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ABSTRACT: Lung cancer kills hundreds of thousands of people worldwide each year. Sites of immune cell activity called
germinal centers (GCs) in lymph nodes are associated with improved survival outcomes in cancer patients. The mechanisms by
which GCs influence patient survival are not well-understood but could hold the key to further improving survival. Our goal
was to investigate the differences in the physical and cellular characteristics of healthy and cancer-reactive GCs to help elucidate
the role of GCs in patients’ response to cancer. To do so, GCs in a lung cancer-draining mediastinal lymph node were compared
to GCs in a non-cancerous tonsil. We used multiplexed immunohistochemistry for 22 antibody targets to analyze the samples,
thereby allowing simultaneous analysis of multiple biomarkers in a tissue sample. Although most cell types were present in similar
proportions in the GCs of each tissue, there were more CD8* T cells and follicular helper CD4* T cells in the GCs of the cancer-
draining node. A better understanding of the role of these cell types may lead to improved outcomes for lung cancer patients.
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B Introduction

Of all cancers, lung cancer is the leading cause of death in the
world, killing more than 160,000 people each year in the US
alone.! Research into the causes and treatments of lung cancer
shows that the immune system plays a vital role against the
disease.? In particular, tertiary lymphoid structures containing
germinal centers (GCs) have been linked with improved sur-
vival outcomes in cancer patients.> GCs are typically found in
secondary lymphoid organs (SLOs), such as lymph nodes and
tonsils.* Still, their role in cancer is not well-understood. The
cellular composition of tumor draining lymph nodes is also not
widely studied, and little is known about the levels of specific
T cell and B cell subgroups in comparison to healthy SLOs.’

Although the presence of GCs is associated with improved
survival likelihood,*” it is unknown which specific aspects of
immunobiology are the most relevant. There are known rela-
tionships between T follicular helper (Tth) CD4* cells, B cells,
and CD8™* T cells that are associated with increased survival in
cancer patients.** It has been hypothesized that interactions
of these adaptive immune cells in the GCs may contribute to
this result. However, little is known about whether cancer-re-
active and non-cancer-reactive GCs differ in biology, although
a previous study comparing healthy tonsil and healthy lymph
node GCs found few cellular differences between the two.'
Understanding the potential differences between these GCs
could help clarify why some patients with cancer-associated
GCs have higher survival chances than those without.

Tissue imaging methods that can detect several antibody
targets in a sample can be used to study GCs. Conventional
means of studying tissues, such as traditional immunofluo-
rescence (IF), single-cell RNA sequencing (scRNA-seq), and
flow cytometry, have yielded significant insights into biology
but also have drawbacks. Traditional four-parameter IF can re-

tain the spatial data of the tissue but can only resolve a small
number of proteins in a tissue sample.’® In contrast, flow cy-
tometry and scRNA-seq can resolve many more proteins but
lose spatial information by dissociating tissue into single-cell
suspensions.'®*® The CO-Detection by IndEXing (CODEX)
platform'?® aims to overcome these limitations by using
reporters with oligonucleotides complementary to oligonucle-
otide-conjugated antibodies bound to the tissue. Reporters are
imaged in groups followed by the removal of reporters and the
addition of the next cycle’s reporters. This process is repeated
cyclically until all antibody targets are resolved. This approach
gathers detailed cellular and biomolecular information in the
context of spatial tissue organization and has opened the pos-
sibility of studying tissue, including GCs, in unprecedented
detail.

We used the CODEX platform to compare cancer-reactive
GCs from one thoracic lymph node of a non-small cell lung
cancer patient to normal GCs in a tonsil from a different, can-
cer-free patient. We identified the major T and B cell subsets
using high-dimensional clustering.

B Methods

One non-small cell lung cancer mediastinal lymph node
and one unmatched tonsil were formalin-fixed and paraffin-
embedded (FFPE) prior to use in our study. Lymph node and
tonsil were provided de-identified by the NYU Center for
Biospecimen Research and Development, respectively, after
being obtained under informed consent. Clinical information
about the patients was not available.

The 5-micron thick tissue was mounted onto a poly-L-
lysine-coated coverslip. Tissue staining was performed using
the manufacturer’s (Akoya Biosciences) instructions. The
paraffin was melted at 64°C for twenty minutes, and the
sample was incubated in 100% ethanol, then 90% ethanol, 70%
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ethanol, 50% ethanol, and finally 30% ethanol solutions for
five minutes each. The tissue sample was washed in distilled
water twice for five minutes each time at room temperature,
and subsequently immersed in a 1M solution of sodium
citrate (pH=6) at 11 psi for twenty minutes. The beaker was
equilibrated to room temperature for ten minutes, after which
the staining rack was immersed in distilled water to remove
the citrate from the tissue. The tissue was placed into CODEX
hydration buffer for four minutes and CODEX staining
buffer for five minutes. A blocking buffer solution was also
prepared following the manufacturer’s instructions. To create
the antibody cocktail, 148.7 uL of this blocking solution was
added to the dilutions of each of the 22 antibodies studied
in this experiment, shown in Table 1, which were selected to
identify specific subsets of B, T, epithelial, and cancer cells.”®
Some antibodies used were conjugated by Akoya, while most
were manually conjugated. The conjugation process used blank
cycles without reporters as controls to verify its success. Every
antibody used in this experiment had been validated. CD19,
CD20, and CD21 were used to identify B cells, while CD3e
and CD45RO were used to identify T cells. CD4 and CD8
expression isolated the CD4* and CD8* T cell subgroups, and
PD-1 and CD4 were used to isolate T, cells.

Table 1: List of antibody targets with the concentration and clone of each
antibody.

Target Clone Dilufion | Manufacturer | Conjugation |  Target Clone Dilufion | Manufacturer | Conjugation
PD-1 EPRAST7 1:50 ‘Abcam Manual Ki67 B56 1:800 BD Manual
) Biosciences
CD45RO | UCHLT 100 Akoya Akoya CD20 126 100 Akoya Akoya
PAXG H9 30 ‘Abcam Manual cb21 EP3083 | 1:2000 Akoya Akoya
1C0S DikaT 750 | Cell Signaling |  Manual Foxp3 | 236AIET 150 ‘eBioscience Manual
Pan- | AE-TAE3 | 1:500 Akoya Akoya CD38 | EPR4106 | 1:100 ‘Abcam Manual
cytokeratin
CD8 Ce/14aB | 1:800 Akoya ‘Akoya CXCR3 | GO25H7 | 1:200 BioLegend Manual
PDLT ETLaN 750 | Cell Signaing |  Manual T-bet D6NEB 150 | CeliSignaling |  Manual
Mac/ M3/38 1:400 BD Manual CD19 | LECD19 150 Bio Rad Manual
2Galectin3 Biosciences Antibodies
CD3e EP449E 1:50 Akoya Akoya CD4 | EPR6B55 | 150 Akoya Akoya
HLADR | EPR3692 | 1:400 Akoya Akoya CDilc | 118/A5 100 Akoya Akoya
Vimentin | RV202 1:200 BD Manual RF4 | 1RF43E4 | 1:100 BioLegend Manual
Biosciences

An empty pipette-tip box was filled to 20% capacity with
distilled water to create a humidified chamber. The antibody
cocktail was incubated on the tissue sample for three hours.
After the staining, the tissue was incubated in CODEX
staining buffer for four minutes and then placed in a 1.8%
paraformaldehyde (PFA) solution at room temperature for
ten minutes. After incubating in the PFA solution, the tissue
was washed with PBS. The tissue section was then incubated
in ice-cold methanol for ten minutes and washed in PBS. To
make the final fixative solution, 20 pL of the CODEX fixative
reagent was added to 1 mL of PBS. This solution was added to
the tissue in a humidified chamber for twenty minutes.

A photobleaching solution was prepared by adding 25 mL
of PBS, 4.5 mL of a 30% H,O, solution, and 0.8 mL of a
1M NaOH solution. The tissue sample was placed in 4 ml
of this solution in a six-well plate, sandwiched in between
two bright LED panels at 25000 Lux for 45 minutes at
room temperature. The tissue was then placed in a fresh 4
mL of the photobleaching solution and repeated. After the

photobleaching was finished, the tissue was washed in PBS
and refrigerated at 4°C until imaging.

The reporter plate was prepared by adding 2684 pL of
nuclease-free water to 330 puL. of a 10M CODEX buffer
solution, 275 pL of an assay reagent, and 11 pL of a nuclear
stain to create the reporter stock solution. For each cycle, every
reporter that corresponded to each antibody in that cycle was
added to the reporter stock solution at a 1:50 dilution into the
corresponding wells of the reporter plate. After the reporter
plate was prepared, a 1:2000 DAPI dilution was prepared, and
the coverslip was placed into the stage insert. 700 puL. of the
diluted nuclear stain was added to the tissue sample to identify
regions of interest for subsequent imaging.

The CODEX processor (version 1.8, Akoya Biosciences)
was used with default parameters, employed background
subtraction to remove autofluorescence, deconvolution to
reduce out-of-focus light, extended depth of field to enable
the collapse of a z-stack into the single best-focus image, and
shading correction to adjust for optical shading. Cells were
segmented using the default values of the radius, maximum
cutoff, minimum cutoff, and size cutoff factor for the region-
growing algorithm.>* 'The processor, upon completion,
produced an FCS file containing the expression levels of
each marker for every cell, which was viewed in the CODEX
Multiplex Analysis Viewer (MAV) (version 1.5.0.8) to assess
the quality of the data.

B Results and Discussion

1. Data Quality Assessments:

'The data quality was measured qualitatively using both sin-
gle-antibody expression and multiplexed images generated by
MAV. Representative images of the expression for thirteen an-
tibodies are shown (Figure 1).

Figure 1: Representative images of expression for some antibodies for one
germinal center from the cancer-reactive lymph node. DAPI is shown in
white. Color denotes protein as indicated. The scale bar represents 720pum for
each image.
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We first asked whether proteins typically associated with
T cells were indeed identifiable. To do this, the antibodies
employed in downstream analysis were selected based on a
combination of the signal quality and prior literature.”** We
observed expression of CD3e, CD4, CD8, CD45RO, and
PD-1 in the GCs and T cell zones outside of the follicu-
lar mantle in accordance with prior studies.” We then asked
whether a similar association was found with B cells. Again,
there was robust signal for proteins such as CD19, CD20,
CD21,Ki-67,and HLA-DR inside the GC and in the follic-
ular mantle, also in accordance with previous investigations.**
Other antibodies, including Vimentin, Pan-cytokeratin, PD-
L1, and Mac2/Gal3, are not expressed by cells in the GC
and were excluded from further analysis. In addition, proteins
such as Foxp3, ICOS, PAXS, T-bet, IRF4, CD11c, CD38,
and CXCR3 did not show reliable staining in all regions of
both tissue samples, so they were also not included in down-
stream analysis. These data demonstrate that CD3e, CD4,
CD8, CD19, CD20, CD21, CD45RO, HLA-DR, Ki-67,
and PD-1 could be used to identify relevant adaptive immune
cells.

Next, the segmentation was evaluated for accuracy (Fig-
ure 2). Here, we asked whether the segmentation algorithm
could distinguish cell boundaries such that only one nucleus
was assigned to each region versus manual assessment. Across
three distinct tissue regions, there were 114 errors out of 1438
total segmentation events, representing a 92% segmentation
accuracy.

Figure 2: Segmentation overlay is shown for a cancer-reactive lymph node.
DAPI is shown in white. Colored lines represent software-generated cell
boundaries. The germinal center (scale bar is 360pm) (a) is also shown at
higher magnification (scale bar is 80pm) (b).

To test whether known GC cell populations were identi-
fied, we manually drew boundaries around each GC in both
samples based on the relative DAPI levels, CD21 expres-
sion, and Ki-67 expression in each follicle (Figure 3a). The
X-shift clustering algorithm®* was used to classify the GC
cells into different subsets. This algorithm was performed first
on B cells and separately for T cells. B cells clustered into
two major clusters based on the expression of Ki67, whereas
T cells clustered into three clusters representing Ty, CD47,
non-Tth CD4*, or CD8" T cells.” These results affirmed that
the adaptive immune cells in the GC could be studied using
this immunofluorescent method.

Next, to validate the results of the clustering algorithm,
the relative expression levels of the antibodies used in anal-
ysis on each cell population identified were mapped (Figure

3b, 3¢c) and compared to the literature.”> We asked wheth-
er the expected proteins associated with B cells were indeed
expressed on the GC-B cells. We found that CD19, CD20,
CD21,and HLA-DR were expressed on these cells, with Ki-
67 also highly expressed on the cells in the Ki-67+ cluster, as
expected. Similarly, CD4" T cells and Tth cells had higher
expression of CD4 than other clusters, whereas CD8* T cells
had the highest CD8 expression. Ty, cells were identified
as the subset of CD4" T cells expressing PD-1, as PD-1 is
strongly expressed on Tyg,.” All three T cell subgroups ex-
pressed more CD3e and CD45RO than the B cell clusters.
These data demonstrated that the clustering algorithm iden-
tified cell subsets appropriately.
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Figure 3: Clusters generated by the X-shift algorithm were evaluated
for protein expression. a) Boundaries were manually drawn to identify
GC areas, then these cells underwent high-dimensional clustering. Cyan
represents CD21 and yellow represents Ki67. The scale bar in the top-right is
240pm. b) Heatmap showing relative expression levels of proteins on B cell
subsets generated by the clustering algorithm. ¢) Heatmap showing relative
expression levels of proteins on T cell subsets.

2. Comparing Morphological Characteristics of Germinal
Centers:

We next asked whether the GCs in the cancer-draining
lymph node were qualitatively different from GCs in the
tonsil. GC boundaries were manually determined to facilitate
the identification of cells within the GC in the healthy (Figure
4a) and cancer-reactive (Figure 4b) tissues.

a b
Figure 4: Germinal centers were manually identified based on tissue
morphology (blue). The white scale bar is 2.25mm in both images. a) GCs in
the healthy tonsil tissue. b) GCs in the cancer-reactive lymph node.

We first asked if there was a difference in the number of
GCs relative to the tissue area. The total number of GCs in
each sample was divided by the area of each tissue (in mm?) to
find the number of GCs per unit area (Figure 5a). There were
18 GCs in the cancer-reactive tissue sample and 7 GCs in the
non-cancer-reactive tissue. We found that the density of GCs
was higher in the tonsil sample (0.2 GCs/mm?) than in the
lymph node sample (0.09 GCs/mm?®). We then asked if the
proportion of all cells in a GC differed between the two
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samples. A greater proportion of all cells in the tissue section
were located in the GCs in the tonsil than in the cancer-
reactive lymph node (Figure 5b). Indeed, 8% of lymph node
cells in the cancer-reactive lymph node were in GCs while 13%
of tonsil cells were inside GCs. Finally, we assessed whether
GCs were similarly sized. To do this, we identified the total
number of cells in each GC and compared the averages in each
tissue (Figure 5¢). The tonsil GCs contained more cells than
the lymph node GCs, as the average lymph node GC had 929
cells, compared to 2641 cells in the tonsil GCs. To determine
statistical significance, we used a two-tailed hypothesis t-test,
where the two sample sizes were the number of GCs analyzed
in each tissue, and the comparison was performed on the mean
number of cells per GC in both tissues. We obtained a p-value
of 0.007, indicating that the observed differences in GC size

are significant.

GCs per Unit Area Percentage of Cells in GCs Number of Cells/GC

“““

GGs/mm"2
Percent of Cells

0 .
Cancer- Non-Cancer Cancer Non-Cancer Cancer- Non-Cances p=0.007

a b c

Figure 5: Comparison of germinal centers from cancer-reactive lymph and
tonsil. a) The number of GCs counted per square millimeter in the cancer-
reactive lymph node and tonsil. b) The percentage of cells in GCs relative

to all cells in the tissue in the cancer-reactive lymph node sample and the
tonsil. ¢) Number of cells per GC. Error bars were constructed using an 80%
confidence interval.

3. Comparing Cellular Characteristics of Germinal Centers:

To assess the cellular differences between the GC in
different tissues, we compared the clusters generated by
X-shift clustering between the cancer-reactive lymph node
and the tonsil control. B cells constituted the majority of cells
in both tissues, followed by CD4* T cells, while CD8* T cells
were relatively rare (Figure 6a,b).

To quantitatively assess whether there were differences
in GC composition, we determined the proportion of each
cellular subset in the germinal centers by dividing the total
number of each cell type across all GCs by the total number
of GC-resident cells (Figure 6¢). We also showed a relative
difference in the cancer-reactive lymph node GC cell
populations from the non-cancer-reactive GC cell populations
(Figure 6d). We observed 413% and 49.9% more CD8* T
and Ty, cells, respectively, in the cancer-reactive GCs relative
to the non-cancer-reactive GCs. These data suggest that
while the composition of germinal centers is mostly similar
across tissues, CD8* T' cells and T, cells were significantly
more abundant in the tumor-draining tissue. Figures 6e and
6f also show the differences in CD8* T cells and T4, cells in
cancer-reactive GCs and non-cancer-reactive GCs. We again
used two-tailed hypothesis t-tests to determine statistical
significance, where the two sample sizes were the number of
GCs analyzed in each tissue type, and the comparisons were
performed on the averages of the proportions of CD8* T cells
and T4, cells in each GC for the two tissue types. We obtained

p-values of 0.008 for the comparison of CD8* T cells and
0.025 for the comparison of T4, cells, again indicating that the
observed differences in the proportions of these two cell types
are meaningful.

GC Cell Cluster Percentages

II.I 1

Cell Type

a b c

CD8+ T Cell Percentage of Each GC

Relative Difference in Cell Types Between GCs T+ T Cell Percentage of Each GC

-yznana T Vorca -p=0026

Figure 6: A cancer-reactive lymph node (a) and non-cancer-reactive tonsil
(b) germinal center. Cell identities colored as shown. Blue arrows identify
some CD8* T cells. The scale bar represents 360pum. (c) GC cellular subset
composition in the proportion of GC cells that were B, CD4*+ T, CD8*

T, Tth, Ki67* B, and Ki67- B cells for both the tonsil and the lymph node.
(d) The percent difference in proportions in subset composition in the
cancer-reactive lymph node GCs compared to the tonsil GCs. (¢) Percentage
of CD8* T cells in each GC. Error bars were constructed using an 80%
confidence interval. (f) Percentage of T, cells in each GC. Error bars were
constructed using an 80% confidence interval.

B Conclusion
This research aimed to identify differences between can-

cer-reactive and non-cancer-reactive germinal centers using
multiparameter immunofluorescent imaging of tissue because
patients with cancer-reactive GCs have been shown to be as-
sociated with having higher likelihoods of survival. Using the
CODEX platform, we compared GCs from a tumor-draining
thoracic lymph node with GCs from a non-cancerous tonsil.
We made several observations during this study. Using an op-
timized panel of antibodies targeting key proteins in the GC,
we identified major cell types using manual and high-dimen-
sional methods in each tissue. We looked at the levels of B cells,
CD4* T cells, CD8* T cells, and Tth cells, which are the most
common lymphocytes that interact inside GCs. We found
fewer GCs in the cancer-reactive tissue from these data com-
pared to the non-cancer-reactive tissue. However, the GCs in
the cancer-reactive GCs had more CD8* T cells and T, cells.
Together, these data highlight the importance of incorporating
spatial biology into studying the immune response to cancer.
Our data observed qualitative and quantitative differences in
GC biology between the two tissue types. The higher percent-
age of cells in GCs, number of GCs per unit area, and number
of cells per GC in the non-cancer-reactive GCs (Figure 5) were
likely due to the noncancerous GCs being derived from tonsils.
Tonsils are exposed to high levels of antigens derived from the
mouth and upper airway,* and tonsillar GCs have been stud-
ied as the “prototypical” GC in humans for decades. On the
other hand, lymph nodes are likely less exposed to oral bacte-
rial antigens and thus harbor less GC activity. Higher antigen
exposure has been shown in previous literature to be correlated
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to an increase in GC formation,?’ thus the positions of the two
SLOs in the human body could make a difference in the sizes
and quantities of GCs. However, other qualitative differences
remain, as the cellular composition of healthy tonsil GCs and
healthy lymph node GCs has been shown to be similar.?® We
observed differences in the proportions of different cell types
in noncancerous and cancer-reactive GCs, with elevated num-
bers of CD8" T cells and Tth cells in the cancer-reactive GCs
(Figure 6a-¢). Thus, the differences observed here may reflect
immune responses to the nearby tumor.

In previous studies, CDS8" T cells are associated with the
maintenance of cytolytic potential in the tumor and the ly-
sis of tumor cells.?®* Because of their well-described role in
elimination of tumor cells, it is possible that they are a key
factor in cancer-reactive GCs being associated with improved
survival likelihoods. However, it is unclear when and where
these cells are “licensed” to join the immune response. We ob-
served a higher proportion of CD8* T cells in some, but not
all, GCs in the cancer-draining lymph node relative to tonsillar
GCs. One possibility is that only some of the GCs in the can-
cer-draining lymph node respond to the tumor, whereas the
others may not be tumor-reactive. Because tumor-infiltrating
CD8* T cells are associated with improved survival,” deter-
mining whether the GCs in the tumor-draining lymph node
with high CD8* T cell counts are indeed tumor-reactive would
be of great interest. Indeed, the increased presence of CD8*T
cells in cancer-reactive GCs could indicate an important role
for these cells in the immune response to cancer.

Further study of additional proteins in these CD8* T cells
would help clarify their phenotype and provide deeper insights
into the specific roles that they may play in cancer-reactive
GCs. For example, expression of Tim3 could imply reduced
functional exhaustion, whereas positivity for CXCRS5 could
confirm the CD8* T cells’ ability to promote an antitumor
response.”’?* Future experiments could ask whether CX-
CR5*CDS8" T cells or Tim3*CD8* T cells, among other
subsets, are increased in cancer-reactive GCs. It is important
to understand exhaustion and activation levels in addition to
just the number of CD8" T cells to understand whether these
cells are actually having an impact on the tumor response. Such
investigations into how these CD8" T cells interact with and
influence tumors would help assess how to expand the im-
proved outcomes to all patients.

Previous studies®® have also indicated that the CD8*/Tg,
cell axis also has an important role in the cancer response. The
accumulation of T, cells is an important contributor to antitu-
mor responses that depend on cytotoxic CD8™ T cells, and the
absence of Ty, cells can lead to CD8™ T cell dysfunction, lower
cytokine production, and reduced cytotoxic capabilities.** The
increase in Tth cells may be playing a role in supporting an an-
titumor response by the CD8* T cells. IL-21 produced by Tg,
cells can enhance CD8* T cell function in the tumor, but little
is known about whether this occurs outside the tumor as well.
Future studies will be needed to assess whether this mechanism
is occurring in cancer-reactive GCs.

The data from our studies help to connect the associations
between GCs and patient response to cancer with the cor-

relation between CD8™ T cells and cancer outcomes. This can
highlight opportunities for future study of the relevance of
cancer-reactive GCs and the potential for their targeting to
improve cancer outcomes.
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