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Abstract

Introduction: Benign lymph nodes have been considered the hubs of immune surveillance in cancer patients.
The microenvironment of these lymphoid tissues can be immune suppressed, hence allowing for tumor
progression. Understanding the spectrum of benign findings in bystander lymph nodes in immune checkpoint
blockade therapy could prove to be key to understanding the mechanism and assessing treatment response.
Methods: Benign lymph nodes and spleen were evaluated from patients treated with immunotherapy who
subsequently received postmortem examination. We used quantitative immunofluorescence (QIF) to assess
tumor infiltrating lymphocytes (TIL) and macrophage marker expression and characterized activation status
using a novel multiplexed QIF assay including CD3, GranzymeB, and Ki67. We performed immunohistochemistry
to correlate results of QIF.

Results: Benign lymph nodes from non-responders to immunotherapy showed significantly higher expression
of cytotoxic markers and proliferation index (Ki67) in T cells compared to responders. Higher expression of
PD-L1 in macrophages was also observed. There was no significant difference in CD3" expression, but higher
levels of CD8" T cells as well as CD20" B cells were seen in lymph nodes of non-responders. No significant
differences were seen between responder and non-responder splenic tissue. Findings were supported by
traditional immunostaining methods.

Conclusions:While most studies in biomarkers for immunotherapy focus on tumor microenvironment, we show
that benign lymph node microenvironment may predict response to immunotherapy. In responding patients,
bystander lymph nodes appear to have been mobilized, resulting in reduced cytotoxic T cells. Conversely,
patients whose disease progressed on immunotherapy demonstrate higher levels of macrophages that express
increased PD-L1, and activated T cells not recruited to the tumor site.
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Introduction

The discovery of immune checkpoints and the intro-
duction of immunotherapy in clinical practice have
completely changed the treatment landscape of many
types of malignancies. A major mechanism of immune
system inhibition is activation of programmed death 1
(PD-1) by its activator ligand programmed death ligand-
1 (PD-L1) on the surface of tumor infiltrating lympho-
cytes (TILs) in the tumor microenvironment (TME).!?
Expression of PD-L1 on tumor and immune cells is
widely used as a biomarker for selection of patients who
would respond to immune checkpoint inhibitors (ICIs)
and more specifically to PD-1/PD-L1 pathway blockade.
Although PD-L1 expression has been successfully used
to predict response,®** there is a group of patients in
the low expression group who would still benefit from
immunotherapy,” making the role of PD-L1 expression
as a biomarker controversial. The lack of consistency in
predicting response to ICIs has led to ongoing efforts for
discovery of new markers and assays to improve patient
selection. T cell gene expression signatures have been
recently developed and can select subgroups of patients
that would respond to immune checkpoint blockade.®~
Similarly, tumor mutation burden (TMB) has been shown
to be a new and promising predictive biomarker that is
independent and potentially complementary to PD-L1
tumor expression.’*-*?

Although the need for assays and biomarkers that
can accurately select patients who will respond to
ICIs is urgent, as potential toxicity and the high cost
of treatment have become important criteria for this
treatment option selection,’* ¥ most efforts are focused
on expression of immune-related markers on the tumor
and the TME. However, immune response to tumor
neoantigens is a complex mechanism that cannot
solely be reflected by the TME cell populations. It
starts at the regional lymph nodes, where antigen
presentation takes place and is regulated by multiple
cell types and mechanisms. As a result, studying and
understanding the underlying mechanisms that lead to
recruitment of cytotoxic T cells from lymphoid organs
to the sites of disease, including the TME, is likely to be
important.

To explore the hypothesis that benign lymph nodes
may display detectable and quantifiable differences, we
used a cohort of eight patients with a history of ICIs and
collected postmortem tissue from regional benign lymph
node and spleen sites. The goal of this study is to eval-
uate the morphology and phenotype of these lymphoid
tissues and assess any differences in the immune cell
populations and their activation status across respon-
ders and non-responders to immunotherapy. We test
the underlying hypothesis that, although not contiguous
with the tumor, the lymph node represents an extension
of the TME and, as such, shows characteristics that may
be associated with response or resistance to immune
therapy.
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Methods
Patient cohort

The Yale Pathology Autopsy database was searched for
postmortem specimens from 2011 to 2017 for cancer
cases with a history of PD-1/PD-L1 pathway blockade
treatment. A total of eight cases was selected after
evaluation for sufficient benign nodal and splenic tissue
and good tissue quality. H&E stained sections of benign
lymph nodes and spleen were reviewed for specimen
integrity by two pathologists. The lymph nodes exam-
ined were all regional/draining lymph nodes from the
patient’s last known site of disease. Clinicopathological
information from cohort patients were collected from
clinical records and pathology reports. Response was
defined by Response Evaluation Criteria In Solid Tumors
(RECIST) v1.1. Detailed characteristics of the patient
cohort are presented in Table 1.

Immunofluorescence staining: multiplexed TILs
and TILs activation

The multiplexing TIL protocol has been presented
before.’® Briefly, fresh TMA sections were deparaffinized
and subjected to antigen retrieval using EDTA buffer
(Sigma-Aldrich, St Louis, MO, USA) pH 8.0 for 20 minutes
at 97 °C in a pressure-boiling container (PT module, Lab
Vision, Fremont, CA, USA). Slides were then incubated
in 30% hydrogen peroxide in methanol for 30 minutes
at room temperature and subsequently with a blocking
solution containing 0.3% bovine serum albumin in
0.05% Tween solution for 30 minutes. Staining for
pan-cytokeratin, CD4, CD8, and CD20 was performed
using a sequential multiplexed immunofluorescence
protocol with isotype-specific primary antibodies to
detect epithelial tumor cells (cytokeratin: clone Z0622,
Agilent, Santa Clara, CA, USA), helper T cells (CD4
IgG, 1:100, clone SP35, Spring Bioscience, Pleasanton,
CA, USA), cytotoxic T cells (CD8 IgGl, 1:250, clone
C8/144B, Agilent), and B lymphocytes (CD20 IgG2a,
1:150, clone 126, Agilent). Nuclei were highlighted
using 4',6-diamidino-2-phenylindole (DAPI). Secondary
antibodies and fluorescent reagents used were goat anti-
rabbit Alexa546 (Molecular Probes, Eugene, OR, USA),
anti-rabbit Envision (K4009, Agilent) with biotynilated
tyramide/streptavidine-Alexa750 conjugate (Perkin-
Elmer, Waltham, MA, USA), anti-mouse IgGl antibody
(1:100, eBioscience, San Diego, CA, USA) with fluorescein-
tyramide (Perkin-Elmer), anti-mouse IgG2a antibody
(1:200, Abcam, Cambridge, MA) with Cy5-tyramide
(Perkin-Elmer). Residual horseradish peroxidase activity
between incubations with secondary antibodies was
eliminated by exposing the slides twice for seven
minutes to a solution containing benzoic hydrazide
(0.136 g) and hydrogen peroxide (50 pl).

Staining for T cell activation panel® included pan-
cytokeratin, CD3, Ki67, and Granzyme B, and was
performed using a similar sequential multiplexed
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Table 1. Patient cohort information.

Case Age Sex  Diagnosis Immunotherapy Cycles Response Time from Cause of death Other
treatment to concurrent
death (days) treatment

1 69 F Renal cell Anti PD-1 2 No 157 Status Axitinib,

carcinoma epilepticus bevacizumab,
interferon-o

2 66 M Malignant Anti PD-1 6 No 116 Pulmonary Radiation,

melanoma embolism gp-100-CD3
(immuno-
core),
ulixertinib

3 73 M Non small cell Anti PD-L1 4 Yes 16 Pericarditis with None

carcinoma heart failure
lung

4 65 F Non small cell Anti PD-1, anti 4 Yes 33 Cardiac None

carcinoma CTLA4 tamponade
lung

5 60 M Non small cell ~ Anti PD-1, anti 18 Yes 139 Cardiomyopathy None

carcinoma CTLA4 with heart
lung failure

6 70 M Oral Anti PD-1 70 Yes 18 Squamous cell None

squamous carcinoma with
cell hemorrhagic
carcinoma complications

7 64 F Non small cell Anti PD-1 3 Yes 23 Myocarditis and None

carcinoma heart failure
lung

8 47 F Malignant Anti PD-1 8 Yes 22 Cardiomyopathy None

melanoma with heart
failure

immunofluorescence protocol with isotype-specific pri-
mary antibodies to detect epithelial tumor cells (cytoker-
atin, clone 20622, 1:100, Agilent), T lymphocytes (CD3 IgG,
1:100, clone SP7, Novus Biologicals, Littleton, CO, USA),
Ki67 (IgG1, 1:100, clone MIB-1, Agilent), and Granzyme B
(IgG2a, 1:2000, clone 4E6, Abcam). For the macrophage
panel, primary antibodies were used to detect epithelial
tumor cells (cytokeratin, clone Z0622, 1:100, Agilent),
macrophages (IgG3, 1:200, clone PGM1, Agilent), and PD-
L1 (1:1000, clone SP142, Spring Bioscience, Pleasanton,
CA, USA). Fresh control slides from morphologically
normal human tonsil were included in each staining
batch as positive controls and to ensure reproducibility.

Immunohistochemistry staining

Tissue sections were subjected to the same deparaf-
finization, antigen retrieval, and blocking protocol
mentioned above. The lymph node and spleen sections
were stained with primary antibodies for CD3 (clone
2GV6, Ventana), CD4 (Clone SP35, Ventana), CD8 (clone
144B, Agilent), CD20 (Clone L26, Agilent), and TIA-1 (clone
TIA1, Biocare).

Quantitative immunofluorescence

Quantitative measurement of the immune markers and
TILs activation markers was performed using an AQUA

(Automated Quantitative Analysis) method (NavigateBP,
Carlsbad, CA, USA), quantifying fluorescent signal within
subcellular compartments, as previously described.?® For
CD3, CD4, CD8, CD20, and CD68, the area in which the
signal was measured was defined by positive DAPI stain-
ing. TILs activation markers, Ki67 and Granzyme B, were
measured in a dilated CD3 positive compartment, defin-
ing predominantly T lymphocytes. PD-L1 was measured
in the CD68 positive compartment.

QIF scores were calculated by dividing the target pixel
intensity by the area of the compartment, and were then
normalized to the exposure time and bit depth at which
the images were captured, allowing scores collected at
different exposure times to be comparable. All fields
of view (FOV) were visually evaluated and those with
staining artifacts or presence of <2% compartment area
were systematically excluded.

Statistical analysis

Immunohistochemistry scoring of the markers was
performed by two pathologists on lymph node and
spleen sections. For each slide evaluated, pathologists
interpreted staining at 40x high power field and counted
positive cells per background cell were appropriate
(such as Ki67 quantification and CD4/CD8 ratio). For
cytotoxic marker evaluation on immunohistochemistry,
which is more difficult to ascertain on a per cell basis,



approximate level of positivity was recorded (—, —/+,
+, ++). Comparison of QIF scores for different markers
across responders and non-responders was performed
by Mann-Whitney analysis. Each patient case was
represented by the 10 highest scored FOV for both
lymph nodes and spleen. All P values were based on
two-sided tests and any P value <0.05 was considered
statistically significant. Statistical analysis was per-
formed using JMP Pro software (version 11.2.0, 2014,
SAS Institute Inc, Cary, NC, USA) and GraphPad Prism
v6.0 for Windows (GraphPad Software, Inc, San Diego,
CA, USA).

Ethics approval

The collection of patients’ tissue/data and subsequent
analysis was approved by the University Human Subjects
Institutional Review Board.

Results
Histopathological analysis of chromogenic assays

Postmortem specimens of eight patients with a history
of treatment with PD-1/PD-L1 pathway inhibitors were
collected and examined to assess whether there is a
difference in morphology and common immune marker
expression in benign regional lymph nodes associated
with response to immunotherapy. Similarly, matched
spleen specimens were assessed to determine whether
the effect of immune checkpoint inhibition is systemic
and reflected on all lymphatic system organs. The cohort
included patients with solid tumors with an average
age of 64 years and was balanced in terms of sex. Most
patients received anti PD-1/PD-L1 pathway inhibitors,
with two non-small cell lung cancer (NSCLC) patients
receiving combination treatment with anti-CTLA4 and
anti-PD-1 inhibitors. Out of the eight patients, only two
did not respond to immunotherapy, as defined by RECIST
V1.1 criteria.

H&E stained sections of benign lymph nodes and
spleen were reviewed for morphological differences
by two pathologists independently, both blinded to
clinical response. On microscopic examination, the
lymph nodes of responders showed marked architectural
abnormalities, including lack of defined follicle forma-
tion, overall reduction in lymphocytes, and frequent
replacement by fibrosis. However, the lymph nodes
from non-responders were cellular but showed greater
infiltration by macrophages.

Lymph node and matched spleen sections were
subsequently stained and scored by two pathologists
for CD4, CD8, and T cell intracytoplasmic antigen (TIA-
1) expression to assess the immune cell populations
and their activation status (Table 2). Representative
images are shown in Fig. 1A-H. The agreement between
Pathologist 1 (P1) and Pathologist 2 (P2) scoring was
high. Benign lymph node scoring for CD4:CDS8 ratio did
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not show any consistent differences across responders
and non-responders to immunotherapy. Interestingly,
lymph node TIA-1 expression was found to be high
in non-responders, whereas in responders there were
substantially fewer cells positive for TIA-1. In spleen
sections, there was no difference in the CD4:CDS8 ratio
or TIA-1 expression.

Quantitative assessment of immune marker
expression

Benign lymph node and spleen sections from the eight
cohort patients were stained with three multiplex
panels to quantitatively assess the expression of CD4,
CDS8, CD20, and CD3 and the T cell activation status.
Additionally, we measured CD68 and expression of PD-
L1 in macrophages. Representative QIF images of the
multiplex panels are shown in Fig. 2. Benign lymph
node analysis revealed that there was statistically
significantly higher expression of CD4 (P = 0.0001), CD8
(P < 0.0001), and CD20 (P < 0.0001) in immunotherapy
non-responders compared to responders (Fig. 3). While
there was no difference in the expression of CD3, T
cells in the non-responders had a high expression of
Granzyme B (P < 0.0001) and Ki67 (P < 0.0001). Granzyme
B and Ki67 have been previously used in this multiplex
panel as markers of T cell activation,” reflecting
cytotoxicity and proliferation, respectively. Consistent
with the morphological features previously presented,
CD68 expression was higher in the non-responders
(P < 0.0001). Additionally, PD-L1 expression measured
in the macrophage compartment was similarly found
to be higher in non-responders compared to responders
(P < 0.0001). Analysis of the spleen sections revealed an
inverse correlation for CD4 and CD8 expression, with
the responders showing higher expression (P < 0.0001
and P = 0.0135 respectively) (Fig. 4). Conversely, similar
to the lymph node expression, non-responders had
a higher CD20 (P = 0.0035) and T cell Granzyme B
(P = 0.0258) expression. No difference was seen for
CD3, Ki67, CD68, and PD-L1 expression across patient

groups.

Discussion

Benign lymph nodes have been considered the hubs of
immune surveillance in cancer patients. The structure of
lymph nodes is complex as there are distinct compart-
ments with specific functions. Lymph node cortex con-
tains B cell-enriched follicles, while T lymphocytes are
located in the interfollicular areas of the cortex and para-
cortical zones in the medulla. High-endothelium venules
of the paracortex form a site at which naive T cells
interact with antigen presenting cells (APCs) to generate
T cell-dependent immune responses.

The immune system protects the host against tumor
development, growth, and metastasis?®** and lymph
nodes are involved in anti-tumor immune responses
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Table 2. Pathologist scoring of lymph node and spleen tissue for CD4:CD8 ratio and TIA-1 expression.

Case Lymph node CD4:CD8 Spleen CD4:CD8 Spleen CD4:CD8 Spleen TIA-1
P1 P2 P1 P2 P1 P2 P1 P2

1 11 2:1 (++) (++) 1:2 1:3 (+) (++)
2 3:1 2:1 (++) (++) 1:8 1:10 (++) (++)
3 3:1 3:1 (=) (=) 4:1 4:1 (+) (+)
4 3:1 3:1 (-) (-) 1:3 1:3 (+) (+)
5 6:1 8:1 (=) (+) 1:8 1:10 (+) (+)
6 6:1 4:1 (=) (—/+) 5:1 5:1 () (++)
7 3:1 2:1 (—/+) (—/+) 11 11 (+) (+)
8 11 1:1 (-) (-) 3:1 2:1 (+) (+)
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Figure 1. Representative immunohistochemistry images of marker expression in regional lymph nodes of a responder and a non-responder to
immunotherapy. In a responder: (A) H&E; (B) CD4; (C) CD8; (D) TIA expression. In a non-responder: (E) H&E; (F) CD4; (G) CD8; (H) TIA expression.

as the site of tumor antigen presentation by various
APCs like dendritic cells.*?* Their interaction with T
cells sensitizes the latter to tumor antigens and initiates
the cellular immune response.”® The activated T cells
are then recruited to the TME to destroy the tumor. The
importance of regional lymph nodes as the immune
sensitization sites to tumor antigens rather than the
primary tumor was underlined in the guinea pig line-10
hepatoma model, showing that removal of the draining
lymph node (LN) to the tumor immunization skin site,
resulted in an abrogation in the development of systemic
immunity.?’

Over the past decade, the TME has been extensively
studied as a site of immune suppression. The presence of
intratumoral CD8" and CD4" T cells has been indepen-
dently associated with a good clinical outcome,”® while
the expression of immune checkpoints by tumor cells is
a well characterized immune evasion mechanism.” An
additional mechanism limiting the anti-tumor immune
response is deregulation of immune-cell recruitment. In
particular, recruitment of suppressive myeloid cells, such

as myeloid-derived suppressor cells, tumor-associated
macrophages, immature dendritic cells (DCs), and
immunosuppressive neutrophils, has been described as
a mechanism of immunosuppression.®:*

In this study, we used postmortem benign lymph node
and spleen tissue from patients with a history of ICIs to
assess the predictive value of immune cell populations
residing in those lymphoid structures. Our main finding
was the retained proliferative cytotoxic CD8" T cells in
uninvolved lymph nodes with a compensatory increase
in macrophages in those who failed treatment. Addition-
ally, non-recruited T cells in lymph nodes from patients
that did not respond to ICIs had a higher expression
of Granzyme B, a marker reflecting the levels of the
cytotoxic granules, and Ki67, a marker of proliferation.”
The QIF findings were supported by TIA-1 chromogenic
assays scored by two pathologists. TIA-1 is a marker
that is mainly expressed by activated cytotoxic lym-
phocytes and natural killer cells.®>** The elevation in
levels of Granzyme B in the non-responders appears to
be constant regardless of time interval from treatment,
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Figure 2. Representative multiplexed QIF images of marker expression in regional lymph nodes of a responder and a non-responder to
immunotherapy. (A) TILs marker expression in a responder; CD8 (green), CD20 (blue), CD4 (red). (B) TILs activation marker expression in a
responder; Granzyme B (red), Ki67 (blue), CD3 (green), cytokeratin (green). (C) Macrophage marker expression in a responder; PD-L1 (red), CD68
(green). (D) TILs marker expression in a non-responder; CD8 (green), CD20 (blue), CD4 (red). (E) TILs activation marker expression in a non-
responder; Granzyme B (red), Ki67 (blue), CD3 (green), cytokeratin (green). (F) Macrophage marker expression in a non-responder; PD-L1 (red),

CD68 (green).

suggesting a prolonged defect in appropriate recruitment
of these cytotoxic elements to the site of action. It may be
that a compensatory overproliferation exists to explain
the increase in Ki67. Also of interest, although difficult
to demonstrate quantitatively, is the more often depleted
morphology of bystander lymph nodes in the respon-
der category. All of these findings together argue for an
inability to recruit necessary cytotoxic elements from
benign lymph nodes in the patients who did not respond
to immunotherapy.

The mechanism involved in the defective recruitment
of activated T cells in TME is still unknown. It has
been reported that the microenvironment of these
lymphoid tissues can be immune suppressed, hence
allowing for tumor progression. Recent studies have
shown that the presence of regulatory T cells (Tregs)
has a suppressive effect on anti-tumor immunity, and
their depletion enhances effector T cell responses
in tumor draining lymph nodes.**¢ Tregs in regional
draining lymph nodes have been shown contribute to the
immunosuppressive environment of colorectal cancer
patients,” but their association to clinical outcome is still
controversial ¥

Although there have been a few studies reporting
contradicting results regarding the prognostic value
of immune cells in regional LN,** here we use an
alternative approach to explore T cell populations and
their activation status and associate these findings to
response to ICIs. This approach gives a new insight on
the importance of uninvolved regional lymph nodes
in predicting outcome to immunotherapy. Tissue from
LN is usually widely available after surgical excision
in most malignancies. Morphological differences that
can be identified by pathologists without the need of
specialized assays can aid in therapeutic decisions, and
identification of the activation status of immune cells
residingin the regional LN can be a complementary assay
in the effort to predict response to ICIs. Although we also
attempted to study the same cellular components in
the spleen, the data in postmortem spleen appears to
be confounded by greater autolysis than in most other
tissues. While a couple of the lymphoid markers mimic
the finding in lymph nodes, many of the markers were
similar across patient cohorts. These markers, such as
Ki67 and CD68, are known to be highly affected by tissue
viability.
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Figure 3. Immune marker expression in benign lymph nodes by response to immunotherapy. (A) CD4; (B) CD8; (C) CD20; (D) CD3; (E) Granzyme
B in CD3; (F) Ki67 in CD3; (G) CD68; (H) PD-L1 in CD68. Mann-Whitney two-tailed U test comparing the expression of immune markers in 10 FOV
hotspots of lymph node tissue from patients treated with immune checkpoint inhibitors.

There are a number of limitations in this study. This
is a descriptive hypothesis-generating study with a small
number of patients and no validation set to confirm our
findings. Based on our current progress, efforts are under
way to include multiple centers in the country with a
standardized protocol that will allow us to have definite
answers on the mechanism of immune cell recruitment
in the TME and the role of benign lymph nodes in pre-
dicting response to ICIs. Secondly, although standard
immunohistochemistry (IHC) assays are common, the
use of multiplex QIF is not yet implemented in clinical
practice. However, similar to this study we have shown
that immune markers can be easily measured using
QIF on whole sections® and can be easily adopted as a
predictive assay. Finally, no matching tumor tissue was
evaluated to assess the TME. Most of the patients in

this cohort had remarkable response to immunotherapy,
with only residual fibrosis and no viable tumor remain-
ing. Assessing the correlation of lymph node and TME
immune cell populations is a direction that our efforts
will follow.

In conclusion, in this study we found that benign
regional lymph nodes had morphological differences
with unique residing immune cell populations across
responders and non-responders to immunotherapy.
Strong expression of activation markers was seen in the
lymph nodes of non-responding patients, implicating
that their recruitment in the TME was deficient.
Additionally, higher macrophage infiltration and high
PD-L1 expression could result in poor recruitment of
immune cells in the TME. Understanding the spectrum
of benign findings in these bystander lymph nodes in
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Figure 4. Immune marker expression in spleen by response to immunotherapy. (A) CD4; (B) CD8; (C) CD20; (D) CD3; (E) Granzyme B in CD3; (F)
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spleen tissue from patients treated with immune checkpoint inhibitors.

immune checkpoint blockade therapy could prove to be
a valuable component in understanding the mechanism
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