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The microsatellite instability high endometrial tumor microenvironment and identifying
predictive biomarkers of response to pembrolizumab
Jeffrey Andrew How, MD, MPH
Advisory Professor: Amir A. Jazaeri, MD
Abstract
Objective: Half of patients with microsatellite instability high (MSI-H) endometrial
cancer are treatment-refractory to pembrolizumab. We sought to evaluate the MSI-H
endometrial tumor samples to examine differences in the tumor microenvironment
(TME) and identify transcriptomic signatures associated with response/resistance to
pembrolizumab.
Methods: Archival tumor samples from MSI-H endometrial cancer patients treated at
MD Anderson Cancer Center were obtained. Tissue samples originating from patients
who did not receive pembrolizumab treatment (“untreated cohort ”; n = 11) were
analyzed via RNA sequencing (RNA-seq). Pre-treatment archival tumor samples
(“treated cohort”; n = 23) from patients who were later treated with pembrolizumab
were collected and analyzed by Exome Capture RNA-seq to identify predictive
immuno-genomic signatures associated with treatment response. Multipanel
immunofluorescent panel testing was performed on samples in the treated cohort.
Results: In the untreated cohort (n=11), the transcriptomic profiles of the samples
could be segregated into three subcategories. Four samples were immunologically
“hot” as evidenced by an abundance of pro-inflammatory immune cell infiltrate, 3 had a
paucity of this infiltrate (“cold”), and 4 samples had intermediate amounts (“warm”). In
the treated cohort (n=23), the transcriptomic profiles could similarly be subdivided into
v

three subcatgories. The 14 responders consisted of samples with “hot” (5/5; 100%),
“cold” (6/8; 75%), and “warm” TMEs (3/8; 37.5%) while the 7 non-responders consisted
of only “cold” (2/8; 25%) and “warm” (5/8; 62.5%) TME samples. Two patients had an
unevaluable response to pembrolizumab. We observed an enrichment of fibroblasts
and endothelial cell transcriptomic signatures in the samples of the non-responders
compared to responders (p = 0.018). Additionally, there was an inverse relationship
between enrichment of fibroblast and endothelial cell transcriptomic signatures and
strength of treatment response. Responders had higher total (p = 0.029) and PD-L1+
macrophage (p = 0.012) cell densities compared to non-responders.
Conclusions: TME composition appears to be heterogeneous among MSI-H
endometrial tumors. Decreased macrophages and increased presence of fibroblasts
and endothelial cells in the TME may contribute to innate resistance to pembrolizumab.
Adjunctive therapy that optimizes these cellular subpopulations may help overcome
pembrolizumab resistance. Future studies are needed to validate these findings
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Introduction
Overview
Endometrial cancer is the most common gynecologic malignancy in the United
States and it is estimated that 66,570 new cases will be diagnosed and 12,940 deaths
will occur annually [1]. Historically, endometrial cancer has been classified into two
broad histopathologic categories: type I (endometrioid) or II (non-endometrioid) [2].
These two categories differ in epidemiologic risk factors and clinical behavior [2, 3].
Type I tumors comprise the majority (80 – 90%) of endometrial cancers and are
associated with factors that promote states of unopposed estrogen excess (e.g.
estrogen without progesterone) [2-5]. These risk factors include but are not limited to
obesity, diabetes mellitus, polycystic ovarian syndrome, early menarche, late
menopause, nulliparity, and tamoxifen therapy [6-8]. Type II tumors comprise 10 – 20%
of endometrial cancers and consist of serous, clear cell, carcinosarcoma, mucinous,
squamous, transitional cell, mesospheric, and undifferentiated histologies [2, 3].
Relative to those with type I endometrial cancers, patients with type II endometrial
cancer are more likely to be older, normal body mass index (BMI), and non-White race
[3, 6]. Furthermore, type II endometrial cancers tend to have worse prognosis [4].
Obesity is a modifiable risk factor that is strongly associated with endometrial cancer
with increasing BMI resulting in higher risk of type I endometrial cancer (OR 1.5 – 7.1
for BMI ≥25 kg/m2) and to a lesser extent type II endometrial cancer (OR 1.2 – 3.1 for
BMI ≥25 kg/m2) [6]. Thus, as obesity rates continue to rise in the United States, the
rates of endometrial cancer will continue to rise and become more widespread and an
increasing public health issue [1, 4, 7].
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The most common symptom of endometrial cancer is postmenopausal bleeding and
thus many patients will be diagnosed with early stage disease, that is disease confined
to the uterus. Given that most endometrial cancers will present at early stage, surgical
management with total hysterectomy, bilateral salpingo-oophorectomy, and lymph node
sampling with or without postoperative adjuvant radiation therapy will be curative.
Despite the favorable prognosis of early stage endometrial cancer, advanced stage
disease portends poor prognosis (Table 1) [9].
Table 1 - 5 year survival of uterine cancer based on FIGO stage at diagnosis [9]
Stage

Disease location

5-year survival

IA

Confined to uterus: less than 50%

89.6%

myometrial invasion
IB

Confined to uterus: greater than 50%

77.6%

myometrial invasion
II

Cervical stromal invasion

73.5%

IIIA

Involvement of uterine serosa or adnexae

56.3%

IIIB

Involvement of vagina or parametria

36.2%

IIIC1

Involvement of pelvic lymph nodes

57.0%

IIIC2

Involvement of para-aortic lymph nodes

49.4%

IVA

Involvement of bowel or bladder

22.0%

IVB

Distant metastasis

21.1%

Additionally, advanced or recurrent endometrial cancers are challenging to treat
with worsening response rates to increasing lines of conventional therapy [10, 11].
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Despite heterogeneity in histopathologic characteristics and disease biology among
endometrial tumors, patients presenting with non-resectable advanced stage or relapse
are homogenously treated with platinum-based chemotherapy regimens (e.g.
carboplatin and paclitaxel) [10, 11]. Once platinum-based chemotherapy fails,
subsequent therapies are observed to have modest response rates (9.5 – 24.5%) with
worsening responses as the number of prior systemic therapies increases [10-15].
Despite overall poor prognosis for advanced or recurrent endometrial cancer, focusing
on molecular features of endometrial cancer may better tailor management and
selection of conventional and newer therapies to optimally provide clinical benefit [4].
Molecular classification of endometrial cancer
A joint effort by the National Cancer Institute and National Human Genome
Research Institute that began in 2006, the Cancer Genome Atlas (TCGA) is a landmark
cancer genomics program that has molecularly characterized multiple cancer types and
has generated immense amount of publicly available genomic, epigenomic,
transcriptomic, and proteomic data. For endometrial cancer, 373 endometrial tumors
(primarily endometrioid and serous histologies) were characterized using array- and
sequencing-based technologies [16]. In the TCGA analysis, endometrial tumors were
broadly classified into 4 categories: polymerase ε (POLE) ultramutated, microsatellite
instability (MSI) hypermutated, copy-number low, and copy-number high [16]. As its
name suggests, the POLE hypermutated group is associated with the highest number
of mutations [16]. The copy-number high group represents serous-like tumors and has
a low mutation rate. The copy-number low group represents the majority of endometrial
tumors characterized in the TCGA and are composed of microsatellite stable (MSS)
tumors. The MSI group in the TCGA analysis is characterized by tumors with high
3

levels of microsatellite instability (MSI-H) with a high number of mutations and are
predominantly of endometrioid histology [16]. Microsatellites are repeated segments of
DNA with a propensity for replication errors; these errors are typically corrected by DNA
mismatch repair (MMR) proteins [17]. Dysfunction in the MMR machinery will result in
high levels of microsatellite instability. The cause of MMR function loss in endometrial
tumors is typically due to sporadic methylation of the MLH promotor and is less
frequently due to germline mutations (e.g. MLH1, MSH2, MSH6, or PMS2 mutations in
Lynch syndrome) [18, 19].
Conventional histopathologic classification has resulted in inter-observer
heterogeneity and thus the molecular categorization of endometrial cancers offers a
more precise and refined approach to classification [16]. Furthermore, these categories
carry differing prognostic information and response to treatment [4, 16, 20, 21].
Although representing the smallest proportion of tumors, the POLE group is associated
with the best progression-free survival (PFS) and is followed by the MSI, copy-number
low, and copy-number high groups [16, 20]. A retrospective analysis of the PORTEC-3
clinical trial demonstrated that certain adjuvant therapy approaches may be
advantageous for certain molecular categories. For example, POLE mutant tumors had
excellent PFS regardless of the adjuvant treatment arm (chemoradiation vs radiation
only) and may be spared adjuvant chemoradiation [21]. On the other hand, tumors with
abnormal P53 mutations (corresponding to the copy-number high category) had
improved PFS with chemoradiation and thus may benefit from this strategy [21]. More
recently, immunotherapy has become an advantageous and favorable treatment
alternative for solid tumors. Particularly, MSI status is an important biomarker of
response to immune checkpoint inhibitor therapy [22].
4

Immune checkpoint inhibitors in endometrial cancer
Essential to protect the human body against foreign pathogens, the immune
system also plays an integral role in eliminating cancerous cells at various checkpoints
throughout the process of immune surveillance [23]. Malignant cells may evade these
normal immune checkpoints by several mechanisms, including programmed cell death
protein-1 (PD-1) and programmed cell death ligand (PD-L1), which serve to downregulate T-cell activity and thus favor tolerance and tumor growth [24, 25].
Immunotherapy treatments seek to elicit and/or boost the human body’s natural
antitumor immune response [26, 27]. The first efficacy of immune checkpoint inhibitors
in MSI-H/mismatch repair deficient (dMMR) tumors was demonstrated in a landmark
phase II trial by Le and colleagues [28]. In this trial, dMMR and MMR-proficient (pMMR)
colorectal cancers and other dMMR solid tumors treated with pembrolizumab (anti-PD1 antibody), patients with dMMR cancers had clinically significant objective response
rates (ORR) of 30-70% and an improved PFS. Among colorectal cancer patients, those
with pMMR tumors demonstrated no responses [28]. Similarly, the benefit of
pembrolizumab was observed in other non-colorectal MSI-H/dMMR tumors [29]. In
KEYNOTE-158, pembrolizumab demonstrated impressive responses in the
endometrial cancer cohort [29]. In a cohort of 49 evaluable MSI-H endometrial cancer
patients, the ORR was 57.1% with 20 partial and 8 complete responses [29].
Additionally, the median PFS and overall survival (OS) was 25.2 months (95% CI 4.9 to
not reached) and not reached (95% CI 27.2 to not reached) [29]. Furthermore, the
median duration of response was not reached (95% CI 2.9 to 27+ months) [29]. These
are remarkable responses given that pembrolizumab monotherapy in MSS endometrial
tumors has an ORR of 13% [30]. Given the clinical benefit, pembrolizumab was given
5

accelerated United States Food and Drug Administration (FDA) approval for use in
unresectable or metastatic MSI-H/dMMR solid tumors that have progressed on prior
systemic therapy in May 2017. This accelerated approval represents the first tissue
agnostic indication for a drug. Since pembrolizumab’s accelerated approval, other trials
have demonstrated efficacy with other PD-1 (nivolumab and dorstarlimab) and PD-L1
(avelumab and durvalumab) inhibitors in MSI-H/dMMR endometrial tumors [31-34].
Despite efficacy of pembrolizumab, approximately half of patients will not respond to
treatment and it is unclear which patients will respond [29]. Furthermore, optimally
selecting patients who will respond to pembrolizumab is critical given the potential risk
of life-threatening immune-related side effects that can occur with therapy [35].
Potential mechanisms of resistance to PD-1 inhibitors will be discussed below.
Innate resistance to PD-1 inhibitors
Resistance to PD-1 inhibitor therapy in solid tumors can be broadly classified
into either innate or adaptive resistance. In the latter, therapeutic resistance develops
after an initial anti-tumor response and mechanisms include but are not limited to loss
of T cell effector function, disruption of antigen presentation, and acquired interferon
resistance [36-40]. For innate resistance, there is an absence of anti-tumor response
and this may be due to several potential mechanisms.
Tumor somatic mutations in several signaling pathways have been associated
with T cell exclusion from the tumor microenvironment (TME) [40]. Increased βcatenin/Wnt pathway signaling is associated with a reduction of CD8 + T cell and
CD103+ dendritic cell infiltration into the TME [40, 41]. Mutations resulting in
overactivation of the mitogen activated protein kinase (MAPK) signaling pathway and
subsequent production of vascular endothelial growth factor (VEGF) have also been
6

associated with reduced T cell infiltration and PD-1 inhibitor resistance [42, 43]. The
loss of phosphatase and tensin homolog (PTEN) function, a negative regulator of the
PI3K pathway, is a common mutation in endometrial tumors and is associated with
increased VEGF production and reduced T cell infiltration is [16, 40, 44].
Another mechanism of innate resistance to PD-1 inhibitors is failure of effective
interferon-gamma (IFN-γ) signaling. Following recognition of the neoantigen peptides
from the tumor cell, CD8+ T cells typically produce IFN-γ which result in downstream
JAK1/2 activation, subsequent STAT1 and STAT3 recruitment/phosphorylation, and
ultimately interferon regulatory factor activation [40, 45-47]. The increased activity of
interferon regulatory factor results in downstream transcriptional activity to produce
anti-tumor effects (improved recognition of tumor neoantigens, T cell infiltration, and
cytotoxic T cell mediated tumor destruction) [40, 45-47]. Thus, mutations in this
pathway (e.g. JAK1/2 loss of function mutations or STAT1/3 down regulation) can
result in an impaired anti-tumor response in CD8+ cells despite PD-1 inhibition [40, 48,
49].
Another mechanism of primary resistance is poor tumor immunogenicity
resulting in low concentrations of tumor infiltrating lymphocytes (TIL) [40]. Poor tumor
immunogenicity may occur due to mechanisms that disrupt the major histocompatibility
complex (MHC) – antigen presentation process that is essential for neoantigen peptide
recognition and subsequent T cell activation/recruitment [50, 51]. Low neoantigen load
is another contributing cause to lower tumor immunogenicity and also increases the
likelihood of PD-1 inhibitor resistance [52]. This mechanism of resistance may help to
explain the poorer responses of PD-1 inhibitors in MSS tumors as these tumors
typically have lower neoantigen loads compared to MSI-H tumors [52]. Tumor
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mutational burden (TMB) is defined as the total number of somatic mutations per
coding area of the tumor genome and serves as a surrogate for neoantigen load as
higher mutational load correlates with higher neoantigens produced [53]. Thus, tumors
with lower TMB are less likely to respond to PD-1 inhibitors [54, 55]. Interestingly, in a
study by Valero and colleagues, they retrospectively evaluated cohort of multiple MSS
solid tumor types who were treated with PD-1 or PD-L1 inhibitors [55]. They found that
those with high TMB (cutoff 10 mutations/megabase) were more likely to respond to
immune checkpoint inhibitors than those with low TMB [55].
Lastly, increased presence of immunosuppressive cells in the tumor
microenvironment may result in innate resistance to PD-1 inhibitors. Type II tumorassociated macrophages (TAM) are associated with pro-tumorigenesis as they produce
immunosuppressive cytokines such as VEGF, MMP-9, and uPA [56, 57]. Additionally,
myeloid-derived suppressor cells (MDSC) are a heterogeneous group of immature
myeloid cells that typically have immunosuppressive effects in the TME [58-60].
MDSCs exert their immunosuppressive in the TME by inhibition of cytotoxic T cells via
local nutrient depletion, free radical production, and induction of regulatory T cells
(Treg) [58-60]. These factors serve to increase immune tolerance and promote PD-1
inhibitor resistance [40, 58].
Although there are many published studies on innate PD-1 inhibitor resistance in
other solid tumors, there are relatively few studies published evaluating resistance
mechanisms in endometrial cancer, let alone MSI-H endometrial tumors. Prior studies
evaluating potential biomarkers of response for PD-1 inhibitors in endometrial cancer
have been limited and have focused mainly on concentrations of tumor-infiltrating
lymphocytes and PD-L1 positivity [30, 61]. Searching for alternative immuno-genomic
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biomarkers, the group at MD Anderson Cancer Center led by Dr. Linghua Wang et al.
evaluated transcriptomic profiles of PD-1 inhibitor naïve MSI-H endometrial tumor
samples in the TCGA dataset. In this unpublished data, they identified two types of
MSI-H endometrial TMEs. In the “hot” subtype, the TME had a significant infiltration of
anti-tumor immune cells while the “cold” subtype had a paucity of such cells (Figure 1).

Figure 1 - Segregation of MSI-H endometrial tumors into "hot" and "cold"
subtypes. A. MSI-H hot tumors demonstrated a trend toward better progression-free
survival. B. MSI-hot tumors are associated with higher expression of gene signatures
involved in a number of immunologic pathways. Figure used with permission by Dr.
Linghua Wang et al. (unpublished work)

Furthermore, there was a trend in prognostic differences between the “hot” and
“cold” groups with better PFS in the “hot” group (Figure 1). Neoantigen load was
observed to be similar in the “hot” and “cold” groups (Figure 2), suggesting other
factors contributing to anti-tumor immune cell recruitment and potentially PD-1 inhibitor
response.
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Figure 2 - Molecular features of MSI-H "hot" and "cold" subtypes
A. Genomic alterations and associated predicted neoantigen load in hot and cold subsets
of different molecular subtypes of endometrial cancers.
B. Differential expression of macrophage and CD4 Tmemory signatures in hot and cold
tumors.
MSS: microsatellite stable; MSI: microsatellite instable; POLE: DNA polymerase ε
mutated
Figure used with permission by Dr. Linghua Wang et al (unpublished work)

Further comprehension of the MSI-H endometrial tumors and their impact on the TME
are critical to elucidating mechanisms of innate resistance to pembrolizumab. These
TME subtypes highlight the possibility that an immunosuppressive TME is responsible
for innate resistance to pembrolizumab. Thus in this thesis, the objective is to identify
resistance pathways to pembrolizumab in MSI-H endometrial cancer by evaluating the
TME.

10

Hypothesis and Specific Aims
Central Hypothesis: “Cold” TMEs associated with immune cell exclusion will be
correlated with increased resistance to pembrolizumab in patients with MSI-H
endometrial cancer.
Specific Aim 1: Characterize the diversity of MSI-H endometrial tumors through
analysis of immune and non-immune cell subpopulations in the TME using RNA
sequencing.
Specific Aim 2: Characterize transcriptomic signals in the MSI-H endometrial TME and
determine their association with response to pembrolizumab.

11

Materials and Methods
Tumor specimen identification and clinical data retrieval
For this retrospective single-institution study at the University of Texas MD
Anderson Cancer Center, tumor samples of patients with MSI-H endometrial cancer
were identified and collected under an Institutional Review Board protocol (PA190725). Tumor samples were identified via several methods. For Specific Aim 1,
available fresh frozen tumor samples were collected from the MD Anderson
Department of Gynecologic Oncology and Reproductive Medicine tumor bank. These
tumor samples consisted of tumor specimens from the initial surgical staging procedure
as part of their surgical management of early stage disease that was performed at MD
Anderson. Additionally, these tumor samples were from patients who were not treated
with pembrolizumab (“untreated” cohort). For Specific Aim 2, tumor samples were
obtained from patients who were treated with pembrolizumab after May 2017 (“treated”
cohort). All samples were formalin-fixed paraffin embedded (FFPE) tumor samples that
were obtained in the primary and/or recurrent setting. Of note, all the FFPE tumor
samples were all samples prior to pembrolizumab treatment. In the treated cohort,
patients were identified utilizing an electronic medical record database search of
endometrial cancer patients who were treated with pembrolizumab in clinical practice at
MD Anderson from May 2017 to November 2019. In collaboration with a gynecologic
oncology pathologist, additional patients were identified through a query of the
institutional pathology database to identify endometrial tumors with MSI-H status.
Once a list of potential patients and samples were obtained for inclusion into the
study, confirmation of MSI-H status for the untreated and treated cohorts were
performed through medical chart review. MSI-H status was determined through
12

immunohistochemistry (IHC) staining with loss of MMR proteins (MLH1, MSH2, MSH6,
and/or PMS2) and/or polymerase chain reaction (PCR) for methylation of the MLH1
promoter and microsatellite marker panel testing [62, 63]. For the list of potential
patients in the treated cohort, pembrolizumab administration (whether at MD Anderson
or an outside hospital) was confirmed through medical chart review.
Clinical data was extracted from the electronic medical records. Collected
demographic and clinicopathologic information included the following: age, BMI, tumor
histology, tumor grade, cause of MSI-H, initial stage, comorbidities, and prior treatment
history. Extracted pembrolizumab treatment information included the following: dates of
pembrolizumab initiation and completion, number of treatment cycles, treatment
response, date of disease progression, date of death, and date of last follow-up.
RNA extraction
Fresh frozen samples
For the fresh frozen samples of the untreated cohort, the following procedure
was performed for RNA extraction at the MD Anderson Biospecimen Extraction facility
using the RNeasy mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol, as excerpted below:
1) Tissue disruption and homogenization of the lysate in 350 µl of Buffer RLT
(10 ml of β-Mercaptoethanol per 1 ml Buffer RLT)
2) Centrifugation of the lysate for 3 minutes at full speed followed by transfer of
supernatant to a new microcentrifuge tube
3) On the supernatant, 70% ethanol was added and mixed by pipetting. Up to
700 µl of the mixed sample was transferred to a 2 ml collection tube and
13

placed in an RNeasy spin column followed by centrifugation for 15 seconds
at ≥ 8000 x g. The flow was discarded.
4) 700 µl of Buffer W1 was added to the RNeasy spin column followed by
centrifugation for 15 seconds at ≥ 8000 x g. The flow was discarded.
5) 500 µl of Buffer RPE was added to the RNeasy spin column followed by
centrifugation for 15 seconds at ≥ 8000 x g. The flow was discarded.
6) 500 µl of Buffer RPE was added to the RNeasy spin column followed by
centrifugation for 2 minutes at ≥ 8000 x g. The flow was discarded.
7) The RNeasy spin column is placed in a new 1.5 ml collection tube and 30 –
50 µl of RNAse-free water is added directly to the spin column membrane
and centrifuged for 1 minute at ≥ 8000 x g.
8) The extracted RNA is stored at -80 C until submission for RNA sequencing
(RNA-seq)
FFPE samples
Once the FFPE samples were collected, one 5 µm section was stained with
haemotoxylin & eosin (H&E) and the region and percentage of tumor in section was
demarcated by a collaborating gynecologic oncology pathologist. At the MD Anderson
Biospecimen Extraction Facility, RNA extraction was performed on three to five 5 µm
sections using the High Pure FFPET RNA isolation kit (Roche, Basel, Switzerland) in
accordance with the manufacturer’s protocol, as excerpted below.
Each unstained FFPE section underwent deparaffinization as follows:
1) 800 µl of xylene was added and vortexed at several intervals
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2) 400 µl of absolute ethanol was added and vortexed briefly. Centrifugation for 2
minutes at maximum speed (16,000 x g) and supernatant discarded
3) 1 ml of absolute ethanol added and vortexed briefly. Centrifugation for 2 minutes
at maximum speed (16,000 x g) and supernatant discarded
4) Tissue pellet dried for 10 minutes at 55 C
Following deparaffinization, RNA isolation was performed as follows:
1) 100 µl RNA Tissue Lysis buffer, 16 µl 10% SDS, and 40 µl Proteinase K working
solution added to tissue pellet and vortexed for several seconds followed by 30
minute incubation at 85 C with shaking at 600 revolutions per minute (rpm) and
spun down briefly and cooled to <55 C
2) 80 µl of Proteinase K was added and vortexed for several seconds followed by
incubation at 30 minutes and with shaking at 600 rpm and spun down briefly. If
lysate was not clear then incubation was extended another 10 minutes
3) 325 µl of RNA Binding buffer and µl of absolute ethanol was added and vortexed
for several seconds then spun down briefly
4) The tissue lysate was pipet into the upper reservoir of a High Pure Filter Tube
assembly followed by centrifugation at 6000 x g for 30 seconds. The High Pure
Filter Tube was placed onto a new High Pure Collection Tube and centrifuged
for 16,000 x g to dry the filter fleece completely.
5) The High Pure Filter tube was placed onto a new High Pure Collection Tube and
100 µl of DNAse working solution was added onto the High Pure Filter Tube
Fleece followed by incubation between 15 – 25 C for 15 minutes
6) 500 µl of Wash Buffer I working solution was added followed by centrifugation at
6,000 x g for 20 seconds and the flow was discarded. This step was repeated.
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7) Centrifugation was repeated for 2 minutes at 16,000 x g to dry the filter fleece
completely. The High Pure Filter Tube was placed into a fresh 1.5 ml reaction
tube.
8) 25 – 50 µl of RNA Elution Buffer was added to the center of the fleece tube and
incubated for 1 minute at 15 – 25 C followed by centrifugation for 1 minute at
6,000 x g.
9) The eluted RNA was stored at -80 C until submission for RNA sequencing
(RNA-seq)
RNA sequencing
RNA-seq was performed on at least 100 – 200 ng of extracted RNA per sample
from both the untreated and treated cohorts at the MD Anderson Advanced Technology
Genomics Core (ATGC) facility. For the untreated cohort, TruSeq Stranded Total RNA
library prep kit (Illumina, San Diego, CA) was utilized according to the manufacturer’s
protocol in order to convert the extracted RNA into libraries for sequencing. In brief,
ribosomal RNA was removed from the total RNA using biotinylated, target-specific
oligos combined with ribosomal RNA removal beads and underwent subsequent RNA
fragmentation using divalent cations. These RNA fragments underwent conversion into
double-stranded complimentary DNA (cDNA) fragments using reverse transcriptase
and random primers for the first cDNA strand and DNA polymerase I and RNAse H for
the second cDNA strand. The 3’ ends of the blunt fragments were adenylated with a
single ‘A' nucleotide to prevent ligation. Following conversion, library preparation was
performed. The cDNA fragments were ligated to specific sequencing adapters of
appropriate size and DNA fragments were enriched using PCR for 12 cycles. Once the
sequencing library was completed, the library is quantified by quantitative PCR and
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checked for quality using the Agilent 4200 TapeStation System with the Agilent High
sensitivity D1000 ScreenTape Assay (Agilent technologies, Santa Clara, CA).
Following the quality check, Illumina next-generation sequencing (NGS) using
HiSeq4000 system was performed in two lanes with a 76 nt paired-end sequencing
format.
For the extracted RNA from the treated cohort, Exome Capture RNA-seq (ECRNA-seq) was performed given the RNA from FFPE tissue is frequently degraded and
more prone to failure utilizing traditional RNA-seq technology. For the treated cohort,
TruSeq RNA Exome library prep kit (Illumina, San Diego, CA) was utilized according to
the manufacturer’s protocol in order to convert the extracted RNA into libraries for
sequencing. In brief, RNA was fragmented and primed cDNA synthesis. Following
cDNA synthesis of both strands, the 3’ ends were adenylated with a single ‘A’
nucleotide and the cDNA fragments were ligated to specific adapters; these fragments
were subsequently enriched. Next, pre-amplification library quantification and quality
check was performed using the Agilent 4200 TapeStation System with the Agilent High
sensitivity D1000 ScreenTape Assay. Following quality check, DNA libraries were
pooled together and capture probes were used to target specific regions of DNA of
interest. Streptavidin magnetic beads were then used to capture hybridized probes and
two heated washes remove nonspecific bead binding. Second hybridization was
performed to improve specificity of captured regions. AmPure XP beads were used to
purify the enriched captured library prior to amplification by PCR. This protocol
captured 214,126 targets spanning 21,425 genes covering 98.3% of the RefSeq
Exome. The enriched library was amplified by PCR for 10 cycles followed by
purification with AmPure XP beads. Quality check was subsequently performed using
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the Agilent 4200 TapeStation System with the Agilent High sensitivity D1000
ScreenTape Assay. Following RNA-seq and EC-RNA-seq completion, the raw data
was submitted to the MD Anderson Computational Biology Lab for bioinformatics
analysis.
Bioinformatics analysis
Bioinformatics analyses for RNA-seq quality control, identification of differentially
expressed genes, and hierarchal clustering was performed as previously described
[64]. Quality control of the generated RNA-seq data was performed via FastQC
(v0.11.5) and RNA-seQC; all samples passed the quality check [65, 66]. Following
quality control measures, RNA-seq BAM files were generated using STAR 2-pass
alignment on default parameters[67]. From these RNA-seq BAM files, gene expression
values were generated for purposes of identifying differentially expressed genes and
performing hierarchal clustering. First, the HTSeq was tool utilized on these BAM files
to generate a count of reads mapped to each gene [68]. These counts were
subsequently processed by the Deseq2 software (v3.6) in order to identify differential
expression of genes across samples [68, 69]. The most differentially expressed genes
were defined by a gene expression fold change threshold of ≥2 or ≤-0.5 and a false
discovery rate q-value ≤0.01. For hierarchal clustering, analyses followed the RNA
quantification approach recommended by the bioinformatics team of the National
Cancer Institute Genomics Data Commons [64, 70, 71]. This approach consisted of
normalizing counts generated from HTSeq into fragments per kilobase of transcript per
million (FPKM) demonstrated by the following equation [64, 70]:
𝑅𝐶𝑔 ∗ 109
𝐹𝑃𝐾𝑀 =
𝑅𝐶𝑝𝑐 ∗ 𝐿
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In this equation, RCg refers number of reads mapped to a gene, RCpc refers to the
number of reads mapped to all genes encoding proteins and L refers to the length of
genes in base-pairs [64, 70, 71]. These FPKM were subsequently log2-transformed
and inputted into the MCPcounter, an R statistical package that utilizes the
Microenvironment Cell Populations (MCP)-counter method [72]. This MCP-counter
approach deconvoluted the RNA-seq data into absolute abundance scores for 8 major
immune cell types (CD3+ T cells, CD8+ T cells, cytotoxic lymphocytes, NK cells, B
lymphocytes, monocytic lineage cells, myeloid dendritic cells, and neutrophils) and two
non-immune cell types (endothelial cells and fibroblasts) [64, 72]. These deconvoluted
profiles subsequently underwent hierarchal clustering on unsupervised analysis [64].
Relative gene expression intensity was based on deviation from the mean per gene
and was denoted by z scores (e.g. z score of 2 signifies gene expression of 2 standard
deviations above the mean while a z score of -2 signifies gene expression of 2
standard deviations below the mean) on the generated transcriptomic heatmaps.
Similarly, abundance scores were graded based on z scores.
Multiplex immunofluorescence
When tissue was available, multiplex immunofluorescent (mIF) panel staining
and image analysis was performed at the Translational Molecular Pathology
Immunoprofiling Lab at MD Anderson Cancer Center on one unstained 5 µm section.
The PD-L1/PD-1/TIL panel for carcinomas was performed on the 5 µm sections as
previously described [73-76].
Table 2 - Multiplex immunoflurescent panel
PD-L1/PD-1 and TIL panel
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PD-L1
CD68
PD-1
CD8
CD3
AE1/AE3
DAPI

The Opal 7 multiplex kit (Perkin Elmer, Waltham, MA) was utilized in accordance
with the manufacturer’s protocol as previously described [73].
1) Deparaffinization of the section was performed
2) The section were placed in a container antigen retrieval buffer and
microwave technology (EZ-Retriever ® system microwave; Bio-Genex, San
Ramon, CA) was utilized to bring the liquid to boiling at 100 C for 1 minute
followed by microwaved at 75 C for an additional 75 C [73].
3) The sections were cooled for 15 minutes at room temperature then rinsed
with deionized water and Tris-buffered saline with Tween 20 (TBST; Santa
Cruz Biotechnology, Dallas, TX) followed by Tris-HCL buffer containing 0.1%
Tween (Dako, catalogue #S3022) for 10 minutes at room temperature
4) Based on the mIF panel, sections were incubated with one of the following
primary antibodies against PD-L1, CD4, CD8, CD3, PD-1, CD68, and
AE1/AE3.
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5) Sections were washed and incubated for 10 minutes at room temperature
with anti-mouse or anti-rabbit secondary antibodies (Novocastra, Leica
Biosystems) after successive washes in TBST
6) Sections were subsequently incubated at room temperature for 10 min with
Alexa Fluor tyramides (PerkinElmer, Waltham, MA) included in the Opal 7 kit
to detect antibody staining as per manufacturer’s protocol
7) Steps 4 – 6 were completed to consecutively add antibodies for the
respective mIF panels. For the PD-L1/PD-1/TIL panel, the sequence of
antibody staining was AE1/AE3, PD-L1, PD-1, CD4, CD8, CD3, and CD8.
8) Following completion of the consecutive staining for the respective mIF
panels, three additional washes were performed deionized water and the
sections were counterstained with DAPI for 5 min and mounted with
VECTASHIELD Hard Set (Vector Labs, Burlingame, CA).
Following completion of mIF panel staining, imaging analysis was performed
using Vectra 3.0 spectral imaging system (PerkinElmer, Waltham, MA) as previously
described [73-77]. MIF panel staining imaged by using the fluorescence protocol at
10 nm λ from 420 nm to 720 nm, to extract fluorescent intensity information from the
images and scanned with the Vectra 3.0 spectral imaging system (PerkinElmer,
Waltham, MA) [73]. The analysis was performed by a pathologist in the Translational
Molecular Pathology Immunoprofiling Lab in five intratumoral areas using 660 µm x 500
µm (0.33mm2) region of interest at x20 magnification to cover a total intra-tumoral area
of 1.65mm2. Histologic evaluation of each region of interests was performed to ensure
adequate tumor tissue was included (e.g. at least 85% malignant cells, AE1/AE3
positivity, and tumor stroma) [73]. When the 5 regions of interests did not cover
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1.65mm2 of intra-tumoral area, analysis was performed in greater than 5 regions in
order to cover at least 1.65mm2 if there are more intratumoral area available. Using the
pancytokeratin (AE1/AE3) marker, the intratumoral area is compartmentalized into
epithelial (tumor) and stromal compartments.
InForm ® image software (Akoya Biosciences, Malborough, MA) was utilized
following section image capture and each individual unmixed staining was combined by
using the spectral library information to associate each fluorochrome component with a
mIF component [73]. InForm image analysis software enabled characterization and
quantification (expressed in average of cell densities from analyzed areas in mm 2
(n/mm2)) of immune cell subpopulations per panel [73].
Statistical analysis
Demographic and clinicopathologic characteristics of the study population were
summarized with standard descriptive statistics. Chi-squared and Fischer’s exact test
were performed where applicable. A p-value of less than 0.05 was defined as
statistically significant. Box plots were utilized to compare differences among samples
in regards to mRNA expression levels and cell counts/abundance scores. The
statistical significance of the differences were evaluated using non-parametric MannWhitney U test and Fischer’s exact test where applicable. The Spearman’s rank
correlation coefficient was used to calculate the association between two continuous
variables. The Benjamini-Hochberg method was used to adjust for false discovery rate
(FDR) and an adjusted FDR p-value <0.05 was considered statistically significant [78].
Response to pembrolizumab was evaluated through best radiologic response to
treatment (responders were patients who had partial or complete response to treatment
while non-responders had transient stable disease (<6 months) or disease
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progression). PFS was defined from start of treatment until date of disease progression
or death. Those alive and without disease progression were censored at their date of
last follow-up. OS was defined from start of treatment until date of death. Those alive
were censored at their date of last follow-up. The product limit estimator of KaplanMeier was used to estimate PFS and OS. Kaplan-Meier estimates. Clinical descriptive
and survival analyses were performed using Stata/MP v16.0 (StataCorp, College
Station, TX). Bioinformatics analyses were performed were performed utilizing R
statistical package (RStudio, Boston, MA).
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Results
Clinicopathologic characteristics
Tumor specimens analyzed were from 11 patients in the untreated cohort and
23 patients in the treated cohort. In the untreated cohort, samples were obtained from
the gynecologic oncology tumor bank and consisted on 11 fresh-frozen tumor samples.
The characteristics of the patient population are shown in Table 3. The median age
was 66 years old and most tumors were grade 2 and all tumors were endometrioid
histology (100%). The majority of patients had early stage disease (63.6%) and had
MLH1 promoter methylation as the MSI-H cause.

Table 3 - Clinicopathologic characteristics of the untreated cohort
N (%)
Age (years)*

66 (54 – 66)

BMI (kg/m2)*

31.6 (21.1 – 35.6)

Tumor grade
2

9 (81.8%)

3

2 (18.2%)

Histology
Endometrioid

11 (100%)

Stage
1

7 (63.6%)

2

1 (9.1%)

3

2 (18.2%)
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4

1 (9.1%)

Cause of MSI-H
MLH1 promoter methylation

10 (90.9%)

Somatic loss of MMR protein

1 (9.1%)

Table 3 legend: BMI = body mass index. MMR = mismatch repair. MSI-H =
microsatellite instability high. *Represented in median (range).

In the 23 patients of the treated cohort, there were 33 FFPE samples (21
primary and 12 recurrent specimens) obtained for the study. The characteristics of the
patient population are demonstrated in Table 4.
Table 4 - Clinicopathologic characteristics of the treated cohort
Evaluable patients (n=21)
Overall

Responders

Non-responders

(n = 23)

(n = 14)

(n = 7)

Age (years)*

59 (40 – 77)

61 (40 – 77)

57 (45 – 67)

BMI (kg/m2)*

31.1 (18.6 – 51.8)

32.3 (23.3 – 47.3)

27.1 (18.6 – 51.8)

2

13 (59.1%)

6 (42.9%)

5 (71.4%)

3

9 (40.9%)

8 (57.1%)

1 (14.3%)

18 (78.3%)

11 (78.6%)

5 (71.4%)

Tumor grade

Histology
Endometrioid
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Mixed

4 (17.4%)

3 (21.4%)

1 (14.3%)

Adenocarcinoma NOS

1 (4.4%)

0 (0.0%)

1 (14.3%)

1

9 (40.9%)

4 (28.6%)

4 (57.1%)

2

1 (4.6%)

1 (7.1%)

0 (0.0%)

3

7 (31.8%)

6 (42.9%)

1 (14.3%)

4

5 (22.7%)

3 (21.4%)

2 (28.6%)

15 (65.2%)

11 (78.6%)

4 (57.1%)

Loss of MMR protein

5 (21.7%)

2 (14.3%)

3 (42.9%)

MSI marker positive

1 (4.4%)

0 (0.0%)

0 (0.0%)

Germline MMR defect

2 (8.7%)

1 (7.1%)

0 (0.0%)

1 (1 – 4)

1 (1 – 4)

2 (1 – 4)

9 (2 – 35)

12 (2 – 35)

5 (2 – 6)

Alive

19

14

3

Deceased

4

0

4

Initial stage

Cause of MSI-H
MLH1 promoter
methylation

Prior lines of systemic
therapy*
Treatment cycles of
pembrolizumab*
Vitality status

Table 4 legend: BMI = body mass index. MMR = mismatch repair, MSI-H microsatellite
instability high. NOS = not otherwise specified. *Represented in median (range).
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Overall, the median age was 59 years old and the majority of patients had
endometrioid histology (78.3%). MLH1 promoter methylation was the common cause of
MSI-H. The median number of prior lines of systemic therapy was 1 and the median
number of cycles of pembrolizumab was 9. Among the 23 patients who were treated
with pembrolizumab, there were 14 responders, 7 non-responders, and 2 patients
without evaluable response to pembrolizumab. There were no significant differences
between responders and non-responders for age (p = 0.157), BMI (p = 0.307), tumor
grade (p = 0.157), histology subtype (p = 0.499), initial stage (p = 0.515), cause of MSIH (p = 0.397), and prior lines of systemic therapy (p = 0.122).
Among the 21 patients with evaluable response to pembrolizumab, there were 7
disease progressions and 6 deaths. The overall median follow-up was 18.5 months
(range 2.5 – 46.1). The median PFS was Kaplan-Meier curves for PFS and OS are
demonstrated based on response to treatment in Figure 3 and Figure 4, respectively.
The median PFS and OS for the non-responders were 3.3 and 20.6 months,
respectively. The median PFS, OS, and duration of response for the responders were
not reached.
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Figure 3 - Progression-free survival by response to pembrolizumab
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Figure 4 - Overall survival by response to pembrolizumab

MSI-H endometrial TMEs display a diversity of immune cell subpopulations
Figure 5 demonstrates the heatmap for 11 tumor samples from the untreated
cohort where RNA-seq was performed. The heatmap demonstrates segregation of
TME into three subtypes based on transcriptomic profiles. In the “hot” subtype (n = 4),
tumors with this classification had strong signals for T cells (including cytotoxic T-cells),
B cells, NK cells, monocytes, neutrophils, and dendritic cells. For the “cold” subtype (n
= 3), these tumors had low signals for the aforementioned immune cell populations. In
the “warm” subtype (n = 4), the tumors had transcriptomic profiles showing moderate
signals for these anti-tumor cells. However, there was an enrichment for fibroblasts and
endothelial cells in the “warm” TME subtype.
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Figure 5 - Transcriptomic profile of untreated cohort of MSI-H endometrial
tumors. Segregation of these profiles into 3 categories based on signature of antitumor
immune cells: on the right “hot” (red), middle “cold” (blue), and left “warm” (beige).
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Transcriptomic signatures in the TME shape response to pembrolizumab
Figure 6 demonstrates the transcriptomic profile of tumors in the treated cohort
that underwent EC-RNA-seq. Based on gene expression, the tumors could be
generally segregated into 3 general categories as seen in the untreated cohort: “hot” (n
= 7), “cold” (n = 16), and “warm” (n=10). Tumors within the “cold” subtype could be
further subdivided into the subcategories with an enrichment (“cold1”; n =11) or paucity
(“cold2”; n=5) of endothelial cells and fibroblasts. There were 21 patients who had
evaluable responses to pembrolizumab. All tumors in the “hot” or “cold2” had a
response to pembrolizumab (Figure 6).

Figure 6 - Transcriptomic profile of MSI-H endometrial tumors in the treated
cohort. TMEs could be subdivided into 3 general subtypes based on intensity of antitumor immune cell activity: “hot”, “warm”, or “cold” subtypes. “Cold” subtypes could be
further sub-classified based on an enrichment (“cold1”) or paucity (“cold2”) of
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fibroblasts and endothelial cells. CR = complete response. PD = disease progression.
PR = partial response. ? = unknown response.
There were 3 partial and 2 complete responses in the evaluable “hot” tumors;
there were no non-responders were observed in this TME subtype. In the “cold” and
“warm” subtypes, there were 3 partial (2 “warm” and 1 “cold1” and 6 complete (1
“warm,” 2 “cold1,” and 3 “cold2”) responders. In these groups, there were 7 nonresponders (5 “warm” and 2 “cold1”).
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Endothelial cells and fibroblasts in the TME are associated with poor response to
pembrolizumab
Endothelial cell and fibroblasts appeared to be enriched in the TME of the
“cold1” and “warm” subtypes. Evaluating response based on enrichment of endothelial
cells and fibroblasts, patients were subdivided into a fibroblastic (n = 13) or nonfibroblastic group (n = 8) (Figure 7). Non-responders are more likely to have an
enrichment of fibroblasts and endothelial cells in the TME (p = 0.018).

Figure 7 - Response to pembrolizumab based on tumor microenvironment.
1Fibroblastic

= enrichment of endothelial cells and fibroblasts in the TME. CR =

complete response. PD = progression of disease. PR = partial response. TME = tumor
microenvironment.
Figure 8 and Figure 9 demonstrate endothelial cell and fibroblast marker gene
expression for responders vs. non-responders and complete responders vs. partial
responders vs. non-responders, respectively. There was a significant increase in gene
expression of two endothelial cell (HHIP and MMRN1) and fibroblast (PAMR1) genes
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(Figure 8). Endothelial cell (TEK, MYCT1, EMCN, PTPRB, KDR, and PEAR1) and
fibroblast (TAGLN) expression was inversely correlated with response (Figure 9).
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Figure 8 - Endothelial cell and fibroblast marker gene expression (responders vs nonresponders). Red boxes indicate statistical significance. CR = complete response.
PD = disease progression. PR = partial response.
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Figure 9 - Endothelial cell and fibroblast marker gene expression by response
type. Red boxes indicate trend of rising gene expression with decreasing response to
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pembrolizumab. CR = complete response. PD = disease progression. PR = partial
response.
Additionally, response to pembrolizumab was inversely correlated with
endothelial cell and fibroblast abundance with complete responders having the least
amount of endothelial cells and fibroblasts (Figure 10). For T cells, B cells, NK cells,
myeloid dendritic cells, neutrophils, and cells of monocytic lineage, there were no
trends observed with response to treatment.

A)
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B)

Figure 10 - Immune cell subpopulation and response to pembrolizumab. A)
Responders vs non-responders. B) Complete responders vs partial responders vs nonresponders.CR = complete response. PD = disease progression. PR = partial
response.

Differential gene expression tumors with endothelial cell and fibroblast
enrichment in the TME
Figure 11 is a volcano plot that describes differential gene expression between
the tumors with enrichment (fibroblastic) or paucity (non-fibroblastic) of endothelial cells
and fibroblasts in the TME. In the non-fibroblastic group, there were 117 genes that
were differentially highly expressed. These included immune system associated genes
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involving in IFN-γ signaling and its downstream response and regulatory elements, NK
cell mediated cytotoxicity, cytokine signaling, and response elements to IFN-α
signaling, Other highly expressed genes included those involved in solute carrier
transporter disorders, SUMOylation of ubiquitinylation proteins, disorders of
transmembrane transporters, and nuclear envelope breakdown. In the fibroblastic
group, there were 230 genes that were differentially highly expressed. These genes
included those involved in myogenesis and muscle contraction (skeletal, vascular, and
smooth muscle). Other highly expressed genes included those involving cellular
adhesions/interactions (cell-extracellular matrix interactions, cell junction organization,
cell-cell communication, focal adhesion, and apical junction complex) and other genes
involved in epithelial mesenchymal transition, wound healing, fibrosis, and metastasis.
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Figure 11 - Differential gene expression based on fibroblastic status
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TME is a prognostic biomarker for survival following pembrolizumab therapy
Among the 21 patients with evaluable response to pembrolizumab, there were 7
disease progressions and 6 deaths. The overall median follow-up was 18.5 months (2.5
– 46.1). The Kaplan-Meier curves for PFS and OS (based on TME and fibroblastic
group status) are shown in Figure 12 and Figure 13, respectively. Approaching
statistical significance, tumors that had “hot” or “cold2” TMEs had the highest PFS
followed by “cold1” and “warm” TMEs (p = 0.051). For OS, there was no difference
between TMEs (p = 0.272). Based on fibroblastic status, the fibroblastic group had
significantly worse PFS (p = 0.016) compared to the non-fibroblastic group. There was
also a trend towards worse OS in the fibroblastic group (p = 0.057).
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A)

B)
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Figure 12 - Progression-free survival based on tumor microenvironment subtype
and fibroblastic group status. A) PFS based on TME subtype B) PFS based on
fibroblastic group status
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A)

B)
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Figure 13 - Overall survival based on tumor microenvironment subtype and
fibroblastic group status. A) OS based on TME subtype B) OS based on fibroblastic
group status

PD-L1/PD-1/TIL mIF testing
There were 27 samples (19 primary and 8 recurrent) from 21 patients that were
evaluated using PD-L1/PD-1/TIL mIF panel testing. Staining was successful in all but in
one sample which had only necrotic tissue without malignant cells; this sample belong
to a patient without evaluable response to pembrolizumab. Evaluating cytotoxic T cells
(CD3+ CD8+) in the combined tumor and stromal compartments, the “hot” TME samples
had the highest cell density compared to the “warm” (p = 0.045) and “cold1” (p = 0.013)
TME samples (Figure 14). T lymphocytes (CD3+ cells) cell density appeared to be
greater in “hot” TME samples and reached statistical significance when compared to
“cold1” TME samples (p = 0.008) (Figure 14). Antigen experienced T cells with
(CD3+PD-1+PD-L1+) or without PD-L1 positivity (CD3+PD-1+) were similar across all
TME subtypes (Figure 14). T lymphocytes and marker subcategories did not differ by
response to pembrolizumab (Figure 15).
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Figure 14 - T lymphocytes by tumor microenvironment subtype
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Figure 15 - T lymphocytes by response
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Staining for macrophages (CD68+) with or without PD-L1 positivity are shown by
TME (Figure 16) and response (Figure 17). Cell densities for total macrophages were
higher in the “hot” TME subtype compared to the “warm” TME subtype (p = 0.03)
Figure 16). CD68+PD-L1+ macrophages were higher in the “hot” TME subtype
compared to the “cold1” TME subtype (p = 0.016) (Figure 16). When evaluating the
macrophage population by response, partial responders had significantly higher total
macrophages (p = 0.029), PD-L1+ macrophages (p = 0.012), and percentage of
macrophages expressing PD-L1+ (p = 0.012) compared to non-responders (Figure 17).
Additionally, similar trends were observed with complete responders (p = 0.07). When
evaluating PD-L1 positivity in malignant cells, there were no differences in TME
subtypes or response to pembrolizumab (Figure 18).
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Figure 16 - Macrophages population by tumor microenvironment

53

Figure 17 - Macrophage population by response
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A)

B)
Figure 18 - PD-L1 positivity in tumor cells. A) PD-L1+ tumor cells by TME B) PD-L1+
tumor cells by response
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Discussion
With the risk of potential life threatening treatment-related adverse events from
pembrolizumab, it is essential to determine biomarkers that will select patients who will
derive the greatest benefit from treatment [35]. This thesis sought to evaluate the TME
of MSI-H endometrial tumors and explore potential biomarkers of response to
pembrolizumab. In both the untreated and treated cohort datasets, the transcriptomic
profiles demonstrated heterogeneity of TME across MSI-H endometrial tumors. Based
on immuno-genomic signatures, TMEs could be subdivided into “hot,” “cold,” and
“warm” subtypes. Additionally, “cold” subtypes could be further subclassified into two
types based on enrichment (“cold1”) or paucity (“cold2”) of endothelial cells and
fibroblasts in the TME. The majority of prior studies that have broadly profiled
endometrial tumors but have not focused on teasing out immune-genomic differences
and variations within MSI-H tumors [16, 79, 80]. However, in a study by Pakish and
colleagues, the researchers compared the immune microenvironment of MSI-H
endometrial tumors attributable to sporadic vs. inherited Lynch syndrome origin [81].
Utilizing mIF panels on archival tumor samples, the researchers demonstrated TME
heterogeneity where sporadic MSI-H endometrial tumors had higher total macrophages
(with or with PD-L1+ expression) in the stroma and tumor compared to Lynch syndrome
associated MSI-H endometrial tumors[81]. Additionally, sporadic MSI-H endometrial
tumors had fewer cytotoxic T cells in the stroma compared to Lynch syndrome
associated MSI-H endometrial tumors [81]. Despite demonstrating differing TMEs
among sporadic and Lynch Syndrome associated MSI-H endometrial tumors, it
remains to be determined how it shapes PD-1 inhibitor response [81].
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Additionally, this thesis evaluated transcriptomic profiles in pre-treatment
endometrial tumor samples (treated cohort) to correlate TME with response to
subsequent pembrolizumab therapy. Therapeutic benefit to pembrolizumab was
observed in the responders to treatment in this cohort where all 14 patients who
responded had no disease progression (either were cured or had stable disease) on
radiologic assessment. Furthermore, the characteristic of the TME also shaped
response and prognosis for patients treated with pembrolizumab. As anticipated, all 5
patients with “hot” TME subtypes achieved response to pembrolizumab therapy. MIF
panel testing mirrored the RNA-seq analysis and demonstrated higher T lymphocytes,
cytotoxic T cells, and leukocytes in hot subtype compared to the other TME subtypes.
Interestingly, total macrophages and PD-L1+ macrophages were significantly
associated with responders compared to non-responders. Prior studies have reported
poorer survival outcomes in endometrial cancer when associated with higher CD68 +
macrophage cell densities in the TME but these have not been in the context of
immunotherapy treatment [82-84]. Although published in non-small cell lung cancer,
one recent publication has demonstrated that increased correlation of PDL1+macrophages and level of infiltration with cytotoxic T cells and improved response
to PD-1 inhibitors [85].
Among the 4 TME subtypes previously described, the TMEs could be grouped
into fibroblastic or non-fibroblastic groups based on the enrichment of fibroblasts and
endothelial cells in the TME. Patients with fibroblastic TMEs were more likely to have
treatment refractory responses to pembrolizumab compared to those with nonfibroblastic TMEs (p = 0.018). Furthermore as therapeutic response to pembrolizumab
declined, there was a trend of increasing fibroblast and endothelial cell enrichment.
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Additionally, supervised analysis of fibroblastic vs. non-fibroblastic tumors
demonstrated that there was significantly higher expression of genes regulating cellular
adhesions/interactions and myocytes coupled with reduced expression of IFN-γ
signaling genes in fibroblastic tumors. As a poor prognostic marker, fibroblastic TMEs
were associated with significantly worse PFS (p =0.016) with a trend towards worse OS
(p = 0.057).
Cancer-associated fibroblasts and the dysregulation of endothelial cells have
been shown to exert immunosuppressive effects in the TME through multiple
mechanisms [86-88]. Cancer-associated fibroblasts can secrete a number of soluble
factors (e.g. TGF-β, GAS6, GDF15, and FGF5) that can increase the aggressivity and
metastatic potential of malignant cells [87, 89, 90]. Metastatic potential of tumor cells is
further increased through disruption and remodeling of the extracellular matrix by
cancer-associated fibroblasts [87, 89, 90]. Fibroblasts can also secrete VEGF and
other cytokines/chemokines (e.g. TGF-β, IL-6, CXCL9) that interfere with effector
leukocyte function, primarily cytotoxic T cell response [87, 91, 92]. Lastly, dysregulation
of immune cells can occur through depletion of amino acids and lactate shuffling as a
consequence of altered metabolic pathways between tumor cells and cancerassociated fibroblasts [87, 93, 94].
Tumor endothelial cells can impact the immune cell population in the TME
through several mechanisms. First, endothelial cells guide immune cells into the tumor
stroma via chemokines (e.g. CXCL4), integrins, and other adhesion molecules [88].
Increased secretion of factors (e.g. VEGF or FGF2) by tumor cells can result abnormal
endothelial cell and vasculature, leading to downregulation of essential adhesion
molecules and poor infiltration of leukocytes into the TME [88, 95-97]. Next, tumor
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endothelial cells may also express inhibitory molecules that suppress effector cytotoxic
T cell function and infiltration (e.g. PD-L1, Fas-ligand) [88, 98, 99]. Furthermore, an
abnormal vascular network from tumor endothelial cells results in defective, leaky
vessels which increase metastatic potential and also tumor hypoxia, resulting in further
propagation of neoangiogenesis and the immunosuppressive effects of VEGF [100102].
Selection of an adjunctive agent that can combat the immunosuppressive and
deleterious effects of cancer-associated fibroblasts and endothelial cells may overcome
pembrolizumab and other PD-1 inhibitor resistance in MSI-H endometrial tumors. For
endothelial cells and dysregulated angiogenesis, combination with anti-VEGF agents
such as bevacizumab (anti-VEGF monoclonal antibody) or oral tyrosine kinase
inhibitors with anti-angiogenic effects may be useful. In a phase II trial, pembrolizumab
with lenvatinib (multi-tyrosine kinase inhibitor with anti-VEGFR1-3 activity) was
demonstrated to have great response rates in MSI-H endometrial tumors (ORR 63.6%;
7 of 11) [103]. However, it remains to be determined whether the addition of lenvatinib
overcomes innate PD-1 resistance in MSI-H endometrial cancer. For cancer-associated
fibroblasts, inhibitors of fibroblast activation (e.g. FGFR inhibitor) and/or action (TGF-β
inhibitor) may prove beneficial and should be evaluated in pre-clinical studies and
subsequent clinical trials.
Strengths on this thesis include that there are few studies in the literature that
have focused on dissecting the intricacies of immuno-genomic profiles within MSI-H
endometrial TMEs. Furthermore, this data correlates transcriptomic and mIF panel
testing with response to treatment to pembrolizumab. However, there are several
limitations. The small sample size prevent any definitive conclusions from being drawn
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regarding predictive biomarkers of response to pembrolizumab and this also may have
limited the power to detect statistically significant differences in the cancer-associated
fibroblast panel testing. Furthermore, although the response rate to PD-1 inhibitors is
approximately 50%, this cohort had a higher proportion of responders compared to
non-responders (66.7% vs 33.3%) and this further limits the power to detect differences
between groups.
This thesis provides an exciting early signal into biomarkers of resistance to
pembrolizumab in MSI-H endometrial tumors. However, future studies will be needed to
confirm the transcriptomic findings observed. Utilizing the current sample set, MIF
panel analysis will be performed utilizing exploratory biomarkers for cancer-associated
fibroblasts (α-SMA, Thy-1, S-100, FAP). Additionally, imaging mass cytometry will be
performed using a broad panel of immune and non-immune cell markers (including
markers for endothelial cells and fibroblasts). Future validation studies include
repeating the transcriptomic profiling of tumors with MIF panel and imaging mass
cytometry correlative studies from an independent cohort of MSI-H endometrial cancer
patients treated with pembrolizumab. Additionally, transcriptomic profiling may be
performed using an animal model such as the mouse model of MSI-H endometrial
cancer developed by Dr. Melinda Yates and colleagues at MD Anderson. In this mouse
model, MSH2 gene knockout will be achieved using the using progesterone receptorCre recombinase. By 12 months of age, approximately 40% of these mice with MSH2
gene knockout will develop complex atypical hyperplasia or endometrial cancer; all
tumors are MSI-H. These mice with endometrial cancer will be treated with
pembrolizumab and identification of responders and non-responders will be identified.
Pre-treatment and post-treatment tumor samples from responders and non-responders
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will be analyzed using RNA-seq and biomarker panel testing in order to evaluate
whether fibroblasts and endothelial cells in the TME impact response to treatment.
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Conclusions
In summary, there is great heterogeneity in the TME observed within patients
with MSI-H endometrial cancer. Endometrial TME subtype may be an important
prognosticator in the era of immunotherapy and may also play an integral part in
shaping response to pembrolizumab monotherapy. Enrichment of endothelial cells and
fibroblasts in the TME may be a predictive biomarker for poor response to
pembrolizumab and should be evaluated in future validation studies. [4]
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