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1 Introduction



1.1 Cancer immunotherapy

Cancer immunotherapy is gaining momentum in routine oncology practice
following the development of blocking anti-CTLA-4 and anti-PD-1 antibodies.
Initially, these drugs showed a significant antitumor activity in a previously hard-
to-treat cancer, metastatic melanoma. The anti-CTLA-4 antibody ipilimumab
increased the survival rate in patients with advanced melanoma: patients
receiving ipilimumab plus dacarbazine had a survival rate at 3 years of 21% versus
12% for those receiving dacarbazine alone (standard therapy)'. Anti-PD-1
antibodies such as pembrolizumab were also tested in patients with advanced
melanoma and proved to be more effective and less toxic than ipilimumab
(estimated 1-year survival rates of >68% with pembrolizumab versus 58% with
ipilimumab)®. With either of these two drugs, several patients displayed long-
lasting antitumor responses, observed neither with conventional treatments

V60E inhibitors. These

except surgery, nor with targeted treatments such as BRAF
clinical studies were then extended to patients with other solid tumors. Anti-
CTLA-4 antibodies showed no or small benefit}, while anti-PD-1 and anti-PD-L1
antibodies were efficient drugs for non-small cell lung cancer (NSCLC), renal cell
carcinoma, bladder cancer, Merkel cell carcinoma and mismatch repair-deficient

. . 3-5
digestive cancer™.

Immunostimulatory antibodies such as the blocking anti-CTLA-4 and anti-PD-1
antibodies have brought cancer immunotherapy in the limelight and stimulated
the interest of many investigators and pharmaceutical companies. We only start
to successfully manipulating the immune system to target cancer, with the
prospect of testing a wide set of combinations between immunostimulatory
antibodies and other modalities of cancer immunotherapy, including adoptive T
cell therapy and immunization against tumor-specific antigens.

1.1.1 Scientific foundations for immunotherapy in cancer

The major scientific foundations for cancer immunotherapy are the concepts that
tumor cells bear antigens that can be recognized by tumor-specific T cells, that
many cancer patients spontaneously mount such T cell responses, and that T cell
activity can be enhanced in vivo by antibodies that recognize inhibitory or
costimulatory receptors present on the T cell surface.



Tumor cells bear antigens that can be recognized by T cells, notably cytolytic CD8
T lymphocytes (CTL). These tumor antigens are peptides of 8-12 amino acids,
presented by HLA class | molecules. Five different classes of tumor antigens have
been described. The tumor antigens that are encoded by somatic non-
synonymous mutations, cancer-germline genes (e.g. MAGEC2) or oncogenic
viruses (e.g. HPV-infected head and neck cancer) have high tumor specificity.
Some tissue-specific antigens (e.g. Melan-A present in melanomas and
melanocytes) and overexpressed antigens (e.g. HER2) are tumor antigens of lower
tumor specificity®. They might be called tumor-associated antigens. Thus several
genetic mechanisms underlie the antigenicity of tumor cells.

Tumor-specific T cells can be found in the blood or in the tumor of patients with
cancer. Naive T cells against a given HLA-peptide combination can be detected in
the blood at frequencies around 4 x10” of the CD8 T cells’. However tumor-
specific T cells can be detected in the blood or tumors of melanoma patients, and
more rarely of patients with other types of cancer, at much higher frequencies,
indicating that these T cells have been clonally amplified. Moreover such tumor-
specific T cells present in cancer patients can be activated in vitro without
providing the costimulatory signals that are required to prime naive T cells.
Collectively these results indicate that antitumor T cell responses occur
spontaneously in at least some cancer patients. For example we studied
antitumor T cells present in the blood of 6 patients with advanced melanoma.
Several clones of tumor-specific CD8 T cells were found at frequencies of 6 x 10°
to 2 x 10 among blood CD8 T cells®®. This is 100-10,000 times higher than the
frequency of naive CD8 T cells against a given HLA-peptide combination and
demonstrates T cell amplification. An extensive analysis of one of these patients
showed that the antitumor T cell population was polyclonal. Several anti-MAGEC2
clonotypes were present in the blood at frequencies of 2 x 10 to 4 x 10®° among
CD8 T cells (~10-100 times amplification)™. Most anti-MAGEC2 clonotypes were
also found in a regressing cutaneous metastasis, where they were enriched ~10-
100 times when compared to the blood (frequencies of 3 x 10 to 10 among all
tumor-infiltrating CD8 T cells). Recently, amplified tumor-specifc T cells were also
found in metastases of gastro-intestinal carcinomas (9 x 10® to 1 x 10 among all
T cells)™.

That at least some cancer patients spontaneously mount T cell responses against
their tumor indicates that these tumors are not only antigenic, but also
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immunogenic. The immunogenicity of human tumors is an important parameter
for cancer immunotherapy because immunostimulatory antibodies blocking CTLA-
4 are expected to favor T cell priming of naive T cells, while those that target the
PD-1 pathway are expected to boost existing T cell responses.

Tumeh and colleagues used immunohistochemistry (IHC) and immunofluoresence
to study immune parameters in tumor samples from patients with metastatic
melanoma that responded or not to a blocking anti-PD-1 antibody
(pembrolizumab)™. In patients who responded to pembrolizumab, the number of
CD8 T cells increased in the invasive tumor margin and within the tumor
parenchyma compared with the pre-treatment situation. This increase was not
observed in the tumors of patients who did not respond to the treatment. The
CD8 T cells in tumors of responders displayed increased staining for the
proliferation marker Ki67 and for granzyme B. Thus the proliferation of potentially
cytolytic CD8 T cells suggests an antitumor activity of CD8 T cells during therapy.
Before treatment, CD8 TILs were already more numerous in the tumors of
responders than in those of non-responders. PD-1" and PD-L1" cells were also
enriched in tumors of responders. PD-1 (programmed death 1) is an inhibitory
receptor expressed on activated T cells® and most tumor- or blood-derived
tumor-specific CD8 T cells express PD-1 in patients with metastatic melanoma**".
In the pretreatment tumors analysed by Tumeh et al., PD-1 staining was present
mostly on CD8 T cells, PD-L1 staining on tumor cells and stromal cells and PD-1"
and PD-L1" cells were found in close proximity. PD-L1 expression was likely
induced by IFNy, which was secreted by CD8 T cells because CD8 TILs were stained
for pSTAT1, more in responders than in non-responders. These observations
suggest that blocking the PD-1 pathway is clinically effective in patients that have
already mounted an antitumor T cell response. CD8 T cells are probably activated
in situ, proliferate, express PD-1 and secrete IFNy before an inhibition by IFNy-
induced PD-L1" neighboring cells (tumor or stromal cells). The anti-PD-1 antibody
blocks this inhibition, resulting in tumor regression. The results do not exclude
that new antitumor T cells could be primed during therapy.

Finally, the present successes of cancer immunotherapy owe much to the
discovery of T cell surface receptors that inhibit T cell activation.



1.2 Breast cancer: Inmunology and immunotherapy

1.2.1 Breast cancer classification

Most malign breast tumors are carcinomas, the others are sarcomas and
lymphomas. There are several types of breast carcinomas. Ductal (or ‘no special
type’, NST) is the most frequent type (70-80%) followed by ‘special’ types such as
lobular, medullary, mucinous and tubular carcinomas®®.

This histopathological classification is complemented by the detection of estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2). About 75-80% of breast carcinomas express the ER and PR.
HER2 overexpression occurs in 15-20% of breast carcinomas and is caused mainly
by the amplification of the encoding gene, ERBB2. All these receptors mediate
tumor cell proliferation'’. Therefore, patients with hormone receptor-positive or
HER2-positive tumors are treated with hormone therapy or receptor-blocking
anti-HER2 antibodies, respectively. Based on the expression of these receptors,
breast carcinomas are categorized in 3 groups (Figure 1-1):

* ER"tumors (most of them are also PR")
* HER2" tumors (overexpression of HER2)
* Triple-negative tumors (TN) (ER'PR'HER2')

Patients with ER" tumors have a heterogeneous prognosis: poorly differentiated
ER" tumors are agressive tumors while well differentiated ones have a good
prognosis. HER2" and triple-negative tumors are often poorly differentiated and
agressive. The triple-negative tumors are nowadays the tumors with the worst
prognosis.

Within the above-mentioned subtypes, breast tumors remain heterogeneous in
their biology, prognosis and response to treatment. Therefore, other
classifications have been proposed, of which the most widely used is the ‘intrinsic’
subtype classification. Four ‘intrinsic subtypes’ (Luminal A, Luminal B, HER2-
overexpressing and Basal-like) were initially defined using the expression profiles
of a set of 496 ‘intrinsic’ genes™®. There are partial overlaps between the intrinsic
subtypes, ER-PR-HER2 types and tumor grade (differentiation) (Figure 1-1).
Luminal tumors are ER'HER2  and of 2 subtypes. Luminal A tumors are well
differentiated (low tumor grade) or with a low tumor cell proliferation (low



proportion of Ki67* tumor cells). Luminal B tumors are poorly differentiated (high
tumor grade) or with high tumor cell proliferation (high proportion of Ki67* tumor
cells). HER2-overexpressing tumors are HER2'ER™". Basal-like tumors are the
triple-negative tumors. The overlap of the classification based on IHC with that
based on gene expression is not perfect: luminal tumors with intermediate tumor
grade or proliferation can not be assigned to luminal A or luminal B subtype
without gene expression analysis. The overlap is particularly imperfect for
TN/basal-like tumor: 70-80% of TN tumors are basal-like tumors and up to 45% of
basal-like tumors are not TN tumors®®.

ER-positive HER2-positive  Triple-negative
Proportion 70 - 80 % 10-15% 10-15%
Receptor ER
expression PR

HER2
Related Luminal Luminal HER2- Basal-
Intrinsic A B overexpressing like
subtype (low grade) | [ (high grade)
Treatment Hormone therapy
Anti-HER2 mAb
Chemotherapy
Prognosis Poor
Good

Figure 1-1. Classification of breast carcinomas.

Simplified version of the current classification of breast carcinomas. HER2-targeted
therapies are mostly anti-HER2 monocolonal antibodies such as trastuzumab and
pertuzumab. Figure adapted from http://www.pathophys.org/breast-cancer/*’. Additional

data from Dawson et al., Carey et al. and Sotiriou and Pusztai'®?"*,



1.2.2 Immune parameters of breast carcinomas

1.2.2.1 Lymphocyte infiltration

Ruffel et al. analysed by flow cytometry the composition of leukocytes in 14
untreated primary breast carcinomas. T cells (CD3*) were the most frequent
hematopoietic cells (CD45"). On average, around 25% of leukocytes were CD8" T
cells and around 40% were CD4" T cells. The ratio CD8/CD4 varied from 0.25 to 1.6
with a mean of 0.6. B cells (CD19°CD20"), macrophages (CD14"CD11b*HLA-DR"),
dendritic cells (CD14'” CD11c*HLA-DRY) and NK cells (CD3'CD56'NKG2D") were
present at frequencies around 9%, 4%, 1% and 1%, respectively. Basophils,
neutrophils or eosinophils represented <1% of the infiltrating leukocytes®®. Similar
results were obtained in another study, with 35 previously untreated primary
breast tumors®*.

Many reports of the prognostic value of lymphocyte infiltration in primary breast
tumors have been published since 1971, with conflicting results in the early

. 25,26
studies™

. Since 2010, several large-scale studies have observed a positive
association between lymphocyte infiltration and clinical outcome in TN primary
breast carcinomas. These studies have evaluated tumor-infiltrating lymphocytes
(TILs) on hematoxylin and eosin (HE)-stained tumor sections. Most studies used
the criteria of Denkert et al.”” who defined intratumoral TILs as mononuclear cells
within the tumor parenchyma or in direct contact to tumor cells. Stromal TILs
were defined as mononuclear cells within the tumor stroma and without direct
contact to tumor cells. Strictly speaking, these infiltrating ‘lymphocyte-like’
mononuclear cells are not necessarily lymphocytes®. Intratumoral TILs were
guantified as the percentage of tumor area that is occupied by TILs, while stromal
TILS were quantified as the percentage of stroma area that is covered by TlLs. This
guantification is robust and independent TIL evaluation by two pathologists is

29-32
strongly correlated”".

In most recent studies, only the stromal TILs are
guantified because intratumoral TILs were shown to be correlated with stromal
TILs and did not provide additional information. Moreover intratumoral TILs are

less abundant and more difficult to detect?.



Several studies have shown that the presence of TILs in primary breast carcinomas
differed between tumor subtypes. TILs are associated with ER-negativity, high

30,31,33 .
22 TN tumors, which are often

tumor grade and high tumor cell proliferation
high grade tumors, have the highest lymphocyte infiltration followed by HER2'ER®
and HER2'ER" tumors, and by ER'HER2™ tumors which have the lowest lymphocyte
infiltration (Figure 1-2). The variation of TIL numbers within each subtype is

considerable.
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Figure 1-2. TIL distribution according to breast cancer subtypes.

Box-and-whisker plot of the stromal TIL distribution for ER'HER2’, HER2" and triple-
negative primary tumors. HER2® tumors are divided into ER" and ER tumors. Median
percentage of stromal TILs is highlighted and represented by the inner line of the box.
Outer lines of the box are 1rst and 3rd quartile. Minimum and maximum values are
represented by the whiskers. Figure adapted from Loi et al.®



Over the last 3 years, 5 large studies (sample range: 134 to 897 tumors for each
study) observed a positive association between TIL number and disease-free
survival or overall survival in primary TN tumors, with or without adjuvant

29313334 £or each 10% increase of TILs in the tumor stroma, a 15-

chemotherapy
21% reduction of risk of death was observed. The prognostic value of TILs has also
been observed for the residual tumor after neoadjuvant chemotherapy. Here also,
TILs were positively associated with patient survival®®. Finally, TILs were associated
with response to neoadjuvant chemotherapy: the number of TILs in pre-treatment
TN primary tumor biopsies was positively associated with the pathological

complete tumor response following neoadjuvant chemotherapy®.

TILs are predictive for therapy response also in HER2" primary breast tumors. Two
studies showed that TILs in pre-treatment biopsies were associated with response
to neoadjuvant therapy (chemotherapy with anti-HER2 antibody)***’. The
prognostic value of TILs in HER2" primary tumors treated with adjuvant therapy is
less well documented. TILs were analysed in 4 clinical trials that compared several
adjuvant treatment regimens. One study showed a prognostic value of TILs in all
treatment arms®>. In 3 other studies the prognostic value of TILs was limited to

30-32

one treatment arm . The reason for these differences is not understood.

For ER'HER2  primary tumors, no correlation has been observed between TILs and

.. 30,31,33
clinical outcome™*">>,

1.2.2.2 CD8 T cell infiltration

Two of the above-mentioned neoadjuvant trials studied the association of patient
survival with T and B cell markers by IHC (CD3g, CD20) or by RT-qPCR (CD247
[CD3z], IGKC, CD8A)*"*. T as well as B cells were predictive for therapy response,
and both were associated with TILs.

Whether CD8 T cells are associated with survival of patients with primary breast
tumors has been evaluated in two large-scale retrospective analyses using IHC.
CD8a" had a prognostic value in TN and HER2" tumors or the whole

38,39

population®>*. NK cells are also CD8a." but their low frequency suggests that the

CDS8 T cells are associated with survival.



Tcell Tumor Time of Outcome Prognostic HR Nbr Ref
marker type analysis value (95% CI)*
. 0.79 29
STIL TN Before adj. CT  OS Yes (0.67-0.92) 481
(0N 0.83 31
Yes (0.71-098) 2>°
0.85 33
(0N Yes (0.74-0.99) 199
0s Yes 0.79 gg7
(0.72- 0.86)
DDFS Yes 0.77 134 ¥
(0.61-0.98)
é‘:;;ﬂ:’fudr‘r; Och 0s Yes 0.86 278
. (0.75-0.99)
tissue)
Bef dj.
c$ (‘i L‘innoeroa I beRr Yes 117 314 *
: (1.06-1.3)
biopsy)
sTL  HER2' (Bae:;:faidjc'niz) 0s Yes 0.82 1y @
¥ (0.69-0.96)
or not
Before adj. CT  OS Trend in 0.35
. . 31
(anthracycline anthrac.-only (0.08-1.94) 297
+ docetaxel) arm
. Trend in
Before adj. CT  DDFS trastuzumab 0.82 209 ¥
* trastuzumab (0.58-1.16)
arm
Before adj. CT  RFS Yes in CT- 0.79 915
+ trastuzumab only arm (0.70-0.89)
. 1.28 36
Before neoadj. pCR Yes (1.14-1.44) 266
CT on tumor
(tumor biopsy) pCR Yes 2.6 387 ¥
(1.26-5.39)**
sTIL  ER'HER2" Beforeadj.CT  DDFS No 0.93 591 ¥
). (0.74-1.17)%
1.1 31
(0N No (1.0-1.3)t 1,078
1.01 33
05 No (0.89-1.15)t 63
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Tcell Tumor Time of Outcome Prognostic HR Nbr Ref

marker type analysis value (95% ci)*
B . 0.72 38
cD8  ER Before adj. CT  BCSS Y 3,591
etore adj es (0.62-0.84)"
ER'HER2" Beforeadj. CT  BCSS Yes 0.73 772
J- (0.56-0.96)"
. 0.58 39
Al Before adj. CT  BCSS Y 1,334
etore adj es (0.41-0.82)

Table 1-1. Summary of the prognostic value of T cell markers in primary breast tumors.

Adj., adjuvant; anthrac., anthracycline; BCSS, breast cancer—specific survival, CT,
chemotherapy ; DFS, disease-free survival; DDFS, distant disease-free survival; IHC,
immunohistochemistry; MFS, metastasis-free survival; Nbr, number of patients; neoad;.,
neoadjuvant; OS, overall survival; pCR, pathologic complete response; RFS, recurrence-
free survival; sTILs, stromal TILs; 95% Cl, 95% confidence intervals;

* for any 10% increase of TILs if not otherwise stated (HR are calculated in a multivariate
analysis if not otherwise stated);

** patients are divided in 2 groups: high TIL (>5% of sTILs) or low TIL (5% of sTILs);

T patients are divided in 2 groups: high TIL (>50% of sTILs or intratumoral TILs) or low TIL
(<50% of sTILs and intratumoral TILs);

T HR of univariate analysis (multivariate analysis not performed);

% cut-off of < or 21 stained cell per 0.6 mm tissue core biopsie (tissue microarrays);

I cut-off of < or 2 stained cells per 0.6 mm tissue core biopsie (tissue microarrays)

1.2.2.3 Immune gene signatures

Immune gene signatures have been used in several studies that aimed to
characterize the diversity of breast tumors.

Curtis et al. analysed the gene expression and copy number profiles of 1992
primary breast tumors (METABRIC tumor set) and identified an immune-related
subgroup with favorable clinical outcome®. This subgroup (IntClust 4; 17% of the
tumors) was characterized by few copy-number aberrations except for frequent
deletions in the TCR alpha (TRA) and TCR gamma (TRG) loci. Deletions in these loci
occur during the rearrangement of TCR gene segments in the thymus and are
therefore present in mature T cells. Indeed, tumors of IntClust group 4 contained
high numbers of TILs. TRA and TRG deletions were associated with the expression
of immune genes, encoding proteins involved in T cell activation and proliferation,
cell-mediated cytotoxicity, antigen presentation and leukocyte activation.
Interestingly, this immune-related subgroup contained not only TN and HER2"
tumors, but also tumors of all the different intrinsic subtypes.
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Dedeurwaerder et al. explored the DNA methylation profiles of primary breast
tumors*. In some tumors they observed a hypomethylation signature of several
immune genes and this signature was positively associated with TILs. They
assessed the prognostic value of the signature in a public data set of more than
700 untreated breast tumors. The survival analysis was performed with a
signature of 55 genes that had the strongest inverse correlation between DNA
methylation and gene expression in their own set of tumors. In the public data
set, the expression profile of 32 out of the 55 genes had a prognostic value.
Within the 32 genes, 11 immune genes were associated with better clinical
outcome and high lymphocyte infiltration in the tumors (CD3D, CD3G, ICOS, LCK,
UBASH3A, CD6, LAX1, SIT1, CCL5, HCLS1, CD79B). DNA methylation and gene
expression analyses of T and B cells extracted from tumors or from blood showed
that all 11 and 7 of these 11 genes were associated with T cells and B cells,
respectively. This indicates that T cells are the predominant lymphocyte
population that infiltrates breast tumors. Finally, a subtype-specific survival
analysis showed that some of the 11 genes had a prognostic value in the different
intrinsic subtypes. Ten out of the 11 genes were prognostic in luminal B tumors, 5
in basal-like and HER2-overexpressing tumors and none in luminal A tumors. In
summary, this work showed a prognostic value of lymphocytes, mainly T cells, in
basal-like, HER2-overexpressing and luminal B breast tumor subtypes.

Finak et al. focused on the tumor stroma, with gene expression analyses on laser
capture microdissected stromal regions of 53 invasive primary breast
carcinomas®. They identified 3 groups of tumors with different gene expression
profiles. These 3 groups of tumors had different clinical outcomes. The signature
of the group with a good prognosis (18 out of 53 samples) was enriched in genes
involved in Th1 function, cytotoxic activity (GZMA, GZMB) and antigen processing.
IHC indicated high infiltration of CD8a." and CD3z" cells in the stroma of tumors of
this group and low infiltration in that of tumors with a poor prognosis. Like in
Curtis et al., the good prognosis immune-related group was not enriched with TN
tumors. On the contrary, all 6 TN tumors were in the poor-outcome group,
whereas the good-outcome group contained ER'HER2™ (13 out of 18) and HER2"
tumors (5 out of 18).

These studies showed by different methods that T cells have a prognostic value in

primary breast tumors. Noteworthly, immune gene signatures show signs of T cell
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activation and cytotoxic activity in tumors with high T cell infiltration. Surprisingly,
tumors with immune gene signatures were not necessarily TN or HER2" tumors.

A fourth study focused on TN tumors and identified a 'basal-like immune-
activated' gene expression profile®. This subtype had the best prognosis and
showed upregulation of genes related to B cells, T cells and NK cells. This result
illustrates the heterogeneity that is still present within a breast tumor subtype.

1.2.2.4 Tertiary lymphoid structures

TILs are associated with tertiary lymphoid structures (TLS) in breast carcinoma as

. 44,45
well as in other types of tumors™

. TLS are organized immune cell clusters, which
are observed in non-lymphoid tissues with chronic inflammation (infection,
autoimmune disease, chronic graft rejection disease and tumors). TLS have been
observed in breast cancer, colo-rectal cancer, metastatic melanoma and non-

small cell lung cancer (NSCLC)M’46

. The architecture of TLS resembles lymphoid
follicles of lymph nodes. B cells, follicular DCs and T follicular helper cells
constitute follicles with surrounding T cells, mature DC and high endothelial
venules (HEV). TLS are thought to host immune responses to persistent antigens.
However, no tumor-specific T cell responses have been demonstrated in tumor-

associated TLS.

No study had analysed directly the prognostic or predictive values of IHC-
characterized TLS in breast cancer. Gu-Trantien et al. focused on T follicular helper
cells within the follicles and found a T follicular helper signature to be of
prognostic value in previously untreated primary breast cancer®®. Martinet et al.
analysed the presence of HEV by IHC (stained with the MECA-79 mAb)*. Ninety-
four out of 127 (74%) primary breast tumors contained MECA-79" vessels at very
different densities: from less than 0.01 to more than 1 HEV per mm? of tumor
tissue. Tumors within the highest tercile of HEV density were defined as high HEV
density tumors. They contained high numbers of infiltrating CD4 T, CD8 T and B
cells, as assessed by IHC and flow cytometry. In their retrospective analysis of
nearly 150 primary breast tumors stained with MECA-79, they observed a
prognostic value of high HEV density in the tumor.

These data suggest that an organized peritumoral adaptive immune response is
associated with a favorable clinical outcome in breast cancer.
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1.2.2.5 PD-L1 expression

PD-L1 expression in tumors is another interesting marker of immune response.
PD-L1 is expressed on a wide range of hematopoietic and non-hematopoietic cells
and this expression can also be stimulated by various proinflammatory cytokines,

47,48

such as IFNy""™. Tumor cells can also express PD-L1 constitutively. Amplification
of its gene, CD274, has been observed in Hodgkin lymphomas, diffuse large B-cell
lymmphome (DLBCL) and in gastric adenocarcinomas, mostly in the EBV'
subtype®>’. Chromosomic alterations at 9p24.1 lead to amplification of genes
CD274, PDCD1LG2 (encoding PD-L2) and JAK2, with associated increased mRNA
expression®®*!. CD274 overexpression can also result from alterations in the 3'UTR
of the gene, which leads to truncated 3'UTR and stabilization of the CD274

. 52
transcripts™.

PD-L1 binds to the inhibitory receptor PD-1 expressed on activated T cells,
reducing T cell functions. The PD-1/PD-L1 axis modulates T cell responses and
prevents excessive and deleterious T cell activity. In a tumor, PD-L1" cells could
therefore decrease antitumor T cell responses. This is the hypothesis that led to
the blocking anti-PD-1 or anti-PD-L1 antibodies in cancer immunotherapy.

The analysis of PD-L1 expression is interesting for two reasons. First, it has been
associated with clinical reponse to these blocking antibodies and could help to
predict patients who benefit most from these drugs>. Second, PD-L1 expression
can be the sign of an ongoing antitumor immune response. Activated antitumor T
cells can secrete IFNy in the tumor microenvironment, leading to the expression
of PD-L1 on tumor and stromal cells'2. This is probably the explanation for the
positive prognostic value of PD-L1 expression in tumor samples of NSCLC,
metastatic melanoma and Merkel cell carcinoma patients®>.

PD-L1 expression is positively associated with a favorable clinical outcome in
breast cancer. In one study, patients with PD-L1-expressing tumors had a longer
recurrence-free survival®. In a second study, Denkert et al. observed that CD274
expression in the pre-treatment tumor biopsies of HER2" and TN primary tumors
predicted complete pathological response following neodjuvant chemotherapy®®.
In both studies, CD274 expression was correlated with T and B cell markers. The
expression of PD-L1 in the second study (HER2" and TN tumors) could be due to

IFNy-secreting T cells as gene CD274 was co-expressed with two other IFNy-
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regulated genes (/DO1 and CXCL9). Thus, PD-L1 gene expression could be a
consequence of the presence of recently activated tumor-infiltrating T cells.

At the protein level, PD-L1* cells were mostly observed in TN tumors™. In addition,

PD-L1" cells were associated with CD8" cells>*°®

. However, an IHC analysis of
nearly 4,000 primary breast tumors did not confirm yet supported the prognostic

value of PD-L1 expression™.

An amplification of CD274 is a rare event in primary breast cancer (5 tumors out
of 1980)>. It occurs almost exclusively in a subset (<2%) of basal-like tumors.
Compared to the high copy number gain resulting from gene amplification, small
copy number gains of CD274 are more frequent, mostly in basal-like tumors
(~16% of basal-like tumors, ~3% of all breast tumors). The level of expression of
gene CD274 is expectedly correlated with its copy number status™. In breast
cancer the consequences of CD274 copy number gains and upregulated CD274
expression by 3'UTR disruption are not documented.

Another mechanism can modify PD-L1 gene expression in breast tumors.
Mittendorf et al. showed that the PI3K/AKT/mTOR pathway upregulated PD-L1
expression in TN primary tumors. PTEN knockdown by shRNA led to higher PD-L1
cell surface expression. Inhibition of the pathway by an AKT inhibitor or the mTOR
inhibitor rapamycin decreased PD-L1 expression®. Interestingly, around half of
the PD-L1" TN tumors were not stained for PTEN in IHC, suggesting that PTEN loss
could be responsible for PD-L1 expression in some breast tumors (early-stage
tumors without previous treatment, PD-L1 positivity: >5% of positive cells). The
authors also observed a higher PD-L1 mRNA expression in TN tumors of the TCGA
data set. This is interesting because the TN subtype displayed the highest PI3K
pathway activity in the TCGA data set and 30% of TN tumors had homozygous or
hemizygous PTEN deletions®’.

Thus constitutive PD-L1 expression is rare in primary breast carcinomas (~3%) and
present mostly in TN/basal-like tumors. PD-L1 expression is associated with T cells
at mRNA level and with CD8" cells at protein level. The positive associations of PD-
L1 expression with T cells and clinical outcome suggest antitumor T cell responses.
In TN/basal-like tumors, it is not clear whether PD-L1 expression is constitutive,
induced by IFNy-secreting T cells or by an increased activity of the
PI3K/AKT/mTOR pathway.
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1.2.3 Tumor antigens recognized by T cells on breast carcinomas

As mentioned above, five distinct genetic mechanisms can lead to the presence
on the surface of tumor cells of HLA-peptide complexes that can be recognized by
T cells. Three mechanisms lead to the expression of antigens of high tumoral
specificity (tumor-specific antigens) while the two others lead to the expression of
antigens of low tumoral specificity (tumor-associated antigens). Most of the
experimental results that support this classification have been obtained with
melanomas. However the analysis of antigens on other types of tumors and the
analysis of human antitumor T cell responses have not revealed other
mechanisms of tumor-specific antigenicity.

1.2.3.1 Antigens encoded by mutations

In 1995, tumor-specific T cells recognizing an antigen encoded by a gene that was
mutated in the tumor compared to the autologous normal cells (mutant antigen)
were discovered in the blood of a patient with metastatic melanoma®. Since then,
mutant antigen-specific CD4 or CD8 T cells have been found in the blood or in

59-66 . . .
or in patients with other cancers such

metastases of many melanoma patients
as metastatic gastro-intestinal carcinoma®?, chronic lymphocytic leukemia®, head
and neck carcinoma® or ovarian carcinoma®. Even though most immunogenic
mutations are passenger mutations, some are driver mutations. For example, Tran
et al. identified recently HLA-C*08:02-restricted anti-KRAS®**® CD8 TiLs in a
metastatic colon carcinoma®’. KRAS®*?® is the most frequent KRAS mutation in
human cancer (35%) and drives tumor cell proliferation’’. Beside this rare
exception of an immunogenic hot-spot mutation, most immunogenic mutations
are unique mutations resulting from single nucleotide variants (SNVs). Out of 48
reported immunogenic mutations, 37 are SNVs (reported in the peptide database
of Cancer Immunity’*, October 2015 update). Within the 37 SNVs, 34 are missense
mutations, 1 is a splice site modifier, 1 is a start gain mutation and 1 is a nonsense
mutation. Small insertions or deletions (indels) with a frame shift, and
chromosomal aberrations are less frequent (4 frame shift mutations, 6 fusion
gene and 1 tandem duplication).

Like other tumors, breast carcinomas exhibit somatic mutations. Compared with
other solid tumor types, the median number of nonsynonymous mutations is low
and similar to that found in prostate, hepatocellular and serous endometrial
tumors (Figure 1-3).
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Figure 1-3. Number of nonsynonymous somatic mutations for several cancer types.

The median numbers of nonsynonymous mutations are shown for different cancer types

(red dot). Horizontal bars indicate

the 1rst and 3rd quartile. MSI, microsatellite instability;

SCLC, small cell lung cancer; NSCLC, non-small cell lung cancer; ESCC, esophageal
squamous cell carcinoma; DLBCL, diffuse large B cell lymphoma; MSS, microsatellite
stable; EAC, esophageal adenocarcinoma; PAC, pancreatic adenocarcinoma; M5, M5
subtype. Figure adapted from Vogelstein et al.”?
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The TCGA network published in 2012 an extensive analysis of primary breast
tumors with whole-exome sequencing and gene expression profiles®. In total,
28,316 SNVs and 2,302 indels were identified by whole-exome sequencing of 510
tumors. Most SNVs were missense mutations (67%) and each tumor carried on
average 37 missense mutations. The average non-silent mutation rate per
megabase (Mb, size of an exome is ~30Mb’®) varies between the intrinsic
subtypes: 2.05 mutations/Mb in HER2-overexpressing tumors, 1.68 mutations/Mb
in basal-like tumors, 1.38 mutations/Mb in luminal B tumors and 0.84
mutations/Mb in luminal A tumors (Figure 1-4). The authors identified potential
driver mutations with a statistical method. For each gene, the observed mutation
rate was compared to the background mutation rate and 35 genes were found to
be significantly more mutated. Nearly all known driver genes that have been
implicated in breast cancer were in this list (TP53, PIK3CA, PTEN, GATA3, RB1, ...).
New candidate genes were identified. Genes TP53 and PIK3CA were the most
mutated and 73% of the tumors carried mutations in either of these two genes.
Significantly mutated genes were enriched in some intrinsic subtypes. The number
and diversity of mutated genes were the highest in the luminal A and B subtypes.
Eighty percent of basal-like tumors had a mutation in TP53 while other
significantly mutated genes were rarely mutated (e.g. PIK3CA). HER2-
overexpressing tumors were often mutated in TP53 and PIK3CA and other
significantly mutated genes were rarely mutated (Figure 1-4). A recent analysis of
560 breast cancers extended the list of genes with probable driver mutations
(MED23, ...) to 93 protein-coding genes’®. In 95% of the tumors, at least one of
these 93 genes was mutated.
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Figure 1-4. Somatic mutation profile of 510 primary breast carcinomas.

The top 22 out of 35 significantly mutated genes in breast cancer are shown. The rate of
mutations for each gene is indicated below the name of each gene and drawn as columns
for each intrinsic tumor subtype (proportions from 0 to 100 % in a linear range). For each
subtype, the proportion of tumors with ER’, PR" and HER2" status are shown with grey
columns. According to the size of each subtype group, the dimensions of columns are
adapted. On the outer right side, the mean number of non-silent mutations for all tumors
and for the 4 intrinsic subtypes are highlighted (adapted from reference 57).
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The mutational processes that generate somatic mutations in breast cancer have
remained poorly understood for a long time. In 2013, Alexandrov et al. analysed
nearly 5,000,000 SNVs and indels of more than 7,000 primary cancers of 30
different types’®. From all tumors, 20 different signatures of mutational processes
were identified based on a 96-trinucleotide classification. This classification
comprises the 6 possible base substitutions (only the pyrimidine (C or T) of the
mutated base pair is used: C>A, C>G, C>T, T>A, T>G and T>C) and their flanking
nucleotides (16 possibilities/substitution): 5'-NpNpN-3' (the base substitution is
underlined)’®.

Five out of the 20 signatures were found in breast tumors (signatures 1, 2, 3, 8
and 13). All of them were shared with at least one other cancer type and several
coexisted within a tumor. In 2016, the group updated their analyses for breast
cancer with the wole-genome sequencing of 560 tumors’®. They confirmed the 5
previous mutational signatures and discovered 7 new ones (signatures 5, 6, 17,
18, 20, 26 and 30) (Figure 1-5). Nine out of 12 signatures were related to an
etiology.

- Signature 1 is common in many cancer types (>70% of all tumors) and is
associated with age at the time of cancer diagnosis. The etiology is probably a
spontaneous deamination of 5-methyl-cytosine in CpG dinucleotides (NpCpG
context). Signature 5 is also associated with age at the time of cancer diagnosis
but the cause is unknown.

- Signatures 2 and 13 are probably generated by cytidine deamination by some
members of the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic
polypeptide) family. The members APOBEC1, APOBEC3A, APOBEC3B and
APOBEC3C show in vitro a preference for the sequence context of signatures 2
and 13 (TpCpN)”®. APOBECs are part of the innate immune response to
retroviruses, but their role in cancer is not understood.

- Signatures 3 and 8 are associated with homologous-recombination deficiency
and loss-of-function of BRCA1 and BRCA2. These proteins are involved in
homologous recombination-based repair of DNA double-strand breaks. Germline
mutations in BRCA1 or BRCA2 are responsible for many hereditary breast

cance rs77.

20



- Signatures 6, 20 and 26 are rare in breast tumors (<2%) and contain numerous
small indels in regions of microsatellites. This is characteristic for DNA mismatch

. . . 74,75
repair-deficient tumors”™".

None of the signatures with a related etiology is specific for breast tumors.
Interestingly, APOBEC activity and DNA mismatch repair deficiency are present in
rare tumors with a very high number of mutations (Figure 1-5).

90,000 A
Signature % of samples Related etiology
80,000 - 1 93 A
-5 86 - noe
70,000 =2 82 |~ apogec
® 60000 : g gg }—» Loss of BRCA1 and
z BRCA2 functions
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© 50,0001 = 20 1 — DNA mismatch
é 26 2 repair deficiency
2 40,0001 17 6
© m 18 17 — Unknown
2 30 <1
30,000 A
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Figure 1-5. SNV-based signatures of mutational processes in breast cancer.

The bar plot displays for each sample the number of SNVs associated with one out of the
12 signatures. Samples are clustered according to their profile of mutational signatures
and sorted in ascending order of SNVs. Signatures are grouped according to related
etiology. For each signature, the proportion of breast tumors with 21 SNV of the specific
signature is shown. The y-axis is the total number of SNVs, not that of nonsynonymous or
non-silent mutations. Figure adapted from Nik-Zainal et al.”*
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With these sequencing data of breast tumors, the number of mutant peptides
that can bind to autologous HLA class | molecules can be predicted by using MHC-
binding prediction algorithms. Rajasagi et al. analysed a public dataset of more
than 700 breast carcinomas with associated whole-exome sequences®’. For each
tumor, they identified the HLA class | molecules (HLA-A, -B and -C) and the
missense and frame-shift mutations. Then, HLA-binding peptides of 9 or 10 amino
acids with a high binding affinity (Kd <500 nM) were predicted for each of these
nonsynonymous mutations. This in silico approach predicted a mean number of
50 HLA class I-binding mutant antigens per tumor, with a large variation between
tumors (first quartile at 0, third quartile at 1000). The actual number of different
mutant antigenic peptides that can be recognized by T cells on the surface of the
tumor cells will depend, additionally, on the level of expression of the mutated
genes and of the capacity of the antigen processing machinery of the tumor cells
to produce a sufficient amount of each peptide. Assuming the expresssion of one
third of the mutated genes’®, around 15 mutant antigens may be presented by
tumor cells of a given tumor. The actual proportion of these antigenic peptides
that is effectively processed is unknown.
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1.2.3.2 Antigens encoded by cancer-germline genes

Some breast carcinomas express cancer-germline genes. The expression
frequency is in the middle range compared with other tumors. Metastatic
melanomas, lung carcinomas and infiltrating bladder carcinomas express more
often cancer-germline genes. Colorectal and renal carcinomas express them less
often (Table 1-2).

Genes Breast Melanoma Lung Bladder Colorectal Renal
Carc. (metastatic) Carc. Carc. Carc. Carc.
MAGEA1 19 46 46 32 0 5
MAGEA3 13 74 47 57 17 0
MAGEA4 6 25 51 45 11 2
MAGEA6 15 72 51 57 22 0
MAGEA10 4 47 44 38 0 0
MAGEA12 13 62 30 34 11 5
NYESO1 23 35 27 47 0 0
CTAG2 23 33 41 47 0 0

Table 1-2. Expression profiles of cancer-germline genes in selected cancer types.

Proportions (%) of tumors with cancer-germline gene expression. Expression was
measured by RT-PCR. Lung carcinomas (carc.) include adenocarcinomas and squamous-
cell carcinomas with similar cancer-germline gene expression profiles. Bladder carcinomas
are only T2 tumors (infiltrating). NYESO1 is also known as CTAG1 or LAGE-2. CTAG2 is also
known as LAGE-1. Data from Coulie et al. and van der Bruggen et al.®”.

Cancer-germline genes are expressed due to a demethylation of their
promoters’’. In more advanced tumors, the global demethylation is increased
with a higher proportion of tumors that express cancer-germline genes. This
pattern has also been observed in primary breast carcinomas: the expression of
MAGEA3/A6 is associated with tumor grade using semiquantitative RT-PCR®. In
the same study, MAGEA3/A6 expression was also associated with ER™ tumors,
which can be explained by the very high proportion of high grade tumors (>90%)
among ER’ tumors®™.
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As cancer-germline genes are expressed in some breast tumors, it is very likely
that MAGE-type antigens are presented at the surface of the corresponding tumor
cells. Indeed, Wang et al. showed in 1998 that NYESO1-derived antigens were
presented on breast tumor cells®>. They isolated an HLA-A31-restricted anti-
NYESO1 CTL clone from a melanoma metastasis. This anti-NYESO1.A31 clone
recognized allogeneic HLA-A31" fresh-frozen breast tumor digests from two
different tumors (1295, 1315), as well as a cell line derived from tumor 1315. Both
breast tumor digests expressed NYESO1 by RT-PCR and a fibroblast culture (no
expression of NYESO1) derived from the tumor 1295 was not recognized.

There is no report of T cell responses to MAGE-type antigens in breast cancer
patients.

1.2.3.3 HER?Z antigens

HER2 is a transmembrane receptor tyrosine kinase that is overexpressed, mostly
by gene amplification, in 15-20% of primary breast tumors®’. HER2 overexpression
or the amplification of its gene, ERBB2, is associated with poor prognosis and
HER2 overexpression predicts reponse to HER2-targeted drugs such as anti-HER2
monoclonal antibodies (trastuzumab, pertuzumab, trastuzumab-emtansine) or
small molecule tyrosine kinase inhibitors (e.g. lapatinib)’’. Thus, HER2 is an
important molecule in breast oncology and several groups have investigated the
presence of HER2-specific T cells in the blood or in the tumor of patients with
breast cancer.

Several HER2 peptides have been reported to be recognized by CD8 T cells’*. The
first anti-HER2 CD8 T cell clones were derived from the malignant ascites of an
ovarian cancer patient®®. Two clones recognized the predicted HLA-A2-binding
peptide E75 (HER23g9.377 KIFGSLAFL) and the antigenic processing of the peptide
was indicated by the lysis of an HLA-A2-transfected HER2-overexpressing tumor
cell line (SK-OV-3) by one E75-specific T cell clone. However, Zaks et al. could not
confirm antigenic processing of peptide E75. Their E75-specific CTL lines or clones
did not recognize several HLA-A2" HER2-overexpressing (tumor) cell lines
(including SK-OV-3/HLA-A2), unless they were pulsed with the E75 peptide®’.
Thus, whether or not peptide E75 is naturally processed remains unclear.
Nevertheless, this peptide has been used in multiple small vaccine trials®. For
example, in a phase /Il trial, patients with primary breast cancer received in the
adjuvant setting an intradermal vaccine of peptide E75 combined with GM-CSF®.

24



According to their HLA type, 187 patients were stratified into a vaccination and
control arm. Vaccinated patients had a better clinical outcome (5-year disease-
free-survival: 89,7%) than non-vaccinated patients (80,2%; p=0.08). Recently, a
phase Ill vaccination trial started with the same vaccine based on the results of
this phase I/Il. Surprisingly, only patients with low expression of HER2 in their
tumors will be vaccinated. The decision is based on an increased immune reaction
towards E75 in patients with tumors without HER2 overexpression in the phase
/1l trial®’.

The questioned antigenic processing of peptide E75, the limited clinical efficacy of
HER2-based vaccines as well as the counterintuitive use of a E75-based vaccine in
tumors without HER2 overexpression cast doubts on the antigenicity and the
immunogenicity of this peptide. Moreover, while the higher expression
(‘overexpression') of HER2 in some tumors as compared with normal tissues
suffices for a differential antitumor activity by antibodies such as trastuzumab, the
expression difference may be insufficient to confer tumor-specificity to anti-HER2
lytic CD8 T cells. Along this line, adoptive transfer of HER2-specific chimeric
antigen receptor (CAR)-transduced autologous T cells has led to deadly toxicity®.

1.2.3.4 Other possible antigens

NY-BR-1 is a breast differentiation antigen. The encoding gene, ANKRD30A, is
expressed in about 70% of breast tumors and in two normal tissues: breast and
testis®. Therefore, NY-BR-1 antigens could be breast-tissue specific assuming that
gene expression in testis is limited to germline cells, which are devoid of HLA class
| molecules. Wang et al. isolated from the blood of a patient with breast cancer a
CD8 T cell clone which was specific for a HLA-A2-restricted NY-BR-1 antigenic
peptide®™. The clone recognized an allogenic NY-BR-1" HLA-A2" breast tumor cell
line, but not an NY-BR-1" HLA-A2" breast tumor cell line. It is however doubtful
that such an antigen could be used in immunotherapy, except against metastatic
disease after bilateral mastectomy.

The MUC1 glycoprotein and hTERT may also be antigenic in breast cancer. Both
are reported to be overexpressed in human tumors and their antigenicity for T
cells has been documented with tumor cell lines, though not with breast tumor

91,92

cell lines™”". However, MUC1 and hTERT are also present on some normal cells

and the notion of overexpression must be taken with caution.
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1.2.4 Reports of in vitro antitumor reactivity of breast TILs

In the 1990s, two groups published results on the recognition of breast tumor

cells by autologous TILs.

The group of S. Rosenberg tested the cytolytic activity and cytokine secretion of
TILs cocultured with autologous tumor cells. Tumor cell suspensions were
obtained from minced and enzymatically digested primary breast tumors or
tumor-infiltrated lymph nodes. From these suspensions of tumor and stromal
cells, TIL cultures were started in the presence of IL-2 and a part of each
suspension was frozen for further recognition assays by TILs. In their first two
publications, none of the 7 and 21 TIL cultures showed a cytolytic activity that was

93,94 « .
", Cytokine secretion assays

specific for the autologous tumor cell suspension
showed that TIL populations from 3 out of 11 patients secreted GM-CSF, IFNy and
TNFa in the presence of autologous but not allogenic tumors. Two of these 3 TIL
populations were highly enriched in CD4 T cells (96-98%) and one of them was
tested for HLA class Il restriction. Cytokine secretion was significantly reduced
when the autologous tumor cells were preincubated with an anti-HLA class |l
antibody. In their third paper, the group confirmed their previous results. None of
the 35 tested TIL cultures displayed a cytolytic activity that was specific for the
autologous tumor cells. Additionally, CD4 and CD8 TIL populations were tested for
cytokine secretion in the presence of tumor cells®. Three out of 21 tested CD4 TIL
cultures displayed HLA class ll-restricted tumor-specific cytokine secretion. No
significant cytokine secretion was observed for the 21 tested CD8 TIL populations,
although 3 of them showed small autologous tumor-specific secretion of GM-CSF.

Baxevanis et al. assessed the cytolytic activity of in vitro expanded TILs against
breast tumor cells®. Cells were extracted from primary tumors or metastatic
pleural effusions. From the tumor cell suspensions, mononuclear cells and tumor
cells were separated by two-phase density gradients. TILs were expanded in vitro
in the presence of IL-2 and autologous tumor cells. The tumor cells were frozen
for further TIL testing. Out of 12 TIL cultures, the 5 CD8-predominant TIL cultures
(from 3 tumors and 2 pleural effusions) displayed cytolytic activity directed
preferentially against autologous tumor cells (28-92% of lysis). CD8 TIL clones
were derived from one primary tumor and lysed autologous tumor cell
suspensions (15-29% of lysis) better than allogenic tumor cell suspensions (3-7%
of lysis).
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These reports suggested the presence of tumor-specific CD4 TILs in human breast
tumors. For CD8 TlLs, the results were contradictory.

1.2.5 Preliminary results of immunostimulatory antibodies in breast
cancer

At this moment, no T cell-mediated immunotherapy is used routinely for breast
cancer. The anti-CTLA-4 monoclonal antibody tremelimumab was tested in
combination with the aromatase inhibitor exemestane (hormone therapy) in
patients with metastatic hormone receptor-positive breast tumors. The best
overall response was stable disease in this small phase 1 study (n=26)"".

Anti-PD-1 and anti-PD-L1 monoclonal antibodies were tested in patients with
advanced or metastatic breast carcinoma and the first preliminary results of 4
phase | clinical trials are available. In the JAVELIN trial, the anti-PD-L1 antibody
avelumab was tested in patients with advanced or metastatic breast cancer.
Intermediate data were presented at the San Antonio Breast Cancer Symposium
(SABCS) 2015. Out of 168 patients, 8 had a radiologically documented response (1
complete response and 7 partial responses). Despite the low overall response rate
of 4.8%, the tumor subtype analysis was interesting. Five out of the 8 responding
patients had a TN tumor (n=58, 8.6% of response), 2 had an ER'"HER2" tumor
(n=72, 2.7%) and 1 had an HER2" tumor (n=26, 3.8%). Then the authors combined
tumor subtypes with PD-L1 expression by IHC. Nine TN tumors were PD-L1-
positive (210% PD-L1" immune cells) and 4/5 responding patients with TN tumors
had PD-L1* tumors®®®. Importantly, the response to these drugs can be long-
lasting (Figure 1-6).

This observation is in line with two other studies that observed overall response

rates of 18.5 and 19% in PD-L1" advanced or metastatic TN tumors (Table 1-3)'**
102
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Best overall response
(evaluated by radiology):

B Complete response

Partial response
B Stable disease
B Progressive disease

Change From Baseline (%)
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—
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Figure 1-6. Response to the anti-PD-1 antibody pembrolizumab in the KEYNOTE-012
trial.

Change from baseline tumor size in function of time. Tumor size is measured as the sum of
the diameters of target lesions (criteria RECIST v1.1). The patient with complete response
had a nodal disease. Therefore, the change from baseline does not reach 100% because
according to RECIST v1.1, metastatic lymph nodes that regress to <1 cm short axis are
evaluated as normal'®. Patients with ongoing treatment are marked by an arrow. The
other patients stopped treatment after detection of new lesions, growth in target or in
. . 101
non-target lesions. Figure adapted from Nanda et al.

Target Drug Definition of PD-L1 Response rate Ref.
positivity (IHC)
PD-L1  Atezolizumab >5% of immune cells 4 out of 21 (19%) 100,102
(2 CR, 2 PR)
PD-1 Pembrolizumab Any stromal cells 5 out of 27 (18.5%) 101

OR 21% of tumor cells (1 CR, 4 PR)

Table 1-3. Results of 2 clinical trials with PD-1 pathway inhibitors in PD-L1" advanced or
metastatic triple-negative tumors.

CR, complete response; PR, partial response
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TN tumors are not the only ones that respond to PD-1 pathway inhibitors. An
overall response rate of 12% (3 responding patients out of 25 treated patients)
with pembrolizumab has been reported for patients with PD-L1-positive ER'HER2"
advanced breast cancer in the KEYNOTE-028 trial (PD-L1 positivity: Any stromal
104105 " \Whether breast tumors need to be PD-L1-

positive for a response to anti-PD-1 or anti-PD-L1 antibodies is not clear. The

cells, or 21% of tumor cells)

JAVELIN trial with atezolizumab is still ongoing and results of patients with TN PD-
L1-negative tumors have not been published yet. There is probably a correlation
between PD-L1-positive tumors and clinical efficacy of PD-1 pathway inhibitors
like in advanced NSCLC and melanomas, even if some PD-L1-negative tumors have
responded to these drugs’.

Noteworthily, the response rate of TN PD-L1" metastatic breast cancer to PD-1
pathway inhibitors is lower than that of PD-L1" advanced melanoma, NSCLC or
bladder cancer® (Table 1-4). A low proportion of immunogenic breast tumors
could explain this difference, but different IHC protocols and different definitions
of PD-L1 positivity prevent reliable comparisons.

Advanced PD-L1" tumors Drug Response rate (%)

Melanoma Anti-PD-1 (nivolumab) 44-53

NSCLC Anti-PD-1 (nivolumab, 37-45
pembrolizumab)

Bladder cancer Anti-PD-L1 (atezolizumab) 43

TN breast cancer Anti-PD-1 (pembrolizumab), 18.5-19
Anti-PD-L1 (atezolizumab)

ER'HER2 breast cancer Anti-PD-1 (pembrolizumab) 12

Table 1-4. Response rate of advanced PD-L1" tumors to PD-1 pathway inhibitors.

Data from Callahan et al.?
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There are several ongoing clinical trials with PD-1 pathway inhibitors in breast
cancer. Most studies focus on TN tumors, some on HER2* tumors, but there is few
interest in ER'HER2" tumors (Clinicaltrials.gov, Feb 2016 : 10/17 studies in TN
tumors, 3/17 studies in HER2" tumors).

To conclude, the first clinical results of PD-1 pathway inhibitors show promising
tumor regressions in some PD-L1-positive breast tumors. Whether these
responses involve lytic tumor-specific CD4 or CD8 T cells is unknown. No analyses
of T cell infiltration or of T cell effector functions have been reported.

1.3 Objective of the work

Spontaneous antitumor T cell responses are thought to be present in breast
cancer patients as suggested by analyses of TILs and of gene expression profiles,
by the presence of tertiary lymphoid structures inside tumors and by the first
clinical results of PD-1 pathway inhibitors. Our objective was to analyse a few
primary breast carcinomas in order to prove or disprove the hypothesis that these
tumors are immunogenic for autologous CD8 T cells.

To probe the immunogenicity of those tumors, from which the establishment of
cell lines is currently not possible, we have resorted to testing the reactivity of a
set of about 100 CD8 TIL clones towards the most likely tumor-specific antigens
expressed by the tumor, based on gene sequencing and expression.

We used autologous EBV-transformed B cells (EBV-B cells) to present candidate
antigenic peptides, thus screening all the HLA class | molecules of the patients for
the presentation of tumor-specific antigens. Furthermore we did not restrict the
candidate antigenic peptides to those that are predicted to bind to HLA class |
molecules, also to have an immunogenicity analysis as comprehensive as
technically possible.
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2 Results
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We established sets of CD8 TIL clones from breast tumors with representatives of
the 3 subtypes. Six tumors (2 ER'HER2", 2 HER2" and 2 triple-negative) with a TIL
clone set of about 100 clones for each tumor were selected for assays of
recognition of candidate tumor-specific antigens by the TIL clones (Figure 2-1).
Exome and RNA sequencing identified missense single nucleotide variants (SNVs)
and indels in expressed genes, expressed cancer-germline genes, and ERBB2
overexpression. After identification and selection of candidate antigenic peptides,
all TIL clones were tested for recognition of autologous EBV-B cells loaded with

peptides or transduced with cancer-germline genes or ERBB2.

EBV-B cells ————= Exome Seq

— Exome Seq —
L+ RNA-Seq —

|

Expression of: Selection of somatic
- Cancer-germline genes missense mutations
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CD8* T cell EBV-B transduced Synthesis of
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Figure 2-1. Work plan to test CD8 TILs for candidate tumor antigens.

SNVs, single nucleotide variants; TCRBV repertoire, repertoire of the variable part of
the TCR beta chain.

We identified several tumor-specific CD8 TIL clones in one of the 6 patients. Four
antigenic peptides and presenting HLA molecules were identified. The frequencies
of these tumor-specific T cells were measured in the tumor and in the blood of
the patient. Then we tried to unders tand why the other tumors did not stimulate

detectable CD8 T cell responses.
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2.1 Cloning of CD8 TILs

Fresh tumor samples were obtained from untreated patients undergoing tumor
resection for invasive non-metastatic breast carcinoma (tumor size 22 cm). A part
of the sample was frozen for later RNA/DNA extraction and the remaining fresh
part was used for T cell extraction. The fresh sample was weighed and cells were
dissociated mechanically and enzymatically. Living CD3'CD8'CD4™ T cells were
sorted out and cloned from the tumor cell suspension by flow cytometry (Figure
2-2). CD3'CD8'CD4™ T cell clones were expanded during 20 to 30 days by
stimulation with soluble anti-CD3 antibody, cytokines (IL-2, IL-7) and irradiated
feeder cells (allogenic EBV-B cells and a mix of allogenic peripheral blood
mononuclear cells) in order to obtain stable CD8 TIL clones. The proportion of
proliferating clones among the sorted cells varied from 0.7% to 9.0% (median:
4.3%, n=10). We increased the cloning efficiency by a factor of 3 by increasing the
number of feeder cells (6x more EBV-B cells and 15x more PBMCs per well)

(median cloning efficiency with the improved protocol: 12.0%, n=4).

For further analysis, we selected for each breast tumor subtype the two tumors
with the highest number of CD8 TIL clones. Out of 14 sets of clones, 6 sets were
selected (71 to 203 clones per set). These 6 sets were derived from 2 ER'HER2
tumors (patient P142 and P143), 2 HER2" tumors (patient P154 and P195) and 2
triple-negative tumors (patient P223 and LB5784) (Table 2-1).
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Tumor —— Fresh tissue
resection

Tumor digestion
— Count of stromal cells

Sorting of CD8* TILs
by flow cytometry

Example of CD8* TIL sorting (from P154):

103 = 5.

CcD3
Sorted
population
1 living CD3+
cD8* CD4- cell . .
2nd stimulation after 9-10 days 2 7 days after

l (£ 3rd stimulation after 9-10 days) last stimulation

U U B
Freeze clones if

+1500 2 0.5x10° cells
wells

M96

Non-specific T cell amplification Old protocol New protocol

> Anti-CD3 mAb 1 pg/mL 40 ng/mL
> Irradiated feeder cells
Allogenic PBMC 20,000 300,000
Allogenic EBV-B cells 10,000 60,000
> IL-2 50 U/mL 50 U/mL
> IL-7 10 ng/mL 10 ng/mL

Figure 2-2. Cloning of CD8 TILs.

Mononuclear cells of a size similar to that of red blood cells were called stromal cells
(excluding the large tumor cells and red blood cells). mAb, monoclonal antibody; PBMC,
peripheral blood mononuclear cells; M96, 96-well microtiter plate.
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Patient P142 P143 P154 P195 P223 LB5784

Age 70 51 65 43 79 82

Tumor histopathology

Meta-

Histology Ductal Ductal Ductal Ductal . Ductal
plastic

Grade High Interm. High High High High

ER + + + + - -

PR + + - + - -

HER2 - - + + - -

Ki67 (%) 40 80 40 40 75 40

Stage 1A A A 1B 1B 1B
Tumor-infiltrating T cells

stromal cells / g of 04 113 1.3 03 2.2 2.1

tissue (x107)

Proportion of CD8 59 59 15 54 31 39

TILs (%)

Number of cloned

CD8 TiLs 1,472 1,472 1,428 1,536 1,536 1,536

Amplification Old Old Old New New New

method

Number of stable 132 71 75 166 100 203

clones

Cloning efficiency

(%) 9.0 4.8 5.3 10.8 6.5 13.2

Table 2-1. Characteristics of the 6 tested breast carcinomas.

Tumor grade, ER status, PR status, HER2 status and tumor cell proliferation were
determined by the pathology department of the hospital. Tumor grade was established
according to Nottingham grading system (Interm. = intermediate). ER and PR positivity
was defined as >1% tumor cells stained in IHC. HER2 positivity was defined by
overexpression in IHC (3+ score) or gene amplification if equivocal result in IHC (2+ score)
(Chromogenic/fluorescent in situ hybridization, ERBB2/chrl7 ratio >2.0). Tumor cell
proliferation is estimated by the proportion of tumor cells stained with anti-Ki67 nuclear
antigen in IHC. Tumor stage was established according to the UICC TNM classification (7th
edition). Stromal cells are non-red cells and non-tumor cells. Proportions of CD8" T cells
within the CD3" TIL populations were measured by flow cytometry.
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2.2 TCRBV repertoire of the sets of CD8 T cell clones

2.2.1 Presence of repeated clones in all TIL clone sets

We probed the TCR diversity of the TIL clone sets. An ongoing antitumor T cell
response in the tumor should be accompanied by clonal amplifications of the
antitumor T cells, and the corresponding TCR sequences should appear repeatedly
in the repertoire. Note that these repeated clones can be detected in our
experiments only if their frequency is higher than 1% of the CD8 T cells.

We sequenced the complementarity determining region 3 (CDR3) of the TCRR
chain for each clone, and established a TCRBV repertoire. Each clonotype has a
unique TCR which is a heterodimer of the a and R chain. Each chain contains a
hypervariable CDR3 region that interacts with the antigenic peptide presented on
the HLA molecule. The CDR3 of the TCRB chain is the product of somatic
recombinations of VB, DR and JR gene segments with random insertions or
deletions of nucleotides at the recombination junctions. These genetic processes
create the diversity of the TCRR CDR3 sequence, estimated at 10° in the blood"®.

In the TIL clone set of P142, the 132 clones expressed 100 different TCRR
sequences, thus corresponded to 100 clonotypes. Eighteen clonotypes were
represented by at least two clones (clonotypes of repeated clones). They
represented 50 clones, or 38 % of all clones. We observed a similar presence of
repeated clones in all of the 6 sets of CD8 TIL clones (Figure 2-3). Between 22 and
38 % of all clones were repeated clones.
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Figure 2-3. TCRBV repertoire of the 6 set of CD8 TIL clones.

Each black rectangle represents one clone. Each line of rectangles represents one
clonotype (unique CDR3R sequence). Seq, sequence.
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2.2.2 Presence of repeated clones in normal breast tissue

We then asked whether this oligoclonality was associated with the presence of a
tumor, and therefore possibly with antitumor T cell responses. To this end we
analysed the TCRBV repertoire of similar numbers of CD8 T cell clones derived
from 3 normal breast tissues. Clones from patient LB3410 were derived from
normal breast tissue adjacent to a fibroadenoma (benign breast tumor) and those
from patients LB3466 and LB5673 were derived from normal breast tissue
collected during surgical breast reduction. We observed repeated clones also in
these three sets. For patient LB3466, more than half of the clones were repeated
(58%). We concluded that the presence of repeated CD8 T cell clones was not
necessarily linked to antitumor T cell responses.
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Figure 2-4. TCRBV repertoire of CD8 T cell clones derived from normal breast tissue.
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2.3 Identification and selection of candidate tumor antigens

For each analysed tumor we identified candidate tumor antigens that could be
recognized by the TIL clones, encoded by mutations, by cancer-germline genes
and by ERBB2.

2.3.1 Selection of candidate mutant antigens

Paired-end whole-exome sequencing of matched tumoral and normal tissues was
performed for the 6 patients (Figure 2-5). Somatic SNVs (single nucleotide
variants) and indels were identified using Mutect' and VarScan2'®, respectively.

109 to select missense SNVs and STOP loss or

Each variant was annotated by SnpEf
frameshift indels (Figure 2-6). O. Bricard performed this analysis by adapting the
best practice guidelines for variant discovery analysis of the Broad Institute

(https://www.broadinstitute.org/gatk/guide/best-practices.php).

Our objective was to select the variants that were in expressed genes and to filter
out uncertain variants, which could be due to sequencing errors that occur in
exome sequencing. A first selection step used variant calling criteria to filter out
uncertain variants. In the second step, only variants in expressed genes were
selected. The last selection step was also used to filter out uncertain variants by

invalidating them visually with the integrative genomics viewer (IGV)'%**,

Our variant selection approach changed slightly during the study. After the
analyses of tumors of patients P142 and P143, we modified the variant calling
criteria and gene expression criteria.

For tumors of P142 and P143, our criteria were:

* Select variants with >10 variant reads in the exome of the tumor sample
(varT >10),

* And: The proportion of variant reads in the exome of the normal sample is
lower than 5% of variant reads in the tumor sample (varN <0.05 x varT).

(A read is the output sequence of a massive parallel sequencing, see Figure 2-5)
For the 4 other tumors, we simplified the criteria:
* Select variants with no variant read in the exome of the normal sample

(varN =0).
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Figure 2-5. Overview of whole-exome sequencing and variant discovery analysis.

Major steps of whole-exome sequencing and variant discovery analysis. The sequenced
part of a DNA fragment is called a read. A TP53 missense mutation from the tumor of P143
is used as an example of variant annotation. SNP, single nucleotide polymorphism.
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Figure 2-6. Identification and selection of potential mutant antigens

For P142 and P143 we had no RNA-Seq data and used instead a public gene
expression data set of breast tumors (data generated by the TCGA Research
Network: http://cancergenome.nih.gov/; data downloaded by N. van Baren). For
each gene with a tumor variant, the percentile 5 of gene expression was
calculated for the >1,000 samples of the public database and compared to the
percentile 5 of ACTB. Variants were selected if the gene/ACTB ratio was 20.3%
(P142) or 21% (P143). The threshold of 0.3% was selected arbitrarily for P142. We
raised it to 1% for P143 because more missense variants were found and we
restricted the selection to the most expressed genes. In addition, 9 and 10
variants were selected that passed only two of our three selection steps for
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tumors P142 and P143 (the patient identity is used hereinafter to identify each
tumor), respectively. This was an exploratory approach to probe with a small
number of variants our selection criteria.

For the 4 other tumors, mRNA sequencing was performed, analysed by O. Bricard
and the variants were selected if the expression of the gene was equal or higher
than the median expression of all protein-coding genes.

Later on, to standardize the identification and selection of somatic non-
synonymous mutations for all 6 tumors, whole-exome sequencing (WES) data of
P142 and P143 were reanalyzed entirely, mRNA-Seq performed and analysed with
the selection criteria of the 4 latter tumors. Most previously selected variants
were identified (28 out of 35 mutations for P142, 106 out of 117 mutations for
P143). As the variant calling criteria and gene expression selection were less
stringent, additional variants were identified, but we did not test them for
recognition by TIL clones. Figure 2-7 and Figure 2-8 highlight the similarity of the
first and second analyses for the missense variants of P142 and P143.

In summary, 22 to 106 missense SNVs and 1 to 4 indels were selected for each of
the 6 tumors by our standardized approach (Table 2-2). For each SNV, a precursor
peptide of 19 amino acids (19mer) with the mutated amino acid at position 10
was synthesized (Figure 2-6). Five mutations (2 for P143, 1 for P154 and 3 for
LB5784) were close to a splice site with 2 alternative mRNA transcripts, and the
precursor peptide for each of the 2 mRNA transcripts was synthezised. For
frameshift mutations (i.e. indels), we selected overlapping 19mer precursor
peptides to cover the new protein sequence resulting from the frameshifts, until
the first stop codon.

43



P142 P143 P154 P195 P223 LB5784

SNVs :
Missense 113 450 71 58 122 67
+varN =0 102 405 65 46 109 58
+ Gene expr >median 48 267 39 24 49 34
+ Accepted in IGV 47 251 31 22 45 34
Selected 28 106 31 22 45 34
% of select./missense 25 24 44 38 37 51
Peptides 28 108* 32* 22 45 37*

Indels :
Frameshift 36 105 16 30 38 43
+varN =0 13 31 8 9 21 24
+ Gene expr >median 3 21 3 7 11 17
+ Accepted in IGV 1 0 1 2
Selected 1 ! 0 1 2
Peptides 3 0 1 16 13

Table 2-2. Selection of candidate mutant antigens.

First selection step: varN = 0 (no read supporting the variant in normal sample).

Second selection step: Gene expression higher than the median expression of all protein-
coding genes.

* Variants with 2 tested peptides (2x for P143, 1x for P154 and 3x for LB5784).

T 2 indels were selected in the old analysis and only 1 re-identified.

T Any indel was selected in the old analysis and 3 new were found in the new selection.
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P142: selection of missense SNVs

Old analysis New analysis
Missense variants 145 =— 121:::2;5 - 113
Variant call criteria: varT >10 (-74 variants) varN =0

Yy varN <0.05x varT (-3 variants)
é 68 102
2 Gene expression: 20.3 % gene/ACTB = median of protein-coding genes
o (TCGA data set) (RNA-Seq)
-]
o
g 27 48
9| Visual validation: Check in IGV Check in IGV
Passed variants 26 47

- 24

Selected variants 26 — > 28
(and tested) T~ Out of 47, 19 variants failed

+9 ~ o in old analysis

not passed 14x varT <10

3x gene expr. <0.3% (0.05-0.2)
2x not found

L4xvarTs10 -~ o
4x gene expr. <0.3% -
iIxvarN=2 - _ _ TSIt

Figure 2-7. Details of missense mutation selection for the tumor of P142.

Missense SNVs are not completely identical for the old and new variant discovery analysis
due to version changes of the used algorithms (from read alignment to variant
annotation). Hundred and one missense variants were shared. The others are mostly
variants with low number of reads supporting the variant (varT <10 in more than 80% of
variants). Small changes of read numbers impact likely the variant call of Mutect when
varT is low. Much more variants were eliminated in the first selection step with the old
variant calling criteria (77 versus 11 variants). Around half of variants were eliminated by
the gene expression selection (41 versus 54 variants). In the old selection, 9 unselected
variants were selected for further testing in an exploratory approach. Four out of these 9
passed the selection in the new analysis. varT= number of variant reads in the tumor

sample, varN = number of variant reads in the normal sample.
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P143: selection of missense SNVs

Old analysis New analysis
Missense variants 495 =—— ﬁ 165:::2:15 -~ 450
Variant call criteria: varT >10 (-128 variants) varN =0
varN <0.05x varT (-7 variants) y
-3 360 405
]
2 Gene expression: 21 % gene/ACTB = median of protein-coding genes
o (TCGA data set) \ (RNA-Seq)
-]
o
% 121 267
9 | Visual validation: Check in IGV Check in IGV
/ \
Passed variants 107 251
. 98
Selected variants 107 — » 106
(and tested) Seol Out of 251, 145 variants failed
+10 AN in old analysis
not passed = 45x varT <10
R N 91x gene expr. <1%
9x gene expr. <1% NN 9x not found

1x fail IGV (COSMIC) - ™~~~

Figure 2-8. Details of missense mutation selection for the tumor of P143.

Missense SNVs are not completely identical for the old and new variant discovery analysis.
431 missense variants are shared. The others result mostly from the same cause as for
P142. Additional difference is caused by variant annotation errors of SnpEff (£25% of
reads). Many more variants were eliminated in the old analysis by the variant calling
criteria (135 versus 45 variants). More variants were also eliminated by gene expression
selection in the old analysis (64%) than in the new (34%) because of the used thresholds.
In the old selection, 10 unselected variants were selected for further testing in an
exploratory approach. Eight out of these 10 passed the selection in the new analysis.
varT= number of variant reads in the tumor sample, varN = number of variant reads in

the normal sample.
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2.3.2 Selection of candidate MAGE-type antigens

Autologous EBV-B cells were retrovirally transduced with cancer-germline genes
selected for their expression in the tumor (Table 2-3). In preliminary experiments
we verified gene expression and antigen processing of MAGEA3-transduced EBV-B
cells from HLA-A1" patients (P142 and P223) and activation of T cell clone
WEIS3ES5, which is specific for a MAGEA3 antigenic peptide presented by HLA-A1
(Figure 2-9).

Gene expression P142 P143 P154 P195 P223 LB5784
(FPKM)

MAGEA1 0 0 0 0 0 0
MAGEA3 117 0 33 0 25 12
MAGEA4 0 0 0 0 2 48
MAGEA6 58 0 22 0 24 9
MAGEA9 0 0 0 0 55
MAGEA10 0 11 0 0 33
MAGEA12 49 0 6 0 0 3
NYESO1 0 4 0 0 51
CTAG2 0 2 3 0 6
ERBB2 46 61 1,924 2,178 47 30
ACTB 1,414 1,767 2,516 2,953 1,891 1,688

Table 2-3. Expression of some cancer-germline genes, ERBB2 and ACTB.

Gene expression analysed by mRNA-seq and indicated in fragments per kilobase of
transcript per million fragments mapped (FPKM). Highly expressed cancer-germline genes
and overexpressed ERBB2 were selected (in bold). We did not succeed to transduce EBV-B
cells from LB5784 with a MAGEA9 construct. Expression profiles of 8 cancer-germline
genes were confirmed by RT-PCR for P142, P143, P154, P195 and P223 (data not shown).
Expression of ACTB is given as a reference point.
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+P223-EBV + MAGEA3.A1 pep

+ P223-EBV transd. with MAGEA3
P223-EBV transd. with MAGEA3

Figure 2-9. Recognition of MAGEA3-transduced P223-EBV by an anti-MAGE3.A1 CTL
clone.

MAGEA3-transduced EBV-B cells were tested for antigen presentation. An example is
shown with MAGEA3-transduced EBV-B cells from P223 (P223-EBV). CTL clone WEIS3ES5 is
specific for peptide MAGEA36317¢ presented by HLA-A1 (MAGEA3.A1). WEIS3E5 was
stimulated with anti-CD3/CD28 beads to test its cytokine secretion. Peptide MAGEA3.A1
was pulsed at 2 uM on non-transduced P223-EBV cells as a control. T cell activation was
assessed with the M-07e assay (detection of IL-3 and GM-CSF). Test performed in
triplicates (Mean value, £SD).
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2.3.3 HER2

The EBV-B cells of patients with HER2" tumors (P154 and P195) were transduced
with an ERBB2 cDNA. HER2 expression was confirmed by flow cytometry (Figure

2-10). About half of the transduced EBV-B cells expressed HER2 stably. This
proportion suffices to stimulate anti-HER2 TIL clones.

P154-EBV P195-EBV

wod 11,2 3

100 -

Count
Count

50 =

0 103 104 105

HER2

HER2

Sample 1: Non-transduced EBV-B cells
Sample 2: ERBB2-transduced EBV-B cells
Sample 3: SK-OV-3 (HER2-overexpressing)
Figure 2-10. HER2 expression by ERBB2-transduced EBV-B cells.

Analysis of HER2 expression by flow cytometry. Cells were first selected in FSC-SSC gate.
SK-OV-3 is a HER2-overexpressing human ovarian tumor cell line.
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2.4 Screening of CD8 TIL clones for recognition of the candidate
tumor antigens

Each CD8 TIL clone was tested individually for its recognition of the mutant
precursor peptides, selected cancer-germline genes or ERBB2. Peptides were
tested at 20 uM either individually (poorly soluble peptides) or in pools of 2-4
peptides (only clones of P142 were tested at 10 uM and in pools of 5-7 peptides).
Autologous EBV-B cells were first incubated 2 hours with the peptides, before
addition of the TIL clones for an overnight co-culture. The cytokine secretion upon
T cell activation determined the activation of clones. Cytokine secretion was
measured with the M-O7e cell assay (Figure 2-11). The proliferation of the human
megakaryoblastic leukemia cell line M-07e depends mostly on either IL-3 or GM-
CSF, with lower growth factor activities for IL-2, IL-4, IL-6 and IL-9Mt>113,

2-3 weeks Day 1 Day 2 Day 3 Day 4
before
Thaw clones Peptides MAGE/ ERBB2
(individually or transduced
in pools) EBV-B cells
+
EBV-B cells j
I—o 20,000
2h 1 ¢
10,000 ¢
Amplification (peptides
at 20uM) Supernatant
(IL-3, GM-CSF) *H-Thymidine
M-07e cells 1
10,000
000 ¢ *H-Thymidine
incorporation
measurement
(cpm)

|

% of maximal stimulation:

|
100 x observed value

All tests performed in 96-well plates as triplicates. maximal value for the clone

Figure 2-11. Screening of CD8 TIL clones for recognition of tumor antigens.
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2.4.1 Recognition of mutant peptides by clones of patient P143

As shown on Table 2-4, most results of our screening were negative. None of the
clones of 5 out of the 6 patients recognized any of the candidate mutant peptides.
A total of 485 CD8 TIL clones failed to recognize candidate mutant peptides
encoded by 23 to 49 mutations per patient. Moreover, 343 TIL clones from 4
patients were screened against MAGE-type antigens encoded by 2 or 3 cancer-
germline genes, also with negative results. Finally, 203 TIL clones from two
patients were tested for recognition of ERBB2-encoded antigens, with negative
results. We tentatively conclude that in the majority of primary breast
carcinomas, even of the triple-negative subtype, tumor-specific TIL clones are not
present at frequencies around or higher than 10 of the CD8 TlLs.

P142 P143 P154 P195 P223 LB5784

Tumor ER'HER2™ ER'HER2 HER2®  HER2' TN TN

Candidate tumor antigens, encoded by:

Mutations 29 106 29 23 49 36
Cancer- MAGEA3 MAGEA3 MAGEA3 MAGEA4
germline MAGEA6 MAGEA6 MAGEA6 MAGEA10
genes MAGEA12 NYESO1
ERBB2 ERBB2 ERBB2

Tested 100 57 61 142 82 100

clonotypes

Results 0 6 0 0 0 0

Table 2-4. Results of CD8 TIL clone screening.

For P154, 2 out of 31 mutations (SNVs) could not be tested and are not reported in this
table. The 2 resulting peptides were tested together in a mix that was toxic to the EBV-B
cells (data not shown). One hundred out of 203 TIL clones from the patient LB5784 were
tested for recognition of candidate tumor antigens.
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However the conclusion was different for patient P143. We found 7 clones of 6
clonotypes that recognized 4 different mutant peptides (Figure 2-12, Table 2-5).
Clones 23/29 (same clonotype) and 99 recognized the same precursor peptide
within a mix of 2 peptides (data not shown). Clones 26 and 44 recognized another
precursor peptide in a mix of 2 peptides (data not shown). Clones 52 recognized 3
different peptides and clone 57 recognized 2 other different peptides. However
after purification of the synthesized peptides, single precursor peptides were
recognized by clones 52 and 57 (data not shown).

Clone (918/...) Mutated gene Precursor peptide sequence
23/29 and 99 PRR12 HDELYLPPMWKIDGLLNEH
26 and 44 ATP2A2 AKTASEMVLVDDNFSTIVA

52 NOC2L AYQHAFLYIHQLAIHLRNA

57 TKT MAVLFFHTMCYKSQDPRNP

Table 2-5. Recognition of mutant peptides by the 6 different TIL clonotypes of P143.

The mutant amino acid is underlined.

Based on these results, we pursued our work along two lines. First, we analyzed in
detail the antitumor T cell response of P143. Which are the exact antigenic
peptides recognized by the 6 clones? Which HLA class | molecules present these
peptides? Are these peptides naturally processed in cells? Are these TIL clones
cytolytic T lymphocytes? Are they present in the blood?

Then we investigated differences between the tumor P143 and the other 5, trying
to find explanations for the immunogenicty of the former but not of the latter.
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Figure 2-12. Presence of CD8 TIL clones of P143 that recognized mutant peptides.

Tests performed in triplicates (Mean value, £SD).
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2.5 Detailed specificities of P143 TIL clones

2.5.1 Identification of the antigenic peptide recognized by TIL clones

Clones 23 and 99 recognized the precursor peptide HDELYLPPMWKIDGLLNEH
encoded by gene PRR12. We synthesized peptides shortened at the N-terminus or
the C-terminus. The loss of aspartic acid at position 2 abrogated T cell activation
(Figure 2-13). Peptides of 8 to 11 amino acids with the aspartic acid at the N-
terminus were tested and maximal activation of clones 23 and 99 was observed
with the PRR121g75.1533 peptide DELYLPPMW of 9 amino acids.

We used the same approach for the precursor peptide AKTASEMVLVDDNFSTIVA
encoded by gene ATP2A2, recognized by clones 26 and 44. Trimming of serine at
P5 or phenylalanine at P14 abrogated T cell recognition. The ATP2A23.739 peptide
SEMVLVDDNF of 10 amino acids stimulated optimally the 2 clones.

We carried out similar experiments to identify the optimal antigenic peptides
encoded by genes NOC2L and TKT and recognized by TIL clones 52 and 57,
respectively. The optimal antigenic peptides are shown in Table 2-6.

Clone (P143 918/...) Mutated gene Optimal antigenic peptide

23 and 99 PRR12 DELYLPPMW (PRR121575.1883)
26 and 44 ATP2A2 SEMVLVDDNF (ATP2A2730.730)
52 NOC2L FLYIHQLAI (NOC2Ls7s.336)
57 TKT VLFFHTMCY (TKTs0.58)

Table 2-6. Optimal antigenic peptides recognized by the 6 TIL clones of P143.
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Figure 2-13. Determination of the optimal antigenic peptides.

Trimming of the precursor peptides of 19 amino acids was performed in different
experiments for each precursor peptide. The mutant amino acid is highlighted in red. The
experiments with the PRR12 peptide used TIL clone 23: the 1rst and 2nd experiments
were performed with 20 uM of peptides and the 3rd experiment was performed with 0.5
UM. The experiments with the ATP2A2 peptide used clone 44: all experiments with 10 uM
of peptides. For the NOC2L and TKT peptides, only the results with the peptides of 8 to 10
amino acids are shown. T cell activation was tested with the M-07e assay (mean, £SD).
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2.5.2 Specificity of the TIL clones for the mutant vs wild-type peptides

For each TIL clone, we tested their specificity for the mutant antigenic peptide by
titrating both mutant and wild-type peptides. The clones were not or 1,000-fold
less activated by the wild-type peptides, demonstrating their tumor-specificity
(Figure 2-14).

The concentrations of mutant peptides required for half-maximal activation
ranged from 1-30 nM for clones 26, 52 and 57 to 100-400 nM for clones 23 and
99, and more for clone 44 (plateau not reached). Except for clone 44, these results
are similar to those observed for several tumor-specific CD8 T cell clones from a
patient with metastatic melanoma®®, even though half-maximal activations at 1

nM have been observed for other tumor-specific CD8 T cells*®*%¢2,
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Figure 2-14. Titration of mutant and wild-type peptides.

Mutant peptides and wild-type peptides were pulsed on autologous EBV-B cells. Mutant
and wild-type PRR12 peptides were purified. T cell activation was measured with the M-
07e assay (mean, -/+SD).
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2.5.3 Identification of the presenting HLA molecules

Having defined the 4 optimally recognized mutant antigenic peptides, we used the
NetMHC algorithm (v3.4*') to predict the presenting HLA molecules. These
were HLA-B*44:03 for both the PRR12 and ATPA2 peptides, A*02:01 for the
NOC2L peptide and A*80:01 for the TKT peptide.

We confirmed these predictions with allogenic EBV-B cell lines that shared HLA
class | molecules with the patient. The specific HLA for each antigenic peptide can
be identified by testing the T cell recognition of peptide-pulsed EBV-B cells that
match only for one HLA allele with P143. The PRR121575.1333-specific clones 23 and
99 recognized an HLA-B*44:03-matched peptide-pulsed EBV-B cell line (LB-17,
Figure 2-15-A). The ATP2A2,30.730-specific clones 26 and 44 recognized the same
HLA-B*44:03-matched peptide-pulsed EBV-B cell line (Figure 2-15-B). For the
NOC2Ls;5.386-specific clone 52, the antigenic peptide was presented by HLA-
A*02:01 (Figure 2-15-C). NetMHC predicted the binding of the TKT peptide to
HLA-A*80:01. This HLA is very rare in the Caucasian population (0.01-0.02% of
allele frequency'’) and was not present in our EBV-B collection. With an allogenic
EBV-B cell line that matched all HLA class | molecules except HLA-80:01 (LB2369),
we tested the loss of recognition with LB2369-EBV cells compared with P143-EBV
cells. Indeed, we observed that clone 57 could not recognize the TKTsq.sg-pulsed
LB2369-EBV cells (Figure 2-15-D).

Missense mutations can create an epitope (i.e. part of the peptide that interacts
with the TCR) or an agretope (i.e. part of the peptide that interacts with the HLA
molecule) in an antigenic peptide. The last situation applies to PRR12 peptide
DELYLPPMW. Changing wild-type arginine into tryptophan at P9 creates a binding
motif for HLA-B*44:03 molecules. Hydrophobic aromatic amino acids
(phenylalanine, tryptophan or tyrosine) are preferred at the C-terminal anchor for
HLA-B44:03, but not the charged arginine (IEDB™®: www.iedb.org). As a
consequence, the wild-type peptide has a low predicted binding affinity (Kd of
8,559 nM, NetMHC) when compared to the mutant peptide (Kd of 47 nM).

The 3 other mutations resulted in new epitopes recognized by the TCR. Both wild-
type and mutant peptides were predicted to have similar HLA-binding affinity (Kd
<50 nM, Table 2-7).
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Figure 2-15. Determination of the presenting HLA class | molecules.

The HLA class | molecules shared between P143-EBV and allogenic EBV-B cell lines are in
bold for the experiments with the PRR12, ATP2A2 and NOC2L peptides (A-C). For the TKT
peptide, the HLA class | molecules that differ between P143-EBV and the allogenic EBV-B
cells are in bold (D). For PRR12 and ATP2A2, representative results for TIL clones 23 (A)
and 44 (B) are shown (peptides tested at 50 nM). Peptides at 80 nM for the anti-NOC2L TIL
clone 52 (C), and at 1 uM and washed for the anti-TKT TIL clone 57 (D). T cell activation

was measured with the M-07e assay (mean 1SD).
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2.5.4 Cytolytic activity and cytokine secretion by T cells

We tested the cytolytic activity and the cytokine secretion profile of the 6 tumor-
specific TIL clones. All of them lysed autologous EBV-B cells pulsed mutant
peptides, while no lysis was observed after pulsing with the wild-type peptides
(Figure 2-16-A). NK target cells K562 were not lysed either. Thus all these CD8 TIL
clones are tumor-specific CTLs.

Regarding the cytokine secretion profiles, all clones secreted TNFa and IL-13. IFNy
and IL-5 were secreted at low levels, whereas GM-CSF, G-CSF, IL-6 and IL-17 were
secreted at very low levels or not at all (Figure 2-16-B, maximal concentration of
G-CSF, IL-6 and IL-17 was 60 pg/mL). IL-2 was not tested as it was present (7.5
U/mL) in the culture medium. IL-8 and IL-10 were significantly secreted by clone
26 (530 pg/mL and 130 pg/mL, respectively) and less by clone 44 (~5x and ~1.5x
less). Clone 57 also secreted IL-8 (130 pg/mL). IL-1pB, IL-4, II-7, IL-12 and MCP-1
were not secreted. The EBV-B cells themselves secreted CCLA4.

As often observed with human T cell clones, the cytokine profiles are neither
clearly Thl (IFNy, TNFa, GM-CSF) nor clearly Th2 (IL-4, IL-5, IL-13). The trend is
nevertheless a Th2-like profile (IL-5 and IL-13 with low IFNy) for clones 44, 99 and
52, while clone 26 is Th1-like (IFNy, TNFa with low IL-5).

We observed little GM-CSF (a maximum of 45 pg/mL by clone 918/26). As M-07e
cells depend mostly on GM-CSF or IL-3 for growth, we surmised but did not check
that our clones produced IL-3. TNFa could have been an alternative to IL-3 and
GM-CSF for the analysis of T cell activation. However, EBV-B cells can also secrete

TNFa, which would have hampered the interpretation of the results.
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Figure 2-16. Cytolytic activity and cytokine secretion profile of the tumor-specific TIL
clones.

A. Cytolytic activity was tested in a standard 4-hour 'Cr-release assay. Target cells
included P143-EBV cells pulsed with wild-type and mutant peptides at 10 uM, and K562

cells. The means of triplicates are shown.
B. Cytokine secretion (array of 17 cytokines). The most secreted cytokines are shown,

except for GM-CSF. Test performed in duplicates (mean 1SD).
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2.5.5 Antigenicity of tumor P143

We used HLA-matched allogenic tumor cell lines or HLA-A*80:01 transfected 293T
cells to verify that the identified mutant antigenic peptides could indeed be
naturally processed by these cells. Cells were transfected with mutated or wild-
type (WT) minigene constructs coding for proteins of 100 amino acids with the
mutant or wild-type amino acid in their middle (Figure 2-17-A). The tumor-specific
CTL clones recognized transfectants expressing the mutated but not the wild-type
constructs (Figure 2-17-C). We conclude that the mutant antigenic peptides can
be processed, most probably through the classical proteasome/TAP/ER pathway,
from the mutated gene products.
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Figure 2-17. Antigen processing.
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A. The wild-type (WT) and mutated (Mut) minigenes were cloned into the pmaxGFP vector
in frame with the P2A sequence ('self-cleaving' peptide) and maxGFP.

B. Two days after transfection, maxGFP expression was checked by flow cytometry. The
proportions of GFP" target cells were similar for the WT and Mut transfectants: 8% for
PRR12-transfected tumor cells (MZ2-MEL), 5-6% for ATP2A2-transfected tumor cells (MZ2-
MEL), 13% for NOC2L-transfected tumor cells CP50-MEL and 58-60% for [TKT + HLA-
A*80:01]-cotransfected 293T cells. Experiments were performed twice with one TIL clone
per antigen. T cell activation was measured with the M-07e assay (mean £SD).



2.5.6 Mutated genes encoding the four antigenic peptides

Table 2-7 summarizes our results. CD8 TIL clones of 6 distinct clonotypes
recognized four different mutant antigenic peptides presented by three different
HLA class | molecules. Each antigen was encoded by a missense SNV in a distinct
gene.

The Proline-rich protein 12 (PRR12) gene is an ubiquitously expressed protein-

9

coding gene™® of unknown function (gene expression profile provided by the

Human Protein Atlas'?; www.proteinatlas.org).

Gene ATP2A2 codes for one member of the sarcoplasmic/endoplasmic reticulum
Ca’*-ATPase (SERCA2) family, which translocates Ca®* from the cytosol into the

. . . . 121
sarcoplasmic or endoplasmic reticula in muscle cells

. The protein is involved in
the regulation of the contraction/relaxation cycles by changing the cytosolic Ca**-
concentration. The gene is expressed ubiquitously at low levels and in heart and

120 . .
. Germline mutations cause the autosomal

skeletal muscle at high levels
dominant Darier-White skin disease. The somatic mutation in tumor P143 is not
reported as causative in Darier-White patients. Decreased or increased expression
of ATP2A2 has been reported in oral squamous cell carcinomas, colon and lung
carcinomas®®'. A change of gene expression has also been associated with cell
proliferation of the human tumor cell lines MCF-7'%

sw872' (liposarcoma).

(breast carcinoma) and

The ubiquitously expressed gene NOC2L (NOC2-like nucleolar associated
transcriptional repressor) encodes an inhibitor of the histone acetyltransferase
p300/CBP and prevents histone acetylation’®. NOC2L is a transcriptional
corepressor that binds to p53-regulated promoters and inhibits p53-mediated
gene expression'?>. There is no reported role for NOC2L in cancer.

Gene TKT encodes the enzyme transketolase, active in the pentose phosphate
pathwaylze. Its expression is ubiquitousm. TKT expression is increased in
hepatocellular carcinomas with aggressive clinico-pathological features?.
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Table 2-7. Tumor-specific CTL clones and their target antigens.



While we cannot exclude that these mutations have an oncogenic effect in tumor
P143, it is more likely that they are passenger mutations. They are absent, or
present in a single tumor, in more than 25,000 tumors (< 0.004%) of the
COSMIC™ database (Catalogue of somatic mutations in cancer, v.77:
cancer.sanger.ac.uk/cosmic). By contrast, the TP53 missense mutation R273H,
which is present in tumor P143, is reported in 0.6% of the COSMIC tumors and
11% of these TP53-mutated tumors are of breast origin. Moreover, the 4 mutated
genes in tumor P143 are not significantly mutated in any cancer type of the

TumorPortal database (http://www.tumorportal.org/*%).

Altogether these
observations suggest that the 4 mutations are passenger mutations. We did not

test the biological effects of the mutations.

All 4 mutations are C to T transitions. C>T transitions are the most frequent base
substitutions (72% of all missense SNVs) in tumor P143 but are less frequent in
the other 5 tumors analysed in this study (32-48%).

We verified that the mutated genes were indeed expressed in the P143 tumor
sample. In the RNA-Seq data, the mutated alleles represent at least 29% of all
reads of the gene (Table 2-8). These mutated allele frequencies (MAF) in the
transcriptome are higher than those observed in the exome sequencing results,
suggesting preferential or monoallelic expression of the mutated alleles by tumor
cells.

Mutated Mutated allele frequency

gene in the RNA-Seq in the Exome-Seq
PRR12 0.31 0.11
ATP2A2 0.29 0.14
NOC2L 0.47 0.17
TKT 0.43 0.17

Table 2-8. Expression of the mutated genes that encode tumor antigens.

The number of reads mapped to each mutation site was counted in the genomic viewer
IGV. The resulting mutated allele frequency (MAF) is the ratio of mapped reads with the
mutation to all mapped reads at a mutation site. The mutated allele frequencies of the
exome sequencing were calculated by Mutect.
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The levels of expression of the 4 mutated genes varied from 9 to 155 FPKM,
within the 38% of the most expressed protein-coding genes in tumor P143.
Noteworthy, the level of expression of gene PRR12 (9 FPKM) is only 0.5% of that
of gene ACTB (1,767 FPKM), but sufficient to drive the surface expression of a CTL-
targeted tumor-specific antigen. These observations are relevant to establish a
gene expression threshold when using sequencing data to predict (mutant) tumor
antigens for cancer immunotherapy.

Another issue is the possibility that functional tumor-specific CTL should decrease
the proportion of antigen-positive cells and therefore the proportion of mutated
reads in the exome sequencing data. Therefore the clinically most relevant tumor
antigens might have escaped detection. Is there evidence for immunoselection
against the 4 mutant antigens in tumor P143 ? The frequencies of the mutated
reads range from 11% for PRR12 to 14% for ATP2A2 and 17% for NOC2L and TKT.
The frequency of mutated reads for TP53 is also 17%. Assuming that the TP53
mutation is heterozygous, without any copy number alterations and is present in
all tumor cells, about 34% of the sample is composed of tumor cells, a proportion
slightly lower than that estimated by the pathologist on a frozen section (40-50%).
If the 4 mutant antigens of tumor P143 are also encoded by heterozygous
mutations, the proportions of antigenic tumor cells range from 65% for the
PRR12-encoded antigen to 100% for the NOC2L- and TKT-encoded ones. Thus our
results suggest that the six different tumor-specific CTLs detected in tumor P143
have not significantly 'immunoedited' the tumor.

2.5.7 Presence of tumor-specific CD8 T cells in the blood of P143

To further characterize the antitumor CD8 T cell response in patient P143, we
looked for tumor-specific CD8 T cells in the blood. We expected, at best, a low
frequency of these cells among blood CD8 T cells (<10™), as observed previously
for other tumor-specific CTL responses'®. Thus we used a sensitive approach,
mixed lymphocyte-peptide cultures (MLPC) in limiting dilution conditions,
followed by multimer detection, to detect the tumor-specific T cells. Blood CD8 T
cells were first stimulated with peptide during two weeks in microcultures under
limiting dilution conditions. Then the cells of all microcultures were labeled with
fluorescent HLA-peptide multimers and analysed by flow cytometry. The
frequency of antigen-specific CD8 T cells in the blood was calculated with the
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proportion of negative microcultures and the number of CD8 cells at the onset of
the stimulation.

We used multimers corresponding to 3 out of the 4 tumor antigens:

* PRR12.B44 dextramers (antigen-HLA complexes bound to a dextran
polymer backbone labeled with a fluorochrome),

* ATP2A2.B44 dextramers and

* NOC2L.A02 tetramers (antigen-HLA complexes bound to a fluorochrome,

courtesy of D. Colau).

We produced TKT.A80 tetramers but they generated a very high non antigen-
specific staining for which we have no explanation. Therefore we did not monitor

the anti-TKT response.

Before the MLPC experiments we used multimers to stain directly PBMC collected
2 weeks before and one month after tumor resection. Frozen PBMC were thawed
and half of them were labeled with PE-coupled NOC2L.A02 tetramers and control
APC-coupled BMLF1.A02 tetramers (HLA-A*02:01-restricted EBV antigen). The
other cells were labeled with the PE-coupled PRR12.B44 dextramers and APC-
coupled ATP2A2.B44 dextramers. We observed a small cluster (11 cells) of
ATP2A2.B44-stained cells, with a frequency at 3.3 x 10™ of the CD8 T cells at 2
weeks before surgery (Figure 2-18). No multimer-stained cells were detected for

the two other antigens.
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Figure 2-18. Ex-vivo multimer staining of PBMC of P143.

Ex-vivo analysis of PBMCs collected 2 weeks before tumor resection is shown. Labeled
cells were gated first in FSC-SSC and autofluorescent cells were eliminated in an empty
PercP gate. Note the presence of anti-BMLF1.A02 CD8 T cells. Positive control consisted in
3 tumor-specific TIL clones diluted among allogenic PBMCs (not shown).
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We performed MLPC experiments with PBMCs collected 2 weeks before, 1 month
after and 13 months after tumor resection. Frozen PBMCs were thawed, counted
and the proportion of CD8 T cells determined by flow cytometry. The cells were
pulsed with 10 uM of each of the 3 antigenic peptides, washed and distributed at
100,000 living cells/well (microcultures) in 100 pL of culture medium containing
IL-2 and IL-7. The cells were restimulated by addition of the antigenic peptides at
day 8. The presence of antigen-specific CD8 T cells was evaluated at day 15 by
flow cytometry. Half of the cells of each microculture were labelled with the
NOC2L.A02 and control BMLF1.A02 tetramers, the others with the PRR12.B44 and
ATP2A2.B44 dextramers. Examples of positive microcultures (21% multimer-
stained CD8 T cells) are shown in Figure 2-19.

For each of the 3 tested antigenic peptides we found at least 1 positive
microculture in each PBMC collection (Table 2-9). For PBMCs collected 2 weeks
before surgery, 3 out of 82 microcultures were positive for NOC2L.B44. The low
proportion of positive microcultures indicates that one precursor cell was present
in each microculture of 14,867 CD8 T cells. Thus, the frequency of NOC2L.A02-
specific CD8 T cells is 3/(82x14,867), or 2.5 x 10° among all CD8 T cells. For the
ATP2A2.B44 antigen, 51 out of the 82 microcultures were positive, suggesting that
more than one precursor cell was present in some positive microcultures. Thus
the calculated frequency of 51/(82x14,867) underestimates the precursor
frequency of antigen-specific T cells among all CD8 T cells. The Poisson
distribution allows to calculate a precise frequency with the probability that more
than one precursor cell was distributed in some microcultures.
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Figure 2-19. MLPC-multimer approach for PBMCs of patient P143.
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The number of microcultures with one, two and more precursor cells is unknown,
but the proportion of negative microcultures is known (31 out of 82 for
ATP2A2.B44). For the probability of no precursor cell within a microculture, the
Poisson equation is simplified to:

P(0) = e™ =>pu= —In(P(0))

P(0) : probability of O precursor cell (negative microcultures)
U : average number of precursor cells per microculture

The frequency of antigen-specific cells per microculture is the ratio of u to the
total number of cells per microculture.

—In(P(0))

Frequency =
d y total number of cells per microculture

The frequency of ATP2A2.B44-specific CD8 T cells among all CD8 T cells is 6.5 x10”
(equals to: -[In(31/82)]/14,827). Table 2-9 indicates the numbers of positive
microcultures and the frequencies of antigen-specific CD8 T cells in the 3 blood
samples from P143.

Time Number of Number of positive Frequency among all CD8
from stimulated microcultures T cells (x 10°®)
surgery | CD8T cells

(month) NOC2L PRR12 ATP2A2 | NOC2L PRR12 ATP2A2
-0.5 82 x 14,867 3 12 51 2.5 10.6 65.4
+1 96 x 12,067 2 4 25 1.7 35 25.0
+13 96" x 14,391 1 1 7 0.7 0.8 5.5

Table 2-9. Frequencies of tumor-specific CD8 T cells in the blood of P143.

¥ 4 out of the 96 microcultures from the third time point were eliminated for PRR12.B44
and ATP2A2.B44 due to a technical problem during the flow cytometry analysis.
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In all 3 blood samples, ATP2A2.B44-specific CD8 T cells were the most frequent.
They were 160 times more frequent in blood collected 2 weeks before surgery
than the naive CD8 T cells againt a given HLA class I-peptide complex (estimated
at 4 x 107 among all CD8 T cells’). The frequency estimated with the MLPC-
multimer approach (6.5 x 10® of the CD8 cells) was 5 times lower than that
obtained with the ex vivo analysis (33 x 10” of the CD8 cells), suggesting that 20%
of the antigen-specific CD8 T cells had proliferated sufficiently to be detected by
the MLPC-multimer approach. For the same time point, anti-PRR12.B44 and anti-
NOC2L.A02 CD8 T cells were 27 and 6 times more frequent than the naive cells,
respectively. For all 3 antigens, the frequency of specific T cells decreased after
tumor resection, reaching 0.7-5.5 x 10°® of the CD8 T cells after one year (4 to 13
times less than before resection). Figure 2-20 shows the decreasing frequency of
these tumor-specific blood CD8 T cells following tumor resection.

Noteworthily, the frequencies of BMLF1.A02-specific CD8 T cells were similar
before and 1-month after surgery: 1.46 and 1.48 x 107 of the CD8 cells,
respectively. Thus chemotherapy (fluorouracil-epirubicin-cyclophosphamide
combination followed by docetaxel) did not appear to decrease the blood

frequencies of antigen-experienced CD8 T cells.
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Figure 2-20. Frequency of antigen-specific CD8 T cells in the blood of P143.

mo, month. lary, primary.

We next identified the clonotypes of some multimer-stained cells present in blood
in order to compare them with those of the TIL clones. For the blood sample 1-
month after tumor resection, multimer-positive cells from 17 out of 31 positive
microcultures were sorted by FACS at 1 cell per well in 60 wells and at 3, 30 or
1,000 cells per well in 24, 6 and 1 well, respectively. Sorted cells were stimulated
with anti-CD3 antibodies as for the TIL cloning. After 3 stimulation cycles of 9-10
days, cells proliferated in 8 microcultures. They were labeled with multimers and
their TCR CDR3R was sequenced. Multimer staining was confirmed for all cells.
NOC2L.A02-specific T cells were of the same clonotype as TIL clone 918/52 (Table
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2-10). For the anti-PRR12.B44 cells (939-22/1), we found a new clonotype. Four
out of the 6 ATP2A2.B44-positive populations were of the same clonotype as TIL
clone 918/26. One population contained two clones with distinct intensities of
ATP2A2.B44-dextramer staining: one clone belonged to clonotype 918/26, the
other one (939-25/2) corresponded to a new clonotype. The last population (939-
27/1) corresponded also to a new clonotype.

Antigen Nbr of sorted  Nbr of micro- Nbr of Identified
among all  cultures with sorted cells clonotype(s) in
positive proliferating [/ well the well

microcultures cells
NOC2L.A02 2 out of 2 1 1,000 TIL clone 52
PRR12.B44 4 out of 4 1 1 New (939-22/1)
ATP2A2.B44 11 out of 25 6 1 TIL clone 26
1 TIL clone 26
3 TIL clone 26
3 TIL clone 26
1,000 TIL clone 26 + New
(939-25/2)

3 New (939-27/1)

Table 2-10. Clonotypes of multimer-positive blood CD8 T cells in P143.

Nbr, numbers.

Thus, we confirmed for NOC2L and ATP2A2 the presence of antigen-specific T cells
in the blood at 1-month post-surgery. This blood sample contained predominantly
the anti-ATP2A2.B44 clone 26. Moreover new antigen-specific clonotypes were
identified in the blood, broadening the TCR diversity of the spontaneous tumor-
specific response of patient P143.
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2.5.8 Significant antitumor CTL responses exist in P143

Approximately 11% (6/57) of the analyzed TIL clonotypes of P143 were tumor-
specific (Figure 2-21). In addition, a complete TCRBV repertoire analysis of the TILs
of tumor P143 was carried out by J. Carrasco in order to estimate the frequencies
of the tumor-specific T cells independently from the biases introduced by the in
vitro stimulation and culture conditions.

TCRBV
seq Occurence
1 2 3 4 5 6
1 ———_——;1Seq
2 e — — 12seq| 22 clones
= 5seq | (31%)
I E
=
=
—
—
—
—
—
—
—
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—
;
—
I
57 —
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Figure 2-21. TCRBV repertoire of the TIL clone set from P143.

The tumor-specific clones are indicated in red. One PRR12.B44-specific T cell clonotype
was found in 2 clones (918/23 and 918/29). The 5 other tumor-specific clonotypes were
found each in one clone. Seven out of 71 clones are tumor-specific, which is very similar to
the proportion of tumor-specific clonotypes (11%).

RNA extracted from the tumor P143 was used to generate a cDNA library of TCRR
molecules (thus from CD4 and CD8 T cells). This library was then sequenced by
massive parallel sequencing to obtain the TCRBV repertoire of the tumor P143.
37,058 TCRR cDNA molecules were sequenced and corresponded to 4,134
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different clonotypes of CD4 or CD8 T cells. Fifteen out of these clonotypes were
identified in our set of CD8 TIL clones and included all six tumor-specific
clonotypes. The corresponding tumor-specific CD8 TIL clones were found at
various frequencies (2 x 10” to 5 x 10 of all T cells, see Figure 2-22). Out of the 10
most frequent clones of the tumor TCRBV repertoire, 3 corresponded to tumor-
specific clones (clones 918/26, 23 and 52), 4 corresponded to tested clones that
did not recognize the candidate tumor antigens and 3 did not match with any
clone of our set of CD8 TIL clones (Figure 2-22). These 3 clones could correspond
to CD4 T cells. The most frequent clone of the tumor TCRBV repertoire
corresponded to TIL clone 918/26 (5 x 10 of all T cells). This clone was also the
most frequent anti-ATP2A2.B44 T cell clone in the blood at one month after
tumor resection (see Table 2-10). The two other anti-ATP2A2.B44 clones that we
found in the blood (939-25/2 and 939-27/1) were found also in the tumor TCRBV
repertoire, at frequencies of 7-9 x 10 of all T cells. The anti-PRR12.B44 clone
present in in the blood (939-22/1) was not present in the tumor TCRBV repertoire.

In summary, the total frequency of tumor-specific T cells in the TCRBV repertoire
of tumor P143 was 9% of all T cells and the frequency of different tumor-specific
CTLs varies 100-fold from 10™ to 10 among all T cells. We conclude that tumor-
specific CTLs are a significant part of the tumor-infiltrating T cells in this patient
and that some ATP2A2-, PRR12- and NOCL2-specific CTLs were the predominant
tumor-specific CTLs.
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-
Tested and no
Frequency of tumor- recognition
specific T cells of candidate tumor
i
among all TILs (x10"%) antigens
\ * * |
ATP2A2.B44 6.5 54 8.6 536
939-25/2) (918/44) Y 939-27/1) (918/26)
PRR12.B44 1.9 231
(918/99) (918/23) . -4
NOC2L.A02 105 Total: 906 x10
(918/52) 1
TKT.A80 12
(918/57)

Figure 2-22. TCRBV repertoire of tumor P143.

Each circle represents a unique TCRBV cDNA and its surface is proportional to the number
of these cDNAs among all TCRBV cDNAs present in the sample. Tumor-specific clonotypes
are in red. Clonotypes of the CD8 TIL clone set that did not recognize candidate tumor
antigens are in dark grey. Adapted from figures provided by J. Carrasco.
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2.6 Looking for unique characteristics of tumor P143

We next tried to explain why tumor P143 but none of the other 5 tumors that we
had analysed were immunogenic (Table 2-11). Most tumor characteristics
(hormone receptors status, HER2 status, histology, Ki67 or tumor stage) did not
distinguish tumor P143 from the others. However the number of stromal cells
extracted from tumor P143 was at least 5 times higher than for the other tumors
and the proportion of CD8 TILs obtained from tumor P143 was also higher,
indicating high infiltration by CD8 TILs.

What could explain the difference in immunogenicity were the numbers of
missense SNVs: 4 to 7 times higher in tumor P143 than in the other tumors. This
difference should lead to a higher number of antigenic mutant peptides in tumor
P143, with a higher probability of priming a CD8 T cell response recognizing a
tumor-specific mutant peptide. To further explore this hypothesis, we first tried to
explain the higher mutation rate of tumor P143.
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Patient P142 P143 P154 P195 P223 LB5784
Age 70 51 65 43 79 82
Tumor characteristics
ER, PR and ER'PR" ER"PR" ER" PR ER'PR" TN ™
HER2 status HER2" HER2" HER2"  HER2'
Histology Ductal Ductal Ductal Ductal Metapl. Ductal
Grade High Interm. High High High High
Ki67 (%) 40 80 40 40 75 40
Stage A A A 1B 1B 1B
Missense SNVs 113 450 71 58 122 67
Tumor-infiltrating T cells
:fﬁ:;j:f(i'l';s{ & 04 113 1.3 03 2.2 2.1
% of CD8 TILs 22 59 15 54 31 39
('?llic:));otypes °f 100 57 61 142 82 100
Tested candidate tumor antigens
Mutations 29 106 29 23 49 36
Cancer- A3 A3 A3 A4
germline genes  pg A6 A6 A10
(MAGE-) A12 NYESO1
ERBB2 ERBB2 ERBB2
Results 0 6 0 0 0 0

Table 2-11. Summary of the 6 breast carcinomas with tested CD8 TIL clones.

Metapl., metaplastic; interm., intermediate
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2.6.1 Mismatch repair deficiency in the tumor of P143

Somatic nonsynonymous SNVs or indels were not present in genes encoding
proteins involved in DNA repair or DNA replication such as BRCAI1 and POLE,
respectively. With the help of F. Duhoux, R. Helaérs and C. van Marcke de
Lummen, we reanalyzed our WES data with the Highlander analysis pipeline'® to
identify potential deleterious germline variants, without success (data not shown).
When we looked at somatic variants we found a previously unknown frameshift
deletion in gene MSH2 (V598fs). The MSH2 protein is part of the DNA mismatch
repair system and a truncated MSH2 protein fits with the DNA mismatch repair
deficiency suggested by the mutation profile. Indeed, an IHC of the 4 main
proteins of the DNA mismatch repair system showed a loss of MSH2 expression in
the tumor cells (Figure 2-23). On the contrary, MHS2 was expressed in stromal
cells. The loss of MSH6 expression in tumor cells was due to its instability without

its heterodimer partner MSH2*%.

The DNA mismatch repair (MMR) system identifies and corrects errors of DNA
polymerases (Pol 8 an Pol €) during DNA replication. The heterodimers MutSa
(MSH2-MSH6) and MutS (MSH2-MSH3) preferentially recognize mononucleotide
or oligonucleotide DNA mismatches, respectively’. After mismatch recognition
each heterodimer binds to another heterodimer, MutL. MutSa binds to MutLa
(MLH1-PMS2) and MutSf binds to three different MutL complexes (y, § or a). The
MutS-MutL complex moves along the newly synthesized DNA strand until it
reaches the DNA polymerase. They form a new complex with exonuclease-1 and
the proliferating cell nuclear antigen (PCNA). This complex degrades the newly
synthesized DNA strand back to the mismatch site where a new DNA synthesis is
initiated by the DNA polymerase after the other partners have fell off*?
2-24).

(Figure
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Figure 2-23. IHC of the 4 main proteins of the DNA mismatch repair system.

Labeling of MSH2, MSH6, MLH1 and PMS2 was performed twice with concordant results.
All 4 proteins were expressed in stromal cells. MSH2 and MSH6 are undetectable in the
tumor cells. Courtesy of Pr A. Mourin, Pathology department, Cliniques universitaires St
Luc.
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Figure 2-24. Single DNA mismatch repair system.

EXO1, exonuclease-1; DNA pol, DNA polymerase; PCNA, proliferating cell nuclear antigen
Figure adapted from 132

The polymerase-induced errors occur in 1 out of 10’ new synthesized nucleotides
and the MMR system reduces the rate of mutations by 100-fold, down to 1 in 10°
nucleotides. A defect in the MMR system gives rise to an increased number of
mutations and MMR-deficient tumors are characterized by a high number of SNVs
and indels as well as by a DNA microsatellite instability (MSI)’**°. DNA
microsatellites are 1-6bp sequences repeated 10 to 60 times (e.g. stretch of 20

. 130
adenosine)

. Their lengths are very heterogeneous between individuals but
conserved within a person. Microsatellites are prone to induce DNA polymerase
errors by their sequence nature and a MMR deficiency results in variations of
those repeated sequences, called microsatellite instability. We observed indeed a
microsatellite instability in the tumor P143 and not in the other 5 tumors (Figure

2-25).

We conclude that the high number of missense SNVs in tumor P143 is due to a
MMR deficiency as indicated by the loss of MSH2 expression and by the DNA
microsatellite instability. This DNA mismatch repair deficiency was a surprise, as it
is rare in breast tumors (<2% or 10/560 analyzed by Nik-Zainal et al.”®).
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Figure 2-25. Microsatellite instability in tumor P143.

MSI Analysis System performed on matched tumoral and normal tissues of all 6 tumors.
Representative results of P143 and P142 are shown. PCR products of 5 mononucleotide
repeats (NR-21, BAT-26, BAT-25, NR-24, MONO-27) migrate on gel. All 5 markers had a
distinct electrophoretic mobility in tumor P143 compared with matched normal sample
indicating different size of these mononucleotide repeats in tumor P143, thus a
microsatellite instability. Courtesy of P. Vannuffel, Institut de Pathologie et de Génétique.

2.6.2 Estimation of tumor antigenicity

The sum of tested mutations in expressed genes of the 5 non-P143 tumors
outnumbered those of tumor P143 (166 vs 106). If the probability of priming a
tumor-specific CD8 T cell response is approximately the same for every mutation,
we should have found some tumor-specific TIL clones among the 485 clones
derived from the 5 non-P143 tumors. We tried to be more precise in the
estimation of the numbers of antigenic mutant peptides present in our tumors, by
taking into account the HLA class | presentation and the processing of the

antigenic peptides.

We used NetMHC to predict the binding of mutant peptides to the HLA class |
molecules of each patient. We first carried out this analysis for the 4
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'immunogenic' mutations in tumor P143. The 4 mutant precursor peptides of 19
amino acids were submitted to the NetMHC algorithm to predict HLA class I-
binding for peptides of 9 or 10 amino acids (Figure 2-26). The antigenic peptides
that we found to be recognized by tumor-specific TIL clones were all predicted by
NetMHC to bind to HLA molecules with a high affinity (Kd <50 nM). Interestingly,
each of these 4 peptides was ranked with the highest HLA-binding affinity within
the set of all the peptides of 9 or 10 amino acids derived from the same precursor.
Thus if we had used NetMHC with each precursor peptide and selected the best (9
or 10 mer) binder to any class | molecule with a Kd lower than 50 nM, we would
have identified immediately the correct antigenic peptides.

Gene Sequence HLA Predicted affinity
(Kd, nM)

PRR12 HDELYLPPMWKIDGLLNEH )
I B*44:03 47 High

| C*07:02 179 l

S

A*02:01 495 Low

ATP2A2 AKTASEMVLV DDNFSTIVA

—— B*44:03 40
—— A*02:01 61
I A*02:01 76

—— A*02:01 115

NOC2L AYQHAFLYIHQLAIHLRNA

A*02:01 16
A*02:01 274
C*07:02 383

TKT MAVLFFHTMCYKSQDPRNP
A*80:01 10

—— A*80:01 48

Figure 2-26. HLA class I-binding prediction for mutant antigens of tumor P143.

For each mutant precursor peptide we indicate the peptides of 9 or 10 amino acids
predicted by NetMHC to bind to any HLA class | molecule of the patient with a Kd <500
nM. They are listed by decreasing binding affinity. The peptides recognized by the
antitumor CTLs are indicated in red. All 6 HLA class | alleles of patient P143 were used in
the analysis.



We applied this selection to 8 other mutant peptides known to be recognized by

58-60
and

tumor-specific CTLs from 2 patients with metastatic melanoma (LB33
MZ7%, Figure 2-27). Five out of 5 and 4 out of six HLA class | alleles could be used
for the analysis. The criteria mentioned above allowed to find 5 of the 8 antigenic
peptides. As the NetMHC predictions for HLA-B*38:01 missed completely the
correct peptide we surmise that an algorithmic correction is needed there.
Altogether we consider that 9 out of 11 antigenic peptides can be identified

directly with NetMHC, which is a very good performance (82%).

On Figure 2-28 we show how many mutant antigenic peptides with the above-
used criteria (best binder of 9 or 10 amino acids with a Kd <50 nM) are predicted
with NetMHC for the missense SNVs in expressed genes of all the 6 tumors that
we have analysed. We show them separately for each presenting HLA class |
molecule. As expected, tumor P143 stands out with 72 predicted peptides. Most
of them (41/72 or 57%) are presented by HLA-A2. Only one is predicted to bind to
HLA-C molecules. The four mutant peptides identified in this work are indicated in
red. However we screened our CTL clones against 106 of the 293 expressed
missense SNVs, selecting the best expressed mutated genes and those with high
confidence to be real mutations. Therefore it is possible that 3-5 other mutant
peptides are also recognized by CD8 TIL clones in this tumor. Assuming a total
number of 8 immunogenic mutant peptides, only 11% (8/72) of the mutant
peptides that are predicted to bind best to HLA class | molecules have stimulated
a CTL response.

Does this proportion correspond to the fraction of predicted antigenic peptides
that are actually processed in the tumor cells, or does it reflect an incomplete
antitumor CTL response, i.e. that only some of the tumor-specific antigens have
stimulated a CTL response? To try to answer this question we need to interrogate
the HLA ligandome because only a fraction of peptides predicted to bind to HLA
class | molecules will actually be processed in sufficient amounts for presentation
to CD8 T cells by surface HLA class | molecules.
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Patient Gene Sequence HLA Predicted affinity
(Kd, nM)

MZ7 SIRT2 MKEKIFSEVTLKCEDCQSLVK
A*03:01 27

GPNMB WNFIYVFHTLDWLLQTPKLLL

C*12:03 134
A*03:01 147
C*12:03 164

SNRP116 FKILDAVVAQKPLHRGGGQITI

A*03:01 40
B*07:02 42
A*03:01 48

C*12:03 262

RBAF600 TKCNGLLPVWR PHVPESAFAT
B*07:02 9
B*07:02 97

SNRPD1 FLMKLSHETVI IELKNGTQVH

C*12:03 244
C*12:03 288
C*12:03 333

B*38:01 1.223

LB33  MUM1 VQILSLEEKLIVVLEF*
B*44:02 193
B*44:02 219

MUM2 QTVQSELFRSGLDSYVRSLPF
C*06:02 23
A*68:01 412

MUM3 HQIPSVMMEAF IQPITRTVLR

A*68:01 11
—— B*44:02 76
A*68:01 103
C*06:02 238

Figure 2-27. HLA-binding predictions for mutant antigens of 2 metastatic melanomas.

For each mutant precursor peptide we indicate the peptides of 9 or 10 amino acids
predicted by NetMHC to bind to any HLA class | molecule of the patient with a Kd <500
nM. They are listed by decreasing binding affinity. The peptides recognized by the
antitumor CTLs are indicated in red. All 5 HLA class | alleles of patient MZ7 could be used
for prediction while only 4 out of 6 alleles of patient LB33 were present in NetMHC
(B*13:02 and C*07:02 were missing).
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Figure 2-28. Predicted HLA class I-binding mutant peptides for the 6 tumors.

14

We used for prediction missense SNVs that were found in expressed genes. Genes were
defined as expressed when the expression of the gene was equal to or higher than the
median expression of all protein-coding genes.
NetMHC was used to predict mutant antigenic peptides of 9 or 10 amino acids with the
highest predicted HLA class I-binding affinity within the set of all peptides derived from
the same precursor and with a Kd £ 50 nM.
For tumors P142, P154, P223 and LB5784, one of the HLA class | alleles was absent from
NetMHC.
For P143, the red dots indicate the peptides recognized by the TIL clones.
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Antigen processing is a multi-step process (Figure 2-29): cytoplasmic proteins are
degraded in peptides of 3-22 amino acids by the (immuno)proteasome, these
peptides are transported in the endoplasmic reticulum (ER) by the transporter
associated with antigen processing (TAP) and peptides of 8-11 amino acids bind
on HLA class | molecules®. Proteases of the cytoplasm or the ER can trim
peptides from their N-terminus to generate the optimal length for HLA class |
binding. Several of these steps restrict the diversity of presented peptides,
notably through the internal cleavage of potential antigenic peptides or the failure
(usually of the proteasome) to generate an appropriate C-terminus of the peptide
prior to entry in the ER. It is usually admitted that the C-terminus of a peptide is
very important for HLA class | binding (C-ter residues are very often anchor
residues) and that ER-resident proteases or peptidases do not trim C-termini of
peptides. It is not yet possible to predict the products of this antigen processing

machinery.
Non- Mutated  Mutant Antigen processing
synonymous mRNA  protein , . ;) TAP (Peptidases) HLA-binding
mutation proteasome > oF
f'*_- - /A /A
AVAY _ - Qo Peptide presented
A K \ o QO onaHLAclass |
molecule

? _ HLA-binding

Exome —= RNA- prediction

sequencing Seq

» ldentification of
peptides eluted
from HLA-peptide
complexes

Figure 2-29. Antigen processing and presentation.

Can we estimate the proportion of predicted antigenic peptides that is actually
displayed on the tumor cell surface, presented by HLA class | molecules? This
proportion can be deduced from experiments in which antigenic peptides are
directly eluted from surface HLA class | molecules, and identified by mass
spectrometry. Such experiments generate what is often called the 'HLA
ligandome'. HLA-peptide complexes of a cell line or tissue are immuno-
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precipitated and the presented peptides, i.e. ligands, are eluted off the HLA by
acid treatment. Then the peptides are purified and identified with mass
spectrometry (LC-MS/MS). Exome sequencing is used to identify the mutant

134

peptides in the HLA ligandome™". One difficulty however is the sensitivity of the

approach (approximately 30% of HLA class I-bound peptides can be identified"**).

Yadav et al. identified 1,290 nonsynonymous SNVs in the expressed genes of the
murine colon carcinoma cell line MC-38"°. With NetMHC they predicted that 25
peptides (9-mers only) bound HLA class | molecules with a Kd <50 nM. Four of
these 25 peptides were present in the HLA ligandome (among 6,239 peptides).
Thus here the proportion of predicted peptides that are detected in the
ligandome is 16%. The antigen processing machinery appears therefore to actually
produce 10-20% of the mutant peptides that can be predicted with DNA/RNA
sequencing and HLA binding algorithms.

Therefore, in tumor P143 the 11% of predicted mutant peptides that are
recognized by CTLs might represent the majority of all mutant peptides presented
on surface HLA class | molecules. In other words, the CTL response of patient P143
covered not some of, but most of the mutant antigens of the tumor.

If we apply the same reasoning to the other 5 tumors that we have analyzed, the
numbers of antigens are much lower than in tumor P143. The numbers of
predicted peptides are shown on Figure 2-28. With a conservative estimation of
20% efficiency of the antigen processing machinery, the numbers of antigenic
mutations range from 0 in tumor LB5784 to about 1 in tumors P142, P195 and
P223 and about 3 in tumor P154. Thus, the antigenicity of these tumors might be
much lower than anticipated, explaining the absence of detectable tumor-specific
T cells. It has important consequences for the development of immunotherapy
against such tumors.
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2.7 Tumor resistance

2.7.1 Gene expression analysis of immunosuppressive mechanisms

We looked for other mechanisms that could explain the absence of detected
tumor-specific CD8 TIL clones in the non-P143 tumors. In the RNA-Seq data we did
not find genes expressed selectively in the non-P143 tumors and involved in
tumor resistance mechanisms.

On the contrary, genes encoding inhibitory receptors, mostly LAG-3 and to a
lesser extend PD-1, were expressed at higher levels in tumor P143 than in the
other tumors (Figure 2-30). Those receptors are expressed on activated T

13,136-138

cells , and on NK cells and some myeloid cells™®**°. LAG-3 and PD-1 tissue

staining would be very useful to identify the LAG-3 and PD-1 expressing cells.

We observed an IFNy signature in tumor P143, with IFNy-regulated genes CXCL9,
CXCL10, CXCL11, IDO1, TAP1, PSMB8 (immunoproteasome subunit R5i) and
PSMB9 (immunoproteasome subunit B1i). CXCL9, CXCL10 and CXCL11 encode
chemokines that attract T cells and NK cells®. /DO1 encodes the
immunosuppressive enzyme IDO which catabolizes tryptophan, and depletion of
this essential amino acid results in T cell anergy and apoptosis**'. Are PD-L1 and
IDO expressed on neighbor cells of CD8 TILs? It would be interesting to analyse by
IHC the relative localizations of CD8 T cells, PD-L1-expressing cells, and IDO-
expressing cells.

Our data are reminiscent of the upregulation of IFNy, IDO, PD-1, LAG-3 and PD-L1
encoding genes in microsatellite unstable (MSI) colorectal tumors as compared to
microsatellite stable (MSS) colorectal tumors'*?. The MSI tumors are highly
infiltrated by T cells, mostly CD8 T cells, and PD-1 and LAG-3 expression on
lymphocytes was shown by IHC.

Our interpretation of these results is what is often referred to as ‘adaptive
resistance’. Activated T cells express inhibitory receptors and secrete cytokines
such as IFNy that contribute to a negative feedback of the T cell response through
the expression of membrane ligands for the inhibitory receptors or through a local
decrease of nutrients such as tryptophan. It is possible but not certain that
adaptive resistance alone explains the absence of tumor rejection by the CD8
tumor-specific T cells.
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Figure 2-30. Expression of selected genes in the tumor of P143.
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2.7.2 Expression of HLA class I and f32-microglobulin

Another mechanism of tumor resistance to antitumor CD8 T cells is the loss of
presentation of the recognized antigen caused by a downregulation or loss of

. . . 59,143
expression of HLA class | alleles or B2-microglobulin™ =,

Immunohistochemical analysis of tumor P143, P142 and LB5784 showed the
presence of HLA class | molecules and of R2-microglobulin in tumor cells (Figure
2-31).

Noteworthily, we observed a strong decrease and possible absence of surface
staining for HLA class | and $2-microglobulin on tumor cells of P154 and P195, and
on a fraction of the tumor cells of P223. It was associated with a decreased
cytoplasmic staining when compared to the stromal cells. In the exomes of the
tumors we found no mutation in the HLA class |, TAP1, TAP2 or B2M genes that
could explain these observations. HLA class | antigen processing or presentation
defects in these tumor cells suggest prior recognition by tumor-specific CD8 T
cells. We did not detect tumor-specific CD8 T cells among the TILs of these
tumors, but after antigen loss they might be present at much lower frequencies or
they might have disappeared. Another possibility is the recognition of tumor
antigens that were not included in our assays. Identifying such antigens, possibly
of a new type, might be very interesting for the immunotherapy of breast cancer.
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B2-microglobulin

P143

P154

P195

P223

Figure 2-31. HLA class | and B2-microglobulin staining in IHC.

Asterisks mark areas of tumor cells. In tumors P154 and P195, stained stromal cells
infiltrate the tumor. In tumor P223, some tumor cells display membrane staining (upper
part) while others do not.
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3 Discussion and perspectives
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The positive association between the presence of tumor-infiltrating T cells and a
more favorable clinical outcome of patients with breast cancer suggests that at
least some of these patients mount spontaneously antitumor T cell responses and
that some of these T cells infiltrate the primary tumors. The immunogenicity of
primary breast carcinoma is important insofar as it influences the choice of
immunotherapies that can be proposed to the patients. Spontaneously
immunogenic tumors can be treated with immunostimulatory antibodies such as
those that target the PD-1 pathway. Non-immunogenic but antigenic tumors
should be treated by active (vaccines, T-VEC) or passive (adoptive transfer of
antitumor T cells, including CAR T cells) immunizations, which can be combined
with immuno-stimulatory antibodies.

Here we have documented the spontaneous immunogenicity towards CD8 T cells
of six primary breast carcinomas corresponding to the various subtypes of breast
tumors (2 ER'HER2’, 2 HER2", 2 triple-negative).

3.1 Testing the immunogenicity of breast tumors

In the past, the immunogenicity of breast tumors was very difficult to test
because stable autologous tumor cell lines were necessary to identify in vitro
tumor-specific T cells. Tumor-specific CD8 T cells were expanded from PBMCs or
TILs by mixed lymphocyte-tumor cell cultures and identified by their recognition
of tumor cells, usually in lysis assays. The genes encoding the antigens recognized
by these tumor-specific cells were identified by testing the recognition of HLA-
matched cells transfected with cDNA libraries prepared from the tumor. This
approach enabled the discovery of the MAGE-type antigens and of the first

mutated genes that encoded tumor-specific antigens®”’.

Unfortunately, it is almost impossible, with current methods, to derive tumor cell
lines from breast tumors. Only a few breast tumor cell lines exist worldwide.
However, what has become possible is to use exome and RNA sequencing data
from a small fragment of tumor to propose candidate tumor-specific antigens for
each tumor, bypassing the need for autologous tumor cell lines. As a source of
tumor-specific T cells we selected TILs, which are likely to be greatly enriched in
tumor-specific T cells as compared to blood lymphocytes. We have limited our
analysis to CD8 T cells, the main effector T cells against a tumor. TIL clones were
used in order to be able to completely characterize the target antigens, the
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functions and the TCR of the antitumor T cells. Finally, we screened the CD8 TIL
clones for recognition of candidate tumor antigens: encoded by genes that are
mutated in the autologous tumor, by cancer-germline genes expressed in the
tumor and by gene ERBB2 if overexpressed in the tumor. Antigens were presented
by autologous EBV-B cells to test the recognition of antigens on all HLA class |
alleles and we decided not to use HLA-binding prediction algorithms in order to
avoid potential biases of peptide selection (e.g. some HLA class | alleles are absent
from NetMHC).

Other groups have also used exome sequencing to detect TILs recognizing
candidate mutant antigens and they have found tumor-specific T cells in the
tumor or in the blood of patients with metastatic melanoma, metastatic
gastrointestinal carcinoma, chronic lymphocytic leukemia and ovarian

carcinoma6366:67.69,

The method followed here does not allow the detection of tumor-specific CD8 T
cells that are present at low frequencies (<1%) among CD8 TILs or that cannot be
amplified in vitro under our conditions. In addition, neither antitumor CD8 T cells
recognizing other antigens than those listed above, nor antitumor CD4 T cells,
could be detected in our experiments.

3.2 Presence of repeated clones in sets of clones

We observed repeated clones (clonotypes represented by more than one clone) in
all sets of CD8 TIL clones. Why did we find such clonotypes in all sets?

These repeated clones are probably virus-specific memory CD8 T cells like tissue-
resident CMV- and EBV-specific CD8 T cells that have been observed in the liver of
healthy donors***. For all sets of TIL clones, we observed clones that were
activated in all cocultures containing autologous EBV-B cells, with proportions
ranging from 1 to 14% of all clonotypes (data not shown). We surmise that these
clones recognize EBV antigens, but have not carried out tests to confirm this
possibility. Moreover we found EBV-specific T cells among the repeated clones in
5 out of 6 sets of TIL clones, suggesting that the repeated clones are virus-specific
CD8 T cells. Finally, we found repeated clones also in the 3 sets of CD8 clones
derived from normal breast tissue, indicating that repeated clones exist in the
breast tissue. This explains why we found them in breast tumors.
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3.3 Some breast tumors are immunogenic

A spontaneous tumor-specific CTL response was observed in one out of the 6
tested tumors. In tumor P143, 6 different tumor-specific CTLs recognized 4
antigens that were encoded by different missense point mutations. These four
mutant antigenic peptides were presented by three out of 6 HLA class | alleles.
We therefore demonstrate that some breast carcinomas are highly immunogenic.

Triple-negative (TN) and HER2" tumors are considered immunogenic in the
literature based on the positive association between the presence of TILs and a
more favorable clinical outcome of patients with tumors of these subtypes. We
demonstrated that an ER'HER2™ breast carcinoma with pathological surrogate
markers of luminal B tumors (high tumor cell proliferation) is spontaneously
immunogenic. Interestingly, gene expression analyses did not show that
potentially immunogenic tumors are limited to TN and HER2" breast tumors.
Furthermore, the gene expression analysis of Dedeurwaerder et al. suggested that
some luminal B tumors are immunogenic and we confirm their hypothesis**. Thus
the immunogenicity of breast carcinomas is not restricted to TN and HER2"
tumors. Although the immunogenicity is not restricted to TN tumors, the JAVELIN
trial showed that mostly patients with TN tumors responded to an anti-PD-L1
antibody. The response rate was 9% for TN tumors (5/58), 4% for HER2" tumors
(1/26) and 3% for ER'HER2™ tumors (2/72)**%°. Even if the response rate with
ER'HER2 tumors was low, some tumors responded and they should be studied in
detail to understand their response to the anti-PD-L1 antibody. Thus it would be
interesting to include patients with ER'HER2” tumors in trials with PD-1 pathway
inhibitors, although most ongoing studies are restricted to TN or HER2" tumors,
and to associate the clinical response with an analysis of genetic and immune

markers.

Why are TN breast carcinomas more immunogenic? A major difference between
the tumor P143 and the other five tumors was the higher number of missense
SNVs in tumor P143. As expected the number of missense mutations impacts the
number of mutant antigenic peptides. A higher number of mutations should
therefore lead to a higher probability of priming a tumor-specific T cell response.
A higher antigenicity may explain why triple-negative tumors are more
immunogenic than the other breast tumor subtypes. Indeed in the study of Nik-
Zainal et al., the median number of SNVs was 4 times higher in basal-like and 2
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times higher in HER2-overexpressing or luminal B tumors than in luminal A tumors
(Figure 3-1)". Interestingly, tumors with a very high number of mutations
(‘hypermutated' tumors) were found in all intrinsic subtypes and it suggests that
immunogenic tumors exist in all breast tumor subtypes. In addition to the higher
expected antigenicity of triple-negative tumors with antigens encoded by
mutations, the proportion of tumors that express MAGEA3 and MAGEAG is higher
in ER™ negative tumors®’, suggesting that triple-negative and HER2ER™ tumors are
also more antigenic by presenting more often MAGE-type antigens. It is therefore
possible that it is only the high antigenicity of triple-negative tumors that explains
their higher immunogenicity. Like tumor P143 the presence of 'hypermutated'
tumors in the other breast tumor subtypes explains why immunogenic tumors
also exist in the other subypes but at lower frequency.
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Figure 3-1. Number of SNVs according to the intrinsic subtypes.

Total number of SNVs for each breast tumor. The tumors are classified according to their
intrinsic subtype. Whisker plots show for each subtype the median with inter-quartile
range. Data from the supplemental data of Nik-Zainal and coIIeagues74.
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3.4 Tumor resistance to tumor-specific CTLs of P143

The antitumor T cell response in tumor P143 was significant. One tumor-specific
clonotype was the most frequent clonotype in the TCRBV repertoire analysis of
this tumor, corresponding to 5% of all T cells (CD4 and CD8) in the tumor. Two
other tumor-specific clonotypes were among the 10 most frequent clonotypes
(corresponding to 1% and 2% of all TILs). The total frequency of tumor-specific T
cells in the TCRBV repertoire of tumor P143 was 9% of all TILs. Interestingly,
tumor-specific CD8 T cells (recognizing MAGE-type antigens and a mutant antigen)
were found at a similar total frequency (11% of all CD8 T cells) in a regressing
cutaneous metastasis of a patient with metastatic melanoma who experienced
tumor regression following MAGEA3-based vaccination®. This suggests that the
proportion of tumor-specific T cells in tumor P143 could be sufficient to mediate
tumor regression.

However tumor resistance to the spontaneous antitumor T cell response is
obvious as the tumor was growing at tumor resection. The exome sequencing
data of tumor P143 also suggests that the tumor-specific CTLs have not
significantly eliminated the tumor cells. The allele frequency of the ‘immunogenic’
mutations was one third lower or identical to that of the putative driver mutation
in TP53, which indicates that the proportion of antigenic tumor cells ranged from
65% to 100%, assuming that all those mutations are heterozygous and that the
TP53 mutation is present in all tumor cells.

The high number of stromal cells extracted from the tumor sample as well as the
high proportion of CD8 TlLs by flow cytometry indicate a high number of CD8 TILs
within the tumor. A CD3 and CD8 IHC analysis is ongoing to confirm the high
infiltration of CD8 TILs and we will characterize the localisation of these CD8 TiLs.
Are CD8 TILs of P143 in close proximity to tumor cells within the tumor
parenchyma? Do CD8 TILs remain at the tumor margin in the other 5 tumors?

We checked if a loss of antigen presentation could be responsible for tumor P143
resistance. We did not observe any loss of staining for HLA class | molecules or $82-
microglobulin in a tumor section.

The analysis of RNA-Seq data revealed a significant IFNy-signature (CXCL9, IDO1,..)
in tumor P143 compared with the other 5 tumors. This differential expression

suggests that the tumor-specific T cells in tumor P143 secrete IFNy and induce IDO
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expression. We also observed an upregulation of the inhibitory T cell receptors
LAG-3 and PD-1 that are expressed on activated T cells. PD-L1, a ligand of PD-1,
was not specifically upregulated in tumor P143 but the IFNy signature in tumor
P143 suggests the expression of PD-L1 on tumor and stromal cells. Thus we
observed signs of T cell activation that lead to a negative feedback of the
activated T cells, a process that is called 'adaptive resistance'.

In the absence of other detected mechanisms of tumor resistance to antitumor T
cells, we tentatively conclude that this ‘adaptive resistance' suppresses the
capacity of tumor-specific T cells to eliminate tumor cells.

We started an IHC analysis of CD3, CD8, IDO and PD-L1 to confirm the
observations of gene expression analysis. Furthermore, we will compare the
localization of CD8 TILs with IDO-expressing cells and PD-L1-expressing cells to
examine wether the expression of IFNy-induced IDO and PD-L1 is in contact to
CD8 T cells. In addition, we will add the staining of PD-1 and LAG-3 in order to
confirm that CD8 T cells express LAG-3 and PD-1.

3.5 Cancer immunotherapy for patient P143

The tumor P143 exhibited an immune profile (numerous CD8 TliLs, IFNy signature,
upregulated expression of IDO, PD-1, LAG-3 and IDO) similar to that which exists
in MMR-deficient colorectal carcinomas*®. Interestingly, a small study recently
showed that most MMR-deficient colorectal cancers and other MMR-deficient
cancers respond to the anti-PD-1 antibody pembrolizumab while no response was
observed in MMR-proficient colorectal cancers (objective response rates of 40%,
71% and 0%, respectively; 10, 7 and 18 patients per cancer type)®. Therefore
blocking the PD-1 pathway has the potential to revert the immune suppression
that likely existed in tumor P143. This small study showed the great promise of
anti-PD-1 antibodies in MMR-deficient tumors, although most responses were
partial (1 complete response out of 9), which indicates persistent mechanisms of
immune suppression.

Combined blocking of the PD-1 and another immunosuppressive pathway has the
potential to increase the proportion of responding tumors and the proportion of
complete tumor responses. Such candidates are LAG-3 and IDO based on the
immune profile of tumor P143. A combination therapy of anti-PD-1 and anti-LAG-
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3 antibodies has been shown superior to single anti-PD-1 therapy in 2 tumor
> The combination of an IDO inhibitor and a PD-L1 inhibitor

delayed tumor growth more than each single inhibitor in another tumor mouse

mouse models

model™®. Trials of those combinations are ongoing (e.g. NCT01968109 and
NCT02073123, clinicaltrials.gov) and premiminary results of combined IDO/PD-1
blockade are promising (radiologically documented tumor response in 10/19

. . . . 147
patients with various advanced or metastatic cancers) .

3.6 Which tumors will respond to blockade of the PD-1 pathway?

To date, validated predictive markers of response to PD-1 pathway inhibitors are
lacking although several markers have been associated with response to those
inhibitors.

Studies in advanced NSCLC, metastatic melanoma and in MMR-
deficient/proficient tumors have shown that the number of nonsynonymous
mutations is associated with the clinical benefit of anti-PD-1 antibodies******,
Furthermore patients with tumors containing high number of nonsynonymous
mutations due to mutations in genes POLE and POLD1 encoding DNA polymerases

d and &, respectively, respond also to anti-PD-1 antibodies'****°

. Thus a higher
number of mutations results in increased immunogenicity which leads to an
increased likelihood to respond to anti-PD-1 antibodies. Yet some tumors with a
low number of mutations have also responded and some tumors with a high
number of mutations did not respond (Figure 3-2). The number of mutations is
therefore not suitable for selecting patients who could benefit from anti-PD-1 or
anti-PD-L1 antibodies. It is possible that tumors with a low number of mutations
and response to anti-PD-1 antibodies contain TILs that recognize non-mutant
tumor antigens such as MAGE-type antigens. Tumors with a high number of
mutations and no response do probably contain an immunosuppressive
microenvironment that cannot be overcome by blocking the PD-1 pathway.

Further analyses are necessary to test these hypotheses.
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Figure 3-2. Number of nonsynonymous mutations in tumors of patients with or without
response to an anti-PD-1 antibody.

The number of nonsynonymous mutations per tumor is indicated for patients with clinical
benefit and for patients with no or minimal benefit to the anti-PD-1 antibody. Data from
Le et al. (MMR-proficient colorectal, MMR-deficient colorectal tumors and other MMR-
deficient tumors)4 and Rizvi et al. (NSCLC)148 are shown. Nonsynonymous mutations were
identified with different variant calling algorithms in the 2 studies.

TIL markers in pre-treatment tumor samples have been shown to be associated
with tumor response to anti-PD-1 or anti-PD-L1 antibodies. These T cell markers
suggest the existence of an antitumor T cell response in the tumor and may
therefore predict response to PD-1 blockade. CD8 TILs have been associated with
response to the anti-PD-1 antibody pembrolizumab in advanced melanoma and

*12_ However, Herbst et al. did not find a significant association

other tumors
between the number of CD8 TILs and the response to an anti-PD-L1 antibody in
their study in several cancer types (melanoma, kidney, lung, head and neck and
colorectal tumors)®. They observed clusters of CD8 TILs in tumors of patients

without reponse to an anti-PD-L1 antibody and these tumors did not display
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upregulation of cytolytic markers or IFNy signature during therapy whereas the

12,53

tumors of responders did. Markers of T cell activity such as IFNy signature orT

cell activation marker (PD-1'**

) may be more precise to predict response to
cancer immunotherapy. An IFNy signature has been found associated with
response to anti-PD-1 or anti-PD-L1 antibodies in two small studies (mostly in
metastatic melanoma) but another small study (patients with metastatic
melanoma treated with an anti-PD-1 antibody) did not confirm this association™*’.
Finally, the most analysed marker to predict clinical response to PD-1 blockade is
PD-L1 but its predictive value is not clear. PD-L1 expression on tumor cells and
stromal cells is associated with response in most cases, but some patients with

PD-L1 negative tumors respond also to anti-PD-1 or anti-PD-L1 antibodies”.

None of these markers are validated and the search for predictive biomarkers of
response to anti-PD-1 or anti-PD-L1 antibodies is ongoing.

3.7 Perspectives

The immunogenicity of metastatic human melanomas has been studied
extensively by several groups. These tumors bear multiple tumor-specific and
tumor-associated antigens that can be recognized by autologous CD8 T cells, and
such antitumor T cells can be detected in the tumors and in the blood of most if
not all melanoma patients. Thus metastatic melanoma is antigenic and
spontaneously immunogenic. In this work we have shown that the situation is
quite different for primary invasive breast carcinomas. Antitumor CD8 T cells
could be observed in only one out of six breast tumors. This immunogenic tumor
displayed a DNA mismatch repair deficiency and contained 4 to 7 times more
missense SNVs than the other five tumors. Our estimation of tumor antigenicity
suggests that the other five breast tumors present few if any mutant antigens to
CD8 T cells, which could explain why we did not find tumor-specific CD8 T cells in
these tumors.

We did not find anti-MAGE CD8 T cells in the four tumors that express cancer-
germline genes. It is possible that the display of MAGE-type antigens on thymic
medullary epithelial cells leads to some level of central T cell tolerance to these
antigens. However this tolerance is not present in all individuals as many
melanoma patients were shown to have mounted anti-MAGE T cell responses.
We have not tried to determine the frequencies of naive anti-MAGE T cells in the
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blood of the six patients of this study. MAGE-type antigens remain interesting
targets for cancer immunotherapy and our results suggest that in breast cancer
patients they should be used in vaccines capable to prime CD8 T cell responses or
through the adoptive transfer of MAGE-specific T cells.

The low antigenicity of primary invasive breast carcinomas could result from prior
immunoselection by tumor-specific T responses induced at an earlier stage of
tumor development. Ductal carcinoma in situ (DCIS) is an intraductal proliferation
of tumor cells that do not cross the basement membrane as opposed to invasive
carcinoma, and is often associated with primary invasive breast carcinomas™".
Untreated DCIS evolves to invasive ductal carcinoma in 14-75% (average of 43%)
of patients™ and DCIS is considered to be a non-obligate precursor of invasive
carcinoma®™'. The mechanisms of progression from in situ to invasive ductal
carcinoma are not understood. Intriguingly, lymphocytes are present in DCIS and

133134 suggesting that tumor-specific T cells may contribute to

at their margins
control tumor progression at this very early stage. The antigenicity of DCIS is
expected to be similar to that of invasive ductal carcinoma because in situ and
invasive components of the same tumor are similar at the genomic and

151,155,156

transcriptomic levels . However some genomic differences have been

observed and clonal selection of tumor cells in DCIS leading to invasive tumor has

155,156 . . e
d™>7". This clonal selection could also be caused by tumor-specific

been suggeste
T cells, with a resulting lower antigenicity of tumor cells of invasive primary
tumors than of DCIS tumor cells. We will explore the tumor-specificity of T cells

infiltrating DCIS.

How can we use immunotherapy for poorly antigenic tumors? Of course T cell-
mediated immunotherapy is not applicable to non-antigenic tumors and
chemotherapy or targeted therapy are the systemic treatments of choice for
patients with those tumors. However using NK cells remains a possibility and NK
activating receptors can be transduced into T cells in adoptive transfer
approaches™’. If very few different antigens are present on a tumor, they can be
targeted with vaccines or adoptively transfered T cells. It requires the
identification of these antigens. The antigenicity of tumors could be predicted by
combining exome and RNA sequencing with HLA-binding predictions. This
approach would however probably overestimate the number of antigenic tumors.
Nevertheless this approach could already identify tumors without any predicted
mutant antigenic peptides and without any MAGE-type antigens. Another
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approach would be to identify the HLA ligandome. This technique is currently

138 In addition, the current detection rate of 30%

laborious and needs 1 g of tissue
underestimates the antigenicity of tumors™’. The identification of the HLA
ligandome will certainly improve in the future and hopefully require less tumor
tissue. It would be very interesting to combine these two approaches in a study
that tests for the presence of tumor-specific TILs in some tumors, and to analyse
the correlation between predicted tumor antigens, detected tumor antigens in

the HLA ligandome and the presence of tumor-specific TILs.

Considering all primary breast carcinomas, which modalities of immunotherapy
are likely to be used in the next few years ? As discussed above, spontaneously
immunogenic tumors should be treated with blocking anti-PD-1 or anti-PD-L1
antibodies that can also be used in combination with inhibitors of other

3% The adoptive transfer of

immunosuppressive pathways (LAG-3, IDO or CTLA-4
TILs may be performed as a last option which requires an intensive in vitro work
and remains limited to few clinical centers in the world. TIL cultures are derived
from a resected metastasis, amplified in vitro, and administered back into the
patient with high dose IL-2 after lymphodepleting regimens. Tumor-specific T cells
have been observed in these TIL products and probably mediate tumor

66,160

regression In metastatic melanoma, this therapy has shown promising

results: up to 72% of response rate with 22% of complete response’®".

Antitumor T cell responses should be induced against antigenic tumors without
spontaneous antitumor T cell response by active or passive immunization.
Vaccination with tumor antigens is the first choice of active immunization. So far,
vaccines based on single proteins have been disappointing®. A key issue is the
lack of efficient CD8 T cell immunization by current vaccines. Another issue is the
choice of antigens. MAGE-type antigens and tumor-associated antigens have been
used. Nowadays, a combination of whole-exome sequencing, gene expression
profiling and HLA-binding prediction can be used to predict mutant antigenic
peptides’®, although it is not known if mutant antigens are superior to other

164 Best responses are expected with a

tumor antigens as therapeutic targets
combination of several antigens to reduce the risk of tumor evasion. Encouraging
results have been published in advanced melanoma with a combination therapy
of autologous dendritic cells expressing shared tumor antigens and the anti-CTLA-
4 antibody ipilimumab. The combination led to an objective tumor response rate

of 38%, including 20% of complete response®”.
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A second option for active immunization is the oncolytic virus talimogene
laherparepvec (T-VEC). It is an herpes simplex type | virus (HSV1) in which the
genes ICP34.5 and ICP47 were deleted. Gene ICP34.5 encodes for a protein that
blocks the PKR protein. PKR (double stranded RNA-activated protein kinase) is
activated in infected cells during virus replication and inhibits protein translation

166,167

and therefore virus replication . The deletion of ICP34.5 prevents virus

replication in normal cells with PKR activity but leads to virus replication in tumor

167,168

cells with a dysfunctional PKR pathway . The deletion ICP47 improves the lytic

activity of the virus and increases antigen processing, because the encoded
protein binds to TAP and prevents translocation of peptides into the ER™’.
Furthermore, the gene encoding GM-CSF was inserted into the virus to increase
dendritic cell maturation and T cell immunization. Intratumoral T-VEC injection
lead to regressions of injected and non-injected metastases, indicating systemic
activity of T-VEC'®

amplifies existing ones and studies are ongoing to dissect the underlying immune

. It is unknown if T-VEC induces new T cell responses or

responses. Nevertheless, T-VEC has the potential to induce antitumor T cell
responses.

Active immunization could be combined with anti-PD-1 or anti-PD-L1 antibodies
to prevent subsequent immune suppression of induced antitumor T cell
responses. A trial is ongoing to test the combination of T-VEC and pembrolizumab.

Passive immunization is the adoptive transfer of autologous TILs or of autologous
T cells transduced with a tumor-specific TCR or a chimeric antigen receptor
(CAR)™*. TCRs or CARs are inserted in vitro into T cells of a patient and engineered
T cells are amplified and administered back to the patient. 45% of patients with
metastatic melanoma (3 partial and 2 complete responses) and 67% of patients
with synovial cell sarcoma responded to the adoptive transfer of autologous T
cells transduced with an affinity-enhanced NYESO1.A02-specific TCR*2. Although
very promising, affinity-enhanced TCR-engineered T cell therapy can be fatal

when the engineered T cells cross-react with self antigens'’®

. T cells undergo
negative selection in the thymus to prevent recognition of self antigens and
engineered TCRs bypass this selection. The key issue is currently the difficulty to
identify tumor-specific TCRs for a given patient. The number of currently available
antitumor TCRs is limited to shared tumor antigens (e.g. MAGE-type or gp100)
and common HLA alleles (e.g. HLA-A*02). Two approaches exist to extend the use

of TCR-engineered T cells to mutant and other tumor antigens. Antitumor TCRs
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can be identified in the pool of naive T cells from HLA-matched healthy donors by
7% The drawback of this

procedure is the restriction to some of the HLA class | alleles. Screening

screening their PBMCs for recognition of tumor antigens

autologous naive T cells for tumor antigen specificity is the other option. After
identification of antitumor TCRs, T cells transduced with such TCR must be tested
on cells expressing genes encoding the relevant HLA and antigen to confirm
antigen processing. Otherwise these engineered T cells are useless.

The adoptive transfer of chimeric antigen receptor (CAR) T cells may be used in
the future for the treatment of solid tumors. A CAR contains an extracellular
antigen-recognition domain and one or several intracellular T cell signalling
domains (CD3E, CD28 or CD137). The single chain of the variable part of an
7 CAR T cells have
the advantage to target surface molecules such as CD19, and not HLA-peptide

antibody (scFv) is used in most CARs for antigen recognition

complexes. Thus they may even be used for tumors that have lost HLA
expressiong. CAR T cells are very efficient against B cell malignancies (CD19" acute

lymphoblastic leukemia)*’®

. A key issue is their toxicity on normal cells that
express the target surface molecule (on-target off-tumor toxicity). The induced B
cell aplasia of anti-CD19 CAR T cell therapy is clinically manageable by
immunoglobulin replacement. For solid tumors, validated target surface
molecules are lacking. First trials with PSMA- or mesothelin-specific CAR T cells

are ongoing in patients with solid tumors'”.

Chemotherapy, targeted therapy

No
Antigenic tumor ? > Vaccination + blocking
No > Oncolytic virus immune
Yes (T-VEC) suppression
Spontaneously > Adoptive transfer of TCR/CAR
immunogenic tumor ? T cells

Yes
> Blocking immune suppression:
- PD-1/PD-L1 inhibitors
- Combination (+ CTLA-4,
LAG-3, IDO inhibitors, ...)
> Adoptive transfer of TILs

Figure 3-3. A proposed guide of T cell-mediated immunotherapy in oncology.
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4 Materials and Methods
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4.1 Patients and their samples

Patients with stage 2-3 breast carcinoma, a minimal tumor size of 2cm and
without neoadjuvant chemotherapy were selected for the analysis of tumor
tissues. Two patients undergoing breast reduction surgery and one patient with
the resection of a benign breast tumor were selected for the study of normal
breast tissue. Patients enrolled in this study gave written informed consent for the
use of their blood and tissue samples (ONC02008/01 trial, tumor tissue bank of
Cliniques universitaires de Saint Luc, study on normal breast tissue). The Ethics
Review Committee of the Faculty of Medicine of the Catholic University of Louvain
approved the experimental protocols. Tissue samples were obtained from surplus
material of resected primary breast carcinoma or normal breast tissue (breast
reduction or near to a benign breast tumor). Blood samples were taken before or
at the day of tissue resection and at different time points after resection for
patients enrolled in the ONC0O2008/01 trial. Peripheral blood mononuclear cells
(PBMC) were extracted from venous blood samples by density gradient
(Lymphoprep, Axis-Shield, Oslo, Norway) and cryopreserved in Iscove's Modified
Dulbecco's Medium (IMDM, Invitrogen) supplemented with 10% human serum
(HS) and 10% DMSO until further use. HS was prepared from pools of plasma from
unselected ABO donors. Plasma was supplemented with CaCl2 and bovine
thrombin (MP Biomedicals, Santa Ana, CA) and allowed to clot for 1 h at 37°C.
After centrifugation, serum was decomplemented (45 min at 56°C) and irradiated.
Autologous EBV-transformed B lymphocytes (EBV-B cells) were generated for
each patient by infecting PBMCs with the Ebstein-Barr virus (EBV, B95.8 strain) in
presence of the murine cell line 3T6 stably transfected with CD40L.

4.2 Isolation and cloning of CD8 T cell clones

For each tumor or normal breast tissue sample, a part was frozen at -80°C within
1 hour following resection. The remaining fresh sample was weighed and T cells
were extracted on the same day or the day after (tissue sample kept as pieces of
1-2 mm at 4°C overnight in cell culture medium). The fresh tissue samples were
minced under sterile conditions and cells were extracted from the tissue by
mechanical disruption and by enzymatic digestion according to the MACS human
tumor dissociation kit protocol (Miltenyi Biotec, Bergisch Gladbach, Germany).
The resulting cell suspensions were washed with RPMI 1640 medium (Invitrogen)
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supplemented with 2% of HS, stained for cell sorting of CD8 T cells with a mix of
fluorochrome-conjugated antibodies (different mixes were used during the
project, see Table 4-1) during 30 minutes at 4°C in 0,5-1 mL of locally produced
Hanks’ balanced salt solution supplemented with 1% of HS (staining medium), and
washed once. A viability dye was used additionnally for some cell suspsensions.
Living CD3"CD8'CD4  cells were sorted on a FACS Aria Il (BD Biosciences, New
Jersey, NJ) as one cell per well in a 96-well plate (Costar). All analyses of flow
cytometry data have been done with FlowJo (Ashland, OR).

Antibody Staining of tissue cell suspension from

P142, P143, P154 P195, LB3410, P223 and LB5784
LB3466 and LB5673

Anti-CD3 APC, 1 ug/mL, FITC, 5 pg/mL, FITC, 1 pg/mL,
UCHT1 clone, UCHT1 clone, UCHT1 clone,
Biolegend #300412 Biolegend #300406 Biolegend #300406
Anti-CD8a FITC, 1.8-3.5 pug/mL, APC-H7, 2 ug/mL, PE, 0.1 pg/mL,
B9.4.1 clone, SK1 clone, SK1 clone,
in-house production BD Biosc. #641400 Biolegend #344706
Anti-CD4 PE, 0.5 pug/mL, APC-Cy7, 1 pug/mL,
RPA-T4 clone, RPA-T4 clone,
Biolegend #300508 Biolegend #300518
Viability dye No To-Pro-3, 10 nM, 7-AAD, 0.5 pg/mL,

Invitrogen  ThermoFischer Scientific
Table 4-1. Staining of TILs.

Final concentration of antibodies or viability dies is indicated. Allophycocyanin, APC;
fluorescein isothiocyanate, FITC; phycoerythrin, PE; BD Biosciences, BD Biosc.

Sorted CD8 T cells clones were next expanded with a non-specific T cell
stimulation in 200 pL of complete T cell culture medium consisting of IMDM
supplemented with 10% of HS, L-arginine (0.55 mM), L-asparagine (0.24 mM), L-
glutamine (1.5 mM), mercaptoethanol (0.05 mM), 1-methyl-L-tryptophan (0.1
mM), penicillin (100 U/mL) and streptomycin (0.1 mg/mL). Clones from P142,
P143, P154 and LB3410 were expanded with the old protocol and clones from
P195, P223, LB3466, LB5673 and LB5784 with the new protocol (Table 4-2). The
clone stimulation was repeated without gentamycin at day 9-10 for both
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protocols and at day 19-21 for the old protocol. Clones were passed from 96-well
plates to 48-well and 24-well plates when needed. Clones at sufficient cell number
(>0.5 x 10° cells) were frozen at least 7 days following the last stimulation.

Old protocol New protocol
AIIogemc irradiated EBV-8 10” cells/well 6 x 10” cells/well
cell line
Alloger.nc irradiated PBMCs 2 x 10* cells/well 3 x 10° cells/well
from different donors
Anti-CD3 monoclonal
antibody 1 ug/mL 40 ng/mL
IL-2, IL-7 50 U/mL, 10 ng/mL 50 U/mL, 10 ng/mL
Gentamycin 50 pg/mL 50 pg/mL

Table 4-2. Old and new clone stimulation.

Anti-CD3 monoclonal antibody: OKT3 clone (Janssen-Cilag, Berchem, Belgium; or Bio X
cell, West Lebanon, NH)

4.3 CDR3 sequencing of TCRf3

Method was adapted from Warren et al.’’”” RNA from each T cell clone was
extracted using the MagMax-96 Total RNA isolation kit (Ambion) and eluted in
50uL. Reverse transcription was performed in 10.5uL. 100 units of SmartScribe
Reverse Transcriptase (Clontech Laboratories), 2uM of universal primer matching
the CR1 and CR2 sequences (5'-CACGTGGTCGGGGWAGAAGC-3'), ImM deoxyNTP
mix (Clontech), 2mM DTT (Clontech) and 10 units of RNAse Ribolock were added
to 3.5uL of RNA. 2uM of the target-switching oligonucleotide (5'-AAGCAGTGGT
AACAACGCAGAGTACGCGGG-3') was added to create a 5' template for RACE. After
reaching the 5' end of the TCRRE mRNA, the reverse transcriptase adds a few
deoxy-C nucleotides to the cDNA molecule. The poly-G sequence at the 3' end of
the target-switching oligonucleotide anneals to the stretch of deoxy-C and serves
as an extended template for the reverse transcriptase. The resulting cDNA
molecule is complementary to the TCRRB transcript and to the target-switching
oligonucleotide at its 5' end. After 75 minutes of extension at 72°C and
inactivation at 70°C for 10 minutes, RNA was digested with 1 unit of Ribonuclease

H (Invitrogen or Affymetrix) and cDNA was purified with AMPure XP paramagnetic
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beads (Agencourt). One sixth of cDNA was used as a template in PCR amplification
using 2 units of Phusion high-fidelity Hot-Start DNA polymerase (New England
BioLabs or Thermo Fischer Scientific) for 32 cycles with annealing at 68°C. 3
primers were used simultaneously in the PCR amplification. A first primer is
composed of a sequence identical to a part of the target-switching
oligonucleotide at its 3' end and of a new sequence at its 5' end (0.16uM, 5'-
CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3"). The second
primer is complementary to the new sequence ot the first primer (0.8uM, 5'-
CTAATACGACTCACTATAGGGC-3'). The third primer is an internal primer of the CR
(0.8uM, 5'-TCTCTGCTTCTGATGGCTCAAAC-3'). PCR amplification was performed in
50uL. PCR products were purified and sequenced in-house or by Beckman-Coulter
Genomics with a primer matching the CR. V gene, J gene and CDR3 of the TCR 8
chain were identified using IMGT/V-QUEST"2,

4.4 RNA and DNA extraction for NGS analysis

Slices of 7um and 20-30um were cut with a cryotome from the frozen tumor
sample embedded in optimal cutting temperature compound. The presence of
infiltrating tumor cells was verified by a pathologist (C Galant) on the 7um-thick
hematoxylin and eosin-stained tumor slices (~40-50% of tumor cells in the tumor
of P142 and P143, ~20-30% in the tumor of P154, ~70% in the tumor of P195,
P223 and LB5784). Several 20-30um slices of each tumor were stored at -80°C
until further DNA/RNA extraction. GITC/CsCl method was used to isolate tumor
DNA and RNA from the same tumor slices and DNA/RNA was purified using
purification columns. Briefly, several 20-30um tumor slices were lysed in 1.5ml of
4M guanidinium isothiocyanate (GITC) and supernatant was collected after
centrifugation (10min, 4°C, 11000 rcf). Supernatant was added carefully to
ultracentrifugation tubes containing 1ml of 5.7M Cesium Chloride (CsCl) in the
lower part and 1.5ml of GITC in the upper part. Ultracentrifugation was
performed for 16h at 2.26x10° rcf on an Optima LE-80K ultracentrifuge (Beckman
Coulter, Palo Alto, CA). GITC fraction was discarded, DNA was collected in CsCl
fraction and RNA pellet was resuspended and purified with the NucleoSpin RNA
purification kit (NucleoSpin RNA, Macherey-Nagel, Diren, Germany). RNA was
washed, DNase-treated and resuspended according to the NucleoSpin RNA kit
protocol. For DNA, pure ethanol was added to the DNA/CsCl fraction, DNA
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washed and resuspended subsequently according to the NucleoSpin Tissue kit
protocol (Macherey-Nagel). If RNA was detected in the DNA (measured by
fluorometric quantification assay Qubit (Invitrogen)), the DNA was treated with 20
mg/mL of RNase A and washed again according to the NucleoSpin Tissue kit
protocol. DNA of frozen autologous EBV-B cell pellet was extracted following

NucleoSpin Tissue kit protocol including RNase treatment.

4.5 Whole-exome sequencing

Whole exome-sequencing was performed on tumor DNA and matched normal
DNA (extracted from EBV-B cells for all patients except from PBMC for LB5784).
The library of samples from P142 and P143 were prepared with the Nextera Rapid
Capture Exome kit (37Mb, Illumina) and sequenced by AROS Applied
Biotechnology (Aarhus, Denmark). The library of samples from P154, P195, P223
and LB5784 were prepared with the SureSelect Human All Exon kit (version 5,
Agilent) and sequenced by Beckman-Coulter Genomics. Paired-end sequencing
was performed on an lllumina HiSeq 2000 (2x100bp for all samples except
2x125bp for the samples of LB5784). Reads of tumor and normal exomes were
aligned to the reference human genome GRCh38 (Ensemble’’®, version 79 from
March 2015) using the Burrows-Wheeler Aligner software with MEM algorithm*®
(version 0.7.12). Average depth was 390x for tumor samples of P142 and P143,
180x for normal samples of P142 and P143, 120-160x for tumor samples of P154,
P195, P223, LB5784 and normal sample of LB5784 and 40-60x for normal samples
of P154, P195 and P223. Picard tools (version 1.101,
http://broadinstitute.github.io/picard) were used to sort SAM files by genomic
coordinates, to convert SAM to BAM files and to sort out duplicate reads. Reads
were locally realigned around germline indels using RealignerTargetCreator and
IndelRealigner of the GATK tools™®
variants (SNV) were called with Mutect

(version 3.3-0). Somatic single nucleotide
197 (version 1.1.7) and somatic indels were
called with VarScan2'® (version 2.3.7, http://varscan.sourceforge.net). Functional
effect of identified variants was predicted with SnpEff'®® (version 4.1 for SNVs and
version 3.6 for indels). Peptide of 19 amino acids with mutated peptide at the
center was predicted for each SNV with SnpEff v3.6 (“-a’ option). All tools and

algorithms were run by default parameters if not otherwise stated.
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4.6 mRNA sequencing

mMRNA sequencing was performed with tumor RNA by Beckman-Coulter Genomics
(Danvers, MA). Automated Illumina TruSeq RNA Library Construction using polyA
capture for total RNA samples was performed and paired-end 100bp or 125bp
reads were sequenced on an lllumina HiSeq. Reads were aligned to the reference
human genome GRCh38 (Ensemble'’®, version 79 from March 2015) using
Bowtie2'® (version 2.2.5) and TopHat™®?

set to 100bp. 15-20 million read pairs were aligned per sample. Transcript

(version 2.0.13). Mate inner-distance was

abundance estimation was performed by Cufflinks program®®* (version 2.1.1)

using SAMtools'®

(version 0.1.19). Gene annotation for each gene was added
with Excel (Microsoft Excel for Mac 2011) using the Ensembl gene annotation of

GRCh38.v79.

4.7 Peptides

Peptides with purity higher than 70% were synthesized by ProteoGenix
(Schiltigheim, France) or by local facility (Ludwig Institute for Cancer Research,
Brussels Branch, V. Stroobant), suspended in DMSO at 10mM and cryopreserved.
The use of purified peptides is mentioned if used.

4.8 Transduction of EBV-B cells with cancer-germline genes or
ERBB2

Autologous EBV-B cells were transduced with the coding sequence of selected
cancer-germline genes and ERBB2. Briefly, coding sequences were extracted from
pcDNA1l (MAGEA3, MAGEA4, MAGEA10, MAGEA12 and NYESO1) or pcDNA3
(MAGEAG6, ERBB2) plasmids and inserted in the lentiviral vector pTM898 for
MAGEA3 or plLenti6/V5-D-TOPO for MAGEA4, MAGEA6, MAGEA10, MAGEA12,
NYESO1 and ERBB2 (Invitrogen, Carlsbad, CA). Plasmids containing cancer-
germline genes were a gift from the Brussels Branch of Ludwig Institute for Cancer
Research. ERBB2 plasmid was a gift from Mien-Chie Hung'® (Addgene plasmid #
16257). pTM898 vector was a gift from T. Michiels (de Duve Institute, Belgium).
Lentiviral vectors were amplified and the sequence of the inserted coding
sequence controlled by Sanger sequencing before the virus assembly in the 293 T

cell line. The lentiviral vector contained an antibiotic resistance gene and
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transduced EBV-B cells were selected with the corresponding antibiotic.
Expression of MAGE-like genes was controlled by RT-PCR. The antigenic
processing of MAGEA3-transduced EBV-B cells from P142 and P223 were tested at
the beginning and at the end of the CD8 TIL clone screening with their recognition
by a MAGEA3.A1 specific T cell clone. The expression of ERBB2 was analysed by
flow cytometry with an anti-HER2/PE antibody (1pg/mL, clone 24D2, Biolegend
#324405) and HER2-positive cells were sorted by flow cytometry (FACS Aria Ill).
Persistence of ERBB2 expression was controlled by flow cytometry during CD8 TIL
clone screening and compared with the HER2-overexpressing human ovary
adenocarcinoma cell line SK-OV-3 (Cell Lines Service). Transduced and not
transduced EBV-B cells were cultured in EBV-B cell medium consisting of IMDM
supplemented with 10% fetal bovine serum (Gibco, Paisley, United Kingdom), L-
arginine (0,55 mM), L-asparagine (0,24 mM), L-glutamine (1,5 mM),
mercaptoethanol (0,05 mM), penicillin (100 U/mL) and streptomycin (0,1 mg/mL).

4.9 CDS8TIL clone screening

The clones were thawed 2 weeks before screening and amplified in 2 wells of a
M24 plate filled with 2ml of T cell culture medium, allogenic irradiated EBV-B cell
line (10° cells), irradiated allogenic PBMC from different donors (5.10° cells), anti-
CD3 monoclonal antibody (40 ng/mL), IL-2 (50 U/mL) and IL-7 (10 ng/mL). At day
4, clones were washed and resuspended in same medium supplemented with
cytokines at the same concentration. Wells were divided or half of supernatant
replaced when necessary. At the first day of screening, 20,000 autologous EBV-B
cells were incubated with peptides either individually (poorly soluble peptides) or
in pools of 2-4 peptides at a concentration of 40 uM for 2 hours in M96 round-
bottom microtiter plates filled with 100 pL IMDM supplemented with 1% of HS,
penicillin (100 U/mL) and streptomycin (0.1 mg/mL). For the the TIL clones of
P142, all peptides were tested with pools of 5-7 peptides at 20 uM. Clones were
washed 3 times, counted and resuspended at 10° cells/mL in complete T cell
culture medium supplemented with IL-2 at 7.5 or 15 U/mL (30 U/mL for P142 TIL
clones). Then, 10,000 cells were added on the 20,000 ‘peptide-pulsed’,
transduced and non-transduced EBV-B cells. 5,000 human T-Activator CD3/CD28
beads (Dynabeads, Thermo Fischer Scientific) were used to test the ability of each
clone to secrete detectable cytokines. All conditions were tested in triplicates.
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After overnight co-culture (day 2), 130ulL of supernatant were collected, frozen,
thawed and 50puL added on 3-times-washed M-07e cells (20,000 cells in 50uL EBV-
B cell medium). The day after (day 3), 20uL of [Methyl-*H]-Thymidine 25uCi
(PerkinElmer, Waltham, MA) was added and incorporation of tritiated thymidine
in DNA was measured on day 4. Cells were lysed and DNA transferred to 96-well
UniFilter GF/C plates (PerkinElmer) with a cell harvester FilterMate 196 (Packard
Bioscience, CT). 30uL of MicroScint-O solution (PerkinElmer) was added on the
filter and scintillation measured with a Top Count NXT (PerkinElmer) microplate
scintillation counter (Perkin Elmer). Results are expressed as counts per minute
(cpm). For each clone, the proportion of maximal activation was calculated as
follow: 100 x cpm of condition / cpm of condition with maximal count. If not
otherwise stated, all tests with the M-07e assay were performed in the same way.
Further tests with CD8 T cell clones were performed as described above if not
otherwise stated.

4.10 MHC class I typing

187
on whole-exome

MHC class | allele typing was performed with ATHLATES
sequencing and RNA-seq data. Low-confidence and homozygous MCH alles were
confirmed with sequence-specific primer PCR by a clinical laboratory (Cliniques

universitaires Saint Luc).

4.11 51Cr-release assay

The cytolytic activity of T cell clones was assessed in a standard 4-hour >'Cr-
release assay. Target cells (P143-EBV, K562) were charged with 0.2mCi of *'Cr
(Perkin Elmer) at 37°C during 1 hour. Target cells were washed twice and P143-
EBV were pulsed or not with 10uM of the mutant or wild-type 9-10mer peptide
during 30 minutes (purified for mutant peptide, non-purified for normal peptide).
After a third wash, 1,000 >*Cr-labeled target cells per well were co-cultured with
100 to 30,000 CD8" TIL clones during 4h (effector-target ratio of 0.1-0.3-1-3-10-
30). *'Cr-release in the supernatant was revealed using solid scintillator coated
LumaPlates (Perkin Elmer) and the scintillation was measured with a Top Count
NXT microplate scintillation counter (Perkin Elmer). All conditions were tested in
triplicates. The percentage of specific lysis was calculated as follow: 100 x (Mean
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observed *'Cr-release — Mean spontaneous °'Cr-release) / (Mean maximal >'Cr-
release — Mean spontaneous °'Cr-release). Maximum °'Cr-release was determined
by treating target cells with 0.5% triton and spontaneous release was determined
by incubating target cells in medium alone.

4.12 Bioplex assay

P143-EBV cells were pulsed for 1 hour at 37°C with 20uM of mutant or wild-type
peptide (purified for mutant peptide, non-purified for normal peptide) and
washed once. Per well, 20,000 of peptide-pulsed P143-EBV cells were co-cultured
overnight with 10,000 autologous antitumor CD8 TIL clones and the supernatant
was collected the day after. Cytokines of the supernatant were measured with the
Bio-Plex Pro Human Cytokine 17-plex assay (Biorad) on a Bio-Plex 200 system
according to the protocol, except that the antibody-coupled beads and detection
antibodies were diluted 0.5 times.

4.13 Minigene transfection

Minigenes corresponding to 303-318bp of the mutated or the wild-type coding
sequence of PRR12, ATP2A2, NOC2L and TKT were designed (wild-type or mutated
nucleotide at the center). De-novo synthesis of those minigenes was performed
by Integrated DNA Technologies. The minigenes were cloned in a pmaxGFP vector
(Lonza) in phase with GFP and linked througha P2A sequence (porcine
Teschovirus-1). Tumor cells were transfected with the minigene-containing
plasmids using Transit-LT1 transfection reagent (Mirus). For the experiments with
TKT, 293T cells were cotransfected with a HLA-A*80:01 plasmid that was cloned
from EBV-B cells of the patient P143. 2 days after transfection, cells were
harvested and the transfection efficiency measured with the expression of the
maxGFP reporter by flow cytometry. As control, cells were pulsed with 10uM of
the antigenic peptide and washed twice after 1h of incubation with the peptide.
Coculture of 10,000 T cells and 10,000 target cells (peptide-pulsed or not) was
started and supernatant collected the day after. Cytokine secretion was measured
with the M-07e assay.
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4.14 Ex-vivo staining, MLPC and multimer staining

PBMC were thawed in complete T cell medium with 10ug/mL of DNase | (Roche),
resuspended in the same medium with 10ug/mL of DNase | and counted. Two
samples of 0.5-1x10° living cells were used for the ex-vivo staining and incubated
with 50nM of dasatinib (Axon Medchem) for one hour at room temperature. Cells
were resuspended in PBS with 50nM of dasatinib and stained with a pair of
tetramers or dextramers. The pair of tetramers contained a NOC2L.A02 tetramer
(coupled to PE, final concentration of 10nM) and a BMFL1.A02 tetramer (coupled
to APC, final concentration of 10nM). Both tetramers were produced by D. Colau
at the Brussels Branch of the Ludwig Institute for Cancer Research. The pair of
dextramers contained a PRR12.B44 dextramer (coupled to PE, Immudex, 0.025
times diluted) and an ATP2A2.B44 dextramer (coupled to APC, Immudex, 0.025
times diluted). Dextramers were added in 2 separate steps according to the
protocol of Immudex. After 15 minutes of incubation at room temperature, an
anti-CD8a antibody (coupled to FITC, B9.4.1 clone, in-house production, final
concentration of 1pug/mL) and an anti-CD4 antibody (coupled to APC-Cy7, RPA-T4
clone, Biolegend, final concentration of 1ug/mL) were added and incubated for 20
minutes at room temperature for tetramer-stained cells and at 4°C for dextramer-
stained cells. Cells were washed once in PBS supplemented with 1% of Bovine
serum albumin (BSA, w/v, Sigma-Aldrich) and resuspended in PBS-1%BSA for flow
cytometry analysis on a LSRFortessa (BD Biosciences). The remaining PBMCs were
split in two equal parts and resuspended in IMDM supplemented with 1% HS. The
first part was incubated with 10uM of the purified antigenic peptide of
ATP2A2.B44 and the second part with 10uM of the purified antigenic peptides of
PRR12.B44 and NOC2L.A02. After 1 hour of incubation, PBMCs were washed once,
resuspended in complete T cell medium supplemented with 10ng/mL of IL-7 and
20U/mL of IL-2 and distributed in a microtiter plate (90,000 to 120,000 PBCMs per
well for the 3 MLPCs, volume of 200uL). Cells were re-stimulated with 10uM of
peptides at day 8 and analysed by flow cytometry at day 15. All wells were split
into 2 wells at day 9 or 10 and half of the cell medium was resupplemented with
complete T cell medium supplemented with 10ng/mL of IL-7 and 20U/mL of IL-2
when needed. As for the ex-vivo analysis, cells were stained with dasatinib, split in
two parts and each part was stained with the pair of tetramers or dextramers
(diluted x 0.05) before staining with 1ug/mL of the anti-CD8a antibody (coupled to
FITC, B9.4.1 clone). For the cell sorting of multimer-positive CD8 T cells on the
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FACS Aria lll, cells were stained at day 16 without dasatinib. After adding the
NOC2L.A02 tetramer (10nM), the PRR12.B44 or the ATP2A2.B44 dextamer
(diluted x 0.067), the anti-CD8a/FITC were added after as described above

(1pg/mL).

4.15 TCRBV repertoire by massive parallel sequencing

Briefly, RNA was extracted from frozen tumor sections or frozen PBMC and a
reverse transcription was primed with an oligonucleotide specific to the C81 and
CR2 segments from the TCRB genes. This primer included a short random
sequence that uniquely identified each synthesized cDNA molecule and that was
referred as unique molecular identifier or UMI. TCRB cDNA molecules were then
amplified by 2 consecutive nested multiplex PCR specific for all VB genes.
Adapters for sequencing on a Miseq (lllumina) platform were added before
sequencing. Generated reads were engaged in an algorithm to identify V, D, J
gene segments and the CDR3 region of rearranged TCRR genes. Compilation of
reads by their UMI allowed to quantify sequenced TCRE molecules and to correct
amplification bias as well as the sequence errors introduced during the library
construction. ldentical rearranged TCRBR molecules characterizing each T cell
clonotype were enumerated allowing a quantitative view of the T cell repertoire
present in the sample and the accurate evaluation of individual clonotypes
frequency in this repertoire.

4.16 Detection of MSI instability and loss of MSH2 in IHC

DNA of the 6 tumor-matched samples were used for detection of microsatellite
instability (MSI Analysis System, Promega) and performed by the Institut de
Pathologie et de Génétique (Gosselies, Belgium). IHC for MSH2, MSH6, MLH1 and
PMS2 were performed on formaldehyde fixed paraffin embedded tumor (FFPE)
tumor section by the pathology department of Cliniques Universitaires Saint-Luc
and by the Institut de Pathologie et de Génétique.

4.17 Immunohistochemistry

Five um-thick sections were obtained from FFPE tumors samples. Endogenous
peroxidase activity was blocked with Peroxidase Blocking Reagent (Dako
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Cytomation) and nonspecific protein binding was prevented with tris-buffered
saline supplemented with 2% of milk, 5% of bovine serum albumin, 1% of human
immunoglobulins and 0.15% of Tween20. Sections were stained with an
unlabelled primary MHC class | or B-2-microglobuline (B2M) monoclonal antibody
(MHC class I: clone EMR8-5, mouse, Abcam, 0.002x dilution; B2M: clone D8P1H,
rabbit, Cell Signaling Technology, 0.008x dilution) for 30 minutes, washed, and
incubated for 60 minutes with a secondary polyclonal goat anti-mouse or anti-
rabbit antibody coupled to horseradish peroxidase (Dako Cytomation). After
washing, bound antibodies were detected with 3-amino-9-ethylcarbazole and
sections were counterstained with hematoxylin.
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