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Abstract
Effective treatment or prevention of immune side effects associated with checkpoint inhibitor therapy of cancer is an impor-
tant goal in this new era of immunotherapy. Hepatitis due to immunotherapy with antibodies against PD-1 is uncommon 
and generally of low severity. We present an unusually severe case arising in a melanoma patient after more than 6 months 
uncomplicated treatment with anti-PD-1 in an adjuvant setting. The hepatitis rapidly developed resistance to high-dose 
steroids, requiring anti-thymocyte globulin (ATG) to achieve control. Mass cytometry allowed comprehensive phenotyping 
of circulating lymphocytes and revealed that CD4+ T cells were profoundly depleted by ATG, while CD8+ T cells, B cells, 
NK cells and monocytes were relatively spared. Multiple abnormalities in CD4+ T cell phenotype were stably present in 
the patient before disease onset. These included a population of CCR4−CCR6− effector/memory CD4+ T cells expressing 
intermediate levels of the Th1-related chemokine receptor CXCR3 and abnormally high multi-drug resistance type 1 trans-
porter (MDR1) activity as assessed by a rhodamine 123 excretion assay. Expression of MDR1 has been implicated in steroid 
resistance and may have contributed to the severity and lack of a sustained steroid response in this patient. The number of 
CD4+ rhodamine 123-excreting cells was reduced > 3.5-fold after steroid and ATG treatment. This case illustrates the need to 
consider this form of steroid resistance in patients failing treatment with corticosteroids. It also highlights the need for both 
better identification of patients at risk and the development of treatments that involve more specific immune suppression.
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CyTOF	� Cytometry by time-of-flight
GGT​	� Gamma-glutamyltransferase
irAEs	� Immune-related adverse events
MDR1	� Multi-drug resistance type 1 transporters
Pgp1	� p-Glycoprotein-1
TCM	� Tissue culture medium
t-SNE	� t-Distributed stochastic neighbor embedding
ULN	� Upper limit of normal

Introduction

Immunotherapy with monoclonal antibodies (mAbs) that 
block PD-1-dependent negative regulation of the immune 
response has been a major success story in the treatment of 
melanoma [1–5] and other malignancies, such as lung cancer 
[6] and Hodgkin’s disease [7]. In spite of this achievement, 
anti-PD-1 therapy has been associated in some patients with 
severe immune-related adverse events (irAEs), which often 
result in cessation of immunotherapy and implementation 
of prolonged immunosuppressive treatments [8, 9] that can 
further complicate patient management [10].

PD-1 (CD279) is an inhibitory molecule that increases 
the threshold necessary for T cell activation and effector 
function. Within the T cell compartment, PD-1 is expressed 
by a proportion of CD4+ and CD8+ T cells that have dif-
ferentiated in response to T cell receptor (TCR)-dependent 
recognition of antigen. PD-1 can also be expressed by other 
immune cells including NK cells, B cells and monocytes. 
PD-1 is a member of the CD28 family and engages primarily 
with B7 family ligands PD-L1 (B7-H1, CD274) and PD-L2 
(B7-DC, CD273) [11, 12]. In T cells expressing PD-1, its 
ligation induces binding of the phosphatases SHP1 and 
SHP2. Their primary target is the CD28 co-stimulator as 
well as the TCR signaling proteins CD3, ZAP70 and protein 
kinase C [13–16]. Thus ligation of PD-1 blocks phosphoryl-
ation-dependent signaling after TCR recognition of antigen. 
PI3K and AKT activation are also inhibited, which reduces 
production of cytokines such as IL-2 and IFN-gamma and 
the anti-apoptotic Bcl-xL protein. Blocking PD-1 therefore 
promotes the function of sensitized T cells and prevents T 
cell death.

The PD-1/PD-L pathway has an immunoregulatory role 
in many tissues and is involved in the pathogenesis of several 
naturally occurring immune inflammatory diseases [15–18]. 
It is therefore not surprising that inhibition of this pathway 
may result in a range of irAEs that affect a variety of tissues. 
Induction of grade 3 or 4 hepatitis (defined as transaminase 
levels greater than five or eight times upper limit of normal 
respectively) has been reported in approximately 1–2% of 
patients treated with monotherapy nivolumab or pembroli-
zumab [2, 8, 10] and usually resolves with prompt treat-
ment with corticosteroids and/or mycophenolate to induce 

immune suppression. We present a patient displaying high-
grade hepatitis of protracted duration and associated with 
rapid development of resistance to corticosteroids. Here we 
review the pathogenesis of hepatitis induction by anti-PD-1 
and the possible role of resistance of CD4+ T cells to corti-
costeroids in treatment of this patient.

Materials and methods

Study subjects and samples

PBMCs were isolated from heparin-treated whole blood 
using Ficoll Paque Plus (GE Healthcare, Uppsala, Sweden) 
and cryopreserved in vapor-phase liquid nitrogen. In addi-
tion to the female case study patient, age 57, five female 
melanoma patients and seven female healthy controls, 
with median age of 67 and 57, respectively (Table 1) were 
included in the study. Of the comparison melanoma patients, 
3 received anti-PD-1 monotherapy in an adjuvant setting, 
and 2 received anti-PD-1 monotherapy in solitary with stage 
III–IV disease.

Immunohistochemistry (IHC) and multiplex 
immunofluorescence

Immunohistochemical and immunofluorescence stain-
ing for CD8, CD4, PD-1, and PD-L1 were carried out 
on 4-µm-thick sections using an Autostainer Plus (Dako-
Agilent Technologies). Sections were dehydrated for 1 h 
at 60 °C, deparaffinized, rehydrated, and then treated with 
heat-induced antigen retrieval (Dako) for 20 min at 95 °C. 
Sections were then incubated with 3% hydrogen peroxide 
for 10 min, washed and then incubated with a single pri-
mary antibody [made up in Da Vinci Green Diluent solution 
(Biocare Medical)] for 35 min. Sections were washed and 
incubated with a probe antibody (Rabbit or Mouse MACH3 
Probe, Biocare Medical) specific to the species of the pri-
mary antibody for 10 min, washed, and then incubated for 
a further 10 min with an HRP-conjugated antibody (Rab-
bit or Mouse MACH3 HRP, Biocare Medical) specific to 
the probe. For IHC staining, sections were stained with 
3,3′-diaminobenzidine for 5 min and counterstained with 
haematoxylin for 5 min. For immunofluorescence staining 
sections were washed and then incubated with opal fluoro-
phores (PerkinElmer) at a 1:50 dilution made up in tyra-
mide signal amplification reagent (PerkinElmer). For every 
additional marker in the multiplex immunofluorescence 
assay, the process was repeated by treating the slides with 
an antigen retrieval step followed directly by primary anti-
body staining and then downstream steps. Lastly, sections 
were counterstained with DAPI for 3 min and then mounted 
(Vectashield). All Images were taken using a standard bright 
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field microscope or a fluorescent microscope fitted with an 
automated quantitative pathology imaging system (Vectra) 
used in conjunction with Vectra 3.3 software. The following 
primary antibodies were used to identify CD8 expression 
(Cell Marque-SP16), CD4 expression (Cell Marque-SP35), 
PD-1 (Cell Marque-NAT205) and PD-L1 expression (Cell 
Signaling-E13LN).

Mass cytometry immunophenotyping

PBMCs were thawed and washed with tissue culture medium 
(TCM) RPMI1640 (Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with 10% heat activated fetal 
calf serum, 2 mM l-glutamine, 25 µM 2-mercapto-etha-
nol, and 1000 units/L of penicillin/strep (Invitrogen). Two 
million PBMCs were stained for mass cytometry analyses 
as described [19, 20]. Briefly, PBMCs were stained with 
1.25 μM cisplatin in PBS for 3 min at room temperature 
and quenched with TCM. Cells were incubated for 30 min 
at 4 °C with a 50-μL cocktail of metal-conjugated antibodies 
targeting surface antigens (Supplementary Table S1). Fol-
lowing wash with facs buffer (PBS with 5% fetal calf serum), 
cells were fixed and permeabilized with eBiosciences FoxP3 
buffer kit (San Diego, CA, USA) according to manufactur-
er’s recommendations, and stained with 50 μl of intracellular 
antibody cocktail for 45 min at 4 °C. Cells were washed and 
fixed in 4% paraformaldehyde containing DNA intercala-
tor (0.125 μM iridium-191/193; Fluidigm). After multiple 
washes with facs buffer and MilliQ water, cells were filtered 
through a 35-μm nylon mesh and diluted to 800,000 cells/
mL. Cells were acquired at a rate of 200–400 cells/s using 
a CyTOF 2 Helios upgraded mass cytometer (Fluidigm, 
Toronto, Canada). Data were analyzed using the FlowJo X 

10.0.7r2 software (FlowJo, LLC, Ashland, OR, USA). The 
t-stochastic neighborhood embedding (t-SNE) algorithm 
(implemented in FlowJo as a PlugIn) was utilized to perform 
dimensionality reduction and visualization of CD4 subpopu-
lations across samples. A fixed number of 10,000 cells were 
sampled without replacement from each file and combined 
for analysis. The markers used for clustering were CXCR3, 
FOXP3, CD45RO, CCR6, CCR4, CD127, CD45RA and 
CCR7. The resulting t-SNE plots were visualized by marker 
expression using t-SNE global scaling script (https://github.
com/sydneycytometry/tSNEplots).

Flow cytometry and rhodamine 123 efflux MDR1 
activity assay

Cryopreserved PBMCs were thawed and washed with 
TCM. Cells in cold TCM were loaded with rhodamine 
123 (Sigma-Aldrich) at a final concentration of 1 µg/mL 
for 30 min on ice. Cells were then washed twice with cold 
TCM and moved to a 37 °C incubator for 2 h to allow for 
dye efflux. After the efflux period, cells were washed once 
in cold facs buffer and stained with mAbs to the follow-
ing surface markers; CD45RA (HI100), CCR6 (11A9), 
CXCR3 (1C6/CXCR3), CD4 (RPA-T4) and CD45RO 
(UHCL1) from BD, CCR4 (L291H4) from Biolegend and 
Near IR live/dead dye from Invitrogen. Following a further 
wash in facs buffer, cells were fixed with 1% paraformalde-
hyde and acquired on a BD LSR Fortessa. Data were ana-
lyzed using FlowJo v9 software (FlowJo, LLC, Ashland, 
OR, USA). For some experiments 1 µM cyclosporine A 
(CsA; Sigma-Aldrich) or DMSO was added to cells imme-
diately before the 37 °C incubation step.

Table 1   Study participant 
demographics

Demographic information for study participants used in rhodamine 123 efflux assay (where indicated by 
asterisk) and mass cytometry immunophenotyping analysis (all participants)

ID Group Age (years) Gender Therapy

HP* Hepatitis patient 57 Female Adjuvant pembrolizumab, steroids and ATG as 
outlined in Fig. 1

MC1 Melanoma control 67 Female Metastatic pembrolizumab, no ATG or steroids
MC2 Melanoma control 68 Female Metastatic pembrolizumab, no ATG or steroids
MC3* Melanoma control 60 Female Adjuvant pembrolizumab, no ATG or steroids
MC4 Melanoma control 60 Female Adjuvant pembrolizumab, no ATG or steroids
MC5 Melanoma control 68 Female Adjuvant pembrolizumab, no ATG or steroids
HC1* Healthy control 47 Female N/A
HC2* Healthy control 47 Female N/A
HC3* Healthy control 50 Female N/A
HC4* Healthy control 57 Female N/A
HC5* Healthy control 58 Female N/A
HC6 Healthy control 59 Female N/A
HC7 Healthy control 60 Female N/A

https://github.com/sydneycytometry/tSNEplots
https://github.com/sydneycytometry/tSNEplots
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Results

Description of the patient

The patient was a 57-year-old woman who had a 1.8-mm 
ulcerated melanoma removed from her R thigh in October 
2015 followed by surgical removal of metastases in 2 of 
11 lymph nodes (LNs) in the R inguinal region. She was 
entered into an adjuvant immunotherapy trial that com-
pared placebo with anti-PD-1 immunotherapy given iv at 
3-week intervals. After nine treatments she presented with 
epigastric abdominal discomfort and liver function tests 
revealed a pattern consistent with hepatitis. Unblinding 
revealed that the patient had been on treatment with anti-
PD-1. Treatment of the hepatitis was initiated according to 
standard algorithms with methylprednisone at 2 mg/kg for 
4 days (138 mg total/day) followed by oral dexamethasone 
at 16, 12 and 20 mg equivalent to 100, 75, 120 mg pred-
nisone, respectively (http://clincalc.com/corticosteroids/). 
The course of the hepatitis as represented by serum alanine 
aminotransferase (ALT) levels and subsequent treatments 
are illustrated in Fig. 1. Changes in other liver enzymes are 
shown in Supplementary Figure S1. After an initial drop 
to below grade 3 ALT levels (< 5× upper limit of normal, 
ULN), ALT increased back to near grade 3 levels while 
on dexamethasone and did not respond to pulse dosing of 
methyl prednisone iv at 1 g per day for 3 days [17]. Treat-
ment with prednisone at 150 mg and mycophenolate at 1 g/
day was initiated. Due to worsening of the biochemical 

picture, the patient was given two i.v. doses of anti-thy-
mocyte globulin (ATG) (Thymoglobulin, Genzyme Cam-
bridge MA) of 100 and 50 mg, 24 h apart. Elevated ALT 
rapidly resolved to grade 2 levels. Low-grade elevation of 
ALT continued for several weeks, prompting conduct of 
a liver biopsy and an increase of mycophenolate dosage 
to 2 g/day. There was no serological evidence of hepatitis 
A, B or C. Low levels of smooth muscle cell antibodies 
(1/160) were detected but tests against mitochondrial, sol-
uble liver and liver kidney microsomal antigens were nega-
tive. Tests against a wide panel of extractable nuclear anti-
gens were also negative. MHC typing was HLA-A 01,02; 
HLA-B 08,44; HLA-C 05,07; DRB1*03,04; DPB1*03,11; 
DQB1*02,03; DQA1*03,05. Treatments included prophy-
lactic anti-virals and anti-bacterials. ALT levels fluctu-
ated between grade 1 and 2 up to day 198. ALT levels 
had returned to normal by day 162 relative to the ALT 
increase.

The H&E appearance of the liver biopsy and immuno-
histochemistry (IHC) are shown in Fig. 2. There was an 
inflammatory infiltrate around the portal tracts and cen-
tral veins, with areas of focal necrosis (Fig. 2a–e) similar 
to other reports [10]. IHC studies in Fig. 2f, g showed 
that the infiltrates included both CD4+ and CD8+ T cells. 
As shown by the Vectra immunofluorescent images in 
Fig. 2j–m, PD-L1 was expressed predominantly on hepato-
cytes but also some of the infiltrating lymphocytes. PD-1 
was expressed at low levels and was confined to infiltrating 
lymphocytes.
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Fig. 1   Longitudinal levels of serum alanine aminotransferase (ALT) 
in the anti-PD-1-treated hepatitis patient. Day 0 represents the day 
ALT levels exceeded Grade 3 levels. Grade 3 is defined as > 5× upper 
normal limit (ULN) and Grade 4 > 10× ULN. Therapeutic interven-
tions used to control hepatitis are indicated above the graph. ATG​ 

anti-thymocyte globulin. Days when blood samples were processed 
for PBMCs and cryopreserved are indicated by asterisks, annotated 
by assay. CyTOF: mass cytometric analysis. Rhodamine: rhodamine 
123 efflux fluorescence based analysis

http://clincalc.com/corticosteroids/
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Blood lymphocyte studies

Longitudinal blood counts between 42 and 295 days after the 
start of anti-PD-1 treatment showed that initiation of steroid 
therapy on day 200 (day 1 after the onset of hepatitis) was 
accompanied by a dramatic rise in circulating neutrophils, 
as previously reported [21], with little change in lymphocyte 
or monocyte counts (Fig. 3a, b). Mass cytometric analysis of 
11 cryopreserved PBMC samples from days 42 to 316 was 
performed in parallel with control PBMC samples from 5 
melanoma patients on anti-PD-1 monotherapy (3 adjuvant 
and 2 stage III–IV disease) and 7 healthy control subjects 
(Table 1). In the hepatitis patient, the number of CD4+ T 
cells was reduced more than twofold in response to ster-
oid therapy, while CD8+ T cells dropped by a third, and 
the absolute numbers of circulating NK cells and B cells 
increased (Fig. 3c). CD4+ T cell numbers declined a fur-
ther fourfold in response to ATG (given on days 29 and 30 
relative to ALT increase), while CD8+ T cells and B cells 
returned to pre-corticosteroid levels. Comparison of the 
patient’s pre-hepatitis proportions of CD4+ T cells, CD8+ 
T cells, NK cells and B cells with melanoma patients and 
healthy controls indicated that they were within the normal 
range (Fig. 3d, e).

Mass cytometry revealed a number of CD4+ T cell abnor-
malities that were stably present in the hepatitis patient 
several months before the onset of disease (Fig. 3f, g). 
These included a reduction in the proportion of CD45RO+ 
effector/memory CD4 T cells, most marked within the 
CD45RO+CCR7− effector subset and accompanied by an 
abnormally high proportion of central memory phenotype 
CD45RO+CCR7+CD27+ cells These abnormalities were 
not corrected by steroid therapy but were reversed by ATG. 
In contrast, the proportion of circulating regulatory T cells 
(CD4+CD25+CD127loFOXP3+) remained within normal 
limits throughout.

It has been reported that stable expression of MDR1 
on CD4+ T helper (Th) 17.1 cells may render them refrac-
tory to glucocorticoid therapy [18]. We used the rhoda-
mine 123 efflux assay as a surrogate for MDR1 function 
(Fig. 4a), in combination with measuring expression of 
chemokine receptors CCR4, CCR6 and CXCR3 on effec-
tor/memory CD45RO+CD4+ T cells to determine the 
distribution of CD4+ Th cell subsets with well-defined 
cytokine-producing potential [18, 22]. The gating strat-
egy for naïve CD45RA+CD45RO− and effector/memory 
CD45RA−CD45RO+ CD4+ T cells is illustrated in Sup-
plementary Figure S2a. Supplementary Figure S2b, c 
shows the gating strategy for the CD45RA−CD45RO+ 
CD4+ Th cell subsets: Th1 (CXCR3+CCR4−CCR6−), Th2 
(CCR4+CCR6−CXCR3−), Th17 (CCR4+CCR6+CXCR3−) 
and Th17.1 (CXCR3+CCR4−CCR6+) as applied to a healthy 
control and a pre-hepatitis sample. This analysis revealed 

that a conventional CXCR3+ Th1 gate excluded many cells 
expressing intermediate levels of CXCR3 in the hepatitis 
patient but not the control. A high proportion of the patient’s 
rhodamine-effluxing cells were within the CXCR3int popula-
tion and would be excluded from analysis by the application 
of a conventional CXCR3+ Th1 gate (Supplementary Figure 
S2d). We therefore altered the gating strategy to include both 
CXCR3+ and CXCR3int cells within a ‘Th1-like’ gate (Sup-
plementary Figure S2d). In contrast, CXCR3 was expressed 
at normal levels by the patient’s CCR4−CCR6+ Th17.1 cells 
(Supplementary Figure S2e).

We found high efflux in Th17.1 cells in all subjects 
(mean ± SEM 56.4 ± 1.8% in 7 pre-hepatitis samples from 
the patient and 46.8 ± 6.0% in samples from 5 healthy 
controls) (Fig. 4b). In the hepatitis patient, efflux was spe-
cifically elevated in the Th1-like subpopulation in all pre-
hepatitis samples (mean ± SEM, 43.6 ± 2.3 vs 14.9 ± 2.4% 
in 5 controls). On d12 after the onset of hepatitis, when the 
patient appeared to have responded well to steroid therapy, 
there was a drop in the percentage of rhodamine-effluxing 
cells within the Th1-like population, and their absolute num-
ber was reduced 3.5-fold. By the time the last sample was 
taken, more than 9 weeks after ATG treatment, the propor-
tion of rhodamine-effluxing cells had rebounded to 65.2% 
of Th1-like cells, although the absolute number remained 
low at 3.8-fold fewer than pre-hepatitis levels. Unfortunately 
we did not obtain a blood sample at the time that corticos-
teroid resistance developed, so whether it was associated 
with increased numbers of rhodamine-effluxing cells is not 
known.

Mass cytometry revealed further long-standing abnormal-
ities in the patient’s Th1-like cells, including an increase in 
expression of CCR7 and CLA relative to disease controls 
and healthy subjects (Supplementary Figure S3). These 
abnormalities were unaffected or worsened after corticos-
teroids, but were reversed by ATG. In contrast, increased 
Ki67 and reduced FcrL3 and CXCR5 were unaffected by 
either corticosteroid or ATG treatment.

Discussion

This case raises several questions about the occurrence of 
hepatitis and its severity in this patient. Grade 3–4 hepati-
tis is relatively rare in monotherapy with pembrolizumab 
or nivolumab, with rates of 0.3 and 0.7%, respectively, 
being recorded in large trials [2, 4]. MAbs against PD-1 
are believed to act by blocking interactions of PD1 on sen-
sitized T cells with PD-L1 on their targets, which include 
not only immune cells, but also by non-lymphoid tissues, 
such as endothelium, heart, lung, pancreas, placenta, kid-
ney and liver [11, 23]. Expression on non-lymphoid organs 
is considered likely to provide regulatory feedback against 
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autoreactive T cells that may have escaped primary tolerance 
mechanisms [15, 16].

It is possible that the inhibition of the PD-1/PD-L1 axis 
in this patient by anti-PD-1 may have allowed pre-sensitized 
T cells to attack the liver, although she had no history of 
alcohol abuse or viral infections that might have generated 
liver-specific autoreactive T cells. Intriguingly, the patient’s 
MHC class II type was DRB1 04 and DQA1*03, a genotype 
that is strongly associated with rheumatoid arthritis [24, 25]. 
This is consistent with a strong family history of rheumatoid 
arthritis in this patient, whose daughter, niece and sister are 
affected. The mechanisms whereby pre-existing autoim-
mune diseases or a family history of autoimmune disease 
contribute to irAEs after anti-PD-1 therapy remain unclear, 
with some patients showing no disease exacerbation while 
others develop new irAEs seemingly unrelated to their origi-
nal autoimmune disorders [26]. It has also been speculated 
that the adjuvant setting may favor development of irAEs, 
perhaps because the absence of the tumor removes the drive 
for expansion of Treg populations that function to reduce the 
incidence of irAEs [27].

The present case is unusual, not only because the liver is 
rarely the target of such autoreactive responses in anti-PD-
1-treated patients, but also because of the severity of the 
disease, which progressed in the face of treatment with high 
steroid doses and mycophenolate after an initial response 
in the first 14 days of corticosteroid treatment. Subsequent 
treatment with high pulse doses of steroids over 3 days also 
proved ineffective. Treatment with anti-thymocyte globulin 
(ATG) was able to arrest the process. The latter treatment 
was used previously in the treatment of ipilimumab-induced 
autoimmune hepatitis [28, 29], which usually responds to 
high-dose steroids [17]. Although it has been reported that 
ATG may act in part by induction of Treg cells [30], we 
found no significant change in the proportion of FOXP3+ 
Treg cells after ATG therapy. In contrast, ATG reversed the 
deficit in effector CD4+ T cells present in all the patient’s 
pre-hepatitis samples. The well described associations 
between immunodeficiency and autoimmunity [31, 32] 
suggest that this abnormality may have contributed to the 
development of hepatitis.

Evidence from the immunofluorescent and mass cytom-
etry data in this case suggests that the effector cells causing 

the hepatitis were the abnormally large population of rhoda-
mine-effluxing cells (and hence potentially steroid-resistant 
cells) with a ‘Th1-like’ CXCR3intCCR6−CCR4− phenotype. 
These cells also showed heightened expression of CCR7 and 
CLA consistent with rapid ability to react to antigenic stim-
ulus and enhanced accessibility to liver. These cells were 
evident several months prior to onset of hepatitis, and hence 
did not represent an adaptation to steroid therapy. The mass 
cytometry data showed that administration of ATG but not 
corticosteroids produced a stable reduction of > 3.5 fold in 
the number of these cells which correlated with reduction in 
the hepatitis. The relative deficiency in effector CD4+ T cells 
in the lead up to overt hepatitis may also have contributed 
to pathogenesis. It will be important to test whether these 
intriguing associations are present in additional patients who 
develop severe irAEs. This case study highlights the utility 
of mass cytometry to facilitate comprehensive phenotyping 
of circulating immune cells. This enabled us to identify and 
phenotype these specific immune cell subsets, which may 
have been missed by a more limited flow cytometry panel 
of markers.

The basis for resistance of lymphocytes to corticoster-
oids is poorly understood, but is a common problem when-
ever steroids are used to inhibit immune responses. It does 
not appear to be associated with changes in glucocorticoid 
receptor expression or affinity for glucocorticoids. Recent 
studies have drawn attention to T cell expression of MDR1, 
which transports steroids out of cells and can serve to select 
MDR1+ cells grown ex vivo in the presence of corticoster-
oids. A subset of pro-inflammatory Th17.1 cells that stably 
express MDR1 has been reported in patients with steroid-
refractory Crohn’s disease [18]. As in the present case, activ-
ity of the MDR1 pump was shown by the ability of T cells 
to export rhodamine 123. Th17.1 corticosteroid-resistant T 
cells express CCR6, which is a receptor for CCL20, made at 
high levels by the liver and strongly chemotactic for lympho-
cytes [33]. However, the proportions of circulating Th17.1 
cells with efflux of rhodamine were similar in the patient to 
those in controls so it is more likely the Th1 like cells were 
the effector cells in this case.

Although treatment of this patient followed established 
protocols, it may be worth considering whether assessment 
of MDR1 and rhodamine 123 efflux should be included in 
patients not responding to steroid treatment. Verapamil or 
cyclosporine A can inhibit MDR1 and cyclosporin A was 
shown to improve responses to steroids in patients with ster-
oid unresponsive chronic obstructive airways disease [34]. 
Corticosteroids are relatively non-specific in their effects and 
ideally more specific treatments would be preferred [17, 35]. 
Alternative approaches used in treatment of steroid-resistant 
graft host disease may also be useful, e.g., adoptive transfer 
of mesenchymal stromal cells [36, 37], although their activ-
ity is not well established for irAEs. There also appears to be 

Fig. 2   a–e Eosin and hematoxylin staining of the core liver biopsy. 
From left to right, red arrows point toward areas of the a portal tract, 
b endothelialitis, c microgranulomas, d the central hepatic portal vein 
and e necrosis. f–i Immunohistochemical staining for f CD4, g CD8, 
h PD-L1 and i PD-1 (t) around the central hepatic portal vein (j–m). 
Using multiplex tissue immunofluorescent staining, j CD8 (green), 
k PD-L1 (red), and l PD-1 (light pink) positive cells were identified 
in close proximity to one of the portal veins. The merged image m 
shows the overlap of the three markers and their proximity to each 
other

◂
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Fig. 3   Longitudinal monitoring of peripheral blood subsets in 
the hepatitis patient. Density (× 109/L blood) of white blood cells 
(WBC), lymphocytes and neutrophils are shown in a, with mono-
cytes and lymphocytes shown on a narrower scale in b. c Density 
(× 109/L blood) of CD4+ and CD8+ T cell, B cell and NK cell sub-
sets, calculated from mass cytometric analysis of longitudinal sam-
ples from the hepatitis subject. d CD4+ and CD8+ T cell, B cell 
and NK cell subsets expressed as percentage of lymphocytes, cal-
culated from mass cytometric analysis of longitudinal samples from 
the hepatitis subject. e CD4+ and CD8+ T cell, B cell and NK cell 
subsets expressed as percentage of lymphocytes in healthy con-
trol subjects (black filled circles, n = 7) and disease control patients 
receiving anti-PD-1 monotherapy with no irAEs (colored filled cir-

cles, n = 5), as described in Table  1. f Effector/memory CD45RO+, 
effector CD45RO+CCR7− and Treg cells expressed as percentage of 
CD4+ T cells, and central memory CD27+CCR7+ cells expressed as 
percentage of CD45RO+CD4+ T cells, calculated from mass cyto-
metric analysis of longitudinal samples from the hepatitis subject. g 
CD45RO+, CD45RO+CCR7− and Treg cells expressed as percent-
age of CD4+ T cells, and CD27+CCR7+ cells expressed as percent-
age of CD45RO+CD4+ T cells in healthy control subjects (black 
filled circles, n = 7) and disease control patients receiving anti-PD-1 
monotherapy with no irAEs (colored filled circles, n = 5). Therapeutic 
interventions used to control hepatitis are indicated above the graphs. 
ATG​ anti-thymocyte globulin. Open circles indicate time points at 
which the hepatitis patient was no longer receiving anti-PD-1 therapy
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some success in treatment of acute graft versus host disease 
with JAK/Stat inhibitors like ruxolitinib without major side 
effects [38]. Treatment of inflammatory bowel disease has 
been a fertile area for application of therapeutic antibodies 
against cytokines [39] and antibodies against the IL-12p40 
subunit involved in regulation of Th1 and Th17 cells appear 
to show promise in treatment of Crohn’s disease. These stud-
ies point to new opportunities in treatment of side effects 
due to checkpoint blockade, especially in patients failing 
corticosteroid treatments.

Acknowledgements  We would like to thank Margaret Lett from the 
John Hunter Hospital for assistance with clinical records.

Author contributions  Study conception and design was done by HMM, 
BFS, PH. Manuscript was prepared by HMM, ES, SJG, BFS, PH. 
Experiments were performed and analyzed by HMM, ES, JE, BFS, PH. 
Clinical data and samples were prepared and interpreted by HMM, ES, 
PRT, GWM, PB, CM, RG, SJG, BFS, PH. All authors made substantial 

contributions to data interpretation, manuscript preparation, review 
and approval.

Funding  Support for this work was provided from the Australian 
National Health and Medical Research council for program Grant 
1093017 and fellowship support (HMM Early Career Fellowship 
GNT1037298), the Ramaciotti Foundation, John Hunter renal unit and 
Melanoma Institute Australia.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  The studies were approved by the Sydney Local 
Health District and Bellberry Human Research ethics review com-
mittees at Royal Prince Alfred Hospital, Camperdown, and Lake 
Macquarie Private Hospital, respectively. All personal and medical 
information collected from the patients, including sex, date of birth, 
diagnosis, treatment, disease duration and past clinical details, was 
stored confidentially.

23.3 17.5 47.0 54.3 3.4 14.7

22.5 14.0 36.4 57.4 3.0 15.4

9.2 32.7 65.2 66.7 3.1 18.1

0

102

103

104

105

0 102 103 104 105

Rho123

Patient pre-hepatitis d-115 -

naive CD4
CXCR3+/int 

‘Th1-like’

Rhodamine 123

0

102

103

104

105

0 102 103 104 105

Rho123

a

b Th17.1 Th2 Th17

0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105 0 102 103 104 105

22.6 1.4

+CsA

effector/memory 
CD4

Pre-hepatitis
d-10

Steroid
d12

ATG
d96

Fig. 4   Rhodamine 123 efflux assay on PBMCs. MDR1 inhibitor 
cyclosporine A (CsA) was used as a control. a Representative plots 
of rhodamine exclusion by CD4+ T cells from the hepatitis patient. b 
Representative plots of rhodamine exclusion by CD4+ T cell subsets 
from the hepatitis patient, gated as indicated in Supplementary Figure 

S2. Histograms indicate rhodamine fluorescence, with frequency of 
the rhodamine-negative fraction indicated above the bar. Samples are 
annotated relative to the day of ALT increase: d-115 and d-10, pre-
hepatitis; d12, after corticosteroid only; d96, after ATG therapy given 
at days 29 and 30



572	 Cancer Immunology, Immunotherapy (2018) 67:563–573

1 3

Informed consent  Informed consent was obtained from all patients 
and controls prior to the study. This included informed consent by the 
patient who is the subject of the case study.

Open Access  This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

	 1.	 Hersey P, Gowrishankar K (2015) Pembrolizumab joins the anti-
PD-1 armamentarium in the treatment of melanoma. Future Oncol 
11(1):133–140. https://doi.org/10.2217/fon.14.205

	 2.	 Weber JS, D’Angelo SP, Minor D, Hodi FS, Gutzmer R, Neyns 
B, Hoeller C, Khushalani NI, Miller WH Jr, Lao CD, Linette GP, 
Thomas L, Lorigan P, Grossmann KF, Hassel JC, Maio M, Sznol 
M, Ascierto PA, Mohr P, Chmielowski B, Bryce A, Svane IM, 
Grob JJ, Krackhardt AM, Horak C, Lambert A, Yang AS, Lar-
kin J (2015) Nivolumab versus chemotherapy in patients with 
advanced melanoma who progressed after anti-CTLA-4 treatment 
(CheckMate 037): a randomised, controlled, open-label, phase 
3 trial. Lancet Oncol 16(4):375–384. https://doi.org/10.1016/
S1470-2045(15)70076-8

	 3.	 Ugurel S, Rohmel J, Ascierto PA, Flaherty KT, Grob JJ, Hauschild 
A, Larkin J, Long GV, Lorigan P, McArthur GA, Ribas A, Rob-
ert C, Schadendorf D, Garbe C (2016) Survival of patients with 
advanced metastatic melanoma: the impact of novel therapies. Eur 
J Cancer 53:125–134. https://doi.org/10.1016/j.ejca.2015.09.013

	 4.	 Ribas A, Hamid O, Daud A, Hodi FS, Wolchok JD, Kefford R, 
Joshua AM, Patnaik A, Hwu WJ, Weber JS, Gangadhar TC, Her-
sey P, Dronca R, Joseph RW, Zarour H, Chmielowski B, Lawrence 
DP, Algazi A, Rizvi NA, Hoffner B, Mateus C, Gergich K, Lindia 
JA, Giannotti M, Li XN, Ebbinghaus S, Kang SP, Robert C (2016) 
Association of pembrolizumab with tumor response and survival 
among patients with advanced melanoma. JAMA 315(15):1600–
1609. https://doi.org/10.1001/jama.2016.4059

	 5.	 Hodi FS, Chesney J, Pavlick AC, Robert C, Grossmann KF, 
McDermott DF, Linette GP, Meyer N, Giguere JK, Agarwala SS, 
Shaheen M, Ernstoff MS, Minor DR, Salama AK, Taylor MH, 
Ott PA, Horak C, Gagnier P, Jiang J, Wolchok JD, Postow MA 
(2016) Combined nivolumab and ipilimumab versus ipilimumab 
alone in patients with advanced melanoma: 2-year overall sur-
vival outcomes in a multicentre, randomised, controlled, phase 
2 trial. Lancet Oncol 17(11):1558–1568. https://doi.org/10.1016/
S1470-2045(16)30366-7

	 6.	 Gandini S, Massi D, Mandala M (2016) PD-L1 expression in can-
cer patients receiving anti PD-1/PD-L1 antibodies: a systematic 
review and meta-analysis. Crit Rev Oncol Hematol 100:88–98. 
https://doi.org/10.1016/j.critrevonc.2016.02.001

	 7.	 Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gut-
ierrez M, Schuster SJ, Millenson MM, Cattry D, Freeman GJ, 
Rodig SJ, Chapuy B, Ligon AH, Zhu L, Grosso JF, Kim SY, Tim-
merman JM, Shipp MA, Armand P (2015) PD-1 blockade with 
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl 
J Med 372(4):311–319. https://doi.org/10.1056/NEJMoa1411087

	 8.	 Hofmann L, Forschner A, Loquai C, Goldinger SM, Zimmer L, 
Ugurel S, Schmidgen MI, Gutzmer R, Utikal JS, Goppner D, Has-
sel JC, Meier F, Tietze JK, Thomas I, Weishaupt C, Leverkus 
M, Wahl R, Dietrich U, Garbe C, Kirchberger MC, Eigentler T, 

Berking C, Gesierich A, Krackhardt AM, Schadendorf D, Schuler 
G, Dummer R, Heinzerling LM (2016) Cutaneous, gastrointes-
tinal, hepatic, endocrine, and renal side-effects of anti-PD-1 
therapy. Eur J Cancer 60:190–209. https://doi.org/10.1016/j.
ejca.2016.02.025

	 9.	 Zimmer L, Goldinger SM, Hofmann L, Loquai C, Ugurel S, 
Thomas I, Schmidgen MI, Gutzmer R, Utikal JS, Goppner 
D, Hassel JC, Meier F, Tietze JK, Forschner A, Weishaupt C, 
Leverkus M, Wahl R, Dietrich U, Garbe C, Kirchberger MC, 
Eigentler T, Berking C, Gesierich A, Krackhardt AM, Scha-
dendorf D, Schuler G, Dummer R, Heinzerling LM (2016) 
Neurological, respiratory, musculoskeletal, cardiac and ocular 
side-effects of anti-PD-1 therapy. Eur J Cancer 60:210–225. 
https://doi.org/10.1016/j.ejca.2016.02.024

	10.	 Michot JM, Bigenwald C, Champiat S, Collins M, Carbonnel F, 
Postel-Vinay S, Berdelou A, Varga A, Bahleda R, Hollebecque 
A, Massard C, Fuerea A, Ribrag V, Gazzah A, Armand JP, 
Amellal N, Angevin E, Noel N, Boutros C, Mateus C, Robert 
C, Soria JC, Marabelle A, Lambotte O (2016) Immune-related 
adverse events with immune checkpoint blockade: a comprehen-
sive review. Eur J Cancer 54:139–148. https://doi.org/10.1016/j.
ejca.2015.11.016

	11.	 Greenwald RJ, Freeman GJ, Sharpe AH (2005) The B7 fam-
ily revisited. Annu Rev Immunol 23:515–548. https://doi.
org/10.1146/annurev.immunol.23.021704.115611

	12.	 Yao S, Zhu Y, Chen L (2013) Advances in targeting cell surface 
signalling molecules for immune modulation. Nat Rev Drug Dis-
cov 12(2):130–146. https://doi.org/10.1038/nrd3877

	13.	 Keir ME, Butte MJ, Freeman GJ, Sharpe AH (2008) PD-1 and its 
ligands in tolerance and immunity. Annu Rev Immunol 26:677–
704. https://doi.org/10.1146/annurev.immunol.26.021607.090331

	14.	 Schildberg FA, Klein SR, Freeman GJ, Sharpe AH (2016) 
Coinhibitory pathways in the B7-CD28 ligand-receptor fam-
ily. Immunity 44(5):955–972. https://doi.org/10.1016/j.
immuni.2016.05.002

	15.	 Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, Sasmal 
DK, Huang J, Kim JM, Mellman I, Vale RD (2017) T cell costim-
ulatory receptor CD28 is a primary target for PD-1-mediated inhi-
bition. Science 355(6332):1428–1433. https://doi.org/10.1126/
science.aaf1292

	16.	 Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber 
DL, Konieczny BT, Daugherty CZ, Koenig L, Yu K, Sica GL, 
Sharpe AH, Freeman GJ, Blazar BR, Turka LA, Owonikoko 
TK, Pillai RN, Ramalingam SS, Araki K, Ahmed R (2017) 
Rescue of exhausted CD8 T cells by PD-1-targeted therapies is 
CD28-dependent. Science 355(6332):1423–1427. https://doi.
org/10.1126/science.aaf0683

	17.	 Cheng R, Cooper A, Kench J, Watson G, Bye W, McNeil C, 
Shackel N (2015) Ipilimumab-induced toxicities and the gastro-
enterologist. J Gastroenterol Hepatol 30(4):657–666. https://doi.
org/10.1111/jgh.12888

	18.	 Ramesh R, Kozhaya L, McKevitt K, Djuretic IM, Carlson TJ, 
Quintero MA, McCauley JL, Abreu MT, Unutmaz D, Sundrud MS 
(2014) Pro-inflammatory human Th17 cells selectively express 
P-glycoprotein and are refractory to glucocorticoids. J Exp Med 
211(1):89–104. https://doi.org/10.1084/jem.20130301

	19.	 Newell EW, Sigal N, Bendall SC, Nolan GP, Davis MM (2012) 
Cytometry by time-of-flight shows combinatorial cytokine 
expression and virus-specific cell niches within a continuum of 
CD8 + T cell phenotypes. Immunity 36(1):142–152. https://doi.
org/10.1016/j.immuni.2012.01.002

	20.	 Bendall SC, Simonds EF, Qiu P, Amir el AD, Krutzik PO, Finck 
R, Bruggner RV, Melamed R, Trejo A, Ornatsky OI, Balderas 
RS, Plevritis SK, Sachs K, Pe’er D, Tanner SD, Nolan GP (2011) 
Single-cell mass cytometry of differential immune and drug 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2217/fon.14.205
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1016/S1470-2045(15)70076-8
https://doi.org/10.1016/j.ejca.2015.09.013
https://doi.org/10.1001/jama.2016.4059
https://doi.org/10.1016/S1470-2045(16)30366-7
https://doi.org/10.1016/S1470-2045(16)30366-7
https://doi.org/10.1016/j.critrevonc.2016.02.001
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1016/j.ejca.2016.02.025
https://doi.org/10.1016/j.ejca.2016.02.025
https://doi.org/10.1016/j.ejca.2016.02.024
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1016/j.ejca.2015.11.016
https://doi.org/10.1146/annurev.immunol.23.021704.115611
https://doi.org/10.1146/annurev.immunol.23.021704.115611
https://doi.org/10.1038/nrd3877
https://doi.org/10.1146/annurev.immunol.26.021607.090331
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1111/jgh.12888
https://doi.org/10.1111/jgh.12888
https://doi.org/10.1084/jem.20130301
https://doi.org/10.1016/j.immuni.2012.01.002
https://doi.org/10.1016/j.immuni.2012.01.002


573Cancer Immunology, Immunotherapy (2018) 67:563–573	

1 3

responses across a human hematopoietic continuum. Science 
332(6030):687–696. https://doi.org/10.1126/science.1198704

	21.	 Dale DC, Fauci AS, Guerry DI, Wolff SM (1975) Comparison of 
agents producing a neutrophilic leukocytosis in man. Hydrocor-
tisone, prednisone, endotoxin, and etiocholanolone. J Clin Invest 
56(4):808–813. https://doi.org/10.1172/JCI108159

	22.	 Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno 
M, Lanzavecchia A, Sallusto F, Napolitani G (2007) Surface phe-
notype and antigenic specificity of human interleukin 17-produc-
ing T helper memory cells. Nat Immunol 8(6):639–646. https://
doi.org/10.1038/ni1467

	23.	 Dong H, Zhu G, Tamada K, Flies DB, van Deursen JM, Chen L 
(2004) B7-H1 determines accumulation and deletion of intrahe-
patic CD8(+) T lymphocytes. Immunity 20(3):327–336

	24.	 International MHC, Network AG, Rioux JD, Goyette P, Vyse TJ, 
Hammarström L, Fernando MM, Green T, De Jager PL, Foisy S, 
Wang J, de Bakker PI, Leslie S, McVean G, Padyukov L, Alfreds-
son L, Annese V, Hafler DA, Pan-Hammarström Q, Matell R, 
Sawcer SJ, Compston AD, Cree BA, Mirel DB, Daly MJ, Beh-
rens TW, Klareskog L, Gregersen PK, Oksenberg JR, Hauser 
SL (2009) Mapping of multiple susceptibility variants within 
the MHC region for 7 immune-mediated diseases. Proc Natl 
Acad Sci USA 106(44):18680–18685. https://doi.org/10.1073/
pnas.0909307106

	25.	 Fernando MM, Stevens CR, Walsh EC, De Jager PL, Goyette P, 
Plenge RM, Vyse TJ, Rioux JD (2008) Defining the role of the 
MHC in autoimmunity: a review and pooled analysis. PLoS Genet 
4(4):e1000024. https://doi.org/10.1371/journal.pgen.1000024

	26.	 Menzies AM, Johnson DB, Ramanujam S, Atkinson VG, Wong 
ANM, Park JJ, McQuade JL, Shoushtari AN, Tsai KK, Eroglu Z, 
Klein O, Hassel JC, Sosman JA, Guminski A, Sullivan RJ, Ribas 
A, Carlino MS, Davies MA, Sandhu SK, Long GV (2017) Anti-
PD-1 therapy in patients with advanced melanoma and preexisting 
autoimmune disorders or major toxicity with ipilimumab. Ann 
Oncol 28(2):368–376. https://doi.org/10.1093/annonc/mdw443

	27.	 Lorigan P, Green AC (2017) Immunotherapy: Does adjuvant ipili-
mumab have little adverse effect on quality of life? Nat Rev Clin 
Oncol 14(7):395–396. https://doi.org/10.1038/nrclinonc.2017.60

	28.	 Chmiel KD, Suan D, Liddle C, Nankivell B, Ibrahim R, Bau-
tista C, Thompson J, Fulcher D, Kefford R (2011) Resolution of 
severe ipilimumab-induced hepatitis after antithymocyte globulin 
therapy. J Clin Oncol 29(9):e237–e240. https://doi.org/10.1200/
JCO.2010.32.2206

	29.	 Ahmed T, Pandey R, Shah B, Black J (2015) Resolution of 
ipilimumab induced severe hepatotoxicity with triple immuno-
suppressants therapy. BMJ Case Rep. https://doi.org/10.1136/
bcr-2014-208102

	30.	 Buszko M, Jakic B, Ploner C, Hoertnagl P, Mayerl C, Wick G, 
Cappellano G (2017) In vitro immunoregulatory effects of thy-
moglobulin on human immune cell subpopulations. Immunol Lett 
186:1–8. https://doi.org/10.1016/j.imlet.2017.04.002

	31.	 Xiao X, Miao Q, Chang C, Gershwin ME, Ma X (2014) Common 
variable immunodeficiency and autoimmunity: an inconvenient 
truth. Autoimmun Rev 13(8):858–864. https://doi.org/10.1016/j.
autrev.2014.04.006

	32.	 Merayo-Chalico J, Rajme-Lopez S, Barrera-Vargas A, Alcocer-
Varela J, Diaz-Zamudio M, Gomez-Martin D (2016) Lympho-
penia and autoimmunity: a double-edged sword. Hum Immunol 
77(10):921–929. https://doi.org/10.1016/j.humimm.2016.06.016

	33.	 Hieshima K, Imai T, Opdenakker G, Van Damme J, Kusuda J, 
Tei H, Sakaki Y, Takatsuki K, Miura R, Yoshie O, Nomiyama H 
(1997) Molecular cloning of a novel human CC chemokine liver 
and activation-regulated chemokine (LARC) expressed in liver. 
Chemotactic activity for lymphocytes and gene localization on 
chromosome 2. J Biol Chem 272(9):5846–5853

	34.	 Armada A, Martins C, Spengler G, Molnar J, Amaral L, Rodri-
gues AS, Viveiros M (2016) Fluorimetric methods for analysis of 
permeability, drug transport kinetics, and inhibition of the ABCB1 
Membrane transporter. Methods Mol Biol 1395:87–103. https://
doi.org/10.1007/978-1-4939-3347-1_7

	35.	 Tabarkiewicz J, Pogoda K, Karczmarczyk A, Pozarowski P, 
Giannopoulos K (2015) The role of IL-17 and Th17 lympho-
cytes in autoimmune diseases. Arch Immunol Ther Exp (Warsz) 
63(6):435–449. https://doi.org/10.1007/s00005-015-0344-z

	36.	 Reis M, Ogonek J, Qesari M, Borges NM, Nicholson L, Preussner 
L, Dickinson AM, Wang XN, Weissinger EM, Richter A (2016) 
Recent developments in cellular immunotherapy for HSCT-associ-
ated complications. Front Immunol 7:500. https://doi.org/10.3389/
fimmu.2016.00500

	37.	 Conklin LS, Hanley PJ, Galipeau J, Barrett J, Bollard CM (2017) 
Intravenous mesenchymal stromal cell therapy for inflammatory 
bowel disease: lessons from the acute graft versus host disease 
experience. Cytotherapy 19(6):655–667. https://doi.org/10.1016/j.
jcyt.2017.03.006

	38.	 Zeiser R, Burchert A, Lengerke C, Verbeek M, Maas-Bauer K, 
Metzelder SK, Spoerl S, Ditschkowski M, Ecsedi M, Sockel K, 
Ayuk F, Ajib S, de Fontbrune FS, Na IK, Penter L, Holtick U, 
Wolf D, Schuler E, Meyer E, Apostolova P, Bertz H, Marks R, 
Lubbert M, Wasch R, Scheid C, Stolzel F, Ordemann R, Bug G, 
Kobbe G, Negrin R, Brune M, Spyridonidis A, Schmitt-Graff A, 
van der Velden W, Huls G, Mielke S, Grigoleit GU, Kuball J, 
Flynn R, Ihorst G, Du J, Blazar BR, Arnold R, Kroger N, Passweg 
J, Halter J, Socie G, Beelen D, Peschel C, Neubauer A, Finke J, 
Duyster J, von Bubnoff N (2015) Ruxolitinib in corticosteroid-
refractory graft-versus-host disease after allogeneic stem cell 
transplantation: a multicenter survey. Leukemia 29(10):2062–
2068. https://doi.org/10.1038/leu.2015.212

	39.	 Abraham C, Dulai PS, Vermeire S, Sandborn WJ (2017) Lessons 
learned from trials targeting cytokine pathways in patients with 
inflammatory bowel diseases. Gastroenterology 152(2):374–388.
e374. https://doi.org/10.1053/j.gastro.2016.10.018

https://doi.org/10.1126/science.1198704
https://doi.org/10.1172/JCI108159
https://doi.org/10.1038/ni1467
https://doi.org/10.1038/ni1467
https://doi.org/10.1073/pnas.0909307106
https://doi.org/10.1073/pnas.0909307106
https://doi.org/10.1371/journal.pgen.1000024
https://doi.org/10.1093/annonc/mdw443
https://doi.org/10.1038/nrclinonc.2017.60
https://doi.org/10.1200/JCO.2010.32.2206
https://doi.org/10.1200/JCO.2010.32.2206
https://doi.org/10.1136/bcr-2014-208102
https://doi.org/10.1136/bcr-2014-208102
https://doi.org/10.1016/j.imlet.2017.04.002
https://doi.org/10.1016/j.autrev.2014.04.006
https://doi.org/10.1016/j.autrev.2014.04.006
https://doi.org/10.1016/j.humimm.2016.06.016
https://doi.org/10.1007/978-1-4939-3347-1_7
https://doi.org/10.1007/978-1-4939-3347-1_7
https://doi.org/10.1007/s00005-015-0344-z
https://doi.org/10.3389/fimmu.2016.00500
https://doi.org/10.3389/fimmu.2016.00500
https://doi.org/10.1016/j.jcyt.2017.03.006
https://doi.org/10.1016/j.jcyt.2017.03.006
https://doi.org/10.1038/leu.2015.212
https://doi.org/10.1053/j.gastro.2016.10.018

	Anti-PD-1-induced high-grade hepatitis associated with corticosteroid-resistant T cells: a case report
	Abstract
	Introduction
	Materials and methods
	Study subjects and samples
	Immunohistochemistry (IHC) and multiplex immunofluorescence
	Mass cytometry immunophenotyping
	Flow cytometry and rhodamine 123 efflux MDR1 activity assay

	Results
	Description of the patient
	Blood lymphocyte studies

	Discussion
	Acknowledgements 
	References


