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Background & Aims: In immunosuppressed patients, persistent
HEV infection is common and may lead to cirrhosis and liver
failure. HEV clearance depends on an effective virus-specific
CD8+ T-cell response; however, the knowledge gap around
HEV-specific CD8+ T-cell epitopes has hindered analysis of the
mechanisms of T-cell failure in persistent infection.

Methods: We comprehensively studied HEV-specific CD8+ T-cell
responses in 46 patients with self-limiting (n = 34) or chronic
HEV infection (n = 12), by epitope-specific expansion, functional
testing, ex vivo peptide HLA class I tetramer multi-parametric
staining, and viral sequence analysis.

Results: We identified 25 HEV-specific CD8+ T-cell epitopes
restricted by 9 different HLA class I alleles. In self-limiting HEV
infection, HEV-specific CD8+ T cells were vigorous, contracted
after resolution of infection, and formed functional memory re-
sponses. In contrast, in chronic infection, the HEV-specific CD8+
T-cell response was diminished, declined over time, and dis-
played phenotypic features of exhaustion. However, improved
proliferation of HEV-specific CD8+ T cells, increased interferon-y
production and evolution of a memory-like phenotype were
observed upon reduction of immunosuppression and/or ribavirin
treatment and were associated with viral clearance. In 1 patient,
mutational viral escape in a targeted CD8+ T-cell epitope
contributed to CD8+ T-cell failure.

Conclusion: Chronic HEV infection is associated with HEV-
specific CD8+ T-cell exhaustion, indicating that T-cell

Keywords: CD8+ T-cell response; antiviral immunity; immunological memory; viral
escape; T-cell exhaustion.
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exhaustion driven by persisting antigen recognition also occurs
in severely immunosuppressed hosts. Functional reinvigoration
of virus-specific T cells is at least partially possible when antigen
is cleared. In a minority of patients, viral escape also contributes
to HEV-specific CD8+ T-cell failure and thus needs to be
considered in personalized immunotherapeutic approaches.
Lay summary: Hepatitis E virus (HEV) infection is usually cleared
spontaneously (without treatment) in patients with fully func-
tioning immune systems. In immunosuppressed patients,
chronic HEV infection is common and can progress rapidly to
cirrhosis and liver failure. Herein, we identified the presence of
HEV-specific CD8+ T cells (a specific type of immune cell that can
target HEV) in immunosuppressed patients, but we show that
these cells do not function properly. This dysfunction appears to
play a role in the development of chronic HEV infection in
vulnerable patients.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Introduction

Ten to twenty percent of individuals in Europe and North America
are seropositive for HEV; however, only a minority of patients
develop a symptomatic infection, and fulminant courses are mainly
observed in the elderly and those with preexisting liver disease.?
While HEV infections are self-limiting in immunocompetent
hosts, infections with HEV genotype 3, the predominating HEV
genotype in Europe and North America, persist in 50-70% of
immunosuppressed patients."? Chronic infection is defined as HEV
replication for >3 months, since no spontaneous HEV clearance was
observed after this period. In patients with chronic HEV infection,
reduction of immunosuppression as well as ribavirin treatment
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may result in viral clearance and are recommended by EASL
guidelines.! However, approximately 10% of patients do not
respond to this treatment strategy, and there are currently no
further treatment options available.! In a substantial number of
patients, chronic HEV infection progresses rapidly towards
cirrhosis and liver failure. Thus, novel treatment options including
immunotherapeutic strategies are urgently needed.

Recent in vivo evidence from 2 animal models (chicken and
rhesus macaque) demonstrates an important role of HEV-specific
CD8+ T cells in HEV control.>* However, in humans, there is still a
paucity of data on HEV-specific CD8+ T-cell immunity.” Studies
using recombinant HEV capsid protein (corresponding to open
reading frame [ORF] 2) as well as overlapping peptides covering
some or all HEV domains (ORF1-3) showed broad and vigorous
HEV-specific CD8+ T-cell responses in immunocompetent pa-
tients with acute infection that contracted upon resolution of
infection.°"' However, immunosuppressed patients with
chronic HEV infection displayed a narrow and weak HEV-specific
CD8+ T-cell response mostly at or below the limit of detection.
In vitro checkpoint inhibition targeting programmed cell death 1
(PD1) or cytotoxic T lymphocyte antigen-4 (CTLA-4), as well as
successful antiviral treatment, partially restored HEV-specific
CD8+ T-cell responses in some patients,®!! however, check-
point inhibition is not a suitable treatment strategy in trans-
planted patients after failed ribavirin treatment, since it may
induce transplant rejection. It is thus necessary to more precisely
define the mechanisms of HEV-specific CD8+ T-cell failure in
persistent HEV infection. These studies have been limited,
however, by the paucity of described HEV-specific CD8+ T-cell
epitopes that can be analyzed, e.g. using peptide/HLA class I
multimer technology. Indeed, to date, only 3 HLA-A*02-
restricted HEV-specific CD8+ T-cell epitopes have been defined
and fine-mapped.'?

Thus, we set out to define a broad range of HEV-specific CD8+
T-cell epitopes restricted by common HLA class I alleles in acute-
resolving HEV infection; we then used these novel HEV-specific
CD8+ T-cell epitopes to analyze the mechanisms of HEV-specific
CD8+ T-cell failure in a cohort of immunocompromised patients
with chronic HEV infection.

Patients and methods

Study cohort

A total of 34 patients with self-limiting HEV infection and 12 pa-
tients with chronic HEV infection were included. All donors were
recruited at the Freiburg University Medical Center, Germany.
Acute HEV infection was determined by positive plasma HEV RNA,
whereas resolved infection was defined by negative HEV RNA
testing and the detection of anti-HEV IgG and/or IgM. Chronic HEV
infection was defined as positive HEV RNA for >3 months according
to EASL guidelines. Patient characteristics are displayed in Table 1.
Next-generation sequencing was used for HLA-typing. Written
informed consent was obtained in all cases and the study was
conducted according to federal guidelines, local ethics committee
regulations (Albert-Ludwigs-Universitdt, Freiburg, Germany; vote
#: 437/18), and the Declaration of Helsinki (1975).

Statistics

Statistical analysis was performed with GraphPad Prism 8 (USA).
Statistical significance was assessed by Kruskal-Wallis testing
including Dunn’s multiple comparisons test and Mann-Whitney
testing. (*p <0.05; **p <0.01; ***p <0.001; ****p <0.0001).
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Immunological and sequencing techniques are described in
the supplementary methods section.

Results

Definition of virus-specific CD8+ T-cell epitopes in patients
with self-limiting HEV infection

To define HEV-specific CD8+ T-cell epitopes, we predicted 58
HEV-specific epitopes restricted by 10 common HLA class I al-
leles in silico (Table S1). We tested these epitope peptides using
peripheral blood mononuclear cells (PBMCs) from 34 patients
with self-limiting HEV infection expressing the respective HLA
alleles (Table 1). Since results were similar for patients with
acute-resolving (n = 24) and resolved HEV infection (n = 10),
these patients were analyzed together. After antigen-specific
expansion for 14 days, we could detect interferon-y (IFNy)-pro-
ducing CD8+ T cells in response to peptide stimulation in 29/34
(86%) patients with self-limiting HEV infection (Fig. 1A; compare
Fig. 1B for representative dot blots and Fig. S1A for negative
controls). Single patients recognized up to 8 epitopes, while the
majority of patients recognized 1-2 epitopes (Fig. 1A). Overall,
25/58 predicted epitopes were confirmed experimentally
(Fig. 1C). 17/25 (68%) confirmed epitopes were located within
ORF1, reflecting its overall length, while the remaining epitopes
were located within ORF2 (Fig. 1D). Of note, the 78 positive re-
sponses were distributed quite equally to ORF1 and ORF2, indi-
cating a relative immunodominance of the smaller ORF2. The
confirmed epitopes were restricted by all HLA alleles included in
the epitope prediction except for HLA-B*07 (Fig. 1E). Strikingly,
approx. 25% of confirmed epitopes and 50% of responses were
restricted by HLA-A*02:01, although the cohort was not pre-
selected for HLA-A*02:01 expression. IFNy-producing HEV-
specific CD8+ T cells could also be detected directly ex vivo by
Elispot analysis in PBMCs from 3 donors with acute HEV infec-
tion (Fig. S1B,C).

Effector function and memory formation in self-limiting
HEV infection

To further characterize the HEV-specific CD8+ T-cell response in
self-limiting HEV infection, we applied a peptide/HLA class I
(pHLA-I) tetramer-based ex vivo enrichment strategy (gating
strategy displayed in Fig. S2). HEV-specific CD8+ T cells targeting
the 4 epitopes analyzed were readily detectable (Fig. 2A); their
frequency did not vary by targeted epitope but differed between
patients with acute vs. resolved HEV infection (Fig. 2B). During
acute infection, the frequency of HEV-specific CD8+ T cells was
similar compared to influenza infection and severe acute respi-
ratory syndrome coronavirus type 2 (SARS-CoV-2) infection but
significantly higher compared to acute HBV infection (Fig. 2C). In
line with the formation of a potent effector CD8+ T-cell response,
we detected high expression of the activation marker CD38, the
proliferation marker Ki67, the effector molecule granzyme B
(GranB) and the transcription factor Tbet (also known as TBX21)
(Fig. 2D). Expression of the memory marker CD127 was still low
on HEV-specific CD8+ T cells (Fig. 2D). In an HLA-A*02:01+/
B*27:05+ individual, we longitudinally monitored the differen-
tiation of HEV-specific CD8+ T cells from early acute infection to
>4 years after viral clearance. Upon viral elimination, the A*02/
ORF2493.501 and B*27/ORF1,315.1323-specific CD8+ T-cell response
contracted with frequencies declining by up to 2 logs within the
first months, but then plateaued throughout follow-up
(Fig. 2E+F; exemplary ex vivo tetramer stainings without
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Table 1. Patient characteristics.

Patient Age Sex HLA type Anti-HEV Anti-HEV HEV ALT Bilirubin Comment/comorbidity Immunosuppression Therapy
code (years)” IgG IgM RNA max max max
(AU/ml1)*™ (AU/ml)** (IU/ml) (U/L) (mg/dl)

Patients with self-limiting infection

aHEV-1 51 M A*02:01, A*26:01, 55.6 145 16,031 2,677 1.8 Eosinophilic granulomatosis - -
B*08:01, B*27:05 with polyangiitis

aHEV-2 79 M A*01, A*03, 93.7 157 16,031 3,883 7.8 First diagnosis of CUP - -
B*08, B*35 (small-cell carcinoma)

aHEV-3 51 M A*02, A*29, B*27, 117 140 68,702 1,215 0.9 NSCLC, infection - -
B*51 during chemotherapy

aHEV-4 69 M A*02:01, A*11:01, 112 155 119,467 5,281 7 - -
B*07:02, B*14:02

aHEV-5 55 F A*03:01, A*69:01, 25.2 228 1,059,862 2,210 2.4 Diabetes mellitus II - -
B*18:01, B*44:02

aHEV-6 50 M A:01:01, A*02:01, 110 168 33,187 1,057 1.1 Gluten-sensitive - -
B*07:01 enteropathy

aHEV-7 57 M A*01:01, A*24:02, 141 254 511,976 1,993 22.6 Squamous cell - -
B*18:01, B*35:08 carcinoma

aHEV-8 20 F A*01:01, A*03:01, 137 217 609,495 1,606 4 - -
B*07:02, B*55:01

aHEV-9 26 M A*01:01, A*02:01, 83.5 164 354 1,629 11 - -
B*08:01, B*15:01

aHEV-10 71 M A*02:01, A*30:01, 36.8 140 294,422 2,642 10.4 Diabetes mellitus II - -
B*13:02, B*15:01

aHEV-11 54 M A*02:01, B*40:01, 109 175 889,000 5,559 21.7 Acute on chronic liver - -
B*44:27 failure (cryptogenic cirrhosis)

aHEV-12 80 F A*11:01, A*68:02, 5.80 139 2,050,000 979 1 Ovarial carcinoma - -
B*14:02, B*35:01

aHEV-13 64 F  A*02:01, A*03:01, 154 157 3,142 825 0.8 H/o AML, h/o allogeneic - -
B*15:01, B*35:08 PBSCT 01/13

aHEV-14 21 M A*02, A*33, 206 137 247,314 3,710 9.4 HEV genotype 1 (India) - -
B*44, B*51

aHEV-15 36 F A*02:01, A*11:01, 229 152 334,550 938 0.8 Mamma carcinoma, infection — -
B*07:02, B*40:01 during chemotherapy

aHEV-16 58 F  A*01:01, A*02:01, 26.5 153 598,000 2,039 4.8 Allergic asthma - -
B*08:01, B*38:01

aHEV-17 57 M A*25:01, A*31:01, 122 164 142,223 1,546 17 - -
B*18:01, B*27:05

aHEV-18 49 M A*02:01, A*68:01, 90.5 59.5 33,187 344 0.2 HEV-associated neuralgic - -
B*07:02, B*40:01 amyotrophy

aHEV-19 56 M A*02:01, A*02:35, 140 174 873 889 1.6 Alcohol-related cirrhosis - -
B*07:02, B*44:02

aHEV-20 50 M A*02:01, B*08:01, 122 192 1,807 1,410 34 - -
B*45:01

aHEV-21 28 F A*02:01, A*29:02, 15.8 93.5 949,000 1,247 1.2 Mild leukopenia with - -
B*07:02, B*51:01 mildly reduced antibodies

aHEV-22 59 F  A*02:01, A*11:01, 165 160 ND 306 1.4 H/o liver transplantation; - -
B*18:01, B*44:02 documented seroconversion

aHEV-23 61 M A*02:01, B*51:01, ND ND 31,000 1,059 6.2 First diagnosis of - -
B*51:XX sarcoidosis

aHEV-24 65 M A*01:01, A*02:01, 140 143 420,000 1,248 11 Sarcoidosis - -
B*40:01, B*51:01

rHEV-1 46 F  A*02:01, B*40:01, 116 53.9 neg 34 0.3 Myocarditis - -
B*44:02

rHEV-2 32 F  A*02:01, A*32:01, 152 31.2 neg 44 0.6 Adenoviral tonsilitis - -
B*40:02, B*44:02

rHEV-3 52 F  A*02:01, A*24:02, 124 244 neg 22 0.2 Cervical disc prolapse - -
B*18:01, B*41:01

rHEV-4 59 M A*02:01, A*11:01, 779 9.2 ND 27 0.4 Idiopathic hepatopathy - -
B*44:02, B*51:01

rHEV-5 90 F  A*02:01, A*03:01, 25.9 6.7 ND 810 1.9 Drug-induced hepatopathy - -
B*35:01, B*40:01

rHEV-6 52 F  A*02:01, A*03:01, 269 46.4 neg 141 17.8 Drug-induced hepatopathy - -
B*13:02, B*15:01

rHEV-7 60 F A*01, A*11, 40.8 7.7 ND 16 0.2 Chronic HBV infection - -
B*08, B*35

rHEV-8 54 F A*02:01, A*33:03, 82 9 ND 36 0.5 NASH - -
B*35:01, B*44:05

rHEV-9 52 M A*03:01, A*31:01, 181 4.5 ND 91 1.1 Autoimmune hepatitis - -
B*15:01, B*27:05

rHEV-10 62 F  A*01:01, A*24:02, 121 162 neg 22 0.3 H/o PBSCT for AML, - -
B*38:01, h/o HBV reactivation
B*57:01

(continued on next page)
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Patient Age Sex HLA type Anti-HEV Anti-HEV HEV ALT Bilirubin Comment/comorbidity Immunosuppression Therapy
code (years)” IgG IgM RNA max max max
(AU/ml1)* (AU/ml)** (IU/ml) (U/L) (mg/dl)
Patients with chronic infections
cHEV-1 24 M A*02:01, A*03:01, ND ND 511,976 534 3.8 Liver transplantation (3x), TAC/MMF/PRED RBV 11w
B*35:01, B*39:01 kidney transplantation
cHEV-2 46 F A*01:01, A*11:01, 1.6 1.8 4,542,023 710 0.9 Autologous PBSCT for Rituximab RBV 16w
B*08:01, B*44:02 B-non-Hodgkin lymphoma)
cHEV-3 56 M A*02:01, A*25:01, 158 152 4,542,023 332 1.6 Kidney transplantation TAC/MMF/PRED RBV 11w
B*15:01, B*18:01
cHEV-4 63 M A*02, B*08, B*51 ND ND 19,464,771 81 0.5 Kidney transplantation TAC/MMF/PRED RBV 11w
cHEV-5 52 F A*01:01, A*24:02, 152 134 9,402,629 131 2.4 Kidney transplantation TAC/MMF/PRED RBV
B*08:01, B*40:02 20w + 21w
cHEV-6 58 F  A*02:01, A*24:02, 171 282 115,000 45 0.6 Kidney transplantation TAC/MMF/PRED RBV 20w
B*07:02, B*40:01
cHEV-7 53 M A*02, 1.9 24 pos 340 0.7 Lung transplantation, TAC/EVR/PRED RBV 47w
B*15:01, B*44 primary cerebral
lymphoma,
autologous PBSCT
cHEV-8 58 M A*02:01, A*03:01, ND ND 363363 124 0.5 Kidney transplantation TAC/MMF/PRED RBV 12w
B*07:02, B*35:01
cHEV-9 74 M A*01:01, A*32:01, 176 86 8,290,000 508 1.5 Sero-negative erosive Abatacept Abatacept
B*08:01, B*15:01 polyarthritis paused
cHEV-10 65 M A*01:01, A*03:01, ND ND 6,127,500 181 0.6 Autologous PBSCT (3x) for CyA/MMF/ATG RBV 12w
B*35:01, B*57:01 multiple myeloma
cHEV-11 18 M A*02, B*15:01 neg neg 25,140,000 688 1.2 Allogenic (HLA-identical) Rituximab none
PBSCT for pre-T-ALL
cHEV-12 55 F A*11:01, A*24:02, ND ND 267,000 84 0.5 Kidney transplantation TAC/MMF/PRED none

B*15:02, B*35:01

aHEV, acute HEV; AML, acute myeloid leukemia; ATG, antithymocyte globulin; AU, arbitrary units; cHEV, chronic HEV; CUP, cancer of unknown primary; CyA, cyclosporin A;
EVR, everolimus; MMF, mycophenolate mofetil; NASH, non-alcoholic steatohepatitis; ND, not done; NSCLC, non-small cell lung cancer; PBSCT, peripheral blood stem cell
transplant; PRED, prednisone; RBV, ribavirin; rHEV, resolved HEV; TAC, tacrolimus; T-ALL, T-cell acute lymphoblastic leukemia.

*At first diagnosis.
*cut-off 20 AU/ml.

enrichment can be found in Fig. S3). Multi-dimensional scaling
analysis of the longitudinal B*27/ORF1;315.1323 -specific CD8+ T-
cell response in this individual revealed that early time points
cluster away from each other while late time points cluster
together, which emphasizes the early dynamic differentiation
patterns during acute infection followed by the establishment of
a stable memory cell pool (Fig. 2G). Diffusion map embedding,
incorporating longitudinal flow cytometry data from B*27/
ORF14315.1323-specific CD8+ T cells, revealed that CD8+ T cells
from the earliest and latest time points localized at opposing
ends of the trajectory (Fig. 2H). Upon resolution of acute infec-
tion, expression of CD38 and Ki67 was lost and a memory
response formed as characterized by expression of CD127 and T-
cell factor 1 (TCF1) (Fig. 2H+I). We also found a tendency towards
lower expression of GranB and PD1 on HEV-specific CD8+ T cells
of patients with resolved compared to acute infection (Fig. 2I).
The memory cell pool in resolved HEV infection was largely
composed of the CD45RA"/CCR7" effector memory subset with a
minority of terminally differentiated effector memory cells re-
expressing CD45RA and few CCR7* central memory CD8+ T
cells (Fig. 2]). Collectively, these data indicate that acute/self-
limiting HEV infection is associated with a strong HEV-specific
effector CD8+ response that evolves into a bona fide memory
response after resolution.

Functional CD8+ T-cell responses in chronic HEV infection are
lost over time but can be partially reinvigorated by
treatment-induced viral clearance

We next tested the 58 epitope candidates in 12 patients with
chronic HEV infection. These 12 patients included 8 patients with

Journal of Hepatology 2022 vol. 77 | 978-990

solid organ transplants, 3 patients with autologous or HLA-
identical allogeneic peripheral blood stem cell transplants, and
1 patient treated with the CTLA-4 agonist abatacept for erosive
polyarthritis (see Table 1 for detailed patient characteristics).
After peptide-specific expansion for 14 days, we found IFNy-
producing HEV-specific CD8+ T cells in only 4/12 (33%) patients
with chronic infection (Fig. 3A,B) compared to 29/34 (86%) in
self-limiting infection (p = 0.0006). In these 4 patients, a total of
7 responses (1-2 per patient) targeted 6 epitopes. Of these 6
epitopes, we had previously identified 4 in self-limiting HEV
infection (3 restricted by HLA-A*02:01, 1 by HLA-A*11:01). 2
novel HLA-B*35:01 restricted epitopes only tested positive in 1
patient with chronic infection each. All epitopes were located in
ORF1 except for A*02/ORF2493.50; (Fig. 3C). Similar to self-
limiting infection, the majority of responses (4/7) were
restricted by HLA-A*02:01 (Fig. 3D). Interestingly, when an IFNy
response was observed in response to peptide stimulation, it was
of a comparable magnitude to those in self-limiting HEV infec-
tion (Fig. 3E). Elimination of chronic HEV infection was achieved
in all patients upon lowering of immunosuppression and/or
ribavirin therapy (Table 1).11/12 patients were re-tested for I[FNy
responses upon resolution of infection; 1 patient was lost to
follow-up for immunological analysis. Notably, 4 patients
without a pre-treatment IFNy response developed HEV-specific
responses upon resolution of infection (Fig. 3F). For example,
patient cHEV-1, who was infected for >4 years, developed HEV-
specific IFNy responses against 4 epitopes upon ribavirin-
associated viral clearance (Fig. 3G). When we arranged all
chronically infected patients on a timeline according to the
duration of infection, it became obvious that CD8+ T-cell
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Fig. 1. Definition of virus-specific CD8+ T-cell epitopes in patients with self-limiting HEV infection. (A) Number of IFNy responses in 34 individuals with self-
limiting HEV infection after in vitro expansion. (B) Exemplary dot plots of positive IFNy responses after re-stimulation with the indicated epitope peptides after 14
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responses were lost over time during persistent infection.
However, the partial reinvigoration of these responses upon
treatment-induced viral elimination seemed to be independent
of the duration of infection (Fig. 3H). Of note, while the number
of CD8+ T-cell responses in chronic infection was significantly
diminished compared to acute infection (p = 0.0172), responses
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were readily detectable after treatment-associated resolution to
a level observed in resolved infection (Fig. 3I; p >0.9999).
Collectively, these data indicate that functional HEV-specific
CD8+ T-cell responses are strongly diminished during the
course of chronic HEV infection, but can be at least partially
reinvigorated by treatment-induced viral elimination. In line
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with these observations, frequencies of HEV-specific CD8+ T cells
were too low to be detected by ex vivo IFNy Elispot analysis in 4
chronically infected patients at RNA+ and RNA- time points (data
not shown), with the exception of donor cHEV-5, in whom
ex vivo IFNy responses against 2 HLA-A*01:01 restricted epitopes
could be detected only upon resolution of infection (Fig. S1D).
Peak alanine aminotransferase (ALT) and viral load differed
significantly between acute and chronic HEV infection (Fig. S4A),
but did not correlate with each other (Fig. S4B). Of note, no
correlation between peak ALT or viral load and the number of
targeted CD8+ T-cell epitopes was found in acute infection
(Fig. S4C/D, left panels). In chronic infection, however, peak ALT
and viral load correlated negatively with the number of HEV-
specific CD8+ T-cell responses (Fig. S4C/D, right panels).

HEV-specific CD8+ T cells in chronic HEV infection are rare but
functional and exhibit a memory-like phenotype after

viral resolution

To characterize the CD8+ T-cell response in chronic HEV infection
in more detail, we used PBMCs from 9 HLA-A*01:01+ (n = 4) or
HLA-A*02:01+ (n = 5) patients during chronic infection and after
treatment-induced resolution to enrich either A*01/ORF23g9_397
or A*02/ORF2493.501-specific CD8+ T cells ex vivo (Fig. 4A, pa-
tients with positive responses at one or both time points are
displayed; sampling time points and course of infection are
depicted in Fig. S5). 2/4 HLA-A*01:01+ and 2/5 HLA-A*02:01+
patients had detectable epitope-specific CD8+ T-cell responses
during chronic infection. After resolution, an additional HLA-
A*01:01+ and an HLA-A*02:01+ patient each developed positive
responses (Fig. 4B). The ex vivo frequency of epitope-specific
CD8+ T cells was not significantly different between chronic,
resolved, and treated chronic HEV infection but was significantly
lower compared to acute HEV infection (Fig. 4C). Using longitu-
dinal samples of the 4 patients displaying responses during
chronic and resolved infection (cHEV-2, cHEV-3, cHEV-9, cHEV-
11), as well as late samples from the 2 patients who developed
responses after resolution (cHEV-5, cHEV-6), we analyzed the
evolution of the HEV-specific CD8+ T-cell phenotype before and
after viral clearance (Fig. 4D,E). During chronic infection,
epitope-specific CD8+ T cells expressed the activation marker
CD38 and mostly displayed Ki67 as a marker of proliferation
(Fig. 4E). However, they also expressed high levels of PD1 and
low levels of CD127 and TCF1, with the majority of cells being in
the CD127-PD1+ subset, indicating some characteristics of
terminally exhausted CD8+ T cells (Fig. 4D,E). After resolution of
chronic infection, CD8+ T cells displayed a memory-like pheno-
type (PD1 moderate, CD127+, TCF1+) with the majority of cells
being CD127+PD1+ (Fig. 4D). They also lost expression of CD38
(Fig. 4E). Collectively, these data indicate that HEV-specific CD8+
T cells develop a terminally exhausted phenotype during chronic
infection with albeit (partially) maintained proliferative capacity.
They also indicate that a sufficient pool of memory-like CD8+ T
cells remains to be restored after viral elimination.

Impact of immunosuppression on the HEV-specific CD8+ T-
cell response and impact of HEV-specific CD8+ T-cell response
on viral control

To address the impact of immunosuppression on the induction
of HEV-specific CD8+ T cells, T-cell functionality and viral titers,
we longitudinally studied patient cHEV-9 (details in Table 1)
from 7 days post-diagnosis of HEV infection for >2 years. At
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diagnosis, cHEV-9 presented with positive HEV IgG and IgM
and high viral titers. We were able to characterize the A*01/
ORF2339.397 and A*01/ORF2;95_306-specific CD8+ T-cell response
longitudinally (Fig. 5A,B). During abatacept treatment, the fre-
quency of HEV-specific CD8+ T cells was low, ranging from 107-
10, However, T-cell numbers were reinvigorated upon
discontinuation of abatacept treatment. Indeed, their substan-
tial increase in frequency directly preceded a sharp decline of
viremia that resulted in viral clearance and normalization of
liver parameters (Fig. 5C). Shortly after viral clearance, HEV-
specific CD8+ T cells declined below the limit of detection in
peripheral blood. Interestingly, on d771 post-diagnosis (d645
post-resolution), the HEV-specific CD8+ T-cell response had
recovered and persisted at frequencies of approximately 107
(Fig. 5C). During abatacept treatment, HEV-specific CD8+ T cells
recognized their cognate antigen (demonstrated by high
expression of the activation marker CD38 [Fig. 5D]); however,
they lacked GranB expression (a marker for effector function
[Fig. 5E]). Upon discontinuation of abatacept, GranB expression
was rescued and correlated with declining viral titers, further
supporting a direct impact of immunosuppression on HEV-
specific CD8+ T-cell immunity.

We were also able to longitudinally follow a kidney-
transplanted patient on triple immunosuppression (cHEV-5)
who relapsed after ribavirin therapy and required re-treatment
with ribavirin (Fig. 5F). Importantly, this patient only displayed
HEV-specific CD8+ T cells ex vivo (Fig. 5G) after sustained viro-
logical response following the second treatment course, further
indicating a role of HEV-specific CD8+ T cells in sustained viral
control. Collectively, the data from these 2 patients underline the
dominant role of immunosuppression in impairing HEV-specific
CD8+ T-cell responses, and also the important contribution of
HEV-specific CD8+ T cells for sustained viral clearance.

Viral escape contributes to HEV-specific CD8+ T-cell failure

Finally, we addressed the role of mutational viral escape in
chronic HEV infection. We thus sequenced the HEV genome via
ultra-deep sequencing at early and late time points (interval of 2
months to 4 years) during chronic infection in 5 patients (Fig. 6A,
Table S2). In cHEV-2, we found a mutation in epitope A*01/
ORF23g9.397 that was targeted in this patient. The amino acid
substitution was predicted to substantially reduce HLA-A*01:01
binding (Fig. 6B). After expansion of PBMCs from cHEV-2 with
the consensus or the variant peptide for 14 days, tetramer
staining revealed that PBMCs only expanded in response to
stimulation with the consensus peptide (Fig. 6C). When we re-
stimulated the CD8+ T cells that had been expanded with
the consensus peptide with either consensus or variant peptide,
we observed downregulation and internalization of the T-cell
receptor (TCR) as well as an increase of GranB expression as a
correlate for T-cell activation upon re-stimulation with the
consensus but not the variant peptide (Fig. 6D). Next, we
compared the phenotype of ex vivo-enriched cells from cHEV-2
(variant epitope sequence) with those from cHEV-3 (consensus
epitope sequence) (Fig. 6E). Cells targeting the conserved epitope
in cHEV-3 displayed a PD1"8" phenotype with expression of
CD38 as a correlate for ongoing antigen recognition, whereas
cells targeting the variant epitope in cHEV-2 expressed reduced
levels of PD1 and had lost CD38 expression (Fig. 6E). Finally, we
performed high dimensional analysis of longitudinally enriched
samples from cHEV-2 and cHEV-3 including markers of
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of CD38 and GranB of epitope-specific CD8+ T cells in patient cHEV-9 at indicated longitudinal time points. (F) Timeline depicting sampling dates (black arrows

HEV RNA+; red arrows HEV RNA-) at dpd, ribavirin treatment and duration of po:

epitope-specific CD8+ T cells at indicated dpi and viral load (grey line) in cHEV-

activation (Ki67, CD38, KLRG1, GranB), inhibitory receptors
(PD1), memory (CD127, TCF1), and differentiation (CCR7,
CD45RA, Tbet, Eomes). Multi-dimensional scaling analysis
revealed that cells from cHEV-2 and cHEV-3 clustered away from
each other, demonstrating their distinct differentiation. While all
time points from cHEV-2 clustered together, the chronic infec-
tion time point in cHEV-3 was clearly separated from the 2 time
points after resolution of infection, indicating that antigen
withdrawal has an impact on the phenotype of T cells targeting
conserved epitopes, but not escaped epitopes (Fig. 6F). Collec-
tively, these data indicate that viral escape may contribute to
CD8+ T-cell failure in chronic HEV infection.

Discussion

Herein, we set out to define more precisely the mechanisms of
HEV-specific CD8+ T-cell failure in persistent HEV infection in
immunocompromised patients. Due to the paucity of described
and fine-mapped HEV-specific CD8+ T-cell epitopes,'? we first
had to define fine-mapped HEV-specific CD8+ T-cell epitopes.
Using a combined in silico and in vitro approach, we defined 25
novel HEV-specific CD8+ T-cell epitopes restricted by 9 different
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sitive HEV RNA testing (grey bar) in cHEV-5. (G) Calculated ex vivo frequencies of
5. cHEV, chronic HEV; dpd, days post diagnosis; dpi, days post infection.

HLA alleles. Approximately two-thirds of identified CD8+ T-cell
epitopes were located in ORF1, reflecting both the relative length
of the protein as well as the relative number of epitopes pre-
dicted in comparison to ORF2 and ORF3 (Fig. 1D). However, in
agreement with previous reports,” approximately 50% of HEV-
specific CD8+ T-cell responses targeted ORF2, indicating that
ORF2 is a relatively immunodominant CD8+ T-cell target. Nearly
one-quarter of the identified epitopes were restricted by 2 HLA
types each, HLA-A*02 and HLA-B*27 (Fig. 1E). This over-
representation is partially based on our selection of epitope
candidates: Based on our previous experiences, we selected 10
epitope candidates for HLA-A*02 and 8 epitope candidates for
HLA-B*27, compared to 5 epitope candidates for the remaining
HLA alleles. Even more prominently, however, approximately
50% of positive CD8+ T-cell responses were restricted by HLA-
A*02. This dominant targeting of HLA-A*02-restricted epitopes
may also be explained by the high proportion of HLA-A*02+
patients in our cohort (25/34 patients with self-limiting infec-
tion). Importantly, our cohort was not pre-selected to contain a
high number of HLA-A*02+ patients. Thus, HLA-A*02 may be
associated with a symptomatic course of acute HEV infection;
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Fig. 6. Viral escape contributes to HEV-specific CD8+ T-cell failure. (A) Percentage of individuals with viral escape. (B) Longitudinal UDS data identifying viral
escape variant L395V in epitope A*01/ORF23g9.397 in cHEV-2. (C) Tetramer staining after 14 days in vitro expansion with consensus or variant A*01/ORF23gg.397
epitope. (D) Tetramer staining after 14 days in vitro expansion with consensus A*01/ORF23g9_397 epitope and re-stimulation with consensus or variant peptide and
histograms showing GranB expression of epitope-specific CD8+ T cells (black line) and CD8+ bulk T cells (grey). (E) Dot plots (grey: CD8+ bulk; black: antigen-
specific) and histograms showing PD1 and CD38 expression of epitope-specific CD8+ T cells targeting a conserved (cHEV-3) or escaped (cHEV-2) epitope after
ex vivo tetramer enrichment. (F) MDS analysis comparing longitudinal flow data from conserved and escaped epitopes. cHEV, chronic HEV; MDS, multi-

dimensional scaling; ORF, open reading frame; UDS, ultra-deep sequencing.

however, additional studies are required to address this inter-
esting issue.

Importantly, using our selection of predicted epitopes, the
large majority (29/34) of patients with self-limited HEV infection
displayed HEV-specific CD8+ T-cell responses, confirming
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previous reports on the immunogenicity of HEV.”~'° Four of the 5
patients with self-limited HEV infection who did not display a
response, at least to the epitopes analyzed here, had significant
cancer or infectious comorbidities that may have impacted the
virus-specific immune response. The only patient who lacked
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both a detectable T-cell response and substantial comorbidity
suffered from neuralgic amyotrophy and Guillain Barré syn-
drome. This intriguing finding, although limited to just 1 patient,
may indicate that HEV-associated Guillain Barré syndrome is
mediated by an immune mechanism independent of HEV-
specific CD8+ T cells. Importantly, we expanded on previous
studies regarding the HEV-specific CD8+ T-cell response in acute
infection by making 2 important observations on the single-
epitope level: First, in the context of acute infection, HEV-
specific CD8+ T cells display a high ex vivo frequency, substan-
tially and significantly outnumbering virus-specific CD8+ T cells
in acute HBV infection, and numerically even outnumbering
influenza- and SARS-CoV-2-specific CD8+ T cells in acute infec-
tion (Fig. 2C). Impressively, epitope-specific CD8+ T cells
comprised up to one-third of the total circulating CD8+ T-cell
count in some patients. These data may also partially explain
why acute HEV infection can have a fulminant course in
vulnerable patients, such as elderly individuals and patients with
preexisting liver disease.”®> The epitopes identified in our study
may help to further address this important issue in future
studies. Second, by longitudinal phenotypical analysis, we
demonstrate that during acute infection, HEV-specific CD8+ T
cells display a highly activated effector memory phenotype. After
viral clearance, the HEV-specific CD8+ T-cell pool contracts as
expected, and a typical memory phenotype develops, indicating
that HEV-specific CD8+ T-cell immunity in acute-resolving
infection resembles influenza-specific immunity.

Next, we analyzed 12 immunocompromised patients with
chronic HEV infection using the same set of epitope peptides. In
agreement with previous reports,®”° only a minority of patients
(4/12) displayed an HEV-specific CD8+ T-cell response that was
narrowly focused, targeting only 1-2 epitopes (Fig. 3A,I). Using
tetramer-based enrichment and thus a very sensitive method,
we were able to detect HEV-specific CD8+ T cells in 4/9 patients
with chronic HEV infection ex vivo (Fig. 4A,B). Of note, these
HEV-specific CD8+ T cells displayed an activated and predomi-
nantly CD127-PD1+ phenotype similar to terminally exhausted
CD8+ T cells in chronic HBV and HCV infection.'*!> Although this
phenotype has been described in various chronic disease and
cancer settings before, our study is the first to indicate that
chronic antigen stimulation could also progress towards T-cell
exhaustion under ongoing immunosuppression. Interestingly,
exhausted HEV-specific CD8+ T cells were sensitive to immu-
nosuppression and could only be reinvigorated in a substantial
number of patients upon reduction of immunosuppression and/
or application of ribavirin (Fig. 3G,H), leading to the mainte-
nance of memory-like HEV-specific CD8+ T cells after viral
clearance (Fig. 4D). Importantly, the effector function of
exhausted CD8+ T cells was reduced but not abolished, as
indicated by ongoing expression of GranB and IFNy (Fig. 3A-D
and 4E), and they presumably still exert some degree of viral
control. HEV-specific CD8+ T-cell responses declined with
increasing duration of persistent HEV infection (Fig. 3H), indi-
cating that long-term chronic HEV infection may lead to a
reduced chance of partially reinvigorating functional CD8+ T-cell
responses. Thus, prolonged antigenic stimulation may lead to
long-lasting epigenetic scars on virus-specific CD8+ T cells, as
observed in chronic HCV infection.'® '® Thus, “standard” treat-
ment of HEV infection (reduction of immunosuppression, riba-
virin) as well as future immune-mediated treatment strategies
might be the most promising in relatively recent persisting HEV
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infection, underlining the
and treatment.

In a patient who developed chronic HEV infection during
abatacept treatment, we could narrowly follow the kinetics of
HEV-specific CD8+ T cells and viral clearance upon pausing
abatacept. Importantly, this patient displayed a strong increase
of HEV-specific CD8+ T cells that preceded a sharp decline in
viremia, indicating a direct involvement of HEV-specific CD8+ T
cells in viral clearance. This important role of HEV-specific CD8+
T cells was further supported by the longitudinal course of a
patient who relapsed after ribavirin but only succeeded in viral
clearance with a second course of ribavirin treatment that was
associated with the occurrence of HEV-specific CD8+ T cells
(Fig. 5F,G). These observations in the human setting are in
agreement with recent data from the chicken as well as rhesus
macaque HEV infection models that indicated an important role
of HEV-specific CD8+ T cells in viral clearance.’* The number of
HEV-specific T-cell responses correlated negatively with viral
load as well as ALT levels in chronic HEV infection (Fig. S4C,D).
This interesting finding could either imply that a high HEV-
specific T-cell reactivity contributes to viral control, or that
high viral loads contribute to HEV-specific T-cell exhaustion. In
addition, they suggest that ALT levels rather indicate non-specific
(bystander) inflammation in the absence of HEV-specific im-
munity and are not a consequence of HEV-specific immunity.
Importantly, all our data analyzed the HEV-specific CD8+ T-cell
response in peripheral blood. Whether these analyses reflect the
CD8+ T-cell response homing to the liver remains to be eluci-
dated by future studies.

Next to T-cell exhaustion, we also found evidence for muta-
tional viral escape in chronic HEV infection, however, this
observation was limited to a single epitope in 1 individual
(Fig. 6), while the other 4 analyzed patients with persistent
infection did not display mutations in the epitopes targeted in
the respective patients or HLA-matched epitopes identified in
other patients in our study.

In sum, our study led to the identification and fine-mapping
of a large set of HEV-specific CD8+ T-cell epitopes that allowed
us to study the mechanisms of CD8+ T-cell failure in persistent
HEV infection on a single-epitope level. These epitopes will also
allow for the study of mechanisms of immunopathology and
extrahepatic manifestations in fulminant HEV infection,’® and
they may serve as targets for therapeutic TCR-redirection of T
cells against chronic HEV infection.!? While our understanding of
the immunopathology of chronic HEV infection under immu-
nosuppression is still incomplete, the main concept so far
implied that immunosuppression prevents T-cell priming.
However, our data suggests that an alternative concept may also
apply: T-cell responses are primed even in the context of
immunosuppression, however, they are dysfunctional, become
exhausted and are eventually depleted during ongoing antigen
recognition. Importantly, cessation of immunosuppressive
medication could restore T-cell responses, while viral escape can
contribute to T-cell failure. Our results also indicate that treat-
ments aiming at restoring autologous HEV-specific CD8+ T-cell
immunity, e.g. by reducing immunosuppression in combination
with ribavirin, should be started early in persistent HEV infec-
tion. In later stages of chronic HEV infection, more personalized
approaches such as the generation and application of TCR-
redirected CD8+ T cells might become necessary for viral clear-
ance in patients who fail standard treatment 'Z;

importance of early diagnosis

; however,
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mutational viral escape should be excluded before this work- and
cost-intensive procedure.
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