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Abstract

Clinical evidence suggests that many cases of serious idiosyncratic drug-induced liver injury (I-
DILI) are mediated by the adaptive immune system in response to hepatic drug-protein adducts,
also referred to as drug-induced allergic hepatitis (DIAH), but detailed mechanistic proof has
remained elusive due to the lack of animal models. We have hypothesized that DIAH is as rare in
animals as it is in humans due at least in part to the tolerogenic nature of the liver. Herein we
provide evidence that immune tolerance can be overcome in a murine model of halothane-induced
liver injury initiated by trifluoroacetylated protein adducts (TFAPA) of halothane formed in the
liver. Twenty-four hours after female Balb/cJ mice were initially treated with halothane,
perivenous necrosis and an infiltration of CD11b*Gr-1M9" cells were observed in the liver. Further
study revealed a subpopulation of myeloid-derived suppressor cells (MDSCs) within the CD11b
*Gr-1N9h cell fraction, that inhibited the proliferation of both CD4* and CD8* T cells. When
CD11b*Gr-1"9Ncells were depleted from the liver with Gr-1 antibody treatment, enhanced liver
injury was observed at nine days after halothane rechallenge. Toxicity was associated with
increased serum levels of IL-4 and immunoglobulins (1g) IgG1 and IgE directed against hepatic
TFAPA, as well as increased hepatic infiltration of eosinophils and CD4* T cells, all features of an
allergic reaction. When hepatic CD4*T cells were depleted 5 days after halothane rechallenge,
TFAPA-specific serum Ig and hepatotoxicity were reduced.
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Conclusion—Our data provides a rational approach for developing animal models of DIAH
mediated by the adaptive immune system and suggests that impaired liver tolerance may
predispose patients to this disease.
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Idiosyncratic drug-induced liver injury (1-DILI) is a leading cause of acute liver failure and a
major reason for abandoning preclinical development, terminating clinical trials, and post-
marketing withdrawals of drugs [1]. Unfortunately, it is impossible to accurately predict
what new drugs will cause I-DILI and which individuals will be uniquely susceptible.

Clinical evidence suggests I-DILI may be caused by an allergic reaction against the liver
initiated in part by an adaptive immune response against liver proteins that have been
covalently altered by drugs or drug metabolites [2, 3]. Common clinical features consistent
with an allergic hepatitis mechanism of hepatotoxicity include fever, skin rash, eosinophilia,
and inflammatory infiltration into the liver by lymphocytes, other mononuclear cells and
eosinophils [3]. Additionally, peripheral lymphocytes have been shown to be activated by
offending drugs, drug-metabolites, liver proteins and/or protein adducts [4-6] and serum
antibodies directed against liver proteins that have been covalently altered and/or the same
proteins in their unmodified native form are detected in I-DILI patients [3, 7-10].
Association of I-DILI cases with individuals expressing specific allelic forms of class | and
I1 human leukocyte antigen genes [6] further suggests contribution of the adaptive immune
response to the etiology drug-induced allergic hepatitis (DIAH).

While these clinical observations provide correlative support for the role of the adaptive
immune system in the pathogenesis of many cases of I-DILI, definitive experimental
evidence necessitates the development of animal models that allow for detailed investigation
into potential risk factors and immune mechanisms responsible for liver injury and enable
preclinical screening of drug candidates for DIAH potential. A major obstacle to
establishing such a model is that the pathological process appears to be as idiosyncratic in
animals as it is in humans [11].

We [12] and others [11] have hypothesized that the tolerogenic nature of the liver [13] may
be a key contributing factor to the low incidence rate of DIAH. One factor contributing to
tolerance in the liver is the activity of myeloid-derived suppressor cells (MDSCs) [14].
MDSCs are a heterogenous mixture of immature and mature myeloid cells that expand
during cancer, infections and other inflammatory conditions to regulate the immune system
by suppressing T cell responses [15]. Depletion of MDSCs significantly improved immune
responses against tumors in mice and in cancer patients [16]. Additionally, MDSCs infiltrate
the liver and attenuate hepatotoxicity in murine models of immune-mediated liver injury
induced by concanavalin A and alpha-galactosamine [17].

Using halothane, a volatile anesthetic with a history of I-DILI resembling prototypical
DIAH [2], we have now developed the first model of DIAH by depleting MDSCs from the
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livers of female Balb/cJ mice prior to halothane treatment. Liver injury appeared to be
mediated by an adaptive immune response against the liver initiated by allergenic TFAPA
generated in the liver, analogous to allergen-induced inflammatory lung diseases [18].

Materials and Methods

Animals and Treatments

(See Supporting Information for detailed methods)

Sera and Tissue Collection

(See Supporting Information for detailed methods)

Assessment of Hepatotoxicity

Liver injury was assessed as reported previously [19] by measuring serum ALT activity
using a microtiter plate adaption of a commercially available kit (Teco Diagnostics,
Anaheim, CA) and confirmed with histopathological examination of H&E stained liver
sections under light microscopy using Axiovision software (Carl Zeiss Microimaging,
Inc.Thornwood, NY) (by D.E.K.).

Isolation of Liver Microsomal Fraction

Livers were removed 10 hours post halothane or vehicle treatment and flash frozen in liquid
nitrogen. Sodium deoxycholate (DOC) solubilized extracts of liver microsomal proteins
were isolated following an established method [20].

Isolation and Flow Cytometric Analysis of Hepatic Leukocytes

Hepatic leukocytes were isolated using established procedures [21, 22]. Cell surface markers
were stained on isolated hepatic leukocytes for identification and quantification of CD4* T
cells, CD8* T cells, B cells, eosinophils, and dendritic cells (DCs) by flow cytometry
analysis. (See Supporting Information for detailed methods).

Purification and Cytological Characterization of CD11b* Gr-1igh Cells

Al purification and cytologic characterization of hepatic CD11b*Gr-1M9" cells were
performed as reported previously [21]. (See Supporting Information for detailed methods).

Isolation of Hepatic CD11b* Gr-1M9h Cells and T Cell Suppression Assay

(See Supporting Information for detailed methods)

Depletion of CD11b* Gr-1high Cells

CD11b*Gr-1N9" cells were depleted by a previously established method in our laboratory
[21]. Briefly, 24 hours prior to initial halothane treatment, female Balb/cJ mice were
pretreated with 20 ug anti-Gr-1 mAb (clone # RB6-8C5, Bio X cell, West Lebanon, NH) or
isotype control (Rat 1gG2b, clone # LTF-2, Bio X cell, West Lebanon, NH) administered
intraperitoneally in 100 uL of sterile PBS. This concentration depleted the majority of

Hepatology. Author manuscript; available in PMC 2019 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al. Page 4

CD11b*Gr-1N9M cells without significantly affecting the numbers of eosinophils [21] and
other immune cell types (Supporting Fig. S2).

Detection of Mouse Serum Antibodies Interacting with Hepatic TFAPA

To detect levels of TFAPA-specific 1g in serum, DOC soluble protein extracts of hepatic
microsomes from halothane and vehicle-treated mice and detection antibodies against mouse
Ig (H+L), 1gG1, 1gG2a, 1gG2b, IgG3, IgA, IgM, or IgE (SouthernBiotech, Birmingham, AL)
were used to develop an ELISA detection system (see Supporting Information for detailed
methods).

Measurement of Mouse Cytokines

Serum protein concentrations of 1L-4 and IL-10 were quantified using ELISA Ready-Set-Go
kits (eBioscience, San Diego, CA) following the manufacturer’s protocols.

Immunohistochemical Detection of Eosinophil Major Basic Protein (MBP)

Detection of MBP in formalin fixed paraffin embedded tissue sections was performed using
the established method [23] with rat anti-mouse MBP (MT-14.7, provided by Drs. Nancy
and James Lee at Mayo Clinic Arizona, Scottsdale, AZ) or Rat IgG1, « isotype control
(ab18407, Abcam, Cambridge, MA), with some modifications as described previously [21].

T Cell Proliferation in Response to Hepatic TFAPA

(See Supporting Information for detailed methods)

Depletion of CD4" and CD8" T Cells

Mice were treated 4 days after halothane rechallenge with either 60 pg of anti-CD4 mAb
(GK1.5, Bio X cell) or isotype control Rat 1gG2b (LTF-2, Bio X cell) intravenously in 200
uL of sterile PBS to deplete CD4+ T cells, while other mice were treated with 40 pg of anti-
CD8 mAb (clone 53-6.72, Bio X cell) or isotype control Rat IgG2b (clone 2A3, Bio X cell)
to deplete CD8+ T cells.

Statistical Analysis

All data presented here are reported as the mean * standard error of the mean (SEM).
Statistical significance between two groups was determined by two-tailed Student's #test,
while statistical differences between multiple groups were determined by one-way analysis
of variance with Newman-Keuls post-test analysis. Relationships between experimental
endpoints were assessed by Pearson correlation analysis. Differences were considered
significant when £<0.05.
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Results

Halothane Treatment of Female Balb/cJ Mice Caused Liver Injury and Induced Hepatic
Infiltration of CD11b* Gr-1h9h Cells that Suppressed T Cell Proliferation and Produce High
Levels of Nitric Oxide

When female Balb/cJ mice were treated with 30 mmol/kg halothane TFAPA were observed
in liver and serum at 10 hours and 24 hours post halothane treatment respectively
(Supporting Fig. S1A) which correlated with the onset and progression of liver injury as
determined by serum ALT activity (Fig. 1A) and histological examination at the peak of
injury (Supporting Fig. S1B).

Consistent with our previous report [21], the number of leukocytes in the liver 24 hours post
halothane treatment was increased compared to vehicle-treated mice (Fig. 1B, Left panel).
Further examination revealed the majority of these cells were CD11b*Gr-1M9" (Fig. 1B,
Middle panel). As Gr-1 is an indicator of two separate markers; Ly-6C and Ly6G [24], we
further characterized these cells and showed that 99 percent of CD11b*Gr-1M9h cells are
Ly6G*Ly6C!°W and only 1 percent were Ly6G~Ly6CMi9" (Fig. 1B, Right panel). We assessed
the kinetics of accumulation of CD11b*Gr-1M9" cells in the liver and significant infiltration
was found 18 hours post halothane treatment, with maximum infiltration at 24 hours (Fig.
1C) - kinetics that match the development of liver injury.

Cytospin preparation of sorted CD11c"CD11b*Gr-1M9" cells from halothane-treated mice
showed morphology consistent with mature neutrophils as well as immature cells with
banded nuclei (Fig. 1D). Recent reports have suggested that neutrophils share morphological
similarities with granulocytic myeloid-derived suppressor cells (G-MDSCs) [25] and have
described MDSCs in mice as cells with CD11b*Gr-1M9" phenotype [24]. In the absence of
exclusive surface markers, CD11b*Gr-1"9" MDSCs are best defined functionally through
their ability to suppress immune responses [15] and previous reports observed the
suppressive function of splenic MDSCs identified as “ring cells” (banded nucleus) among
the CD11b*Gr-1Mi9h cell population [26]. Therefore, we examined the capacity of the
CD11b*Gr-1N9h cells isolated from halothane-treated mice to suppress T cell receptor-
mediated T cell proliferation. Hepatic CD11b*Gr-119" MDSCs suppressed both CD4* and
CD8* T cell proliferation in a dose-dependent manner as measured by [3H]-thymidine
incorporation as an index of cell proliferation (Fig. 1E).

Several factors have been implicated in MDSC-mediated immunosuppression, including the
expression of arginase and generation of nitric oxide (NO) and reactive oxygen species [24,
27]. The concentration of nitrite increased in the culture supernatant when CD11b* Gr-1high
cells were co-cultured with either CD4* T cells or CD8* T cells (Fig. 1F). The addition of
L-NIL, a pharmacologic inhibitor of inducible nitric oxide synthase to the culture media
completely abolished CD11b* Gr-1M9" cell-mediated T cell suppression and nitric oxide
production (Fig. 1E and 1F). As the concentration of nitrite was lower in the T cell-only
culture supernatant, MDSCs were the main source of nitric oxide.
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Depletion of Hepatic MDSCs Prior to Initial Halothane Treatment Resulted in Increased
Liver Injury Nine Days Post Halothane Rechallenge

Since the majority of patients with severe halothane hepatitis have been exposed to
halothane on two or more occasions [28], we administered halothane at two different times,
14 days apart (Fig. 2A), to model human cases of potential halothane-induced allergic
hepatitis and to determine the role of the adaptive immune system in mediating liver injury.
Anti-Gr-1 treatment did not alter the acute toxicity observed 24 hours post initial halothane
treatment or rechallenge in which ALT elevations and histological evaluations were
comparable (Fig. 2C). By 7 days post halothane rechallenge, serum ALT levels had returned
to baseline in both treatment groups (Fig. 2C). However, 9 days post halothane rechallenge
we observed significantly elevated ALT activity in mice pretreated with Gr-1 antibody
compared to isotype-treated control mice (Fig. 2D). As seen in Fig. 2D the extent of liver
injury as measured biochemically showed individual variation as did the histological injury.
In isotype-treated mice perivenular microcalcifications were observed but no inflammation
or evidence of cytopathic injury (Figure 2E, Inset 1), whereas anti-Gr-1 treated mice
presented with mild perivenular lymphocytic inflammation in the liver with hepatocytes in
zone 3 displaying cytoplasmic vacuolization (Figure 2E, Inset 2). In other anti-Gr-1 treated
mice, the perivenular regions showed multiple small foci of inflammation including small
clusters of plasma cells (Figure 2E, Inset 3) and some showed hepatocyte dropout and
apoptotic hepatocytes were evident with some apoptotic hepatocytes surrounded by small
lymphocytes and macrophages (Figure 2E, Inset 4). In Anti-Gr-1 treated mice which
developed severe injury, livers also showed inflammation, necrosis and apoptosis in zone 3
with necrotic hepatocytes found mainly near the veins and apoptotic hepatocytes scattered
around the edges of the injury (Figure 2E, Inset 3 and 4). As halothane hepatotoxicity is
initiated by TFAPA [29, 30], we verified that anti-Gr-1 treatment did not alter halothane
metabolism by immunoblotting for hepatic TFAPA to show that similar amounts of TFAPA
were present 9 days post halothane rechallenge in anti-Gr-1 or isotype-treated mice
(Supporting Fig. S3B).

Depletion of Hepatic MDSCs Prior to Initial Halothane Treatment Resulted in Increased
Antibody Response Against Hepatic TFAPA

We assessed the generation of immunoglobulins against TFAPA as a measurement of the
adaptive immune response following halothane rechallenge. At 9 days post halothane
rechallenge, anti-Gr-1 treated mice had increased serum levels of TFAPA-specific
immunoglobulin compared to isotype treated mice (Fig. 3A). Moreover, at 9 days post
halothane rechallenge anti-Gr-1 treated mice had significantly elevated serum IL-4
compared to isotype-treated mice (Fig. 3B). The majority of TFAPA-specific antibodies
were IgG1 and IgE isotypes, which were significantly higher in anti-Gr-1 treated mice
compared to isotype-treated mice (Fig. 3C). In anti-Gr-1 treated mice, the severity of liver
injury as determined by serum ALT activity was positively correlated with the serum levels
of 1IgG1 and IgE, (r=0.49 and r=0.63 respectively according to Pearson's correlation
analysis).
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Depletion of Hepatic MDSCs Increased Hepatic Eosinophil Infiltration 9 Days after
Halothane Rechallenge

We previously reported the pathogenic role of eosinophils in liver injury after initial acute
halothane exposure [21]. In this study we also found increased hepatic eosinophil infiltration
in anti-Gr-1 treated mice compared to isotype controls at 9 days post halothane rechallenge,
as determined by flow cytometry staining of isolated hepatic leukocytes (Fig. 4A). In
addition, increased immunohistochemical staining of major basic protein (MBP) as a
measure of eosinophils in the liver was observed in anti-Gr-1 treated mice compared to
isotype controls (Fig. 4B). Serum concentration of eotaxin 1 (CCL11), a major
chemoattractant of eosinophils to the liver in HILI [21], was increased in anti-Gr-1 treated
mice compared to isotype treated mice at 9 days post halothane rechallenge (Fig. 4C).

Depletion of Hepatic MDSCs Increased Hepatic T Cell Response to TFAPA

Anti-Gr-1 treated mice had increased hepatic infiltration of CD4+ and CD8+ T cells at 9
days post halothane rechallenge, compared to isotype-treated mice (Fig. 5A and 5B).
Furthermore, when CD4+ T cells were isolated 9 days post halothane rechallenge and
cultured in the presence of TFA-adducted liver microsomal proteins, cells from anti-Gr-1
treated mice displayed increased proliferation and interferon gamma (IFN-y) production
compared to cells from isotype-treated mice (Fig. 5C and 5D). However, comparable results
were not observed when the response of CD8* T cells was evaluated (data not shown).

Anti-Gr-1 Treated Mice Were Protected Against Liver Injury by Depletion of CD4* T Cells

When CD4" and CD8* T cells were depleted 24 hours before initial halothane exposure,
there was no effect on acute liver toxicity 24 hours after halothane exposure (Fig. 6A).
Treatment with anti-CD4 or anti-CD8 antibodies did not decrease the number of other
hepatic immune cells measured (Supporting Fig. S4A and S4B: B cells, MDSCs,
eosinophils, or DCs). Because T cells remained depleted for at least 4 days following
antibody administration (data not shown), we depleted CD4* or CD8* T cells 5 days post
halothane rechallenge to assess the role of T-cells in the adaptive immune response at 9 days
post halothane rechallenge. We found that liver injury was abrogated in CD4* T-cell
depleted mice (Fig. 6B), but CD8* T cell depleted mice showed no protection against
toxicity (Fig. 6B). Additionally, the levels of TFAPA-specific serum immunoglobulins were
significantly reduced in CD4+ T cell depleted mice (Fig. 6C) with a diminution of both
TFAPA-specific IgG1 and IgE antibodies (Fig. 6D). Mice treated with anti-CD8 or isotype-
control antibody had similar levels of TFAPA-specific total immunoglobulin and isotype
subclasses (Fig. 6C & 6E).

Discussion

Although many cases of severe I-DILI are thought to be caused by an allergic reaction
against the liver, no concrete evidence for this hypothesis has been provided until now. In
this study, we demonstrate a pivotal role for hepatic MDSCs in regulation of the adaptive
immune responses in the pathogenesis of DIAH.
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Halothane is the prototypical example of a drug thought to cause DIAH and is commonly
reported after repeated drug exposure and associated with eosinophilia, which is consistent
with an allergic reaction [28]. To mimic these circumstances in a mouse model, we
administered an initial dose of halothane on Day 1 and rechallenged mice with halothane on
Day 14. Furthermore, we depleted MDSCs prior to initial halothane exposure to disrupt liver
tolerance and enhance the adaptive immune response to TFAPAS released from damaged
hepatocytes (Supporting Fig. S1A). MDSC-depleted mice (following anti-Gr-1 treatment)
developed immune-mediated liver injury 9 days post halothane rechallenge, well after the
resolution of the acute effects of halothane in isotype-treated mice (Fig. 2D) that was
associated with eosinophilia (Fig. 4A&B). Furthermore, upon histological evaluation of liver
sections, we observed apoptotic hepatocytes along with significant infiltration of perivenular
lymphocytes, macrophages and plasma cells in anti-Gr-1 treated mice (Fig. 2E). These
histological features are seen in patients with immune-mediated liver injury [3] and are
indicative of an adaptive immune response in the liver, providing additional evidence for the
role of these MDSCs in mediating immune tolerance in this model.

Patients with halothane-induced hepatitis also have serum antibodies against hepatic
microsomal proteins that are covalently modified by the trifluoroacetyl chloride reactive
metabolite of halothane [10, 31]. In the present study, TFAPA-specific antibody levels were
selectively increased in anti-Gr-1 treated mice compared to isotype treatment at 9 days post
halothane rechallenge, strongly indicating the involvement of an adaptive immune response
and the role of tolerance in regulating this response (Fig. 3A). Moreover, serum
concentrations of IL-4 were increased in anti-Gr-1 treated mice at the same time (Fig. 3B).
Analysis of TFAPA-specific antibody subclasses revealed increased levels of 1IgG1 and IgE
antibodies in the serum of anti-Gr-1 treated mice compared to isotype-treated mice (Fig.
3C). IL-4 promotes class switching and production of Th2-type antibodies IgG1 and IgE
antibodies from plasma cells, which are associated with allergic reactions [32]. IgE can
interact with receptors on mast cells, eosinophils and basophils to initiate release of
inflammatory cytotoxic mediators in an allergic response [33]. It is possible that halothane
hepatitis patients also have IgE antibodies as seen in our studies, although not yet tested,
because these individuals do have 1gG4 antibodies associated with halothane hepatitis. The
synthesis of this antibody isotype, like that of IgE, is dependent on IL-4 [34].

Along with increased liver toxicity and elevated TFAPA-specific 1gG1 and IgE levels, anti-
Gr-1 treated mice had increased hepatic eosinophil infiltration compared to isotype controls,
another indication of an allergic reaction (Fig. 4A). We recently reported the pathogenic role
of eosinophils after initial halothane exposure [21] and eosinophilia is often reported as a
clinical symptom for patients with DILI [35]. Our findings of hepatic eosinophilia and
elevated serum levels of IL-4 after halothane rechallenge strongly supports a type 2 allergic
reaction, as seen in inflammatory lung diseases [36].

We now report for the first time in this mouse model of DIAH that CD4* T-cells are critical
effectors of liver injury. In anti-Gr-1 treated mice 9 days post halothane rechallenge, we
observed increased numbers of hepatic CD4" and CD8* T-cells compared to isotype-treated
mice. When hepatic CD4" T cells were isolated and stimulated ex-vivowith TFAPA, T-cells
from anti-Gr-1 treated mice demonstrated an increased proliferative response and elevated
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production of IFN-y compared to T-cells isolated from isotype-treated mice. However, no
response was observed in CD8" T cells from the same mice (data not shown). CD4+ T cell
depletion protected against development of liver injury after halothane rechallenge in anti-
Gr-1 treated mice (Fig. 6B). Furthermore, the increase in serum levels of total TFAPA-
specific Ig and TFAPA-specific IgG1 and IgE observed 9 days post halothane rechallenge
were also abrogated in mice when CD4* T cells were depleted, suggesting TFAPA-specific
antibodies play a pathogenic role in this model, possibly through antibody dependent
cellular cytotoxicity, interaction with complement or in the case of IgE through enhancement
of eosinophil activity via the high affinity IgE Receptor. The pathogenic role of TFAPA-
specific antibodies in this model is further supported by the positive correlation of serum Ig
levels with liver injury (as stated in results).

Notably, despite the development of liver injury after halothane rechallenge these mice did
not develop fulminant liver failure as in many cases of halothane hepatitis. In this regard, we
took blood samples from 5 mice at 14 days post halothane rechallenge in one study and
found that ALT values were 80% lower than those of mice 9 days post halothane rechallenge
(results not shown). This is likely due to the intrinsic redundancy of tolerogenic factors in
the hepatic immune system which include: programmed death-1 (PD-1) signaling, cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) expression or the involvement of regulatory T
cells (Tregs). These factors may prevent the progression of injury to fulminant liver failure
in this model. In this regard, one predominant cytokine with anti-inflammatory and
immunosuppressive function is interluekin-10. We found elevated serum levels of IL-10 in
anti-Gr-1 treated mice compared to isotype controls at 9 days post halothane rechallenge
(Supporting Fig. S5) suggesting that, in the absence of MDSC function, compensatory
mechanisms are induced to suppress the immune response.

Other researchers have attempted to develop mouse models of halothane-induced allergic
hepatitis by immunizing mice with hepatic proteins that have been chemically
trifluoroacetylated. Although this approach to overcome hepatic immune tolerance led to
hepatitis, hepatocellular injury was minimal. In a recent report, disruption of both PD-1 and
CTLA-4 signaling provided promising results in developing a mouse model of amodiaquine-
induce liver injury [37].

Overall, our findings demonstrate a critical role for MDSC:s in the regulation of the adaptive
immune response to DIAH induced by halothane. Moreover, this report also substantiates
DIAH as a real disease with all the features of an allergic reaction where TFAPA serves as
an allergen to induce the hepatic cellular and humoral response including antigen specific
CD4+ T cells, 1gG1 and IgE, as well as production of IL-4 and eosinophilia. As such, this
model will allow for further investigation into the pathogenic mechanisms of other cases of
DIAH, including those associated with 1L-4 (as discussed previously [22], and may be
applicable to study the etiologies of other liver diseases or serious drug-induced allergic
reactions. Moreover, genetic and environmental factors may exist that can diminish the
tolerogenic activity of MDSCs and be important susceptibility factors.
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Figure 1. Halothane-induced liver injury in miceis associated with hepatic infiltration of CD11b
*Gr-1N9h cdisthat suppress T cell proliferation

(A) Female Balb/cJ mice were injected IP with halothane (30 mmol/kg) or vehicle (olive
oil), and serum ALT activities were determined at 6, 12, 18, 24 and 48 hours post-treatment
with N=5 mice per group. */~<0.05 versus vehicle-treated control group at the same time
point; #P<0.05 versus other time points within the same treatment. (B) Mice were injected
with halothane or vehicle and at 24 hours post-treatment hepatic leukocytes were isolated
and analyzed by flow cytometry. Representative density dot plots (Left panels) show the
SSC- and FSC-area to demonstrate size and granularity of total hepatic leukocytes from
individual mice. Middle panels show representative Gr-1 and CD11b staining and CD11b*
Gr-1high cells were then gated and analyzed for Ly-6G and Ly6C staining (Right panels). (C)
The total numbers of hepatic CD11b*Gr-1N9" cells per liver were determined by flow
cytometry at 6, 12, 18, 24 and 72 hours post halothane or vehicle treatment with N=4-8 per
group. *P<0.05 compared with vehicle-treated group at the same time point. (D) CD11b*

Hepatology. Author manuscript; available in PMC 2019 May 21.




1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chakraborty et al.

Page 14

Gr-1high cells were sorted by flow cytometry 24 hours post halothane treatment and
visualized by light microscopy on slides following cytospin preparation and DiffQuik
staining. (E) CD4* and CD8™* T cells purified from spleens of naive mice by cell sorting
were incubated with TCR stimulation (anti-CD3e antibody) along with splenic antigen
presenting cells and CD11b* Gr1Migh cells isolated from halothane treated mice at equivalent
(+) or 2 fold levels (++) with or without L-NIL. Cells were cultured for 96 hours and
proliferation was measured by [3H]-thymidine incorporation during the last 24 hours of
incubation. (F) NO production was measured in the culture supernatant obtained from the
above mentioned experiment where CD4* T cells or CD8* T cells were co-cultured with
CD11b*, Gr1high cells from halothane treated mice at equivalent (+) or 2-fold levels (++)
with or without L-NIL for 72 hours. Data reported is comprised of N=2 experimental
replicates per group and is representative of similar results from three independent
experiments. */<0.05 versus anti-CD3e alone or in the presence of CD11b* Gr-1Mi9" cells
and L-NIL; #/<0.05 versus [1:1] MDSC ratio group. All data reported as mean = SEM.
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Figure 2. Procedure for inducing an adaptive immune response against TFAPA released from
damaged hepatocytes
(A) Experimental design: 24 hours prior to the initial halothane treatment, mice were
administered either 20 pg/mouse of isotype control antibody or Anti-Gr-1 to deplete
MDSCs. Mice were rechallenged with halothane on day 14 and monitored for development
of liver injury. (B) Representative dot plots of hepatic MDSCs (SSCNigh, CD11b*, Gr-1high)
isolated from isotype control or anti-Gr-1 treated mice 24 hours post initial halothane
treatment. (C) Mice were injected on Day 0 with Anti-Gr-1 or isotype control antibody.
After 24 hours (Day 1), the mice were administered halothane dissolved in olive oil. Serum
ALT activity was determined 24 hours post initial halothane exposure. On day 14, mice were
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rechallenged with halothane and serum ALT activity was determined 24 hours and 7 days
following rechallenge. (D) Serum ALT activities were determined at 9 days post halothane
rechallenge in isotype or anti-Gr-1 treated mice. Data reported as means = SEM of 19-23
mice per group from 3 independent experiments. */£<0.05 versus isotype-treated group. Each
symbol represents data from an individual mouse. (E) Representative photomicrographs of
H&E stained liver sections from mice at 9 days after halothane rechallenge. For all panels,
central veins (V) and portal areas (P) are indicated. (Inset 1) Isotype-treated mouse liver
showing perivenular microcalcifications (arrows) but no inflammation or evidence of
cytopathic injury (H&E, 400x). (Inset 2) Anti-Gr-1 treated mouse liver showing mild
perivenular lymphocytic inflammation (arrow) (ALT: 712 IU/L). (H&E, 400x). (I nset 3)
Perivenular region showing multiple small foci of inflammation including a small cluster of
plasma cells in anti-Gr-1 treated mouse liver (arrowhead) (H&E, 400x). (Inset 4) In an anti-
Gr-1 treated mouse liver, hepatocyte dropout and apoptosis was observed and an apoptotic
hepatocyte (arrowhead) is surrounded by small lymphocytes and macrophages. (H&E, 600x
original magnification). (Inset 5& 6) Anti-Gr-1 treated mouse liver shows inflammation,
necrosis and apoptosis in zone 3. Necrotic hepatocytes (arrows) have preserved cell size but
ghost nuclei and are found mainly near the veins. Apoptotic hepatocytes (arrowheads) were
scattered around the edges of the injury (ALT: 1513 IU/L). (H&E, 400x).
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Figure 3. Depletion of hepatic MDSCsprior toinitial halothane treatment resulted in increased
serum levels of immunoglobulins against hepatic TFAPA

(A) Serum immunoglobulin against TFA-protein adducts was measured by coating
microplates with microsomal extracts from livers of either halothane or oil-treated mice.
Antibodies were detected at 1:400 dilution of serum and the results were corrected by
subtracting the OD value of wells coated with microsomal proteins from oil-treated mice.
Data reported as mean + SEM of 8-15 mice per group obtained from 3 independent
experiments. (B) Serum protein concentrations of 1L-4 were measured in isotype or anti-
Gr-1 treated mice 9 days after halothane rechallenge with N=5-12 per group from 2
independent experiments. */~<0.05 versus isotype-treated group. (C) Analysis of TFAPA-
specific immunoglobulin (1g) subclasses in serum 9 days post halothane rechallenge.
Antibodies were detected at 1:100 dilution of serum and results were corrected by
subtracting the OD value of wells coated with microsomal proteins from oil-treated mice.
N=4-9 per group from 2 independent experiments. *£<0.05 versus isotype-treated group
within the same Ig subclass. All data reported as means + SEM.
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Figure 4. Depletion of hepatic MDSCsprior toinitial halothane treatment resulted in elevated
hepatic eosinophil infiltration

(A) Hepatic eosinophils (SSCMigh CD11c™ Gr-1!°W Siglec-FNig) were measured by flow
cytometry 9 days after halothane rechallenge with N=14 per group from 2 independent
experiments. (B) Representative photomicrographs of Major Basic Protein (MBP) staining
for the detection of eosinophils in isotype or anti-Gr-1 treated mice 9 days after rechallenge
with halothane. (C) Serum protein concentrations of CCL11 were measured in isotype or
anti-Gr-1 treated mice 9 days after halothane rechallenge with N=11 per group from 3
independent experiments. All data reported as means + SEM. */<0.05 versus isotype-treated

group.
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Figure5. Depletion of hepatic MDSCsprior toinitial halothane treatment resulted in increased
number of hepatic CD4* and CD8* T cells after halothane rechallenge

Total number of hepatic CD4* (A) or CD8* (B) T cells per liver from isotype or anti-Gr-1
treated mice were quantified at 9 days post halothane rechallenge. (C) Hepatic CD4* T cells
isolated 9 days post halothane rechallenge from either isotype or anti-Gr-1 treated mice were
cultured for 96 hours in the presence of microsomal protein extract from halothane or oil-
treated mice along with naive irradiated mouse splenocytes as antigen presenting cells.
Proliferation was measured by [3H]-thymidine incorporation during the last 24 hours of
incubation. The results were corrected by subtracting the counts per minute (CPM) from the
wells incubated with microsomal extracts from oil treated mice. (D) IFN-y protein levels in
cell-culture supernatant were assessed in CD4* T cells isolated, from isotype or anti-Gr-1
treated mice, 9 days post halothane rechallenge. Cells were cultured for 72 hours in the
presence of microsomal protein extract from halothane or oil treated mice along with naive
irradiated mouse splenocytes as antigen presenting cells. All data reported as mean + SEM
of N=4-6 mice per group. *~<0.05 versus isotype-treated group.
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Figure 6. Depletion of CD4™ T cells attenuated liver toxicity and reduced TFAPA-specific serum
immunoglobulin levels after halothane rechallengein MDSC-depleted mice

(A) To deplete hepatic CD4* or CD8* T cells, Balb/cJ mice were administered either 60 pg/
mouse CD4 mADb, 40 ug CD8 mAD or respective isotype controls 24 hours prior to initial
halothane treatment and serum ALT activities were determined 24 hours post initial
halothane treatment with N=4-9 mice per group from two independent experiments. (B)
Hepatic CD4* or CD8" T cells were depleted 4 days after halothane rechallenge and serum
ALT activities were determined at 9 days post halothane rechallenge with N=8-12 mice per
group from 2 independent experiments. */<0.05 versus respective isotype control-treated
groups. (C) TFAPA-specific serum immunoglobulin levels in CD4* and CD8" T cells
depleted mice were determined 9 days post halothane rechallenge with N=6 mice per group
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obtained from 2 independent experiments. * £<0.05 versus respective isotype control-treated
group. Levels of TFAPA-specific Ig subclasses in serum after CD4* (D) or CD8" (E) T cell
depletion were assessed 9 days post halothane rechallenge with N=5-6 mice per group
obtained from 2 independent experiments. */<0.05 versus the respective isotype control-
treated group within the same Ig subclass. All data reported as mean + SEM.
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