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� Patient-matched orthotopic PDX/TIL models were developed and validated.
� TILs with autologous tumor reactivity were successfully expanded from donor HGSOC for infusion.
� TILs co-cultured with autologous tumor cells exhibited HLA-dependent IFNg production and activation.
� Combination TILs and anti-PD-1 significantly increased patient-matched tumor cell lysis and increased survival in vivo.
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a b s t r a c t

Objective: The aim of this study was to “humanize” ovarian cancer patient-derived xenograft (PDX)
models by autologous transfer of patient-matched tumor infiltrating lymphocytes (TILs) to evaluate
immunotherapies.
Methods: Orthotopic high-grade serous ovarian cancer (HGSOC) PDX models were established from
three patient donors. Models were molecularly and histologically validated by immunohistochemistry.
TILs were expanded from donor tumors using a rapid expansion protocol. Ex vivo TIL and tumor co-
cultures were performed to validate TIL reactivity against patient-matched autologous tumor cells.
Expression of TIL activation markers and cytokine secretion was quantitated by flow cytometry and
ELISA. As proof of concept, the efficacy of anti-PD-1 monotherapy was tested in autologous TIL/tumor
HGSOC PDX models.
Results: Evaluation of T-cell activation in autologous TIL/tumor co-cultures resulted in an increase in
HLA-dependent IFNg production and T-cell activation. In response to increased IFNg production, tumor
cell expression of PD-L1 was increased. Addition of anti-PD-1 antibody to TIL/tumor co-cultures
increased autologous tumor lysis in a CCNE1 amplified model. Orthotopic HGSOC PDX models from
parallel patient-matched tumors maintained their original morphology and molecular marker profile.
Autologous tumor-reactive TIL administration in patient-matched PDX models resulted in reduced tumor
burden and increased survival, in groups that also received anti-PD-1 therapy.
Conclusions: This study validates a novel, clinically relevant model system for in vivo testing of immu-
nomodulating therapeutic strategies for ovarian cancer, and provides a unique platform for assessing
patient-specific T-cell response to immunotherapy.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Ovarian cancer is the fifth leading cause of cancer related deaths
among women, resulting in nearly 14,000 deaths in the U.S.
annually, with the majority of cases demonstrating high-grade se-
rous histology [1]. Despite high response rates to aggressive sur-
gical resection and first-line carboplatinetaxane chemotherapy,
recurrence occurs in nearly 80% of cases. Patients with recurrent
high-grade serous ovarian cancer (HGSOC) ultimately acquire
platinum-resistance and succumb from disease [2,3]. For approxi-
mately 50% of HGSOCs, defects in homologous recombination (HR;
e.g. BRCA1/2) cause sensitivity to PARP inhibitors (PARPi) [4,5], but
complete response rates are low (2e9%) with partial responses
being more common in the recurrent setting (35%) [6,7]. The other
50% of HGSOCs are HR-proficient, and frequently exhibit increased
Cyclin E expression (~40%) either by CCNE1 gene amplification
(20%) or CCNE1 copy-number gain (34%). Tumors with CCNE1
amplification are associated with poor overall survival and
platinum-resistance [8e11]. Despite recent advances exploiting the
genetics of ovarian cancer, most recurrent HGSOC ultimately de-
velops drug resistance. Accordingly, alternative therapeutic stra-
tegies that increase complete and durable responses or delay death
in HGSOC are needed.

In HGSOC, improved progression free survival and overall sur-
vival is associated with increased intraepithelial tumor-infiltrating-
lymphocytes (TILs), in particular T-cells (CD8þ), which occurs in
about 55% of cases [12]. In spite of clear evidence of endogenous
immunity in HGSOC [13], tumor cells employmultiple mechanisms
to evade TIL activity, including up-regulation of immunosuppres-
sive checkpoint molecules such as programmed death-ligand 1
(PD-L1). HGSOC cells increase PD-L1 expression in the presence of
activated cytotoxic T-cells [14,15] and in response to interferon
gamma (IFNg) exposure [15]. T-cells themselves upregulate the
expression of programmed cell death protein 1 (PD-1) upon acti-
vation. Interaction of T-cell surface PD-1 with PD-L1 on tumor cells
suppresses T-cell signaling, cytokine production, and proliferation
[14,16,17]. Blockade of the PD-1/PD-L1 interaction can result in the
restoration of T-cell activity against tumors, enhancing the thera-
peutic potential of the immune system.

Various PD-1 and PD-L1 antagonists are FDA approved for many
types of cancer [18e20]. Trial results for PD-1 or PD-L1 inhibitors as
monotherapy in HGSOC have been disappointing with overall
response rates of about 10% [20,21], but some durable, complete
responses have been documented. Our ability to predict which
patients will benefit from this therapy is limited, and combinations
will likely be required [22]. Combination immune checkpoint in-
hibition, by blocking PD-1 (e.g. nivolumab) and CTLA4 (e.g. ipili-
mumab), was tested in a phase II randomized clinical trial (NRG-
GY003) and showed an increased overall response rate (31.4% vs
12.2) and doubling of progression free survival (3.9 vs. 2.0 months)
compared to single-agent anti-PD-1 therapy [23]. Nevertheless,
strategies are required to determine the optimal drug schedule, and
sequence for these immunomodulating therapies. Predictive bio-
markers of response are also needed in order to preselect patients
who will benefit from these therapies.

Development of in vivo model systems that allow for patient-
specific preclinical testing of such strategies would potentially
facilitate optimization of immunotherapies in HGSOC. In order to
develop clinically relevant models of HGSOC for testing therapeutic
strategies, we and others have applied patient-derived xenograft
(PDX) models. These models recapitulate the biology of the original
patient tumor, mimic drug response to that of the patient, and can
better recapitulate the tumor microenvironment than historic cell
line models for HGSOC [24e26]. Preclinical studies using PDX
models developed from patient tumors, performed in parallel to
clinical trials, have shown that PDX models reliably reproduce
clinical outcomes [27,28]. However, these models of engrafted hu-
man tumors generally rely on immunodeficient mice that lack a
human immune system, making it difficult to test immunomodu-
lating therapies in vivo. To overcome this obstacle, humanization of
xenograft and PDX models using healthy donor peripheral blood
mononuclear cells (PBMCs) and hematopoietic stem cells (HSCs)
have been created [29], however, these models lack an autologous
adaptive immune response that has been primed against patient-
specific tumor antigens.

We have now developed a “humanized” orthotopic PDX plat-
form for HGSOC by performing autologous tumor-reactive TIL
transfer, using T cells derived from the same patient’s tumor, in
newly established orthotopic PDX models to create a platform for
assessing patient-specific T-cell responses to immune therapy
in vivo. We validated the utility of this novel preclinical patient-
matched TIL/PDX model by testing both the impact of endoge-
nous T-cell immunity and immune enhancing therapies, such as
PD-1 inhibitors, on HGSOC progression. Our results demonstrate
proof of concept for the humanized orthotopic HGSOC PDX plat-
form as a valuable preclinical in vivo model system of host T-cell/
tumor interaction that allows for assessment of patient-specific
endogenous T-cell function, and for the testing of immune modu-
lating agents and combination strategies in vivo.

2. Methods and materials

2.1. DNA sequencing and mutational analysis of patient tumors

Somatic mutation screening and copy number alteration anal-
ysis was performed on original patient tumors and PDX models
using a custom designed targeted massively parallel sequencing
protocol as previously described [24].

2.2. Autologous TIL-PDX models

Patient tumors were acquired from the Hospital of the Univer-
sity of Pennsylvania in accordance with IRB (#702679). NOD-SCID
IL2Rg�/� (NSG) mice were purchased from the Stem Cell Xeno-
graft Core at the University of Pennsylvania (UPENN) and housed in
accordance to UPENN IACUC protocols (#806002). PDX models
were generated as previously described [24]. In short, about three
~3mm3 tumor chunks were sutured onto the fallopian tube/ovaries
of 5 to 8-week-old female NSG mice, and 5e10 ml of Matrigel was
placed over the transplant.When the tumor reached approximately
700e1,000 mm3, the tumor was excised and small tumor chunks
again transplanted in a similar fashion for expansion (MP2). MP2
tumor was then used for preclinical studies. For all pre-clinical
studies, mice were monitored daily, weights and condition scores
were collected weekly, and tumor volume was measured by ul-
trasound weekly. For WO-12 and WO-19 studies, when the tumor
grew to 70e100 mm3, mice were randomized to treatment groups.
Micewere injectedwith 1� 107 autologous TILs i.p. weekly, and the
following day with 10 mg/kg a-PD-1 or PBS (vehicle) i.p. This
regimen was repeated for up to six weeks. For the WO-6 study,
tumor was transplanted then 4 days later, 1 � 107 were TILs were
injected followed by bi-weekly 10 mg/kg a-PD-1 or IgG4 i.p.
administration. When the tumor volume reached >1000 mm3,
mice were euthanized according to IACUC guidelines.

2.3. Histological analysis

Upon euthanasia, tumors were harvested and fixed in 10%
neutral buffered formalin. Tissues were dehydrated in graded
ethanol solutions, cleared in xylene, then embedded in paraffin.
Blocks were cut into 5 mm sections and stained using the DAKO
CoverStainer for H&E (Agilent, Santa Clara, CA).
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Immunohistochemisty was performed using the DAKO EnVision
Plus Systemwith the DAKO Autostainer Plus Immunostainer, or the
Leica Bond-IIITM with the Bond Polymer Refine Detection System.
Then the tissue was dehydrated and antigen retrieval was opti-
mized using sodium citrate, pH 6.0 or EDTA, pH 9.0. Primary anti-
bodies used for this study included CD3, p53, WT1 (DAKO), CD8
(Invitrogen), CD4 (Abcam), PD-L1, PD-1 (Cell Signaling), Pax8 (Cell
Marque), and AE1/3 (Leica). Images were taken using a Leica DM
2000 microscope. For quantification of CD3þ T-cell infiltration, the
average number of CD3þ T-cells per mouse was calculated from 40
to 60 10x fields.
2.4. Establishing primary WO-12 tumor cultures

Tumor was obtained from patients at the time of ovarian cancer
debulking surgeries (IRB #702679). Tumor was minced, digested
with collagenase and then further dissociated using a 40 mm cell
strainer. Cells were pelleted then resuspened in OCMI media (Live
Tumor Culture Core, U. Miami) [34] supplemented with 25 mg/ml
cholera toxin (Calbiochem) [30]. Cells were grown on primeria
tissue culture flasks (Corning) in hypoxic conditions until required
for in vitro experiments.
2.5. Tumor infiltrating T-cell isolation and rapid expansion

Patient-matched frozen tumor samples were obtained from the
PENN Ovarian Cancer Research Center Biotrust Collection (https://
www.med.upenn.edu/OCRCBioTrust/). Specimens were enzymati-
cally digested overnight at 37 �C with a collagenase (200 mg/mL)
and DNAse (30U) solution in RPMI [13]. Tumor digest was incu-
bated overnight with recombinant IL-7 and IL-15. Pan CD3þ cells
were isolated by the EasySep Human T Cell Enrichmnet Kit per
manufacturer’s instructions (Stemcell Technologies). KT64-BBL
APCs were grown overnight in serum-free AIM-V media (Gibco)
then irradiated at 10,000 rads using the X-RAD 320 ix biological
irradiator (Precision X-Ray, North Bradford, CT). APCs were pre-
loaded with 0.5 mg/106 cells anti-CD3 (OKT-3;Miltenyi Biotec,
Auburn, CA) and CD28 (15E8; Miltenyi Biotec) antibodies for 30min
at 4 �C. Cells were washed twice with serum free AIM-V, then
resuspended in complete culture medium [31]. Isolated T-cells
were co-cultured with APCs overnight in complete culture media.
T-cells were diluted to 6� 105 cells/mL and supplementedwith 600
IU/mL Proleukin the next day and every other day after (Prome-
theus Laboratories, San Diego, CA). After 12e14 days of expansion,
T-cells were cryogenically preserved in FBSþ10% DMSO until use in
experiments.
2.6. TIL activation assays

Freshly dissociated WO-19 and WO-6 PDX tumor cells, or WO-
12 primary cells were co-cultured with patient-matched TILs at
37 �C. HLA block or isotype (BioLegend) were added and superna-
tants were collected after 24 h for ELISA (BioLegend). Cell pellets
were stained with Live/Dead Fixable Aqua (Invitrogen) or Violet
(BioLegend) viability dye, washed, and then stained with CD45, PD-
1, PD-L1, EPCAM (BioLegend), CD8 (BD Biosciences), and CD69
(Invitrogen) antibodies. An IFNg Secretion Assay was performed
with patient-matched WO-12 TILs and tumor cells per protocol
(Miltenyi Biotec). Prior to plating, WO-12 TILs were labeled with
IFNg Catch Reagent for 5 min, plated at a 1:1 effector-target ratio,
and then incubated for 6 h at 37 �C. Cell Stimulation Cocktail (PMA
and ionomycin; eBiosciences) was used as a positive control.
Samples were analyzed by flow cytometry (LRSFortessa, BD Bio-
sciences) and FlowJo Software.
2.7. TIL mediated cytolysis

To determine tumor lysis by patient-matched autologous TILs,
co-cultures were analyzed on the xCELLigence Real-Time Cell
Analysis (RTCA) multiplate system (ACEA Biosciences, San Diego,
CA). Dissociated WO-19 PDX tumor cells or WO-12 primary cells
were plated (ACEA Biosciences). Cell growth was dynamically
monitored using RT-CES system (ACEA Biosciences) for 24e48 h.
TILs at a 1:1 tumor to target ratio with or without anti-PD-1 were
added (10 mg/mL) to tumor cell cultures.

2.8. Statistical analysis

When appropriate, results were reported as mean ± SD or
mean ± SEM. Data were analyzed using one-way ANOVA with
Dunnett’s multiple comparisons post-hoc test, or two-way ANOVA
with Tukey’s multiple comparisons post-hoc test, or unpaired
Students T-test. Additionally, in vivo survival studies were analyzed
by Log-rank test and tumor volume over time was analyzed by area
under the curve followed by a one-way ANOVA. Statistical signifi-
cance was set at *<0.05, **<0.01, ***< 0.001, ****<0.0001 (GraphPad
Prism, La Jolla, CA). In vitro experiments were replicated at least
three times.

3. Results

3.1. Development of PDX models for autologous humanization

PDX models recapitulate the characteristics of a patient’s orig-
inal tumor, but lack the immune component known to control
HGSOC progression [24,26,32,33]. We therefore sought to human-
ize PDX models by transplanting immune-deficient mice with pa-
tient ovarian tumors and infusing matched autologous-expanded
tumor infiltrating lymphocytes (TILs), which would enable the
evaluation of host immunity on cancer progression and the impact
of immunotherapy (Fig.1). Fresh ovarian tumor was transplanted to
the ovaries of mice generating orthotopic PDXmodels as previously
described [24]. In parallel, fresh tumor collected at the time of
surgery was enzymatically dissociated and banked to establish
primary tumor cultures for in vitro assays. TILs were isolated and
expanded for in vitro co-culture assays and in vivo administration.

PDX tumormodels and ex vivoTIL cultures were developed from
three patient donors. The clinical and next generation sequencing
data from the patient’s tumor are outlined in Table 1. Histolgies
were confirmed by a gynecologic pathologist. Patient tumorWO-12
andWO-6 were platinum-sensitive, whereas patient tumor WO-19
was platinum-resistant. The WO-19 tumor exhibited a CCNE1
amplification [9,10,34]. The patients’ original tumor morphology
and expression of HGSOC markers, including paired box gene 8
(Pax8), p53, cytokeratin AE1/3, and Wilms’ Tumor 1 (WT1), was
well maintained in PDX tumor models (Fig. S1). Ex vivo TIL cultures
were also established for a previously developed and characterized
PDXmodel, WO-6 [24]. This model is BRCA1mutant (BRCA1mut) and
was sensitive to platinum therapy. Patient tumors were tested for
DNA mismatch repair proteins: MLH1, MSH2, MSH6, and PMS2.
Expression was retained in the all tumors, suggesting intact
mismatch repair mechanisms.

3.2. Variation of T-cell populations and PD-1/PL-L1 axis in PDX
models

Onemain advantage of PDXmodels is that they retain the tumor
heterogeneity and to some degree, the stromal and immune
compartment of the original tumor [24,26,32,33]. To evaluate the
PDX immune microenvironment, PDX and original patient tumors
were characterized for T-cell infiltration, as well as expression of

https://www.med.upenn.edu/OCRCBioTrust/
https://www.med.upenn.edu/OCRCBioTrust/


Fig. 1. Patient-matched autologous PDX/TILs model development. HGSOC tumor tissue collected at the time of debulking surgery, from either the ovary or the omentum, was
used to both establish orthotopic PDX models, and to establish ex vivo patient tumor and tumor infiltrating lymphocyte (TIL) cultures. To establish PDX models, fresh tumor chunks
(~3 mm3 pieces), were transplanted onto the fallopian tube/ovary of five immunodeficient NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJl (NSG) mice (mouse passage 1; MP1). When the tumor
volume reached ~700e1,000 mm3, the tumor was excised and re-transplanted for expansion (MP2), and then again for pre-clinical trials (MP3). Tumor associated lymphocytes from
dissociated primary tumors were isolated and expanded for ex vivo mechanistic studies, or for in vivo pre-clinical studies using patient-matched PDX/TIL models.

Table 1
Clinical and sequencing data for orthotopic HGSOC PDX tumors.

Patient Donor Specimen Stage Pathology Biopsy Time Platinum Sensitivity Pathogenic Mutations/Amplification MMR status

WO-12-1 Omental Tumor IV HGSOC 1º CRS Sensitive TP53 c.983delT Retained
WO-19-1 Ovarian Tumor IIIC HGSOC 2º CRS Resistant TP53 c.C1024T CCNE1 amp Retained
WO-6 Omental Tumor IIIC Mixed HGSOC with clear cell 2º CRS Sensitive TP53 c.G733A BRCA1 c.5266dupC Retained

Abbreviations: amp, amplification; CRS, cytoreductive surgery; HGSOC, high-grade serous ovarian cancer; MMR, mismatch repair.
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PD-1 and PD-L1 (Fig. 2A and B).WO-12 patient and PDX tumors had
low expression of PD-1 (Fig. 2B), and were negative for PD-L1 by
Immunohistochemistry (not shown). Human T-cell analysis deter-
mined that both patient tumorsWO-12 andWO-19, had substantial
infiltration of CD4þ and CD8þ T-cell populations, with an increased
ratio of CD4þ cells. After two mouse passages, the WO-12 PDX
model was virtually void of originating T-cells. In contrast, WO-19
tumor model retained CD4þ T-cells, albeit at lower levels, and
these cells co-localize with regions that also express PD-1 (Fig. 2B).
Four additional HGSOC models (WO-3, WO-6, WO-7, and WO-18)
were characterized for CD3, CD8 and CD8þ T-cells and the cell
number per field was quantified. Results indicate two model
retained, to some extent, T-cells after two serial mouse passages,
whereas all other models were lacking all CD4 and CD8 T-cells
(Fig. S2). This suggests that some early passage orthotopic ovarian
PDX models can partially maintain the compartments of the orig-
inal patient immune-microenvironment initially but is significantly
reduced after multiple passages.
3.3. Expansion and subset characterization of TILs from human
HGSOC tumors

In order to humanize the orthotopic HGSOC PDX model, autol-
ogous patient-matched TILs were isolated and expanded for future
administration. The methodologies applied for TIL isolation from
patient tumor homogenate and expansion are outlined in Fig. 3A.
Enzymatically digested tumors were initially cultured with Inter-
leukin (IL)-7 and IL-15 to maintain and initiate the expansion of
CD3þ T-cells, including the preferential expansion of the tumor-
reactive TIL subset [31]. Growth rate was measured throughout
the culture, and after 12e14 days in culture, 8- to 10-fold expansion
of TILs was achieved (Fig. 3B and F).WO-12 TIL cultures consisted of
90% CD3þ cells with 71.5% CD8þCD3þ T-cells, and WO-19 TIL cul-
tures had nearly 100% T-cell purity with 93.4% being CD8þCD3þ T-
cells (Fig. 3B and F). In summary, expansion resulted in enrichment
of the adaptive immune system, primarily cytotoxic and helper T
cells to assess patient-specific T-cell responses.
3.4. TILs are reactive against patient-matched tumor cells

To assess whether expanded TILs were reactive against patient-
matched tumor cells, ex vivo co-culture assays were performed,
followed by analyses of T-cell cytokine secretion and expression of
cell surface activation markers. WO-12 TILs co-cultured with WO-
12 primary tumor cells resulted in increased frequencies of IFNgþ
T-cells by flow cytometry based IFNg-capture assay, indicating T-
cell activation (Fig. 3C). Pan-blockade of human leukocyte antigen
(HLA) using MHC class I antibodies did not significantly reduce T-
cell activation, suggesting a role for CD4þ cells in the response
against autologous tumor cells. Here, the addition of PMA/I (Phor-
bol-Myristate-Acitate and Ionamycin) is a positive control for T-cell
activation and IFNg secretion. Co-culture also resulted in increased
frequencies of T-cells expressing the activation markers CD69 and
PD-1 (Fig. 3D). Co-culture of WO-19 TILs with WO-19 tumor ho-
mogenate resulted in a significant increase in secreted IFNg
(Fig. 3G, p < 0.0001). Similar to WO-12, WO-19 co-culture resulted
in an increase in the frequency of T-cells expressing CD69 and PD-1
(Fig. 3H). BlockingwithMHC class I neutralizing antibodies resulted
in reduction of both IFNg and activation markers, signifying that
activation of TILs is dependant upon interaction with peptide/HLA
complexes, as shown previously [13].



Fig. 2. Characterization of T-cell populations and PD-1/PD-L1 axis in PDX models. Histology of HGSOC malignancies from the original patient tumors and PDX tumors (MP1 and
MP2) from donors WO-12 and WO-19. (A) Immunohistochemistry for CD3, CD8, CD4, and H&E stains are shown. Representative images were taken at 40x magnification and the
scale bar denotes 50 mm. (B) Immunohistochemistry for PD-1, CD4 and H&E stains are shown. Representative images were taken at 40x magnification and the scale bar denotes
50 mm.
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The interaction of T-cell surface PD-1 with PD-L1 on tumor cells
results in inhibition of T-cell signaling, cytokine production and
proliferation [16,17]. IFNg can also upregulate PD-L1 expression on
tumor cells, thereby dampening effector T-cell surveillance by
adaptive resistance. Flow cytometry was performed to evaluate PD-
L1 expression by patient tumor cells before and after exposure to
tumor-reactive TILs. PD-L1 expression on CD45�EPCAMþ tumor
cells was low at baseline but increased for both donors when
cultured with their respective patient-matched TILs (Fig. 3E and I),
thus providing rational for assessing the impact of PD-1 checkpoint
blockade on the cytolytic function of autologous TILs.
3.5. Anti-PD-1 increases cytotoxicity of autologous TILs against
patient-matched tumor cells

To determine if autologous TILs have cytolytic activity against
patient-matched tumor cells, co-cultures were analyzed for tumor
lysis in real time using xCELLigence technology. Tumor cells were
plated and TILs were added to the culture the following day. Tumor
cell lysis was longitudinally monitored for up to 4 days. WO-12 TILs
modestly lysed autologous tumor cells. (Fig. 4, left). By comparison,
WO-19 TILs displayed robust tumoricidal activity against autolo-
gous tumor cells (Fig. 4, right; average area under the curve (AUC),
p < 0.0001). To determinewhether blockade of the PD-1/PD-L1 axis
enhanced TIL-mediated lysis, a PD-1 blocking antibody, pem-
brolizumab, was added to co-cultures. PD-1 blockade significantly
increased the lytic activity of WO-19 TILs against autologous tumor
cells (Fig. 4, right; AUC, p < 0.0001), but had no detectable impact
on WO-12 TIL-mediated lysis (Fig. 4, left). Together, these results
suggest that WO-19 TILs may possess augmented antitumor ac-
tivity in vivo, compared to WO-12 TILs. Also, the activity of WO-19
TILs may be enhanced further through co-administration of anti-
PD-1 therapy, while WO-12 TILs would be unaffected by PD-1
blockade when applied in vivo.



Fig. 3. Expanded autologous TILs co-cultured with patient-matched tumor cells. (A) Schematic of TIL digestion and expansion. Patient tumors are first enzymatically and
mechanically digested. Tumor digests are incubated with IL-7 and IL-15 for 48 h prior to pan T-cell isolation. T-cells were isolated and then cultured with irradiated artificial antigen
presenting cells (aAPCs) that were pre-coated with anti-CD3 and/or anti-CD28 (Day 0). Starting on day 2, cultures were supplemented with 600 IU/mL of IL-2 and maintained at a
cell concentration of 0.6e1 x 106 cells/ml. After 12e14 days in culture, expanded T-cells were assessed for their reactivity. TIL doubling throughout rapid expansion protocol and
scatter plots for CD3þCD8þ characterization at day 14 shown for primary patient samples WO-12 (B) andWO-19 (F). Autologous TILs were co-cultured with patient-matched WO-12
(CeE) of WO-19 (GeI) tumor cells with or without addition of a-HLA blocking peptide or isotype control for 24 h. (C) WO-12 T-cell specific IFNg secretion was analyzed with a flow
cytometry-based assay. CD3þIFNgþ T-cells were gated first by forward side scatter then live dead staining. WO-12 (D) and WO-19 (H) T-cell activation marker CD69 and inhibitory
marker PD-1 were analyzed via flow cytometry. Cells were first gated on forward side scatter for lymphocytes and then for live cells using a live dead fixable stain. Results are
reported for percent of CD45þCD3þ T-cells expressing CD69 or PD-1. WO12 (E) and WO-19 (I) Tumor cell staining of T-cell inhibitory marker PD-L1 was analyzed via flow cytometry.
Live tumor cells were gated first by forward side scatter then live dead staining. CD45�EPCAMþPD-L1þ cells were analyzed for mean fluorescence intensity (MFI) of PD-L1. MFI of
isotype control was subtracted from MFI of CD45�EPCAMþPD-L1þ cells alone or co-cultured with TILs. (G) WO-19 co-culture supernatant was analyzed for IFNg secretion by ELISA
and reported as concentration (pg/mL). Data reported is a representative of three individual experiments and was analyzed by a one way-ANOVA and Tukey’s multiple comparison
pot-hoc test or unpaired T-test when appropriate. Mean ± SD (n ¼ 3), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Fig. 4. Evaluation of cytotoxicity of TILs against autologous tumor cells with anti-PD-1. Dissociated WO-19 PDX tumor cells (4 � 104) or WO-12 primary tumor cells (1 � 104)
were plated and allowed to adhere overnight. Cell growth was dynamically monitored using RT-CES system for 24e48 h. TILs were added at a 1:1 effector to target ratio and anti-
PD-1 was added at a final concentration of 10 mg/mL. Current disruption measurements were automatically collected by the analyzer every 20 min over four days by xCELLigence
technology. Significance was determined by one way-ANOVA comparison of the area under the curve, and is represented as mean ± SD (n ¼ 3), *p < 0.05, ****p < 0.0001.
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3.6. Autologous TILs in combination with anti-PD-1 in an
orthotopic HGSOC PDX model

Clinically relevant HGSOC models that can be utilized to test the
in vivo efficacy of immune therapies, such as checkpoint inhibitors,
are lacking. With the co-development of well-characterized
orthotopic HGSOC PDX models and patient-matched, tumor-reac-
tive TIL cultures, we sought to develop a humanized PDX model
with two goals. First, we sought to test the impact of the patient’s
immune system on tumor progression in vivo. Second, we aimed to
enhance the endogenous immune reactivity through the applica-
tion of immune checkpoint inhibition. NSG mice were orthotopi-
cally transplanted with MP3 tumors for pre-clinical studies
(Fig. 5A). When PDX tumors reached ~70e100 mm3, mice were
randomized into TIL infusion alone, TIL infusion þ anti PD-1, or
vehicle control groups. Upon randomization, 1 � 107 autologous
TILs were administered by intraperitoneal (i.p.) injection weekly.
Following TIL injections, mice received 10 mg/kg anti PD-l by i.p.
injection, twice per week. This dosing strategy was repeated over a
6 week course, or until the mouse was euthanized due to tumor
volume exceeding 1000 mm3.

In the WO-12 PDX model, administration of TILs significantly
reduced tumor volume at 6 weeks (Fig. 5B, 2-way ANOVA,
p ¼ 0.0098), but did not significantly impact survival compared to
the vehicle control group (Log-rank, p ¼ 0.3430). The median sur-
vival of untreated mice was 8 weeks, compared to a median sur-
vival of 18 weeks for mice that received TIL transfer, however due to
small sample size these effects did not reach significance (Log rank
test, p ¼ 0.2122). In this model, the addition of anti-PD-1 antibody
had no significant additive effects on CD3þ T-cell infiltration, tumor
volume or survival (Fig. 5B and S3A), mimicking the results of co-
culture assays (Fig. 4).

In comparison, the studies utilizing the WO-19 TIL/PDX model
did result in significant effects when anti-PD-1 therapy was
administered. At four weeks post-treatment, groups receiving
autologous TILs alone had modestly reduced tumor volumes
compared to vehicle control mice (AUC, p ¼ 0.5349; 2-way ANOVA,
p ¼ 0.0053). Mice administered both TIL and anti-PD-1 has
significantly reduced average tumor volume compared to un-
treated WO-19 mice (AUC, p ¼ 0.0202; 2-way ANOVA p < 0.0001,
Figs. 5C and S3B). TILs and anti-PD-1 significantly reduced tumor
volume compared to TILs alone at five and six weeks post-
randomization (2-way ANOVA, p ¼ 0.0317 and p ¼ 0.0002,
respectfully). TIL infusion alone did not increase overall survival
compared to untreated mice, however, TIL infusion plus anti-PD-1
therapy increased overall survival (Log rank test p ¼ 0.0057)
compared to both the TILs alone and the vehicle control groups
(p¼ 0.0084 and p¼ 0.0069, respectfully). Formice humanizedwith
TILs, the addition of anti-PD-1 therapy increased the median sur-
vival from 5 to 7 weeks, compared to untreated mice (ANOVA,
p ¼ 0.0022, Fig. 5C). Five weeks post-randomization, all of the mice
in the untreated groups had tumors with volumes >1000mm3 and
were euthanized, whereas all mice who received autologous TILs
plus anti-PD-1 had lower tumor burden (Fig. 5C).

The primary goal of checkpoint inhibitor treatment is to bolster
endogenous anti-tumor T-cell activity. Upon euthanasia, tumors
were collected and IHC was performed in order to assess relative
intraepithelial CD3þ T-cell accumulation amongst the various
treatment groups. Representative images of CD3þ staining are
shown (Fig. 5D). Although the overall number of infiltrating T-cells
was not significantly different between treatments groups, there
was a trend toward an increase in the average number of intra-
epithelial T-cells in the TIL plus anti-PD-1 group (Fishes Least
Squared Difference Test p ¼ 0.0390), which correlated to overall
survival and tumor burden.

Clear cell carcinomas are generally less responsive to chemo-
therapy [35,36], but may have increased sensitivity to immuno-
therapy [37]. We therefore utilized an established PDX model
derived from a mixed HGSOC with clear cell to test the activity of
anti-PD-1 antibody therapy. Prior to in vivo studies, we tested tu-
mor reactivity in ex vivo co-cultures and found that similar to WO-
19, IFNg secretion and CD69 surface expression is upregulated in an
HLA 1 dependent manner. MHC II neutralizing peptides did not
further reduce the level of CD3 activation, suggesting that CD8þ T-
cells, not CD4þ T cells, are the major mediators of the response to
autologous tumor cells in this model (Fig. S4C).

To determine if anti-PD-1 therapy was efficacious at reducing
tumor burden in the WO-6 TIL/PDX model, an endpoint in vivo
study was performed. Since the WO-6 PDX model showed
increased baseline growth kinetics, tumors were orthotopically
transplanted, and then mice were randomized and administered
with 1 � 107 autologous TILs four days later (Fig. S4D). One and 4
days following each TIL administration, mice received 10 mg/kg
anti PD-l or IgG4 kappa isotype by i.p. administration. Most un-
treated mice required euthanization due to tumor progression
(>1000 mm3 tumor volume) by 20 days. Upon euthanization at day
20, CD3þ and CD3þCD8þ peripheral T cells were quantified by flow
cytometry. The addition of IgG4 to TIL administration did not
significantly increase the number of peripheral CD3þ or CD3þCD8þ

T cells compared to the TILs alone arm. However, administration of
anti-PD-1 antibody did significantly increase the quantity of
circulating T-cells compared to TILs alone (CD3þ, p ¼ 0.0289;
CD3þCD8, p¼ 0.0258, Fig. S4E). Mice treated with TILs and anti-PD-
1 showed a significant reduction in tumor burden, compared toTILs



Fig. 5. Autologous TILs in combination with anti-PD-1 in an orthotopic PDX model for HGSOC. (A) Schematic of in vivo patient-matched autologous PDX pre-clinical studies.
Orthotopically transplanted NSG mice were randomized to various arms when the tumor volume reached approximately 70 mm3. Treated mice were dosed with a weekly regime of
1 � 107 TILs following 2 doses of 10 mg/kg a-PD-1 or PBS as a control. The dosing strategy was repeated for up to 6 weeks or until the mouse was euthanized with a tumor volume
�1000 m3. WO-12 (B, left) and WO-19 (C, left ) tumor volume was measured via ultrasound weekly. Data is represented as mean ± SEM. Data was analyzed by two way-ANOVA, and
significance is shown for TIL vs TIL þ anti-PD-1 comparisons, *p < 0.05, ***p < 0.001. (B, right) Kaplan Meier curve for WO-12 survival study shows that TIL therapy alone or in
combination with anti-PD-1 did not significantly increase survival (n ¼ 3 per group, Log-rank Mantel-Cox test, p ¼ 0.3520). (C, right) Survival curve for WO-19 PDX tumors exhibit
longer survival when treated with autologous TIL therapy in combination with a-PD-1. Kaplan Meier curves for survival (n z 5 for each group) show that TIL therapy alone did not
significantly increase survival. Survival was significantly increased for mice with combination treatment of TIL þ a-PD-1 compared to untreated mice (Log-rank Mantel-Cox test,
p ¼ 0.0069). (D) At euthanization, PDX tumors from donor WO-19 was harvested and stained for human CD3. (D, right) Intratumor CD3þ T-cells was quantified, and data is
represented as the mean ± SD of CD3þ T-cells from 40 to 60 10x fields.
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with IgG4 isotype control (ANOVA, p ¼ 0.003, Fig. S4F). There was a
trend for an increased number of intraepithelial T-cells (CD3þ) in all
groups that were administered TILs, however this only reached
statistical significance for the group treated with TILs alone
(ANOVA, p ¼ 0.0457, Fig. S4G). In summary, we demonstrate that
the autologous patient-matched TIL/PDX model is a unique plat-
form to assess patient-specific T-cell response to immunotherapy.
4. Discussion

Advanced stage HGSOC often recurs and cure is relatively rare
[38]. Immunotherapies have significantly improved patient
outcome in several non-gynecological cancers such as melanoma,
lung, renal and colon cancer leading to FDA approval [18e20].
However, immunotherapies to date have demonstrated only
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modest clinical responses for HGSOC [20,21]. Immunomodulatory
agents as monotherapies will likely be inadequate in the recurrent
setting for this disease [20,23]. To date, we have not optimized
when (e.g. upfront treatment, maintenance setting, or at time of
recurrence) and how (e.g. in combination with cytotoxic drugs or
with other immunotherapies, or by concomitant vs sequencing
schedules) immunotherapies should be utilized in HGSOC. Pre-
clinical model systems that mimic the biology of the original pa-
tient tumor and incorporate the patient’s immune system are
critical to understand, and optimize immunotherapies to ultimately
guide human clinical trial design.

There are a lack of preclinical in vivomodels that both accurately
recapitulate human HGSOC and enable the testing of immune
modulating therapies that effect adaptive immune responses.
Current model systems generally utilize immunocompetent syn-
geneic and genetically engineered mice, or immune-deficient
HGSOC xenograft mouse models. Of these models, only xenograft
models bear human tumors, and since these models generally lack
a functional immune system, they are ineffective for testing im-
munotherapies. To overcome this challenge, three general models
have been previously developed which have a limited immune
component reconstituted in vivo [29]. First, models have been hu-
manized by inoculating healthy human PBMCs from donors, which
contain mature human T-cells. Donor PBMCs are readily available
and cost effective, but are often immunologically mismatched to
the tumor and rarely possess autologous anti-tumor activity. Sec-
ond, models have been humanized by inoculating human
CD34 þ cells, stem cells derived from the bone marrow, umbilical
cord, or fetal thymus. In this case, all human hematopoietic lineages
are represented, but not all are functionally developed. T-cells
developing in this system seldom experience central tolerance in-
duction, have not been previously exposed to the hostile tumor
microenvironment, and are seldom matched to the engrafted tu-
mor. Also, erroneously trained T-cells and other cells from the he-
matopoietic system frequently cause graft-vs-host disease [28].
Although these preclinical models can be informative, they lack a
tumor-primed, autologous immune component that may better
predict patient-specific responses in a heterogeneous disease such
as HGSOC.

Herewe developed a two-tiered platform for testing the efficacy
of novel immunomodulating therapeutics or combinations, in
autologous patient-matched TIL/PDX models. First, TIL reactivity
was tested ex vivo in order to provide an indication of the predictive
response to therapeutics in vivo. Expanded TILs were activated
when co-cultured with patient-matched tumor cells in vitro,
signified by an HLA-dependent increase in IFNg production and
expression of cell surface activation markers CD69 and PD-1.
Moreover, tumor-specific expression of PD-L1 was induced in the
presence of autologous TILs. Due to the increased expression of PD-
1 on T-cells and concomitant PD-L1 on tumor cells, studies were
conducted to determine if disruption of the PD-1/PD-L1 axis would
increase tumor reactivity of the expanded TILs. Anti-PD-1 was
added to TIL and tumor co-cultures and tumor lysis was analyzed.
These studies demonstrated that the addition of anti-PD-1 therapy
in one model (WO-19) increased tumor lysis ex vivo, which ratio-
nalized the testing of anti-PD-1 therapy in vivo.

The second tier of the platform utilized a novel orthotopic
HGSOC PDX model transferred with patient-matched tumor-reac-
tive TILs to test the efficacy of anti-PD-1 checkpoint inhibitor
therapy. These PDX models maintain the genetic characteristics of
the primary patient tumor however much of the immune cell
components do not persist after serial passaging. Immunohisto-
chemical profiling of the T-cells indicated that some human CD3 T-
cells are maintained in the WO-19 PDX tumors however almost all
human CD8þ T-cells are diminished. We find that reintroduction of
CD8þ TILs controlled HGSOC progression in vivo, which could be
enhanced by the addition of immune checkpoint blockade therapy
(Fig. 5 and S4).

Anti-PD-1 therapy was tested in the three distinct and newly
developed autologous TIL/PDX models of HGSOC. In the WO-12
model, the addition of anti-PD-1 did not increase survival in mice.
These results were not surprising since ex vivo co-culture results
indicated reduced CD8þ TIL activity (Fig. 3) and a minimal impact
from the addition of anti-PD-1 to the tumor lysis assay (Fig. 4).
Moreover, the WO-12 PDX model displayed lower overall PD-1
staining and fewer CD4 T-cells retained from the original patient
tumor (Fig. 2) when compared to theWO-19model. However, in the
WO-19 (CCNE1 amplified) model, TIL infusion plus anti-PD-1
reduced overall tumor burden, and significantly increased survival
compared to TIL alone and vehicle treated mice. Compared to WO-
12, PDX models from this donor had higher PD-1 expression in re-
gions with residual CD4þ T-cells, which could have an added effect
when treated with anti-PD-1. In a highly aggressive WO-6 model of
BRCA1mut HGSOC with clear cell changes, tumor burden was
significantly reduced when TILs and anti-PD-1 were administered,
compared towhenTILs were administeredwith the IgG control. This
finding is of particular interest since many clear cell ovarian carci-
nomas are characterized by an immunosuppressive microenviron-
ment [39], high microsatellite instability or mismatch repair
deficiency, increased neoantigen burden [40], and PD-L1 expression
by tumors [41.] and the expression of PD-1 on TILs and PD-L1 on
tumor cells is reported to correlate with clinical outcome [42,43].
More so, patients with clear cell ovarian carcinomas may be more
sensitive to immune checkpoint blockade therapy using PD-1 and
PD-L1 inhibitors [22,44,45] than other ovarian cancer histologies. As
such, the WO-6 model TIL/PDX model provides a unique opportu-
nity to identify and enhance the mechanisms controlling respon-
siveness to immunotherapy in this subset of ovarian cancer patients.

In the examination of tumors resected at the end of study,
treatment with TILs did not appear to induce sustained PD-L1
expression in the tumor microenvironment in the TIL/PDX
models (data not shown). It remains possible that, in the early
aftermath of TIL infusion, locally secreted IFNg by transferred TILs
results in transient increases in tumor PD-L1 expression, thereby
creating a PD-1/PD-L1 axis of immune suppression which was
overcome by the administration of anti-PD-1 therapy. Deeper
longitudinal studies will aid in understanding the underpinnings of
anti-PD-1 therapies in this model, however, it may be expected that
greater efficacy may be achieved in additional TIL/PDX models that
have higher baseline endogenous PD-L1 expression in vivo.

Our new humanized TIL/PDX platform has been shown to have
preclinical applications when testing immunotherapies in vitro and
in vivo. Unlike other preclinical models, our humanized TIL/PDX
models utilize patient-matched TILs to evaluate the anti-tumor
effect of immunomodulating therapies against autologous-
tumors. As these TILs have already been primed to the heteroge-
neity of the autologous tumor, ex vivo engineering of the T-cell
receptor repertoire is unnecessary. However, there are still some
inherent limitations to the current model, for example, a lack of
innate immune cells (i.e. tumor associated macrophages), and the
known chimeric nature of the tumor vasculature. Furthermore, the
development of each model remains reliant on the availability of
patient tumor material and successful TIL expansion. Yet, the
autologous nature of this system is designed to limit allogeneic
immune responses against cancer and to serve as a platform for the
testing of highly personalized, patient-specific responses to im-
mune interventions.
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