High-Throughput T-Cell Receptor Sequencing Across
Chronic Liver Diseases Reveals Distinct
Disease-Associated Repertoires

2,3,4 6

Evaggelia Liaskou,' Eva Kristine Klemsdal Henriksen,>** Kristian Holm,>>* Fatemeh Kaveh,” David Hamm,
Janine Fear," Marte K. Viken,” Johannes Roksund Hov,**'! Espen Melum,>** Harlan Robins,?®
Johanna Olweus, **'*" Tom H. Karlsen,>>*'"" and Gideon M. Hirschfield""

Hepatic T-cell infiltrates and a strong genetic human leukocyte antigen association repre-
sent characteristic features of various immune-mediated liver diseases. Conceptually the
presence of disease-associated antigens is predicted to be reflected in T-cell receptor (TCR)
repertoires. Here, we aimed to determine if disease-associated TCRs could be identified in
the nonviral chronic liver diseases primary biliary cirrhosis (PBC), primary sclerosing chol-
angitis (PSC), and alcoholic liver disease (ALD). We performed high-throughput sequenc-
ing of the TCRp chain complementarity-determining region 3 of liver-infiltrating T cells
from PSC (n = 20), PBC (n = 10), and ALD (n = 10) patients, alongside genomic human
leukocyte antigen typing. The frequency of TCRp nucleotide sequences was significantly
higher in PSC samples (2.53 * 0.80, mean * standard error of the mean) compared to PBC
samples (1.13 = 0.17, P<0.0001) and ALD samples (0.62 = 0.10, 2<0.0001). An average
clonotype overlap of 0.85% was detected among PSC samples, significantly higher com-
pared to the average overlap of 0.77% seen within the PBC (P = 0.024) and ALD groups
(0.40%, P<0.0001). From eight to 42 clonotypes were uniquely detected in each of the
three disease groups (>30% of the respective patient samples). Multiple, unique sequences
using different variable family genes encoded the same amino acid clonotypes, providing
additional support for antigen-driven selection. In PSC and PBC, disease-associated clono-
types were detected among patients with human leukocyte antigen susceptibility alleles.
Conclusion: We demonstrate liver-infiltrating disease—associated clonotypes in all three dis-
eases evaluated, and evidence for antigen-driven clonal expansions. Our findings indicate
that differential TCR signatures, as determined by high-throughput sequencing, may repre-
sent an imprint of distinctive antigenic repertoires present in the different chronic liver dis-
eases; this thereby opens up the prospect of studying disease-relevant T cells in order to
better understand and treat liver disease. (HEPATOLOGY 20155 00:000-000)
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evident."? T-helper type 17 cells are present, and
reduced numbers of T regulatory cells have been
reported.>* CD4" and CD8" T cells are also involved
in the pathogenesis of PBC, presumably a result of envi-
ronmental insults in genetically susceptible individu-
als.>® In alcoholic cirrhosis, lymphocytes comprise the
dominant infiltrating cell type, with CD4" and CD8™
T cells being detected in expanded portal tracts and in
periseptal areas associated with interface hepatitis and
progressive fibrosis.” While the predominant T-cell infil-
trates suggest that T cells are important for the initiation
or propagation of disease in PSC, PBC, and ALD, their
antigenic specificities have not been broadly determined
and therapies targeting the T-cell infiltration are not in
clinical use.

In the autoimmune cholestatic liver diseases PSC and
PBC, the strongest genetic associations are within the
major histocompatibility complex (MHC),® with the
most important being the classical human leukocyte
antigen (HLA) class I and II molecules.” Presentation of
the triggering antigen(s) by professional antigen-
presenting cells through HLA class I and II molecules
results in activation and expansion of the T cells bearing
the cognate antigen-specific T-cell receptors (TCRs).
Therefore, studies of liver-infiltrating T cells classified
on the basis of their TCR, rather than by means of cell
surface markers or cytokine profiles, has potential to
allow study of disease-relevant T cells, the relationship
between their antigenic specificities, and the strong dis-
ease associations with the HLA locus. Deep characteriza-
tion of complex disease phenotypes by stratification of
patients based on genetic signatures and clinical features
is an important approach needed not only to better
understand disease but also develop rational effective
therapies. '

We hypothesized that in different immune-mediated
liver diseases a disease-associated antigenic repertoire
drives the recruitment and expansion of distinctive T-
cell repertoires within the liver. If so, this would be
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expected to leave an imprint on the corresponding TCR
repertoires. We used high-throughput TCRf sequenc-
ing, a previously inaccessible level of TCR repertoire
analysis, and a large number of samples to explore if
such disease-associated TCR repertoires could be identi-
fied in fresh frozen disease-affected liver tissue from
patients with two strongly HLA-associated diseases
(PSC and PBC), with ALD as a control.

Materials and Methods

Human Tissue. Freshly explanted liver tissue was
available through our transplant program at the Queen
Elizabeth Hospital in Birmingham, United Kingdom.
Fresh frozen explanted liver tissue from a total of 20
patients with PSC, 10 patients with PBC, and 10
patients with ALD were used. All samples were collected
after local research ethics committee approval and
patient consent.

TCRP Chain Amplification, High-Throughput
Sequencing, and Analysis. Genomic DNA from
whole fresh frozen human liver tissue (20-30 mg) was
extracted using the DNeasy Mini Kit (Qiagen, Valencia,
CA). The TCRf complementarity-determining region
3 (CDR3), which encompasses the V (variable), D
(diversity), and ] (joining) recombination junctions and
encodes the portion of the TCR that directly contacts
the peptide-MHC,'"'"* was amplified from genomic
DNA using the ImmunoSEQ assay (Adaptive Biotech-
nologies, Seattle, WA).'? In this assay a multiplex poly-
merase chain reaction (PCR) system was used to
amplify the rearranged CDR3f sequences from sample
DNA. The 87-bp fragment is sufficient to identify the
VD] region spanning each unique CDR3f. Amplicons
were sequenced using the Illumina platform. TCRS V,
D, and ] gene definitions were provided by the IMGT
database (www.imgt.org). The assay is quantitative, hav-
ing used a complete synthetic repertoire of TCRs to
establish an amplification baseline and adjust the assay
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chemistry to correct for primer bias. In addition, bar-
coded, spiked-in synthetic templates were used to mea-
sure the degree of sequencing coverage and residual
PCR bias. This information was used for further PCR
bias correction and to estimate the abundance of tem-
plates in each sample that could be sequenced. The
resulting data are filtered and clustered using both the
relative frequency ratio between similar clones and a
modified nearest-neighbor algorithm, to merge closely
related sequences and remove both PCR and sequencing
errors. Data were analyzed using in-house developed
bioinformatics scripts, the tcR package of R software (R
Foundation for Statistical Computing, Vienna, Austria),
and the ImmunoSEQ analyzer tool set (http://www.
adaptivebiotech.com/immunoseq/analyzer)  (analytical
flow chart; see Supporting Fig. S1).

HILA Typing. Genomic DNA was extracted from
the same human PSC, PBC, and ALD liver tissue using
the DNeasy Mini Kit (Qiagen). Amplification of exons
2 and 3 for HLA-B and HLA-DRB1 was performed, fol-
lowed by sequencing using BigDye chemistry (Applied
Biosystems, Foster City, CA) and the ABI3730 genetic
analyzer (Applied Biosystems). Allele assignment was
done using the AssignSBT software (Conexio Genomics,
Fremantle, Australia). In some PBC and ALD liver sam-
ples, HLA-B and HLA-DRBI were amplified and pre-
pared for sequencing using NGSgo workflow (GenDX,
Utrecht, The Netherlands). For these samples, sequenc-
ing was performed on a MiSeq (Illumina, San Diego,
CA) at the Norwegian Sequencing Centre (Oslo, Nor-
way), and the alleles were assigned using the NGSengine
software (GenDX).

Assessment of T-Cell Clonality. T-cell clonality, a
term used to quantify the diversity of clones in a sample,
was provided by Adaptive Biotechnologies. Clonality is
calculated as 1 — (Shannon’s entropy)/log2(number of
productive unique sequences). By dividing the number
of unique sequences being measured that are independ-
ent of sampling depth this provides a diversity measure-
ment that is strictly a function of the spectrum of clone
frequencies in a sample.'*

Important Terms Used in the Study. The term
productive sequences describes TCRf sequences in which
the entire TCR gene is expected to translate to a func-
tional protein. The term productive unique sequences
describes TCRp sequences comprised of a unique nucle-
otide sequences. The term clonotypes describes TCRf
sequences comprised of unique amino acid sequences.
Clonality is a measurement of TCRf diversity, calculated
as 1 — (Shannon’s entropy)/log2(number of productive
unique sequences). Entropy is a measurement of the
uncertainty associated with the predictability of the
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Table 1. Characteristics of the Study Population

Characteristics PSC (n = 20) PBC (n=10) ALD (n=10)
Mean age at 48 + 13 477 45+6
transplantation (years)

Male sex (%) 85% 20% 80%
Serum ALT (IU/L) 71+ 35* 152 + 147 28 £ 14*
Serum AST (IU/L) 102 += 62 11277 27+ 6"
Serum BIL (umol/L) 179 =204 194 =233 63 =34
Serum ALP (IU/L) 776 £ 540 436 = 333 268 *+ 287
Serum ALB (g/L) 32+t6 38+7 32+7

Antimitochondrial antibody (%) 90%

Plus or minus values are means = standard deviation.
*Mean ALT values from two of 20 PSC and five of 10 ALD patients.
TMean AST values from three of 10 PBC and five of 10 ALD patients.
Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine amino-
transferase; AST, aspartate aminotransferase; BIL, bilirubin.

identity of a unique TCR in a sample as a function of
the frequency spectrum of all TCRs in a sample.

Statistical Analysis. For normally distributed data,
one-way analysis of variance (ANOVA) was performed.
Group differences were compared using two-way
ANOVA. Pairwise differences in continuous data were
compared using the nonparametric Wilcoxon rank-sum
test. < 0.05 was considered statistically significant.

Results

A Higher T-Cell Diversity Is Detected in Liver
Samples From PSC Relative to PBC and ALD
Patients. Our study cohort consisted of 20 patients
with PSC, 10 patients with PBC, and 10 patients with
ALD (Table 1). The total number of sequencing reads
achieved for each disease group was 0.46 X 10° to 1.18
X 10° for PSC, 0.65 X 10° to 3.17 X 10° for PBC,
and 0.46 X 10° to 2.94 X 10° for ALD; and the num-
ber of resulting productive sequences was 0.37 X 10° to
0.95 X 10° for PSC, 0.52 X 10° to 2.61 X 10° for
PBC, and 0.39 X 10° to 2.39 X 10° for ALD. A
detailed description of the total number of sequence
reads, productive sequence counts, number of produc-
tive unique sequences, the mass of reaction template
(amount of genomic DNA) used per sample, the num-
ber of diploid genomes, the number of gene rearrange-
ments and productive gene rearrangements, the percent
of T cells (calculated as productive genomic rearrange-
ments/total input DNA [ng] X [6.5 pg DNA/diploid
genome]), and richness (a metric showing the average
number of unique TCRs per T cell) of all samples is dis-
played in Supporting Table S1.

The number of productive unique TCRf sequences,
which is clones differing by their TCRf nucleotide
sequence, including different V, D, and ] rearrange-
ments, relative to the number of productive sequences


http://www.adaptivebiotech.com/immunoseq/analyzer
http://www.adaptivebiotech.com/immunoseq/analyzer
http://onlinelibrary.wiley.com/doi/10.1002/hep.28116/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/hep.28116/suppinfo

4  LIASKOU ET AL.

>

*kk*k
g 5 [ |
w
'g 8 4- *kkk
3 s a 1
:; 3— 34 aa
S0 |8
T e 2 AA? ™
e (o2 a |
Q ]
- 14 —= = ®
) f-_’ ll..l T*T
2 0 Y
PSC PBC ALD
50~
b ° -
o ® 40{ a, " -4
B Q n P c
58 s0lpap T B @
53 0l ap 2
5 Q % o LY =
w20 84 ¥ S
3-5 aa ¢ 3
EF 101 o S
X ‘©
C 1 | | s
PSC PBC ALD o
=]
S
2

HEPATOLOGY, Month 2015

0.25-
a
0.204 u .'
3\ aAbd | | -
A )
= 045] 88" e T
M .ﬂ% = i
c | ] | -
o | a = .
5 010 ! .
a
0.051
0.00 ' r T
PSC PBC ALD
Il PSC [ PBC ALD
*hkk
? 1500 *ﬁ*:r**
O 100004 ** 1
c — B
8 50004 ]
8- .[ -] mmf
(7)) 2
|
= 5
(% :
S
o\e o\o
00\ Q-Q\
‘&. Q,\;
Q.Q

Fig. 1. Clonal distribution of T cells in patients with PSC, PBC, and ALD. (A) Frequency of unique TCRf sequences identified in the liver of
patients with PSC, PBC, and ALD). Data points represent the percentage of unique sequences in the total productive T-cell receptor repertoire of
each individual, and bars depict the mean (=SEM) of the groups. Data were normally distributed, and differences between groups were com-
pared using one-way ANOVA. ****p < (0.0001. (B) Data show the distribution of T-cell clonal frequencies through the measurement of clonality.
A value of 0 indicates a maximally diverse sample, whereas a value of 1 indicates an entirely monoclonal sample. Each dot represents the clon-
ality of each patient’s sample, and bars show the mean (*=SEM) of the groups. (C) Percentage frequency of top 100 TCR/ nucleotide sequences
in PSC, PBC, and ALD. Data points represent the percentage of the top 100 TCR/3 sequences in the total repertoire of each individual, and bars
depict the mean = SEM of the percentages of each patient. (D) Frequency distributions of TCRf nucleotide sequences from PSC (n = 20), PBC
(n=10), and ALD (n = 10) patients. Data are presented as mean = SEM of distributions of each patient. Data were analyzed using two-way

ANOVA with Tukey’s post hoc test. Abbreviation: nt, nucleotide.

provides a general assessment of diversity within a sam-
ple. In PSC patients this percentage was 2.53 * 0.80%
(mean = standard error of the mean [SEM]), which was
significantly higher compared to PBC, 1.13 £0.17%
(P<0.0001), and ALD, 0.62 £0.10% (P<0.0001)
(Fig. 1A). This means there is a higher diversity of T
cells in PSC, with T cells in PBC and ALD showing a
less polyclonal T-cell repertoire. In line with this, clonal-
ity values between the three were highest in PBC

(0.153 £ 0.013, mean = SEM) and ALD
(0.146 = 0.013) and lowest in PSC (0.134 = 0.007),
but these differences were not statistically significant
(Fig. 1B). Clonal expansion was further assessed by cal-
culating the cumulative percentage of the repertoire that
was constituted by the top 100 TCRf nucleotide
sequences. This showed that in all three disease groups
the top 100 TCRf nucleotide sequences consisted of
one-quarter or more of the total T-cell receptor
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repertoire. The average fraction of the top 100 TCRf
sequences was 25.3% in PSC, 29.1% in PBC, and
31.6% in ALD, suggesting clonally expanded TCRf
nucleotide sequences (Fig. 1C). The TCRf nucleotide
sequences were similarly diverse in all three disease
groups, with the majority of sequences being present in
copy numbers within 0.001%-0.01%. In PSC and PBC
cases a significantly higher number of sequences (3548
and 3550, respectively) were present at <0.001% com-
pared to ALD (1458). In PSC, the highest number of
TCRp nucleotide sequences were within a range of
0.001%-0.01% (11,395), which was significantly higher
compared to the number of sequences within that fre-
quency range in PBC (9008) and ALD (4560) (Fig.
1D). Given that it is the amino acid sequence that
defines the structure binding both the epitope and the
MHC, independent of the nucleotide sequence, subse-
quent analysis was done using the amino acid sequence
of the TCR, with the unique TCRf amino acid sequen-
ces being called clonotypes.

Larger Owverlap in TCRP Repertoires Within
Than Between Disease Groups. We next investigated
the degree of overlap in TCRJ repertoires, both between
samples within the same disease and between the three
disease groups. In PSC, an average overlap of 0.85%
was detected between any two PSC patient samples
(range 0.47%-1.41%). This was significantly higher
than the average overlap of 0.77% (range 0.39%-
1.73%) seen in PBC (P=0.024) and 0.40% (range
0.14%-0.85%) seen in ALD (< 0.0001). The differ-
ence in average overlap between the PBC and ALD
groups was also statistically significant (< 0.0001)
(Fig. 2A). Between any two PSC samples a significantly
higher number of clonotypes was observed (8506) to be
common compared to PBC (2501, 7<0.01) and ALD
(964, P<0.0001) (Supporting Fig. S2). On average
0.72% (range 0.37%-1.17%) of clonotypes were com-
mon between PSC and PBC liver samples, an overlap
significantly higher than that observed between PSC
and ALD (0.50% [range 0.1%-1.13%], P < 0.0001)
and between PBC and ALD samples (0.48% [range
0.08-0.91%], 2 < 0.0001) (Fig. 2B). Only a small pro-
portion of shared clonotypes were among the most fre-
quent ones (>0.01%) within each disease group (Fig.
2C) as well as between disease groups (Fig. 2D). Collec-
tively, these data suggest that there is greater sharing of
TCRp repertoires within the PSC and PBC groups,
respectively, compared to the ALD group; that there is a
higher degree of sharing TCRf repertoires between PSC
and PBC than between either of these and ALD; and
that the majority of shared clonotypes are present at low
frequencies.
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Presence of Disease-Associated Clonotypes in PSC,
PBC, and ALD Patients.
response characteristics specific to each of the three dis-
eases could be detected, we searched for clonotypes pres-
ent in patients within one disease group and absent
from the data obtained from the other two. We identi-
fied eight clonotypes that were common between several
PSC samples but not found in PBC and ALD liver sam-
ples. The clonotype CASSPGQGEGYEQYF and the
clonotypes CASSEYSNQPQHF and CASSLGSGANV
LTF were found in eight of 20 (40%) and in seven of 20
(35%) PSC patients, respectively, while five clonotypes
were detected in 30% of PSC cases (6/20) (Supporting
Table S2). The frequencies of these PSC-associated clo-
notypes were low; in only a few patient samples they
were present at 0.01%-0.04% (Supporting Table S2). In
PBC patients, 39 clonotypes were seen among 30% of
patients and three were found in 40% of the cases
(CASSSTGRYGYTE CASSLSPGLASYEQYF, CATDP
PPPNYGYTEF) but not in any PSC or ALD samples
(Supporting Table S3). In PBC, only a few of these
disease-associated clonotypes were frequent (>0.1%),
whereas several were found at frequencies of 0.01%-
0.05%. Among 30% of ALD samples, eight clonotypes
were disease-associated that were completely absent from
PSC and PBC samples (Supporting Table S4). Three ALD
associated clonotypes were among the most frequent clo-
notypes in three patients (0.1%, 2.2%, 11.9%). Different
V family genes were used to create the same amino acid
clonotype (Supporting Tables $2-54) in all three diseases,
supporting antigen-driven selection as the basis of these
clonotypes.

Notably, five out of the eight PSC-associated clono-
types were present in a patient (PSC 10) (Supporting
Table S5) carrying the PSC-associated HLA-
DRB1*03:01-B*08:01 and DRB1*15:01-B*40:01 hap-
lotypes (Supporting Table S2). In 10 more PSC patients
37.5%-50% of the disease-associated clonotypes were
detected; all of these patients had at least one HLA-
DRB1  susceptibility  allele, ~ DRB1*03:01 or
DRB1*13:01 or DRB1*15:01 coupled with or without
the HLA-B*08 susceptibility allele (Supporting Table
§2). Of note, PSC patients who did not present any of
the disease-associated clonotypes had also at least one
HLA susceptibility allele (Supporting Table S6). In
PBC, the disease-associated clonotypes were detected in
patients with the DRB1*08:01 or DRB1*04:04 suscep-
tibility alleles, but disease-associated clonotypes (33.3%-
40.5%) were also detected in PBC patients with no
HLA-DRBI susceptibility alleles (Supporting Table S3).
Five ALD patients also presented 37.5%-50% of the

disease-associated clonotypes; these patients had a

To investigate if immune
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Fig. 2. Overlap in T-cell specificity in each group and between disease groups. A TCRf overlap was calculated based on the number of com-
mon amino acid clonotypes in two samples— (number of common amino acid clonotypes in the two samples X 2)/(total number of amino acid
clonotypes in sample 1 + total number of amino acid clonotypes in sample 2) X 100 —and the average of all samples in each group was
reported. (A) Data show the overlap of clonotypes in each disease group, PSC, PBC, and ALD. (B) Data show the overlap of clonotypes between
disease groups, PSC and PBC, PSC and ALD, and PBC and ALD. Data were normally distributed, and differences between groups were compared
using one-way ANOVA. *P = 0.024, ****P < (0.0001. (C) Degree of overlap between clonotypes in PSC, PBC, and ALD patients according to
their frequency. (D) Degree of overlap between clonotypes shared between PSC and PBC, PSC and ALD, and PBC and ALD patients. Data are
presented as mean = SEM of each patient combination.
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mixture of PSC susceptibility alleles (DRB1*15:01,
DRB1*03:01) and PSC and PBC protective alleles
(DRB1*07:01, DRB1*11:01) (Supporting Table S4).
Collectively, between eight and 42 TCRs were associated
with each of the three disease groups and were common
between a large fraction of patients within each group.

Disease-Associated Clonotypes Share Common
Amino Acid Characteristics. The presence of one
hydrophobic residue glycine (G) among two polar resi-
dues threonine (T) and/or serine (S) was revealed in the
CDR3 region of 62.5% of the PSC-associated clono-
types (T-G-T, TS-GG-T, GG-T, TS-GG-T, S§-G-T)
(Fig. 3A). An aspartic acid (D) or glutamic acid (E) was
present in 87.5% of PSC disease—associated clonotypes.
In PBC, serine (S), glycine (G), and tyrosine (Y) were
common in two out of the three disease-associated clo-
notypes that were found in 40% of cases (Fig. 3B). In
ALD, the presence of charged amino acid residues in the
CDR3 region of the disease-associated clonotypes was
more evident, with five of eight clonotypes sharing a
glutamic acid (E) and three of eight clonotypes sharing
an arginine (R). The presence of G-N (glycine-aspara-
gine) was evident in 62.5% of the ALD-associated clo-
notypes (Fig. 3C). Taken together these data suggest
that the disease-associated clonotypes share similar
TCRP protein characteristics.

T Cells From PSC, PBC, and ALD Patients Show
a Differential VB and Jp Gene Usage. The TCR
repertoire is shaped by the genetic background of the
individual and the response to (self)antigens; therefore,
antigen-driven stimulation in the context of similar
HLA molecules will lead to oligoclonal expansion of T
cells using common V-D-] segments.15 Thus, it is
important to delineate the V and Jf gene distribution
pattern among T cells in the different liver diseases. In
PSC a significantly higher percentage of clonotypes used
V01-01 (0.07%), V05-07 (0.02%), V06-04 (1.14%),
V06-09 (0.03%), V07-01 (0.007%), V11-02 (2.21%),
and V22-01 (0.0035%) compared to PBC: V01-01
(0.052%, P=0.04), V05-07 (0.009%, P =0.008),
V06-04 (0.87%, P=0.03), V06-09 (0.02%, P = 0.02),
V07-01 (0.001%, P=0.003), V11-02 (1.98%,
P=0.04), V22-01 (0%, P=0.04). In PBC, signifi-
cantly higher percentages of clonotypes used V06-05
(4.3%), V07-08 (1.73%), and V07-09 (4.03%) com-
pared to PSC: V06-05 (3.36%, P=0.001), V07-08
(1.53%, P =0.02), and V07-09 (3.40%, P=0.001). A
significantly higher percentage of clonotypes in PSC
used V06-08 (0.03%) and V29-01 (2.71%) compared
to ALD (V06-08 [0.01%, P=0.005] and V29-01
[2.42%, P =0.04]), whereas in ALD a significantly
higher percentage of clonotypes used V06-05 (4.23%)
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A PSC
74 - n-D-n - J
CASS i G TD T QYF
CASS D TS GGA D T QYF
CASS E LAGGP E T QYF
CASS GTS GGA D i, QYF
CASS LG S GAN VLT F
CASS PP S YE QYF
CASS PG QGEG YE QYF
CASS E YS NQ P QHF
B PBC
v - n-D-n - J
CASS ST G R YG YIF
CASS LS PGLA SYE QYF
CA TD PPPP NY G YTF
C ALD
v - n-D-n - J
CASS P TSGA N VLT F
CASS P D G SSG NT IY F
CASS R _GA GA NNE Q FF
CASS LAR V_ NTE AFF
CATS RDRG E TTE AFF
CASS P G LL NTE AFF
CASS FL QG TR TaY F
CASS EK_A QSE Qy F

Fig. 3. Amino acid characteristics of disease-associated clonotypes.
Data show the CDR3 of (A) PSC, (B) PBC, and (C) ALD disease-
associated clonotypes. The CDR3 region consisted of the V, D, and J seg-
ments with nontemplated nucleotides inserted or deleted in the junctional
sites. Polar amino acids are shown in red, hydrophobic amino acids are
shown in blue, and charged amino acids are shown in green. The n-D-n
region of each clonotype is underlined. Abbreviation: n, nucleotide.

compared to PSC (3.36%, P =0.0002). No significant
differences were found in the usage of V genes between
PBC and ALD liver T-cell clones, except the V07-09
gene, which was significantly more frequent in PBC
(4.04%) compared to ALD (3.60%, P=0.02) (Fig.
4A). No significant differences were detected for ] gene
usage between PSC and PBC T-cell clones, but in PSC
and PBC a significantly lower percentage of clonotypes
used J02-06 clonotypes (1.84% and 1.78%, respec-
tively) compared to ALD (2.05%, P = 0.03) (Fig. 4B).
The percentage frequency of all V and ] genes in all
three diseases are shown in Supporting Figs. $3-S6. We
further performed principal component analysis of the
V/] gene usage of all clonotypes, the top 1000, and the
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Fig. 4. V3 gene and Jf3 gene usage of clonotypes in the liver of PSC, PBC, and ALD patients. Data show the percentage frequency of (A) V
genes and (B) J genes used by clonotypes in PSC, PBC, and ALD. Data show mean = SEM frequency of each patient. Data were compared using
Wilcoxon rank-sum test. *P < 0.05, **P < 0.01, ***P < 0.0001.
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top 500 most frequent clonotypes in order to evaluate
their diversity in the three disease groups. When looking
at all clonotypes a clustering of ALD clonotypes along
PC1 is evident, but no clear differences appear between
PSC and PBC clonotypes (Supporting Fig. S7A). When
selecting the top 1000 and top 500 clonotypes, based on
their frequency, a clustering of PSC clonotypes along
PC2 (Supporting Fig. S7B,C) and a clustering of PBC
clonotypes along PC1 (Supporting Fig. S7C) appear.
The present data thus demonstrate a preferential usage
of Vf and Jp genes from T-cell clones infiltrating the
different liver diseases.

Discussion
Using high-throughput sequencing technology on a

large collection of fresh frozen human diseased liver tis-
sue samples, we report for the first time a comprehensive
characterization of the TCRf repertoire of hepatic infil-
trating T cells in three chronic nonviral liver diseases:
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PBCEA ALD

I PSC ALD

% frequency of V genes

TRBV06-05

TRBV06-08

TRBV29-01
TRBV07-09

PSC, PBC, and ALD. Our findings suggest that (1)
among the three liver diseases studied PSC shows the
highest T-cell diversity, (2) PBC and ALD T cells are less
polyclonal and diverse, and (3) disease-associated clono-
types were demonstrated in all three liver disorders with
signs of antigen-driven clonal selection based on differen-
ces in the number of unique nucleotide sequences coding
for a given amino acid sequence but also signs of antigen-
driven clonal expansion as seen in the high fraction of the
total T-cell receptor repertoire comprised of the 100 most
frequent nucleotide sequences. A key feature of our study
is that we characterize the receptor signatures of infiltrat-
ing T cells from diseased liver tissue without any iz vitro
manipulation such as cell culture that may bias the
results.

In contrast to our study of total T cells, the presence
of clonally expanded T cells in the liver of PBC patients
has been reported."® MHC class II-restricted autoreac-
tive CD4" T cells specific for the E2 component of
pyruvate dehydrogenase (PDC-E2) have been identified
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in peripheral blood and liver of PBC patients'” as well
as MHC class I-restriced CD8" T cells reacting to
PDC-E2."®"? Notably, the average frequency of PDC-
E2159.167-specific CD8™ T cells in expanded cultures of
liver-infiltrating  lymphocytes from end-stage PBC
patients has been calculated as 4.14 = 0.95 X 10~ %, but
undetectable levels of PDC-E2;s59.;67-specific CD8" T
cells have been reported in uncultured liver-infiltrating
lymphocyte samples,'” which partly agrees with our
findings and the low frequencies of the disease-
associated clonotypes detected in our PBC and PSC
end-stage patients. In addition, we report herein 42
disease-associated clonotypes found in PBC patients but
not in PSC and ALD liver patient samples. Notably, sev-
eral of these PBC clonotypes were detected in patients
with HLA-susceptible alleles. Further characterization of
the reactivity of these clonotypes will reveal their rela-
tionship to the PDC-E2 antigen, as well as potentially
novel antigenic drivers in PBC.

The presence of oligoclonal T cells in PSC livers has
also been previously suggested.”**" Importantly, these
prior studies were limited by technological constraints
because they were based on a limited number of anti-
bodies against Vf segments used in immunohistochem-
istry. Our data revealed the presence of high T-cell
diversity and polyclonality but in addition eight PSC-
associated clonotypes. The use of tissue from patients
with end-stage disease means that procedure (i.e., endo-
scopic retrograde cholangiography)-related colonization
and secondary insults due to cirrhosis and cholangitis
may be contributing to the background polyclonality of
the T-cell repertoire in PSC. However, in several
patients with clonotypes that appeared associated with
PSC, different V family genes were used to create the
same amino acid clone, further supporting an antigen-
driven selection and a potentially primary role in PSC
pathogenesis for the disease-associated clonotypes. Of
note, most of the shared clonotypes were found in PSC
patients carrying at least one susceptible HLA allele, fur-
ther supporting the hypothesis of a strong HLA associa-
tion resulting in a restricted antigenic repertoire.

Surprisingly, our data demonstrate for the first time
that ALD is not as non-immune-mediated as sometimes
considered. Our findings revealed a less polyclonal
nature of ALD liver-infiltrating T cells, with signs of
clonal expansions and the least T-cell diversity. Clinical
observations of ALD, such as elevation in serum immu-
noglobulin levels, antibodies to unique hepatic proteins,
alterations in the CD8"/CD4" T-cell subsets, and
changes in the normal cytokine balance do suggest an
altered immune regulation with an increased activity
toward normal self-proteins.”* Studies report that the

LIASKOU ET AL. 9

oxidation of ethanol results in the formation of a variety
of reactive molecules capable of binding covalently to
proteins in order to form adducts. Such adduct forma-
tion could impair protein function but could also gener-
ate neoantigens capable of eliciting a potentially
injurious immune response. In the livers of ALD
patients adducts have been identified,?? and it is believed
that such adducts could be presented by antigen-
presenting cells to CD4" T cells, thus inducing clonal
T-cell expansions. The less polyclonal nature of liver-
infiltrating T cells observed in our settings may indeed
be reflective of such neo-antigen-specific T-cell responses
and opens the possibility for specific assessments of the
antigenic reactivity of detected T-cell clones.

Studies in celiac disease, in which gluten-reactive
CD4" T cells have been identified, have shown that
DQ (A1*05:01, B1*02:01)—restricted gluten-specific T
cells carried diverse TCRs.** This opens the possibility
that the different disease-associated TCRs detected in
our liver disease samples may indeed be representative of
the same antigenic trigger(s). Of note, three of the PSC
and four of the PBC disease-associated clonotypes were
reported by others as common public clonotypes.*’
Again, paralleling observations with those of celiac dis-
ease is useful because the presence of gliadin-specific T
cells has been also reported in healthy individuals.*®
Our data revealed a greater TCR overlap among PSC
and PBC patients but also between PSC and PBC
patients. To what extent this is related to the fact that
bile duct injury is common to both conditions, com-
pared with ALD, can only be speculated, i.e., whether
this means that there are shared antigenic drivers repre-
sentative of the local immune environment in PSC and
PBC or the results merely reflect the higher number of
clonotypes detected in these conditions.

There are several technological and methodological
constraints that make the task of TCR characterization
challenging. The high-throughput sequencing approach
is fairly new, meaning analysis tools and interpretation
strategies are still under development. In addition, sam-
pling variability may be relevant to the data generated,
particularly so for PSC in which a patchy affection is
most pronounced. Furthermore, use of end-stage
explanted liver from liver transplantation may render
the identification of antigen-specific, disease-relevant T-
cell populations involved in the primary insult difficult
because several secondary inflammatory complications
are common at this stage that could cause infiltration by
bystander T cells. Nevertheless, our data provide impor-
tant insights characterizing the signatures of liver-
infiltrating T cells from a large number of diseased
chronic liver tissues without any 7z vitro manipulation;
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and on the insights gained, we strongly advocate that
the specificity phenotype of hepatic T cells needs to be
accounted for in the study of their functional properties
and role in the disease processes.

In summary, using high-throughput sequencing, we
provide a comprehensive characterization of the immune
profile of liver-infiltrating T cells from patients with PSC,
PBC, and ALD. Our data reveal the presence of disease-
associated clonotypes in all livers investigated. In PSC,
these features of antigen-driven clonal expansion occur
alongside T-cell diversity and polyclonality. In ALD, sur-
prisingly, a pronounced oligoclonal nature of liver-
infiltrating T cells was observed, along with the detection
of ALD-associated clonotypes, possibly supporting the
presence of neoantigen-specific T-cell responses in the
otherwise environmentally driven condition. The pres-
ence of disease-associated clonotypes in PSC and PBC
patients bearing HLA-susceptible haplotypes supports a
link between HLA and antigenic repertoires. Further
appreciation of antigenic triggers responsible for the
observation made has potential to help develop targeted
therapy and allow for functional assessments of T cells to
focus on pathogenic subpopulations, rather than the over-
all selections based on surface marker phenotyping.
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