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Abstract

Triple negative breast cancer (TNBC) highly infiltrated with CD8* tumor-infiltrating lymphocytes
(TILs) has been associated with improved prognosis. This observation led us to hypothesize that
CD8* TIL could be utilized in autologous adoptive cell therapy for TNBC, although this concept
has proven to be challenging, given the difficulty in expanding CD8* TILs in solid cancers other
than melanoma. To overcome this obstacle, we used an agonistic antibody (urelumab) to a TNFR
family member, 4-1BB/CD137, which is expressed by recently activated CD8* T cells. This
approach was first utilized in melanoma and, in this study, led to advantageous growth of TILs for
the majority of TNBC tumors tested. The agonistic antibody was only added in the initial setting
of the culture and yet favored the propagation of CD8" TILs from TNBC tumors. These expanded
CD8* TILs were capable of cytotoxic functions and were successfully utilized to demonstrate the
presence of immunogenic mutations in autologous TNBC tumor tissue without recognition of the
wild-type counterpart. Our findings open the way for a successful adoptive immunotherapy for
TNBC.
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INTRODUCTION

Despite the tremendous progress made in the past decades for early diagnosis and treatment
of breast cancer, women affected by triple negative breast cancer (TNBC) have no treatment
options beyond standard chemotherapy. TNBC is defined as such because of its lack of
estrogen or progesterone receptors as well as the absence of gene amplification of the human
epidermal growth factor receptor (HER)-2 (1). Infiltration of TNBC with CD8* tumor-
infiltrating lymphocytes (TIL) is associated with improved prognosis, suggesting that these
infiltrating T cells could specifically recognize tumor antigens (Ag) and be utilized in
autologous adoptive cell therapy (ACT) for TNBC (2). The potential of TIL therapy has now
been shown in melanoma by multiple cancer centers (3-6). Because of the wide diversity of
Ag-specific cells (encompassing both self and mutated) that TIL therapy offers, efforts are
being made to transpose this success to other types of solid tumors, as found in gastric,
cervical, and ovarian cancers (7-9). One of the major challenges faced in these new trials is
the difficulty of expanding the CD8* T cells from within the TIL population.

One approach to address this issue, which we first utilized in melanoma, is to manipulate a
member of the TNFR family, 4-1BB/CD137, which is expressed on the cell surface of
recently activated CD8* T cells. 4-1BB provides a potent costimulatory signal for CD8* T-
cell activation/division and can prevent activation-induced cell death (AICD) of TILs (10).
We can accelerate the propagation of Ag-enriched CD8* TILs by stimulating 4-1BB with an
agonistic 4-1BB monoclonal antibody (mAb) at the initiation of the tumor-fragment TIL
cultures (11). A prosurvival and memory signature is associated with the early stimulation of
4-1BB, highly dependent on NF-xB activation and Ag-presentation by the dendritic cells
within the tumor fragment (11). Based on the lessons learned in melanoma, we hypothesized
that an agonistic anti-4-1BB mAb could favor CD8* TIL propagation from TNBC tumors.

As demonstrated in metastatic melanoma and gastric cancer, ACT using TILs is an effective
approach for therapy. TILs encompass a large and diverse amount of tumor-specific T cells
that possess the ability to recognize mutation-driven neopeptides (12,13). In contrast to
circulating T cells from the blood, TILs that recognize neoepitopes derived from tumor
mutations are enriched at the tumor site (14). This enrichment makes TILs an essential
screening tool used in the validation of neoantigens as targets for vaccination (15). It also
makes them a rich resource for finding new T-cell receptors (TCRS) that recognize mutated
peptides, to be later used in engineered TCR ACT. A major obstacle often encountered in
solid cancers other than melanoma, like breast cancer for example, is the inefficient
expansion of CD8* TILs that would, in turn, be used to identify and target mutation-driven
peptides. Here, we show that the addition of an agonistic 4-1BB mAbD in the early phase of
tumor-fragment cultures led to favorable propagation of CD8* TILs from TNBC and can be
used to demonstrate the presence of immunogenic mutations in TNBC tumor tissue.
Although it was reported that breast cancer encompasses some non-basal mutations, breast
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cancer has a relatively low level of somatic mutations (16,17), making this technique a

valuable approach.

MATERIALS AND METHODS

Patient selection

Reagents

Following informed consent, nine patients with triple-negative breast cancer were enrolled to
this study as shown in Table 1. Eight patients underwent neoadjuvant chemotherapy and 6 of
8 patients underwent taxane- and anthracycline-based chemotherapy. Tissue from surgical
resections was used to expand TILs under an IRB-approved protocol (PA12-0728) approved
by the Institutional Review Board of The University of Texas MD Anderson Cancer Center.

A fully human and purified IgG4 monoclonal antibody against human CD137, urelumab
(663513; Lot 6A20377) was kindly provided by Bristol Myers Squib (BMS) through a
Material Transfer Agreement. Human recombinant IL2 (proleukin) was generously provided
by Prometheus Therapeutics and Diagnostics.

Isolation and expansion of TILs from human TNBC tumors

The tumor samples were either enzymatically digested followed by centrifugation over a
step gradient of 75% and 100% Ficoll, with the TILs collected from above the 100% Ficoll
layer, or cut into 3-5 mm? fragments and placed in TIL culture media [TIL-CM, RPMI 1640
with Glutamax supplemented with 2 mM L-glutamine, 1 mM pyruvate, 1x of HEPES, 50
UM 2-mercaptoethanol, 1X pen-strep (Invitrogen) and 10% heat-inactivated human AB
Serum (Sigma-Aldrich)] with 1L2 (3000 IU/ml) in 24-well plates for a period of 4 weeks, as
previously described (18). For the 4-1BB condition, both IL2 (3000 1U/ml) and 4-1BB
agonist mAb (10ug/ml) were added in the culture plates on day 0. Half of the media was
changed every 3 to 4 days with the addition of IL2 (3000 1U/ml) with each media change.
Cells were split upon confluency but kept in one or multiple 24-well plates. TILs were
expanded for 28 days prior to performing the described assays.

Flow Cytometric Analysis of TILs

Expanded TILs were stained in FACS Wash Buffer (Dulbecco’s phosphate-buffered saline
1X with 1% bovine serum albumin) for 30 min using fluorochrome-conjugated monoclonal
antibodies for CD3, CD4, CD8 and Caspase 3 (BD Bioscience). Stained cells were acquired
using the BD FACS Canto™ Il and analyzed using FlowJo software (Tree star). Dead cells
were excluded using an AQUA live/dead staining (Invitrogen). For recognition of mutated
antigens, intracellular staining was performed for IFNy (BD Biosciences), preceded by
surface staining for CD3, CD4, and CD8. The following gating strategy was used; FSC-A vs
SSC-A followed by doublet exclusion. IFN+y expression was gated on live, CD3*CD4-CD8*
cells.
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Cytotoxic T-cell Assay

TILs expanded for 28 days with or without 4-1BB agonistic mAb were assayed for cytotoxic
ability using a flow cytometry—based assay that measures caspase-3 cleavage using Fc
receptor—positive P815 mastocytoma cells coated with CD3 mAb in a redirected CTL assay.
The target cells were labeled with DDAO-SE (Molecule Probes-Invitrogen) for 15 min at
37°C. TILs and target cells were incubated at different effector-to-target ratios for 3h at
37°C before harvesting and staining for cleaved caspase 3 in the target cells (19).

Mutation calling and peptide predictions

The Broad Institute’s Mutect algorithm was used to generate mutation calls from raw whole
exome sequencing data (20). Class | neopeptides were predicted as described in Snyder et al.
(21). All possible 8, 9, 10, 11, and 12-mer mutated and wild-type peptides were generated
based on the mutation call variant descriptions. The netMHC algorithm was used to predict
peptide - HLA (HLA-A, -B, -C) binding affinities (22). A peptide was considered to bind to
an HLA if the predicted binding affinity was below 500 nM. DNA derived from the patient’s
PBMCs was used for germline expression. Patient HLA types were determined from the
exome sequencing data using the Broad Institute’s Athlates software (23).

IFNy ELISPOT assay

IFNy ELISPOT (Enzyme-linked immunospot) assay was performed using Millipore
MultiScreen-HA 96-well filter plates (Millipore Cat No. MAHAS4510). Plates were coated
with 5 ug/ml anti-IFNy mAb in pH 9.5 carbonate buffer (Sigma) overnight at 4°C and
blocked with PBS, 2% BSA (Sigma Cat No. A8577). Rapidly expanded (REP) TILs
[previously described (18)] were thawed and rested overnight with IL2 at 37°C. The
following day, cells were washed and rested in media without IL2 for 6 h at 37°C. The cells
were plated in triplicates at a concentration of 1 x 10° cells/well (BC7) or 5 x 10° cells/well
(BC9). For BC7, 1 x 106 cells/well were stimulated due to the expected low level of neo-
epitope reactivity. The patient peptides and the control peptides were added at a
concentration of 10 pM. Plates were incubated for 16 hours at 37°C prior to incubation with
biotin-labeled anti-IFNy mAb (Mabtech #3420-6-250) for 1h at RT. After treatment with a
1:5000 dilution of extravidin-alkaline phosphatase (Sigma) for 1.5h at RT, plates were
developed with filtered 5-bromo-4-chloro-3-indolyl-phosphate in conjunction with nitro blue
tetrazolium (BCIP/NBT substrate; Sigma). Spots were counted on an ImmunoSpot
ELISPOT reader (CTL Immunospot Reader, software version 5.1.36). The HIV-gag peptide
was used as a negative control as well as the TILs incubated only with media (TILs alone).
Cells treated with PMA and ionomycin (Sigma) were used as positive controls in all
experiments. Peptide recognition was consider positive when the spot were three times
higher than the negative control (peptide).

Statistical Analysis

GraphPad prism version 6.0 (GraphPad Software) was used for graphing and statistical
analysis. Statistical analysis for comparison of 2 groups was done using the Wilcoxon signed
rank test (paired datasets).
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RESULTS AND DISCUSSION

Addition of agonistic 4-1BB mAb increases yield of TNBC TILs and expands CD8* T cells

We first evaluated the ability of the agonistic anti-4-1BB mAb to improve the global
propagation of TILs in TNBC when added in the early phase of the tumor fragment culture.
TILs expanded in the presence of anti-4-1BB mAb in combination with high dose 1L2
yielded statistically significantly higher numbers of CD3* T cells per fragment than those
with I1L2 alone (mean of 20.5x108 vs 3.1 x108, p= 0.0313; Table 1 and Fig. 1A). A single
dose of the anti-4-1BB mAB on day 0 of a 28-day culture was sufficient to generate a higher
number of TILs with a significant increase in the percentage of CD8* T cells within the
CD3™* TIL population (P=0.0313) and a proportionate decrease in the CD4* T-cell
population in all patients except one (Fig. 1B). These results show that, similar to what we
reported in melanoma, stimulation of 4-1BB using an agonistic antibody favors expansion of
the CD8" T-cell population from TNBC tissue.

4-1BB agonistic antibody increased the cytotoxicity of CD8* TIL

Melanoma TILs propagated with anti-4-1BB have an enhanced cytotoxic capacity, so we
hypothesized that this may also be true with TNBC TILs. Due to our lack of success in the
generation of autologous or HLA-matched tumor cell lines, CTL activity of both post-
expansion TIL products (expanded for 28 days with or without anti-4-1BB mAB) were
assessed using a flow cytometry-based redirected killing assay. This assay depicts CTL
activity by cleavage of caspase-3 in p815 cells (DDAO-SE labeled) loaded with the CD3
mAb, OKT3. Five independent TNBC TIL lines exposed to an agonist stimulation of 4-1BB
in culture showed greater cytotoxic capacity compared to their IL2-alone counterpart (Fig.
2). Although this is not a direct assay for antitumor recognition, these results support the
enhanced cytotoxic capacity favored by expansion with 4-1BB mAb costimulation. The fact
that the addition of 4-1BB mADb also increases the expansion of CD8" T cells in the TIL
product must be taken into account. However, this costimulation provides an opportunity to
unveil potential antitumor reactivity that, in an IL2 alone setting, could go undetected.

BC7 and BC9O T cells from TILs recognize class |-restricted mutated peptides

Given our ability to access a larger number of TNBC CD8* TILs, obtained by expansion
following an initial anti-4-1BB stimulation, we explored the potential presence of neo-Ag-
specific TILs in triple-negative breast cancer. In melanoma, TILs are a great source of CD8*
T cells that can recognize tumor-associated mutated peptides (12). It is unclear whether the
same is true in breast cancer, so we decided to explore this avenue using our 4-1BB
stimulated TNBC TILs. Due to the inability to expand CD8* TILs from IL2-alone cultures,
we were unable to test for reactivity differences between the two culture conditions. Thus,
only TILs expanded with anti—4-1BB were tested for neoepitope reactivity. Whole exome
from DNA extracted from formalin-fixed paraformaldehyde embedded tumor tissue were
sequenced from patients BC7 and BC9. Mutation calls were made using the Broad
Institute’s Mutect algorithm. Class | neopeptides were predicted according to the patient
HLA-A, B, and C loci. Patient BC7 loci were A*01:01, A*30:01, B*08:01, B*13:02,
C*07:01, C*06:02, (Supplementary Table S1) and patient BC9 loci were A*33:03, A*68:01,
B*18:01, B*58:01, C*12:03 and C*03:02 (Supplementary Table S2). All possible 8, 9, 10,
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11, and 12-mer mutated and wild-type peptides were generated based on the mutation call
variant descriptions. A peptide was considered to bind to an HLA if the predicted binding
affinity was below 500 nM. The peptides used in this study were selected based on this
affinity. Overall, we identified 73 and 92 missense mutations from BC7 and BC9,
respectively. Given the low number of predicted mutations, we decided to directly screen the
TILs expanded with anti—4-1BB for reactivity. Recognition against one mutated peptide was
found in TNBC TILs from patient BC7 (Fig. 3A). The IFNy ELISPOT assay showed
recognition of the mutated version of the RNA-binding protein MEX3B, but not to its wild-
type counterpart (means of 129 vs 41 spots, respectively) (Fig. 3A). Wild-type MEX3B
recognition was at the same level as the negative control HIV-gag peptide. A blast of both
the mutant and wild-type sequences identified the 12-mer peptide, residues 216 to 227. The
wild-type sequence was identified as H-RAREEIEAHIAL-OH and the mutated sequence
was identified as H-RAREEIVAHIAL-OH. The mutated version of MEX3B was predicted
to bind to HLA-A*30:01 with an affinity that ranged from 16-216 nM, based upon the
prediction algorithm and the peptide length (Supplementary Table S1). The mutation from
“E” to “V” at position 7 appears to be sufficient to generate an immunogenic neoantigen that
was recognized by BC7 CD8" TIL.

An exceptional recognition of a mutated peptide was also identified using an IFNy
ELISPOT for patient BC9 (Fig. 3B). The blast of both the mutant and wild-type forms
identified the peptide as being the G2/mitotic-specific cyclin-B1 (CCNBL1), residues 269 to
277. The mutated version of cyclin-B1 was predicted to bind to three of the patient’s HLA
alleles: HLA-A*68:01, HLA-B*58:01, and HLA-C*12:03 (Supplementary Table S2). The
predicted affinity of this neoepitope ranged from 3-479 nM based upon the prediction
algorithm and peptide length. The wild-type sequence of cyclin-B1 is H-FAFVTDNTY-OH,
which compared to the negative control (mean of 52 vs 8 spots respectively), was weakly
recognized by BC9 CD8* TILs, but not to the extent of the mutated peptide (mean of 934
spots) (Fig. 3B). The mutated sequence, H-FAFVTENTY-OH, which was generated from a
mutation from “D” to “E” at position 6, was again sufficient to generate a neoantigen that
was recognized by a large portion of BC9 CD8" T TILs, perhaps because this mutated
peptide could bind to, and be presented by, multiple alleles of this patient (Fig. 3B,
Supplementary Table S2). When the flow cytometry intracellular staining for IFNy ICS was
also taken into account (Fig. 3C), we concluded that over 50% of the BC9 CD8* T cells
from the TIL product were specific for the mutated form of G2/mitotic-specific cyclin-B1,
but not the wild-type form.

Given the lack of accessibility to autologous tumor lines or preserved tumor lysate, we were
unable to directly demonstrate natural presentation (and processing) by the tumor cells of the
mutated peptide for both patients. Typically, the use of PBMCs, autologous or HLA-
matched APCs, transfected with the mutated protein can give a good indication of the
immunogenicity of a particular peptide; however, in this study we instead assessed the pre-
existing antitumor T-cell pool present in the tumor for recall responses to the cognate
peptides predicted from WES. This approach circumvents the limitations introduced through
differential antigen presentation by normal cells versus tumors (12). In addition, pre-existing
TIL populations could respond to epitopes only cross-presented by APCs, which cannot be
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recapitulated /n vitro. Our approach allowed us to amplify CD8* TILs to assess a pre-
existing antitumor immune response and to identify immunogenic, mutated peptides in a
cancer with a low mutational incidence. In the two cases presented here, few mutated
peptides were predicted from WES sequencing of the TNBC tumor tissue (73 and 92,
respectively), therefore leading to a manageable number of peptides to test for
immunogenicity. The use of mass spectrometry following HLA-elution from the tumor as
well as the tandem, mini-gene approach to narrow the scope of antigens to be screened for
reactivity by TILs was not necessary for this study (12,24,25). Moreover, mass spectrometry
of eluted peptides is limited by its very nature in that highly abundant peptides are the most
likely to be detected, while missing low frequency neoantigens that may be highly
immunogenic. Overall, TNBC provided an advantage over highly mutated solid cancers,
such as non-small cell lung cancer or metastatic melanoma, in terms of the number of
neoantigens predicted. Indeed it is possible that even more immunogenic peptides may be
present in TNBC, as our approach did not take into account the conformational changes that
can alter the peptide-MHC complex, resulting in the expression of immunogenic peptides
with low affinity HLA-binding (26). Further understanding this class of mutations within
solid tumors with low mutation burdens would be an interesting avenue of future
exploration.

Our approach enabled the identification of TILs specifically directed against tumor
mutations in breast cancer and, more specifically, triple-negative breast cancer. This was
rendered possible by a specific costimulation of the breast cancer TILs that, in turn, favored
the expansion of CD8* T cells from the tumor fragments. Although the immunogenic
mutations identified here might fall into the category of “unique” antigens, this study
certainly provides a strong argument in favor of utilizing immunotherapy in patients with
TNBC and provides the basis for future large-scale studies of TNBC TIL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Addition of agonistic anti-4-1BB antibody allows for the generation of CD8* TILs from
TNBC tumor fragments
(A) The total number of TILs expanded from 7 TNBC patients, reported as per single-

fragment growth, because diverse number of fragments were put in culture depending on the
tumor sample size obtained post-surgery. The absolute number is shown as determined by
trypan blue exclusion. Growth per patient (left) and per culture condition (right) is shown.
(B) The percentage of CD8" TILs (left) and CD4* TILs (right) obtained after 28 days of
culture with IL2 alone or with IL2 + anti-4-1BB from 6 independent lines.
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Figure 2. Enhanced cytolytic function of TNBC TILs generated with anti-4-1BB
TNBC TILs grown with IL2 alone or with IL2 + anti-4-1BB for 28 days from 5 independent

lines were cocultured with target P815 (DDAO-SE labeled) cells pulsed with anti-CD3
(OKT3, diamonds). P815 cells not pulsed with OKT3 were used as a negative control
(squares). Cells were stained for active caspase-3 by flow cytometry as a measure of tumor
killing by TIL effectors. Gating was performed on DDAO-SE—positive target cells to
determine the level of active caspase-3 detection. The graphs show the percentage of
caspase-3 positive tumor targets at decreasing TIL: tumor ratios. Each experiment was

independently performed per patient.
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Figure 3. CD8" TILs from patients BC7 and BC9 recognize class I-restricted mutated peptides
(A) IFN-y ELISPOT showing BC7 TIL recognition of the mutant version (H-

RAREEIVAHIAL-OH) of RNA-binding protein MEX3B (mutation E—V at position 7) but
not the wild-type form nor the negative control HIV-gag. The quantification of BC7
ELISPOT reactivity against mutant MEX3B is shown as number of spots/106 TILs. A TIL-
alone control is also included; 7= 2 independent experiments (B) IFNy ELISPOT
demonstrating BC9 TIL recognition of the mutant version (H-FAFVTENTY-OH) of G2/
mitotic-specific cyclin-B1 (mutation D—E at position 6) as compared to the wild-type form.
Quantification of BC9 ELISPOT reactivity against mutant cyclin-B1 is shown as humber of
spots/5x10° TIL; 7= 3 independent experiments. For A) and B) the average number of spot
is shown per condition as a label over the bar graphs. (C) IFNvy intracellular staining of BC9
TILs stimulated with either WT or mutant cyclin-B1 showing that mutated G2/mitotic-
specific cyclin-Bl-specific CD8* T cells constituted over 50% of BC9 TILs. IFNy
expression is gated on live, CD3*CD4~CD8* TILs.
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