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Divergent local and systemic antitumor response in
primary uveal melanomas
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Uveal melanoma (UM) is the most common cancer of the eye. The loss of chromosome 3 (M3) is associated with a high risk of
metastases. M3 tumors are more infiltrated by T-lymphocytes than low-risk disomic-3 (D3) tumors, contrasting with other
tumor types in which T cell infiltration correlates with better prognosis. Whether these T cells represent an antitumor
response and how these T cells would be primed in the eye are both unknown. Herein, we characterized the T cells infiltrating
primary UMs. CD8"* and Treg cells were more abundant in M3 than in D3 tumors. CD39*PD-1*CD8* T cells were enriched in M3
tumors, suggesting specific responses to tumor antigen (Ag) as confirmed using HLA-A2:Melan-A tetramers. scRNAseq-VD
analysis of T cells evidenced high numbers of proliferating CD39*PD1*CD8" clonal expansions, suggesting in situ antitumor Ag
responses. TCRseq and tumor-Ag tetramer staining characterized the recirculation pattern of the antitumor responses in M3

and D3 tumors. Thus, tumor-Ag responses occur in localized UMs, raising the question of the priming mechanisms in the

absence of known lymphatic drainage.

Introduction

Uveal melanoma (UM) is a rare and aggressive form of mela-
noma that arises from melanocytes in the uveal tract of the eye
(Rodrigues et al., 2019). Although UM accounts for only 5% of all
melanoma cases, it represents the most common primary in-
traocular malignancy in adults (Bronkhorst and Jager, 2013).
Contrasting with the progress made in the understanding and
management of cutaneous melanoma, the prognosis for patients
with UM remains poor (Demkowicz et al., 2023). The primary
tumor is usually treated efficiently, but one-third of the patients
eventually develop metastases, involving the liver in 90% of the
cases (Rodrigues et al., 2019). Contrary to skin melanoma, a low
mutation rate is found in UMs, which also do not harbor
the recurrent mutations observed in cutaneous melanoma
(Robertson et al., 2017). The initial oncogenic event in UM is an
activating mutation of the GNAQ or GNALlI proteins (Van
Raamsdonk et al., 2009). A second genetic event characterizes
the different subtypes of UM: (i) deleterious mutations
in BRCAl-associated protein 1 (BAPI) on chromosome 3,

accompanied by loss of one copy of chromosome 3 (monosomy 3
[M3] or isodisomy 3 [is03]); (ii) mutations in splicing factor 3b
subunit 1 (SF3BI); or (iii) mutations occurring in the 5’ region of
the eukaryotic translation initiation factor 1A X-linked (EIFIAX).

Thus, the genetic status of chromosome 3 defines two distinct
subsets of UM. M3 tumors are associated with BAPI mutations,
which lead to the complete inactivation of BAPI (BAPI'"2). M3 UM
is associated with the poorest prognosis, as over 80% of cases
exhibit early metastases (Harbour et al., 2010). An additional
poor prognosis factor is the gain of g-arm of chromosome 8
(Cassoux et al., 2014; Robertson et al., 2017). On the other hand,
disomy 3 (D3) tumors carry SF3BI or EIFIAX mutations and are
associated with better clinical outcomes. SF3Bl-mutated D3 tu-
mors show a propensity for late metastases, while EIFIAX-
mutated D3 tumors have a good prognosis (Yavuzyigitoglu
et al., 2016). The molecular and immune mechanisms underly-
ing the distinct clinical outcomes between M3 and D3 tumors
remain unclear.
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Consistent with the low mutation burden of UMs (Furney
et al., 2013), immune checkpoint inhibitors have a low re-
sponse rate in metastatic patients. Unlike cutaneous melanoma,
UMs do not express most oncotestis antigens (Ags) (Mulcahy
et al., 1996), indicating that their epigenetic landscape is dif-
ferent from that of skin melanoma. Despite the scarcity of
classical sources of tumor Ags, we have observed an increase in
the frequency of effector CD4* and CD8* T cells in the peripheral
blood of metastatic UM patients as compared with healthy do-
nors (Péguillet et al., 2014). Moreover, the frequencies of ef-
fector CD4* and CD8* T cells were correlated in patients,
suggesting a coordinated immune response toward unknown
tumor Ags. As in cutaneous melanoma, an immune response
against HLA-A2-restricted epitopes derived from differentiation
melanocyte Ags such as Melan-A or gpl00 or against the onco-
testis Ag NY-ESO-1 is detected in metastatic UM (Karlsson et al.,
2020). Until recently, no tumor-specific neo-Ags have been
characterized.

This has just changed as we showed that SF3BI mutations
generate public neo-Ags specifically expressed by tumor cells,
leading to spontaneous CD8* T cell responses in the blood of
patients bearing metastatic SF3BI™* D3 tumors (Bigot et al.,
2021). These CD8* T cells were identified using HLA-A2 tet-
ramers loaded with the SF3BI™"t-related neo-epitopes. Notably,
the tumor cells were recognized and killed by neo-epitope-specific
CD8* T cells. However, the intratumoral immune response was
barely characterized. Besides therapeutic opportunities, these
public neo-Ags can be used to monitor the spontaneous antitu-
mor Ag-specific immune responses in patients at different stages
of their disease. In contrast, the T cell response against tumor-
specific neo-Ags in patients with M3 tumors has not been in-
vestigated in the absence of known neo-Ags.

Yet, in addition to its impact on prognosis, the inactivation of
BAPI in M3 tumors has been associated with increased immune
infiltration within the primary tumor (Maat et al., 2008). In
particular, regulatory T cells (Tregs) and myeloid-derived sup-
pressor cells are more abundant in M3 than in D3 tumors, which
might contribute to the establishment of an immunosuppressive
microenvironment (Bronkhorst et al., 2012). Not much is known
about the Ag specificity of the CD8* T cells found in the primary
tumors, which are often not excised nor biopsied. We found
circulating memory Melan-A-specific CD8* T cells in metastatic
patients (Bigot et al., 2021). The presence in the blood of cells
responding to Melan-A, gpl00, and tyrosinase has been sug-
gested by indirect means (Triozzi et al., 2015) in some patients
with primary or metastatic disease. The exact nature and the Ag
specificity of the CD8* T cells found in the eye tumor or the liver
metastasis of UM remain unclear. In other tumor types, simul-
taneous expression of both PD-1 and CD39 by the tumor-
infiltrating CD8* T cells indicates an immune response toward
tumor neo-Ags (Simoni et al., 2018; Duhen et al., 2018). Whether
CD8* T cells with such characteristics are found in the different
types of primary UM is unknown.

Herein, we studied the phenotype of the T cells found in
primary UM at the time of diagnosis using multicolor flow cy-
tometry, single-cell transcriptomic (single-cell RNA sequencing
[scRNAseq]) associated with single-cell TCR repertoire analysis
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with multiplex tetramer staining, and bulk TCR sequencing
(TCRseq) for alpha and beta chains. We evidenced differ-
ences in the number and phenotype of the T cells according
to the M3 versus D3 status of the tumor. We also charac-
terized the systemic T cell phenotype and looked for tumor
Ag-specific immune response both in the tumor and the
blood. Intriguingly, we observed an early tumor Ag-specific
systemic response at the time of primary treatment in some
patients.

Results

Characterization of the main T cell subsets present in

primary UMs

To investigate the adaptive immune response in localized UM,
we first quantified and determined the phenotype of the main
T cell subsets (CD8*, CD4", and regulatory CD4* [Tregs]) isolated
from primary tumors as compared to juxta-tumoral tissue in 20
enucleated patients (Table S1). The proportion of CD8* T cells
was higher in the tumor than in the juxta-tumor site (Fig. 1, A
and B), whereas it was the opposite for CD4* T cells (Fig. 1 C). To
assess the proportion of Tregs, we first measured the frequency
of CD25*CD127- (Seddiki et al., 2006) in CD4* T cells Fig. 1 D),
which was higher (P = 0.0002) in the tumor than in the juxta-
tumor site (Fig. 1D). As the CD25*CD127- phenotype of Tregs has
not been as well validated in tissues as in blood, we confirmed
this result using a FOXP3 staining of CD4* T cells (Fig. S1 A)
in seven primary UM tumors. The proportion of Tregs
(CD25*FOXP3*) in CD4* T cells was significantly (P = 0.0156)
higher in tumors than in the juxta-tumor site (Fig. 1 E). To assess
the activation status of Tregs in the tumor, we measured the
expression of CCR8, PD-1, CD39, and ICOS (Fig. S1 B). The pro-
portion of Tregs expressing CCR8 or CD39 was higher in the
tumor as compared with the juxta-tumoral site (P = 0.0156 and
P = 0.0145, respectively), but the expression of PD-1 and ICOS
was similar (Fig. S1 B). Notably, the patient (coh3_64) with the
highest (22%) proportion of Tregs rapidly became metastatic
92 days after enucleation (Table S1). Whether the high propor-
tion of Tregs in the tumor of this patient reflects a rapidly
growing tumor or is instrumental in tumor progression is
unknown.

Using another cohort of primary UMs (Table S1), we char-
acterized the phenotype of intratumoral CD8* T cells. In both the
tumor and the juxta-tumoral sites, only a small fraction of the
CD8* T cells expressed CD69 or CD103, characteristics of tissue
residency (Fig. 1 F and Fig. S1 D). The high proportion of CD8*
T cells negative for CCR7 in both the tumor and juxta-tumor sites
is consistent with a memory phenotype, as expected for tissue-
located cells (Fig. S1 C). To better understand the CD8 T cell
functions, we further studied exhaustion markers, such as
KLRGI, LAG3, and TIM3. KLRG], whose lack of expression has
been linked to T cell exhaustion and antitumor activity in blood
CD8* T cells (Luoma et al., 2022; Wherry et al., 2007), was in-
frequently expressed in the tumor and juxta-tumor sites. Very
few CD8* T cells expressed LAG3 (Fig. 1 F) whose increased
expression at the RNA level has been linked to high-risk UMs
(Durante et al, 2020). Few CD8* T cells expressed TIM3
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Figure 1. Characterization of the T cells infiltrating enucleated primary UMs. (A) Example of CD4 versus CD8 expression in T (CD3*) cells in juxta and
tumor sites. (B-E) Frequency of the indicated cell populations in juxta-tumor and tumor tissues. (D and E) Frequency of Tregs is defined as CD127-CD25* (D) or
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CD25"FOXP3* (E) in CD4* T cells. (F) Frequency of CD8* T cells expressing CD69, CD103, CD27, KLRGL, PD-1, TIM3, LAG3, and CD39 in juxta-tumor and tumor
tissues (representative staining in Fig. S1 D). (G, H, and M) UMAP of flow cytometry data in five juxta-tumor and six primary tumors, gated in T cells.
(G) UMAPs of color-coded surface expression of CD4, CD127-CD25*CD4* (Treg), and CD8" in CD3" (left) and distribution of CD3* cells from either juxta-tumor
(light blue) or tumor sites (violet) (right). (H) UMAP of CD3* cells color-coded for D3 (blue) or M3 (red) tumors. (I and J) Frequency of CD8* T cells () and CD4*
T cells (J) in D3 and M3 tumors. (K) Example of CD127 versus CD25 staining of CD4* T cells in D3 or M3 tumors. (L) Frequency of Tregs in D3 or M3 tumors (only
samples with >10 CD4* cells were considered). (M) UMAP of color-coded CD39 (left) and PD-1 (right) surface expression in CD3* cells. (N) Example of PD-
1 versus CD39 expression in CD8* T cells from D3 and M3 tumors. (0) Frequency of CD8* T cells expressing both CD39 and PD-1in M3 and D3 tumors.
(P) Distribution of PD-1*CD39* in CD8" T cells according to tumor T cell infiltration. Coh1 (n = 20) was used in A-C. Coh2 (n = 7) was used in E. Coh3 (n = 33)
was used in D, F-N, and P. Cohl and coh3 were used in O. Non-parametric paired Wilcoxon test was used in B-E. Non-parametric Mann-Whitney test was

used in F, J, L, and O. Only P < 0.05 is shown.

(Fig. 1 F). The expression of these two last markers was not
different between the tumor and the juxta tumor sites. In con-
trast, PD-1 and CD39 were more expressed by CD8* T cells in-
filtrating tumors than in the juxta tumoral site (P = 0.0454 and
0.0036, respectively) (Fig. 1 F). Notably, a larger proportion of
CD8* T cells simultaneously expressed PD-1 and CD39 in the
tumor as compared with the juxta tumor site (Fig. S1 E), sug-
gesting a tumor-Ag-specific immune response (Simoni et al.,
2018; Duhen et al., 2018). Furthermore, the distribution of the
CD39*PD-1* double expression by T cells in tumors was bimodal:
45% (9/20) (in cohl) of the primary tumors and not in the cor-
responding juxta-tumoral tissue (Fig. S1 E), suggesting a specific
tumor-Ag response in a subgroup of patients.

Since many of the phenotypic variables were correlated in
the different samples, we turned to a dimensionality reduction
analysis. CD4, CD8, and Tregs were projected onto different
regions of the uniform manifold approximation and projection
(UMAP) (Fig. 1 G and Fig. S1 F). The CD8 T cells and Tregs were
more abundant in the tumor (violet, Fig. 1 G, right panel).
Strikingly, a tumor-specific cluster of CD8 T cells was apparent
in the bottom right region of the UMAP (Fig. 1 G, right panel).

Comparison of T cells in M3 versus D3 tumors
As it was reported that tumors harboring a chromosome 3
monosomy (M3) contained more myeloid and lymphoid cells
than D3 tumors (Bronkhorst et al., 2012), we compared the T cell
distribution in the UMAP according to M3 versus D3 status.
Strikingly, the tumor-specific CD8* cluster seen above was
mostly found in M3 tumors (Fig. 1 H, red dots). Accordingly, the
proportion of CD8* T cells was more abundant than CD4* T cells
in M3 than in D3 tumors (P = 0.006) while it was the opposite
for CD4* T cells, which were more abundant in D3 than in M3
tumors (P = 0.039) (Fig. 1, I and J). An increased proportion of
Treg (CD127-CD25*) was also observed in M3 tumors as com-
pared with D3 tumors (P = 0.0360) (Fig. 1, K and L). We then fo-
cused on the analysis of the PD-1 and CD39 on D3 versus M3 tumors.
Notably, the distribution of the proportion of CD8* T cells ex-
pressing both PD-1 and CD39 was bimodal and much higher in M3
(>25% in 16 out of 23) than in D3 (>25% in 1 out of 10) tumors (P =
0.0076) (Fig. 1, M-O). Finally, a strong correlation between the
proportion of PD-1*CD39* in CD8* T cells and the number of T cells
recovered from the tumor was observed in M3 tumors (Fig. 1 P).
Thus, primary M3 UM tumors harbor increased T cell cel-
lularity and proportion of both Tregs and CD39*PD-1*CD8*
T cells, suggesting the occurrence of an antitumor Ag-specific
in situ immune response.
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Abundant Melan-A-specific CD8* T cells are present in
primary UMs
To identify the Ag specificity of the PD-1*CD39* CD8* T cells seen
above, we quantified the frequency of CD8* T cells specific for
the tumor differentiation Ag Melan-A. As a control, we also
characterized the response against a viral Ag (CMV). HLA-A2:
Melan-A tetramer-positive CD8 T cells were abundant, reaching
up to 24% of the CD8* T cells in the tumor (Fig. 2, A and B).
Melan-A-specific T cells were more frequent in the tumor than
in the juxta tumoral site (P = 0.0002) (Fig. 2 B). HLA-A2:
CMV-specific CD8* T cells were found in 4/7 juxta-tumors and
tumors at a similar frequency, consistent with the prevalence of
CMV infection in our patient population (Fig. 2, C and D). As
expected, no difference in HLA-A2:CMV-specific CD8* T cell
frequencies was observed between juxta and tumor tissues
(Fig. 2 D). In the tumor, the Melan-A-specific CD8" T cells ex-
pressed CD39 and PD-1 while it was not the case in the juxta
tumoral site (Fig. 2 E) nor for the CMV-specific CD8* T cells in
the tumor or the juxta tumoral site (Fig. 2 F). Thus, Melan-
A-specific T cells were positive for both PD-1 and CD39 in 43%
of UMs (10/23) (Fig. 2 G) while the CMV-specific T cells were
negative for these markers (Fig. 2 G). Altogether, these results
suggest that the Melan-A-specific CD8* T cells found in the tu-
mor correspond to an ongoing antitumor response.
Interestingly, the frequency of Melan-A-specific T cells was
much higher in M3 than in D3 tumors (Fig. 2 H) despite similar
MLANA mRNA expression in both tumor types (Fig. 2 I), sug-
gesting that the lower frequency of Melan-A-specific T cells in
D3 tumors is not due to lack of Ag. This was confirmed by an-
alyzing Melan-A protein by immune chemistry in 10 D3 and 10
M3 primary tumors (Fig. 2, J and L). The level of Melan-A pro-
tein was similar in both tumor types. Notably, HLA membrane
expression, as measured by immunochemistry, was more im-
portant in M3 than in D3 tumors (Fig. 2, K and L), confirming
that M3 tumors are more inflamed than D3 tumors (Bronkhorst
et al, 2012) as correlated with a stronger IFN-y signature
(Robertson et al., 2017). Altogether, our results indicate that the
increased number of CD8* T cells observed in M3 tumors is
probably driven by specific antitumor Ag responses.

Single cell transcriptomic and TCR analysis in primary

UM tumors

To further analyze the T cell response in the tumor and char-
acterize the tumor Ag-specific immune response, we used
scRNAseq coupled with VDJ-TCRseq technology on three pri-
mary HLA-A2* UMs. We focused on M3 tumors as they are
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Figure 2. Detection of tumor-specific T cells infiltrating primary UMs. (A) Example of dual color staining of Melan-A-specific CD8* T cells in juxta-tumor
and tumor tissues. (B) Frequency of HLA-A2:Melan-A-tetramer—positive cells in CD8* T cells in juxta-tumor and tumor tissues. (C) Representative dot plot of
HLA-A2:pp65 CMV-specific CD8* T cells. (D) Frequency of HLA-A2:CMV-tetramer-positive CD8* T cells in juxta-tumor and tumor samples. (E and F) Example
of PD-1and CD39 expression in tetramer*CD8* T cells in juxta-tumor and tumor tissues. (E) HLA-A2:Melan-A-tetramer-positive CD8* T cells. (F) HLA-A2:CMV-
tetramer—positive CD8* T cells. (G) Frequency of tetramer-positive CD8* T cells expressing both CD39 and PD-1 in tetramer-positive cells in the juxta-tumor
and tumor tissues. (H) Frequency of HLA-A2:Melan-A-tetramer—positive cells in CD8* T cells infiltrating D3 or M3 tumors. (1) MLANA gene expression (RNAseq)
in 24 D3 and 49 M3 enucleated primary UMs. (J) Examples of immunohistochemistry for Melan-A and MHC class | in a representative case of D3 and M3 UM,
respectively. Scale bars, 25 um. (K and L) Results of semiquantitative evaluation of Melan-A (K) and MHC class | (L) immunostaining in tumor cells in D3 and M3
UM expressed as H-score (median, 95% Cl). Cohl (n = 20) and coh4 (n = 4) were used in A-H. Independent UM cohorts for J-L. ND: not detected. N/A: not
applicable; the phenotype was not calculated when less than five tetramer* cells were detected. Non-parametric paired Wilcoxon or unpaired Mann-Whitney
tests were used as appropriate.
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infiltrated by a high number of T cells, contrary to the D3 ones.
To maximize the information, we sorted the following: (1)
Melan-A-specific CD8 T cells using barcoded HLA-A2:Melan-A
tetramers; (2) HLA-A2:Melan-A tetramer-negative CD39*PD-1*
CD8* T cells; (3) CD8* T cells that displayed neither of the pre-
vious characteristics; (4) CD4* T cells (see Materials and meth-
ods). These cells were mixed in a 10%, 30%, 30%, and 30%
proportions, respectively, before input into a 10X apparatus for
5’ transcriptomic and VDJ sequencing. After the exclusion of
doublets, debris, and dying cells, we retrieved 6,668, 9,545, and
5,338 cells for coh4_84, coh4_56, and coh4_76 samples, respec-
tively. The median number of detected genes was 2,179, 2,408,
and 1,952, respectively. The number of cells labeled with Melan-A
tetramer was 712 (10.7% for coh4_84), 696 (7.3% for coh4_56), and
1,368 (25.6% for coh4_76).

We first focused on the coh4 84 sample to illustrate our
analysis pipeline (Fig. 3). We performed a clustering with the
Louvain algorithm (resolution 0.2), followed by UMAP. These
unsupervised graph-based clustering of transcriptome data
partitioned the cells into nine subsets (Fig. 3 A and Fig. S2).
These subsets were named according to the differential ex-
pression of key genes (Fig. 4 and Table S2). Cluster C1 corre-
sponded to CD4* memory T cells with the expression of CD4,
IL7R, and CD40LG while cluster C5 corresponded to Tregs
characterized by the expression of CD4, FOXP3, CCR8, and CTLA4.
Cluster C7 corresponded to cycling CD4* and CD8* T cells ex-
pressing MKI67 and TOP24, indicating that some T cells prolif-
erate in the tumor bed.

Six other clusters encompassed CD8* T cells. The most
abundant cluster CO corresponded to the expression of PDCDI
(PD-1), ENTPDI (CD39), HAVCR2 (TIM3), LAG3, GZMB, and TOX
(Figs. 4 and S3), suggesting chronic activation by tumor Ags.
Confirming this hypothesis, barcoded Melan-A tetramer-
positive cells projected mostly onto this CO cluster (Fig. 3 B).
The other large CD8* cluster C2, corresponded to expression of
IL7R, KLF2, CCR7, and TGFBI suggesting a less differentiated state
and a memory phenotype. Four smaller CD8* T cell clusters were
observed: COa, C3, C6, and C4. Cluster COa was close to cluster CO
with similar expression of ENTPD1, HAVCR2, and PDCDI but de-
creased expression of the ribosomal protein genes, indicating
lower protein biosynthesis. Cluster C3 was characterized by in-
creased expression of the transcription factor FOXP1 which
prevents spontaneous T cell activation and preserves memory
potential (Kaminskiy et al., 2022). A high level of CD44 expres-
sion was also found suggesting particular interactions with the
extracellular matrix. Like in the previous cluster (COa), expres-
sion of ribosomal protein genes was decreased, indicating low
protein biosynthesis. Cluster C6 was characterized by the ex-
pression of XCL2 and XCLI (Table S2), two chemokines implicated
in mediating interactions between dendritic cells and T cells and
induction of CD8" effector T cell responses (Fox et al., 2015). The
inhibitory KIR receptors KLRC2 (NKG2-C) and KLRDI (CD94) and
the corresponding natural killer (NK) adapter TYROBP (encoding
DAPI12) were also expressed. SELL expression was high indicat-
ing the possibility of entering the lymph node while GNLY, an
antimicrobial protein present in cytotoxic granules, suggested
cytotoxic functions. Notably, the integrins ITGAI (CD49a) and
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ITGAE (CD103) as well as the transcription factor ZNF683
(Hobit) were also expressed, suggesting some level of tissue
residency. Cluster C4 highly expressed the integrins ITGAl and
ITGAE (CD103), as well as ALOX5AP (Kortekaas et al., 2020),
indicating tissue residency in accordance with the expression
of ZNF683.

As the proportion of the different populations of the UMAP
matched what was put into the 10X apparatus, the equilibrated
numbers of cells in the different clusters allowed us to investi-
gate the relationship between phenotype, TCR clonal expansions,
and putative antitumor Ag reactivity in primary UM tumors.
Notably, almost all the cells labeled with the HLA-A2:Melan-A
tetramer projected onto cluster CO, and a few belonged to the
related cluster COa and to the cycling cluster C7 (Fig. 3 B).

Large clonal expansions are found in specific

transcriptomic clusters

Clonal expansion may reflect an antitumor response or non-
specific recruitment to the tumor of effector T cells bearing
other specificities such as antiviral responses. For TCR analysis,
we assigned cells from our dataset into clonotypes (set of cells
sharing identical nucleotide sequences of TCRa and/or TCRf
chains) (Table S3). For the TCR repertoires, we took into account
the different possibilities: 112 cells with only a TCRa chain; 423
cells with two TCRa and one TCRP chains; 863 cells with one
TCRP chain; 4,040 cells with one TCRa and one TCRp chains.

TCR repertoire analysis detected 2,136 clonotypes in 5,438
cells in which a TCR could be assigned. The projection onto the
UMAP of the largest (260 cells) clonotypes specific or not for
HLA-A2:MelanA is displayed in Fig. 3, C and D. Strikingly, most
of the clonotypes projected on the UMAP predominantly to a
given cluster except for a few exceptions. Several of the biggest
clonotypes (260 cells) were found in cluster CO while C2, C4, and
Cé6 clusters encompassed each one a predominant clonotype (cl9
in C2, cl4 in C4, and cl7 in C6) (Fig. 3 E). Notably, some cells from
clonotypes found in CO projected also onto the related cluster
COa (CD8*CD39*PD-1*) and onto the cycling cluster C7, indicat-
ing the relatedness of these three clusters. Three (cl2, cI3, and
cl10) of the most expanded clonotypes were specific for Melan-A
and expressed the TRAV12-2 gene as expected (Cole et al., 2009).
12 other singleton clonotypes were HLA-A2:Melan-A tetramer*
cells while the rest of the cells were distributed among smaller
clonotypes which were partially (<50%) labeled, suggesting
non-specific staining or lower avidity. The presence of Melan-A-
specific cells in cluster CO confirmed our working hypothesis that
the tumor-Ag-specific CD8* T cells belonged to this cluster. No-
tably, the largest clonotype (cl1) belonged to cluster CO and is not
specific for Melan-A.

The smaller clonotypes (11-60 cells) were distributed
throughout different clusters (Fig. 3 E), including a Treg clono-
type (cl30 in C5). The CD8* memory C2 and CD4* memory Cl
encompassed mostly small (2-60 cells) clonotypes, especially for
the latter.

Interestingly, most if not all clonotypes encompassing cycling
cells (C7) also belonged to CO with five exceptions (cl4, 13, 14, 27,
and 35) in which, however, only one cycling cell was observed.
This could be doublet cells remaining after filtering. Thus, CO
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Figure 3. VD) scRNAseq of T cells found in a primary M3 UM. CD3* T cells isolated from an enucleated primary M3 UM tumor (coh4_84) were FACSorted
into HLA-A2:Melan-A tetramer* CD8* T cells, HLA-A2:Melan-A tetramer™8 CD39*PD-1*CD8* T cells, HLA-A2:Melan-A tetramer-CD39- or PD-1~ CD8* T cells,
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CD4* T cells that were mixed in a 10, 30, 30, and 30% proportion, respectively, before analysis using the 10X VDJ 5’ scRNAseq technology. (A) UMAP of the
scRNAseq dataset colored by inferred cluster identity. (B) Projection on the transcriptomic UMAP of the cells labelled by the HLA-A2:Melan-A tetramer* cells
(red). (C and D) Projection on the UMAP of the most expanded clonotypes (n > 60 cells) corresponding to unlabeled (C, others) and labeled (D, HLA-A2:Melan-
A) cells by the Melan-A tetramer. (E) Cluster of origin for cells expressing the most expanded clonotypes (n > 10 cells). Red stars indicate HLA-2A:Melan-A
tetramer-specific clonotypes. (F) Distribution of the clonotype size in the different clusters. One clonotype can be represented in multiple clusters. (G) Clonal

size of the expanded (n = 2 cells) clonotypes in the different clusters.

encompassed large clonotypes, many of which were proliferat-
ing in the tumor bed despite the absence of known tertiary
lymphoid structure in primary UM (Mariani et al., 2023). These
data suggest that the 309 clonotypes found in CO represent an
antitumor CD8* T cell response. The specificity for Melan-A is
known for three clonotypes while the Ag specificities for the 306
other TCRs remain to be determined. In particular, the largest
clonotype (cl1, 514 cells) probably recognizes a strongly immu-
nogenic tumor-related peptide-MHC complex.

Clonal size ranged from 1 to 514 cells and the clonal size
distribution varied according to the clusters (Fig. 3, F and G).
Singletons were above 15% only in C1 (CD4* memory), C2 (CD8*
memory), C3 (FOXPI), and C5 (Tregs), indicating higher TCR
diversity in these clusters while the proportion of expanded
clonotypes was very high in the other clusters. The average size
of the expanded (2 cells) clonotypes was higher in C0, C4, and
Cé6 (Fig. 3 G), consistent with an in situ immune response for CO
as many clonotypes are shared with the proliferative C7.

scRNAseq VD) analysis of two other primary tumors

We next studied two other primary tumor samples, coh4_56 and
coh4_76. The data were analyzed separately without integration
to avoid artificial homogenization (Figs. S2 and S3). To allow a
common nomenclature of the observed clusters, the expression
of key genes was also analyzed in the three datasets (Fig. 4 A and
Table S2). The distribution of the clusters in coh4_56 was very
similar to coh4_84. For coh4_76, despite the experimental de-
sign, the proportion of memory CD4* T cells (C1) was low, but an
additional cluster (C8) corresponding to CD4* T cells expressing
PDCDI and CD40LG was identified. The frequency of Melan-
A-specific CD8" T cells in coh4_76 was also higher, 26%, well
above the targeted 10% value. The proportion of cycling cells
(C7) was higher in coh4_76 than in the two other samples. No-
tably, the particularly exhausted CD39*PD-1*CD8* COa was not
found in coh4_56 and coh4_76 while C3 was not observed in
coh4_76. In addition, an additional cluster C4a was identified in
coh4_76 as the differential expression of the genes of our can-
didate list indicated similarity to the tissue resident memory
(Trm) C4 (ITGAE, ITGAI) cluster. However, the expression of
ZNF683 was low whereas TOX and PDCDI were also expressed.
These mixed Trm and exhausted phenotypes lead to clustering
to the CO branch of the hierarchical dendrogram (Fig. 4 B).
Additional small clusters were identified in coh4 76: COb and
C7b. Still, the three tumors harbored similar CD8* and CD4*
T cell subsets displaying common (but not identical) features
(Fig. 4). Most of the Melan-A-specific CD8* T cells belonged to
CO and the related COa and COb in the three datasets (Figs. S2
and S3), confirming that these clusters probably correspond to
antitumor Ag-specific T cells.

Lucibello et al.
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TCR repertoire analysis detected 3,082 and 734 clonotypes in
7,603 and 5,295 cells in which a TCR could be assigned for the
coh4_56 and coh4_76 samples, respectively. As above, in these
two samples, the biggest clonotypes (= 60 cells) were mostly
found in CO. Notably, in the coh4_76 sample, 4 of the 14 biggest
clonotypes (= 60 cells) belonged to the CD8* Trm/exhausted C4a
and also included some proliferative cells (C7), suggesting in situ
proliferation. Similarly, in the coh4_56 sample, several large
clones also belonged to C4, and some of them also displayed
proliferation (C7). While the Melan-A-specific CD8* T cells
corresponded to only three large clones in coh4_84, several
clones of intermediate size (10-60 cells) or smaller (2-9 cells)
were observed in the two other tumors (Fig. S3 E, Fig. S4 E, and
Table S2). In coh4_76, six (cl2, cl3, cl5, cl8, cll1, and cl12) of the
most expanded (= 60 cells) clonotypes represented >80% of the
cells specific for Melan-A and mostly expressed the TRAV12-2
gene as expected (Fig. S3 E and Table S2).

The proportion of singletons in the three tumors, indicating
smaller clonal expansions in a given cluster, was higher in Tregs
(C5), in CD4* and CD8* T memory cells (C1 and C2), and also in
FOXP1*CD8* T cells (C3) as compared with other clusters
(Fig. 3 F, Fig. S2 F, and Fig. S3 F). CO encompassed several large
and medium size clonotypes. In contrast, C4 and C6 were com-
posed of one or two large clonotypes in the three tumors
(Fig. 3 G, Fig. S2 G, and Fig. S3 G). Altogether, these results
suggest that CD8* T cells with specific differentiation status ei-
ther accumulate or proliferate in the tumor and confirm that the
cells belonging to the CO-related clusters (COa, COb, C7, C7b)
probably recognize tumor Ags.

Pattern of recirculation of the TCRs found in the three primary
tumors according to the cluster of origin
One important parameter characterizing memory T cell subsets
is the ability to recirculate systemically. We, therefore, se-
quenced the bulk of TCRs in peripheral blood mononuclear cell
(PBMC) from the three patients to quantify the number of clo-
notypes identified in the tumor scRNAseq that would also be
found in the blood according to cluster of origin (Figs. 5 and S4;
Tables S3 and S4). As the clones and the clusters differ widely in
size, to avoid complex normalizations or sub-sampling ap-
proaches, we only scored scRNA clonotypes present in the blood
in each cluster (Fig. 5) and ranked them according to the number
of reads in the blood and their clonal size in the tumor (Fig. S4).
A given clonotype was assigned to the cluster to which the
majority of the cells belonged. Except for a few cases, the TCRa
and TCRP analysis gave very consistent results, validating the
approach (Figs. 5 and S4).

Consistent with their differentiation state, despite their large
clonal size, the proportion of TCRs found in the blood was low
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Figure 4. Differential expression of key genes in the three scRNAseq UM data sets. (A) Dot plot shows scaled expression of selected genes (see Materials
and methods) for each cluster colored by average expression in each cluster. Dot size represents the percentage of cells in each cluster with more than one
read of the corresponding gene. (B) Hierarchical clustering of the different clusters from patients coh4_84, coh4_56, and coh4_79.

Lucibello et al. Journal of Experimental Medicine
T cell responses in primary uveal melanoma https://doi.org/10.1084/jem.20232094

920z Areniged 0| uo1senb Aq jpd 1602£Z0Z Wel/L66.261/v602£2029/9/ 1 zZ/4pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq

90f18


https://doi.org/10.1084/jem.20232094

NA

‘ ‘ m

% *kk ~ NA

100 1

] ~
o ()]
1 L

Proportion of recirculating clonotypes blood/tumor (%)
N
(&)}

&
@A

clusters ***
chains ns
clusters x chains ns

@ coh4 84
coh4_56
. coh4_76

chain

O TRA
/\ TrRB

clusters
C0_CD8 _CD39 PD-1

C5_Tregs
O 6 _CcD8 KLRD1
C7_CD4_CD8_cycling
C8_CD4_CD39_PD-1

Cco

C6 Cc7 Cc8

Figure 5. Frequency of tumor clonotypes found in the blood according to assigned cluster and clonotype size in the tumor. The frequency was
computed as the number of tumor clonotypes found in the blood (Boolean variable) using bulk RNAseq divided by the total number of clonotypes assigned to a
given cluster for each patient for each TCR chain (TCRa [circle] and TCRB [triangle]). A given clonotype was assigned to the cluster in which the majority of the
cells was found. Only clonotypes >2 cells were analyzed. The effects of the TCR chain nature (TCRa or TCRB) and clusters were evaluated using an ANOVA.
Tukey’s post-hoc test to identify differences between clusters. The statistical differences are indicated as: *, P < 0.05; ***, P < 0.001 or ns for non-significant,
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for the CD39"PD-1"CD8* T cells (C0), and the related cycling (C7)
clusters, indicating that the immune response was mostly lo-
calized. Most of the TCRs corresponding to Tregs (C5) were not
found in the blood (except for a few clones in coh4_76, Figs. 5
and S4), suggesting also local proliferation. Few TCRs expressed
by memory CD4" T cells (C1) were found in the blood apart from
patient coh4_76 whose CD4* T cells cluster were split into two
clusters, C1 and C8. The C1 cells did recirculate while C8 did not
and may correspond to an intratumor response as it expresses
ENTPDI and PDCDI like CO. In contrast, TCRs corresponding to
the memory CD8" T cells (C2) were found in the blood. This
difference between memory CD4* and CD8* T cells’ apparent
recirculation pattern may be related to the higher clonal size of
CD8* T cells (Seder and Ahmed, 2003). The TCRs belonging to
the FOXP1*CD8* T cells (C3) were found in the blood despite
their relatively low clonal size in the tumor, suggesting specific
trafficking pattern. Notably, many TCRs corresponding to C4
were also found in the blood despite a Trm program. The TCRs
expressed by KLRD1* effector CD8* T cells (C6) were found in
large numbers in the blood indicating a particular circulatory

Lucibello et al.
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pattern for these cells as TCRs corresponding to singleton in the
tumors were frequently found in the blood. Consistent with
their CO assignment, the Melan-A-specific T cells did not re-
circulate much in the blood except for patient coh4_56 in which
=20% Melan-A-specific T cells displayed a particular differen-
tiation status (C3) and were found as memory cells in the blood
according to cytometry analysis (Fig. 6 B, below).

Thus, many T cells found in the tumor corresponded to clones
with specific differentiation (C2 or C6 for instance) and large
clonal size in the blood, which may indicate antiviral specificity.
Altogether, these results indicate that in M3 UM primary tu-
mors, the T cells most likely responding to tumor-Ags do not
recirculate much in the blood.

Systemic tumor Ag-specific immune responses in untreated
UM patients

The presence of tumor Ag-specific T cell response at the time of
primary treatment indicates some form of priming somewhere
in the body. In a prototypic immune response, naive T cells do
not have access to tissue and circulate between the blood and
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A2:Melan-A-tetramer+ in blood CD8* T cells. (E) Examples of CCR7-CD45RA staining of blood A2:Melan-A CD8* T cells. (F) Frequency of non-naive HLA-A2:
Melan-A T cells in the blood of patients with D3 or M3 tumors. (G-J) Detection of CD8* T cells specific for SF3B1™t related neo-epitopes in the blood of
patients with UM tumors mutated (SF3B1™t) or not (SF3BIWT) for SF3B1. (G) Example of HLA-A2:14 (top) and HLA-A2:37 (bottom) tetramer staining.
(H) Frequency of tetramer-positive cells in blood CD8* T cells of patients with SF3B1™t or SF3B1WT tumors. The dashed line indicated the quantitation limit.
(1) Examples of naive/memory phenotype of tetramer-positive T cells. (J) Frequency of non-naive tetramer-positive T cells in the blood of patients with
SF3B1™t or SF3B1YT tumors. (K) Frequency of patients with memory responses against SF3B1™“t-related neo-peptides according to mutational status of
SF3BL. Cohl (n = 20) was used in A. Cohl and coh4 were used in B. Coh5 was used in C-K. Non-parametric Mann-Whitney test was used in D, F, H, and J. Only
P < 0.05 are shown. ND: non detected; NA: not applicable; the phenotype was not calculated when less than five tetramer-positive cells were detected.

secondary lymphoid organs where they are primed by incoming
Ag presented by Ag-presenting cells. After priming, effector
T cells circulate in the blood to reach tissues to mediate their
effector functions while central memory T cells circulate be-
tween the lymphoid organs, the lymph, and the blood. Since we
observed a local antitumor immune response in UM patients
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(Fig. 1), we expected to find tumor Ag-specific T cells circulating
in the blood. We therefore characterized the lymphoid com-
partment in the blood of 86 patients before surgical treatment of
their eye tumor (Table S1).

We firstly measured the proportions of the main T cell sub-
sets (CD4, CD8, Tregs (CD127-CD25"), naive, effector, memory,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20232094

920z Areniged 0| uo1senb Aq jpd 1602£Z0Z Wel/L66.261/v602£2029/9/ 1 zZ/4pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq

110f18


https://doi.org/10.1084/jem.20232094

chronically activated (CD127-CD25-CD4* (Péguillet et al., 2014)
subsets as well as the main innate-like T cells (MAIT, NKT, and
v8) and also the expression of a couple of activation markers
(PD-1, ICOS) using a 15-parameter flow cytometry panel ac-
cording to the gating strategy displayed in Fig. S5). As CMV la-
tent infection strongly impacts the distribution of many
peripheral blood lymphocyte subsets with an increased pro-
portion of effector cells in both CD4* and CD8* T cells (Patin
et al., 2018) and the CMV-driven accumulation of terminally
differentiated T cells can negatively impact response to ICI
(Naigeon et al., 2023), we stratified our analysis according to
CMV serological status. As we had observed a strong impact of
the D3/M3 status in the primary tumor, we also analyzed the
data according to the D3 or M3 status. We found no difference
neither in the proportion of CD4* or CD8* T cells (Fig. S5 A), nor
in CD4 subsets (Treg, conventional T cells, or chCD4) (Fig. S5 B)
in CMV-negative patients. Notably, CMV* patients with D3 tu-
mors harbored increased frequency of effector in both Tregs and
convCD4* T cells as compared to patients with M3 tumors (Fig.
S5, B and C), suggesting increased stimulation, possibly re-
flecting an antitumor response.

The level of granularity imparted by generic subset pheno-
typing in the blood is certainly not sufficient to assess antitumor
responses. To study the relationship between local and circu-
lating tumor Ag-associated specific T cells, we compared the
frequency and phenotype of Melan-A-specific T cells in patients
for whom paired tumor-blood samples were available (n = 13). In
two patients (cohl_54 and coh4_56), Melan-A-specific T cells
were found in the tumor and the Melan-A-specific T cells in the
blood displayed a memory phenotype (Fig. 6, A and B). For two
other patients (coh4_79 and cohl_33), the same pattern was
observed to a lower extent. In five patients (cohl_14, cohl_29,
cohl_31, coh4 76 and coh4_84), Melan-A-specific T cells were
found in the tumor but were naive in the blood while in the
other four patients, Melan-A-specific T cells were not present in
the tumor nor were memory in the blood (Fig. 6, A and B). Thus,
5 out of 13 of the patients displayed an abundant in situ immune
response against a tumor-associated Ag (TAA) without dis-
playing a systemic response.

To further examine the occurrence of an antitumor-
associated Ag immune response at primary treatment, we
studied PBMCs of a large cohort (n = 33) of HLA-A*02:01 patients
undergoing primary tumor resection. We stratified the results
according to D3 and M3 status. Notably, the frequency of Melan-
A-specific T cells was higher in the blood of patients bearing M3
tumors as compared with D3 tumors (P = 0.0029) (Fig. 6, C and
D). Since the acquisition of an effector or memory (CD45RA- or
CCR7-CD45RA*) phenotype by CD8* T cells indicates previous
contact with the Ag, we quantified the proportion of non-naive
cells in the Melan-A-specific T cells. The proportion of Melan-
A-specific CD8* T displaying an effector/memory phenotype
was similar in patients bearing D3 or M3 tumors (Fig. 6, E and F).
The absence of statistical significance between the two groups
may be related to a lack of statistical power as the low number
of Melan-A-specific T cells available for the naive/memory
analysis was insufficient in 4 (out of 11) and 2 (out of 21) patients
in the D3 and M3 groups, respectively.
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To study the immune response against tumor-specific Ag, we
turned to the neo-Ags related to mutations in the splicing factor
SF3B1 which is mutated in ~20% of UMs. The multiple (>500)
neo-Ags are shared between patients and are tumor-specific as
they are not expressed in normal tissues (Alsafadi et al., 2016).
We previously characterized the T cell response against these
neo-Ags in a small cohort of metastatic patients (Bigot et al.,
2021). In the current study, the tetramer staining on tumor-
infiltrating lymphocytes (TILs) was performed on 20 fresh
enucleation samples, which unfortunately were found afterward
to be WT for SF3BI. Thus, we could not analyze the in situ re-
sponse of T cells toward SF3BI™Ut-related neo-Ags. We therefore
studied the immune response against SF3BI™“t-related neo-
epitopes in the peripheral blood of these patients. Blood CD8*
T cells from HLA-A*02:01 patients with SF3BI™" (n = 8) (Table
S1) or SF3BIWT (n = 26) localized UM were stained with HLA-A2
tetramers loaded with SF3BI™" related A2:14, A2:17, A2:18, A2:26,
and A2:37 neo-peptides (Fig. 6 G). The frequency of SF3BI™ut-
related NeoAg-specific T cells was similar in patients bearing
SF3BI™Ut or SF3BIWT tumors. We then quantified the proportion
of non-naive cells in the neo-epitope-specific T cells (Fig. 6 H). In
patients bearing SF3BIWT tumors, SF3BI™“-related neoepitope
specific T cells were mostly naive, while in several patients
bearing SF3BI™“t tumors, the proportion of non-naive was above
40%. The presence of a few memory cells in the blood of patients
bearing SF3BIWT tumors may be explained by the crossreactivity
of T cells toward environmental Ags. Still, the proportion of non-
naive cells for epitopes A2:14 and A2:37 was higher (P = 0.02 and
0.006, respectively) in patients bearing SF3B1™" tumors than in
SF3BIWT tumors. For the other epitopes, A2:17, A2:18, and A2:26,
the frequency of specific T cells was lower and had an effector/
memory phenotype in only one or two patients (Fig. 6, I and J).
Thus, tumor Ag-specific T cells were detected in the blood of
patients with UM at primary treatment. Since metastasis occurs
later in SF3BI™"* tumors than in M3 tumors, the systemic anti-
tumor response observed in D3 tumors could be related to the
detection of disseminated tumor cells and may be involved in
metastasis containment.

Discussion

In this study, we characterized the in situ immune response
toward TAA in primary UM tumors. In the blood, we observed
responses against this same class of Ags (Melan-A) as well as
against tumor-specific Ags (SF3BI™"t related). The immune in-
filtrate including tumor Ag-specific CD8 T cells was more im-
portant in M3 tumors than in D3 tumors despite M3 tumors
having the worst prognosis. Notably, no systemic response was
observed in =50% of the patients with M3 tumors despite the
presence of abundant Melan-A-specific T cells in the tumor.
Surprisingly, a tumor Ag-specific immune response was ob-
served systemically in some patients with D3 tumors in the
absence of a local immune response.

Thus, an immune response was present in many patients in
the eye, which is usually considered an immune-privileged site.
In the absence of known lymphatic drainage of the posterior
chamber of the eye (Dickinson and Gausas, 2006; Reyes et al.,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20232094

920z Areniged 0| uo1senb Aq jpd 1602£Z0Z Wel/L66.261/v602£2029/9/ 1 zZ/4pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq

12 of 18


https://doi.org/10.1084/jem.20232094

2017) and the absence of lymph node invasion in this disease, the
way tumor Ags would reach a draining lymph node to prime
naive T cells is mysterious. Yet, more recent studies point to
a functional lymphatic drainage of the retina and vitreum
(Griintzig and Hollmann, 2019). Still, the macrophage and den-
dritic cells associated with the remodeling of the tumor stroma
may capture tumor Ags and migrate to the draining lymph node
or directly to the blood to reach the spleen and prime naive
T cells in both sites. The conditioning of the Ag-presenting cells
(APCs) by the eye microenvironment may lead to inadequate
priming as we showed in an autochthonous lung tumor model in
mice (Alonso et al., 2018). The resulting primed T cells would be
able to circulate back to the eye tumor without being able to
mediate efficient effector functions. Inflammation may be more
prominent in M3 tumors leading to both accumulation of ef-
fector CD8* T cells and an increase in Tregs (Bronkhorst et al.,
2012). Whatever the site of priming, CD8* T cells were recruited
inside the tumor while their circulating effector counterparts
were not detected in the blood in most cases. High expression of
HLA class I and II has been observed in UM of patients with
decreased survival (Ericsson et al.,, 2001). This is compatible
with the proliferation of tumor-specific CD8* T cells we ob-
served in high-risk M3 tumors indicating that tumor Ags are
presented in the tumor bed.

In contrast, the number and frequency of CD8* T cells in D3
tumors was lower but a systemic immune response toward
Melan-A and SF3BI™Yt-related neo-Ags was often detected. One
hypothesis to reconcile this set of data is that M3 tumors are
permissive for T cell infiltration but inhibit the effector capacity
of CD8* T cells in situ leading to exhaustion and deletion while
D3 tumors are not permissive for infiltration, and the primed
antitumor CD8* T cells continue to circulate in the blood. An-
other hypothesis stems from one important limitation of this
work related to the exclusive study of enucleated patients cor-
responding to more advanced and maybe more aggressive tu-
mors displaying a higher risk of metastasis than common UM. In
fact, the disease may already be disseminated in some patients
with localized UM at the time of study. Dormant micro-
metastases infiltrated by immune cells have been found in
patients without macrometastases and deceased from UM-
unrelated causes (Gill et al., 2023). This disseminated disease
may induce strong priming, leading to the important tumor
infiltration we observed in M3 tumors. In line with a reduced
metastases occurrence, the disseminated tumor mass may be
lower in D3 tumors. This would induce poor priming of tumor
Ag-specific T cells that would not be activated strongly enough
to translocate to the D3 tumors, as efficient priming is required
to reach tissues (Joncker et al., 2006).

Primary UM has been often described as poorly infiltrated
(Mariani et al., 2023) which is in apparent contradiction with
our findings. This may be due to different experimental ap-
proaches, as in most studies, immunohistochemistry (IHC) was
used while we applied flow cytometry and scRNAseq. However,
our study lacks spatial information on the distribution of the
T cells in tumoral versus peritumoral areas. On the other hand,
sample preparation for flow cytometry uses bigger tissue vol-
ume than thin tissue sections, leading to the recovery of larger
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numbers of infiltrating cells. Although our approach cannot
distinguish peri versus intratumoral cells, we observed striking
differences between tumor and juxta-tumoral tissues.

The nature of the tumor Ags recognized by the CD8 T cells
found in the eye tumor is only partially known. The low mu-
tation burden of UM suggests that the immune response we
observed should be directed to TAA such as Melan-A, PRAME,
PMEL, and TYR or possibly to other Ags related to dysregulation
of mRNA expression or processing (Xie et al., 2023). In the TILs
of cutaneous melanoma, the TCRs specific for highly expressed
melanoma-associated Ag are less avid for their cognate peptides
than the TCRs that are specific for tumor-specific neo-Ags which
are expressed at low levels (Oliveira et al., 2021). Which of these
cells are instrumental to control tumor growth is not known, but
highly mutated tumors are associated with better survival dur-
ing ICI treatment (Rizvi et al., 2015). As UM is poor in point
mutations, it is to be expected that the main response should
be directed against tumor-specific Ags. An exception is the
D3 SF3BI™“t tumors that elicit immune responses directed to
peptides generated by aberrant splicing (Bigot et al., 2021). We
evidenced a response against the differentiation melanoma Ag
Melan-A in M3 tumors, but we did not have access to HLA-A2*
SF3BI™Ut tumors due to the rarity of enucleation in this clinical
setting. The number of Melan-A-specific clones in the tumor
bed varied a lot among the different patients: in all cases, large
clones were present but smaller clones were also observed in
some patients. Still, a more diversified antitumor response to-
ward other tumor Ags is very likely as most expanded clono-
types belonging to cluster CO were not labeled by the Melan-A
tetramer.

The scRNAseq study provided interesting clues on the in-
tratumoral responses: in the great majority of the cases, the only
proliferating cells belonged to cluster CO CD39*PD-1*CD8*
T cells, suggesting that the other expanded clonotypes belonging
to other clusters were not tumor specific. Besides the chronically
activated cluster CO CD39*PD-1*CD8* T cells, smaller clonal ex-
pansions were observed in both CD8* and CD4* T cells. As ex-
pected (Seder and Ahmed, 2003), the size of the clonal
expansions was higher in CD8* than in CD4* T cells. In many
cases, expanded clonotypes projected on very discrete regions
(some cluster corresponded to one clone) of the UMAP indicat-
ing particular and discrete differentiation programs as previ-
ously found in lung cancers (Gueguen et al., 2021). This striking
result indicates a strong link between effector differentiation
and TCR specificity. This could be related to the context of initial
priming or to the characteristics of TCR MHC:epitope interac-
tion as proposed by Achar et al. (2022).. In the three patients
studied, we observed at least eight different differentiation
states. Additional differentiation states may exist as we studied
only three samples.

As expected, the pattern of recirculation of the T cells varied
according to their differentiation state in the tumor. A large
proportion of the cells belonging to CO were not found in the
circulation despite their high clonal size. This may preclude the
isolation of tumor-Ag-specific T cells in the blood. It remains to
be determined whether the CO T cells that recirculate differ
from those that do not, regarding Ag specificity or TCR avidity.
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Notably, we did not find consistent differences in the three
patients regarding the transcriptome of circulating versus non-
circulating clonotypes in the CO cluster. Surprisingly, the large
clones from the Trm CD8* C4 cluster were found in the blood
suggesting they represent very large clones in the body leading
to some level of “leakiness” in their tissue residency program.
Notably, even very small clones from the KLRD1*CD8* C6 were
found in the blood, suggesting also high clonal size in the body or
a strong recirculation pattern. Altogether, the differential re-
circulation pattern of the T cells found in the tumor according to
their differentiation state indicates that studying the blood
provides only a biased view of the antitumor response. This
result justifies making efforts to characterize the T cell response
inside tumors even though only large primary UMs are surgi-
cally treated. Indeed, identifying the Ag specificity of the ex-
panded TCRs expressed by CO cells and shared between patients
may lead to new therapeutic targets accessible to bispecific T cell
engagers (Nathan et al., 2021), TCR, T cell therapies, or thera-
peutic vaccines.

Materials and methods

Human samples

Blood and tumor samples were collected from patients with lo-
calized and untreated UM followed at Institut Curie. Some
clinical characteristics of the patient and the genomic status of
the samples used in the different figures are listed in Table S1.
Written informed consent had been obtained from the patients.
The samples were obtained either through the institutional re-
view board (IRB)-approved (CPP: 19.12.19.62211), protocol Sa-
lome (IC 2019-13) or during diagnosis or therapeutic procedures.
All patients were informed that tissue and blood specimens
harvested during diagnosis and therapeutic procedures might
be used for research purposes and had signed an informed
consent form.

HLA-A2 typing by flow cytometry
Fresh blood was incubated with HLA-A2 FITC (clone BB7.2) and
the cells were analyzed in a BD Fortessa cytometer.

Tumor mutations and chromosome 3/8 analysis

DNA was extracted from frozen tissues by phenol-chloroform.
The SureSelect XT HS enrichment kit (AGILENT, DRAGON
custom panel) was used followed by sequencing on an ILLU-
MINA sequencer (NextSeq or NovaSeq). Bioinformatics analysis
encompassed the following steps: (1) Demultiplexing of raw data
(BCL) to Fastq with bcl2fastq; (2) alignment to the human ref-
erence genome (GRCh37/hgl9) with BWA mem; (3) establish-
ment of the genomic profile to highlight copy number alterations
using an adaptation of the Facets script; (4) detection and an-
notation of point variants using VarScan2 and intermediate size
indels with transIndel; and (5) in silico analysis of identified
nucleotide variants (Alamut, Cosmic).

Tissue processing
The tumors and the juxta-tumor tissue were cut into small
fragments and dissociated in CO,-independent media containing
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5% fetal bovine serum (FBS), 2 mg/ml collagenase, 25 pg/ml
DNAse, and 2 mg/ml hyaluronidase. The tissues were then ag-
itated in a shaker at 37°C, 180-200 rpm for 35 min. Then the cells
were washed twice in PBS* (D-PBS, 2 mM EDTA, 1% human
serum) and filtered through a 40-pm mesh. Then the cells were
stained for flow cytometry analysis or frozen in 90% FBS 10%
DMSO for further analysis.

HLA-A2 tetramers

Biotinylated recombinant HLA-A*02:01 molecules were pur-
chased from immuneAware as easYmers (catalog #1002-1) or
produced and folded with a photo-cleavable peptide KILGFVFJV
by the recombinant protein core facility P2R as previously de-
scribed (Rodenko et al., 2006). Peptides were synthetized at
>95% purity (GeneCust): UM-A2-14 LLIRWQHFL, UM-A2-17
AALPILFQV, UM-A2-18 ALLLQLFTL, UM-A2-26 ALLPGLPAA,
UM-A2-37 RLPGVLPRA, A2-MelanA ELAGIGILTV (mutated
version), A2-FLU MP 58-66 GILGFVFTL, A2-CMV pp65 495-503
NLVPMVATV (Bigot et al., 2021). Monomers were loaded with
peptides by incubation at 18°C for 48 h (easYmers) or by ex-
posing them to 366 nm UV light at 4°C for 1 h. For each tetramer,
MHC/peptide complex (100 pmol/liter) was combined for 1 h at
room temperature with fluorescent streptavidin (BioLegend) or
oligo-tagged streptavidin (BioLegend) for a single-cell experi-
ment. Tetramers were stored at 4°C for a maximum of 3 mo.

HLA-A2 tetramers and antibody staining

PBMC were isolated using standard Ficoll-gradient procedures
and either studied fresh for phenotyping or frozen as above.
PBMC were thawed in RPMI medium (GIBCO) containing 10%
FBS. Cell suspensions were incubated for 30 min in a culture
medium containing 50 nmol/liter dasatinib (Lissina et al., 2009)
to improve tetramer staining. CD8* T cells from PBMC were
enriched using a human CD8* T cell enrichment kit (catalog
#19053; Stemcell) following the manufacturer’s instructions.
Cells from tumors were stained without enrichment. Dead cells
were stained with live/dead AQUA (Invitrogen). For tetramer
staining, tetramers for each specificity were labeled separately
with two different fluorochromes to allow the use of six dif-
ferent tetramer/peptide complexes in the same experiment and
to decrease the noise related to nonspecific binding (Andersen
et al., 2012). Briefly, cells were incubated for 20 min with tet-
ramer complexes in brilliant stain buffer (BD) and then cells
were stained for 20 min with surface antibodies (Table S5).
Staining for transcription factors was performed on cells using
the Foxp3/Transcription Factor Staining Buffer Set (catalog
#00-5523; Thermo Fisher Scientific). Cells were then washed
and analyzed in a BD Fortessa cytometer. Data were analyzed
using FlowJo V10.2 software (Tree star).

Unsupervised analysis of flow cytometry data

The FCS files were first cleaned in FlowJo by removing debris,
dead cells positive for live/dead AQUA, and CD3- cells. The
processed FCS files were imported into the OMIQ program for
Arcsinh scaling, subsampling (maximum 1,000 cells per sam-
ple), gating for CD4* and CD8*, and UMAP construction using
the following features CD69, LAG-3, KLRGI, CD25, CD103, CD4,
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CD39, CD8, PD-1, CD127, CD27, and Tim3 using default UMAP
settings.

IHC

IHC was performed on 3 pm-thick sections of formalin-fixed
paraffin-embedded patient tumor tissue from primary UMs
(enucleation specimens), with D3 or M3 status confirmed by
molecular studies. It was performed on a Leica BOND RX au-
tostainer (Leica) using the Bond Polymer Refine RED Detection
Kit (Leica) and the following antibodies and conditions: HLA
Class 1 ABC (clone MHC-1/8147R, pH 9 retrieval, 1/10,000 dilu-
tion, 15-min incubation; Thermo Fischer Scientific) and Melan-A
(clone A103, pH9, 1/200, 45 min; Dako). Staining was evaluated
in tumor cells in a semiquantitative manner by a pathologist
(J. Cyrta) blinded to the molecular data and the biological hy-
pothesis. Only cytoplasmic staining was scored for the anti-
Melan-A IHC, and only membranous staining was scored for the
anti-MHC-I IHC. The result for each case was expressed as an
H-score (defined as the sum of each of the staining intensities
[range, 0-3] multiplied by the percentage of stained tumor cells
at that intensity level). Results between the two molecular
groups were compared using the Student’s t test.

Single-cell transcriptomic and VDJ analysis

Thawed tumor-infiltrating lymphocytes from three patients
(coh4_84, coh4_56, and coh4_76) were stained with tetramers
loaded with peptide Melan-A (ELAGIGILTV) associated with
fluorochromes phycoerythrin (PE) and allophycocyanin (APC).
PE tetramers were performed using TotalSeq-C0951 PE strep-
tavidin (BioLegend) and APC tetramers using conventional APC
streptavidin. Cells were then stained with CD4 FITC, CD3 A700,
CD8 PECy7, PD-1 APC-Cy7, CD39 PercP eFluor710, and finally
with DAPI. The CD4*, CD8* MelanA*, CD8*CD39*PD-1* cells, and
the rest of the CD8* T cells were sorted using a FACS ARIA (BD).
The four sorted populations were counted and mixed at 30%,
10%, 30%, and 30%, respectively. A total 0f 15,000 cells per donor
were loaded onto a Chromium controller using a Chromium Next
GEM Single Cell 5’ GEX and VDJ reagent kit with feature bar-
coding technology according to the manufacturer’s instructions.

scRNAseq analysis

For each sample, raw reads were processed using Cell Ranger
(version 7.0.1). The reference genome was GRCh38-2020-A for
the scRNAseq and vdj_GRCh38_alts_ensembl-3.1.0-3.1.0 for sc
VDJ-seq. The median number of unique molecular identifiers
(UMs) for TRa and TRP contig per cell was 3, 3, and 4 and 9, 13,
and 12 for coh4_84, coh4_56, and coh4 76, respectively. All
analyses were performed using R version 4.2.3 and the following
packages: Seurat_4.1.3, clustree_0.4.4. Based on the distribution
of the numbers of genes and molecules detected per cell, the
following filters were applied to remove outliers: For coh4_84,
the filters were set at nFeature_ RNA > 1,100 and nCount_RNA >
2,400 while for coh4_56 and coh4_76 filters were set at 1,500
>nFeature_RNA < 26,000 and 1,500 > nCount_RNA > 6,000,
respectively. Cells containing >8% for coh4_84 and >10% for the
two other samples of mitochondrial genes were considered dy-
ing cells and filtered out.
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For scRNAseq analysis, all TCR-related genes were excluded
to avoid interfering in the clusterization (TRAV, TRBV, TRA],
TRAC, TRBD, TRBJ, TRBC). 2,000 highly variable features were
considered. Graph-based clustering (Louvain method) was per-
formed using the default parameters and a UMAP (dims = 15, 18,
20 for the 3 samples, respectively) was constructed with a res-
olution of 0.2, 0.3, and 0.2 respectively based on the stability
observed with the clustree package. The differentially expressed
genes (DEGs) were determined using the FindAllMarkers()
function (using a logistic regression base 10, min.pct = 0.1 and
Fold-change >0.25, Table S2). To characterize the different
clusters from the three patients, we used a candidate gene su-
pervised approach (including CD8A, CD8B, PDCDI, ENTPD], TOX,
HAVCR2, LAG3, GZMB, CD4, IL7R, CD40LG, SELL, KLF2, CCR7,
TGFB1, XCL2, KLRDI1, KLRC2, GNLY, CD44, FOXPI1, STAT4, ALOX5AP,
ITGAE, ITGAI, ZNF683, FOXP3, CCR8, CTLA4, TOP2A, and MKI67)
coupled with hierarchical clustering. For the hierarchical clus-
tering, the average expression of each candidate gene was cal-
culated by cluster and by the patient after respective scaling.
Then, a Pearson correlation followed by a ward.D2 method was
performed (h.clust, stats V4.2.3).

A subclustering was necessary for coh4_84 and coh4 76
samples to split a cluster that exhibited heterogeneity for several
genes of interest such as CD4, FOXP1, ENTPD-1, and PDCDI for the
coh4_84 and CD4, XCL2, and ENTPD-1 for the coh4_76 samples. A
resolution of 0.1 and 0.2 was selected for both samples, re-
spectively, and the corresponding subclusters were reinjected
into the final UMAP.

Hash-tag oligos (HTO) were used to multiplex cells labeled by
the HLA-A2:Melan-A tetramers. Demultiplexing of HTO data
was performed using CITE-seq-Count (version 1.4.3). HTO data
was transformed using centered log-ratio (CLR) normalized and
cell barcodes were assigned to mice of origin using Seurat
function HTODemux() with default threshold for classification
(positive quantile = 0.99). In total, 6,668; 9,545; and 5,338 cells
for coh4_84, coh4_56, and coh4_76 respectively, with a barcode
detected in both RNA and HTO arrays were considered for
downstream analysis.

A clonotype was defined as a set of cells having identical
CDR3-nt sequences of (i) both TCRa and TCRP chains, (ii) either
a TCRa/TCRP with no sequences available for another TCRp or
TCRa chain respectively, and (iii) 2 TCRa and 1 TCRB. Clono-
types with 2 TCRP chains associated or not to a TCRa chain were
discarded from the TCR analysis.

The distribution of the clonotype sizes in the different clus-
ters (in panel F of Figs. 3, S3, and S5) was calculated according to
the following procedure. Each clonotype was assigned to a spe-
cific category according to its total number of cells represented
in the entire dataset: 1 cell (singleton), 2-9 cells, 10-59 cells, and
over 60 cells. Then the cells belonging to a specific clonotype
were ranked according to their previously defined categories
among each cluster. Thus, the cells of an expanded clonotype
“dark blue” can be considered in several clusters.

The average clonal size in each cluster is shown in panel G of
Figs. 3, S3, and S4, and was computed on the expanded (n =
2 cells) clonotypes as the number of cells divided by the number
of clonotypes inside each cluster.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20232094

920z Areniged 0| uo1senb Aq jpd 1602£Z0Z Wel/L66.261/v602£2029/9/ 1 zZ/4pd-ajoe/wal/bio ssaidny//:dpy woy papeojumoq

15 of 18


https://doi.org/10.1084/jem.20232094

Bulk TCRseq

Frozen PBMC drawn at the time of the enucleation were studied.
After thawing, 1.7 x 105, 2.16 x 10°, and 2.32 x 10° peripheral
blood lymphocytes from coh4 56, coh4 76, and coh4_84 pa-
tients, respectively, were retrieved for RNA extraction using
Trizol chloroform technique. Human TCR RNA Multiplex-
Thrm-001 Kit (MiLaboratories) on 500 ng RNA was used for
amplification of TCRa and B cDNA to make [llumina libraries
using the combination of highly sensitive multiplex PCR and
UMIs to generate 38 x 10° to 67 x 10° reads per sample. TCRseq
was performed on a Novaseq sequencer with pair-end, 2 x 150
base pair reads. The number of UMI obtained was TRA = 279,354
and TRB = 345,102 for coh4_56, TRA = 275,183 and TRB = 453,231
for coh4_76, and TRA = 95,874 and TRB = 235,315 for coh4_84.
Mixcr (version 4.4.2) was used to perform the alignment and
assemble the reads with the following parameters: milab-hu-
man-rna-tcr-umi-multiplex. Then the data were analyzed using
dplyr (version 1.0.1.0). For this section, the cdr3-nt sequences of
the bulk PBMC dataset and the VDJ-scRNAseq for each patient
were joined to identify common clonotypes for both TCRa and
TCRB chains (Table S4).

We estimated the recirculation rate in the PBMC of the clo-
notype by attributing a clonotype defined by its CDR3-nt chains
a and B to its most expanded cluster identified previously in the
VDJ-scRNAseq analysis. To be homogenous among the three
samples and according to their transcriptional profile proximity,
the following clusters were pooled for this analysis in Fig. 5:
cluster CO and COa of the coh4_84, cluster CO and COb, and
cluster C7 and 7b of the coh4_76, respectively.

Quantification and statistical analysis

For each experiment, the statistical tests used are indicated in
the figure legends. The following statistical tests were used and
calculated by GraphPad Prism v8 (GraphPad): Mann-Whitney
and Wilcoxon.

Online supplemental material

Five figures and five tables are provided. Fig. S1 shows the
characterization of Tregs and CD8* cells in primary UMs. Figs.
S2 and S3 display the VDJ scRNAseq of T cells in primary UM
from patient coh4 56 and patient coh4_76, respectively. Fig. S4
shows the pattern of recirculation between the blood and the
tumor according to cluster and clonotype size in the tumor.
Fig. S5 characterizes the phenotype of the T cells found in the
blood of patients with primary UMs. Table Sl displays the
main characteristics of the patients and samples included in
the study and lists the samples used for each figure. Table S2
lists the DEGs for each patient. Table S3 lists the TCRs char-
acterized in the different scRNAseq samples. Table S4 shows
the results of the bulk TCRseq from the PBMC of a patient and
by TCRa and TCRP chains. Table S5 lists the antibodies used in
this study.

Data availability

Sequencing data have been deposited in National Center for
Biotechnology Information’s Gene Expression Omnibus (GEO)
and are accessible through GEO Series accession number
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GSE248838. Flow cytometry raw data will be made accessible to
investigators for reanalysis upon reasonable request.
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and tumor tissues (frequencies in Fig. 1 B). (B) Representative dot plots of CCR8, PD-1, CD39, and ICOS expression in Treg defined as CD4*CD25"FoxP3* (left)
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Figure S2. VD) scRNAseq of T cells found in primary UM from patient coh4_56. See the Fig. 3 legend for descriptions of individual panels.
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Figure S4. Pattern of recirculation between the blood and the tumor according to cluster and clonotype size in the tumor. (A and B) Representation
of the clonotype identified in the blood by their TCRB (A) or TCRa. (B) chains according to their number of read (Nread) detected in the bulk TCRseq (x axis) and
plotted according to their clonal size in the tumor identified in single cells (y axis). Each clonotype is colored by its cluster of origin in the single-cell tumor
scRNAseq. In each panel, the number of reads in the blood corresponding to the tumor singletons is split according to their cluster of origin in the tumor. The
percentages indicated above the triangles on the left (tumor clonotypes not found in the blood) indicate the percentage of non-circulating clonotypes.
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Figure S5. Characterization of the T cells circulating in patients with primary UMs. (A) Example of CD4 versus CD8 expression in T (CD3*) cells in the
peripheral blood (left) and frequency of the indicated cell populations in patients with D3 or M3 UM tumors stratified according to CMV status (right).
(B) Example of CD127 versus CD25 staining in CD4* T cells in the blood (left) and frequency of the indicated populations in D3 or M3 patients (right).
(C) Example of CD45RA versus CD27 staining. Frequency of effector (CD27-), naive (CD45RA*CD27+), and memory (CD45RA-CD27+) among CD4* (left) or CD8*
(right) T cells. A two-way ANOVA was performed and is displayed below the relevant panel.
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Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1 shows the main characteristics of the patients and
samples included in the study and lists the samples used for each figure. Table S2 shows the DEGs for each patient. Table S3 lists the
TCRs characterized in the different scRNAseq samples. Table S4 lists the bulk TCRseq from the PBMC by patient and by TCRa and
TCRp chains. Table S5 lists the antibodies used in this study.
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