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The interplay between host antiviral immunity and immunopathology during hepatitis E virus (HEV) infection determines
important clinical outcomes. We characterized the specificity, functionality, and durability of host T-cell responses against
the full-length HEV virus and assessed a novel “Quantiferon” assay for the rapid diagnosis of HEV infection. Eighty-nine
volunteers were recruited from Oxford, Truro (UK), and Toulouse (France), including 44 immune-competent patients
with acute HEV infection, 18 HEV-exposed immunosuppressed organ-transplant recipients (8 with chronic HEV), and
27 healthy volunteers. A genotype 3a peptide library (616 overlapping peptides spanning open reading frames [ORFs] 1-3)
was used in interferon-gamma (IFN-y) T-cell ELISpot assays. CD4"/CD8* T-cell subsets and polyfunctionality were
defined using ICCS and SPICE analysis. Quantification of IFN-y used whole-blood stimulation with recombinant HEV-
capsid protein in the QuantiFERON kit. HEV-specific T-cell responses were detected in 41/44 immune-competent HEV
exposed volunteers (median magnitude: 397 spot-forming units/10° peripheral blood mononuclear cells), most frequently
targeting ORF2. High-magnitude, polyfunctional CD4 and CD8" T cells were detected during acute disease and main-
tained to 12 years, but these declined over time, with CD8* responses becoming more monofunctional. Low-level
responses were detectable in immunosuppressed patients. Twenty-three novel HEV CD4% and CD8" T-cell targets were
mapped predominantly to conserved genomic regions. QuantiFERON testing demonstrated an inverse correlation between
IFN-y production and the time from clinical presentation, providing 100% specificity, and 71% sensitivity (area under the
receiver operator characteristic curve of 0.86) for HEV exposure at 0.3 IU/mL. Conclusion: Robust HEV-specific T-cell
responses generated during acute disease predominantly target ORF2, but decline in magnitude and polyfunctionality
over time. Defining HEV T-cell targets will be important for the investigation of HEV-associated autoimmune disease.
(HepATOLOGY 2016;64:1934-1950).
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epatitis E virus (HEV) infects approximately

20 million people, claims 70,000 lives annu-

ally,™ and is a major cause of acute hepatitis
in developing countries. In recent years, HEV has also
been recognized as endemic in industrialized countries
where seroprevalence rates as high as 50% have been
reported and sporadic cases are common.*® Although
acute HEV infection is usually self-limiting, it may
present as a severe acute hepatitis associated with sig-
nificant morbidity.

HEV is an RNA virus with a 7.2-kilobase-long,
single-stranded positive sense genome for which seven
genotypes have been described."™ The virus contains
three open reading frames (ORFs 1-3): ORF1 encodes
a ~1,700-amino-acid (AA) nonstructural polyprotein;
ORF2 encodes the 660-AA capsid protein, and
OREF3, which overlaps ORF2, encodes a 123-AA
phosphoprotein that has pleiotropic regulatory effects
on host cells.™” HEV genotypes 1 and 2 are responsi-
ble for most cases of infection in developing countries
and cause large-scale, water-borne epidemics of acute
hepatitis. Genotypes 3 and 4 HEV are zoonoses car-
ried predominantly by domestic swine and wild boar
and are the main cause of sporadic infection in humans
in developed countries and in Asian developing coun-
tries (reviewed in Khuroo™ and Khuroo et al.®?).

Several clinical observations highlight the interplay
between effective host immunity, immunopathology,
and baseline hepatic functional reserve that determine
the clinical outcomes of HEV infection. Mortality
rates in HEV genotypes 1 and 2 are especially high if
infection occurs during pregnancy (15%-29%)"11?;
the reasons for this are not clear, but likely, in part,
relate to an altered host immune state in response to
HEYV viraemia, with data suggesting a skewing toward
a Th2 cytokine response.'® Mortality rates are also
high in patients with preexisting chronic liver disease;
this is assumed to relate to a limited hepatic reserve in
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the face of adaptive immune responses against
HEV.@*19 A reduction in hepatic reserve may also
explain, in part, why HEV in the West commonly
presents in older males who are more susceptible to
presentation with jaundice, in the presence of other liv-
er diseases including alcohol-associated liver disease
and diabetes in association with HEV adaptive
immune responses.(m However, the importance of the
adaptive immune system in controlling HEV infection
is most clearly highlighted by the recent observation
that HEV infection may cause persistent infection in
immunosuppressed patients, "> with a reduction
in immunosuppressive therapy leading to HEV
clearance.*%

In natural infection and after vaccination, HEV
immunity does not necessarily confer life-long protec-
tion given that secondary infection has been
described.***® Although humoral immunity and B-
cell epitopes against HEV have been extensively exam-
ined,??3% very few studies have evaluated the role of
host cellular immune responses during acute and
chronic HEV infection.**3%) Understanding the
role that cellular immunity plays in clearing primary
HEV infection may explain the limited durability of
immune responses against HEV. To date, T-cell stud-
ies of HEV infection have generally used proliferation
assays that assess T-cell responses against limited
regions of the corresponding HEV genome (ORF2
and ORF3 proteins), and the durability of T-cell
responses in HEV-infected subjects is not known. As
a consequence, the full breadth and functional profile
of T-cell responses against HEV infection has not
been established. Furthermore, although multispecific
T-cell responses against both ORF2 and ORF3 pro-
teins have been demonstrated, no individual T-cell
epitopes have, as yet, been identified. This may be
important given the association of HEV infection with
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TABLE 1. Subject Baseline Characteristics

Immune-Competent Volunteers

Immunosuppressed Patients

Transplant
HEV HEV Chronic Transplant
Exposed Unexposed HEV Resolved HEV
(n = 44) (n=27) (n=28) (n=10)
Age, years
Median 65 66 49 55
Range 21-92 22-74 32-67 30-77
Sex
Male:female 30:14 156:12 8.0 8:2
Genotype 3 (%) 28/44 (64) — 8/8 (100) 8/10 (80)
Genotype 1 (%) 1/44 (2) N/A N/A
Unknown (%) 16/44 (34) N/A 2/10 (20)
Time from onset of HEV infection (months)
Median 6 — 24 20
Range 0.3-139 — 2-90 5-35

Exposed = HEV IgG™ by ELISA at the time of PBMC sampling.

N/A, not applicable.

autoimmune hepatic and neurological diseases, which
may act through molecular mimicry. 4"

In the present study, we aimed to better characterize
the specificity, breadth, functionality, and durability of
host T-cell responses against HEV infection and pro-
vide further evidence for the role of host cellular
immunity in viral clearance. We generated a compre-
hensive peptide library corresponding to the entire
HEV genotype 3 genome and evaluated this in
patients with acute, resolved, and chronic HEV infec-
tion. By fine mapping of positive interferon-gamma
(IFN-y) ELISpot responses, we identified the individ-
ual peptide targets of the HEV T-cell responses and
constructed pair-wise distance plots to measure HEV
variability at sites corresponding to the immunogenic
T-cell targets. We used intracellular cytokine staining
(ICS) to determine T-cell subsets and functionality.
Finally, given that the sensitivity of existing serological
tests for the diagnosis of HEV has been ques-
tioned,*"*? we evaluated the utility of a novel
Quantiferon-based assay for detection of HEV specific
T-cell immunity for the diagnosis HEV infection.

Patients and Methods

CHARACTERISTICS OF STUDY
SUBJECTS

All subjects included in the study gave written
informed consent and were recruited from one of four

sites: The John Radcliffe Hospital, Oxford (Oxford

1936

Research Ethics Committee 04.0XA.010) Centre for
Clinical Vaccinology and Tropical Medicine; Oxford
(National Research Ethics Service [Berkshire]; refer-
ence: 13/5C/0023); The Royal Cornwall Hospital,
Truro (South West Ethics Committee; ref. no.: IRB-
06Q2101/61); and The Rangueil Hospital, Toulouse
(institutional review board of Toulouse). Peripheral
blood mononuclear cells (PBMCs) and serum were
collected prospectively for each subject. Ethical
approval for the study was obtained from the local
ethics committee at each site.

A total of 89 subjects were included (Table 1) con-
sisting of 18 immunosuppressed organ transplant
recipients (Supporting Table S1) and 71 immune-
competent volunteers (Supporting Table S2). The
immune-competent subjects comprised two groups:
(1) “HEV-exposed” subjects (HEV immunoglobulin
[Ig] G positive, = HEV IgM positive, n = 44 [16
Truro and 28 Oxford]; median age, 65 years; range,
21-92) and (2) “HEV-unexposed” subjects (HEV IgG
negative, n = 27; median age, 66; range, 22-74). All
subjects in the HEV-exposed group had presented
with symptomatic HEV infection (either jaundice or
general malaise) and abnormal liver biochemistry, with
positive HEV IgM antibodies. No patient in the unex-
posed group had ever experienced an episode of unex-
plained jaundice or biochemical hepatitis to suggest
the unlikely possibility of previous seronegative HEV
infection.

All 18 patients in the immunosuppressed group
were receiving immunosuppressive therapy following
organ transplantation (15 renal and 3 liver) at the time
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of recruitment (Supporting Table S1). Ten of these
patients had a history of resolved HEV infection (anti-
HEV IgG positive and HEV negative by polymerase
chain reaction [PCR]) and 8 had chronic HEV infec-
tion at the time of sampling (median HEV viral load
by PCR, 7.2 X 10° copies/mL; range, 1.8 X 10° to
8.5 X 10° copies/mL). All subjects were negative for
hepatitis C virus antibody and hepatitis B surface anti-
gen. HEV serological testing was performed using the
commercially available HEV enzyme-linked immuno-
sorbent assay (ELISA) kit (Wantai Technologies,
Beijing, China), according to the manufacturer’s
instructions.

HEV VIREMIA AND GENOTYPING

For the samples from volunteers with a history of
acute HEV infection, HEV genotyping was performed
at Public Health England Reference Laboratories or
performed in-house by nested reverse-transcriptase
PCR (RT-PCR) on 10 uL of purified RNA using the
Access kit (Promega, Southampton, UK) with primers
as described.*® In 1 patient, HEV viremia was
detected by RNA sequencing analysis as described.“?
For the samples from chronically infected patients,
HEV RNA was detected by a nested RT-PCR as
described.“*” Nucleotide sequences were deduced from
bulk PCR products and genotyped by comparison
with HEV genotype 3 subtype reference sequences.

DESIGN OF HEV PEPTIDE
LIBRARY

A set of 616 peptides, 15 AAs in length, overlap-
ping by 11 AAs, was designed using a full-length
genotype 3a sequence as a template (accession:
HQ389543; Mimotopes, Victoria, Australia).

Peptides were initially dissolved in dimethyl sulfox-
ide (DMSO) and arranged into 12 pools based on the
subunits of the viral genome (A-I, L-N; range, 25-74
peptides/pool; see Supporting Table S3). Pools were
used at a final concentration of 3 ug/mL of each pep-
tide within the pool for IFN-y ELISpot or 1 ug/mL
(each single peptide) for ICS.

IFN-y ELISpot ANALYSIS
Ex vivo IFN-y ELISpot assays using HEV peptide

pools were performed, according to the manufacturer’s
instructions (Mabtech, Sweden), on either frozen or

treshly isolated PBMC:s plated in duplicate at 2 X 10°
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per well and incubated at 37°C for 16-18 hours. Back-
ground wells (medium only and PBMCs + DMSO)
were typically zero to four spots. The final concentra-
tion of DMSO in negative control wells and peptide
antigen wells was 0.7%. Internal positive controls
included concanavalin A (Sigma-Aldrich, Poole, UK),
peptide array NR-9308 (mixed human leukocyte anti-
gen [HLA] class I-restricted peptides from influenza,
Epstein-Barr virus, and cytomegalovirus [CMV])
(BEI Resources, VA), and a CMV lysate (Virusys
Corp, MD). Total HEV response was calculated by
summing responses to all positive pools after subtract-
ing DMSO background response from each positive
pool. To define CD4" and CD8" T-cell subsets,
IFN-y ELISpot assays were performed after CD8 " T-
cell depletion using a CD8" Dynabeads (Invitrogen,

CA) kit according to the manufacturer’s instructions.

MAPPING OF HEV-SPECIFIC
T-CELL RESPONSES

HEV-specific T-cell responses to peptide pools
were initially mapped to minipools consisting of 8-10
peptides, and positive responses were further mapped
to individual 15-AA peptides. Where responses were
observed to consecutive peptides, the overlapping
sequence (9-11 AAs in length) between these peptides
was synthesized (Mimotopes, Australia), and tested by
IFN-y ELISpot assays. DNA extraction and HLA
typing were performed as described.” Epitope pre-
diction was also performed in silica using NetMHC
(http://www.cbs.dtu.dk/services/NetMHC)  through
analysis of the 15-AA peptides in association with
patients’ corresponding HLA alleles.

ICS

Thawed PBMCs were stimulated with either pep-
tide pools or individual peptides (1 pg/mL for each
peptide). Positive and negative controls were incubated
with phorbol 12-myristate 13-acetate/ionomycin (50
and 500 ng/mL) or DMSO (0.12% by volume per
pool, maximum of 5 pools and 0.58%), respectively.
CD1072-PE (phycoerythrin)/cyanin (Cy) 5 was added
with peptide at the beginning of the assay. After over-
night stimulation (Brefeldin A [BFA] was added after
1 hour at 10 mg/mL), cells were washed, fixed (1%
paraformaldehyde [PFA]), and permeabilized (eBio-
sciences permeabilization buffer) and stained for 30
minutes with the following antibodies: CD3-PO
(Pacific Orange); CD4/Qdot605; CD8/PB (Pacific

1937
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Blue); IFN-y/Alexa Fluor 700; interleukin (IL)-2/allo-
phycocyanin; tumor necrosis factor alpha (TNF-o)/
PE/Cy7; macrophage inflammatory protein 1 beta
(Mip-1-$)/PE; and fixable near infrared live/dead dye
(Invitrogen).

For phenotypic analysis, thawed PBMCs were rest-
ed overnight at 37°C + CO,, washed twice in PBS,
and stained for 30 minutes at room temperature with
the following antihuman antibodies: CD127/Pe/Cy7;
CD45RA/peridinin  chlorophyll ~protein complex/
Cy5.5; and C-C chemokine receptor type 7/PE.
PBMCs were then washed and stimulated in RH10
for 5 hours with HEV peptide pools (1 ug/mL for
each peptide). Positive and negative controls were as
above. After stimulation (BFA was added after 1 hour
at 10 mg/mL), cells were washed, fixed (1% PFA), and
permeabilized (eBiosciences permeabilization buffer)
and stained with the following antibodies at room tem-
perature for 30 minutes: CD3/PO; CD4/Qdot605;
CD8/PB; IFN-y/Alexa Fluor 700; and fixable near
infrared live/dead dye (Invitrogen).

Flow cytometry was performed using a BD LSRII
and analysis by FlowJo (Tree Star). Analysis of poly-
functionality was performed using Pestle and SPICE
(version 5.3), downloaded from http://exon.niaid.nih.
gov. All ICS data are corrected for background. The
limit of detection by ICS equates to an IFN-y ELI-
Spot response of ~150 spot-forming units (SFU)/ 10°
PBMCs; therefore, to allow HEV-specific T-cell
response to be detectable, pools were combined if indi-
vidual pool responses by ELISpot were less than 150
SFU/10° PBMCs.

GENERATION OF
PHYLOGENETIC TREE AND PAIR-
WISE DISTANCE ANALYSIS

HEV complete genome sequences were downloaded
from GenBank and aligned using SSE (v1.2).4®
Human-derived HEV genotype 3 isolates that differed
from one another at >2% of nucleotide positions were
assigned to a subtype and used to produce a neighbor
joining tree using MEGA6.“? The distribution of
pair-wise AA distances among these sequences was

computed using SSE.

QuantiFERON ASSAY
An HEV recombinant capsid protein, HEV-239,

was generated under good manufacturing practices
conditions, as described (purity, >95%),°Y and used
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to stimulate whole blood in an overnight incubation.
The IFN-y produced in response to stimulation was
assessed by ELISA using the commercially available
QuantiFERON Kkit, according to the manufacturer’s
instructions. HEV antigen 239 is a truncated capsid
protein corresponding to AAs 368-606 of the HEV
ORF2 and is the key component of the current Inno-
vax HEV vaccine.®" A null control was used for each
sample as a negative control and subtracted from the
HEV-239 stimulated response, and a mitogen used as
a positive control.

STATISTICAL ANALYSES

Nonparametric tests were used, throughout, paired
for within-individual comparisons (Wilcoxon) and
unpaired for group comparisons (Mann-Whitney).
Prism (v6.0 for Mac) was used throughout. A Pearson
partial correlation was run using IBM SPSS (version
22) to determine the relationship between the total
magnitude of the HEV-specific T-cell response by
IFN-y ELISpot assay and the interval between the
time of this assay and diagnosis, while controlling for
age, sex, and viremic status. Data with a non-Gaussian
distribution (ELISpot response in SFU/10° PBMCs
and time of blood draw in months) were transformed
to the logarithm of base 10.

Results
HEV GENOTYPING

In the immune-competent HEV-exposed group, 29
of 44 individuals tested positive for HEV RNA (Table
1). Of these, 28 were positive for HEV genotype 3
whereas 1 volunteer (029) was positive for genotype 1.
In the immunosuppressed group, 16 of 18 patients
tested positive for genotype 3 HEV RNA (subtype as
shown; Supporting Table S1).

ASSESSMENT OF HEV-SPECIFIC
T-CELL RESPONSES BY IFN-y
ELISpot ASSAY IN UNEXPOSED
(HEV-IgG-NEGATIVE) IMMUNE-
COMPETENT VOLUNTEERS

The only full-length genotype 3 HEV sequence
obtained from a patient in the UK was used to design
the peptide panel. Although genotype 3 is diverse with
10 named subtypes and nine distinct, but unnamed,
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variants,*®’ phylogenetic analysis using all published

HEYV sequences showed that this sequence was a rep-
resentative genotype 3a sequence (Fig. 1). To deter-
mine the specificity of our HEV peptide library, we
first assessed T-cell responses in 27 unexposed
(HEV-IgG-negative), immune-competent individu-
als by IFN-y ELISpot assay. Among these volun-
teers, T-cell responses were very low, with a mean
value of 6.3 SFU/10° PBMCs per pool (Supporting
Fig. S1A,B). One volunteer had a strong IFN-y
ELISpot response to pool E (178 SFU/10° PBMCs)
that mapped to an individual peptide (HQRFPEA-
FYWTEFIM); no other unexposed or exposed indi-
vidual responded to this epitope. The mean
background response to DMSO was 9.4 SFU/10°
PBMCs.

ASSESSMENT OF HEV-SPECIFIC
T-CELL RESPONSES BY IFN-y
ELISpot ASSAY IN HEV-EXPOSED
(HEV-IgG-POSITIVE) IMMUNE-
COMPETENT SUBJECTS

We next assessed IFN-y ELISpot responses in 44
immune-competent HEV  exposed subjects (HEV
IgG positive; Fig. 2A). Forty-one had detectable
HEV-specific T-cell responses. The median number
of positive pools (any response greater than back-
ground) per patient was 6 (range, 0-12 pools), and the
median summed IFN-y ELISpot response was 397
SFU/10° PBMCs (range, 0-6,854). Pool M (in
ORF2) was most frequently targeted, whereas
responses to pool D (ORF1) were rarely detected (39
of 44 and 7 of 44 patients, respectively).

A negative association between the time post-HEV
presentation and the total magnitude of the HEV-
specific T-cell response was demonstrated by Pear-
son’s correlation (Fig. 2B). A Pearson partial correla-
tion analysis was then performed to assess the impact
of time postdiagnosis, presence of HEV RNA at time
of analysis, age, and sex on the magnitude of the
HEV-specific T-cell response. There was a moderate,
negative correlation between the magnitude of the
HEV-specific T-cell response and the time postdiag-
nosis in our cohort while controlling for age, sex, and
viremic status, which was statistically significant (r =
—0.383; N = 44; P = 0.013). Although there was a
statistically significant correlation between the magni-
tude of the HEV-specific T-cell response and viremic
status (r = 0.338; N = 44; P = 0.025), this was no
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longer significant when controlling for time post-
HEV diagnosis. The breadth of the HEV-specific T-
cell response, as measured by the number of positive
HEV  peptide pools, also showed a significant
negative correlation with time post-HHEV' diagnosis
(Fig. 2C).

IFN-y ELISpot responses were significantly higher
in immune-competent exposed individuals who had a
history of acute HEV infection within 12 months of
blood sampling, compared with those greater than 12
months (median, 667 vs. 181 SFU X 10° cells; Mann-
Whitney U test, P = 0.0008; Fig. 2D). Longitudinal
IFN-y ELISpot responses were assessed in 5 patients
who presented with very recent onset of symptomatic
HEV infection, and this analysis showed a rapid
decline in HEV-specific T-cell responses after the first
weeks of follow-up (Fig. 2E).

IMMUNOSUPPRESSED PATIENTS
WITH RESOLVED OR CHRONIC
HEV INFECTION

To characterize cellular immune responses against
HEV infection in immunosuppressed patients, we
next assessed IFN-y ELISpot responses in 18 organ
transplant recipients receiving immunosuppressive
therapy (Supporting Table S1). Of these, 8 patients
had evidence of chronic HEV infection (HEV positive
by PCR) at the time of assessment, whereas the
remaining 10 were infected posttransplantation and
had resolved HEV infection at the time of sampling
(Fig. 3). Compared with responses in HEV-exposed
immune-competent individuals, responses in immuno-
suppressed patients were significantly lower (397 vs. 96
SFU X 10° PBMCs; median values, P < 0.01). We
did not observe a statistically significant difference
between the magnitude of responses in immunosup-
pressed patients with chronic infection compared with

those who had previously resolved infection (P = 0.74,
Mann-Whitney; Fig. 3B).

FINE MAPPING OF ANTI-HEV
T-CELL RESPONSES

We identified the individual peptide targets of anti-
HEV T-cell responses using IFN-y ELISpot assays.
Fine mapping was performed by repeat testing of posi-
tive IFN-y ELISpot pools using smaller pools of pepti-
des (minipools) and individual peptides contained
within these. Using this approach, we identified 40
individual 15-AA-long peptides targeted by HEV-

1939


http://onlinelibrary.wiley.com/doi/10.1002/hep.28819/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28819/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28819/suppinfo

BROWN, HALLIDAY, ET AL.

7783

100 1 @ 32 HQ389543
O 3a JN564006
O 3a JQ679013
O 3a AB074918
QO 3a AB074920
O 3a AB089824
QO 3a AF060668
O 3a AF060669
100 =— O 3a JN837481
O 3 AB369689
100 - O 3b AB291951
O 3b AB291953

70

100

100

100

O 3b AB291963
QO 3b AB630971
QO 3b AB291962
O 3b AB301710
— O 3b AB189074
O 3b AB091394
O 3b AP003430
O 3b AB369691

100 O 3h JQ013794
Q;I__,:O 3c KJ701409
88 QO 3¢ KC618403

O 3e JQ013795
O 3e AB248520
O 3e KF922359
O 3 KJ873911
100, O 3f KC166969
O 3 KC166971
O 3f JN906974
QO 3f AB850879
QO 3f FJ956757
O 3f EU495148
QO 3f AB291961

O 3f FJB53660
O 3f AB369687

A 3ra JQ013791

100

100

A 3ra JQ013793

100 A 3ra KJ013414
% A 3ra AB740221
A 3ra FJ906896
% A 3ra JX565469
= A 3ra AB740222
9 A 3ra AB740220

— [0 7 KJ496144

100 ———— [0 7 KJ496143

100 O 2 M74506
1 M73218
] O 4 AJ272108
e [0 5 AB573435
_iga I [0 6 AB856243
100 [0 6 AB602441
A
0.01

1940

HEPATOLOGY, December 2016

FIG. 1. Phylogenetic analysis of HEV com-
plete genome sequences. A neighbor-joining
tree was produced using a Poisson model of
AA distances between 36 concatenated ORF1
and ORF2 regions (but not including the
ORF1 hypervariable region) from human-
derived HEV genotype 3 isolates (open
circles), rabbit-derived genotype 3 isolates
(open triangles), and reference sequences of
other genotypes (open squares). Sequence
HQ389543 (subtype 3a) that was used to
generate the peptide set is shown with a filled
circle. Branches supported by >70% of boot-

strap replicates are indicated.
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FIG. 2. Total magnitude of HEV specific T-cell responses in immune-competent HEV-exposed subjects measured by IFN-y ELI-
Spot assay. (A) IFN- y ELISpot responses displayed according to time interval (<12 months or >12 months) between diagnosis and
assessment of T-cell responses. x-axis: individual subject number; the number in brackets represents the time interval (in months).
Individuals who had detectable virus (PCR) at the time of the assay are indicated with a + on the x-axis label, and the 1 patient
infected with genotype 1 HEV (029) is labeled “genol.” y-axis: Each column represents the summed IFN-y ELISpot response to
HEV peptide pools (A-I, L-N) for an individual patient. Individual shading patterns within bars indicate the contributing response of
each peptide pool (see legend). (B) Pearson’s correlation analysis of total magnitude of IFN-y ELISpot response (y-axis; logyo scale)
with increasing time from diagnosis in months (x-axis; logy scale). Linear regression line has been plotted. (C) Pearson’s correlation
analysis for number of positive peptide pools (y-axis; linear scale) with increasing time from diagnosis in months (x-axis; logig scale).
Linear regression line has been plotted. (D) Summed IFN-y ELISpot responses in individuals grouped according to an interval of
either <12 months or >12 months between HEV infection and assessment. Horizontal lines represent group medians (*interquartile
range). (E) Longitudinal IFN-y ELISpot responses, plotted as total magnitude (y-axis) assessed over time (indicated on x-axis) in 5
individual volunteers after onset of acute HEV infection.

specific T-cell responses (Table 2A). Assuming that
positive overlapping peptides contained a single T-cell
target, we identified 23 T-cell targets in total, nine of
which were further mapped to 11-AA-long peptides
(Table 2A,B). Responses to 14 of the identified targets
were detected in more than 1 HEV exposed subject.
In addition, using knowledge of the responding
patient(s) HLA type and the experimentally defined
15-AA-long peptide T-cell targets, in silico epitope
prediction was performed using program NetMHC

and resulted in a further 12 T-cell epitopes (Support-
ing Table S4).

HEV SEQUENCE DIVERSITY AT
SITES CORRESPONDING TO
PEPTIDE TARGETS OF ANTI-HEV
T-CELL RESPONSES

To establish the relative level of diversity for each
ORF of the HEV genome at immunogenic peptide
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FIG. 3. IFN-y ELISpot responses in immunosuppressed patients with resolved or chronic HEV infection. (A) Each bar repre-
sents the summed IFN-y ELISpot response for an individual patient to HEV peptide pools. Individual shading patterns within
bars indicate the contributing response of each pool (see legend). x-axis: individual patient numbers with the interval (in
months) between diagnosis of acute infection and sampling shown below. In patients who resolved HEV infection, the number
of months since clearance at time of sampling is also shown. (B) Immunosuppressed patients with either chronic HEV infection
(HEV™ by PCR) or resolved HEV infection (HEV IgG™, HEV™ by PCR) compared with total HEV response in 44 immune-
competent HEV-exposed individuals. Horizontal lines represent group medians (*interquartile range). Abbreviation: ns, not
significant.
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TABLE 2A. HEV T-Cell Target Mapping to Individual 15 Amino Acid Peptides

HEV Pepfide HEV Pepfide HEV Genome Respondin% Patient(s) CD4/CD8
No. HEV Peptide Sequence Pool Region (SFU/10° PBMC) Restriction
10 FLSRLQTEILINLMQ A ORF1 031 (25) Un
38 GFSRCAFAAETGVAL A ORF1 035 (1370), 043 (295) CD8
39 CAFAAETGVALYSLH 043 (135)
78 KSTFHAVPVHIWDRL B ORF1 029 (1098) CD8
79 HAVPVHIWDRLMLFG 029 (830)
113 LVFDESVPCRCRTFL C ORF1 030 (560), 031 (1055) CD8
114 ESVPCRCRTFLKKVA 030 (70), 031 (955)
199 RRLLYTYPDGAKVYA E ORF1 113 (130) CD8
200 YTYPDGAKVYAGSLF 113 (95)
260 NGRRVVIDEAPSLPP F ORF1 029 (93), 035 (105) CD4
281 TSRVLRSLFWNEPAI F ORF1 043 (118), 109 (80), CD8
110 (98)
282 LRSLFWNEPAIGQKL 109 (63), 110 (75)
328 CRMAAPSQRKAVLST G ORF1 029 (205), 034 (75), Un
329 APSQRKAVLSTLVGR 042 (30), 047 (25),
330 RKAVLSTLVGRYGRR 029 (198), 110 (100)
432 CFCLCCPRHRPASRL I ORF3 031 (45) Un
433 CCPRHRPASRLAVWV 031 (35)
456 LFFVFLPMLPAPPAG L ORF2 030 (15), 034 (40) Un
466 QPFALPYIHPTNPFA L ORF2 029 (18), 043 (33), Un
467 LPYIHPTNPFAADW 109 (68), 115 (30),
029 (15)
486 GAILRRQYNLSTSPL M ORF2 029 (35), 032 (20), CD4
487 RRQYNLSTSPLTSSV 045 (30), 110 (55)
488 NLSTSPLTSSVASGT 115 (50), 029 (70),
030 (156), 035 (115),
045 (45), 109 (33),
110(50), 029 (40),
030 (45)
491 SGTNLVLYAAPLNPL M ORF2 031 (80), 032 (85) cD8
492 LVLYAAPLNPLLPLQ 031 (30), 035 (210)
514 ASELVIPSERLHYRN M ORF2 035 (90), 108 (30), CD4
110 (120)
521 EEATSGLVMLCIHGS M ORF2 101 (723) CD8
525 VNSYTNTPYTGALGL M ORF2 030 (110), 031 (523), CD8
526 TNTPYTGALGLLDFA 045 (60), 047 (340),
101 (53), 113 (55),
030 (90), 031 (b25b),
045 (30), 101 (65)
539 LTTTAATRFMKDLHF M ORF2 042 (135) CD8
5560 TELISSAGGQLFYSR N ORF2 035 (290), 108 (40) CD8
555 NGEPTVKLYTSVENA N ORF2 029 (50) CD4
556 TVKLYTSVENAQQDK 029 (135)
567 TPSPAPSRPFSVLRA N ORF2 031 (110), 045 (35) CD8
576 TNPMYVSDTVTFVNV N ORF2 031 (35) CD8
577 YVSDTVTFVNVATGA 031 (25)
587 SKTFYVLPLRGKLSF N ORF2 031 (120) CD4
588 YVLPLRGKLSFWEAG 031 (40)
603 AVGVLAPHSALAVLE N ORF2 031 (115) CD8
604 LAPHSALAVLEDTVD 031 (105)

Regions of sequence overlap between adjacent peptides are shown underlined.
CD4 or CDS restrictions were determined by CD8" depletion ELISpot.

Abbreviation: Un, unknown.

targets identified by IFN-y ELISpot mapping, we next
generated pair-wise distance plots (Fig. 4) using the 36
tull-length human HEV genotype 3 sequences that
were used to generate Fig. 1. Most peptide responses
were directed against regions of the genome that are

relatively well conserved, with the majority located in
ORF2, which encodes the main structural subunits of
the virus. None of the epitopes that we identified tar-
geted a region of hypervariability within ORF1 (AA
numbers 707-792, numbered relative to AF082843).
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TABLE 2B. HEV Epitope Mapping to 11 Amino Acid Peptides by ELISpot Assay

HEV Pepfide HEV T-Cell HEV Pepfide HEV Genome Respondin% Patient(s)
No. Epitope Sequence Pool Region (SFU/10” PBMC)
38/39 CAFAAETGVAL A ORF1 35 (1248)

43 (298)
78/79 HAVPVHIWDRL B ORF1 29 (240)
113/114 ESVPCRCRTFL C ORF1 30 (25)
199/200 YTYPDGAKVYA E ORF1 113 (293)
281/282 LRSLFWNEPAI F ORF1 43 (153)

110 (70)
432/433 CCPRHRPASRL ORF3 31 (25)
466/467 LPYIHPTNPFA L ORF2 43 (30)

115 (23)
525/526 TNTPYTGALGL M ORF2 30 (108)

45 (58)

113 (70)
576/577 YVSDTVTFVNV N ORF2 31

CYTOKINE PROFILE OF ANTI-
HEV T-CELL RESPONSES AS
ASSESSED BY ICS

We determined the cytokine profile of HEV-
specific T-cell responses by ICS following peptide
stimulation with HEV peptide pools and individual
immunogenic peptides identified by ELISpot mapping
in 14 immune-competent HEV exposed subjects.
Both CD8" and CD4™ responses were observed (Fig.
5). HEV-specific CD8" T-cell responses were stron-
ger and more readily detectable by ICS than CD4" T-
cell responses both early (<12 months) and late (>12
months) after HEV presentation. However, both
CD4" and CD8™" T-cell responses decreased in mag-
nitude late after infection (Fig. 5A,B).

The polyfunctionality of HEV-specific CD4" T
cells did not differ when measured early or late after
diagnosis; however, a contraction of the IL-2 monop-
roducing T cells and expansion of IFN-y monopro-
ducing T cells was observed. A significant proportion
of CD4" T cells made IFN-y, TNF-¢, and IL-2 at
both time points (Fig. 5C). Early postinfection,
approximately half of the HEV-specific CD8" T cells
were MIP-1-f or IFN-y monoproducers, and half
were polyfunctional—producing a combination of
MIP-1-f and IFN-y, or MIP-1-f, IFN-y, and
TNFo, with little IL-2 or CD107% when stimulated
with HEV peptides (Fig. 5B). In contrast, at later time
points, the majority of CD8" T cells were MIP-1-f
monoproducers (Fig. 5D).

The memory phenotype (CD127, CD45RA, and
CCRY7) of HEV-specific T cells was assessed early (1
month) and late (16-22 months) after HEV infection.
Both early and late postinfection, HEV-specific T cells

1944

were predominantly CD127" (1 month, median
CD4" 75.2% and CD8" 46.15%; 16-22 months,
CD4" 83.3% and CD8" 51.1%; n = 2-3; Supporting
Fig. S2). HEV-specific CD4" and CD8™" T cells were
central memory (Tem) and effector memory (Tem)
phenotype, with a shift from predominantly Tem to
Tem in CD4" and an increase in Tem and Temra
CD8" T cells when comparing early to late time
points post-HEV infection (Supporting Fig. S2).

The change in phenotype and polyfunctionality of
HEV-specific T cells are characteristic of those
observed for T-cell memory differentiation after a
cleared acute viral infection.®?>°)

QUANTIFICATION OF IFN-y
PRODUCTION BY WHOLE BLOOD
FROM HEV-EXPOSED, IMMUNE-
COMPETENT VOLUNTEERS
AFTER HEV ANTIGEN
STIMULATION

Having shown that ORF2 was the most common
T-cell target after HEV exposure, we used a commer-
cially available QuantiFERON assay kit to assess
IFN-y production by whole-blood samples after ex
vivo stimulation with HEV antigen 239 in immune-
competent HEV-exposed volunteers. HEV antigen
239 is a truncated capsid protein corresponding to
AAs 368-606 of the HEV ORF2 and is the key com-
ponent of the current Innovax HEV vaccine.® IFN-
7 production was significantly increased in HEV-
exposed volunteers compared with unexposed healthy
volunteers after HEV 239 stimulation ex vivo (0.79
vs. 0.14 IU/mL; median values, P < 0.01; Fig. 6A).
We also observed an inverse correlation between
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IFN-y production and the time from onset of clinical
HEYV infection (P < 0.001; Spearman r = -0.35; Fig.
6B). An arbitrary cut off of 0.3 IU/mL for this assay
provides 100% specificity for HEV exposure in our
cohort, with 71% sensitivity, and an area under the
receiver operator characteristic curve (AUROC) of
0.86. Of the 17 volunteers who had HEV 239 anti-
gen QuantiFERON assessment, 13 had simultaneous
collection of PBMCs for comparison of IFN-y ELI-
Spot responses (Fig. 6C). We observed a direct corre-
lation between QuantiFERON-measured IFN-y
after HEV antigen 239 stimulation and IFN-y ELI-
Spot responses to pool N (the pool containing the

corresponding structural peptides; P < 0.01; Spear-
manr = 0.72).

Discussion

In this study, we report an assessment of HEV-
specific T-cell immunity against peptides encoded by
the full-length HEV genotype 3 genome, in both
immune-competent and immunosuppressed individu-
als with a history of HEV exposure. In immune-
competent HEV-exposed individuals, we observed
broad T-cell responses targeting antigens from all three
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FIG. 5. Functionality of T-cell responses following HEV peptide stimulation (A,B); percentages of CD4™ (A) or CDS* (B) T cells
producing a given cytokine (background subtracted). Each symbol represents a patient’s response to PBMC stimulation overnight (16
hours) with a peptide pool or pools assessed by intracellular cytokine staining. Fourteen immunocompetent HEV-exposed individuals
were assessed (for subject IDs, see legend). Symbols in red are subjects with an interval between diagnosis and collection of PBMCs
of <12 months (n = 21); those in black are >12 months (n = 9). Horizontal lines represent group means. (C,D) Polyfunctionality
of T-cell responses to HEV peptide pool stimulation. SPICE analysis was performed on positive CD8" and CD4" T-cell responses
from 14 immunocompetent HEV-exposed volunteers (responses >0.03% of CD4" or CD8" T cells producing any single cytokine
assessed were considered positive) measured at an early time point (<12 months) or a late time point postdiagnosis (>12 months).
Pie charts represent the proportion of cytokine-secreting cells that produce one, two, three, and four cytokines (IFN-y, TNF-o, MIP-
1-B, and/or IL-2) for CD4" T cells and up to five cytokines (CD107¢) for CD8" T cells. Pie arcs show the proportion of T cells
producing a single cytokine. Bar and pie base, median. (E) Example ICS FACS plots: staining for TNF-o versus IFN-y and MIP-1-
B versus IL-2 for CD4" T cells and TNF-o versus IFN-y and MIP-1-§ versus CD107a for CD8" T cells after stimulation with
pooled HEV peptides or DMSO (negative control). Plots are gated on live, CD3", CD4", or CD8" T cells.

ORFs of the HEV genome. The majority of these had
detectable T-cell responses targeting multiple parts of
the HEV genome. ORF2—the key component of two
recently developed recombinant protein HEV vac-
cines®®*”) that codes for the viral capsid protein—was
the most commonly targeted viral domain.

The durability of host HEV immunity after acute
infection is unknown. Our data suggest that although T-
cell responses can be detected more than 10 years after
primary HEV infection, the magnitude of these
responses decreases in the early months after primary
infection. This is largely based on cross-sectional data;
however, longitudinal analysis of T-cell responses in 5
immune-competent patients with acute HEV infection
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provides further evidence of the rapid contraction of anti-
HEV T-cell responses with time. Others have shown
that humoral responses against HEV can be detected
more than 12 years after primary infection and that these
contract over time (negative seroconversion rates 1.4%/
year).®®” The capacity for secondary reinfection with
HEV in some individuals®” may simply be a result of
waning adaptive immune responses in the absence of
HEV infection with a decline in CD8" T-cell polyfunc-
tionality. However, other possibilities, such as infection
with an alternative HEV genotype in the absence of
cross-reactive T-cells, should also be considered.

Next, we identified 23 individual (17 overlapping)
HEV-specific T-cell peptide targets in immune-
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FIG. 6. Quantitative assessment of IFN-y production by whole blood in response to HEV antigen 239. (A) Six unexposed healthy
volunteers compared to 17 immune-competent HEV-exposed individuals. Complete horizontal lines represent group medians; the
horizontal dotted line represents an arbitrary cut off of 0.3 IU/mL. (B) IFN-y production assessed using the QuantiFERON assay.
The x-axis (log scale) represents the time (days) between clinical onset of HEV infection and sample collection. The y-axis (log scale)
is the plasma IFN-y concentration after stimulation of whole blood in vifro with HEV antigen 239. (C) Spearman’s correlation analy-
sis between QuantitFERON results (y-axis; logyo scale) and IFN-y ELISpot (x-axis; logyo scale) response to the peptide pool (pool N)
corresponding to HEV antigen 239. Lines of best fit are demonstrated on graphs (B) and (C).

competent subjects, 14 of which were targets in more
than 1 patient. We experimentally mapped nine of the
CD8" T-cell targets to 11-AA-long peptides and
used an i silico approach to predict 12 additional epit-
opes in association with host HLA alleles. We assessed
the relative variability of the HEV genome at sites cor-
responding to immunogenic targets and showed that
these were generally located in regions of the genome
with low variability, with none located in the hypervar-
iable region of ORF1. It is likely that these T-cell tar-
gets would be cross-reactive with other HEV
genotypes, but this would require formal evaluation in
future studies. Some evidence for intergenotypic T-cell

cross-reactivity was provided by the high magnitude
and broad T-cell response observed in the HEV geno-
type 1l-infected patient (patient 029) assessed using
genotype 3 peptides.

An association between acute HEV infection and
autoimmune diseases, including Guillain-Barre syn-
drome,®” neural%ic amyotrophy,(él) and acute trans-
verse myelitis,*® has been demonstrated. These
associations are thought to be caused by molecular
mimicry, whereby as a consequence of shared molecu-
lar homology, host immune responses against virus
inadvertently target self-antigen. This study now pro-
vides a series of HEV T-cell targets that can be
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assessed in other diseases where HEV has been impli-
cated in pathogenesis.

Assessed by ICS, we found that anti-HEV memory
T-cell responses in immune-competent HEV-exposed
subjects were predominantly CD8™" and monofunctional.
CD8" T cells most frequently produced MIP-1-f, a
chemokine important for the recruitment of innate
immune cells, followed by IFN-y, TNF-«, and CD107-
a. CD4" T cells, on the other hand, were more fre-
quently positive for IFN-y, TNF-o, and IL-2. IL-7 sig-
naling is an important survival signal for memory T cells,
and the expression of its receptor, CID127, is characteris-
tic of long-lived memory T cells.***> HEV-specific T
cells assessed here were predominantly CD127" and
were a mixed population of central (T'em) and effector
memory (Tem) subsets, with little CD45RA reexpress-
ing T cells. The phenotype and cytokine profile of the
HEV-specific T cells is indicative of a T-cell response to
an acute, cleared, viral infection, and it is consistent with
the development of a population of memory T cells that
may persist and offer enhanced protection on reinfection.

Compared with immune-competent HEV-exposed
subjects, we found that organ transplant recipients had
anti-HEV T-cell responses that were reduced in magni-
tude and breadth, irrespective of whether they had
chronic or resolved HEV infection. In conflict with pre-
viously published data,*? we did not observe that immu-
nosuppressed patients who had resolved their infection
had significantly higher magnitude responses than those
with chronic infection. One possible explanation for this
discrepancy between studies may relate to the timing of
T-cell assessment relative to that of the resolution of
HEV infection—assuming the same contraction of T-
cell responses observed in immune-competent HEV-
exposed subjects occurs in immunosuppressed patients,
those who had cleared infection would have reduced
responses if assessed at significantly later time points. In
our study, the median time between HEV onset and
assessment was 24 months for organ transplant recipi-
ents, but data relating to timing of resolution of viremia
were not available for all subjects.

We next assessed the diagnostic utility of a commer-
cially available QuantiFERON assay that uses HEV
antigen 239 (a truncated capsid protein) to confirm
HEV  exposure in immune-competent subjects.
Although there has been significant improvement in the
diagnostic sensitivity of serological assays for HEV infec-
tion, the possibility that they lack specificity has been
raised by reports of high HEV IgG seroprevalences in
regions where acute HEV is diagnosed only rarely.®) In
our study, all “exposed” HEV subjects had clinical
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evidence of HEV infection, although the possibility of
seronegative, unrecognized infection in our healthy con-
trol group cannot be excluded. We observed increased
IFN-y in HEV-exposed, compared to unexposed, indi-
viduals and an inverse correlation between IFN-y pro-
duction and time from onset of clinical HEV infection.
Although an arbitrary cut oft of 0.3 IU/mL for this assay
provided 100% specificity for HEV exposure, this was
only 71% sensitive, with an AUROC of only 0.86.
Clearly therefore, this test has limited applicability for
the confirmation of HEV exposure.

Finally, whereas our study was specifically designed to
assess the role of HEV-specific T cells in HEV control,
viral peptides have also been shown to regulate natural
killer (NK) activity.®® Whereas we have largely con-
firmed that the IFN-y responses we detect in our assays
are T-cell derived, we believe that the role of NK cells in
controlling HEV should be evaluated in further studies.

In summary, we have demonstrated that the cellular
immune response against HEV genotype 3 infection is
broadly targeted against all three ORFs of the HEV
genome in both immune-competent and, to a more
limited extent, immunocompromised subjects. Where
measurable, HEV-specific T cells target relatively con-
served HEV peptides and are predominantly focused
toward the HEV capsid protein. We demonstrate that
T-cell responses are still detectable more than 10 years
after the resolution of HEV infection, and although
these responses contract with time, their focus toward
conserved viral antigens is likely to assist both in the
clearance of primary HEV infection and, also, in the
protective immune response against recurrent disease.
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