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Tissue-based immune monitoring Il

Multiple tumor sites reveal immunologic homogeneity
in serous ovarian carcinoma
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The presence of tumor-infiltrating lymphocytes (TILs) in epithelial ovarian cancer indicates a host antitumor response
and is associated with improved survival. We wished to determine the extent to which TIL density differs from site to site
within a given patient. We initially studied multiple paired metastases from serous ovarian carcinoma obtained at the
time of primary debulking. The expression of genes in specific immune-related pathways was profiled on a pilot set of
five patients. We then used immunohistochemistry and quantitative PCR to estimate the density of CD3*, CD8* and FoxP3*
TILs in these same tumors. To extend the findings to a larger cohort, we semiquantitatively measured intraepithelial
and stromal TILs in a tissue microarray (TMA) containing both primary tumors and metastases from 50 patients. In the
pilot group, genes related to antimicrobial signaling and TGFR signaling showed between-site heterogeneity, whereas
cytokines and antigen presentation transcripts were more homogeneous in any given patient. IHC and qPCR for T-cell
markers were concordant. In the TMA cohort, two-way ANOVA showed that TIL heterogeneity between sites was
present in some but not all patients. The stroma of extra-ovarian metastases showed significantly greater TIL infiltration
than ovarian sites. A simulation showed that at clinically meaningful levels of precision, up to 3% of patients will be
misclassified for intraepithelial TILs by a single biopsy. In conclusion, between-site heterogeneity exists in some patients

with metastatic serous ovarian cancer. The predictive value of biopsies should be considered in clinical trial design.

Introduction

Tumor immunotherapy is an emerging therapeutic modal-
ity that aims to augment the patient’s host antitumor response
through personalized cancer vaccines, adoptive transfer of lym-
phocytes and/or immunomodulatory therapy. Positive results
have been reported in phase IT and III trials for prostate cancer,!
low-grade non-Hodgkin lymphoma,? melanoma,’> breast can-
cer® and other tumors. Critical to the success of immunotherapy
is the ability of effector T cells to infiltrate the tumor microen-
vironment. A variety of factors at the tumor microenvironment
control T-cell homing, engraftment and function. Significant
effort has therefore been directed to understanding the factors
that contribute to this microenvironment, including cellular
constituents and soluble factors that recruit T-cell subsets and
modulate their activity.
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Clinical studies testing novel tumor immune therapies have
relied to date upon blood and serum assays to monitor the bio-
logical effects of immune therapy in vivo and interpret disease
response. These assays include cytokine profiling, analysis of
peripheral blood lymphocyte phenotype and specificity, and
ex vivo activation assays on peripheral lymphocytes.” However,
these assays are poorly informative about events occurring in the
patient’s tumor, because antitumor immune response in periph-
ery may be disconnected from that in tumors, due to factors
acting specifically at the tumor microenvironment. Being able
to monitor the microenvironment of tumors during immune
therapy is a powerful tool to gain knowledge on the biological
effects of immune therapies, understand the impact of immuno-
modulation therapy and interpret clinical results. Furthermore,
tissue sampling of the tumor can be used as an inclusion criterion
or as a means to identify biomarkers that predict response. In a
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companion article, we show evidence that CT-compatible core
needle samples of ovarian tumor tissue are a suitable and reliable
method for interrogating the tumor microenvironment. These
studies have made the implicit assumption that a single tcumor site
is a valid proxy for the patient’s overall disease. However, tumors
with multiple metastatic deposits represent a unique challenge
with respect to tissue based immune monitoring. It is in this case
unclear whether the characteristics of one metastatic deposit will
be representative of distant lesions.

Ovarian cancer is the most lethal gynecologic cancer, with
21,880 new cases and 13,850 deaths estimated to occur in the US
in 2010, and is a well-established model system for the role of the
immune system in cancer. Because of ovarian cancer’s relatively
nonspecific symptoms, it often presents at an advanced stage with
disseminated peritoneal disease. Optimal resection is strongly
predictive of survival, but even optimally debulked patients
have some degree of residual peritoneal metastases. Complete
response to chemotherapy is quite common, but recurrence is
the norm. These pathologic features make immunotherapy espe-
cially appealing in ovarian cancer. The density of intraepithelial
lymphocytic tumor infiltration is associated with survival in

ovarian cancer,®!!

which was confirmed by multiple indepen-
dent studies.'*" Spontaneous antitumor immunity, in the form
of tumor-reactive T cells and antibodies, has been detected in
peripheral blood of patients with advanced stage disease at diag-
nosis.'®" Furthermore, pilot clinical data indicate that ovarian
cancer patients respond to interleukin-2 (IL-2),* CTLA-4
antibody?** and adoptive transfer of ex vivo expanded TIL.'>"
Because of the multiple peritoneal nodules commonly seen, ovar-
ian cancer is a suitable tumor to study the level of heterogene-
ity among metastatic deposits. In particular, it is important to
understand whether multiple tumor sites within a given patient
have different immunologic microenvironments, as assessed by
lymphocytic infiltration. This question is especially important in
case tumor biopsies must be used to monitor or interpret therapy.
The magnitude of this between-site heterogeneity has not been
well quantified in ovarian cancer. We report here a series of exper-
iments addressing these questions. Using expression profiling we
demonstrated that immune-related gene expression differed from
site to site within a patient, then using quantitative PCR and
immunohistochemistry we investigated between-site heterogene-
ity in lymphocytic infiltration in some patients and modeled the
significance of this heterogeneity for clinical trial design.

Results

Between-site heterogeneity in immune gene expression pro-
files. To determine whether the immune microenvironment of
tumors is highly overlapping or rather heterogeneous among
different metastatic sites within a given patient, we performed
gene expression analysis using Affymetrix arrays and examined
genes that are part of immune-related pathways. We focused on
three tumor sites (the primary and two intraperitoneal metasta-
ses) sampled from each of five different patients as a pilot study.
Genes pertaining to five immune-related pathways, as catego-
rized by the ImmPort immunology bioinformatics project (25),
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were included, encompassing the T-cell receptor (TCR) signaling
pathway (which captures T-cell-related signatures); antigen pro-
cessing and presentation (which captures dendritic cell/mono-
cyte-related signatures); TGF@ family members (which captures
signatures of wound healing and immune tolerance pathways);
antimicrobials (which represents a mixture of inflammation and
innate immunity) and cytokines.

We used unsupervised clustering of gene expression profiles
as a means of interrogating samples for molecular similarities.
When profiles were clustered (Fig. 1), we found that the three
tumor sites from each subject tended to resemble each other more
than they resembled the profiles from other subjects’ tumors, but
this tendency varied among pathways. The degree of between-site
similarity was quantitated for each subject’s tumors by calculat-
ing the cophenetic distance between the subject’s three tumor
sites (Table S1). The mean between-site distance was smallest for
genes related to cytokines (mean distance 2.0) and antigen pro-
cessing and presentation (mean 2.4), indicating that the tumor
sites from a given patient differed least in these profiles. In con-
trast, the genes related to antimicrobial responses (mean 3.6) and
TGEFR signaling (mean 3.0) were most divergent between tumor
sites within a given patient. The TCR signaling gene set showed
an intermediate degree of variability between tumor sites (mean
2.8). The patients varied in their mean between-site cophenetic
distance averaged across all gene sets (range 2.4-3.2), indicat-
ing that they differed in their overall tendency toward transcrip-
tional diversity at different sites. Overall, the immune signatures
of different tumor sites within a given patient were more similar
to each other than to those from other patients, especially the
cytokine and antigen processing and presentation signatures, but
some heterogeneity was noted.

Between-site heterogeneity in T-lymphocyte infiltration in
a pilot group. In the companion manuscript (Hagemann et al.)
we show that there is little variation in T-cell infiltrate among
different areas within the same tumor deposit. The results of the
above gene expression analysis, however, suggest that in some
patients there is variation in the immune milieu across different
metastatic deposits within a given patient, especially those rep-
resenting T-cell and tolerance pathways. We thus hypothesized
that such molecular heterogeneity seen among tumor sites within
subjects might be correlated with differences in T-cell infiltrates.
Because in some patients tumor biopsies may yield tissue that is
not suitable for IHC but could still be used for quantitative real-
time PCR (qPCR), we first measured by qPCR T-cell markers
differentiation markers CD3ge, CD8A and FoxP3 in the same
RNA samples used to develop the gene expression data (Fig. 2,
top). These markers are specifically expressed by and reflect the
density of total CD3* T cells, CD8* T cells and FoxP3* T regula-
tory cells, respectively. Data were normalized to 3-actin as a load-
ing control. In addition to the above 15 tumor samples from five
subjects, we analyzed three tumor sites (primary and two intra-
peritoneal metastases) per subject from five additional subjects.
Two-way ANOVA for qPCR measurement of lymphocyte mark-
ers showed that patients differed significantly from one another
in their mean CD8A (p < 0.0001) and FoxP3 (p = 0.0001) expres-
sion, but did not differ significantly for CD3e. There was no

Volume 12 Issue 4



Antimicrobials

Antigen processing
and presentation

Cytokines

TGFp family
members

TCR signaling
pathway

777776667717777
111119991111111
000667776777888

123123123123123

666777777777777
999111111111111
777000777666888

123213213123123

7766677777777 77
119991111111111
067770077786688

331231212311223

777777767 776677
111111191119911
000666877 777788

213132111232323

7777777666777771
111111199911111
000766877767788

123112112332323

2o0r3).

Figure 1. Gene expression profiles within five functionally defined sets of genes, measured for three tumor samples harvested from each of five
patients (15 samples total). Heat maps indicate above-average (green) or below-average (red) expression of specific genes. Profiles were subjected to
hierarchical clustering, as captured by the dendrograms at top. Titles at bottom indicate the patient ID (three-digit code) and tumor site (single digit: 1,

main effect of site in the ANOVA (p > 0.26 for all three markers).
We noted that in some patients, the three sampled sites were very
similar to one another, while in other patients the sites showed
heterogeneous expression of lymphocytic markers. Importantly,
there was a positive correlation between CD8A and FoxP3 genes
(two-tailed Pearson r = 0.85, p < 0.0001), but not between CD3e
and CD8A, nor between CD3¢ and FoxP3. Presumably due to
the small sample size and the complexity of the underlying biol-
ogy, there was no specific relationship between heterogeneity in
gene expression profiles shown in Figure 1 and heterogeneity in
lymphocytic markers.

Next, we examined whether qPCR analysis of T-cell subsets
through differentiation markers accurately captured T-cell infil-
tration. We compared qPCR data with immunohistochemical
assessment of CD3*, CD8* and FoxP3" cells (Fig. 2, middle and
bottom). Tumor tissue from these ten subjects was subjected to
immunoperoxidase staining for CD3, CD8 and FoxP3. CD3 was
used as a pan-T-cell marker, CD8 was used as a marker for cyto-
toxic T cells and FoxP3 was used as a highly sensitive and specific
marker for regulatory T cells. The average number of positive
cells per high power field was determined by light microscopy
(Fig. 2, middle). We found a strong correlation between qPCR
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and IHC quantification of total CD3* T cells (two-tailed Pearson
r = 051, p = 0.0042) and FoxP3 (r = 0.53, p = 0.0028), and a
measurable but not statistically significant correlation between
qPCR and THC for CD8" (r = 0.33, p = 0.0747) (Fig. 2, bot-
tom). Similar to the qPCR data, there was no specific correla-
tion between heterogeneity in histologically defined lymphocyte
infiltration and heterogeneity in gene expression profiles. Finally,
we found a positive correlation between IHC-quantified CD3*
and CD8" cells (two-tailed Pearson r = 0.56, p = 0.0014); CD3*
and FoxP3* cells (r = 0.51, p = 0.0036); and CD8* and FoxP3*
cells (r = 0.75, p < 0.0001). Therefore, qPCR analysis or immu-
nohistochemical assessment of T-cell subsets provide overlapping
information and either one could be used to capture the adaptive
cellular immune response in ovarian cancer. However, for the
purpose of immune monitoring, these data collectively suggest
that sampling of one single tumor deposit may not necessarily
provide complete information on the cellular and transcriptional
milieu of the overall tumor in some patients.

Between-site heterogeneity in T-lymphocyte infiltration in a
larger patient cohort. To more systematically determine the prev-
alence, extent and significance of TIL infiltration and between-
site. TIL heterogeneity, we constructed a tissue microarray
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Figure 2. gPCR and immunohistochemical assessment of T-lymphocyte markers in a pilot set of patients. (Top) Expression of T-lymphocyte markers
CD3 (total T lymphocyte), CD8 (cytotoxic T lymphocyte) and FoxP3 (T regulatory lymphocyte) in tumor from three different metastatic sites within
each of ten patients, as determined by gPCR. Data points represent mean of triplicate experiments. Lines indicate the grand mean for each patient.
(Middle) Density of CD3*, CD8* and FoxP3* lymphocytes in tumor as determined by immunohistochemistry and visual scoring. (Bottom) Correlation
between gPCR and IHC assessment of the immunologic microenvironment. r indicates the Pearson correlation coefficient. Dashed lines indicate the
95% confidence band of the best-fit line; a.u., arbitrary units.

containing multiple primary and metastatic samples from 50
serous ovarian cancer cases. Paraffin sections of the microarray
were stained for T cells by immunohistochemistry using CD3,

CDS8 and FoxP3 antibodies.

The density of intraepithelial and stromal tumor-infiltrating
lymphocytes (T1Ls) was visually scored on a semiquantitative scale

(Fig. 3A). As expected, we found that some tumors were densely
infilerated by TILs while others showed sparse TILs (Fig. 3A),

and this was true across all three lymphocytic subsets.

Lymphocytic infilcration has been well documented to be a

prognostic factor for survival in serous ovarian cancer.® To test
whether the patient cohort under examination was representative

Figure 3 (See opposite page). Immunohistochemical assessment of T-lymphocyte density and heterogeneity in a set of 50 patients. (A) Represen-
tative CD3-stained histocores with corresponding scores for intraepithelial and stromal lymphocytes. (B) Frequency distribution of the 50 cases
according to the median density of intraepithelial lymphocytes in each of the three subsets examined (CD3*, CD8", FoxP3*), averaged across all
tumor sites. (C) Frequency distribution of the 50 cases according to median density of stromal lymphocytes. (D) Frequency distribution of the 50
cases according to the heterogeneity of their intraepithelial lymphocyte infiltration, assessed as the difference between the maximal and minimal
TIL score for each patient’s tumors. (E) Frequency distribution of the 50 cases according to the heterogeneity of their stromal lymphocyte infiltration.
(F) Overall survival of patients stratified according to median intraepithelial CD3* TIL density. (G) Overall survival of patients stratified according to
stromal CD3* TIL density.
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Table 1. Two-way ANOVA analyses of intraepithelial and stromal CD3* TIL density, performed in a cohort of 50 patients to test for heterogeneity
among patients and between tumor sites

cD3 CD8 FoxP3

Source of variation % of total variation p % of total variation p % of total variation p

Factors associated with density of intraepithelial TILs

Site 0.17 0.3802 0.16 0.3407 0.49 <0.0001

Patient 52.90 <0.0001 54.86 <0.0001 55.27 0.0892

Interaction 27.62 <0.0001 28.67 <0.0001 19.24 <0.0001
(Residual) 19.31 16.31 25.00

Factors associated with density of stromal TILs

Site 1.84 <0.0001 2.88 <0.0001 2.30 <0.0001

Patient 49.61 <0.0001 42.50 <0.0001 43.57 <0.0001

Interaction 29.61 <0.0001 33.89 <0.0001 27.61 <0.0001
(Residual) 18.94 23.61 26.52

Six separate analyses were run: one for each of CD3, CD8 and FoxP3, for both intraepithelial and stromal TILs.

Table 2. Linear mixed effects modeling of TIL infiltration, performed on a cohort of 50 patients to estimate the magnitude of the difference between
intraepithelial and stromal TIL infiltration at primary (ovarian) and metastatic sites

Intraepithelial TILs

CcD3 CcD8 FoxP3
Site Avg. Diff. (95% Cl) p value Avg. diff. (95% Cl) p value Avg. diff. (95% Cl) p value
Primaries (ovaries) (ref) (ref) (ref) (ref) (ref) (ref)
Metastases -0.07 (-0.30, 0.17) 0.57 -0.09 (-0.29, 0.12) 0.40 0.12 (-0.14, 0.17) 0.37
Significant global effects? No, p =0.30 No, p =0.35 No, p =0.32
Stromal TiLs
CcD3 CcD8 FoxP3
Site Avg. Diff. (95% CI) p value Avg. diff. (95% Cl) p value Avg. diff. (95% Cl) p value
Primaries (ovaries) (ref) (ref) (ref) (ref) (ref) (ref)
Metastases 0.41 (0.21, 0.62) 0.020 0.39 (0.20, 0.57) 0.00002 0.22 (0.04, 0.47) 0.086
Significant global effects? Yes, p =0.0003 Yes, p = 0.0001 Yes, p =0.0003

of ovarian cancer patients with respect to TIL density and clini-
cal outcome, we performed survival analysis on the TMA popu-
lation stratified into three groups according to median CD3*
TIL density (Fig. 3B and C). Intraepithelial TILs were posi-
tively associated with survival in this population (p = 0.0147) by
log-rank test for trend. Thus, this population is representative
of ovarian cancer patients as presented by numerous prior pub-
lications.®" In addition, stroma TILs were positively associated
with survival in this population (p = 0.0448 by log-rank test).

Considering first only intraepithelial TILs (Fig. 3D) and
averaging together all tumor sites for each patient, we found that
very low TIL density (median score of 0) was relatively common,
occurring in 28-40% of patients for all three subsets studied
(CD3*, CD8* and FoxP3*). In contrast, for stromal TILs, again
averaged on a per-patient basis, absence of TILs in any given sub-
set (CD3", CD8* and FoxP3") was relatively uncommon, occur-
ring in 6-18% of patients (Fig. 3E).

We next asked whether the multiple tumor sites examined
for each patient were similar in TIL density or, on the contrary,
showed between-site heterogeneity. As a measure of between-
site heterogeneity, we used the numerical difference between
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the patient’s highest and lowest TIL score (min-max differ-
ence). The majority of patients did show some between-site het-
erogeneity, as evidenced by a nonzero min-max difference (Fig.
3F and G); this was seen for all three lymphocyte subsets and
for both intraepithelial and stromal TILs. For intraepithelial
TILs, the degree of heterogeneity observed was relatively small:
a min-max difference exceeding 1.0 scale unit was seen in only
22-30% of patients (Fig. 3F). On the whole, stromal TILs were
more heterogeneous than intraepithelial TILs (Fig. 3G): a min-
max distance exceeding 1.0 scale unit was still seen in 25-58%
of patients.

Having demonstrated that variability exists in TIL density, we
used two-way ANOVA to test whether this variability reflected
consistent differences between patients, differences between
tumor sites, or some combination of these factors, examining
separately intraepithelial and stromal T cells (Table 1). The inter-
action term of the ANOVA was highly significant (p < 0.0001),
indicating that some patients showed significant site-to-site
intraepithelial TIL heterogeneity and some did not. These results
confirmed the previous qPCR and IHC findings in the smaller
cohort of patients. Thus, it appears that serous ovarian cancer
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varies from patient to patient in its propensity to show between-
site heterogeneity in lymphocytic infiltration.

Stromal TILs showed similar behavior to intraepithelial TILs
in that there was a significant interaction between patient and site
(both p < 0.0001; Table 1). Unlike intraepithelial TILs, stromal
TILs appeared to be significantly associated with the tumor site
(primary vs. metastasis). As shown in Table 2, there was no sys-
tematic difference between intraepithelial TILs in primary and
metastatic tumors. However, CD3*, CD8* and FoxP3" cell density
in the stroma of metastases was on average 0.41, 0.29 and 0.52 scale
units higher than in primary ovarian tumor stroma (p = 0.0003,
0.0001 and 0.0003 respectively). Together, these data confirm
that besides the previously described patient-to-patient variability
in tumor lymphocytic infiltration, some degree of variability also
exists between sites (primary vs. metastases) within a given patient.
These findings are quite important for interpreting clinical experi-
ments with translational endpoints based on tumor assessment.

Next, we tested whether between-site heterogeneity in TIL
density was associated with survival. The OS of patients with
homogeneously high (n = 18) and with heterogeneous CD3* TIL
density (n = 11) was significantly longer than that of patients with
homogeneously low CD3* density (n = 21) (p = 0.0069; Fig. S1).
Median survival was 59.6 mo for patients with homogeneously
high CD3* TILs and 59.5 mo for those with heterogeneous CD3*
TIL density, but only 34.1 mo for those with homogeneously low
CD3* TILs. Thus, having low CD3* TILs at all sites was an
adverse prognostic marker in this population. A similar analysis
was performed for CD8* and FoxP3* TIL subsets, but no signifi-
cant effect was found, most likely due to small sample size.

Estimating the predictive value of limited tumor sampling.
Accurately estimating T-cell subset infilcration through limited
tumor sampling is an important task for clinical translational
studies. The current paradigm in tumor vaccine therapy is that
biopsy of a single site provides useful information about the
patient’s tumor as a whole. We tested this hypothesis by com-
puting the predictive value of a small number of tumor biopsies
for estimating the patient’s overall TIL density as averaged across
all sites. Tumor sampling was modeled using an “urn” model in
which #4 biopsies are used to sample a patient with a total of »
tumor deposits. Parameters of the model included 4, the number
of biopsies and &, the maximum error that one is willing to make
in estimating the median TIL density of the patient’s tumor.

The simulation showed that for the purpose of predicting a
patient’s median intraepithelial CD3* TIL density with an error
not exceeding 0.5 scale units (& = 0.5), a single biopsy (£ = 1)
is only 73% accurate (Table 3). Predictably, the performance
characteristics of single biopsy improved as the value of & was
increased; if the median TIL density is only to be estimated
within 1.0 scale units, then a single biopsy is 97% accurate.
This value is adequate for the design of a clinical trial. One
way to more accurately estimate the patient’s median TIL den-
sity is to biopsy more than one site and average these estimates.
Simulation showed that by biopsying two separate tumor depos-
its, the procedure becomes 92% accurate for predicting intraep-
ithelial TIL density within & = 0.5 and 98% for & = 1.0. Similar
findings arose when the simulation was repeated for stromal
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Table 3. Predictive value of single or multiple biopsies for estimating a
patient’s overall median TIL density
Intraepithelial CD3* TILs
Error tolerance of the

Accuracy of 1 Accuracy of 2

estimate (&) (scale units) biopsy biopsies
0.5 73% 92%
1 97% 98%
1.5 398% 100%
Mean error (absolute 0.34+043 0214032

value, in scale units) + SD
Stromal CD3* TILs
Error tolerance of the

Accuracy of 1 Accuracy of 2

estimate (&) (scale units) biopsy biopsies
0.5 69% 84%
1 91% 99%
1.5 96% 100%
Mean error (absolute 0.47 +0.55 0.28+0.38

value, in scale units) + SD

The error tolerance (referred to as ¢ in the text) indicates the precision
with which one wishes to estimate the actual TIL density, measured in
scale units.

CD3* TILs (Table 3) or for other lymphocyte subsets (data not
shown).

To present this information in another way, we computed
the mean error that one would make if using a limited num-
ber of biopsies as a surrogate for a patient’s overall TIL density,
as determined by the urn model described above. As shown in
Table 3, using a single biopsy to estimate intraepithelial CD3*
TILs results in an estimate that is on average different by 0.34
scale units from the patient’s true TIL density as averaged across
all tumor deposits. By averaging biopsies taken from any two
tumor deposits, the mean error is lowered to 0.21 scale units. The
results are similar for stromal TILs, except that the magnitude of
the error is larger (0.47 and 0.28 scale units for one or two biop-
sies, respectively). Overall, the predictive value modeling indi-
cates that a biopsy of a single tumor site will not always accurately
describe the patient’s overall tumor microenvironment, and the
accuracy can be improved by sampling additional tumor sites.
These are important findings that can guide the design of clinical
trials requiring enrollment biopsy or longitudinal immune moni-
toring, as discussed below.

Discussion

During immune monitoring studies, a key question relates to
the heterogeneity of therapeutic targets among multiple meta-
static tumor sites in any given patient. This question has not been
asked in ovarian cancer before, and studies of the immunologic
response to ovarian cancer have generally examined a single dis-
ease site. We thus undertook a series of studies to assess whether
tumor from different disease sites within a given patient showed
different immune milieu.

Our companion manuscript (Hagemann et al.) shows that
global gene expression profiles are highly overlapping among
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different sites within the same metastatic tumor deposit in any
given patient, with correlation coefficients for within-tumor
comparisons close to one (range 0.970—0.995), whereas between-
patient correlations were weaker (range 0.888-0.922). Here we
have used expression profiling and lymphocyte density counting
to evaluate serous ovarian carcinoma deposits for between-site
heterogeneity. A pilot investigation of genes related to immune
pathways revealed some degree of within-patient heterogeneity
across tumor sites, especially in genes related to TGEB signal-
ing and antimicrobial response, while expression of genes related
to cytokines and antigen processing/presentation pathways were
relatively constant. In addition, in a pilot set of patients analyzed
by qPCR and IHC, and a larger TMA-based cohort examined
by IHC, we found that some patients were indeed heterogeneous
with regard to TIL density (especially stroma TILs), while the
majority (over 70-80%) showed between-site homogeneity,
especially with regard to intraepithelial TILs. This is important,
as intraepithelial TILs have been correlated with improved sur-
vival and are considered the most important immune biomarker,
while stcromal TILs have not in most studies.

The TMA cohort we analyzed in this study was represen-
tative of previous studies, as we found a clear correlation of
increased intraepithelial TILs with improved survival as previ-
ously reported by others and us. Importantly, although there was
between-site heterogeneity in some patients, the TMA cohort did
not show any systematic difference in intraepithelial lymphocyte
infileration between primary and metastatic sites. In other words,
although there was variability among sites, the variability between
primary and metastatic sites did not reproducibly contribute to
this overall variability. Heterogeneity was seen in all three lym-
phocytic subsets (CD3*, CD8*, FoxP3*) studied. This study of
between-site heterogeneity in ovarian cancer raises the question
of whether heterogeneity itself may be a prognostic factor. In sur-
vival analyses (not shown here), we did not find this to be the
case. While homogeneously low intraepithelial TILs appeared
to be an adverse marker as compared with homogeneously high
or heterogeneous intraepithelial TILs, the homogeneously low
state is highly confounded with the low-median intraepithelial
TIL state. Thus, overall, there is some degree of heterogeneity of
TILs across tumor sites within patients with ovarian cancer, but
intraepithelial TILs are less affected than stroma TILs, and this
heterogeneity does not impact significantly on disease outcome,
at least in this cohort.

Between-site immunologic heterogeneity is likely to reflect fac-
tors that are both intrinsic and extrinsic to the tumor. Intrinsic
differences between tumor deposits may arise due to incremen-
tal acquisition of mutations in the course of tumor evolution.
Tumors of unifocal and probably monoclonal origin® spread as
2627 and these

genetically heterogeneous tumors may present distinct tumor

polyclonal collections of related tumor deposits,

antigens and thus support a different immunologic microenvi-
ronment. Additionally, it appears that multiple lesions sometimes
represent multiple independent tumors as predicted by the “field

carcinogenesis” model, 2%

with similar implications for the tumor
immune microenvironment. Factors extrinsic to the tumor, but

intrinsic to the site of involvement, may also play a role in shaping
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the specific immunologic microenvironment. These factors could
include resident stroma cell populations, local vascular factors,
the molecular composition of the local extracellular matrix, or
the influence of nearby secondary lymphoid tissues, all of which
could affect quality, trafficking and function of T cells in the local
microenvironment of metastatic deposits. This molecular hetero-
geneity was quite evident in the expression profiling data pre-
sented here. If the immunologic milieu were homogeneous across
deposits of a single tumor, one would expect expression profiles
to cluster closely together, whereas our data show that expression
profiles of a given tumor may sometimes be more closely related to
deposits of another patient’s tumor. It was interesting to observe
in this small cohort of tumors that genes related to TGF family
members and antimicrobial response showed the highest degree
of within-site heterogeneity, while expression of genes related
to cytokines and antigen processing and presentation pathways
were relatively constant. TGFB pathways capture signatures of
immune tolerance as well as wound healing and stroma, while
antimicrobials pathways represent a mixture of inflammation
and innate immunity signatures. Increased heterogeneity in these
pathways may reflect underlying differences in stroma biology
and inflammatory response intrinsic to the various sites. A similar
difference for example was observed for scromal TILs between
primary and metastatic sites, again possibly reflecting different
composition of stroma. It appears that ovarian stroma is relatively
resistant to infiltration by TILs, as compared with the stroma at
extra-ovarian sites of metastasis. In contrast, the malignant epi-
thelial component of serous ovarian cancer was not more densely
infiltrated by lymphocytes at extra-ovarian sites than in the ovary,
suggesting that this density is an autonomous property of the
tumor that is not significantly conditioned by the surrounding
stroma. It is interesting to note that the antigen processing and
presentation pathways, which capture dendritic cell and mono-
cyte-related signatures; the cytokine signatures, which capture
both tumor cell and immune cell signatures; and the T-cell recep-
tor (TCR) signaling pathways, which capture T-cell signatures,
were more homogeneous, which may reflect the relative homoge-
neity of intraepithelial T cells and/or tumor cells. Given that our
study was only exploratory, this interesting molecular variability
among different metastatic deposits warrants further investiga-
tion through systems biology approaches using larger cohorts.
Our data indicate that some patients demonstrate heterogene-
ity in TIL density between tumor deposits. This observation has
implications for clinical trial design. First, in trials whose design
involves longitudinal tissue sampling, an attempt should be made
to biopsy the same tumor nodule at each time point. In our com-
panion manuscript (Hagemann et al.) we show that multiple
biopsies of a single tumor deposit are in fact quite comparable
to one another. Thus longitudinal sampling of the same tumor
deposit in the course of therapy should accurately reflect microen-
vironment changes within that specific deposit. Vice versa, sam-
pling different tumor deposits could possibly lead to erroneous
conclusions, given the underlying within-patient heterogeneity.
We estimated the level of error based on our TMA data; for CD3*
TILs the average magnitude of error was estimated to be 0.34
scale units, as computed in Table 3. Our study also indicates that
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the relative density of T-cell infiltration (along with other genes
of tumor microenvironment signatures) could be captured ade-
quately by gPCR, if tissue is not sufficient or adequate for IHC.
In fact, QPCR and IHC data correlated reasonably well and this
could be sufficient particularly for longitudinal studies, for exam-
ple requiring pre-, intra- and/or post-therapy tumor sampling.

Using a single biopsy may potentially be misleading when used
for the purpose of stratifying patients or as an inclusion/exclu-
sion criterion. The likelihood of a misleading event will depend
on the specific criterion being assessed (e.g., intraepithelial CD3*
TIL density), the scoring rubric used to classify it (e.g., a semi-
quantitative scale as used here), and the number of total sites to
biopsy. For example, we observed several tumors for which one
deposit was markedly different from the others (e.g., 3+ intraepi-
thelial CD3* T1Ls in one ovary and one metastatic site, but absent
TILs in another site). Multiple biopsies will more accurately cap-
ture the patient’s mean value, and will also more accurately depict
the range for that patient. It is not entirely clear how large an error
one should tolerate in determining TIL density or any other clini-
copathologic variable. Usually, the assumption in clinical research
is that such variables can be measured accurately without error.
Based upon survival data (Fig. 3B and C), a difference in TIL
density of 1 unit on the scale used here appears to be prognosti-
cally significant, particularly for tumors that are overall low in
lymphocytic infiltration. Therefore a clinically useful value of &
may be somewhere between 0.5 and 1 scale units. At this level of &,
a protocol using a single biopsy to assess TILs will only misclassify
3% of patients for intraepithelial TILs and 9% for stromal TILs.

As immune or immunomodulatory therapies become pro-
gressively more effective, there is an increasing need to moni-
tor events in the tumor microenvironment in addition to what
can be measured in peripheral blood. For clinical trials that
require measurement of TILs as an inclusion criterion or as one
of the translational end-points, sample size calculations must
take into account the above methodological sampling errors.
Intraepithelial TILs are the most meaningful biomarker based
on most prior studies; if one agreed that an error of € < 1.0 scale
unit was tolerable, then only 3% of patients would be misclassi-
fied for TILs in a clinical study involving a single biopsy, which
is probably acceptable.

In summary, in this study we examined the issue of within-
patient between-site heterogeneity of antitumor immune
response. Our companion manuscript shows that multiple biop-
sies of the same tumor nodule yield highly reproducible results,
while here we show that for some patients, between-site hetero-
geneity could introduce some error in the estimation of TILs.
Understanding the magnitude of this error is critical in trial
design and interpretation of data related to the tumor immune
microenvironment.

Materials and Methods
Prospective tissue collection. Institutional Review Board
approval was obtained. A biopsy was obtained intraoperatively

from each of three metastatic EOC lesions in ten consecutive
patients undergoing debulking surgery between October 2005

www.landesbioscience.com

and May 2006 from a total of ten patients ranging in age from
39-73, median age of 58. Nine patients were undergoing pri-
mary surgery while one was undergoing secondary debulking for
recurrent disease. On clinicopathologic grounds, two patients
were considered to have primary peritoneal carcinoma involv-
ing the ovary; the others had serous ovarian cancer. All patients
were stage IIIC. Only metastatic tumor was sampled, compris-
ing omental and peritoneal metastases. Just prior to tumor col-
lection, plastic cryomolds were filled half to three-quarters full
with Optimal Cutting Temperature (OCT) Compound (Sakura
Tissue-Tek, Torrance, CA) and placed on dry ice. Immediately
upon removal from the patient, fresh tumor nodules 2-5 ¢m in
diameter were subjected to open-air needle biopsy in the operat-
ing room. Each tumor was biopsied in up to three different areas
at least 0.5 cm apart using a 16-gauge Quick-Core Biopsy Needle
(Cook Medical, Bloomington, IN); for each area we obtained up
to three needle cores. The tumor tissue cores were immediately
transferred into the frozen cryomold prefilled with OCT, covered
in OCT and stored at -80°C. A total of three specimens were col-
lected for each patient.

Gene expression profiling. Gene expression studies were
performed on samples from five patients at the Cancer Biology
Branch, National Cancer Institute, as previously described in ref-
erence 30. Two rounds of amplification were used as previously
described. Briefly, during first round cDNA synthesis, 100 ng of
total RNA was reverse transcribed using the Two-Cycle cDNA
Synthesis Kit (Affymetrix, Santa Clara, CA) and oligo-dT24-
T7 (5-GGC CAG TGA ATT GTA ATA CGA CTC ACT ATA
GGG AGG CGG-3") primer according to the manufacturer’s
instructions. First round amplification used the T7 promoter
coupled double stranded cDNA as template and the MEGAscript
T7 Kit (Ambion, Inc., Austin, TX). Following cleanup of the
cRNA with a GeneChip Sample Cleanup Module IVT column
(Affymetrix), second round double stranded cDNA was gener-
ated and purified. After amplification and biotinylation with
the IVT Labeling Kit (Affymetrix), a 15.0 mg aliquot of labeled
product was fragmented by heat and ion-mediated hydrolysis
and hybridized to human U133A 2.0 oligonucleotide GeneChip
arrays (Affymetrix), which comprise over 500,000 unique oligo-
nucleotide features covering more than 18,400 transcripts and
variants on a single chip. The microarrays were subsequently
stained for visualization in a Fluidics Station 450 and scanned
using the laser confocal GeneChip Scanner 3000 (Affymetrix).
Affymetrix array CEL files were processed in R using an algo-
rithm that uses genes in the least variant set (LVS) to normalize
the expression data.*!

Quantitative PCR. RNA was isolated from tumor tissue of
ten patients using the TRIzol Reagent (Invitrogen) and recon-
stituted in RNase-free water. RNA quantity and quality were
measured using the Agilent 2100 Bioanalyzer. RNA samples were
treated with DNase I (Invitrogen) and ¢cDNA was transcribed
for each sample using Superscript II First Strand Synthesis Kit
for RT-PCR (Invitrogen). Experiments with real-time quanti-
tative (q)PCR were performed with the use of the ABI Prism
7900 Analyzer and SYBR Green PCR kits (Applied Biosystems).
cDNA levels were normalized against B-actin.
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Tissue microarray construction and staining. We identified
50 patients with metastatic ovarian cancer (FIGO stage IIC and
above) undergoing primary resection at our institution between
2005 and 2008 (Table 1). All cases were invasive carcinomas;
borderline tumors were excluded. Inclusion criteria included
papillary serous histology or poorly differentiated histology with
some serous features, clinicopathologic findings consistent with
ovarian primary and availability of paraffin blocks represent-
ing at least three tumor sites including one ovarian primary site.
Mean age was 59.5 y (SD, 11.7); FIGO stage was IIC for three
patients, IIIB for two patients, ITIC for 40 patients and IV for six
patients. Three patients had moderately differentiated histology,
the remainder being poorly differentiated. Of the patients, 33/50
= 66% were optimally debulked and 17/50 = 34% suboptimally
debulked.

H&E-stained slides were reviewed and annotated and paraf-
fin-embedded tissue blocks were used to construct a tissue micro-
array of primary and metastatic tumors. Including primary sites
and metastases, a total of 206 tumor sites were represented on the
array. A mean of 3.8 sites were included per patient, including one
to two primary (ovarian) sites and one to seven metastatic sites.
Eighty-nine ovarian deposits were included. The most common
metastatic sites included omentum (41 deposits), peritoneum (e.g.,
cul-de-sac) (21 deposits), uterine serosa (21 deposits) and bowel
wall (18 deposits). Previously frozen samples (frozen section rem-
nants) were permitted, but avoided when possible. Lymph node
metastases represented a small number (seven) of the deposits. For
each tumor site represented on the array, triplicate 0.6 mm cores of
tumor were taken from a single archival paraffin block and placed
on a tissue microarray using a manual arrayer. The resulting tissue
microarray spanned three paraffin blocks, each containing up to
20 x 14 tissue cores including cases and controls.

Paraffin sections of the arrays were cut at 5 wm thickness
and stained with hematoxylin-eosin or by immunohistochemis-
try using 3,3'-diaminobenzidine as chromogen and hematoxylin
counterstain, according to standard protocols in our labora-
tory. Immunostains were performed for the immune markers
CD3 (pan T lymphocyte), CD8 (cytotoxic T lymphocyte) and
FoxP3 (regulatory T lymphocyte). CD3 (rabbit polyclonal,
A0452, Dako Cytomation) and CD8 (clone C8/144B, M7103,
Dako Cytomation) were used at 1:250 and 1:100 respectively
after antigen retrieval by boiling in 1x citrate buffer for 15 min.
FoxP3 (clone 206D, 320102, Biolegend) was used at 1:250 after
antigen retrieval at pH 9-10 in a pressure cooker at 15 psi for
2 min.

Scoring of tumor-infiltrating lymphocytes in tissue micro-
array sections. The immunostained microarrays were scored for
tumor-infiltrating lymphocytes by a pathologist (I.S.H.) exam-
ining the tissue by light microscopy at 400x magnification.
Intraepithelial lymphocytes (i.e., lymphocytes infiltrating the
malignant epithelial compartment of the histospot) and stromal
lymphocytes (all other lymphocytes in the histospot) were graded
according to the following quantitative criteria: 0, absent TILs; 1,
rare TILs [1-10/400x high-power field (hpf)]; 2, moderate TILs
(11-20/hpf); 3, numerous TILs (>20/hpf). When multiple fields

were available for review, the median of their scores was recorded
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for that core. The lymphocyte density in partial/incomplete fields
was normalized based on a visual assessment of the percentage
that consisted of tumor epithelium or stroma. Tumors for which
fewer than two good-quality cores were present were considered
unevaluable.

Biocomputational and statistical analyses. Affymetrix
data analysis. We analyzed expression of genes falling into five
immune-related pathways as categorized by the ImmPort immu-
nology bioinformatics project.*> Gene expression profiles were
processed using unsupervised hierarchical clustering using genes
in the least variant set (LVS) to normalize the expression data.’!
The cophenetic spanning distance for any given patient and gene
set was defined as the minimal dendrogram height at which the
patient’s three tumor sites are connected.’ Nearest neighbors
have a distance of 1 and the smallest possible distance that can
encompass a set of three samples is 2. These distances were man-
ually computed for each for each subject and gene set.

Tissue microarray data analysis. For the heterogeneity analy-
sis, patients with TIL counts for at least three tumor sites were
included (40 patients for the CD3 analysis, 41 for CD8 and 42
for FoxP3) and a two-way ANOVA analysis (Prism 5, GraphPad
Software) was performed on the first three tumor sites according
to the order in which they were placed on the array, with site
one always representing a primary site. To test between-site dif-
ferences, linear regression with a mixed effects model was used
(Stata 11, Stata Corp.), using the site (primary vs. metastasis) as
a fixed effect and the patient as a random effect. This method
controls for between-patient differences and allows the effect of
tumor site to be independently determined. The average differ-
ence between sites was estimated. Between-patient variation and
clustered effects between repeated measures from the same site
were captured via random effects (random intercepts and/or ran-
dom slopes). The need for a specific random effect was tested via
likelihood ratio test.

Predictive value modeling. The predictive value of single or
multiple tumor biopsies was modeled using an “urn model” sim-
ulation constructed in Microsoft Excel 2008. To simulate the act
of biopsying a given patient, a specified number of biopsies were
drawn at random from a simulated urn containing all of that
patient’s tumor sites and the resulting estimate of the patient’s
CD3" TIL density was compared with the actual median of all of
that patient’s tumor sites. This simulation was iterated multiple
times over the entire set of TMA patients to reach a total of 300
experiments.

Clinical outcomes. Overall survival (OS) was defined as the
time from diagnosis to death from any cause, as determined
from clinical and public records. Patients for whom death was
not documented were censored at the last clinical encounter. The
median follow-up period was 40 mo (range 3—74 mo). Kaplan-
Meier curves were drawn and log-rank test was performed using

Prism 5 (GraphPad Software).
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