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1. Abstract

The presence of tumor-infiltrating B-cells, intratumoral immunoglobins and tertiary lymphoid
structures (TLS) correlate with survival of patients presenting several types of solid tumors,
including NSCLC. However, anti- and pro-tumorigenic functions have been linked to B-cells
present in the tumor microenvironment (TME).The specific phenotype and function of B cells
present in a tumor at a given time might ultimately depend on the specific cellular and
signaling context within the TME. Seeing that understanding pro- and anti-tumor B-cell
phenotypes could be key to modulating B-cell responses in the TME towards anti-tumor
immunity, it is of high importance to determine the characteristics and function of specific B
cell subpopulations present in the tumors of NSCLC patients. In order to characterize B-cells
and their roles in the TME, it is not enough to define the phenotype of specific subsets. It is
also necessary to put them into context by analyzing their spatial and temporal distribution
within the tumor. Looking at how these subsets cluster within the TME and their proximity to
other immune cell types might provide key information regarding their functionality and roles
in cancer development.Overall, exploring how these subsets cluster within the TME and their
proximity to other immune cell types might provide key information regarding their
functionality and roles in cancer development.
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2. List of abbreviations

AB antibody

APC antigen opresenctiong cell
FDC follicular dendritic cell

GC germinal center

HEV high endothelial venule
LA lymphoid aggregate
LTa1B2 lymphotoxin-a132

nfLAs non follicular lymphoid aggregates
NSCLC non small cell lung cancer
ROI region of interest

SLO secondary lymphoid organ
TLS teriary lymphoid structure

TME tumor micro environment



3. Introduction

3.1. B cells in cancer

In the past few years, several studies have been published on how the presence of
tumor-infiltrating B-cells and intra-tumoral immunoglobins correlate with survival of
patients with several types of cancer, including NSCLC.(1-5) However, their potential
as immunotherapy target or as biomarkers, is still largely unclear.

Overall in cancer, a wide range of anti-tumorigenic as well as pro-tumorigenic functions
have been linked to B-cells present in the tumor microenvironment (TME).(6) The
tumor suppressing roles ascribed to tumor infiltrating B cells include standard B-cell
functions such as the secretion of immunoglobins against tumor antigens.(7-9)
Production of these antibodies in the TME can lead to opsonization and the antibody
dependent killing of cancer cells via cytotoxicity. (10) These lymphocytes also promote
the anti-tumoral T-cell response in their role as antigen presenting cells (APCs)(11,12).
A B-cell subset has also been described, that has the capacity to promote cytotoxic T-
cell survival and proliferation in antigen independent manner, mainly through
CD27/CD70 interactions.(13) Furthermore, a less prominent feature of B cells is that
they can directly lyse tumor cells by producing Granzyme B, TRAIL and IFNy. (14,15)

Notably, B cells play a crucial role in tertiary lymphoid structures (TLS). On the one
hand, they help maintain TLS structure via the secretion of chemokines and cytokines
such as CXCL13(16) and lymphotoxin-a1B2 (LTa1B2).(17) They also participate in the
germinal center (GC) reaction that takes place within mature TLS. These ectopic
lymphoid organs that develop in non-lymphoid tissues at sites of chronic inflammation
like tumors, display a similar structural organization to that of secondary lymphoid
organs (SLOs). Their presence can exacerbate the local immune response, as
antigen-specific T- and B-cells can undergo terminal differentiation into effector cells
within them. It has been shown that their presence correlates with better patient
outcome in many solid tumor cancer types.(18) B cell and B-cell related signaling
pathways may therefor play a key role in the activation of the anti-tumorigenic immune
response through humoral immunity and local immune activation via TLS. (19)

Evidence has also been reported for pro-tumorigenic functions of B-cells. Regulatory
B-cells and immunosuppressive plasma cells express factors such as the
immunosuppressive cytokines IL-10, TGF-a, as wells as other factors, like PD-L1, IL-
35 and Tim-1, which all can contribute to an immunosuppressive TME. (20,21) B-cells
have also been shown to activate the local compliment system (via activation of
complement system components C5a or C3a), which induces tumor-promoting
inflammation and angiogenesis.(22) Whether B-cells adopt a pro- or anti-tumorigenic
phenotype might ultimately depend on the specific cellular and signaling context within
the TME.



3.2. Lymphoid aggregates

Lymphoid aggregates (LAs) are dense structures of immune cells that can be found in
non-lymphoid tissues. They arise in conditions of chronic inflammation, such as
cancer. (19) There are several different types of LAs. They differ from each other in
cellular composition, structure and in some cases their location. Based on current
knowledge, aggregates found in tumors can be classified into two main groups: non
follicular aggregates and TLSs. A short overview of the different types of LAs as
described in literature can be found in Figure 1. In a recent review by Laumont et. al.
(2022), Laumont and colleagues proposed further possible categorizations for LAs.
The review not only describes the different possible classification groups for these
structures, but also highlights the knowledge gaps in our current understanding of
them. (23)
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Figure 1- Types of lymphoid aggregates present in tumors.

In NSCLC patients, LAs can be found within the tumor stroma, at the tumor border
and even in adjacent normal lung tissue. Among the different types of aggregates,
TLSs are the best characterized. These structures resemble the follicles of secondary
lymphoid organs (SLOs). Evidence suggests that the primary functions of TLSs are
fulfilled in their germinal centers and that they are analogue to those in SLOs. Mainly
the priming of antigen specific T cells and the mounting of ectopic GC reactions that
lead to the rise of antigen producing Plasmacells(9,10) and memory B cells(24). In the
context of cancer, TLSs arise de novo (via lymphoid neogenesis) in response to
antigens and inflammatory stimuli. (25-27)

According to Laumont et. al, there are two main types of TLSs: primary follicular TLSs
and secondary follicular TLSs. For a LA to be considered a primary follicular TLS, it
must have (at minimum) clearly demarcated B cell follicles containing CD21* follicular
dendritic cells (FDCs) and adjacent T cell zones containing conventional dendritic cells
and high endothelial venules (HEVs). Primary follicular TLSs mature into secondary
follicular TLSs and can be identified because they contain GCs.(28) Figure 2 presents
with a schematic representation of a secondary follicular TLS, its components and
general organization. There is a wide number of markers across the literature that



have been used to identify and characterize the cellular components of TLSs. Table 1
summarizes the main markers that have been used to characterize TLSs via
immunostaining.

It should be noted that even though TLSs bear major resemblance to SLOs, they
present with some differences. For instance, in contrast to SLOs, TLSs lack a
capsule.(29) Laumont et. al propose that this likely results in greater exposure to
immunoregulatory factors and apoptotic and/or necrotic debris from the TME. Also,
TLSs lack subcapsular sinus macrophages, which have been shown to play an integral
role in antigen presentation to B cells in lymph nodes. Finally, tumor- associated GCs
typically lack well- defined dark and light zones (28)
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Figure 2- schematic representation of a secondary follicular TLS. The graphic shows the most common
cellular components, as well as their localization within the structure. Figure generated via Biorender.

Non follicular aggregates (nf-LAs) are a less well-defined group. Laumont et. al
proposed various possible subcategories of these aggregates, however very little is
known about their functional status. LAs that fall into this category may include, among
others, forms of TLS that have no discernable structure because of their maturation
state. In addition, there are aggregates that may be defined by their myeloid cell
content. Laumont coined the term lympho-myeloid aggregates to refer to this group
and pointed out that it may include further subcategories of LAs that functionally differ
from each other. However, what all LAs have in common, is that they are highly dense
agglomerations of immune cells that contain large amounts of T and B cells.



Table 1- Published markers for the characterization of TLSs

Immune cell

Protein marker type References

CD20 B cells (3,5,30-33)

CD79A B cells (2,9,34)

cD23 follicular B cells (3.5,710.35,36)

follicular DCs
Bcl6 GC B cells (7,10,36,37)
naive B cells
IgD mantle zone B (7,38,39)
cells
IgM B cells (39,40)
IgG B cells (40)
AID GC B cells (7,9)

CD10 GC Beells (41)

CD3 T cells (3-5,9,10,25,34,35,37,38,42)

CD4 T helper cells (5,39,39,40)

CD8 Cytotoxic T cells (4,5,35,39)
DC-Lamp Mature DCs (7,36,43)

CD21 Follicular DCs (5,9,23,25,28,35-37,39-41,44)

CD35 Follicular DCs (39)

CD68 E:ggiglp?ht;;i? (23,39,45)

Ki67 Proliferating cells (4,7,37,39)

PNAD HEV (3,9,10,25,28,36,37,43,46,47)
CXCR5 (FTOh'f')iC“'ar Th cells (3.4,10,38,40,48)
CXCL13 The (40,49,50)

PD1 The (40,49)




3.3. Hypothesis and aims

The primary aim of the research stay was to get training in the implementation of the
multiplex immunofluorescence platform Vectra®. This imaging system allows for
simultaneous antibody-based detection and quantification of the expression of up to
seven markers and a nuclear counterstain on a single tissue section. The method has
also been proven to be reliable for the detection of co-expression of tumor biomarkers.
Based on the principle of sequential cycles where individual epitopes are labelled with
antibodies, followed by enzymatic detection, the Houghton lab has established and
published several protocols for up to seven simultaneous markers. A further goal of
the project was to put together, optimize & apply to a cohort of patient samples two 7-
plex mIF-Panels designed for the detection of B cells and tertiary lymphoid structures
(TLSs). During the research stay, | not only learned to perform the staining and imaging
of patient sample slides, | was also trained on the use of the image analysis HALO®
from indica labs. HALO® is currently the gold standard image analysis platform for
quantitative tissue analysis in digital pathology. | used the software to analyze the
composition of lymphoid aggregates. | not only analyzed the images that resulted from
the staining of my designed panels, | also analyzed images from a third panel that had
been previously stained at the Houghton lab. The most important data analysis goals
for my research stay can be summarized as follows:

1. Identify lymphoid aggregates (LAs) in both the tumor and lung area of sample slides
and quantify LA abundance and area.

2. Determine composition of LAs and the maturation status of TLSs.

3. Spatially determine the expression of selected, validated exploratory markers on B-
cells in LAs of tumor and lung.

Finally, | had the opportunity during my research stay to be introduced to the CODEX
(co-detection by indexing) imaging platform. This is a high-throughput, MIF technology
that can be used to detect more than 40 biomarkers simultaneously in a single tissue
sample. It can also be used to assess the relative abundance and expression of
biomarkers at a spatial level. The technology is based on antibodies conjugated to
barcodes comprised of unique oligonucleotide sequences, making the detection highly
specific. Although the focus of my project was on the Vectra platform, | had the
opportunity to learn about the CODEX and its current implementations at the Fred
Hutch Cancer Center from the experts that are currently establishing and
implementing this technology for various projects.



4. Materials and Methods

4.1. Multiplex Immunofluorescence- Opal™
immunohistochemistry

Deparaffinization

Sample slides cut from FFPE blocks were baked at 56°C for one hour. After cooldown
(10 min or aver night), the slides were rehydrated by dipping them in Xylene (3 times
7 min), 100% EtOH (2 times 2 min) 95% EtOH (2 times 2 min), 70% EtOH (1 time 2
min) and ddH20 (1 time 2 min) consecutively. The slides were then kept in fresh ddH20
until the first antigen retrieval step of the staining.

Staining

A total of two panels were designed and used for staining of patient sample slides.
Deparaffinized slides were stained for 7 markers in a cyclic manner using the
PerkinElmer Opal™ 7-color IHC Kit. Each cycle started with an antigen retrieval step
at 98°C (steaming). In the first cycle, this step was performed using Trilogy™ buffer
(cell marque). Subsequent antigen retrievals were performed using AR6 buffer (Perkin
Elmer). After antigen retrieval, endogenous peroxidases were blocked by incubating
the slides in 3% H202 for 10 min. Following peroxidase inactivation, non-specific
antibody (AB) binding sites were blocked using TCT buffer (TBS+ 0.25% bovine
casein) for 30 min. Unlabeled primary antibodies were diluted to previously determined
optimal concentrations and incubated on slides for one hour. The concentration and
clone of each antibody can be found in tables 2 and 3. The “Opal Polymer HRP Mouse
and rabbit” reagent was used as secondary antibody reagent and slides were
incubated with it for 20 min after each primary antibody binding. Markers were then
detected using the Opal™ detection substrate in a 1:80 dilution. The designated
fluorophore for each marker can be found in tables 2 and 3. Washing steps were
performed using TBS-T buffer.

Scanning

Multispectral imaging of the stained slides was executed using the Vectra® 3
quantitative pathology imaging System from Akoya Biosciences. Scanning protocols
were set up and included optimized exposure times for each filter cube (DAPI, FITC,
Cy3, Texas Red and Cy5) and magnification used during image acquisition. After
performing a whole slide scan (10x), regions of interest (ROIs) were marked using the
Phenochart™ software (AKOYA Bioscience). ROIs were then rescanned at 20x
magnification. The acquired ROI images were processed for signal unmixing using the
inForm® tissue finder with MOTIF™ software. (Version 2.6). The images were
spectrally unmixed using previously established spectral libraries.
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Image Analysis

Image analysis of unmixed ROl images was performed using HALO®. Images were
annotated and positive cells gated by threshold. Analysis was performed for a total of
three panels. Apart from the B cell and TLS panel, the ROIs of a third panel were
annotated for LAs and their composition analyzed. The markers that were included
into this panel can be found in table 3. The antibody composition of this panel has
been published before (Kargl et.al, 2019) and can be found in the publication. (51)

Table 2-primary antibodies, B cell panel (Panel1)

Marker CD70 Bcl6 CD55 CD20 CD138 CK
Primary AB E3Q1A E5I8I E7G2U L26 IHC138 | AE1/AE3
clone
Primary AB 0.6 0.125 0.43 0.21 0.07 0.42
concentration
(ng/ml)
Primary AB Cell Cell Cell Dako Cell Dako
::tr;?:;ui Signaling | Signaling | Signaling GAB04 Signaling M3515
number 69209S 89369S 317598 30501S
Opal™ Opal620 Opal650 Opal570 Opal520 Opal690 Opal540
reagent
Table 3-primary antibodies, TLS panel (Panel 2)
Marker CXCR5 Bcl6 CD4 CD68 CD20 CK
Primary AB D6L3C E5I8I EP204 PG-M1 L26 AE1/AE3
clone
Primary AB 0.0025 0.125 0.00825 0.2 0.21 0.42
concentration
(ng/ml)
Primary AB Cell Cell Millipore Dako Dako Dako
;’:t';f:;u‘g; Signaling | Signaling | - gioo | Mog76 | GAG04 | M3515
number | /21725 | 893695 | 4400 04
Opal™ Opal690 | Opal650 | Opal570 | Opal620 | Opal520 | Opal540
reagent

11



Table 4- Myeloid cell and CD8+ T cell panel (Panel 3)

Marker Cell type
CD8 Cytotoxic T cells
HLA-DR APCs
CD68 Macrophages
CD66b Neutrophils
CK Tumor/cells
CD14 Monocytes

4.2. Patient cohort

Patient samples were selected from a cohort of patients whose TME had been
previously analyzed via flow cytometry by Kargl et.al (2019) These patients had been
classified into four immune subtypes depending on the immune composition of their
TME. For this study, patients form two of these subgroups (active and myeloid) were
selected. Patients from the active group were classified as such because their TME
was characterized by a robust CD8* T cell infiltration. Patients of the myeloid group on
the other hand presented with sparse T cell infiltration and an abundant myeloid cell
content. (51) The number of slides stained for each panel can be found in Table 4.

Table 5-stained slides
Immune status Panel Number of stained slides
Active B cells 15
TLSs 6
Myeloid B cells 16
TLSs 6

12



4.3. Data analysis

Analysis for the B cell and TLS panel (Panels 1&2) is ongoing. Resulting data is
planned to be included in a publication and cannot be disclosed within this report.
Information provided in this section applies to the analysis of tumor slides stained with
Panel 3, which identified macrophages, neutrophils, APCs, monocytes, MDSCs and
cytotoxic T cells.

Identification of lymphoid aggregates

In HALO® lymphoid aggregates were annotated according to their density (visually
recognized). Potential false annotations were excluded based on the method
proposed by Barmpoutis et. al. for the identification of aggregates based on their
density. (52) For this analysis, a cutoff was introduced for densities below one standard
deviation from the median. Annotated aggregates with a total cell density below cutoff
were excluded from further analysis.

Identification of TLS

TLSs were identified according to their structure and the expression of HLADR and
CD68 in the follicular area.

Identification of immune cell populations

Immune cell populations were identified according to their individual marker
expression. The analysis algorithm in HALO® was programmed to discriminate cell
identity not only by fluorescence signal threshold but by percentage of membrane
positive for a given marker.

Tabulation, plotting and statistical analysis

Data extracted from HALO® was analyzed in R Version 4.2.2. The applied statistical
test was paired Wilcoxon-signed-rank test. Statistical outliers were identified and
removed by applying the IQR method. The Ggplot package version 3.4.2 was used to
create plots.

13



5. Results

After visual recognition and annotation, the identity of lymphoid aggregates was
corroborated according to their cell density. TLSs were identified by a central area
containing HLADR™ cells colocalized with CD68* macrophages. This central area was
surrounded by an area containing CD8" T cells. (Figure 3D & 3E). Non follicular
aggregates were identified solely on their cell density. (Figure 3F). The mean density
of lymphoid aggregates (0.01284 cells/um?) was 1.89 times higher than the median
density of the stroma (0.0069 cells/um?). (Figure 3G) Visually annotated lymphoid
aggregates that had a density beneath 1 standard deviation of the mean were
excluded from further analysis to avoid misidentification. (Figure 3A) A total of 392
nfLAs (219 in the active group, 173 in the myeloid group) and 13 TLS (12 in the active
group and 1 in the myeloid group) were identified according to these criteria. There
was no significant difference in median total cell density of LAs between tumors of
different histology. The median total cell density of the structures was comparable also
in tumors with different immune subtypes (active vs. myeloid). (Figure 3B & 3C).
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Figure 3-Identified lymphoid aggregates on slides stained with Panel 3. The slides of X patients was annotated for
LAs. Visually annotated lymphoid aggregates that had a density beneath 1 SD of the median were excluded from
further analysis. For comparisons between groups, the medians for total cell densities of LAs were calculated for
each patient. (A) total cell density of identified lymphoid aggregates and the corresponding stroma. (B) Comparison
of median cell densities between histologies ADCA (n=) and SCCA (n=). (C) Comparison of median cell densities
between patients with an active TME and a myeloid TME. (D-F) Representative images for LA organizational types,
the identified markers and their corresponding colors. D and E show TLSs, while F shows a non-follicular lymphoid
aggregate.
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Identified aggregates with a density higher than the set cut-off (0,0132 cells/um? and
higher) were analyzed for their cellular composition. Cytotoxic T cells (CD8"),
neutrophils (CD66%), MDSCs (CD14*CD68 HLADR"), monocytes (CD14* CD68  HLA-
DR*), macrophages (CD68*CD14* HLADR™*), and other APCs (HLADR* CD8- CD14-
CD68") were identified via HALO analysis. The median density of the different cell
types in LAs was calculated for each patient. A comparison of the median densities
between the two immune groups showed no significant differences between the
myeloid and active groups. (Figure 4) However, there were trends showing that the LA
of patients with a myeloid TME presented a higher density of APCs (figure 4F),
macrophages (figure 4G), and neutrophils (figure 4A). These LAs also tended to have
a lower density of CD8" T cells (figure 4E). A comparison for macrophage subtypes
(figure 5) showed that there is a significant difference in median density for (CD68™)
CD14* HLADR" macrophages (figure 5A), (CD68*) CD14* HLADR™ macrophages
(figure 5B), and (CD68*) CD14- HLADR™* macrophages (Figure 5C).
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Figure 4-Comparisons for median cell density between patients with active and myeloid TME for identified immune
cell groups. (A) Median neutrophil density (cells/ um? in lymphoid aggregates of patients of the active and myeloid
group. (B) Median monocyte density (cells/ um? in lymphoid aggregates of patients of the active and myeloid
group. (C) Median MDSC density (cells/ um?) in lymphoid aggregates of patients of the active and myeloid group.
(D) Median CD8" T cells density (cells/ um? in lymphoid aggregates of patients of the active and myeloid group.
(E) Median APCs density (cells/ um? in lymphoid aggregates of patients of the active and myeloid group. (E)
Median macrophage density (cells/ um? in lymphoid aggregates of patients of the active and myeloid group.
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6. Discussion

Panel 3 contained none of the markers traditionally used for LA and or/TLS
identification, we were able to successfully identify LAs based on their cellular density.
The resulting parameters for the annotated LAs (max and min density, area and LA:
stroma ratio) were comparable with those published by Barmpoutis et. al. Specially
when taking into consideration the fact that we used total cell densities instead of
lymphocyte cells densities for the identification of aggregates. By introducing a cut off
for any visually annotated aggregates with a density below one SD of the mean, we
insured that any aggregates with densities comparable to those of the stroma were
excluded from further analysis.

TLSs were easily identified visually. Their appearance and marker expression were in
line with what has been previously described in literature. The central area containing
HLADR? cells colocalized with CD68* macrophages. The concentrated HLADR signal
signifies a large presence of APCs in this area and is in line with the concept of a B
cell zone that also contains DCs, follicular DCs and tingilar body macrophages. What
is more, CD8" T cells localized at the periphery of the structures, consistent with the
idea of a T-cell zone that surrounds the B cell follicle.

One of the main open questions in the LA field is whether and how the TME affects
the formation, maturation, and conformation of LAs. The comparison between patients
of different immune groups showed that, while LAs remained independent, definable
structures, there were some variations in the immune cell composition between the
active and myeloid group. One of the differences was neutrophil content of the LAs.
Neutrophils have not been described in literature to be associated to any kind of LA in
humans. Nevertheless, HALO® analysis determined neutrophils associated to the
identified LAs. There was even a tendency for a higher density of neutrophils in LAs
of the myeloid group. Yet, the overall neutrophil density in LAs of either group was
extremely low. Taking into consideration that neutrophils were the cellular population
most highly associated with the myeloid phenotype(51), this further highlights the
accuracy of the LA identification by density.

The difference in the APC and macrophage densities could be of biological relevance
and directly linked to the functionality of these structures. On the one hand, antigen
presentation is thought to be one of the main functions performed within LAs. It has
been described particularly in TLS. However, it is unknown to what extent it plays a
role in nfLAs. Our data shows that within LAs of the myeloid group there is a tendency
for higher density of APCs when compared to the active group.LAs of the myeloid
group also presented significant higher densities of three of the four detected
macrophage subtypes. This included both macrophage subtypes that were positive for
HLADR. HLADR* macrophages are generally considered antitumorigenic(53). These
macrophages have the potential to engage in antigen presentation. It should be noted
though that even though there were significant differences among both CD14*
macrophage subtypes, their density was extremely low in LAs of both the active and
myeloid group.
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