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Non-Hodgkin lymphomas (NHL) commonly occur in immunodeficient patients, both those infected by human immunode-

ficiency virus (HIV) and those who have been transplanted, and are often driven by Epstein-Barr virus (EBV) with cerebral

localization, raising the question of tumor immunogenicity, a critical issue for treatment responses. We investigated the
immunogenomics of 68 lymphoproliferative disorders from 51 immunodeficient (34 post-transplant, 17 HIV*) and 17 immu-

nocompetent patients. Overall, 72% were large B-cell lymphoma and 25% were primary central nervous system lymphoma,
while 40% were EBV*. Tumor whole-exome and RNA sequencing, along with a bioinformatics pipeline allowed analysis of
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tumor mutational burden, tumor landscape and tumor microenvironment and prediction of tumor neoepitopes. Both tumor
mutational burden (2.2 vs. 3.4/Mb, P=0.001) and numbers of neoepitopes (40 vs. 200, P=0.00019) were lower in EBV* than
in EBV- NHL, regardless of the immune status. In contrast both EBV and the immune status influenced the tumor muta-
tional profile, with HNRNPF and STAT3 mutations observed exclusively in EBV* and immunodeficient NHL, respectively.
Peripheral blood T-cell responses against tumor neoepitopes were detected in all EBV- cases but in only half of the EBV*
ones, including responses against /gH-derived MHC-class-II restricted neoepitopes. The tumor microenvironment analysis
showed higher CD8 T-cell infiltrates in EBV* versus EBV- NHL, together with a more tolerogenic profile composed of regu-
latory T cells, type-M2 macrophages and an increased expression of negative immune-regulators. Our results highlight that
the immunogenomics of NHL in patients with immunodeficiency primarily relies on the tumor EBV status, while T-cell rec-
ognition of tumor- and /IgH-specific neoepitopes is conserved in EBV- patients, offering potential opportunities for future

T-cell-based immune therapies.

Introduction

Non-Hodgkin lymphomas (NHL) are highly prevalent in se-
verely immunodeficient patients such as patients infected
with human immunodeficiency virus (HIV) and transplant
recipients. In both cases, the incidence is higher than in
immunocompetent individuals, with a standardized inci-
dence ratio of 11.5 for HIV-related lymphomas and 8 for
post-transplant lymphoproliferative disorders (PTLD)."
The Epstein-Barr virus (EBV) is present in 50-70% of im-
munodeficient NHL and has been established as a strong
oncogene“® Several targeted sequencing approaches have
shown that the mutational landscape of EBV* NHL differs
from that of EBV- NHL, with a lower number of mutated
genes in the former.5" In addition, immunodeficient patients
display alterations of the normally strong cellular immuni-
ty directed against viral antigens,?™ potentially leading to
immune escape!' Finally, almost 10% of immunodeficient
patients, the majority of whom are EBV*, have a central
nervous system (CNS) localization compared to 1% in the
immunocompetent population.*®'® As the CNS acts as an
immunologically isolated site with very specific immune
features, it is hypothesized that the tumor-specific and
EBV-specific immune responses are even less active in
this tissue, thus favoring immune escape.

The remarkable successes of immunotherapies in solid
tumors rely on the level of tumor immunogenicity®2' The
tumor neoantigens that surround tumor mutations and are
presented by the patients’ major histocompatibility (MHC)
molecules allow the immune system to distinguish cancer
from non-cancer cells and emerge as major factors for
antitumor immunity, response to immunotherapies and
the development of targeted treatments. Indeed, the tumor
mutational burden (TMB) and the abundance of predicted
immunogenic mutations are associated with higher levels
of responses to immune checkpoint inhibitors and in-
creased survival of patients???* while personalized vaccine
approaches have successfully induced neoantigen-specific
T cells associated with clinical responses®?-2%2 However
limited data exist for B-cell malignancies which are very
specific due to the ability of tumor cells to present tumor

neoantigens with MHC class-Il molecules and to produce
highly mutated immunoglobulins (Ig) that may be immuno-
genic. Furthermore, studies in immunocompetent patients
suggested that neoantigens derived from the lymphoma
Ig heavy- or light-chain variable regions with a strong bi-
as for an MHC-Il presentation may be particularly critical
immune targets.?°2° However, the recognition of these
peculiar Ig-based neoantigens has never been analyzed in
immunodeficient patients.

We hypothesized that the immunogenomics and the tu-
mor microenvironment (TME) of NHL occurring in immu-
nodeficient patients might be influenced by the lower
immune pressure, the frequent EBV oncogenesis and the
immune-privileged sites in these patients. To further inves-
tigate this hypothesis, we developed the IDeATlon project,
a multicenter, prospective study of PTLD and HIV-related
lymphoproliferative disorders occurring in a large series of
immunodeficient patients or in immune-privileged sites
such as the CNS. We took advantage of whole tumor DNA
and RNA sequencing to compare the TMB, numbers of
tumor neoepitopes, neoepitope-specific T-cell responses
and TME as a function of both tumor EBV status and the
patients’ immune status.

Methods

Patients

From 2019 to 2022, consecutive HIV-infected patients or
transplant recipients with treatment-naive lymphopro-
liferative disorders were enrolled in the IDeATlon project
(ClinicalTrials.gov NCT03706625). Immunocompetent pa-
tients with diffuse large B-cell lymphomas (DLBCL) not
otherwise specified (NOS) were included as comparators.
Diagnostic tissue biopsies and blood were collected at
lymphoma diagnosis and before any treatment (Online Sup-
plementary Materials). All patients gave written informed
consent (Centre de Ressources Biologiques authorization
N. 18.06.46). The protocol was approved by the French
national Institutional Review Board (N. 2018-A01099-46)
and the “Commission Nationale de UInformatique et des
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Libertés” (N. 918222) and performed in accordance with
the Declaration of Helsinki.

Immunoglobulin neoepitope prediction

Using RNA-sequencing fastq files, sequences and fre-
quencies of the Ig productive clonotypes were derived
from MixCR-V3.0.*" Reads were aligned to reference V, D,
J and C genes of the B-cell receptor. Each final IgH chain
clonotype was identified by a CDR3 sequence. The FR3-
CDR3-FR4 sequence of the dominant clonotype (215% of
all clonotypes) was then tested for binding affinity score
in NetMHC 4.0%*2 and NetMHCllpan 3.2* asking for 8-10
mers and 15 mers for MHC-I and -II binding, respectively.
The number of neoepitopes with a score <500 nM was
determined.

Neoepitope-specific T-cell expansion and functional
validation

The most relevant non-Ig derived neoepitopes were select-
ed upon their presentation by expressed HLA molecules
or B,-microglobulin (read per kilobase per million, RPKM
>1), and the highest pVACseq priority score for single nu-
cleotide variations (Online Supplementary Materials), and
the highest binding affinity score for indels derived from
the same somatic variant. When numbers of candidate
neoepitopes were >60, the stability filter (NetMHCstab)
was used to select the 60 strongest binders.

For Ig-derived neoepitopes, 8-14 mer peptides surround-
ing the mutation for MHC-I peptides and 25 mer peptides
overlapping by 20-24 amino acids and spanning the com-
plete mutated predicted sequences for MHC-II peptides
were selected.

A maximum of 60 peptides corresponding to neoepitopes
were synthetized per patient (GeneCust, Boynes, France).
Frozen peripheral blood mononuclear cells were thawed
and co-cultured with each patient’s personalized pooled
peptides (2 ug/mL) in RPMI medium enriched with inter-
leukin (IL)-2 (10 UI/mL) (Roche, Bale, Suisse), IL-7 (25 ng/
mL) and IL-15 (25 ng/mL) (BioLegend, San Diego, CA, USA).
On day 10, cell reactivity was tested in a triplicate interfer-
on-y enzyme-linked immunospot assay after stimulation
with personalized pooled peptides (2 ug/mL per pool),
medium alone and phytohemagglutinin as negative and
positive controls, respectively. When enough cells were
available, additional assays were performed with MHC-1 or
MHC-II pooled peptides, or each individual peptide. After
stimulation for 20 hours, numbers of spot-forming cells
(SFC) were read and mean triplicate SFC numbers were
calculated, after background subtraction, with a positivity
threshold of 50 SFC/10° cells.?®

Gene expression and cell type abundance profiling

Tumors were digitally quantified for immune genes with a
targeted gene panel including T-cell function, and positive
and negative immune regulation (Online Supplementary Ma-

M. Baron et al.

terials). Immune deconvolution analysis was performed with
CIBERSORTx** version, using expression matrix estimating
22 immune cell types using 547 signature genes (LM22).%
Whole exome and RNA sequencing, MHC-| and -1l restricted
neoepitope prediction, differential gene expression, gene
ontology enrichment analysis, T-cell receptor analysis and
the statistical analysis are detailed in the Online Supple-
mentary Materials.

Results

Patients’ characteristics

Sixty-eight patients with NHL were enrolled, including
51 immunodeficient patients, who were either transplant
recipients (N=34 PTLD) or HIV-positive (N=17), and 17 im-
munocompetent patients with DLBCL (Table 1). The median
age was 57 years and 72% of patients were male. Diseases
were systemic in 75% of cases and cerebral in 25% of cases.
Two patients with both systemic and CNS localization were
classified as having systemic disease. The most frequent
subtypes of lymphoproliferative disorder were large B-cell
lymphoma (LBCL) (72%: 34 cases of DLBCL NOS, 12 cases
of primary CNS lymphoma, 2 cases of human herpesvirus
8-positive DLBCL NOS and 1 case of high-grade B-cell
lymphoma NOS), followed by polymorphic lymphoprolifer-
ation (9%), Burkitt lymphoma and plasmablastic lymphoma
(6% each). The tumors were EBV* in 40% cases, all in the
immunodeficient group (47% and 65% in PTLD and HIV*
patients, respectively). Both CNS and systemic localizations
were equally distributed between EBV* and EBV- NHL. All
but one CNS NHL in immunodeficient patients were EBV*.
Among the eight EBV* tumors tested for EBV antigen ex-
pression and latency status, three tumors displayed latency
I, two patients displayed latency Il and three other ones
displayed latency Il status. No significant differences were
observed between EBV* and EBV- NHL regarding time from
transplantation to NHL diagnosis (6.9 years, interquartile
range [IQR], 2.85-1311] versus 10.2 years (IQR, 8.80-20.41)
(P=0.06), median CD4 counts at NHL diagnosis (266 and
222/mm?3), time from diagnosis of HIV infection to NHL di-
agnosis (4.1 years [IQR, 2.49-21.53] versus 21.6 years [IQR,
4.92-23.94], P=0.7) and overall survival (not available and
5.3 years, P=0.21) (Online Supplementary Figure S7). The
median follow-up from the diagnosis of NHL was 1.8 years.

The tumor mutational burden is lower in Epstein-Barr
virus-positive than Epstein-Barr virus-negative non-
Hodgkin lymphoma

We investigated the TMB in a whole-exome sequencing
(WES) analysis of paired tumor and normal samples (Online
Supplementary Methods, Online Supplementary Figure S2).
The median TMB was 3.01/Mb (IQR, 1.81-5.06) similar to the
previously described burden for DLBCL patients (Online
Supplementary Figure S3). However, the median TMB was
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Table 1. Patients’ characteristics at diagnosis.

Characteristics

Age at diagnosis in years, median (range)
Male/female, N/N
Immune status, N (%)
Transplant recipients
HIV patients
Immunocompromised patients
Allograft type, N (%)
Kidney
Liver
Heart
Heart/lung
Time from transplantation to NHL diagnosis in years,
median (range)
Time from diagnosis of HIV infection to NHL diagnosis
in years, median (range)
HIV viral load at NHL diagnosis, available for 14 HIV
patients, copies/mL, median (range)
CD4 count at NHL diagnosis, available for 14 HIV
patients, /mms3, median (range)
WHO classification, N (%)
Large B-cell lymphoma*
Polymorphic lymphoma
Burkitt lymphoma
Plasmablastic lymphoma
Marginal zone lymphoma
Plasmocytoma
Mantle cell lymphoma
Cell of origin (DLBCL NOS), N (%)
Available
Germinal center
Non-germinal center
EBV status, N (%)
Positive
Negative
Disease localization, N (%)
Systemic
Central nervous system
Extranodal localization for systemic disease, N (%)
Available
Yes
No
LDH above upper limit, N (%), available for 50 patients
Ann Arbor stage for systemic disease, N (%)
Available
-11
[-1v
Age-adjusted IPI for systemic disease, N (%)
Available
0-1
2-3

Overall NHL
N=68
57 (21-85)
49/19

34 (50)
17 (25)
17 (25)

12 (35)

12 (35)

9 (27)
1(3)

9 (0.4-32)

9 (0-35)

78 (<20-1,700,000)

245 (24-1,846)

49 (72)

o ©

— DN DD O

—~ N~~~ —~
(&)

43
24 (56)
19 (44)

27 (40)
41 (60)

51 (75)
17 (25)

48
43 (90)
5 (10)
37 (74)

46
10 (22)
36 (78)

44
14 (32)
29 (68)

EBV-negative NHL
N=41
59 (21-85)
28/13

18 (44)
6 (15)
17 (41)

4 (22)

9 (50)

5 (28)
0

10 (2-33)
22 (0.1-33)
121 (<20-1,700,000)

223 (160-1,846)

41 (100)

32 (78)
9 (22)

37
34 (92)
3(7)
20 (74)

28
5 (18)
23 (82)

26
8 (31)
18 (69)

EBV-positive NHL
N=27
57 (30-76)
21/6

16 (60)
11 (41)
NA

7 (0.4-28)
4 (0-35)
40 (<20-353,000)

267 (24-596)

15 (55)
5 (19)
2(7)
3 (11)
1(4)
1(4)

19 (70)
8 (30)

19
17 (90)
2 (10)
18 (78)

18
5 (28)
13 (72)

17
6 (35)
11 (65)

. Baron et al.

0.2
0.42

0.234

0.09

0.06

0.7

0.26

0.22

0.01

0.09

NA

0.57

0.15

0.4

*Large B-cell lymphoma included 34 diffuse large B-cell lymphomas (DLBCL) not otherwise specified (NOS), 12 primary central nervous sys-
tem lymphomas, two DLBCL NOS that were positive for human herpes virus 8, and one high-grade B-cell lymphoma NOS. NHL: non-Hodgkin
lymphoma; EBV: Epstein-Barr virus; HIV: human immunodeficiency virus; NA: not applicable; WHO: World Health Organization; LBCL: large
B-cell lymphoma; LDH: lactate dehydrogenase; IPIl: International Prognostic Index.
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Figure 1. The tumor mutational burden is lower in Epstein-Barr virus-positive non-Hodgkin lymphoma than in Epstein-Barr vi-
rus-negative cases. (A) Tumor mutational burden (TMB), defined as the number of mutations per megabase; log,, according to
Epstein-Barr virus (EBV) status among 68 patients with non-Hodgkin lymphoma (NHL) on the left, 51 immunodeficient NHL pa-
tients in the middle, and the 49 patients with large B-cell lymphoma on the right. Red and green denote EBV-negative and -pos-
itive NHL respectively. (B) TMB according to immune status. Salmon, blue and yellow colors denote immunocompetent patients,
transplant recipients and patients infected with human immunodeficiency virus, respectively. (C) TMB according to disease lo-
calization. Pink and blue denote systemic and central nervous system localization, respectively. Wilcoxon test. (D, E) Overall
survival depending on TMB >3/Mb among EBV- (D) and EBV* (E) cases. Kaplan-Meier analysis. ID: immunodeficient; LBCL: large

B-cell lymphoma; CNS: central nervous system.

lower in EBV* NHL than in EBV- NHL, both among the whole
(immunodeficient + immunocompetent) NHL population
(2.2 vs. 3.4/Mb, P=0.001) and among the immunodeficient
subjects only (2.2 vs. 4.6/Mb, P=0.0075) (Figure 1A). Similar-
ly, when restricting the analysis to the predominant LBCL
subgroup (N=49), a lower median TMB was observed in EBV*
than EBV- LBCL both among the whole (immunodeficient +
immunocompetent) population (2.2 vs. 3.4/Mb, P=0.00071)
(Figure 1A) and among the immunodeficient patients only
(1.9 vs. 4.9/Mb, P=0.00078) (Online Supplementary Figure
S4A). There were no differences in TMB according to immune
status when comparing immunocompetent, PTLD and HIV
patients both in the overall population (Figure 1B) and in the
EBV- one (Online Supplementary Figure S4B). By contrast,
the TMB differed slightly according to disease localization
(3.2/Mb in systemic vs. 2.3/Mb in CNS disease, P=0.046)
(Figure 1C). Importantly, a higher TMB was associated with a
significantly longer median overall survival in EBV- patients
(overall survival not reached for TMB >3/Mb vs. 2.2 years
for TMB <3/Mb, P=0.01) while there was no difference in
EBV* ones (Figure 1D) (see Online Supplementary Methods
for the determination of the TMB cut point).

Epstein-Barr virus, immune status and disease
localization impact the mutational profile of non-
Hodgkin lymphoma

Next, we deciphered the mutational profile of these lym-
phomas and observed some frequently mutated genes,
such as PCLO (25% cases), CSMD3 (24%), TP53 (24%), FAT4
(19%) and MYD88 (16%), as expected (Online Supplementary
Figure S5A). However, when focusing on the LBCL cases we
observed a dysbalance in the mutational profile depend-
ing on both the EBV and immune status of the patients.
Indeed, in EBV* LBCL, the most frequently mutated genes
were TYWT (27%) and STAT3, HNRNPF, TNRC18, PARP10 and
KDM3A (20% each), while TP53 (35%), MYD88 (32%), CD798B
(24%) and FOXQ1, STAT3, KRT3 and ZNF574 (15% each)
were the most frequently mutated genes in EBV- disease
(Figure 2A, Online Supplementary Table ST). Furthermore,
some mutations were observed only in EBV* NHL, such as
HNRNPF (20%), or only in EBV- ones, such as MYD88 and
CD79B mutations (32% and 24%, respectively). Finally, TP53
mutations were observed almost exclusively in EBV- NHL
(35% vs. 7%, P=0.001). After false discovery rate (FDR) cor-
rection, no significant differences remained.

The immune status (immunocompetent or immunodefi-
cient) co-influenced this tumor profile with TP53 present in
34% of immunodeficient LBCL (vs. 12% in immunocompetent
DLBCL), all but one of which were in the EBV- group. Fur-
thermore, STAT3, TYW7 and KDM3A mutations were found
only in immunodeficient LBCL (25%, 25% and 19%, respec-
tively), regardless of EBV status, while they were absent in
immunocompetent DLBCL (Figure 2B, Online Supplementary
Table S2). As expected, the disease localization also had
an impact, with TP53 mutations found only in systemic
diseases (37% vs. 0%, P=0.009, FDR=0.03) and MYD88 and
CD79B mutations being more frequent in CNS than in sys-
temic diseases (50% vs. 11%, P=0.006, FDR=0.03, and 43% vs.
6%, P=0.04, FDR=0.03, respectively) (Online Supplementary
Figure S5B). Finally, the six polymorphic lymphoprolifer-
ations (5 EBV* and 1 EBV-) showed a distinct mutational
profile with PCLO as the most recurrently mutated gene
(Online Supplementary Figure S5C). Within the four cases
of Burkitt lymphoma, the two genes recurrently mutated
were MYC and IGLL5 (Online Supplementary Figure S5D).
In addition, we identified significant recurrent somatic
copy number alterations (SCNA) in the WES data (Online
Supplementary Methods). When focusing on the 47 LBCL,
we successfully identified a total of 13 arm-level and 12
focal regions displaying copy gain, along with five arm-level
and six focal regions with copy loss (arm g-value <01, focal
regions g-value £0.25) (Online Supplementary Figure S6A).
The observed frequencies of these SCNA ranged from 2%
to 55%. In immunocompetent DLBCL, SCNA encompassed
amplifications of 1q, 18q, 21q, 7922, 8924, and 19913, and
deletions involving 6q, 17p, 1p36, and 1p13, consistently
with prior reports.®” Additionally, we observed SCNA in
genes previously reported in DLBCL,*® including PIK3CA
(25%), PRDM1 (38%), MYC (19%), CDKN2A (21%), PTEN (14%),
ETV6 (42%), STAT6 (42%), B2M (23%), and TP53 (42%) (On-
line Supplementary Table S3). Furthermore, we uncovered
previously unreported amplifications of chromosome 16 in
34% of the LBCL patients in our dataset.

Notably, factors influencing those SCNA included the EBV
status with focal amplification peaks, in EBV* cases, of
the 993413, a region encompassing the NOTCHT and JAK2
genes (Online Supplementary Figure S6B). The immune
status also influenced SCNA with more significantly fre-
quent amplification at 1922 (33%; g-value=0.0185/29%;
g-value >0.25), 8924.3 (26%; q-value=0.04/17% q-value

Haematologica | 109 November 2024
3620



ARTICLE - Immunogenomics of immune-suppressed NHL M. Baron et al.

A EBV- (N = 34) EBV+ (N = 15) n Missense_Mutatign
B 15% KRT3 0% Nonsense_Mutation
| B B 9% NUP93 0% Frame_Shift_Del
N B N 12%  PECAMT — 0% = Splice_Sit
0 B B 2% ™ vml B B e
LN N [ | 15%  ZNF574 7% — i In_Frame_Del
B Il B [ | B 24% CD79B 0% ® Frame_Shift_Ins
I IR NN BR B N B B 32% MYD8 0% Stian o :
B ‘W | 9% RP1L1 7% B Translation_Start_Site
i =..I=...l - .;ng’ KR%’;’;3-3 0% In_Frame_Ins
7% ;
B u N 9%  ARHGEF15 0% L] Non§top_Mutatlon
[ | N | [ | 12% EZH2 0% ® Multi_Hit
B 12%  GNA2 7% [} o
0% AP3B2  13% W N Localization EBV_status
| 3% BAZ1B 7% |
[ ] 6% DHX29 7% | CNS m EBV-
0, .
i % oln qp om f 0 = Syeme v
| 6% ESPLT 7% H Tumor_type
ngo HNRNPF  20% B W l. —P
b ID2 7% :
0%  KeMF1 7% M m Plasmabla'_stlc lymphoma
0% MAML3 ~ 13% Polymorphic PTLD
| 3%  MYO15A 13% H Mantle cell lvmph
l. H B gzo PLXNB3 13% M = antle cell lymphoma
o RTN4  13% Plasmocytoma
L N i | 12%  TFDP3  13% n | e
u L 6% TOX3  13% = BUrsitt
| . == - - ?;/%/ CEP250  13% [ . | . = DLBCL
o FOXQ1  13%
| | I 9% KDM3A  20% [ | | [ | ID_status
NN BE 5% stat3  20% 1] -
l= i - - 9%  PARP10 20% M L IC
2% TNRC18  20% IE B = Transplant
e CnmmmmmmmE ™™ Dl T e
A EEEEEE N EENENEEREENEEEEE N Localization [ [[[]]
12%  ANO10 0%
| 12%  ARVCF 6% [ |
| 6%  ESPL1 6% N
B 6% GALT 0%
| 12%  MCAT 9%l | |
B 6% MYCBPAP 3% |
B EE BE BE B 4% M 9% W H B
B 6% NUP93 6% [l B
HBE B 18%  PARP10 9% [ | H B
H B 12%  PKDCC 0%
| | 12% RAPGEF6 3% [Hl
H B 12%  SLAMF7 6% | .
B Wi2% sPtaNt 6% B
H B 12%  TFDP3  12% [ || [ | ]
= 0 W18% zZNFs74 9% Il ] ]
| B 12% Abcys 1%l W |
| || 12% E2F7 3% B
0%  FOXD4L4 6% B B
0%  TYWI  25% H H HE BE= H B
B 6% FRG2C 9% Bl [ |
0% KRT3  16% [
0% PECAMT 12% 00 B ||
0% KDM3A  19% B [ ] [ ] [ | | [ ]
B 6%  FAM9IOAT 129
Wo6%  stceAs  12% B | || |
0%  STAT3  25% (RN H B .
u 6%  MBD5  12% [N | H
| 6%  RPILT  9%[ . I [ |
0%  KRTAP13-3 129, il [ [ ] ||
H B 12%  TP53  34% I llll || |
B [ | 12%  ERICH3  16% [ | | ||
e v v EI?DV_?t?tUS .l.ll.llllllI--II========III-III
_status
H BN Em Em B B | ocalization EEEEEEEEEEEEEEE EEEE [ [ | | [ ]

Continued on following page.

Haematologica | 109 November 2024
3621



ARTICLE - Immunogenomics of immune-suppressed NHL

M. Baron et al.

Figure 2. The mutational landscape of non-Hodgkin lymphoma differs by Epstein-Barr virus and immune status. (A) Co-oncoplot
of the most recurrently mutated genes (215%) within the 49 samples of large B-cell lymphoma (LBCL) according to Epstein-Barr
virus (EBV) status (EBV- on the left, EBV* on the right). TP53, MYD88 and HNRNFP were differently mutated between the two
groups but these results lost their significant value after false discovery rate (FDR) correction was applied. (B) Co-oncoplot of
the most recurrently mutated genes (215%) within the 49 LBCL samples according to immune status (immunocompetent on the
left, immunodeficient on the right). STAT3, TYWT and MYD88 were differently mutated between the two groups but these results
lost their significant value after FDR correction was applied. Fisher exact test was used to compare categorical data. CNS: cen-
tral nervous system; PTLD: post-transplant lymphoproliferative disorder; DLBCL: diffuse large B-cell lymphoma; ID: immunode-
ficient; IC: immunocompetent; HIV: human immunodeficiency virus.

>0.25), 9934.3 (47%; q-value=0.0008/24%; q-value >0.25),
119131 (43%; g-value=0.0032/23%; q-value >0.25), 17925.3
(36%; g-value=0.0219/29%; g-value >0.25), 22q13.31 (33%;
q-value=01577/5% q-value >0.25) genomic regions in the
immunodeficient LBCL versus immunocompetent DLBCL
groups. Additionally, some deletions were prevalent at
1p36.32 (23%; q-value=0.0361/13%; g-value >0.25) and 15q12
(36%; gq-value=0.0018/29% q-value >0.25) (Online Supple-
mentary Figure S6C), affecting genes such as /L70, MYC,
CD45, IRF8, ILT7RA, and CDKN2C, among others. Systemic
localizations also played a role with more frequent dele-
tions affecting the human leukocyte antigen (HLA) locus
(6p21.31: 9%; g-value=0.22/0%; g-value >0.25), BCL6 (3929:
19%;9-value=0.19/0%; g-value >0.25) and /G genes (15q12:
37%; g-value=0.005/28%; qg-value >0.25), together with
amplifications of the 8924 locus (33%; g-value=0.096/28%;
g-value >0.25) (Online Supplementary Figure S6D).

The Epstein-Barr virus status influences the tumor
immunogenicity dominated by MHC class-Il restricted
neoepitopes

We first predicted the neoepitopes derived from non-Ig
tumor variants by including parameters from the RNA se-
quencing. In the 30 tumors with available RNA-sequencing
data (Online Supplementary Methods; Online Supplementary
Figure S2B), we found a median of 149 neoepitopes per
tumor, with lower numbers in EBV* compared to EBV- NHL
(40 vs. 200, respectively, P=0.00016), independently of the
immune status (Figure 3A). These values were not influ-
enced by the expression levels of the MHC molecules and
B2M that did not differ between EBV* and EBV- NHL, immu-
nodeficient and immunocompetent patients and systemic
versus CNS localization (data not shown). Furthermore, very
few downregulations (RPKM <1) of HLA class | and class Il
were observed (3% and 9% of tumors, respectively) and no
B2M downregulation or mutations were observed despite
the presence of heterozygote deletions in four tested pa-
tients. Most neoepitopes were predicted to be presented
by MHC class-Il molecules with a median class-Il/ class-I|
MCH ratio of 4, independently of EBV status.

As RNA-sequencing data were not available for more than half
the tumors, we conducted the same analysis solely based on
WES. Similarly, we observed lower numbers of neoepitopes
in EBV* compared to EBV- tumors (159 vs. 501, P=0.0024)
(Figure 3B), with a highly significant positive correlation be-

tween WES and RNA-based results (r=0.93, P<0.001) (Figure
3C). Importantly, the neoepitope numbers were positively
correlated to the TMB (r=0.8, P<0.001) (Figure 3C). Further-
more clonal-derived neoepitopes accounted for 89% of the
entire WES predicted neoepitopes with significantly higher
neoepitope numbers originating from clonal compared to
subclonal populations (median per patient: 301 and 32, re-
spectively, P=0.02) (Online Supplementary Figure S7).

We then analyzed the neoepitopes derived from Ig vari-
able region genes by using the available RNA-sequencing
data from the FR3-CDR3-FR4 region. A dominant tumor
Ig clonotype (215%) was found in 24 NHL patients, with
frequencies ranging from 15% to 100% (median 81%). A
median of 15 neoepitopes derived from the tumor heavy
chain variable region genes was found, independently of the
EBV status (15 and 18 for EBV* and EBV- samples, respec-
tively) or immune status (15 and 15 for immunodeficient
and immunocompetent samples, respectively) (Figure 3D).
These Ig-derived neoepitopes were also predicted to be
more frequently presented by MHC class I, with an MHC
class-ll/class-I ratio of 1.5.

Circulating T cells specific for tumor neoepitopes,
including Ig-derived neoepitopes, were detected in 71%
of non-Hodgkin lymphomas

To confirm that the predicted NHL neoepitopes could drive
effective antitumor immunity in immunodeficient patients,
we analyzed the peripheral blood T-cell responses against
the corresponding peptides in 14 samples (13 immuno-
deficient and 1 immunocompetent patient). We tested a
similar number of variant-derived peptides from EBV* and
EBV- tumors with a median of 48 peptides per patient.
Neoepitope-specific responses were detectable in ten out
of the 14 (71%) patients’ samples tested, among whom 93%
were immunodeficient and 50% had CNS disease. These
neoepitope-specific responses were more frequently de-
tectable, though non-significantly, in the EBV- patients,
as observed among all six (56 immunodeficient + 1 immu-
nocompetent, 100%) tested cases, than in EBV* ones as
observed in only four of the eight (50%) immunodeficient
cases tested (P=0.08). The level of T-cell responses to tu-
moral neoepitopes did not change with expression of the
EBV antigen (EBNA-2, LMP1 and EBER). The median mag-
nitude of positive T-cell responses was 746 SFC/10¢ cells
per patient’s peptide pool, and above 500 SFC/10°¢ cells in
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Figure 3. The number of neoepitopes is lower in Epstein-Barr virus-positive non-Hodgkin lymphoma than in Epstein-Barr virus-neg-
ative cases. (A) Number of predicted neoepitopes (log10) from the non-Ig variants within the 31 RNA samples, according to Epstein-Barr
virus (EBV) status on the left and immune status (in EBV- non-Hodgkin lymphoma) on the right. Wilcoxon test. (B) Number of pre-
dicted neoepitopes (log10) from the non-Ig variants within the 66 whole-exome sequencing samples (2 samples were excluded
because of absence of germline assessment) according to EBV status. Wilcoxon test. (C) Correlation study between the number of
predicted neoepitopes from the RNA and the whole-exome sequencing data (top) and between the number of predicted neoepitopes
from the RNA data and the tumor mutational burden (bottom). Spearman correlation. (D) Number of predicted neoepitopes (log10)
from /g variants within the 24 RNA samples (7 samples were excluded because of dominant /gH clone <15%). Wilcoxon test. NHL:
non-Hodgkin lymphoma; ID: immunodeficient; IC: immunocompetent; HIV: human immunodeficiency virus; WES: whole-exome se-

quencing.
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the seven immunodeficient patients’ samples (Figure 4,
Online Supplementary Figure S8). The magnitudes above
SFC >500/10¢ cells were associated with a trend towards
longer, though non-significantly different, time from trans-
plantation or HIV diagnosis to NHL diagnosis and higher
CD4 count in HIV patients (12 vs. 8 years, 27 vs. 9 years,

EBV_status ID_status Localization
® EBV- IC CNS " Yes
m EBvV+ ® Transplant m Systemic No
HIV
4200+
3000+
1800 +
1200 7
Complete
pool
=2 1000+ m
3 .
o Complete Complete
SI pool Complete pool
= 800+ . 56 .
Q |
(7]
o
% 600- MHC II- presented
> IgH pool
E 500' &
- MTMR1
400+
o
Nectin.z FRMDS °
CCDC13 s
200 complete’: P2B . 8 CLPTM1
ool Pool Complete - npigy 7ppag g
S pool SRNF43 ‘g
50 [-a3 - ¢ - ey $ . &------
0 * h T
EBV status
ID status
Localization
Ig-genes tested -
Tumor type
TMB 10 34 34 34 13 3.2

-fon de = - -

M. Baron et al.

135 vs. 1,087/mm?3, respectively, P>0.4).

The Ig-derived neoepitopes were tested in five cases with
a median number of 22 tested neoepitopes per patient (16
MHC-I1l and 8 MHC-I restricted) and were recognized in three
cases with a 1.5- to 3-fold higher magnitude (median 697
SFC/10¢ cells) than against autologous non-/g neoepitopes.
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Figure 4. Neoepitope-specific T cells were detected in 71% cases, including responses directed against Ig-derived neoepitopes.

Number of interferon (IFN)-y spots (/10° cells) after peptide stim
squares denote responses directed against the complete pool,

ulation for the 14 tested patients (represented on the x axis). Green
red circles denote responses directed against /g-derived neoepi-

topes and black circles denote responses directed against individual non-Ig neoepitopes. Thawed peripheral blood mononuclear

cells were co-cultured with personalized pooled peptides for

10 days and then tested for reactivity using IFN-y enzyme-linked

immunospot (ELISPOT) assays. Patients were all tested for their personalized pooled peptides (hamed “complete pool”) and even-
tually for each individual peptide if the numbers of cells were adequate (named as the mutated gene). The mean numbers of
spot-forming cells (SFC) from triplicate assays were normalized to the number of IFN-y spots detected per 1x10¢ peripheral blood
mononuclear cells after background subtraction. The threshold for ELISPOT-IFN-y positivity was 50 SFC/10° cells. EBV: Epstein-Barr
virus; ID: immunodeficiency; IC: immunocompetent; HIV: human immunodeficiency virus; CNS: central nervous system; PTLD:
post-transplant lymphoproliferative disorder; DLBCL: diffuse large B-cell lymphoma; TMB: tumor mutational burden.
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All recognized /g epitopes were localized in the heavy chain
region and predicted to be MHC-class Il restricted.
Finally, there were no neoepitopes shared between tu-
mors, although some were derived from frequently mu-
tated genes (in 210% NHL) such as FAT4, SETD1B, ZFP36L1,
HMCN1, MTMR1, UBR4, KLF2, RBMX1, ALMST and C20RF49.
These tumor-derived neoepitopes were not found in the
public immune epitope database for T-cell epitopes from
pathogens and autoimmunity.

Epstein-Barr virus drives the tumor microenvironment
These immunogenicity results prompted us to analyze the
intra-tumoral T-cell receptor (TCR) repertoire in RNA-se-
quencing data of 27 patients’ samples with sufficient num-
bers of TCRpB reads (=100). The EBV* NHL contained higher
numbers of unique productive clonotypes than the EBV- ones
(412 vs. 134, P=0.003) (Figure 5). These numbers were also
higher among immunodeficient NHL than immunocompe-
tent ones, both in the EBV- NHL (157 vs. 90, P=0.04) and in
the overall population (Online Supplementary Figure S9). In
contrast, the repertoire diversity was similar between the
NHL subgroups (Online Supplementary Figure S10) without
any shared dominant clonotypes between patients. Finally,
the TCR sequences with clone frequencies >10%, suggestive
of tumor-neoantigen selection, did not show any evidence
of known antigen specificity using the VDJ database.

We then analyzed the TME immune cell composition to
determine whether such higher TCR abundance in immu-
nodeficient NHL was associated with selected T-cell pop-
ulations (Online Supplementary Figure S11). The proportions

M. Baron et al.

of CD8* T cells, regulatory T cells, resting NK cells, type-M1
and M2 macrophages and monocytes were significantly
higher in EBV* NHL than in EBV- NHL in the whole cohort
(immunocompetent + immunodeficient) and tended to be
higher in the immunodeficient cohort only, but were not
influenced by the immune status or disease localization
(Figure 6A, Online Supplementary Figures S12-S14). Con-
versely, the proportion of B cells was decreased in EBV*
NHL compared to EBV- NHL (14 vs. 52%, P=0.000008) (data
not shown). In EBV* NHL, there was a positive correlation
between the proportions of CD8 T cells and of activated
memory CD4 T cells, and the TMB (r=0.79, P=0.048; r=0.96,
P=0.024, respectively) (Figure 6B). A similar trend of as-
sociation was observed among EBV- cases, although not
statistically significant.

Finally, we studied the expression of a selected customized
panel of relevant genes involved in intratumoral immune
responses. Whereas there was no difference for genes
involved in positive immune regulation or T-cell lympho-
cyte function, a higher non-significant expression of genes
involved in negative immune regulation was observed in
EBV* NHL samples (Figure 7).

Discussion

Our comprehensive large study of the immunogenomics of
NHL occurring in immunodeficient patients revealed that
the presence of EBV influences both the tumor mutational
burdens and profiles, along with the immune status, but
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Figure 5. The intra-tumoral T-cell receptor repertoire diversity does not differ between Epstein-Barr virus-positive and -nega-
tive non-Hodgkin lymphomas. The number of unique productive T-cell receptor-f clonotypes according to Epstein-Barr virus
status (left), immune status (middle) and disease localization (right). Wilcoxon test. TCR: T-cell receptor; EBV: Epstein-Barr virus;
NHL: non-Hodgkin lymphoma; immunodeficient; IC: immunocompetent; CNS: central nervous system.
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Figure 6. Epstein-Barr virus drives the tumor microenvironment in non-Hodgkin lymphoma in immunosuppressed and immuno-
competent patients. (A) Cell type abundance assessed with CIBERSORTX, according to Epstein-Barr virus (EBV) status. Wilcoxon
test. (B) Correlation study between tumor mutational burden and memory resting CD4 T cells and CD8 T cells within EBV*
non-Hodgkin lymphoma (green circles, upper) and EBV- non-Hodgkin lymphoma (red circles, lower). Spearman correlation. NHL:

non-Hodgkin lymphoma; NK: natural killer.

also influences the tumor variant immunogenicity and the
microenvironment. Although a limitation of our study may
be the size of our series of NHL, particularly in the context
of RNA-sequencing analysis (30 samples) for MET studies
and enzyme-linked immunospot analysis (14 samples) for
neoepitope-specific T-cell response studies, it is the largest
series so far to be studied at the unbiased immunogenomics
level. In addition, some heterogeneity in the lymphopro-
liferative disorders studied might have confounded some
analyses given that the major lymphoma subgroup of LB-
CL and the systemic localization constituted respectively
only 72% (N=49) and 75% (N=51) of the entire cohort. The
median onset of EBV* PTLD among transplant recipients
seemed to be later than usually described and may reflect
the evolving use of immunosuppressive regimens and the
aging of the patients.5394

Our unbiased WES-based analysis allowed us to demon-
strate a lower TMB in EBV* NHL of immunodeficient patients
compared to EBV- ones, confirming previously suggested
data obtained by targeted approaches.®%42 Qur data fur-
ther indicate that the strong viral signaling present in EBV*
NHL reduces the need for other driver tumor mutations
in lymphomagenesis, in accordance with the concept of
EBV alone acting as a strong oncogene in infected B cells,
especially in the context of low immune pressure.® In line
with this hypothesis, we showed that the numbers of
tumor neoepitopes determined by these mutations were
also lower in EBV* NHL, suggesting that each additional
mutation increases the probability of generating a signifi-
cant neoantigen, thereby contributing to the overall tumor
immunogenicity.

Additionally, the presence of EBV also drives specific mu-
tational profiles. The finding that HNRNPF was significantly
mutated only in EBV* NHL might be in accordance with
data showing that other ribonucleoproteins from the same
HNRNPK family bind to the EBV nuclear antigen-2 (EBNA-2)
and enhance viral LMP2A antigen expression.** We also con-
firmed previous targeted approaches reporting the almost
complete lack of MYD88, CD79B or TP53 mutations in EBV*
NHL. More importantly, our WES approach enabled us to
show that an immunodeficient status was associated with
STAT3 and TYWT mutations regardless of EBV status, with
STAT3 being mutated only among immunodeficient patients,
both HIV* and transplant recipients. The STAT3 protein is
involved in a key signaling pathway modulating multiple
physiological processes and inflammatory responses, es-
pecially in the B-cell lineage. STAT3 mutations, which are
rare in immunocompetent EBV- DLBCL had been reported
in half EBV" diseases, such as plasmablastic lymphoma

or polymorphic lymphoproliferations, particularly in HIV*
patients.***" However, data for STAT3 mutations in PTLD
patients are limited.*® Our findings suggest for the first
time that chronic immune stimulation and/or inflammation
in these two immunodeficient settings associated with
permanent antigenic stimuli (allogeneic transplant or HIV)
might favor such STAT3 mutations, thus highlighting the
potential of inhibitors of JAK-STAT signaling as a promising
treatment option. In addition, STAT3 mutations have been
reported very recently to be linked with a “hot” microen-
vironment in PCNSL.*®

The prediction and validation of the most relevant neo-
epitopes were allowed by our development of a robust
bioinformatic method based on tumor DNA and RNA se-
quencing, along with in silico algorithms and inferred rules
for tumor neoepitope immunogenicity. In order to consider
all steps of the antigen processing required for successful
neoepitope selection,’® we included factors in our pipe-
line that are involved in the presentation machinery, such
as the HLA molecules and B2M expression, in addition to
key parameters for effective anti-tumor immune respons-
es.20%152 The strong correlation observed between neoepi-
tope numbers selected from WES and RNA sequencing
should facilitate future routine use. In addition to these
non-viral neoepitopes, we showed, as previously suggest-
ed in immunocompetent patients,?*3° that NHL /g-derived
neoantigens contain immunodominant neoantigens, mostly
presented by MHC-class Il, in these immunodeficient pa-
tients. Finally, as EBNA-2, the immunodominant EBV anti-
gen was expressed in only three of the eight EBV* tumors
evaluated, and as this or the latency state | or Il status
did not change the neoepitope-specific immune response
in the tumors, these data, although limited, suggest that
EBV antigen expression does not modify tumor neoepi-
tope-specific immune responses. Nevertheless, it will be
essential in the future to characterize both the anti-EBV
and anti-neoepitope immune responses in order to assess
the burden of EBV better.

The higher T-cell infiltrate observed in the TME analysis of
EBV* NHL might be in accordance with strong EBV immu-
nodominance, regardless of immune status and without
evidence of enrichment in specific TCR clonotypes. This
T-cell microenvironment was composed of both CD8 and
activated CD4s. In addition, a tolerogenic profile, composed
of regulatory T cells, type M2 macrophages and a high-
er expression of negative immune regulation molecules,
tended to predominate in EBV* NHL, thus confirming that
EBV might promote a more tolerogenic TME.&""

In conclusion, our exhaustive analysis of the immunog-
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Figure 7. Gene expression profiling tends to differ between Epstein-Barr virus-positive and -negative non-Hodgkin lymphoma.
Single sample gene set enrichment analysis (ssGSEA) scores of negative immune stimulation (left panel), positive immune stim-
ulation (middle panel) and T-cell function (right panel). ssGSEA calculates separate enrichment scores for each pairing of a
sample and gene set. Each ssGSEA enrichment score represents the degree to which the genes in a particular gene set are co-
ordinately up- or down-regulated within a sample. Wilcoxon test. EBV: Epstein-Barr virus; NHL: non-Hodgkin lymphoma.

enomic characteristics of NHL occurring in immunodefi-
cient patients shows the major influence of EBV on tumor
mutational burden and profile and on tumor neo-antige-
nicity. Despite the lack of frequent or public NHL driver
mutations and neoepitopes preventing the development
of shared immune strategies as in other cancers,?%?" the
existence of T-cell responses in these immunodeficient
contexts, directed against non-viral tumor neoepitopes,
and particularly against /gH ones in immunodeficient pa-
tients, could pave the way for the development of future
lg-based immune therapies.
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