differ-

ences were detected between the nevirapine-treated heterozy-
gous and wild-type females, but significant increases in the 
nevirapine-treated PD-1m/m females were detected on day 22. 
Moreover, cholesterol was measured in female wild-type, hetero-

zygous, and PD-1m/m animals as cholesterol homeostasis is 
largely impaired in liver disease and can result in a decrease in 
circulating cholesterol levels in the serum (Chrostek et al., 2014). 
On day 14 and day 21, the total serum cholesterol levels were 

unchanged in wild-type and heterozygous females; however, 

significant decreases were observed in the nevirapine-treated 
PD-1m/m females (Supplementary Figure 13).

Discussion
Mechanistic studies of IDRs are very difficult. In general, IDRs are 
characterized by a delay between starting a drug and the onset of 
the IDR. It is important to understand the events leading up to an 
IDR, but given the unpredictable nature of these adverse reac-
tions, it is impossible to study patients prospectively. The 
immune system is extremely complex and involves many differ-
ent types of cells in multiple locations, which is impossible to 
duplicate in vitro. Therefore, we are left with trying to develop 
animal models, and even failures can provide additional mecha-
nistic clues.

We previously found that the impairment of immune toler-
ance by blocking immune checkpoints unmasks the ability of 
drugs to cause immune mediated liver injury (Mak and Uetrecht, 
2015). We used nevirapine in this study because it is associated 
with a significant risk of both serious skin rash and idiosyncratic 
liver injury in humans, which limits its use (FDA, 2011; Tseng 
et al., 2014). Nevirapine also causes sex- and strain-dependent 
skin rash in rats, but not in mice (Shenton et al., 2003), and mild 
liver injury in PD-1 − / − mice cotreated with anti-CTLA-4 (Mak 
and Uetrecht, 2015).

In the current study, nevirapine produced serious liver injury 
in the PD-1m/m rats. The marked increase in CD8þ T cells in the 
liver and blood (Figure 5) strongly suggests that the liver injury is 
mediated principally by cytotoxic T cells, although there was 
also an increase in NK cells in the blood. In contrast, there was a 
decrease in CD4þ T cells and B cells. There was also a marked 
increase in inflammatory cytokine and chemokine mRNA in the 
liver, with a decrease in IL-10 relative to WT rats treated with 

Figure 4. H&E-stained spleen sections were taken from the distal ends in female rats at endpoint (days 7, 14, and 21). White pulp atrophy was apparent 
with the disorganization of the lymphoid follicles and marginal zones at week 3 in the nevirapine (NVP)-treated wild-type (WT) females and week 1 in 
the nevirapine-treated PD-1m/m females. At weeks 2 and 3, the follicles were completely abolished and absent in the nevirapine-treated PD-1m/m 

females. Representative images are shown at 2.5× magnification.
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Figure 5. Populations of different leukocytes between control and nevirapine (NVP)-treated wild-type and PD-1m/m females in the liver, spleen, and 
blood at day 21. An increase in cytotoxic T-cells and a relative decrease in T-helper cells and B-cells were observed in the liver of the nevirapine-treated 
PD-1m/m females when compared with control PD-1m/m or nevirapine-treated wild-type females. In the spleen, relative decreases in helper T-cells and 
B-cells were observed in the nevirapine-treated PD-1m/m females. Increases in cytotoxic T-cells, NK cells, and classical monocytes with a decrease in T- 
helper cells and B-cells were detected in the blood of the nevirapine-treated PD-1m/m females. Data show the percentage of each cell population from 
the total population of gated leukocytes. The data represent the mean ± SEM, and statistical significance was tested using a 2-way ANOVA with 
Tukey’s multiple comparisons test (n¼3–6 per group), � p< .05 for treatment-mediated effects (same genotype, different treatment); † p< .05 for 
genotype-mediated effects between wild-type and PD-1m/m animals (same treatment, different genotype).
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nevirapine (Figure 6). Again, this is clear evidence of an inflam-
matory immune reaction. There was an increase in PD-L1 mRNA, 
presumably in response to the decrease in intact PD-1.

We expected that the skin rash caused by nevirapine in rats 
would be more severe in PD-1m/m animals; however, that was not 
the case. It may be that impairing immune tolerance only 
increases the risk of liver injury. It is true that immune tolerance 
is more important in the liver than in the skin, presumably 
because the liver is exposed to so many “foreign” and inflamma-
tory molecules from the intestine. However, immune checkpoint 
inhibitors can cause skin rashes in humans (Callahan and 
Wolchok, 2013), so it is surprising that the PD-1m/m rats did not 
develop a skin rash. It is important to note that the skin rash 
caused by nevirapine in Brown Norway rats is mediated by CD4þ

T cells (Shenton et al., 2005), and the elimination of PD-1 pro-
motes a CD8 T cell immune response as shown in these experi-
ments. This is the most likely reason that the PD-1m/m rats did 
not develop a skin rash. We were not even able to reproduce the 

low incidence (approximately 20%) of the skin rash that we had 
previously observed in wild-type female Sprague Dawley rats. It 
is not clear what changed in the 17 years since that original 
observation (Shenton et al., 2003). The number of animals treated 
was relatively small, and it is likely just be a matter of probabil-
ity. Although the wild-type rats were bred in-house, they were 
derived from rats from Charles River, which was the source of 
the animals in the earlier study. We conducted a small study 
with Sprague Dawley rats obtained directly from Charles River, 
but again, they did not develop a rash (data not shown). 
Although we did not measure covalent binding in the skin of 
these rats, we have previously demonstrated covalent binding of 
nevirapine in the skin of rats (Sharma et al., 2013a,b), rats are 
known to express sulfotransferases in the skin (Oesch et al., 
2007), and it is very unlikely that the genetic change in PD-1 
would affect expression of sulfotransferases. Another factor is 
that, unlike Brown Norway rats, Sprague Dawley rats are out-
bred. The rash in female Brown Norway rats has been replicated 

Figure 6. Gene expression changes in the liver of control and nevirapine (NVP)-treated wild-type and PD-1m/m females at endpoint (day 21). Primer 
sequences utilized are presented in Supplementary Table 1. Significant increases were observed in TNFα, IL-1β, IL-18, CCL2, CCL3, TGFβ1, and PD-L1 
transcript levels in the nevirapine-treated PD-1m/m females. An increase in ARG1 mRNA was also noted in the nevirapine-treated wild-type females in 
comparison with all other groups. Data were normalized to wild-type control animals and fold changes were computed by the comparative cycle 
threshold (ΔΔCT) method. The data represent the mean ± SEM, and statistical significance was tested using a 2-way ANOVA with Tukey’s multiple 
comparisons test (n¼ 3 per group), � p< .05 for treatment-mediated effects (same genotype, different treatment); † p< .05 for genotype-mediated 
effects between wild-type and PD-1m/m animals (same treatment, different genotype).
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Figure 7. Modification of PD-1 exon 2 alters the natural pattern of exon utilization, both intrinsically and under stress. Primer sequences utilized are 
presented in Supplementary Table 2. Data represent the mean ± SEM, with statistical significance tested by 2-way ANOVA with Tukey’s multiple 
comparisons test (n¼ 3 per group), � p< .05 for treatment-mediated effects (same genotype, different treatment); † p< .05 for genotype-mediated 
effects between wild-type and PD-1m/m animals (same treatment, different genotype).

Figure 8. Serum ALT activity levels of control and nevirapine (NVP)-treated female and male rats. Significantly elevated ALT levels were observed on 
day 14 and day 21 in the nevirapine-treated PD-1m/m females. Significantly elevated ALT levels were measured on day 14, day 21, and day 28 in the 
nevirapine-treated PD-1m/m males. No significant differences were detected at endpoint in male animals. The data represent the mean ± SEM, and 
statistical significance was tested using a 2-way ANOVA with Tukey’s multiple comparisons test (n¼3–15 per group), � p< .05 for treatment-mediated 
effects (same genotype, different treatment); † p< .05 for genotype-mediated effects between wild-type and PD-1m/m animals (same treatment, 
different genotype).

10 | Response of PD-1 Functional Knockout Rats to Nevirapine  

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/advance-article/doi/10.1093/toxsci/kfae058/7674865 by U

N
IV O

F TO
R

O
N

TO
 SC

AR
BO

R
O

U
G

H
 LIBR

AR
Y user on 27 M

ay 2024

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfae058#supplementary-data


many times so we are confident that Brown Norway rats do 
develop a rash when treated with nevirapine. It would be inter-
esting to develop a PD-1 − / − Brown Norway rat, but that would 
be a significant undertaking.

Although treatment of PD-1m/m rats with nevirapine did not 
lead to a skin rash, it clearly did produce a marked immune 
response and resulted in significant liver injury with increases in 
inflammatory cytokines and chemokines for the recruitment and 
activation of polymorphonuclear leukocytes. The PD-1m/m rats 
had a more severe immune response to nevirapine than PD-1 − / − 

mice even though the mice were also treated with anti-CTLA-4. 
The liver injury was also more severe; although the ALT was not 
much higher, the histology showed much more hepatic necrosis, 
and there was an increase in bilirubin and a decrease in serum 
cholesterol indicating a decrease in liver function presumably 
due to the reduced liver lipoprotein biosynthesis (Ghadir et al., 
2010; Sanne et al., 2005). The modest increase in ALT relative to 
the histology and functional changes is likely due in part to the 
fact that this is chronic liver injury rather than acute injury. As 
in humans, the injury was greater in females than males.

Overall, immune tolerance may be more crucial for immune- 
mediated liver injury than for skin rashes. In the previous study 
with amodiaquine, liver injury occurred in the PD-1m/m rats, but 
agranulocytosis did not even though amodiaquine can cause 
immune-mediated agranulocytosis in humans (Cho et al., 2024). 
This study highlights the complexity of the immune response to 
drugs. The observation that we no longer saw a skin rash in 
Sprague Dawley rats emphasizes the idiosyncratic nature of IDRs 
where small factors may tip the balance and determine the out-
come of an immune response. Given the difficulty of performing 
such controlled studies in humans, it is important to study the 
immune response to drugs in animals. Even though there are 
clearly differences in the immune response between humans 

and rodents, there are also differences between how different 

individuals in the same species respond, and Jim Gillette once 

said that a specific rat may be a better model for a specific 

human than another human.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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