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Abstract

Tumor-associated tertiary lymphoid structures (TA-TLS) are ectopic lymphoid aggregates
that have considerable morphological, cellular, and molecular similarity to secondary
lymphoid organs, particularly lymph nodes. Tumor vessels expressing peripheral node
addressin (PNAd) are hallmark features of TA-TLS, and previously work from the lab
demonstrated that development of this vasculature in murine melanoma depends on tumor
necrosis factor receptor (TNFR) signaling. However, the scaffolding proteins and
biosynthetic enzymes driving the biosynthesis of PNAd in tumor endothelial cells (TEC)
are unknown. Also, it is unknown which of these PNAd associated components are
regulated by TNFR signaling. Chapter 1 of this thesis demonstrates that scaffolding
proteins and biosynthetic enzymes driving PNAd biosynthesis in lymph node high
endothelial venules are expressed in TECs displaying PNAd. On the tumor vasculature,
PNAGd is displayed at low levels and this was associated with reduced expression of some
PNAd components in TECs, including GST2, which is an important sulfotransferase for
PNAAJ synthesis in lymph node high endothelial venules. Also, loss of PNAd on TECs in
the absence of TNFR signaling is associated with reduced expression of scaffolding
proteins podocalyxin and nepmucin, and sulfotransferase GST1. Lastly, checkpoint
immunotherapy augments both the fraction of TECs expressing PNAd and their surface
level of this ligand.

TA-TLS are found in a variety of primary and metastatic human tumors, where they

are usually associated with enhanced survival and a favorable response to cancer therapies.
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In mice, tumors growing in the peritoneal cavity, lungs, and liver, but not those growing
subcutaneously, develop TA-TLS in juxtaposition to vessels expressing PNAd. However,
the cellular and molecular mediators governing TA-TLS development were unknown.
Chapter 2 of this thesis demonstrates that a discrete population of cancer-associated
fibroblasts (CAF) that express high levels of B-cell chemokine CXCL13, and B-cell
survival factors BAFF and APRIL orchestrate TA-TLS formation in murine melanoma.
These lymphoid tissue organizer molecules in CAFs are induced by TNFR signaling
mediated by an unknown cell that is neither an adaptive nor innate immune lymphoid cell.
CAFs form reticular networks that are co-extensive with B- and T-cell aggregates of TA-
TLS. Initial organization of CAFs into these structures is mediated by CD8 T-cells, while
robust CAF accumulation and the expansion of TA-TLS-associated reticular networks
depends on CXCL13-mediated recruitment of B-cells expressing lymphotoxin-oti32. Some
of these cellular and molecular elements are also evident in TA-TLS associated with human
melanoma. Lastly, immunotherapy induces more and larger TA-TLS that are more often
organized with discrete T- and B-cell zones, and TA-TLS presence, number, and size are
correlated with reduced tumor size and overall response to checkpoint immunotherapy.
This work provides a platform for the development of novel strategies that manipulate
PNAAJ expression on tumor vasculature and the formation of TA-TLS as a form of cancer

immunotherapy.
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Introduction

The immune system’s impact on tumor development

Historically, surgical removal of a patient’s tumor was the only treatment option available.
However, surgery then involved the removal of tumor tissue and an extensive amount of
healthy peripheral tissue. In some cases, a radical type of surgery involving the amputation
of a major body part was necessary to prevent the dissemination of a malignant tumor to
healthy peripheral tissue and distal organs. For example, in 1894, William Halsted
routinely performed radical mastectomies to treat breast cancer (Plesca, Bordea, El
Houcheimi, Ichim, & Blidaru, 2016). Although radical surgery was the standard treatment
for many tumor types, some patients still developed secondary tumors after the primary
mass had been surgically removed. Thus, new therapeutic strategies were needed to
overcome the pitfalls associated with surgery and extend patient survival.

In 1725, Antoine Deidier described low tumor incidence and spontaneous
remission in patients with chronic syphilis (Deidier, 1725). In 1868, Wilhelm Busch
reported a similar observation in patients with erysipelas, a skin infection causes by
Streptococcus pyogenes (Busch, W., 1868). Similarly, in 1893, William Coley published
that cancer patients who contracted erysipelas occasionally showed signs of spontaneous
tumor remission (Coley, 1893). Importantly, he showed that the inoculation of patients
with live or inactive Streptococcus pyogenes and Serratia marcescens occasionally led to
durable remission of inoperable tumors. Despite this significant finding, the lack of a

known mechanism of action for Coley’s treatment and the risk of deliberately infecting



cancer patients with pathogenic bacteria caused oncologists to adopt new surgical
techniques and radiotherapy as standard treatments for tumors in the early 20th century.
The findings made by William Coley led Paul Ehrlich to hypothesize that immune
responses against “Coley’s toxin” were inadvertently responsible for tumor remission in
these patients (Ehrlich, 1909). He also suggested that the immune system prevented nascent
neoplastic cells from developing into tumors. Later, Lewis Thomas and Francis Macfarlane
Burnet formalized Paul Ehrlich’s theory and proposed the “cancer immunosurveillance
hypothesis” (Burnet, 1957; Thomas, 1959). However, this hypothesis was not well received
due to inconclusive experimental evidence. For example, early experiments involving
thymectomized (G. A. Grant & Miller, 1965; Nishizuka, Nakakuki, & Usui, 1965; Trainin,
Linker-Israeli, Small, & Boiato-Chen, 1967; Burstein & Law, 1971; Sanford, Kohn, Daly,
& So0, 1973) and nude mice on a CBA/H background (Stutman, 1974; Rygaard & Povlsen,
1974; Outzen, Custer, Eaton, & Prehn, 1975; Stutman, 1979), both of which contained a
reduced number of mature T-cells, demonstrated that the incidence of carcinogen induced
and spontaneous tumors in these mice were similar to those with an intact immune system.
In contrast, nude mice on a BALB/c background developed more chemically induced
tumors than their wild-type (WT) counterparts (Engel et al., 1996). Similar results were
obtained with immunodeficient CB-17 severe-combined immunodeficiency (SCID) mice,
which lack both mature T- and B-cells (Engel, Svane, Rygaard, & Werdelin, 1997).
However, SCID mice lack a DNA-dependent protein kinase (DNA-PK) enzyme that aids
antigen receptor gene rearrangement in adaptive immune cells and DNA repair in all other

cell types (Featherstone & Jackson, 1999). Thus, it was suggested that SCID mice were



more susceptible to the formation of carcinogen induced tumors due to their inability to
repair damaged DNA in transformed cells rather than their immune defects. Collectively,
these studies failed to either prove or disprove this idea, leading to the abandonment of the
cancer immunosurveillance hypothesis.

The availability of mice deficient for cellular and/or molecular components of the
immune system subsequently led to two key findings that resurrected the cancer
immunosurveillance concept. First, it was demonstrated that mice deficient for component
associated with interferon gamma (IFNy) signaling developed more carcinogen induced
tumors than WT mice (Kaplan et al., 1998). Similar observations were reproduced in
subsequent reports (Smyth, Thia, Street, MacGregor, et al., 2000; Street, Cretney, &
Smyth, 2001). Second, definitive studies supporting the cancer immunosurveillance
hypothesis used mice deficient for recombination activating genes (Rag) 1 or 2. Similar to
DNA-PK, these enzymes aid in antigen receptor gene rearrangement in adaptive immune
cells. Thus, mice deficient for either of these genes lack mature T- and B-cells (Shinkai et
al., 1992). However, unlike DNA-PK, Ragl and 2 are exclusively expressed in adaptive
lymphocytes. Using Rag?2 deficient mice, it was demonstrated that these mice develop
more carcinogen-induced tumors than WT mice (Shankaran et al., 2001). Interestingly, the
same study also showed that chemically induced tumors derived from Rag2 deficient mice
were rejected after transplantation onto WT recipient mice. On the other hand, carcinogen-
induced WT mouse tumors grew progressively when they were transplanted onto WT mice.
This demonstrated that carcinogen induced tumors derived from immunodeficient mice are

more immunogenic than those arising in mice with a functional immune system. This



observation formed the basis for the “cancer immunoediting” concept, which is a
refinement of “cancer immunosurveillance” hypothesis. Cancer immunoediting is the
result of three distinct phases (elimination, equilibrium, and escape) that function either
independently or in sequence to control the development of tumors. The cellular and
molecular mechanisms involved in each phase have been extensively reviewed elsewhere
(Dunn, Old, & Schreiber, 2004; Schreiber, Old, & Smyth, 2011; Vesely, Kershaw,
Schreiber, & Smyth, 2011). Collectively, these studies have conclusively demonstrated that

the immune system significantly influences tumor development and progression.

Immunological and prognostic significance of intratumoral immune cells

To date, a variety of innate and adaptive immune cells have been shown to be involved in
the elimination phase of cancer immunoediting. This includes natural killer T-cells (NKT)
(Smyth, Thia, Street, Cretney, et al., 2000), yo T-cell (M. Girardi et al., 2001), natural killer
(NK) cells (Smyth, Crowe, & Godfrey, 2001), oy (CD4 and CD8) T-cells (Michael Girardi
et al., 2003), eosinophils (Simson et al., 2007), and CD1d-restricted T-cells (Swann et al.,
2009). In addition to these immune cells, several effector molecules and signaling
recognition pathways also contribute to the elimination phase. This includes interferon
gamma receptor type 1 (IFNyR1) (Kaplan et al., 1998), perforin (Smyth, Thia, Street,
MacGregor, et al., 2000), interleukin (IL)-12 (Smyth, Taniguchi, & Street, 2000),
INFy (Street et al., 2001), TNF-related apoptosis-inducing ligand (TRAIL) (Cretney et al.,
2002; Takeda et al., 2002), interferon alpha receptor type 1 and 2 (IFNAR1/2) (Dunn et al.,

2005; Swann et al., 2007, 2008), and tumor necrosis factor alpha (TNFa) (Swann et al.,



2008). Thus, the elimination phase of cancer immunoediting is best described as the
cooperative efforts of the innate and adaptive immune systems to detect and destroy
nascent tumor cells before they become clinically apparent. The mechanisms by which the
immune system detects and eliminates nascent tumor cells before they become clinically
apparent have been extensively reviewed (Dunn et al., 2004; Schreiber et al., 2011; Vesely
etal., 2011).

In contrast to the above, a variety of immunosuppressive cells and molecules have
been shown to shown to facilitate immune escape and tumor progression. For example,
regulatory T-cells (Treg) (Terabe & Berzofsky, 2004) and myeloid-derived suppressor
cells (MDSC) (Gabrilovich & Nagaraj, 2009) promote an immunosuppressive
microenvironment that dampen anti-tumor responses. Immunosuppressive cytokines, such
as IL-10 (Aruga et al., 1997) and transforming growth factor beta (TGFf) (Wrzesinski,
Wan, & Flavell, 2007), also promote tumor progression by inhibiting effector responses.
IL-10 can be produced by Tregs (Terabe & Berzofsky, 2004), whereas TGFp can be
expressed by MDSC (Hequan Li, Han, Guo, Zhang, & Cao, 2009, p. 1) and tumor cells
(Wrzesinski et al., 2007). Immune checkpoints, such as programmed cell death protein 1
(PD1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA4), have gained
considerable attraction because treatment with monoclonal antibodies against these
molecules in tumor-bearing mice led to enhanced tumor control (Leach, Krummel, &
Allison, 1996; Iwai, Terawaki, & Honjo, 2005). Also, the administration of humanized
monoclonal antibodies against either PD1 (Brahmer et al., 2010) or CTLA4 (Ku et al.,

2010) correlated with enhanced patient survival and lower risk of disease relapse.



Importantly, preclinical (Curran, Montalvo, Yagita, & Allison, 2010) and clinical (Larkin
et al., 2015) studies concluded that combination therapy with antibodies against PD1 and
CTLA4 was more therapeutically advantageous than monotherapy. Since these reports,
additional checkpoint molecules are currently being explored as potential
immunotherapeutic targets (Pardoll, 2012). Despite these significant findings, only a subset
of patients responds to checkpoint immunotherapy, suggesting that additional barriers are
present in the tumor microenvironment of unresponsive tumors. Collectively, these
findings demonstrate that cancer immunoediting, which includes the elimination and
escape phase, is accomplished by a variety of cellular and molecular components of the
immune system.

A fundamental question is whether the immune system play a role against tumor
development and progression in humans. Two early comprehensive studies concluded that
patients with primary genetic immunodeficiencies (Gatti & Good, 1971) and chronically
immunosuppressed organ transplant recipients (Penn & Starzl, 1972) were more
susceptible to developing malignant tumors than uncompromised immune individuals.
These early studies indicate that the elimination phase of cancer immunoediting exists in
humans. The presence of tumor-infiltrating lymphocytes (TIL) in human immune escaped
tumors is also considered a significant prognostic indicator for patient survival. For
example, it was shown that a high density of TILs correlated with longer patient survival
and lower risk of disease relapse. This observation was confirmed for a variety of tumor
types, including those associated with the nerve (Lauder & Aherne, 1972), prostate

(Epstein & Fatti, 1976), brain (Palma, Di Lorenzo, & Guidetti, 1978), colon (Nacopoulou,



Azaris, Papacharalampous, & Davaris, 1981), ovary (Deligdisch, Jacobs, & Cohen, 1982),
rectal (Jass, 1986), breast (Rilke et al., 1991), and bladder (Lipponen, Eskelinen,
Jauhiainen, Harju, & Terho, 1992). With the use of cell surface markers to distinguish
different immune subpopulations, it was initially demonstrated that a high density of
intratumoral NK cells expressing CD57 predicted better prognosis (Coca et al., 1997).
However, the expression of CD57 is not restricted to NK cells, as it is also expressed by
activated T cells. In that regard, subsequent studies in colorectal (Naito et al., 1998),
esophageal (Schumacher, Haensch, Roefzaad, & Schlag, 2001), and ovarian (Zhang et al.,
2003) tumors showed that a high density of intratumoral CD8 T-cells correlated with
enhanced survival. CD4 T-cells have also been implicated in tumor progression and patient
survival. For example, these cells can act as helper cells that support the activation and
differentiation of CD8 T-cells into effectors that suppress tumor outgrowth (Mandic et al.,
2003). In contrast, CD4 T-cells can differentiate into immunosuppressive Tregs and
promote tumor outgrowth by preventing that activation of CD8 T-cells (Javia & Rosenberg,
2003). Thus, CD4 T-cells have dichotomous roles in CD8 T-cell activation and tumor
progression, which are most likely governed by factors in the tumor microenvironment.
Elegant studies in colorectal tumors have also demonstrated that a dense accumulation of
intratumoral CD8 T-cells with an activated cytotoxic immune profile correlated strongly
with enhanced patient survival and lower risk of metastatic spread (Galon et al., 2006;
Pages et al., 2009). Importantly, the subset of patients who respond favorably to new
generation immunotherapies, particularly checkpoint immunotherapy, are those in which

an immunological infiltrate is evident prior to treatment (Gajewski, Louahed, & Brichard,



2010; Gajewski, Schreiber, & Fu, 2013; Herbst et al., 2014; Ji et al., 2012; Ulloa-Montoya
et al., 2013, p.). These studies demonstrate that the number and activation status of CD8
T-cells are significant components that must be considered when determining prognosis
and response to immunotherapy.

The studies above demonstrate that a tumor enriched for CD8 T-cells have a
positive prognostic value, whereas those enriched for myeloid cells, such as monocytes,
neutrophils, and M2 macrophages, have a negative value (Gentles et al., 2015; Thorsson et
al., 2018). Interestingly, the location of CD8 T-cells in relation to the tumor also impacts
the prognostic significance of these cells. For example, in colorectal tumors, CD8 T-cells
present at both the center of the tumor and at the invasive margins were associated with
better clinical outcomes than those present at a single location (Galon et al., 2006; Pages
et al., 2009). Also, CD8 T-cells disseminated throughout the tumor parenchyma of
metastatic melanoma have a stronger prognostic value than those confined to the
perivascular space surrounding intratumoral blood vessels (Erdag et al., 2012). In contrast,
CD8 T-cells that are exclusively found at the tumor invasive margin correlated with worse
clinical outcomes and a higher rate of disease reoccurrence. This observation has been
confirmed for Hodgkin lymphoma (Scott et al., 2013), clear cell renal carcinoma (Becht et
al., 2015; Giraldo et al., 2017), and prostate cancer (Petitprez et al., 2019). On the other
hand, immune infiltrates, including CD8 T-cells, that are organized into tumor-associated
tertiary lymphoid structures (TA-TLS) also have significant positive prognostic value
(Engelhard et al., 2018; Sautes-Fridman, Petitprez, Calderaro, & Fridman, 2019; Anthony

B. Rodriguez & Engelhard, 2020). These structures and their immunological impact are



discussed in greater detail below. All of these studies demonstrate that there is remarkable
heterogeneity in overall CD8 T-cell representation, activation state, and intratumoral
distribution between different tumor types. Thus, the field as a whole must account for this

heterogeneity when applying CD8 T-cells for prognostic purposes.

The multifaceted role of B-cells in anti-tumor immunity

It is now appreciated that B-cells represent a major proportion of TILs in many tumor types.
However, these cells can either promote or inhibit tumor development and progression. For
example, the depletion of B-cells through the humanized monoclonal antibody Rituximab
improved the prognosis of patients with advanced colorectal cancer (E. Barbera-Guillem
et al., 2000). A preclinical murine study also demonstrated that B-cells produced tumor-
specific antibodies that supported tumor outgrowth (Emilio Barbera-Guillem, May, Nyhus,
& Nelson, 1999). Mechanistically, tumor-specific antibodies activated granulocytes and
macrophages that drove extracellular matrix degradation and angiogenesis in tumors.
Consistent with this, the detection of large amounts of tumor specific antibodies in the
serum or in the tumor of breast cancer patients correlated with poor clinical outcomes
(DeNardo & Coussens, 2007). Similar to Tregs, B-cells can also adopt an
immunosuppressive regulatory phenotype (Breg) after they have been activated (B. Peng,
Ming, & Yang, 2018). However, the factors that cause the differentiation of B-cells into
Bregs are not fully understood yet. Despite this, B-cells have been shown to promote tumor
outgrowth by inhibiting cytotoxic CD8 T-cell responses (Shah et al., 2005). It has been
suggested that differentiated Bregs do this through their production of immunosuppressive

cytokines IL-10 (Horikawa, Minard-Colin, Matsushita, & Tedder, 2011) and TGFp
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(Olkhanud et al., 2011). Thus, B-cells promote tumor growth through a variety of
mechanisms. However, the elements that drive pro-tumor characteristics in B-cells remain
unknown and should be explored further.

On the other hand, B-cells have been shown to act as supportive elements for anti-
tumor immunity. In a transplantable murine model of melanoma, depletion of B-cells led
to enhanced subcutaneous tumor outgrowth and a higher density of metastatic lung nodules
(DiLillo, Yanaba, & Tedder, 2010). Also, clinical studies involving breast (Simsa,
Teillaud, Stott, Toth, & Kotlan, 2005; Schmidt et al., 2008), lung (Al-Shibli et al., 2008),
skin (Ladanyi et al., 2011), and ovarian (Nielsen et al., 2012) cancer reported a positive
correlation between the density of intratumoral B-cells and patient survival. Multivariate
analysis in breast cancer established that the prognostic value of intratumoral B-cells is
independent of the number of infiltrating CD8 T-cells (Mahmoud et al., 2011). It has been
proposed that B-cells support anti-tumor immunity through their production of either tumor
specific antibodies, antigen presentation, or pro-inflammatory cytokines (Guo & Cui,
2019). For example, immunohistochemistry and gene expression studies in breast cancer
showed that the expression of plasma cell markers among intratumoral B-cells correlated
with enhanced patient survival (Schmidt et al., 2008; Fan et al., 2011; Schmidt et al., 2012).
Also, ovarian intratumoral B-cells that are found in close proximity to activated CD8 T-
cells often express high levels of markers associated with antigen presentation, such as
major histocompatibility complex (MHC) I and II, and T-cell co-stimulatory molecules

CD80 and CD86 (Nielsen et al., 2012). In vitro studies have also concluded that B-cells



11

presence of B-cells producing TRAIL, IFNy, IL-12p40, or granzyme B was a favorable
prognostic indicator for patients with hepatocellular carcinoma (Shi et al., 2013).
Altogether, these studies show that B-cells either support or inhibit anti-tumor immune
responses through a variety of mechanisms. However, they also suggest that tumor
microenvironmental factors and anatomical location influence the immunological impact
and prognostic value of these cells. Yet the factors that contribute to this functional
dichotomy are unknown. Moreover, it is also unknown whether B-cells support anti-tumor
immune responses through alternative undescribed mechanisms. Learning more about how
these cells are polarized into anti- or pro-tumor elements would provide therapeutic options

for modulating anti-tumor immunity.

Anti- and pro-tumor properties of cancer-associated fibroblasts

Fibroblasts found in tumors are termed cancer-associated fibroblasts (CAF). These cells
are abundant in the tumor microenvironment. Vimentin, podoplanin (PDPN), a-smooth
muscle actin (aSMA), fibroblast activating protein (FAP), platelet-derived growth factor
receptor alpha (PDGFRa) and beta (PDGFR[3) are sometimes used to define CAFs because
these markers are highly expressed on these cells relative to non-tumor fibroblasts (Kalluri
& Zeisberg, 2006). However, since CAFs are an extremely heterogenous population,
special consideration must be taken when applying these markers to conclusively identify
CAFs. For example, some populations of CAFs express a subset of these markers, making
it difficult to identify these cells in tumors. Also, PDPN is found on Tul7 CD4 T-cells
(Peters et al., 2015), while FAP is expressed on a minor population of tumor-associated

M2 macrophages (Kraman et al., 2010; Arnold, Magiera, Kraman, & Fearon, 2014). Also,
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a discrete population of CAFs expressing aSMA and PDGFR3, but negative for FAP, were
identified in breast cancer (Costa et al., 2018). Single-cell RNA sequencing of head and
neck (Puram et al., 2017), breast (Bartoschek et al., 2018), and lung (Lambrechts et al.,
2018) tumor suspensions revealed the existence of multiple CAF populations that vary in
marker expression and functionality. Due to their heterogeneity, additional criteria are
often used to define CAFs, such as cellular morphology, tissue positioning, and the lack of
epithelial, endothelial, and immune lineage markers. CAF heterogeneity also creates
difficulty for determining the origins of these cells. Single-cell RNA sequencing, adoptive
transfer of bone marrow-derived mesenchymal stem cells, and lineage tracing mice have
been used to shed light on CAF origins. Through these approaches, it was shown that CAFs
can originate from multiple sources, including tumor, endothelial, and tissue resident
PDPN" mesothelial cells (LeBleu & Kalluri, 2018; T. Liu et al., 2019). CAFs in human
and murine peritoneal carcinomas have been shown to arise from PDPN* mesothelial cells
lining the peritoneal cavity (Rynne-Vidal, Jiménez-Heffernan, Fernandez-Chacon, Lopez-
Cabrera, & Sandoval, 2015). Also, there is evidence suggesting that CAFs are derived from
adipocytes (Bochet et al., 2013), hematopoietic stem cells (L. T. McDonald et al., 2015),
tissue-resident fibroblasts (Arina et al., 2016), pericytes (Hosaka et al., 2016), and adipose-
derived mesenchymal stem cells (Strong et al., 2017; Huijuan Tang, Chu, Huang, Cai, &
Wang, 2020). The distinct tissues in which CAFs arise from may contribute to the vast
heterogeneity associated with these cells. Importantly, the tissue origins of CAFs may also
contribute to the functionality of these cells and their impact on tumor progression, which

is described in more detail below.
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CAFs are generally viewed as cells that support tumor growth. Using a mouse
model that expresses the diphtheria toxin receptor (DTR) under the control of the FAP
promoter, it was demonstrated that the depletion of FAP" cells after diphtheria toxin
administration led to reduced tumor outgrowth (Kraman et al., 2010). However, as
described above, immunosuppressive M2 macrophages express FAP. Using reciprocal
bone marrow chimera mice involving WT and FAP-DTR mice, it was demonstrated that
the depletion of either FAP" hematopoietic or FAP" non-hematopoietic cells led to reduced
outgrowth of a transplantable murine model of lung carcinoma (Arnold et al., 2014).
Although these results confirm an immunosuppressive role for M2 macrophages in this
tumor model, they also demonstrate that non-hematopoietic FAP* cells, which are likely
CAFs, support tumor outgrowth. The depletion of FAP™ CAFs in an autochthonous murine
model of pancreatic ductal adenocarcinoma also led to reduced tumor outgrowth and
enhanced response to checkpoint immunotherapy anti-PDL1 (Feig et al., 2013). Similarly,
high densities of CAFs expressing high levels of leucine-rich repeating containing 15
protein in human pancreatic ductal adenocarcinoma correlated with poor response to anti-
PDL1 (Dominguez et al., 2020). Also, a large representation of FAP™ CAFs in colorectal
cancer (Calon et al., 2015) and aSMA™ CAFs in pancreatic ductal adenocarcinoma (Ireland
et al., 2016; Franco-Barraza et al., n.d.) correlated with a worse prognosis and resistance
to chemotherapy. Thus, in some tumors, CAFs are pro-tumor elements that diminish patient
survival, and promote resistance to immunotherapy and chemotherapy.

Despite the overwhelming evidence indicating that CAFs have a pro-tumor role,

there are some studies suggesting that these cells are involved in tumor suppression. For
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example, the depletion of aSMA™ CAFs in the early development of a murine model of
pancreatic ductal adenocarcinoma resulted in greater tumor outgrowth (Ozdemir et al.,
2014). This observation suggests that aSMA™ CAFs have a protective role in nascent tumor
development, but this role changes as the tumor matures. Disruption of sonic hedgehog
signaling in murine desmoplastic pancreatic tumors also led to reduced numbers of aSMA™*
CAFs and enhanced disease progression (Rhim et al., 2014). In contrast, overexpression of
sonic hedgehog signaling components in murine colorectal carcinoma led to larger
numbers of CAFs expressing collagen type 1 and reduced tumor outgrowth (Gerling et al.,
2016). Lastly, the presence of CAFs expressing CD146 in estrogen receptor positive breast
cancer is associated with enhanced patient survival and response to anti-endocrine therapy
(Brechbuhl et al., 2017). Thus, special consideration must be taken when targeting CAFs
for therapeutic purposes, since in some cases they are anti-tumor elements that support
survival and sensitivity to cancer therapies.

CAFs contribute to tumor growth through a variety of mechanisms. This includes
extracellular matrix remodeling that increases tumor stiffness (X. Tang et al., 2016;
Nguyen et al., 2019), secreting soluble factors that support tumor growth (Erdogan &
Webb, 2017), inducing angiogenesis (F.-T. Wang, Sun, Zhang, & Fan, 2019), and
immunosuppression (Monteran & Erez, 2019). However, the anti-tumor properties of
CAFs remain largely uncharacterized. One study found that aSMA* CAFs in breast cancer
expressed large amounts of TGF[ inhibitor asporin, and the abundant representation of
these cells correlated with better clinical outcomes (Maris et al., 2015). In a murine model

of prostate cancer, FAP" CAFs are a large source of homeostatic chemokine CXCL13 and



15

the depletion of the cells significantly inhibits B-cell recruitment into tumors (Ammirante,
Shalapour, Kang, Jamieson, & Karin, 2014). PDPN" CAFs have been documented in
tertiary lymphoid structures (TLS) associated with a murine model of pancreatic carcinoma
(Link et al., 2011), suggesting that that these cells drive the formation of these structures.
However, this remains to be shown. Determining this will identify a new role for CAFs as
immune organizers of TLS in tumors, and point to the importance of continuing to

understand the heterogeneity of CAF populations in different tumor types.
Role of endothelial cells in lymphocyte trafficking and tumor development

Blood endothelial cells (BEC) form a continuous layer that line several organs and the
blood endothelium. BECs perform several critical functions, including regulating the flow
of blood, and the passage of nutrients, oxygen, and other solutes from the bloodstream to
peripheral tissues (Kriiger-Genge, Blocki, Franke, & Jung, 2019). BEC also regulate the
trafficking of leukocytes into and out of tissues. Trafficking of leukocytes, including T-
and B-cells, into secondary lymphoid organs (SLO) and inflamed non-lymphoid tissues
involves sequential interactions of a set of homing receptors (HR) on leukocytes with
cognate ligands on BECs (Ley, Laudanna, Cybulsky, & Nourshargh, 2007). For example,
antigen inexperienced naive T-cells enter lymph nodes (LN) based on their expression of
L-selectin and CCR7, which bind to peripheral node addressin (PNAd) and the chemokines
CCL19/CCL21, respectively. These HR ligands are normally expressed on specialized LN
blood vessels called high endothelial venules (HEV) (Girard, Moussion, & Forster, 2012).
During differentiation, effector T-cells downregulate L-selectin and CCR7, and acquire the

ability to enter peripheral tissues by upregulating HRs that bind to cognate ligands
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expressed on inflamed vasculature. HR expression on activated T-cells is determined by
the SLO in which priming occurs (Mora et al., 2003, 2005; Johansson-Lindbom & Agace,
2007; Sigmundsdottir & Butcher, 2008; Ferguson & Engelhard, 2010). Tissue-specific and
inflammation-induced expression of different HR ligands, in conjunction with the patterns
of HRs expressed by T-cells, determines which tissues are infiltrated.

BEC:s that line the vasculature of tumors are termed tumor-associated endothelial
cells (TEC) and these cells largely influence the trafficking of immune cells into tumors.
While the requirements for entry of effector T-cells and other leukocytes into inflamed
peripheral tissues, particularly skin and gut, have been well-established (Ley et al., 2007),
the requirements for entry into tumors remain inadequately defined. Several studies have
unambiguously identified individual HRs that mediate T-cell infiltration into some tumors
(Yamada et al., 2006; Sasaki et al., 2007; Buckanovich et al., 2008; D. T. Fisher et al.,
2011; Bose et al., 2011; Mikucki et al., 2015), while others have shown correlations
between individual HRs or HR ligands and T-cell infiltrates (Kunz et al., 1999; Garbi,
Arnold, Gordon, Himmerling, & Ganss, 2004; Hensbergen et al., 2005; Musha et al., 2005;
Clark et al., 2008; Quezada et al., 2008; Lohr et al., 2011). A comprehensive analysis of
the HRs that mediate entry of CD8 T-cell effectors into B16 melanoma and Lewis lung
carcinoma was recently completed, and demonstrated that HR ligand expression on the
tumor vasculature varies with the anatomical location of the tumor (Woods et al., 2017).
This also determines the ability of T-cells activated in different SLOs to enter tumors
growing in different locations. Consistent with other work (Clark et al., 2008; Dengel et

al., 2010; Weishaupt, Munoz, Buzney, Kupper, & Fuhlbrigge, 2007), HR ligand expression
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on the tumor vasculature is often low. This is consistent with the low infiltration of
adoptively transferred effector T-cells observed in several studies (Economou et al., 1996;
B. Fisher et al., 1989; Griffith et al., 1989; Kershaw et al., 2006). Thus, one opportunity to
improve cancer immunotherapy is to identify and manipulate the expression of HRs and
HR ligands to enhance infiltration of CD8 T-cell effectors into tumors. This approach has
been explored by transducing adoptively transferred T cells to express various chemokine
receptors, and has resulted in enhanced infiltration and tumor control (Craddock et al.,

2010; Di Stasi et al., 2009; W. Peng et al., 2010; Moon et al., 2011).

Since naive T-cells do not generally enter peripheral tissue, it had been assumed
that all intratumoral lymphocytes are effectors that differentiate in tumor-draining LN and
home to the tumor thereafter. However, naive T-cells were shown to infiltrate tumors that
had been genetically modified to secrete lymphotoxin-a (LTa) (Schrama et al., 2001,
2008) or LIGHT (P. Yu et al., 2004). Tumors expressing LTo accumulated activated T-
cells in the absence of SLOs (Schrama et al., 2008). Similar results were obtained by
intratumoral injection of CCL21 or CCL21 transduced dendritic cells (DC) (Kirk,
Hartigan-O’Connor, Nickoloff, et al., 2001; Kirk, Hartigan-O’Connor, & Mule, 2001,
Turnquist et al., 2007). It was suggested that naive T cells infiltrated through a LN-like
vasculature based on the expression of CCL21 (P. Yu et al., 2004), or expression of CCL21
and PNAd and the accumulation of T cells expressing L-selectin (Schrama et al., 2001),
although this was not shown. In all of these models, the infiltration of naive T-cells, in
conjunction with their differentiation to become effectors, was shown to promote tumor

destruction. These studies established that tumors could be engineered to serve as a
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surrogate site for naive T cells recruitment and their activation to become mediators of

improved anti-tumor immunity.

More recently, work from the lab demonstrated that adoptively transferred naive
CD8 T-cells can enter unmanipulated tumors and subsequently differentiate into functional
effectors (Peske et al., 2015; Thompson, Enriquez, Fu, & Engelhard, 2010). This also
occurs in the absence of SLOs (Thompson et al., 2010). Also, naive CD8 T-cell entry into
tumors was entirely dependent on L-selectin and CCR7, and on the development of a tumor
vasculature expressing PNAd and CCL21 (Peske et al., 2015). PNAd and CCL21 were co-
expressed on a small fraction of blood vessels in tumors growing in multiple anatomical
locations (Peske et al., 2015). The primary source of CCL21 was CAFs, and to a lesser
extent, TECs. It was also shown that preventing this influx of naive T-cells diminished
tumor control, indicating that the development of intratumoral PNAd® CCL21" LN-like

vasculature is important component of the immune response in unmanipulated tumors.
Regulation of PNAd on lymph node high endothelial venules and tumor vasculature

In adult LNs, HEV morphology and expression of genes required for the biosynthesis of
PNAAJ is maintained by continuous engagement of lymphotoxin-au 3> (LTaif32) expressed
on DCs with the lymphotoxin-f3 receptor (LTBR) expressed on BECs (Browning et al.,
2005; Moussion & Girard, 2011). However, the genes for PNAd biosynthesis can also be
induced in cultured endothelial cells and monocytes by TNFa (Pablos et al., 2005; Tjew,
Brown, Kannagi, & Johnson, 2005). LTBR signaling does not control expression of CCL21

in adult LNs (Browning et al., 2005; Ngo et al., 1999). Developmentally, CCL21
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expression depends upon signals from LToif32 or soluble LTas, which engages tumor
necrosis factor receptors 1 and 2 (TNFR) but not LTBR (Sacca, Cuff, Lesslauer, & Ruddle,
1998; Cuff et al., 1998; Cuff, Sacca, & Ruddle, 1999; Drayton, Ying, Lee, Lesslauer, &
Ruddle, 2003); TNFo (Johnson & Jackson, 2010; Wiede, Vana, Sedger, Lechner, &
Korner, 2007); and another TNFR family member, CD30 (Bekiaris et al., 2009). However,
it is not clear whether these signals regulate the expression of CCL21 directly, or the
development of CCL21 expressing cells. Overall, these results point to the central
importance of LToif32-LTPR engagement in driving development and maintenance of

PNAdJ expression on BECs, while control of CCL21 expression remains uncertain.

In tumors, the density of intratumoral DCs (Martinet et al., 2013) and Treg
depletion (Hindley et al., 2012) were correlated with development of PNAd" CCL21*
vasculature, but a cause and effect relationship was not established. Indeed, in murine
models of melanoma and lung carcinoma, development of PNAd® CCL21" vasculature was
not induced by either DCs or LTPBR signaling (Peske et al., 2015). Instead, induction of
both molecules depended on CD8 T-cell effectors that had infiltrated tumors at an earlier
point. In intraperitoneal tumors, PNAd expression depended on CD8 T-cell effectors
secreting LTas, which acted through TNFR expressed on TECs and CAFs. CCL21, but not
PNAJ, also depended on IFNy secreted by CD8 T-cell effectors, which acted through IFNy
receptors on CAFs and TECs. Control of PNAd and CCL21 in subcutaneous tumors was
more complex, in that both CD8 T-cell effectors and NK cells could independently induce

expression of these molecules. While expression depends on signaling through TNFR,
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IFNy seems to act redundantly with another as yet unidentified modulator to induce
CCL21. These results demonstrate that the mechanisms controlling development of PNAd*
CCL21" vasculature in tumors are distinct from those identified in SLO, and also differ
between subcutaneous and intraperitoneal tumors. It remains to be determined whether
these or additional mechanisms operate in human tumors growing in different anatomical

locations.
Tertiary lymphoid structures in chronic inflammation-associated tissues

The ectopic expression of PNAd on non-lymphoid blood vessels is often associated with
tertiary lymphoid structures (TLS). These structures are lymphoid aggregates that
frequently develop at sites of chronic infection, autoimmune disease, and allograft rejection
(Drayton, Liao, Mounzer, & Ruddle, 2006; Carragher, Rangel-Moreno, & Randall, 2008;
GeurtsvanKessel et al., 2009; Halle et al., 2009; Hayasaka, Taniguchi, Fukai, & Miyasaka,
2010; van de Pavert & Mebius, 2010; Link et al., 2011; Huang & Luther, 2012; Neyt,
Perros, GeurtsvanKessel, Hammad, & Lambrecht, 2012; Stranford & Ruddle, 2012). These
structures have considerable morphological, cellular, and molecular similarity to SLOs,
particularly LNs. Inflammation-associated TLS are associated with blood vascular
endothelial cells that express PNAd and CCL21 that often have a characteristic “puffy”
morphology. TLS contain B-cells, T-cells, and DCs, which are typically organized into
distinct functional compartments: a B-cell follicle mainly composed of naive B cells,
surrounding a germinal center composed of highly proliferative B cells; and a T-cell area
mainly composed of T-cells and DCs (Jones, Hill, & Jones, 2016; Neyt et al., 2012). In

SLOs, this microarchitecture is orchestrated by the homeostatic chemokines CCL19,
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CCL21, CXCL13, and CXCL12 (Legler et al., 1998; Ansel et al., 2000; Sanjiv A. Luther,
Tang, Hyman, Farr, & Cyster, 2000; Allen et al., 2004). These chemokines are also found
in TLS (Barone et al., 2015; Fleige et al., 2014; Pikor et al., 2015; Rangel-Moreno et al.,
2011; Rangel-Moreno, Moyron-Quiroz, Hartson, Kusser, & Randall, 2007). Cells
resembling fibroblastic reticular cells (FRC) and follicular dendritic cells (FDC) have also
been reported in well-developed TLS (Barone et al., 2015; Drayton et al., 2003; Fleige et
al., 2014; Link et al., 2011; Rangel-Moreno et al., 2007), suggesting that these cells may
be the source of these chemokines and function as organizers of TLS. However, this

remains to be directly demonstrated.

In addition to their cellular and molecular characteristics, TLS have also been
shown to have functional capabilities that can influence disease progression. In acute
influenza infection, TLS that develop in the lungs are commonly associated with viral
clearance (Moyron-Quiroz et al., 2004). Mechanistically, DCs in lung TLS present viral
antigens to newly entering naive T-cells and promote the generation of antiviral effector
cells (Halle et al., 2009). Interestingly, SLOs are dispensable for the generation of antiviral
effectors and viral clearance (Moyron-Quiroz et al., 2006, 2004). TLS and B-cells have
also been shown to have a protective role against Mycobacterium tuberculosis infection
(Maglione, Xu, & Chan, 2007; Khader et al., 2009). In these structures, B-cells express
markers associated with germinal center activity, such as peanut agglutinin (PNA) and
GL7. This suggests that TLS promote the generation of protective B-cells that produce

antibodies against Mycobacterium tuberculosis. However, this has not been determined.
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Nonetheless, these observations demonstrate that TLS in the lungs are beneficial structures
that drive clearance of acute bacterial and viral infections.

In contrast to above, TLS have also been described in the synovial lymphoid tissue
of patients with rheumatoid arthritis (RA). In these patients, TLS-associated B-cells often
express markers associated with activation, germinal center activity, and antibody
producing plasma cells (Manzo et al., 2005). Consistent with this, high levels of
anticitrullinated protein specific antibodies in the serum and synovial fluid of RA patients
is associated with a more severe disease pathology (van der Helm-van Mil, Verpoort,
Breedveld, Toes, & Huizinga, 2005), suggesting that TLS perpetuate RA severity. TLS
have also been identified in a variety of rejected transplanted organ, particularly those
involving lung, heart, and kidney (W. Li et al., 2012; Hsao, Li, Gelman, Krupnick, &
Kreisel, 2015; Koenig & Thaunat, 2016). It has been suggested that the rejection of these
organs is a consequence of alloreactive T-cells generated in these structure (Nasr et al.,
2007; Hsao et al., 2015). However, this remains to be determined. Nonetheless, TLS show
functional capabilities that are similar to SLOs, but their impact over disease severity

depends on the anatomical location in which these structures form in.
Regulation of TLS in chronic inflammation-associated tissues

The development of conventional LNs depends on interaction between CD4*CD3"¢
lymphoid tissue inducer (LT1) cells expressing LToi32 and RANKL (now known to be
innate lymphoid cells (ILC) 3) (Sawa et al., 2010), and mesenchymal lymphoid tissue
organizer (LTo) cells expressing LTBR (D. Kim et al., 2000; Mebius, 2003; Randall,

Carragher, & Rangel-Moreno, 2008; Withers, 2011; Lane, Gaspal, McConnell, Withers, &
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Anderson, 2012; Fletcher, Acton, & Knoblich, 2015). This leads to expression of CCL19,
CCL21, and CXCL13, which attract additional LTi cells, and the recruitment and
positioning of T- and B-cells (Ansel et al., 2000; Nakano & Gunn, 2001; Ohl et al., 2003;
Sanjiv A. Luther, Ansel, & Cyster, 2003). In keeping with this, mice deficient in LTa,
LTp, or LTPR fail to develop all or most LNs (De Togni et al., 1994; Alimzhanov et al.,
1997; Koni et al., 1997; Fitterer, Mink, Luz, Kosco-Vilbois, & Pfeffer, 1998). The
formation of FDC networks and germinal centers as an element of LN development
depends on engagement of TNFR as well as LTBR (Kuprash et al., 1999). LTBR signaling
does not control expression of CCL21 in adult LNs (Browning et al., 2005; Ngo et al.,
1999), although it does maintain CXCL13 expression in adult spleen (Ngo et al., 1999)
presumably through interaction of LTouif2-expressing B-cells with LTBR* FDCs (A. V.
Tumanov et al., 2010; Alexei V. Tumanov et al., 2002).

A key question is whether the development and formation of TLS occurs through
pathways analogous to those controlling conventional LN development. Transgenic
expression of LTa or LT in various organs leads to the formation of organized lymphoid
aggregates typically identified as TLS, although they are not driven by an immune response
(Sacca et al., 1998; Cuff et al., 1998, 1999; Drayton et al., 2003). Transgenic expression of
CCL21 also leads to formation of such structures, although PNAd expression still depends
on LTPR signaling (S. A. Luther, Lopez, Bai, Hanahan, & Cyster, 2000; Sanjiv A. Luther
et al.,, 2002), and this operates through mature CD4 T-cells rather than LTi cells
(Marinkovic et al., 2006). Importantly, blockade of LTBR signaling prevents immune

response-driven TLS formation in thyroid, lung, salivary gland, aorta, and heart (Glaucia
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C Furtado et al., 2007; Gatumu et al., 2009; Grabner et al., 2009; GeurtsvanKessel et al.,
2009; Rangel-Moreno et al., 2011; Motallebzadeh et al., 2012). These studies suggest that
development of LNs and TLS are mechanistically similar.

On the other hand, TLS have been shown to depend on TNFa in aorta, fat, and
intestine (Bénézech et al., 2015; G. C. Furtado et al., 2014; Guedj et al., 2014), IL22 in
salivary gland (Barone et al., 2015), and IL17A in lung and meninges (Peters et al., 2011;
Rangel-Moreno et al., 2011; Pikor et al., 2015). IL6 and IL23 also contribute to TLS
development through IL-17A dependent and independent pathways (Caiiete et al., 2015;
Khader et al., 2011; Goya et al., 2003). While the exact mechanisms of action remain to be
fully defined, TNFa induces CCL21 (Johnson & Jackson, 2010; Wiede et al., 2007),
CXCL13 (Ngo et al., 1999), and enzymes necessary for PNAd biosynthesis (Pablos et al.,
2005; Tjew et al., 2005). Also, IL22 and IL17A induces CXCL12 and CXCL13 in TLS-
associated stromal cells (Hsu et al., 2008; Gopal et al., 2013; Fleige et al., 2014; Rangel-
Moreno et al., 2011; Barone et al., 2015). These cytokines sometimes induce TLS
independent of LTBR signaling (Bénézech et al., 2015; Gued; et al., 2014), but in other
instances act cooperatively, either by inducing distinct aspects of TLS structure (Barone et
al., 2015; Pikor et al., 2015), or by acting at either the TLS induction or maintenance phases
(Rangel-Moreno et al., 2011). Importantly, different pathogens can induce lung-associated
TLS by distinct cellular and molecular pathways (Fleige et al., 2014). The involvement of
additional cytokines in formation and/or maintenance of many LTPR-dependent TLS

remains to be evaluated.
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Aside from the involvement of distinct molecular signaling pathways in TLS
formation, a variety of different inducing cells, in lieu of LTi cells, have been identified.
This includes DCs (GeurtsvanKessel et al., 2009; Halle et al., 2009; Muniz, Pacer, Lira, &
Furtado, 2011) and naive B-cells (K. G. McDonald, McDonough, & Newberry, 2005), both
expressing LTou132; macrophages (Bénézech et al., 2015; G. C. Furtado et al., 2014; Gued;
et al., 2014), Tul7 (Peters et al., 2011; Rangel-Moreno et al., 2011; Pikor et al., 2015),
NKT (Bénézech et al., 2015), yo T-cells (Fleige et al., 2014), and multiple populations of
IL22-secreting adaptive and innate lymphoid cells (Barone et al., 2015). Overall, it should
be expected that distinct molecular signals, conveyed by immune cells with pleiotropic
regulatory signatures, will induce TLS with important differences in the immune responses

that they support.

Identification and characterization of tumor-associated tertiary lymphoid structures

TLS are also associated with a variety of tumor types. TA-TLS were initially described in
melanoma (Ladanyi et al., 2007) and in non-small cell lung cancer (NSCLC) (Dieu-
Nosjean et al., 2008). Since then, they have now been documented in a variety of primary
and metastatic tumor types (Engelhard et al., 2018; Sautés-Fridman et al., 2019; Anthony
B. Rodriguez & Engelhard, 2020). Histological elements most frequently used to identify
human TA-TLS include one or more of the following: tumor vessels expressing PNAd,
mature DCs expressing lysosome-associated membrane glycoprotein (DC-LAMP), dense
aggregates of T- and/or B-cells, follicular helper T-cells (Trn), and cells resembling FDC
(Engelhard et al., 2018; Sautes-Fridman et al., 2019; Anthony B. Rodriguez & Engelhard,

2020) (Table 1). Most TA-TLS are organized “classically”, with distinct T-cell/DC and B-
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cell/FDC compartments (Table 1), and one or more of the homeostatic chemokines CCL19,
CCL21, CXCLI12, and CXCL13, which organize the SLO microarchitecture, are
documented in TA-TLS by immunohistochemistry (Engelhard et al., 2018; Sautes-
Fridman et al., 2019; Anthony B. Rodriguez & Engelhard, 2020) (Model Fig. 1).
Composite gene signatures are used for the detection of TA-TLS (Table 1). Expression of
the plasma cell specific marker B-cell maturation antigen (BCMA) is associated with the
presence of TA-TLS in ovarian cancer (Kroeger, Milne, & Nelson, 2016). A more
comprehensive 19-gene signature identifying B-cells and Tu1 T-cells is associated with the
presence of TA-TLS in gastric cancer (Hennequin et al., 2016), and an 8-gene signature
identifying Try cells is predictive of the presence of TA-TLS in breast cancer (Gu-Trantien
etal., 2013). A 12-chemokine gene signature is also predictive of the presence of TA-TLS
in colorectal (Coppola et al., 2011), melanoma (Coppola et al., 2011), breast (Prabhakaran
etal., 2017), and hepatocellular carcinoma (Finkin et al., 2015). Finally, a 9-gene signature
has been identified by comparing CD8/CD20" and CD8"/CD20"¢ melanomas (Cabrita et
al., 2020). Collectively, these components provide a baseline for identifying TA-TLS.
However, most human studies have relied on only one or a small number of these markers
(Engelhard et al., 2018; Sautes-Fridman et al., 2019; Anthony B. Rodriguez & Engelhard,
2020). Additionally, the criteria typically used are largely oriented towards elements that
support anti-tumor immunity, although Treg have occasionally been reported (Garcia-
Hernandez et al., 2017; Schweiger et al., 2016). A particularly interesting study
demonstrates distinct Treg, Tul, and Tul7 biased profiles in TA-TLS associated with

response or lack of response to a mesothelin vaccine (Lutz et al., 2014). However, it is still
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Model 1: Cellular, organization, and location heterogeneity associated with tumor-
associated tertiary lymphoid structures

TA-TLS are aggregates of T-cells, B-cells, dendritic cells (DC), and fibroblastic reticular
cells (FRC)-/follicular dendritic cells (FDC)-like that are in juxtaposition to a tumor vessel
expressing peripheral node addressin (PNAd). They can be found either intratumorally (A)
or peritumorally (B). Limited evidence suggests that intratumoral structures may have
greater prognostic significance, but this remains to be widely established. It is also
unknown whether the peritumoral location limits infiltration of APC and/or effector cells.
TA-TLS can exhibit either a classical organization that contains discrete T-cell/DC and B-
cell/FDC compartments (C) or a non-classical organization (D). Non-classical TA-TLS
usually contain B-cells that are less activated than those in classical structures. Evidence
suggests that classical TA-TLS have greater prognostic value than non-classical structures,
and classical structures containing germinal centers may have the greatest value. While
CAF support TA-TLS formation in murine melanoma, the role of CAF and of associated
FRC-/FDC-like cells in supporting formation of non-classical and classical TA-TLS in
other murine and human tumors remains to be determined. Similarly, it is unknown
whether the lack of compartmentalization in non-classical TA-TLS limits tumor-antigen
presentation and T-cell activation relative to classical structures, and whether any of these
variables alter effector T-cell differentiation. Addressing these unknowns will determine
how heterogeneity in TA-TLS cellular composition, structural organization, and
anatomical location influences their functionality and prognostic impact. Image created

with BioRender.com.
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Table 1: Characteristics of TA-TLS in human tumors and their prognostic value

TA-TLS gene

TA-TLS

TA-TLS

#

a } .
Tumor Type TA-TLS markers by IHC signatures location organization patients TA-TLS association Ref.
Bladder, primary T- angrx?/;cjlg’cc_ll?ill\/[(]lj DO), - Peritumoral Classical 28 Higher tumor grade (Koti et al., 2017)
Peritumoral .
PNAd, DC-LAMP - and Classical 146 Favorable overall survival (]\gglit;neztoe]t;;l.,
intratumoral i
Peritumoral . .
T- and B-cells, Ten, GC Bcells Ten and Classical 794 Favorable overslilll sur;lval and response to (Gu—]Trzmilen et
intratumoral chemotherapy al., 2013)
T- and B-cells, GC B-cells, Fi(:r;lge?lnslg:r?':l(;n
CD21 (FDC), PNAd, DC- - Peritumoral Classical 290 Higher tumor grade Fen t’on & ’
LAMP Mortensen, 2015)
Breast, primary Mononuclear aggregates - Peritumoral ND 796 Favorable overall survival (He' tJa.llLeze(,) ]P Sa)r k,
Favorable overall survival and response to (H. J. Lee, Kim
Mononuclear aggregates - Peritumoral ND 447 adjuvant Trastuzumab in patients with HER2* e' " ?.11 2(’)] 5) ’
tumors "
. . Favorable overall survival in patients with (X. Liuetal.,
T- and B-cells, CD21 (FDC) - Peritumoral Classical 248 HER?2" tumors 2017)
Mononuclear aggregates, T- . . Favorable response to neoadjuvant (Song et al.,
and B-cells, PNAd ] Peritumoral Non-classical 108 chemotherapy 2017)
Mononuclear aggregates - Peritumoral ND 769 Favorable overall survival (M;?eoznolfg)e et
. . Mononuclear aggregates, T- . . . . . (Maldonado et
Cervical, primary and B-cells, Ki67, PNAd - Peritumoral Non-classical 12 Found in only vaccinated patients al, 2014)
Peritumoral
T-and gl-)cgllls(,F%CC)B -cells, 12-chemokine and Classical 21 Favorable overall survival (Copg(())}a] )e tal,
intratumoral
Colorectal, primary T- and B-cells, CD21 (FDC), . . . (Di Caro et al.,
PNAd. CCL21, CXCLI3 - Peritumoral Classical 351 Favorable overall survival 2014)
Mononuclear aggregates, T- 12-chemokine Peritumoral Classical 39 Favorable overall survival (Prabhakaran et
and B-cells al., 2017)
Colorectal, lung T- and B-cells, PNAd, DC- . . (Remark et al.,
metastatic LAMP - Intratumoral Classical 192 Favorable overall survival 2013)
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Mononuclear aggregates, T- Peritumoral (Schweiger ¢t al
cells, CD45RO" T-cells, - and ND 57 No evaluation 20% 6) ?
Foxp3* cells intratumoral
Colorectal, .liver Mononuclear aggregates, B- ) g\?g:ﬂﬁggl ND 65 Favorable overall survival (Meshcheryakova
metastatic cells, GC B-cells, macrophages i . et al., 2014)
iver tissue)
am%igﬁi{egrc%%g;i%ﬁe;\& d Tul and B-cell Intratumoral Classical 365 Favorable overall survival (Henn;glllg; ctal,
Gastric, metastatic Mononuclear aggregates, T- - . .
’ and B-cells, GC B-cells, CD21 ) Intratumoral Classical 176 Advanced clinical disease; no impact on overall (Hill et al., 2018)
(FDC), DC-LAMP, PNAJ, survival ’
CCL21 and CXCL13
Mononuclear aggregates - Intratumoral ND 273 Favorable overall survival (Cald%a]rg)et al,
Mononuclear aggregates 12-chemokine Intratumoral ND 221 Favorable overall survival (Cald%a]rg)et al,
Peritumoral (Calderaro et al
Mononuclear aggregates - (Non-tumor ND 217 No impact on overall survival 2019) ?
liver tissue)
Liver, primary Mononuclear aggregates, T-
and B-cells, CD68 Peritumoral (Finkin et al
(macrophages), Ly6G 12-chemokine (Non-tumor Non-classical 82 Unfavorable overall survival 2015) ?
(neutrophils), Foxp3, CD21 liver tissue)
(FDC)
Mononuclear aggregates, T- (Hui Li et al
and B-cells, macrophages, - Intratumoral Non-classical 462 Favorable overall survival 2020) ?
Foxp3, CD21 (FDC)
Mononuclear aggregates, T- (Germain et al
and B-cells, CD68 - Peritumoral Classical 74 Favorable overall survival 2014) ”
(macrophages), CD21 (FDC)
l\gsg(glicelﬁir é]g)gzr Tg(?:tgsé;l: ) Peritumoral Classical 151 Favorable Qverall survival only after (Remark et al.,
neoadjuvant chemotherapy 2016)
PNAd
. Mononuclear aggregates, T- . .
Lung, primary and B-cells, CD2g 1g(F%C), DC- - Intratumoral Classical 74 Favorable overall survival (Dieu-Nosjean et
al., 2008)
LAMP
Mononuclear aggregates, T- Peritumoral
and B-cells, CD21 (FDC), DC- | Trul/cytotoxic and Classical 362 Favorable overall survival (Gocetal., 2014)
LAMP intratumoral
Mononuclear aggregates, T- _ Peritumoral Classical and 138 Favorable overall survival (Silina et al.,

and B-cells, GC B-cells, CD21

non-classical

2018)
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(FDC), DC-LAMP, PNAG,
CCL21, CXCL13

Renal clear-cell, T- and B-cells, PNAd, DC- . . . (Remark et al.,
Jung metastatic LAMP - Peritumoral Classical 57 Unfavorable overall survival 2013)
Mononuclear aggregates, T- . . (Ladanyi et al.,
cells, DC-LAMP - Peritumoral ND 82 Favorable overall survival 2007)
. CD45RO" T-cells, B-cells, . . . (Ladanyi et al.,
Melanoma, primary CD21 (FDC), PNAd - Peritumoral ND 39 No impact on overall survival 2014)
T- and B-cells, PNAd - Peritumoral Non-classical 225 No impact on overall survival (Marg(r)lle ;)e tal,
T- and B-cells, GC B-cells, (Cipponi et al
CD21 (FDC), DC-LAMP, FDC Peritumoral Classical 29 No impact on overall survival PP v
2012)
PNAd
Mononuclear aggregates, T- (Messina et al
and B-cells, macrophages, 12-chemokine Peritumoral Classical 10 Favorable overall survival 2012) ”
Foxp3* cells
CD20" and . .
Melanoma, T- and B-cells, GC B-cells CDs* Peritumoral Classical 177 Favorable overgll sprvwal and response to (Cabrita et al.,
metastatic . checkpoint immunotherapy 2020)
associated
Mononuclear aggregates, T- . .
and B-cells, CD21 (FDC), CD20* B-cell Peritumoral Non-classical 127 Favorable overalll sprvwal and response to (Helmink et al.,
+ checkpoint immunotherapy 2020)
Foxp3™ cells
Mononuclear aggregates, T- B-cell . .
and B-cells, naive & activated plasmablast- Peritumoral Non-classical 10 Favorablienzresgr(:gts}fetr(; checkpoint (Gr;; e9t) al,
B-cells, Foxp3* cells like Py
Mononuclear aggregates, T- (Anna Maria
Oral, primary and B-cells, macrophages, DC- | 12-chemokine Peritumoral Classical 80 Favorable overall survival Wirsing et al.,
LAMP, PNAd 2018)
Mononuclear aggregates, T- Peritumoral (Kroeger et al
and B-cells, GC B-cells, CD21 BCMA and Non-classical 172 Favorable overall survival 2%1 6) v
. . (FDC), DC-LAMP, PNAd intratumoral
Ovarian, metastatic -
Mononuclear aggregates, DC- Peritumoral . (Truxova et al
? - and ND 147 Favorable overall survival ”
LAMP . 2018)
intratumoral
Mononuclear aggregates - Intratumoral ND 308 Favorable overall survival (lee;(z)k]aS;:t al,
Pancreatic, primary Mononuclear aggregates, T- (Castino et al
and B-cells, DC-LAMP, - Intratumoral Classical 104 Favorable overall survival "

PNAd, CCL21, CXCL13

2015)
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Mononuclear aggregates, T-
and B-cells, CD45RO" T-cells,

DC-LAMP, CD21 (FDC), . . . . (Lutz et al.,
Ki67, CD68 (macrophages), - Intratumoral Classical 93 Found in only vaccinated patients 2014)
Foxp3* cells, Tbet" cells, PD-
L1, CCL21
. . T- and B-cells, CD21 (FDC), . Classical and Favorable response to checkpoint (Petitprez et al.,
Soft-tissue, primary DC-LAMP, PNAd 12-chemokine Intratumoral non-classical 47 immunotherapy 2020)
Mononuclear aggregates, T- (Garcia-
Prostate, primary and ]i_/iil/}]s)’ %35\1 d(Fc?)Cgé S - Peritumoral Non-classical 17 No impact on overall survival Hernandez et al.,
) ) 2017)

(macrophages)

2 GC, germinal center; ND, not determined. Other abbreviations are defined in the text.
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unknown whether other immunosuppressive cells (MDSC, some populations of innate
lymphocytes or NKT cells) are present in TA-TLS. Thus, there is likely to be significant
unappreciated heterogeneity in TA-TLS cellular composition. Also, some reports have
identified loose aggregates of lymphocytes as TA-TLS (Finkin et al., 2015; Stowman et
al., 2018), although they are typically tightly aggregated structures. Whether these are
nascent or senescent TA-TLS, or something altogether different, remains unclear.
Nonetheless, the field as a whole should move to utilize a more comprehensive set of
markers to identify these structures to ensure that their heterogeneity, function, and

prognostic value can be more thoroughly evaluated.
Composition, organization, and heterogeneity of TA-TLS

Despite the limited characterization in many studies, TA-TLS from different tumor types
vary in cellular composition and organization. B-cells with immature, naive, activated,
memory, and plasma cell phenotypes are evident to varying extents in different TA-TLS
(Engelhard et al., 2018; Sautes-Fridman et al., 2019; Anthony B. Rodriguez & Engelhard,
2020). In NSCLC, TA-TLS contain large numbers of mature DC-LAMP" DCs (Dieu-
Nosjean et al., 2008; Goc et al., 2014), but these cells are absent in those associated with
lung metastatic renal cell carcinoma (Giraldo et al., 2015). Tru cells are common features
of breast cancer TA-TLS (Gu-Trantien et al., 2017), whereas those associated with prostate
(Garcia-Hernandez et al., 2017) and lung metastatic colorectal cancer (Schweiger et al.,
2016) contain large numbers of Tregs. While this could indicate that TA-TLS in different
tumor types or anatomical locations contain different T-cell subpopulations, none of these

studies evaluated both. The majority of studies have identified human TA-TLS as having
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a peritumoral location, whereas a smaller number have identified TA-TLS as intratumoral,
usually in addition to peritumoral structures (Engelhard et al., 2018; Sauteés-Fridman et al.,
2019; Anthony B. Rodriguez & Engelhard, 2020) (Table 1, Model Fig. 1). However, in
germ cell tumors (Willis et al., 2009), hepatocellular carcinoma (Finkin et al., 2015), and
lung metastatic renal cell carcinoma (Remark et al., 2013), TA-TLS are largely
intratumoral, and exhibit a non-classical organization lacking discrete T- and B-cell
compartments. However, peritumoral TA-TLS are sometimes inside the tumor albeit near
the tumor-invasive margin and sometimes fully outside the margin (Munoz-Erazo, Rhodes,
Marion, & Kemp, 2020). This distinction may have important consequences for TA-TLS
function. In addition, there is concern that the peritumoral TA-TLS identified in lymph
node metastases may represent residual lymphoid follicles (Cabrita et al., 2020). In human
melanoma, TLS frequently develop in metastatic lesions, but are largely absent from
primary tumors, despite the presence of a PNAd" vasculature (Cipponi et al., 2012).
Similarly, TA-TLS are found in intraperitoneal, but not in subcutaneous murine tumors
(Peske et al., 2015; A.B. Rodriguez, Peske, & Engelhard, 2018), and are observed
frequently in primary breast tumors but largely absent in metastatic brain lesions (Miseon
Lee et al., 2019). Thus, TA-TLS presence and structural organization are associated with
tumor microenvironment and anatomical location, although the factors responsible, and the

overall impact on TA-TLS functionality remains to be determined.
Functional characteristics of TA-TLS

It has been suggested that TA-TLS serve as sites for sustained generation of in situ immune

responses that are focused towards tumor antigens (Engelhard et al., 2018; Sautés-Fridman
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et al., 2019; Anthony B. Rodriguez & Engelhard, 2020), but evidence for this remains
somewhat limited. Previous work from the lab demonstrated that tumor vessels expressing
PNAJ, a hallmark of TA-TLS, supported infiltration of naive T- and B-cells (Peske et al.,
2015), and TA-TLS in NSCLC contain large accumulations of naive T- and B-cells (de
Chaisemartin et al., 2011; Germain et al., 2014; Goc et al., 2014). Thus, TA-TLS could
promote a continual influx of naive cells for sustaining immunity. Whereas TA-TLS vary
in the number of mature DCs they contain, larger numbers of mature DCs are associated
with larger numbers of T-cells with a Tul/cytotoxic immune profile (Dieu-Nosjean et al.,
2008; Goc et al., 2014), suggesting active antigen presentation to T-cells in TA-TLS. A
linear relationship between the density of TA-TLS and the levels of intratumoral activated
T- and/or B-cells has also been described (Engelhard et al., 2018; Sautés-Fridman et al.,
2019; Anthony B. Rodriguez & Engelhard, 2020). While this observation may suggest that
TA-TLS support TIL development, work described in this thesis demonstrates that TILs
support TA-TLS development.

Aggregation of tumor-associated B-cells into a follicle-like structure is one of the
most dramatic and defining features of TA-TLS. Although B-cells can be positive or
negative mediators of anti-tumor immunity (Guo & Cui, 2019), B-cells in classically
organized TA-TLS often express markers associated with germinal center activity (Nielsen
et al., 2012; Germain et al., 2014; Posch et al., 2018; Silina et al., 2018), and show higher
degrees of clonal amplification, rearranged immunoglobulins, somatic hypermutations,
and isotype switching than those in tumor parenchyma (Cipponi et al., 2012; Selitsky et

al., 2019), suggesting active anti-tumor humoral responses in these structures. Tru cells are
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also commonly found in the B-cell compartment of TA-TLS (Gu-Trantien & Willard-
Gallo, 2013). These observations suggest that TA-TLS support the activation and
differentiation of B-cells into antibody producing cells, and they are consistent with the
idea that TA-TLS promote the in situ generation of tumor-specific antibody that augments
anti-tumor immunity.

Despite these intriguing observations, there are a number of unaddressed issues that
may limit the contribution of TA-TLS to producing effective anti-tumor immunity.
Lymphatic vessels are rarely reported in TA-TLS, leading to uncertainties about tumor-
antigen and cellular transport to these structures. Given the relatively small size of TA-
TLS, it is unclear what fraction of the resident naive T- and B-cells are tumor-antigen
specific, and how frequently they turn over. Also, it is unclear whether DCs in TA-TLS
come from tumor parenchyma, adjacent tissue, or blood-derived inflammatory monocytes.
Similarly, it is unclear whether and how these cells acquire tumor antigen, and if DCs in
TA-TLS are more mature than those in tumor parenchyma or tumor-draining SLO. It is
unknown how the effector and exhaustion marker profiles of T-cells in TA-TLS compare
to those in the surrounding tumor parenchyma and tumor-draining SLOs. Also, it remains
unknown whether immunosuppressive elements in the tumor microenvironment, such as
hypoxia, indoleamine 2, 3-dioxygenase, nitric oxide, arginase, TGFp, and immune
checkpoint ligands, impact immune responses that occur in TA-TLS. Finally, it is unknown
whether B-cells in TA-TLS support anti-tumor immunity through tumor-antigen
presentation to T-cells, secretion of pro-inflammatory cytokines (Guo & Cui, 2019), or the

direct action of in situ produced antibody, or whether regulatory B-cells, which can
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enhance tumor development by suppressing anti-tumor immunity (Guo & Cui, 2019), exist
in TA-TLS. Since B-cells are a major component of TA-TLS, it is particularly important
to have a more comprehensive understanding of the function(s) of these cells in these

structures.
Prognostic significance and immunological impact of TA-TLS

The prognostic impact of TA-TLS has been extensively evaluated. Several studies have
pointed to a significant relationship between the densities of TA-TLS and overall patient
survival (Engelhard et al., 2018; Sautés-Fridman et al., 2019; Anthony B. Rodriguez &
Engelhard, 2020), although there are exceptions (Bento et al., 2015; Figenschau et al.,
2015; Finkin et al., 2015) (Table 1). Because TA-TLS are associated with higher densities
of CD8" TILs, it remains possible that TA-TLS are simply proxies for more robust
intratumoral T-cell effector activity. However, multivariate studies in NSCLC (Goc et al.,
2014) and colorectal cancer (Di Caro et al., 2014) have established that the prognostic value
of TA-TLS independent of TIL density. Intratumoral TA-TLS are more significantly
associated with enhanced patient survival than peritumoral TA-TLS in pancreatic cancer
(Hiraoka et al., 2015) and early-stage hepatocellular carcinoma (Hui Li et al., 2020). Also,
oral squamous cell carcinoma patients whose tumors contained higher proportions of
classically organized TA-TLS tended to survive longer, although this was not statistically
significant (Anna M. Wirsing, Rikardsen, Steigen, Uhlin-Hansen, & Hadler-Olsen, 2014).
Two studies show that germinal centers within TA-TLS determine their prognostic value
in colorectal (Posch et al., 2018) and lung squamous cell carcinoma (Silina et al., 2018).

However, it is important to establish more generally whether peritumoral and intratumoral,
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or classically and non-classically organized TA-TLS differ in their association with patient
survival (Model Fig. 1).

An area of immense interest is whether TA-TLS are associated with patient
responsiveness to cancer therapies (Table 1). Interestingly, the presence of TA-TLS was
initially associated with a favorable response to neoadjuvant chemotherapy in breast cancer
(Gu-Trantien et al., 2013; Song et al., 2017). Similarly, densities of TA-TLS in human
epidermal growth factor receptor 2 positive (HER2") breast cancer strongly correlate with
disease-free survival and responsiveness to adjuvant Trastuzumab (H. J. Lee, Kim, et al.,
2015). The presence of B-cells and/or TA-TLS prior to treatment is associated with
favorable responses to checkpoint blockade immunotherapies in melanoma (Cabrita et al.,
2020; Griss et al., 2019; Helmink et al., 2020) and soft-tissue sarcoma (Petitprez et al.,
2020), and one of these studies presented evidence suggesting that immunotherapy might
increase TLS density (Helmink et al., 2020). These observations establish that TA-TLS
may be important predictors of patient response to chemotherapy and immunotherapy,
along with overall intratumoral CD8" TIL, mutational burden, and PDL1 expression. At
the same time, there is a suggestion that TA-TLS may be the site at which these therapies
act. However, the range of tumors in which TA-TLS are identified is larger than the range
that responds to immune checkpoint blockade. Whether this is a consequence of additional
regulatory mechanisms, and whether these operate within the TA-TLS, remains to be
determined. As above, it is important to establish more generally whether peritumoral and
intratumoral, or classically and non-classically organized TA-TLS, differ in their

association with treatment responses.
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Cellular and molecular mechanisms potentially regulating TA-TLS development

Given the considerations above, it is highly attractive to develop immunotherapeutic
approaches that induce or augment TA-TLS formation. Interestingly, vaccination induce
TLS formation in association with pancreatic tumors (Lutz et al., 2014) and human
papilloma virus-driven cervical intraepithelial neoplasia (Maldonado et al., 2014).
Transgenic overexpression of LTBR ligands (Haidong Tang, Zhu, Qiao, & Fu, 2017),
injection of recombinant LIGHT (Johansson-Percival et al., 2017), intratumoral
administration of CCL21 (Turnquist et al., 2007), and intratumoral injection of DCs
engineered to overexpress T-bet (Chen et al., 2013), IL-36 (Weinstein et al., 2017), or
CCL21 (Kirk, Hartigan-O’Connor, & Mule, 2001; S.-C. Yang et al., 2006, p. 21) all induce
TA-TLS in murine tumors. However, there are limited reports of spontaneous TA-TLS
development in murine tumors (Di Caro et al., 2014; Finkin et al., 2015; Joshi et al., 2015;
Peske et al., 2015; A.B. Rodriguez et al., 2018), and the mechanisms driving their
formation have mostly remained unknown.

Abundant CXCL13 expression in TA-TLS suggest that this chemokine aids in
development of these structures or long-term maintenance. However, its cellular source
varies between tumor types. For example, Tru cells are reported as a source of CXCL13 in
breast tumors (Gu-Trantien et al., 2013). TA-TLS in late-stage NSCLC are associated with
a distinct population of CXCL13 producing CD8" T-cells (Thommen et al., 2018).
Conversely, TA-TLS associated with early-stage NSCLC contain a population of type 3
innate lymphocytes (Carrega et al., 2015). This suggests that the cells responsible for

initiating and maintaining TA-TLS in NSCLC may evolve over time, although the direct
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activity of these cell populations has not yet been demonstrated. However, it is unknown
whether these cells exist in TA-TLS from other tumor types, and whether different
anatomical compartments contain cellular populations that are reminiscent of LTo cells. In
addition, it is unknown whether cellular populations resembling FDC and FRC exist in
these structures, and promote the formation of classical TA-TLS with distinct T- and B-
cell compartments. Also, it is entirely unknown what promotes the development of TA-
TLS in peritumoral and intratumoral locations. Overall, while suggesting some general
molecular mechanisms may operate to promote TA-TLS development and maintenance,
these results also suggest that the cellular sources of these molecules may vary based on
tumor type, anatomical location, and/or tumor evolution. Regardless, the preponderance of
evidence suggests that the induction and/or augmentation of TA-TLS development could
serve as a new aspect of cancer immunotherapy, either alone or in combination with
immunotherapy or chemotherapy.

Portions of the introduction were adapted from:

Engelhard, V. H., Rodriguez, A. B., Mauldin, I. S., Woods, A. N., Peske, J. D., & Slingluff,
C. L. (2018). Immune Cell Infiltration and Tertiary Lymphoid Structures as
Determinants of Antitumor Immunity. The Journal of Immunology, 200(2), 432—
442. https://doi.org/10.4049/jimmunol.1701269

Rodriguez, A. B., & Engelhard, V. H. (2020). Insights into Tumor-Associated Tertiary
Lymphoid Structures: Novel Targets for Antitumor Immunity and Cancer
Immunotherapy.  Cancer Immunology  Research, 8(11), 1338-1345.

https://doi.org/10.1158/2326-6066.cir-20-0432
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Thesis rationale

PNAJd expression on intratumoral vasculature of murine melanoma is controlled by the
engagement of LToas secreted by effector CD8 T cells with TNFR on TECs. PNAd
expression on the tumor vasculature is substantially lower than that on LN BECs,
suggesting that factors controlling the biosynthesis of this HR ligand in TECs are distinct.
Thus, Aim 1 of this thesis was to identify the differences in expression of genes
associated with PNAd biosynthesis in TECs and LN BEC, and to determine which of
these was also TNFR-dependent.

Tumor vessels expressing PNAd are hallmark features of TA-TLS, and previous
work from the lab demonstrated that murine melanoma growing in the subcutaneous and
intraperitoneal compartments develop this vasculature. However, only the latter tumor type
contains TA-TLS adjacent to vessels expressing PNAd. This suggests that the mechanisms
driving TA-TLS development are different than those regulating PNAd expression on the
tumor vasculature. Therefore, Aim 2 of this thesis is to determine the cellular and
molecular mechanisms regulating TA-TLS development in murine melanoma.

The presence of TA-TLS in human tumors is usually associated with enhanced
patient survival and a favorable response to cancer therapies, particularly checkpoint
immunotherapy. It has been suggested that TA-TLS serve as sites for sustained generation
of in situ antitumor immune responses that mediate tumor control, but evidence for this
remains somewhat limited. Thus, Aim 3 of this thesis is to determine whether TA- TLS

support tumor control and response to checkpoint immunotherapy.
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Materials & methods

Mice

Female C57BL/6 mice were from the National Cancer Institute. Ragl”", uMT”, LTa.”",
TNFR1/2”-, human ubiquitin C (UBC)-mCherry, and CXCR5” mice were from the
Jackson Laboratory. Rag2”T12rg”- mice were from Taconic Biosciences. All mice were
bred and maintained on a C57BL/6 background, and kept in specific pathogen-free
conditions. All experiments were carried out on female mice that were ~8-12 weeks of age.
All protocols and experiments were approved by the University of Virginia Institutional

Animal Care and Use Committee.
Tumor cell lines and injections

B16-F1 mouse melanoma and MC38 murine colon adenocarcinoma cells were obtained
from American Type Culture Collection. The generation of B16-OVA and MC38-OVA
has previously been described (Hargadon et al., 2006). B16-F1 and B16-OV A tumor cells
were cultured in RPMI-1640 (Corning) supplemented to a final concentration of 10% (v/v)
fetal bovine serum, 2 mM L-glutamine (ThermoFisher Scientific), and 15 mM HEPES
(ThermoFisher Scientific). MC38-OV A were cultured in DMEM (Corning) supplemented
to a final concentration of 10% (v/v) FBS, 2 mM L-glutamine (ThermoFisher Scientific),
and 15 mM HEPES (ThermoFisher Scientific). Lewis lung carcinoma transfected to
express ovalbumin (LLC-OVA) was a gift of Dr. E. Podack (University of Miami). These
cells were cultured in IMDM (ThermoFisher Scientific) supplemented to a final

concentration of 10% (v/v) fetal bovine serum, 2 mM L-glutamine (ThermoFisher
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Scientific), and 15 mM HEPES (ThermoFisher Scientific). All cells were cultured and
maintained at 37°C and 5% carbon dioxide. For tumor studies, approximately 4 x 10° tumor
cells were I.P. or S.C. (loose neck scruff) injected into recipient mice. Both tumor types

were allowed to establish for 14 days prior to harvesting.
Treatment of tumor-bearing mice

For LTBR blocking experiments, LTBR-Ig fusion protein (100 pg per injection, gift from
Dr. Yang-Xin Fu, University of Texas Southwestern Medical Center) was injected I.P. into
tumor-bearing mice one day prior and one day after tumor implantation, and then every
four days until tumor harvest. For checkpoint immunotherapy experiments, either
monotherapy anti-PDL1 (250 pg per injection, 10F.9G2, BioXcell) or dual therapy anti-
PD1 (250 pg per injection, RMP1-14, BioXcell) and anti-CTLA4 (250 pg per injection,
9D9, BioXcell) was injected I.P. into tumor-bearing mice three days after tumor

implantation and then every three days until tumor harvest.
Adoptive transfer of CD8 T-cells and CD19 B-cells

Lymph nodes and/or spleen were resected from either C57BL/6 or LTo”” mice. Single-cell
suspensions of resected lymphoid organs were prepared via Dounce homogenization. Bulk
CD8 T-cells and CD19 B-cells were purified from pooled lymph nodes and/or spleen
suspensions by magnetic bead isolation kits (Miltenyi Biotec) on an AutoMACS Pro
Separator (Miltenyi Biotec) according to manufactures instructions. CD8 T-cells (5 x 10°),
or CD19 B-cells (5 x 10°), or the combination were injected intravenously into Ragl™”

recipient mice 3 days prior to tumor implantation.
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Digestion of resected tissues

For flow cytometry/cell sorting experiments, resected lymph nodes, spleen, omentum,
lung, pancreas, skin, and tumors were minced and digested with a solution containing 0.1
mg/ml DNase I (Sigma), 0.8 mg/ml Collagenase Dispase (Sigma), and 0.2 mg/ml
Collagenase P (Sigma) for 30 minutes at 37°C. Every 5 minutes, tissue suspensions were
pipetted up-and-down several times. Digested tissues were then depleted of red blood cells
by RBC Lysing Buffer Hybri-Max (Sigma) according to manufactures instructions. The
concentrations specified for these digestion enzymes yield a high number of endothelial
cells and fibroblasts from all tissues described above, and a high number of hematopoietic
cells from tumors. Also, theses concentrations are optimized to minimize inadvertent

cleaving of cell surface marker.

Enrichment of cells from digested tissues

Hematopoietic cells from digested tumor suspensions were enriched by CD45 magnetic
beads (Miltenyi Biotec) on an AutoMACS Pro Separator (Miltenyi Biotec) according to
manufactures instructions. A typical cell yield of CD45" cells from a B16-OVA tumor is
~1 x 107 per gram of tumor. In some cases, CD45" depleted suspensions were stained with
o-gp38 (0.5 pg/mL) and a-CD31 (0.5 pg/mL) biotinylated antibodies for 15 minutes at
4°C. Then, endothelial cells and fibroblasts were enriched from stained CD45" depleted
suspensions by anti-biotin magnetic beads (Miltenyi Biotec) on an AutoMACS Pro
Separator (Miltenyi Biotec) according to manufactures instructions. A typical cell yield of

TECs from S.C. and I.P. B16-OVA tumors are ~4.0 x 10* and ~1.5 x 10* per gram of tumor,
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respectively. A typical cell yield of CAFs from S.C. and I.P. B16-OVA tumors are ~1.0 x

10* and ~5.0 x 10* per gram of tumor, respectively.

Flow cytometry and cell sorting

Cell surface staining was done in PBS containing 2% FBS, 2 mM EDTA (Sigma), and 2
mM NaN3 (Sigma) for 30 minutes at 4°C. For the detection of intracellular proteins,
Cytofix/Cytoperm Fixation/Permeabilization kit (BD Bioscience) or Transcription Factor
Buffer Set (BD Bioscience) was used according to manufacturer’s instructions. Live/Dead
Aqua (Invitrogen) or 4,6-diamidino-2-phenylindole (Sigma) were used to exclude dead
cells from analysis. Fibroblasts were defined as live, singlet, Ter1197¢¢, CD45"¢, CD31"°¢,
PDPNM cells and endothelial cells were defined as live, singlet, Ter119"¢, CD45"¢,
PDPN"¢, CD31". B16 tumor cells express ten-fold lower levels of PDPN. Thus, only
PDPN" cells were analyzed as CAFs in all experiments. Samples were run on a
FACSCanto II (BD) or Attune NxT (ThermoFisher/Invitrogen) and analyzed using FlowJo
Software (BD Bioscience). For qPCR experiments, pre-enriched fibroblast and/or
endothelial cell populations were sorted to high purity on an Influx Cell Sorter (BD)

directly into RNAlater Stabilization Solution (ThermoFischer Scientific) or PBS.

Antibodies for flow cytometry

Antibody Vendor Clone

eFluor 450 anti-mouse CD4 ThermoFisher | RM4-5
Brilliant Violet 605 anti-mouse PD1 Biolegend 20F.1A12
Brilliant Violet 650 anti-mouse CD62L Biolegend MEL-14

Brilliant Violet 785 anti-mouse CD45 Biolegend 30-F11
FITC anti-mouse TIM-3 ThermoFisher | RMT3-23

PerCP-eFluor 710 anti-mouse CDS8 alpha ThermoFisher 53-6.7
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PE anti-mouse LAG-3 Biolegend CI9B7TW
PE/Dazzle 594 anti-mouse CD44 Biolegend IM7
PE-Cy7 anti-mouse Ki67 ThermoFisher | SolA15
Alexa Fluor 647 anti-mouse CD3 Biolegend 17A2
APC-Cy7 anti-mouse CD19 Biolegend 6D5
eFlour 450 anti-mouse IgM ThermoFisher |eB121-15F9
PE/Dazzle 594 anti-mouse IgD Biolegend 11-26c.2a
PerCP-CyS5.5 anti-mouse CD11c Biolegend N418
PE anti-mouse [-A/I-E (MHC 1I) Biolegend |M5/114.15.2
Pacific Blue anti-mouse ICAM-1 (CD54) Biolegend YNI1/1.7.4
Brilliant Violet 605 anti-mouse VCAM-1 (CD106) BD Bioscience 429
Alexa Fluor 488 polyclonal Collagen Type | SoutherBiotech Poly
PerCP-eFlour 710 anti-mouse CD31 ThermoFisher 390
Unconjugated anti-mouse alpha smooth muscle actin ThermoFisher 1A4
PE anti-mouse IgG2a Biolegend | RMG2a-62
PE/Dazzle 594 anti-mouse CD140 alpha Biolegend APAS
PE-Cy7 anti-mouse podoplanin (gp38) Biolegend 8.1.1
eFlour 660 anti-mouse Ki67 ThermoFisher | SolA15
Unconjugated anti-mouse FAP Millipore 73.3
APC-Cy7 anti-mouse IgG1 Biolegend RMGI1-1
PE/Dazzle 594 anti-mouse PD-L1 Biolegend 10F.9G2
APC anti-mouse CD120 alpha (TNF R Type I/p55) Biolegend 55R-286
Brilliant Violet 421 anti-mouse CD120 beta (TNF R Type BD Bioscience | TR75-89
1/p75)
PE/Dazzle 594 anti-mouse CD90.2 (Thy-1.2) Biolegend 53-2.1
APC anti-mouse lymphotoxin beta receptor (LTBR) Biolegend 5Gl11

S.C. tumor model with exogenous fibroblasts

B16-OVA cells were S.C. or I.P. injected into female C57BL/6 or UBC-mCherry recipient
mice and allowed to establish for 14 days. Preparation of single cell suspensions from
resected tumor masses is described above. Live, singlet, Ter119-, CD45-, CD31-, PDPNM
CAFs from pre-enriched suspensions of bulk PDPN" CAFs/CD31" TECs were sorted to

high purity on Influx Cell Sorter (BD) directly into DMEM (Corning) supplemented to a
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final concentration of 10% (v/v) FBS, 2 mM L-glutamine (ThermoFisher Scientific) and
15 mM HEPES (ThermoFisher Scientific). In some cases, FAP® PDPN" and FAP"
PDPN" CAFs were purified from a pre-enriched suspension of bulk PDPN* CAFs/CD31*
TECs were sorted to high purity on Influx Cell Sorter (BD) directly into DMEM (Corning)
supplemented to a final concentration of 10% (v/v) FBS, 2 mM L-glutamine
(ThermoFisher Scientific) and 15 mM HEPES (ThermoFisher Scientific). In all cases, B16-
OVA cells (4 x 10%) and purified CAFs (5 x 10*) or mouse embryonic fibroblasts (5 x 10%)
were S.C. injected into female C57BL/6 mice. Tumor were allowed to establish for 14 days

prior to harvesting.
Four-color immunofluorescence microscopy

Preparation of tumor tissue for immunofluorescence microscopy has previously been
described (A.B. Rodriguez et al., 2018). Formalin fixation of tumors and cutting frozen
tumor blocks on a -20°C cryostat preserves tissue morphology with few sectioning
artifacts. Tumor sections were incubated in 100% methanol for 10 minutes at -20°C. Then,
slides were immersed in PBS for 10 minutes at room temperature. For Fc blocking, tumor
sections were incubated with 0.5 pg/mL o-CD16/32 (BioXcell; Clone:2.4G2)
unconjugated antibody in PBS containing 5% BSA (Sigma) and 0.3% Triton X-100
(Sigma) for 15 minutes at room temperature. Endogenous biotin in tumor sections was
blocked using the Avidin/Biotin Blocking kit (Vector Laboratories) according to
manufactures instructions. Endogenous peroxidases in tumor sections were quenched with
PBS containing 3% hydrogen peroxide and 0.1% (w/v) sodium azide for 45 minutes at

room temperature. Tumor sections were incubated overnight at 4°C with primary
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antibodies in either PBS containing 3% hydrogen peroxide and 0.1% (w/v) sodium azide

or TNB Blocking Buffer (PerkinElmer) if performing tyramide signal amplification. The

TSA Biotin Kit (Perkin Elmer) was used according to manufactures instructions to amplify

biotinylated labelled tumor sections. Tumor sections are counterstained with fluorescently

conjugated secondary antibodies and/or streptavidin in PBS containing 3% hydrogen

peroxide and 0.1% (w/v) sodium azide for 2 hours at room temperature. Prior to imaging,

tumor sections are mounted with ProLong Gold Antifade Mountant with or without DAPI

(ThermoFisher Scientific).

Reagents for four-color immunofluorescence microscopy

Alexa Fluor 350 Streptavidin

Antibody Vendor Clone
Alexa Fluor 647 anti-mouse CD3 Biolegend 17A2
DyLight 550 Anti-Mouse/Human CD45R Leincp Technologies RA3-6B2
(B220) (Discontinued)
Alexa Fluor 647 anti-mouse CD31 Biolegend MEC13.3
Unconjugated anti-mouse Podoplanin (gp38) Biolegend 8.1.1
Biotin anti-mouse/human PNAd Biolegend MECA-79
Alexa Fluor 488 anti-mouse CD45 Biolegend 30-F11
Biotin anti-mouse ICAM-1 (CD54) Biolegend YNI1/1.7.4
Unconjugated anti-mouse FAP Millipore Sigma 73.3
Alexa Fluor 647 anti-mouse VCAM-1 (CD106) Biolegend 429
Alexa Fluor 488 I%frlfi;l;;ulrg GGoat Anti-Syrian Jackson Labs Poly
Rhodamine (TRITC) AffiniPure Goat Anti- Jackson Labs Poly
Syrian Hamster IgG
Rhodamine (Tﬁzzgz i\gfgrggrii Donkey Anti- Jackson Labs Poly
N/A

ThermoFisher
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Four-color immunofluorescence image acquisition

For image acquisition, one section per tumor was used and all images were captured on an
Axiolmager with Apotome (Zeiss). Fluorescence minus one (FMO) or isotype staining
controls were used to establish thresholds and exposure times to visualize positive signals
while minimizing background fluorescence. B16 tumors cells express low levels of PDPN.
Thus, thresholds and exposure times were set to visualize bright PDPN™ cells located in the
tumor parenchyma and TA-TLS regions. For tumor studies, 15-20 low magnification
images per tumor section were captured and stitched together by ImageJ Software (NIH)
to create an image of the entire tumor section. In these stitched images, the number and
area of TA-TLS and CD45"PDPN" clusters/aggregates were measured by ImageJ (NIH).
CAF density inside and outside of TA-TLS was also measured in these stitched images by
either ImageJ (NIH) or Imaris image analysis software (Bitplane). For the analysis of CAF
and LTo markers on intratumoral PDPN" cells, 5 tumor parenchyma and 5 TA-TLS high
powered images per a single tumor section were used, and the intensity and percentage of
markers co-stained on PDPN* cells were calculated by Imaris image analysis software
(Bitplane). Values across the 5 respective regional images were averaged together for each
tumor section. For checkpoint immunotherapy experiments, stitched images were used to
calculated the density of parenchymal T- and B-cells by ImageJ software (NIH). For image
presentation, brightness and contrast were linearly adjusted and color-merged images were

generated using Photoshop CS6 Software (Adobe).
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Seven-color multispectral imaging

Staining of murine and human melanoma for multispectral imaging has previously been
described (Mauldin, Sheybani, Young, Price, & Slingluff, 2020). In brief, 4-um thick
sections were cut from formalin fixed paraffin embedded murine tumor specimens or
human melanoma biopsies, and murine spleen and human lymph node biopsies was used
as a positive control. Antigen retrieval was performed using AR9 buffer (PerkinElmer) was
performed according to the manufacturer’s instructions. OPAL Multiplex IHC Staining
(PerkinElmer) was performed according to the manufacturer’s instructions. Prior to

imaging, slides were mounted using prolong diamond antifade (Life Technologies).

Antibodies for seven-color multispectral imaging

Antibody Vendor Clone
Unconjugated anti-mouse/human Lymphotoxin Abcam ATI15A3
alpha (LTA)
Unconjugated anti-human VCAM-1 Nordic Biosite 1.4C3
Unconjugated anti-human CXCL13 Novus Biological Poly
Unconjugated anti-human/Rat/Mouse APRIL Abcam EPR14588
Unconjugated anti-human gp36 Abcam EPR22182
Unconjugated anti-human CD20 Agilent L26
Unconjugated anti-mouse CD4 Abcam EPR19514
Unconjugated anti-mouse CD8 Abcam CAL38
Unconjugated anti-mouse CD19 Cell Signaling D4V4B
Technology
Unconjugated anti-human/rat/mouse CD34 Abcam EP373Y
Unconjugated anti-mouse CD11c Abcam EPR21826

Seven-color multispectral image acquisition

For image acquisition, one section per human and mouse tumor was used and all images

were captured on the Vectra 3.0 Automated Quantitative Pathology Imaging system
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(PerkinElmer). Tumor sections were tiled scanned at low magnification, stitched together
to create a whole tumor section image, and spectrally unmixed through the InForm
software (PerkinElmer). Single stain positive controls were used during the spectrally
unmixing process. The number and area of TA-TLS in spectrally unmixed stitched images
were quantified using HALO software (Indica Labs, Albuquerque, NM). For human
studies, regions of interest were identified in Phenochart Whole Slide Viewer (Akoya
Bioscience), and the density of indicated populations was calculated by InForm software
(PerkinElmer). For image presentation, brightness and contrast were linearly adjusted and

color-merged images were generated using Photoshop CS6 Software (Adobe).
Definition of TA-TLS by immunofluorescence imaging

In I.P. tumors grown in C57BL/6, CXCR5”-, LTBR-Ig and checkpoint immunotherapy
treated mice, and in S.C. tumors containing exogenous fibroblast populations, intratumoral
TA-TLS were defined as tight aggregates of 50 or more B-cells in juxtaposition to PNAd*
vasculature and associated with a reticular network of elongated PDPN" CAFs that are not
tightly apposed to tumor endothelium (A.B. Rodriguez et al., 2018). Classical TA-TLS are
defined as structures that contain tight and distinct T- and B-cells compartments. Non-
classical TA-TLS are defined as structures that contain a tightly compacted B-cell
compartment, but T-cells are scattered throughout the B-cell aggregate. In all cases, B-cell
aggregates were used to identify the boundary of a TA-TLS.

In I.P. tumors grown in pMT~-, TNFR1/27, or in I.P. tumors grown in Ragl”- mice
repleted with bulk CD8 T-cells and/or B-cells, which lacked one or more components of

TA-TLS, we identified tight aggregates of 50 or more CD45" cells associated with a
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network of elongated PDPN" CAFs that were not tightly apposed to tumor endothelium as
evidence of TA-TLS development. In some cases, CAFs that did not form into reticular
networks and were found in small, loosely organized clusters of CD45" cells were defined
as non-TA-TLS structures. In both of these cases, CD45" aggregates and clusters were used

to identify the boundaries of these structures.
Quantitative RT-PCR

RNA was purified from whole tumor or sorted cells using RNEasy kits (Qiagen). High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and purified RNA was
used to generate cDNA. Amplification was performed using TagMan Fast Advanced
Master Mix (Applied Biosystems) and QuantStudio 6 Flex Real-Time PCR system

(Applied Biosystems) with the following program: 50°C for 2 minutes; 95°C for 2 minutes;

40 cycles of 95°C for 1 second, 60°C for 20 seconds.

Probes for quantitative RT-PCR

Probe Vendor Assay ID

CCL21a ThermoFischer [Mm03646971 gH
CXCL12 ThermoFischer Mm00445552 ml
CXCLI13 ThermoFischer Mm00444533 ml
TNFSF13 (APRIL) ThermoFischer | Mm03809849 sl
TNFSF13b (BAFF) ThermoFischer [Mm01218923 gl
Podocalyxin ThermoFischer Mm00628472 ml
CD34 ThermoFischer Mm00519283 ml
Endomucin ThermoFischer Mm00497495 ml
Glycam-1 ThermoFischer Mm00801716_ml1
Nepmucin ThermoFischer Mm01266006 ml
GST1 ThermoFischer [Mm00490018 gl
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GST2 ThermoFischer | Mm00488783 sl
GCNTI1 ThermoFischer | Mm02010556 sl
B3GNT3 ThermoFischer [Mm00472247 gl

FUT7 ThermoFischer Mm04242850 ml

Statistical Analyses

Statistical details of each experiment in this work are reported in the main and
supplementary figure legends. Normality of data distribution was determined by
D’ Agostino-Pearson omnibus normality test and variance between groups was assessed by
the F-test. P-values for the comparison between two or more independent groups were
calculated by Welch’s t-test and Kruskal-Wallis A-test with Dunn’s post-test, respectively.
For human box plot data, the Wilcoxon rank-sum test was used for non-parametric
comparison of two independent groups, and P-values were corrected by controlling the
False Discovery Rate (FDR) according to the method of Benjamini and Hochberg. For
human correlation analysis, a linear mixed-models approach available in the R package
Correlations (Makowski, Ben-Shachar, Patil, & Liidecke, 2020) was used in order to
account for the nested data structure (multiple data points taken from an independent
tumor). For murine checkpoint immunotherapy correlation analysis, a Spearman
correlation analysis with 95% confidence intervals was used for the non-parametric
comparison of two independent groups. In most cases, error bars shown in graphical data
represents mean + standard deviation (S.D.) for normally distributed data or median £ IQR
for non-normal data. For human box plots, error bars in data were generated using Tukey’s
method. P<0.05 was considered statistically significant. All statistics were calculated using

Graph Pad Prism version 7.0, R version 4, and the SAS software suite version 9.4.
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Tumor necrosis factor receptor regulation of peripheral node

addressin biosynthetic components in tumor endothelial cells

Introduction

Trafficking of leukocytes, including T- and B-cells, into lymphoid and inflamed non-
lymphoid tissues involves sequential interactions of a set of homing receptors (HR) on
leukocytes with cognate ligands on blood endothelial cells (BEC) (Ley et al., 2007). During
an immune response, effector T-cells acquire the ability to enter inflamed tissues by
upregulating HRs that bind to ligands that are upregulated on activated BECs. HRs and HR
ligands that are utilized for T-cell infiltration into tumors have been identified (Yamada et
al., 2006; Sasaki et al., 2007; Buckanovich et al., 2008; D. T. Fisher et al., 2011; Bose et
al., 2011; Mikucki et al., 2015). However, tumor endothelial cells (TEC) express HR
ligands at low levels (Weishaupt et al., 2007; Clark et al., 2008; Dengel et al., 2010), and
a number of studies have showed a correlation between the levels of HR ligands on the
tumor vasculature and the numbers of intratumoral T-cells (Kunz et al., 1999; Garbi et al.,
2004; Hensbergen et al., 2005; Musha et al., 2005; Clark et al., 2008; Quezada et al., 2008;
Lohr et al., 2011). Having a better understanding of how HR ligands are regulated in TECs
may provide significant opportunities to increase the number of intratumoral T-cells.

It is generally assumed that all intratumoral T-cells are effectors that differentiate
in tumor-draining lymph node (LN) prior to trafficking. However, some studies have
shown that naive T-cells can directly infiltrate murine tumors that have been genetically

modified to secrete homotrimeric lymphotoxin-o. (LTaz) (Schrama et al., 2001, 2008) or
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LIGHT (P. Yu et al., 2004). Similar results were also obtained through the intratumoral
injection of either homeostatic chemokine CCL21 (Turnquist et al., 2007) or DCs
genetically modified to express this molecule (Kirk, Hartigan-O’Connor, Nickoloff, et al.,
2001). Naive T-cells enter LNs based on their expression of L-selectin and CCR7, which
bind to peripheral node addressin (PNAd) and the chemokines CCL19/CCL21,
respectively. These HR ligands are normally expressed on specialized LN blood vessels
called high endothelial venules (HEV). However, they have been detected in a variety of
human tumors, and their presence is associated with a positive prognosis (de Chaisemartin
et al., 2011; Coppola et al., 2011; Martinet et al., 2011; Cipponi et al., 2012; Martinet et
al., 2012; Messina et al., 2012; Sakai, Hoshino, Kitazawa, & Kobayashi, 2014). Recently,
it was demonstrated that PNAd" CCL21" vessels develop spontaneously in murine
melanomas and lung carcinomas (Peske et al., 2015), and this vasculature supported the
infiltration of naive T cells that significantly delayed tumor outgrowth after intratumoral
activation and differentiation into functional effectors (Thompson et al., 2010; Peske et al.,
2015). Thus, PNAd" CCL21" intratumoral vessels contribute to anti-tumor immunity by
generating a self-sustaining infiltration of naive T cells into the tumor mass.

PNAA is not a single protein, but refers to a multitude of mucin-domain containing
scaffolding proteins, including GlyCAM-1, CD34, sgp200, podocalyxin, endomucin, and
nepmucin. The crucial carbohydrate structure for L-selectin recognition is 6-sulpho sialyl
Lewis X (Girard et al., 2012). This tetrasaccharide is displayed on O-linked glycans that
primarily decorate scaffolding proteins (Rosen, 2004; Umemoto et al., 2006). Generation

of 6-sulpho sialyl Lewis X involves a series of post-translational
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modifications mediated by biosynthetic enzymes (Model Figure 2). Polypeptide N-
acetylgalactosaminyltransferase 1 (GALNT1) initiates formation of the O-linked glycan
by attaching a N-acetylgalactosamine (GalNAc) residue to serine and/or threonine (Ten
Hagen, Fritz, & Tabak, 2003). O-glycans are biannternary structures consisting of Core 1
and Core 2 branches. Core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-
galactosyltransferase-1 (C1GALTI) creates the core 1 branch by attaching a galactose
(Gal) residue to the O-linked GalNAc residue (Amado, Almeida, Schwientek, & Clausen,
1999; Yeh et al., 2001), and this branch is extended by the addition of N-acetylglucosamine
(GIcNAc) by beta-1,3-N-acetylglucosaminyltransferase-3 (B3GNT3) (Yeh et al., 2001).
The Core 2 branch is created by Core 2 Betal,6 N-Acetylglucosaminyltransferase 1
(GCNT1), which attaches a GlcNAc residue to the O-linked GalNAc (L. G. Ellies et al.,
1998).

The GIcNAc residues of the Core 1 and Core 2 branches are each modified in 3
additional ways. N-acetylglucosamine 6-O-sulfotransferase-1 (GST1) and -2 (GST2)
attach sulfate onto the Core 1 and Core 2 GIcNAc, although the former sulfotransferase
catalyzes this modification more efficiently than the latter (Hemmerich et al., 2001,
Uchimura et al., 2004; H. Kawashima et al., 2005; Uchimura et al., 2005). Alpha-(1,3)-
fucosyltransferase-4 (FUT4) (Homeister et al., 2001) and -7 (FUT7) (Maly et al., 1996)
attach fucose to both Core 1 and Core 2 GlcNAcs. Finally, beta-1,4-galactosyltransferase
(B4GALT) attaches Gal residues to GIcNAc in both branches (Asano et al., 2003), which
are then further modified by CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-

sialyltransferase 1 (ST3GAL1) (Priatel et al., 2000), 4 (ST3GAL4) (Lesley G. Ellies et al.,
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Model 2: Biosynthesis of peripheral node addressin in lymph node blood endothelial
cells

PNAd is not a single protein, but refers to a multitude of mucin-domain containing
scaffolding proteins, including GlyCAM-1, CD34, sgp200, podocalyxin, endomucin, and
nepmucin. The crucial carbohydrate structure for L-selectin recognition is 6-sulpho sialyl
Lewis X. Scaffolding proteins undergo as series of post-translational modification for the
biosynthesis of this structure. Biosynthetic enzyme GALNTI1 initiates O-glycan
carbohydrate by adding a GalNAc to serine/threonine resides in scaffolding proteins.
C1GALT]1 extends the Core 1 branch by adding a Gal to GaINAc. GCNTI1 construct the
Core 2 branch by adding a GIcNAc to GalNAc. Likewise, GIcNAc is added to Gal in the
Core 1 branch by B3GNT3. In both branches, GST1 and GST2 adds a sulfate to GIcNAc,
although the former is more efficient at doing this than the latter. FUT4 and FUT7 also
adds fucose to GIcNAc. BAGALT adds a Gal to GlcNAc in both branches, and ST3GALI,
ST3GAL4, ST3GALG6 adds a NeuAc to cap Gal in both branches. This final construct is
not capable of engaging with L-selectin on naive lymphocytes. Image created with

BioRender.com.
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2002), and 6 (ST3GAL6) (W. H. Yang, Nussbaum, Grewal, Marth, & Sperandio, 2012),
which attach N-acetylneuraminic acid (NeuAc) to Gal. This completes formation of the 6-
sulpho sialyl Lewis X structure.

In adult LNs, transcript levels for scaffolding protein GlyCAM-1, and post-
translational modification enzymes GST1, GST2, FUT7, GCNT1, and B3GNT3 are highly
expressed in PNAd® BECs than in those lacking PNAd, while CD34, podocalyxin,
endomucin, and nepmucin are expressed comparably between the two populations (Mike
Lee et al., 2014; Veerman, Tardiveau, Martins, Coudert, & Girard, 2019). Expression of
GlyCAM-1, GSTI1, GST2, FUT7, and GCNTI1 is also dependent on continuous
engagement of the lymphotoxin- receptor (LTPR) expressed on LN BECs with
lymphotoxin-a.i32 (LTau32) expressed on DCs (Browning et al., 2005; Moussion & Girard,
2011; Veerman et al., 2019). GST1 (Tjew et al., 2005) and GST2 (Pablos et al., 2005) can
also be induced respectively in cultured monocytes and endothelial cells by TNFa.
However, CD34, podocalyxin, endomucin, nepmucin and B3GNT3 in LN BECs are
regulated independently of LTPBR signaling through an unknown pathway (Veerman et al.,
2019).

Previous work from this lab demonstrated that PNAd expression on TECs in murine
melanoma was not mediated by LTBR signaling, and was instead controlled by effector
CD8 T cells secreting LTas, which signaled through TNF receptors (TNFR) expressed on
TECs (Peske et al., 2015). In this report, it was determined that TECs expressed key PNAd
biosynthetic enzymes and scaffolding proteins normally found in LN BECs, albeit at lower

levels. We also determined the mechanisms by which TNFR regulated their expression and
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that checkpoint immunotherapy augments PNAd expression on the tumor vasculature.

These findings provide significant insight into the basis for PNAd biosynthesis in TECs.
Results

PNAd is expressed at substantially lower levels on tumor endothelial cells than on lymph

node blood endothelial cells

Previous work from the lab demonstrated by immunofluorescence microscopy (IF) that
transplantable murine tumors growing intraperitoneally (I.P.) and subcutaneously (S.C.)
develop CD31" blood vessels that express PNAd (Peske et al., 2015). Tyramide signal
amplification is a highly sensitive method enabling the detection of low-abundance targets
in IF, such as PNAd on the tumor vasculature. For example, in unamplified LN sections,
~30% of CD31" BEC pixels co-stained with PNAd. In contrast, less than 2% of CD31"
TEC pixels in unamplified tumor sections stained for PNAd. Staining intensity of PNAd
on TECs was also significantly lower compared to PNAd intensity on CD31" BECs in
unamplified LN sections, suggesting the protein levels of this HR ligand on the tumor
vasculature is substantially lower compared to that on LN HEVs (Figure 1A-B). I.P. tumors
contained a significantly larger fraction of TECs that stained for PNAd than S.C. tumors,
and PNAJ staining intensity was also significantly higher. In tyramide signal amplified
sections, ~50% of CD31" BEC pixels in LNs co-stained for PNAd, while ~4% and ~1.6%
of CD31" TEC pixels in I.P. and S.C. tumors stained for PNAdJ, respectively (Figure 1A-
1B). Similar to unamplified sections, PNAd staining intensity on TECs in tyramide signal
amplified tumor sections was significantly lower relative to PNAd on CD31" BEC in LN

amplified sections, although PNAJ intensity on CD31" TECs was significantly higher in
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Figure 1: PNAd expression is significantly lower on tumor-associated endothelium
than on lymph node endothelium

Wild-type (WT) mice were subcutaneously (S.C.) or intraperitoneally (I.P.) injected with
B16-OVA cells. Tumors were harvested 14 days after tumor implantation. Lymph nodes
(LNs) were harvested from non-tumor-bearing mice. Resected tissues were prepared for
immunofluorescence microscopy (IF) (A-B) or flow cytometry (C) as described in
Methods. (A) Representative images of unamplified and tyramide signal amplified LN and
tumor sections stained with indicated markers. Scale bar = 100 um. (B) Quantitative image
summary data for unamplified and amplified tissue sections. PNAd percentages and pixel
intensities were calculated on a CD31" mask. Data represents two experiments, n = 8
sections per group. (C) Representative flow cytometry plot, percentages, and geometric
mean fluorescence (gMFI) intensities of PNAd on CD45™¢ Ter119"¢ PDPN™¢ CD31"
endothelial cells in CD45" depleted LN and I.P. tumors suspensions. PNAd gMFIs were
calculated on cells gated above the fluorescence minus one (FMO) control. Data represents
one experiment, n = 5 LNs or tumors per group. (B-C) Results are mean + standard
deviation (SD) analyzed by unpaired Welch’s t-test. ns: p>0.05, *p<0.05, **p<0.01,

**%p<0.001, and ****p<0.0001.
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[.P. amplified sections than in S.C. amplified sections (Figure 1A-1B). Flow cytometry has
the capacity to detect low-abundant targets on cells without tyramide signal amplification.
Thus, this approach was utilized to determine the relative protein levels of PNAd on TECs
compared to LN BECs. The expression of PNAd on I.P. TECs depends on CD8 T-cells
and TNFR signaling, while its expression on S.C. TECs is more complex. Thus, I.P. TECs
were used to determine the relative levels of PNAd on these cells compared to LN BECs.

By flow cytometry, PNAd was expressed at a uniformly high levels on ~30% of LN CD31*
BECs. In contrast, ~5% of I.LP. CD31" TECs stained for PNAd, and the geometric mean
fluorescence intensity (gMFI) of PNAd on these cells was significantly lower and more
variable relative to LN PNAd" BECs (Figure 1C). Overall, the production of PNAd in
TECs from I.P. tumors is greater than those in S.C. tumors, but TECs in general express

PNAAJ at substantially lower levels relative to LN BECs.

Low expression of PNAd on tumor endothelial cells is associated with low expression of

both biosynthetic enzymes and scaffolding proteins

The low level of PNAd on tumor vasculature suggests that TECs might express low levels
of PNAd biosynthetic enzymes or scaffolding proteins. We flow sorted PNAd" and
PNAd"¢ cells from I.P. tumors and LNs, and evaluated expression of these molecules by
quantitative PCR (qPCR). Consistent with other work (Mike Lee et al., 2014; Veerman et
al., 2019), GCNT1, B3GNT3, GST1, GST2, and FUT7 were expressed at significantly
higher levels in PNAd® LN BEC than in those lacking PNAd (Figure 2A). All of these
enzymes were similarly expressed at higher levels in PNAd" TECs than in PNAd™¢ TECs.

With the exception of FUT7, which was expressed ~17-fold lower in PNAd"¢ TEC relative
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to PNAd" LN BEC, the expression levels of the remaining biosynthetic enzymes were
insignificantly different between the two endothelial types (Figure 2B). However, the
expression of biosynthetic enzymes in PNAd" TEC was significantly lower than in PNAd*
LN BEC. GCNT1, B3GNT3, GST1, and FUT7 were expressed ~2-7-fold lower in PNAd*
TECs than in PNAd" BEC, consistent with the 6-fold lower gMFI of surface PNAd on
PNAd" TECs (Figure 1C). However, GST2 expression was ~42-fold lower in PNAd" TECs
relative to PNAd" BECs. GST2 is a significant sulfotransferase for the generation of 6-
sulpho sialyl Lewis X on O-glycan structures in LN HEVs (Hemmerich et al., 2001;
Uchimura et al., 2004; H. Kawashima et al., 2005; Uchimura et al., 2005). Based on these
reports, this suggests that there is limited sulfonation on the Core 1 GlcNAc residue in O-
glycans attached to TECs, which may further limit the number of the 6-sulpho sialyl Lewis
X for L-selectin binding.

Transcript levels for scaffolding proteins CD34 and endomucin were comparable
between LN BECs and TECs, regardless of whether they expressed PNAd (Figure 3A-B).
Similarly, podocalyxin was comparably expressed between PNAd™e and PNAd" cells from
LNs and I.P. tumors, although the transcript levels for this molecule were significantly less
in TECs relative to LN BECs. On the other hand, GlyCAM-1 and nepmucin were more
highly expressed in PNAd" cells than in PNAd"¢ cells in both LN BECs and TECs,
although they were expressed at significantly lower levels in TECs than in LN BEC (Figure
3A-B). The 2-7-fold relative differences in expression of podocalyxin, GlyCAM-1, and
nepmucin between PNAd" LN BECs and PNAd" TECs is again consistent with the lower

cell surface expression of PNAd. Collectively, these results suggest that the low level of
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Figure 2: Biosynthetic enzymes are expressed at significantly lower levels in PNAd*
TECs than in LN PNAd*" BECs

WT mice were 1.P. injected with B16-OVA cells and tumors were harvested 14 days after
implantation. LNs were harvested from non-tumor-bearing mice. (A-B) Purification of
endothelial cells from CD45" depleted LN and I.P. tumors suspensions, and the expression
levels of indicated RNA transcripts were determined by quantitative PCR (qPCR) as

described in Methods. Data from one experiment presented as 2-4¢T

relative to Hprt, n=5
LNs or I.P. tumors per group. (A-B) Results are mean + SD analyzed by unpaired Welch’s

t-test. ns: p>0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 3: Scaffolding proteins are expressed at significantly lower levels in PNAd"
TECs than in LN PNAd*" BECs

WT mice were 1.P. injected with B16-OVA cells and tumors were harvested 14 days after
implantation. LNs were harvested from non-tumor-bearing mice. (A-B) Purification of
endothelial cells from CD45" depleted LN and I.P. tumors suspensions, and the expression
levels of indicated RNA transcripts were determined by qPCR as described in Methods.

Data from one experiment presented as 2°4¢T

relative to Hprt, n=5 LNs or L.P. tumors per
group. (A-B) Results are mean = SD analyzed by unpaired Welch’s t-test. ns: p>0.05,

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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expression of PNAd on TECs is a consequence of low-level expression of multiple
scaffolding proteins and biosynthetic enzymes, and the substantial differential reduction in

GST2 expression could also affect PNAd structure development.

Tumor necrosis factor receptor signaling regulates the transcript levels of some

scaffolding proteins and biosynthetic enzymes in tumor endothelial cells.

PNAd expression on LN BECs depends on signaling through LTBR (Browning et al., 2005;
Moussion & Girard, 2011; Peske et al., 2015) but not TNFR (Figure 4). In contrast, PNAd
is not detected on the vasculature of I.P. tumors grown in TNFR1/27- mice, and its
expression does not depend on LTBR signaling (Peske et al., 2015). However, by flow
cytometry, a small percentage of TECs from I.P. tumors grown in TNFR1/27- mice retained
PNAJ, although their surface expression level was lower than that of TEC from wild-type
(WT) mice (Figure 4). This suggests that PNAd expression in a majority of TECs depends
on TNFR signaling, while a small subset of TECs depend on an alternative signaling
pathway for PNAd expression. Using these cells, we determined how the loss of TNFR
signaling altered expression of genes involved in PNAd biosynthesis. As expected from
Figure 5, this did not alter expression of either biosynthetic enzymes (Figure 5A) or
scaffolding proteins (Figure 6A) in PNAd"™¢ and PNAd" LN BEC. Similarly, PNAd"
TECs from LP. tumors grown in TNFR1/2”- mice did not show a reduction in the
expression in either biosynthetic enzymes (Figure 5A) or scaffolding proteins (Figure 6A),
although the expression of GCNT]1 increased. In the small subset of PNAd® TECs from
I.P. tumors grown in TNFR1/27- mice, GST1 was 7-fold lower, while no other biosynthetic

enzyme, including GST2, was significantly changed (Figure 5B). Also, podocalyxin and
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Figure 4: Tumor necrosis factor receptor signaling controls PNAd expression in a
large subset of TECs but not in LN BECs

WT or TNFR1/2”- mice were I.P. injected with B16-OVA cells and tumors were harvested
14 days after implantation. LNs were harvested from non-tumor-bearing mice. Resected
tissues were prepared for flow cytometry as described in Methods. Representative flow
cytometry plot, percentages, and gMFI of PNAd on CD45"¢ Ter119"¢ PDPN"¢ CD31*
endothelial cells in CD45" depleted LN and I.P. tumors suspensions. PNAd gMFIs were
calculated on cells gated above FMO control. Data represents one experiment, n =5 LNs
or tumors per group. Results are mean + SD analyzed by unpaired Welch’s t-test. ns:

p>0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 5: Tumor necrosis factor receptor signaling regulates GST1 expression in
PNAd" TECs

WT or TNFR1/2”- mice were I.P. injected with B16-OVA cells and tumors were harvested
14 days after implantation. LNs were harvested from non-tumor-bearing mice. (A-B)
Purification of endothelial cells from CD45" depleted LN and I.P. tumors suspensions, and
the expression levels of indicated RNA transcripts were determined by qPCR as described
in Methods. Data from one experiment presented as 2T relative to Hprt, n=5 LNs or L.P.
tumors per group. (A-B) Results are mean + SD analyzed by unpaired Welch’s t-test. ns:

p>0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 6: Tumor necrosis factor receptor signaling regulates podocalyxin and
nepmucin expression in PNAd™ TECs

WT or TNFR1/2”- mice were I.P. injected with B16-OVA cells and tumors were harvested
14 days after implantation. LNs were harvested from non-tumor-bearing mice. (A-B)
Purification of endothelial cells from CD45" depleted LN and I.P. tumors suspensions, and
the expression levels of indicated RNA transcripts were determined by qPCR as described
in Methods. Data from one experiment presented as 2T relative to Hprt, n=5 LNs or L.P.
tumors per group. (A-B) Results are mean + SD analyzed by unpaired Welch’s t-test. ns:

p>0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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nepmucin expression was lower by 2- and 6-fold, respectively (Figure 6B). These results
demonstrate that TNFR signaling selectively upregulates podocalyxin, nepmucin, and
GST1, all of which are also elevated in PNAd" cells vs PNAd" cells from WT mouse
tumors. GST1 has been shown to synthesize the PNAd antibody bindings site in the Core
1 O-glycan branch, although this sulfotransferase does this less efficiently than GST2
(Hemmerich et al., 2001; Uchimura et al., 2004; H. Kawashima et al., 2005; Uchimura et
al., 2005). This suggests the reduced surface levels of PNAd on TECs derived from
TNFR1/27- mouse tumors is likely due to the reduced levels of GST1 or other biosynthetic

enzymes that contribute to the formation of the MECA-79 binding site.
Checkpoint immunotherapy augments PNAd expression on I.P. tumor vasculature

Checkpoint immunotherapy has achieved impressive success in the treatment of different
cancer types. This therapy type has also been associated with enhanced expression of HR
ligands on the tumor vasculature, such as ICAM-1 and VCAM-1 (Hailemichael et al.,
2018; Taggart et al., 2018). Thus, we determined whether checkpoint immunotherapy
altered the expression of PNAd on the tumor vasculature. We treated 1.P. tumor-bearing
WT mice with either anti-PDL1 monotherapy or the combination of anti-CTLA4 and anti-
PDI1, and analyzed PNAd expression on the tumor vasculature after 14 days of outgrowth.
Both treatments significantly increased the percentage of CD31" TEC pixels co-stained
with PNAd (Figure 7A-B). Also, the staining intensity of PNAd on CD31" TEC pixels was
significantly higher in treated tumors relative to control tumors. Since PNAd expression in

I.P. tumors depend on effector CD8 T-cells secreting LTa® (Peske et al., 2015), these
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Figure 7: Checkpoint immunotherapy augments PNAd expression on I.P. tumor
vasculature

WT mice were 1.P. injected with B16-OV A cells and tumor-bearing mice were treated with
control IgG, anti-PDL1, or anti-CTLA4/PD1 beginning 3 days after implantation. Tumors
were harvested 14 days after implantation and prepared for IF as described in Methods. (A)
Representative images of tyramide signal amplified tumor sections stained with indicated
markers. Scale bar = 100 um. (B) Quantitative image summary data for amplified tissue
sections. PNAd percentages and pixel intensities were calculated on a CD31" mask. Data
represents three experiments, n = 15 individual sections per group. (B) Results are mean +
SD analyzed by unpaired Welch’s t-test. ns: p>0.05, *p<0.05, **p<0.01, ***p<0.001, and

#xp<(0,0001.
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results suggest that checkpoint immunotherapy augments the representation of these cells

in tumors, which in turn enhances the expression of PNAd associated components.
Discussion

In this report, we identified both scaffolding proteins and post-translational modification
enzymes potentially used for the biosynthesis of PNAd in TECs. We showed that the
expression profile of these molecules in PNAd" TECs is similar to that in LN PNAd" BECs,
albeit at significantly lower levels. This observation is consistent with the low-level
detection of PNAd on the tumor endothelium. Previously, we demonstrated that PNAd
expression on the tumor vasculature was controlled by a mechanism involving intratumoral
effector CD8 T-cells secreting LTas, which in turn signaled through TNFR on TECs (Peske
et al., 2015). Here, we showed that TNFR signaling controls the expression of scaffolding
proteins podocalyxin and nepmucin, and post-translational modification enzyme GST]I.
Finally, we showed that the percentage of PNAd" TECs and their surface expression level
were increased by checkpoint immunotherapy treatment. This work provides insight into
the mechanisms regulating PNAd biosynthesis in TECs, and provides a platform to
enhance its expression to support a continual influx of naive cells, sustaining anti-tumor
immunity.

Our results provide mechanistic insight into biosynthesis of 6-sulfo-sialyl Lewis X
on TECs. We found that B3GNT3, GCNT1, GST1, GST2, and FUT7 were all are
expressed at higher levels in PNAd" TECs relative to their PNAd"®¢ counterpart. This is
consistent with their elevated expression in PNAd" LN BECs previously reported (Mike

Lee et al., 2014; Veerman et al., 2019), and their essential roles in PNAd biosynthesis in
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these cells (Rosen, 2004). However, while GST1 and GST2 were comparably expressed in
PNAd" LN BECs, GST2 was significantly under expressed relative to GST1 in PNAd*
TECs. This suggests that GST1 is largely responsible for synthesizing 6-sulfo-sialyl Lewis
X in TECs. Previous studies using knockout mice have established that GST1 and GST2
play complementary and partially redundant roles in PNAd expression in LNs. However,
GST2 knockout mice have a more significant effect relative to GST1, at least in part
because it promotes luminal rather than abluminal expression of PNAd on HEVs
(Hemmerich et al., 2001; Uchimura et al., 2004). Work from the lab has previously
demonstrated that PNAd is detected at both the luminal and abluminal surfaces of the tumor
vasculature (Peske et al., 2015), suggesting that GST2 is driving luminal PNAd expression
despite its substantially low levels in TECs. The MECA-79 antibody used in this work
detects 6-sulfo-sialyl Lewis X in the Core 1, but not Core 2, O-glycan biantennary branch
(Yeh et al., 2001). Since GST2 mediates GIcNAc sulfation only on the core 2 branch
(Rosen, 2004; Uchimura & Rosen, 2006), this suggests that the levels of 6-sulfo-sialyl
Lewis X on TECs is underrepresented with the MECA-79 antibody. This also suggest that
some PNAd structures on TECs may be “single-armed” with respect to 6-sulfo-sialyl Lewis
X. Nonetheless, PNAd expression on Peyer’s Patch endothelium is entirely dependent on
GST1 (Hemmerich et al., 2001; Uchimura et al., 2004), demonstrating its sufficiency, and
the ability of such structures to support lymphocyte entry.

We also found that PNAd" TECs and LN BECs express similar scaffolding proteins
that are involved in PNAd biosynthesis. CD34 and endomucin were expressed comparably

between PNAd" and PNAd"®¢ cells from both LNs and I.P. tumors. These molecules were
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also comparably expressed between LN BEC and TEC populations. In contrast, Glycam-1
and nepmucin were expressed at higher levels in PNAd" than in PNAd™¢ cells from both
LNs and I.P. tumors, although transcript levels for these molecules were significantly less
in TECs relative to LN BECs. It seems likely that these scaffolding proteins are redundant
with one another in promoting L-selectin engagement with PNAd, as mice deficient in
CD34 (Suzuki et al., 1996) or Glycam-1 (Rosen, 2004) show no impaired trafficking of
naive T-cells to peripheral LNs. Thus, the low levels of PNAd on the tumor vasculature is
likely not due to the low expression levels of these scaffolding proteins. Instead, is more
likely due to the low expression levels of biosynthetic enzymes, particularly GST2, that
drive the synthesis of 6-sulfo-sialyl Lewis X.

This report also identified components of the PNAd biosynthesis pathway in TECs
that are regulated by TNFR signaling. While PNAd is not detected on vasculature in tumors
from TNFR1/27- mice by IF (Peske et al., 2015), a small percentage of TECs from these
tumors maintain PNAd by flow cytometry, albeit at a lower level of surface expression.
These results indicate that a majority of TECs in I.P. tumors depend on TNFR signaling
for the expression PNAd, while a small fraction of cells depend on an alternative pathway
for PNAd development. These residual PNAd" TECs expressed lower levels of
podocalyxin, nepmucin, and GST1. In PNAd® LN BEC, LTBR signaling upregulates
GSTI, along with GlyCAM-1, GST2, FUT7, and GCNT1 but not podocalyxin and
nepmucin (Browning et al., 2005; Moussion & Girard, 2011). It is entirely possible that
TECs that retain PNAd in the absence of TNFR signaling utilize LTBR as an alternative.

PNAd™e TECs from I.P. TNFR1/2” mouse tumors showed no reduction in any evaluated
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biosynthetic enzymes or scaffolding proteins. Given the relatively small fraction of TECs
that express PNAd in tumors from WT mice, it is possible that analysis of these cells would
show that the same or additional PNAd components are regulated by TNFR signaling, but
this small subset of PNAd"¢ TECs cannot be directly identified. Nonetheless, these results
demonstrate a distinct regulation of PNAd biosynthetic components by TNFR1/2 and
LTBR, or differences in endothelial cell gene expression that reflect microenvironmental
influences associated with anatomic location.

Aside from differential regulation by TNFR or LTBR, the reasons that all evaluated
PNAd biosynthetic enzymes and several scaffolding proteins are expressed at significantly
lower levels in PNAd" TECs than in LN PNAd" BEC are also not clear. One possibility, is
that TEC and LN BECs differentially regulate TNFR1, TNFR2, and LTBR or the
downstream signaling components of these pathways are not functioning properly.
Alternatively, since there are two TNFR isoforms that vary in their signaling pathways
(MacEwan, 2002; Wajant & Siegmund, 2019) and their engagement with TNFo and LTo
(Medvedev, Espevik, Ranges, & Sundan, 1996), it is entirely possible that variations in
how these molecules signal through TECs would result in low PNAd expression on these
cells. Several studies have also shown that the epigenetic profile of BECs is different from
TECs (Reviewed in Ciesielski et al., 2020). Two studies has demonstrated that human
umbilical vein endothelial cells cultured with conditioned tumor media led to epigenetic
modifications in these cells that resulted in reduced VCAM-1 and ICAM-1 expression
(Hellebrekers et al., 2006, 2007). This suggests that a similar mechanism is operating in

TECs that consequentially causes the reduce expression of PNAd associated components
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in these cells. However, this remains to be determined. Determining the factors that limit
the expression of PNAd scaffolding proteins and biosynthetic enzymes would provide
targets for enhancing the expression of these molecules for sustained anti-tumor immunity.

Checkpoint immunotherapy has been associated with enhanced expression of HR
ligands on the tumor vasculature, such as ICAM-1 and VCAM-1 (Hailemichael et al.,
2018; Taggart et al., 2018). Similarly, anti-PDL1 monotherapy or the combination of anti-
CTLA4 and anti-PD1 enhanced the fraction of CD31" TECs expressing PNAd and their
surface levels of PNAd. In a murine model of melanoma, PNAd expression on the tumor
vasculature depends on the presence of effector CD8 T-cells secreting LTas (Peske et al.,
2015). Thus, checkpoint immunotherapy is likely enhancing the number of CD8 T-cells
producing LTas. Despite this, the fraction of PNAd® CD31" TECs and their surface
intensity of PNAd did not reach a level that was consistent with that in LNs. In murine
methylcholanthrene-induced fibrosarcoma, regulatory T-cells restricted PNAd expression
on tumor vessels (Hindley et al., 2012; Colbeck et al., 2017). However, the mechanism of
action in which these cells mediate this inhibition is unknown. B16 tumors are known to
contain regulatory T-cells (Quatromoni et al., 2011), thus the elimination of these cells
would potentially further enhance PNAd expression on the tumor vasculature in checkpoint
treated tumor-bearing mice. Collectively, these findings provide significant insight into the
basis for PNAd biosynthesis in TECs, and how they are altered in response to checkpoint

immunotherapy.



84

Immune mechanisms orchestrate tertiary lymphoid structures

in tumors via cancer-associated fibroblasts

Introduction

Tertiary lymphoid structures (TLS) are ectopic aggregates with morphological, cellular,
and molecular similarities to secondary lymphoid organs (SLO), and commonly found with
chronic infection, autoimmunity, and organ transplantation (Neyt et al., 2012; Koenig &
Thaunat, 2016). TLS are found in human tumors (TA-TLS), and are usually associated
with higher representations of tumor infiltrating lymphocytes (TIL), enhanced patient
survival, and clinical responses to chemo- and immunotherapies (Engelhard et al., 2018;
Sautes-Fridman et al., 2019; Anthony B. Rodriguez & Engelhard, 2020). It has been
suggested that TA-TLS are sites for sustained antitumor immunity, and that TA-TLS
augmentation could be a new strategy for cancer immunotherapy. This depends on
understanding the mechanisms driving TA-TLS development.

Mechanisms governing development of SLO are well-established (reviewed in
(Onder & Ludewig, 2018; Mueller, Nayar, Campos, & Barone, 2018). SLO development
depends on interaction between innate lymphoid type 3 (ILC3) lymphoid tissue inducer
(LTi) cells expressing surface lymphotoxin-aif}2 (LTo1f32), and mesenchymal lymphoid
tissue organizer (LTo) cells expressing lymphotoxin-3 receptor (LTBR). LTo cells mature
into CXCL13-producing follicular dendritic cells (FDC) and CCL19/21 producing
fibroblastic reticular cells (FRC), which facilitate recruitment and compartmentalization of

T- and B-cells. While some chronic inflammation-associated TLS also depend on LTBR
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signaling (Glaucia C Furtado et al., 2007; Gatumu et al., 2009; GeurtsvanKessel et al.,
2009; Grabner et al., 2009; Motallebzadeh et al., 2012; Pikor et al., 2015), others depend
on IL-5, IL-6, IL-17, IL-22, IL-23, and/or TNFa, either in conjunction with (Lotzer et al.,
2010; Rangel-Moreno et al., 2011; Pikor et al., 2015) or independent of (J. J. Lee et al.,
1997; Goya et al., 2003; Khader et al., 2011; Peters et al., 2011; G. C. Furtado et al., 2014;
Gued;j et al., 2014; Barone et al., 2015; Bénézech et al., 2015; Caifiete et al., 2015) LTBR
signaling. CCL19, CCL21, CXCL12, and CXCL13 are found in TLS (Rangel-Moreno et
al., 2007; Fleige et al., 2014; Barone et al., 2015; Sato et al., 2016), along with cells
expressing FRC (Peduto et al., 2009; Link et al., 2011) or FDC (Drayton et al., 2003;
Bombardieri et al.,, 2007) surface markers, and some of the inflammatory cytokines
identified above can upregulate chemokine expression in cultured smooth muscle cells
(Lotzer et al., 2010; Gued; et al., 2014) and fibroblasts purified from inflamed tissues
containing TLS (Khader et al., 2011; Rangel-Moreno et al., 2011; Barone et al., 2015).
However, only one report has directly demonstrated that LTo-like fibroblasts could support
TLS development (Nayar et al., 2019). Inflammatory TLS development can also depend
on a variety of LTi cells, including dendritic cells (DC) (GeurtsvanKessel et al., 2009;
Halle et al., 2009; Muniz et al., 2011), B-cells (K. G. McDonald et al., 2005; Dubey et al.,
2016), macrophages (G. C. Furtado et al., 2014; Guedj et al., 2014; Bénézech et al., 2015),
Tu17 cells (Peters et al., 2011; Rangel-Moreno et al., 2011; Pikor et al., 2015), natural killer
T-cells (Bénézech et al., 2015), yd T-cells (Fleige et al., 2014), and multiple populations of

IL-22-secreting adaptive and innate lymphoid cells (Barone et al., 2015). The
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heterogeneous drivers of TLS development likely depend on microenvironmental context.
However, the cellular and molecular drivers of TA-TLS are undefined.

Vaccination can induce TA-TLS development in pancreatic tumors (Lutz et al.,
2014) and cervical neoplastic lesions (Maldonado et al., 2014). TA-TLS development in
murine tumors has been induced by transgenic overexpression of LTBR ligands (Schrama
et al., 2001; H.-J. Kim et al., 2004; P. Yu et al., 2004, 2007), injection of recombinant
LIGHT (Johansson-Percival et al., 2017), and intratumoral administration of CCL21 (Kirk,
Hartigan-O’Connor, & Mule, 2001; Turnquist et al., 2007). However, there are few reports
of spontaneous TA-TLS development in murine tumors (Finkin et al., 2015; Joshi et al.,
2015; Peske et al., 2015; A.B. Rodriguez et al., 2018). We previously demonstrated that
naive T-cells infiltrated murine tumors, underwent in situ activation, and augmented tumor
control (Thompson et al., 2010; Peske et al., 2015). Naive T-cell entry depended on tumor
endothelial cells expressing peripheral node addressin (PNAd) and CCL21, which in turn
depended on effector CD8 T-cells and natural killer (NK) cells secreting LTas and IFNy
(Peske et al., 2015). We subsequently showed that tumors growing in the peritoneal cavity
(I.P.), but not those growing subcutancously (S.C.), had TA-TLS adjacent to PNAd"
vasculature (Peske et al., 2015; A.B. Rodriguez et al., 2018). Here, we identify the cellular
and molecular mechanisms driving TA-TLS development. Our results highlight the pivotal
role of cancer-associated fibroblasts (CAF) as surrogate LTo cells, and multiple cell types,
including intratumoral CD8 T-cells and LToui32" B-cells, that synergistically act as LTi
cells. They also demonstrate that TA-TLS development and organization are augmented

by checkpoint blockade immunotherapy and associated with reduced tumor size.
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Results

TA-TLS in I.P. tumors are associated with altered distributions of activated T-cells and

naive B-cells

By 7-color immunofluorescence (IF), we observed dense multicellular structures adjacent
to PNAd" vessels in I.P. B16-OV A tumors (Figure 8A-C). However, these structures never
formed in S.C. tumors. TA-TLS were dominated by a dense aggregate of B-cells. In most
cases, CD4 T-cells were scattered throughout the B-cell aggregate, while CD8 T-cells and
DC were found predominantly on the periphery, and also were not well-organized (Figure
8D-G). These structures resemble “non-classical” TA-TLS seen in murine and human
hepatocellular carcinoma (Finkin et al., 2015). [.P. tumors also contained less frequent
“classical” TA-TLS with distinct T- and B-cell compartments (Figure 9A). TA-TLS were
also present in parental B16-F1 [.P. tumors, although they were smaller and fewer (Figure
8D-I). TA-TLS were also present in B16-OVA tumors grown in lung, and in [.P., but not
S.C., MC38 and LLC OVA expressing tumors (Figure 10A-B). Thus, TA-TLS quantity
and quality are associated with antigen strength, but their presence is due to tumor
microenvironmental factors that depend on anatomical location.

[.P. B16 tumors grow as single pigmented masses, not ascites, juxtaposed to
stomach, cecum, spleen, pancreas, and omentum (Figure 11A-B). They are connected by a
blood vessel to the spleen, and superficially associated with the omentum, but not other
surrounding organs, and easily removed intact with forceps (Figure 11C). Human
melanoma frequently metastasizes to visceral organs (A. Kawashima, Fishman, Kuhlman,

& Schuchter, 1991; Trout, Rabinowitz, Platt, & FElsayes, 2013). TA-TLS frequently
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Figure 8: Tumor-associated tertiary lymphoid structures spontaneous develop in
L.P. tumors, but not S.C. tumors

WT mice were S.C. or I.P. injected with B16-OVA cells. Tumors were harvested on day
14 and prepared and stained for multispectral imaging as described in Methods. (A-C)
Representative uncompensated multispectral image of S.C. and I.P. B16-OVA and B16-
F1 tumors. (D-G) Representative compensated merged and single channel multispectral
images of TA-TLS in B16-OVA and B16-F1 L.P. tumors. (H-I) Quantitative image
summary data for TA-TLS in in B16-OVA and B16-F1 L[.P. tumors. Data represents one
experiment, n=3-4 tumor sections per group. (A-E, F-G) scale bars = 100 um. Results

shown as mean + SD. (H & 1) Unpaired Welch’s t-test. *p<0.05 and ****p<0.0001.
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Figure 9: TA-TLS in L.P. tumors are associated with enhanced representations of
distinctly differentiated T-cells and naive B-cells

Day 14 S.C. or I.P. B16-OVA tumors from C57BL/6 (WT) mice were prepared for IF (A)
or flow cytometry (B-F) as described in Methods. (A) Representative images and summary
data for TA-TLS organizational types in I.P. tumors. Scale bar = 100 um. Data from 5
experiments, n=25 tumors. (B-F) CD45" single cell suspensions were stained with the
indicated markers to define subpopulations (DC = CD3"¢ CD19"¢ CD11¢" MHC IT*; T-
cells = CD19™¢ CD3* CD8" or CD4"; B-cells = CD3"¢ CD19" CD5" or CD5"¢) and
activation state, and quantitated by flow cytometry. Data from 2-5 experiments, n=8-18
tumors per group. Results are mean = SD, analyzed by unpaired Welch’s t-test. ns: p>0.05,

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 10: Spontaneously development of TA-TLS is a consequence of anatomical
location and not tumor model

WT mice were S.C., intravenously (I.V.), or I.P. injected with B16-OVA cells. Tumors
were harvested on day 14 and stained for immunofluorescence microscopy are described
in methods. (A) Representative immunofluorescence images of TA-TLS in the lung. (B)
Representative images of S.C. and I.P. tumors and image summary data. Scale bars = 100
um. Data represents one experiment, n=5 tumors per group. Results shown as mean + SD.

(B) Unpaired Welch’s t-test. ns: p>0.05.
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Figure 11: L.P. tumors form as solid pigmented masses with minimal attachment to
visceral organs

WT mouse was I.P. injected with B16-OVA cells and euthanized 14 days after
implantation. (A-B) Representative images of an I.P. tumor in the peritoneal cavity. T,
tumor; Lv, liver; St, stomach; Si, small intestines; Li, large intestines; Ce, cecum; Pa,
pancreas; Om, omentum; Sp, spleen. (C) Representative images of an I.P. tumor removed

from the peritoneal cavity.
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Figure 12: S.C. and L.P. tumors contain distinctly differentiated T-cell populations

WT mice were injected S.C. or I.P. with B16-OVA cells and tumors were harvested on day
14 and prepared for flow cytometry as described in Methods. Representative histogram
plots including gMF]I of positive population above FMO of indicated markers on effector
(CD62L"ee CD44M), activated (CD62L"¢¢ CD44'°), central memory (CD62L" CD44"), and

naive (CD62L* CD44"°) T-cells from S.C. and I.P tumors.
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develop in gut melanoma metastases, but are infrequent in primary cutaneous tumors
(Cipponi et al., 2012). Thus, I.P. B16 tumors are relevant models to study TA-TLS
development.

To assess the impact of TA-TLS on intratumoral immune cell composition, we
compared CD45" cells from S.C. and I.P. tumors by flow cytometry. When normalized for
tumor size, the numbers of DC, and CD8 and CD4 T-cells, were not significantly different
(Figure 9B). In both tumor types, 92-95% of CD8 and CD4 T-cells were CD62L"°¢, and
thus antigen experienced (Figure 9C). Supporting this, 91-94% of CD8 T-cells and 65-80%
of CD4 T-cells were PD-1*. Most CD62L"*¢ CD8 and CD4 T-cells were also CD44", again
in keeping with an antigen experienced phenotype (Figure 9D). However, I.P. tumors
contained a larger fraction of CD62L"¢ CD44"° T-cells, particularly in the CD4
compartment. These cells in both tumor types were largely PD-17, although this was more
variable on S.C. CD4" T-cells (Figure 12). Thus, despite being CD44", they seem
activated. Both tumors also contained small populations of CD62L" CD44" presumptive
central memory and CD62L* CD44" naive cells (Figure 9D), and their expression of PD-
1, LAG-3, and TIM-3 was consistent with this classification (Figure 12). However, L.P.
tumors contained more naive and fewer central memory CD8 T-cells than S.C. tumors, and
this was more pronounced in the CD4 compartment (Figure 9D). These results suggest that
TA-TLS in [.P. tumors enhance representation of naive and distinctly differentiated T-cells,
particularly CD4 T-cells.

B-cells from both tumor types were mainly B-2, and this was significantly enriched

in .P. relative to S.C. tumors (Figure 9E). This contrasts with the dominance of B-1 cells
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in the peritoneal cavity (Hayakawa, Hardy, Herzenberg, & Herzenberg, 1985) and omental
fat-associated lymphoid clusters (FALCs) (Cruz-Migoni & Caamaio, 2016), and suggests
that the origin of B-cells in TA-TLS and/or the factors driving their accumulation are
distinct from those of these two peritoneal sites. Consistent with the large aggregates
observed by IF, I.P. tumors contained ~20x more B-cells than S.C. tumors. In both tumor
types, the largest population was IgM* IgD" and presumptively naive (Figure 9F), and this
population was significantly elevated in I.P. tumors. When normalized for size, I.P. tumors
contained ~30x more naive, ~10x more presumptive class-switched (IgM"®¢ IgD"¢¢), and
8x more memory (IgM* IgD"¢) B-cells (Figure 9F). Thus, TA-TLS presence in I.P. tumors

is associated with more robust B-cell immunity and enhanced naive B-cell representation.
A CAF population acts as lymphoid tissue organizer cells to orchestrate TA-TLS formation

When analyzed by flow cytometry, CD45" depleted tumor suspensions contained many
cells that were CD31"¢ and podoplanin (PDPN) positive. PDPN is a conventional CAF
marker (Pula, Witkiewicz, Dziegiel, & Podhorska-Okolow, 2013), but B16 tumor cells
express it at a low level (Figure 13A). However, only PDPN" cells expressed canonical
CAF markers, particularly platelet-derived growth factor receptor alpha (CD140a.), Thyl,
and fibroblast activating protein (FAP) (Figure 13B), and these were analyzed as CAFs in
subsequent experiments. Thyl, FAP, and intracellular collagen type I (Col Type I) were all
elevated on CAFs from S.C. compared to I.P. tumors (Figure 13B and 14A), while a-
smooth muscle actin (aSMA) expression was comparable (Figure 15A). 1.P. tumors
contained substantially more CAFs than S.C. tumors, and a larger percentage expressed the

proliferation marker Ki67" (Figure 14B). Interestingly, the absolute number of FAP™ CAFs
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Figure 13: PDPN" cells represent cancer-associated fibroblasts

WT mice were injected S.C. or I.P. with B16-OVA cells and tumors were harvested on day
14. (A) Representative flow cytometry plots and gating strategy for the identification of
PDPN" and PDPN" cells in CD45" depleted S.C. and I.P. tumors suspensions. (B)
Representative histogram plots of PDPN' and PDPN" cells in CD45" depleted S.C. and
[LP. tumors suspensions stained for indicated antibodies. (C) Representative
immunofluorescence images of an I.P. tumor stained for indicated antibodies at different

exposure times. Scale bar = 100 um.
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Figure 14: A population CAFs from L.P. tumors exhibit lymphoid tissue organizer
cell characteristics

Day 14 S.C. or I.P. B16-OVA tumors from WT mice were prepared for flow cytometry
(A,B, D, E)orIF (C, G-H) as described in Methods. (A, D) Left, representative histograms
and geometric mean fluorescence (gMFI) intensities of indicated markers on PDPNM
CD31me CD45"¢ Terl119™¢ CAFs. gMFIs calculated on cells gated above the fluorescence
minus one (FMO) control. Right, percentage of CAFs expressing indicated markers. Data
from 2-5 experiments, n=11-45 tumors per group. (B, E, F) CAF subpopulations were
quantitated by flow cytometry. Data from 2-3 experiments, n=8-11 tumors per group. (C,
G, H) Left, representative images of tumors stained with indicated markers. Yellow dashes
delimit TA-TLS area. Scale bar = 100 um. Right, summary data of PDPN* CAF densities
(C) and marker expression in parenchymal and TA-TLS regions (G, H) from 1 experiment,
n=5 tumors per group. Pixel intensities were calculated using a PDPN mask. Results are
mean = SD analyzed by unpaired Welch’s t-test. ns: p>0.05, **p<0.01, ***p<0.001, and

k5 <(,0001,
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Figure 15: S.C. and I.P. tumor-associated fibroblasts express a-smooth muscle actin
and tumor necrosis factor receptor type I & II but not FDC marker CD35

WT mice were injected S.C. or I.P. with B16-OVA cells and tumors were harvested on day
14. (A-C) Representative flow cytometry histogram plots including gMFI of positive
population above FMO control. Percentages of CD45"¢ Ter119™¢ CD31"¢ PDPN"
fibroblasts expressing indicated by flow cytometry. Data represents three experiments,
n=11 tumors per group. (D) Representative flow cytometry data of CD35 expression on
CDA45 depleted LN and I.P. tumor suspensions. Results shown as mean = SD. (A-C)

Unpaired Welch’s t-test. ns:p>0.05 and **p<0.01.
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was the same between S.C. and I.P. tumors (Figure 14B). Thus, the higher number of CAFs
in [.P. tumors is due to an expanded number of FAP"& CAFs.

CAFs and tumor cells expressing high and low levels of PDPN, respectively, were
also observed in tumor sections by IF. We established exposure times to visualize only
PDPN bright CAFs (Figure 13C). In S.C. tumors, CAFs were scattered throughout the
parenchyma (Figure 14C). In contrast, CAFs in I.P. tumors formed reticular networks that
were co-extensive with B- and T-cell aggregates of TA-TLS. By quantitative image
analysis, CAF density in TA-TLS was substantially higher than in surrounding tumor
parenchyma (Figure 14C), suggesting that their overall higher number in I.P. tumors was
due to TA-TLS formation.

VCAM-1, ICAM-1, LTBR, and tumor necrosis factor receptor (TNFR) I & II are
canonical LTo cell markers (Mebius, 2003; Ruddle & Akirav, 2009; van de Pavert &
Mebius, 2010). A larger fraction of I.P. CAFs expressed TNFR I (Figure 15B) and LTBR
(Figure 14D). Also, a significantly larger fraction of [.P. CAFs expressed ICAM-1 and
VCAM-1, and their surface expression levels were much higher (Figure 14D). The
majority of [.P. CAFs co-expressed ICAM-1 and VCAM-1, while those from S.C. tumors
mainly expressed only ICAM-1 (Figure 14E). Although FDC-like cells are often found in
TA-TLS, I.P. CAFs did not express the FDC marker CD35 (Figure 15D). These results
were consistent with the possibility that S.C. and I.P. tumors are dominated by mutually
exclusive populations of CAFs with FAP* pro-tumor (T. Liu et al., 2019) and FAP™¢ LTo
phenotypes. However, even FAP" CAFs from I.P. tumors were much more likely to co-

express VCAM-1 and ICAM-1 than FAP" or FAP™¢ CAFs from S.C. tumors (Figure 14F).
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To provide more direct evidence for the association of these CAF populations with TA-
TLS, we performed quantitative image analysis. Less than 15% of PDPN* pixels in TA-
TLS co-stained with FAP, while over 60% of those in the tumor parenchyma were FAP”,
and their FAP expression was higher (Figure 14G). Conversely, 65-70% of PDPN* pixels
in TA-TLS stained for VCAM-1 and ICAM-1 compared to only 25-38% in the
parenchyma, and their expression level was also higher (Figure 14H). Thus, despite the
presence of both FAP" and FAP"¢ cells expressing ICAM-1 and VCAM-1 in L.P tumors,
the latter population is enriched in TA-TLS, consistent with arole in TA-TLS development.

To directly test a role for CAFs in orchestrating TA-TLS formation, we flow-sorted
these cells from resected S.C. and I.P. tumors and injected them with B16-OV A cells into
a S.C. site. The resulting tumors that contained CAFs from S.C. tumors, or mouse
embryonic fibroblasts, did not develop TA-TLS, lymphoid aggregates, or PDPN™ reticular
networks (Figure 16A-B). Conversely, S.C. tumors that contained CAFs from I.P. tumors,
contained PDPN™ reticular networks that were co-extensive with aggregates of B220" B-
cells and CD3" T-cells and adjacent to PNAd" vasculature (Figure 16A-B). While the
number of these structures and their size were significantly less than TA-TLS in [.P. tumors
(Figure 16B), their composition, organization, and localization established them as TA-
TLS. We also flow-sorted CAFs from I.P. tumors grown in mice that ubiquitously express
mCherry. When injected with B16-OV A cells, they persisted in the resulting S.C. tumors,
and were mainly found in TA-TLS (Figure 16C). Based on their association with TA-TLS,
we hypothesized that only FAP" CAFs would promote TA-TLS formation. Indeed, when

co-injected with B16-OV A cells, purified FAP" CAFs promoted formation of small TA-
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Figure 16: CAFs act as surrogate lymphoid tissue organizer cells that orchestrate
TA-TLS formation

(A-D) S.C. tumors were induced by co-injection of B16-OVA cells together with the
indicated populations of fibroblasts. Day 14 S.C. or I.P tumors were prepared for IF as
described in Methods. (A, C, D left) Representative images. Yellow dashed region (C)
represents TA-TLS area. Scale bar = 100 um. (B, D right) Summary data from 1-2
experiments, n=5 or 10 tumors per group. (E) CAFs from day 14 S.C. and I.P. tumors were
purified and expression of the indicated RNA transcripts determined as described in
Methods. Data from 2 experiments presented as 2"2CT relative to Hprt, n=6 tumors per
group. (F-H) Day 14 1.P. tumors from WT or CXCR5”- mice were prepared for IF (F) or
flow cytometry (G-H) as described in Methods. (F) Left, Representative images. Scale bar
= 100 pm. Right, Summary data from 1 experiment, n=5 tumors per group. (G, H) Cell
populations were quantitated as outlined in Figures 1 and 2. Data represents 1 experiment,
n=5 tumors per group. Results are mean + SD, analyzed using Kruskal-Wallis h-test with
Dunn’s post-test (B, D) or unpaired Welch’s t-test (E-H). ns: p>0.05, *p<0.05, **p<0.01,

and ****p<(0.0001.
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TLS, analogous in size and number to those induced by bulk I.P. CAFs (Figure 16D). FAP*
CAFs induced less frequent and even smaller TA-TLS-like structures that were associated
with PNAd, but contained small numbers of poorly organized PDPN* cells. These results
establish that FAP"™¢ CAFs from I.P. tumors act as surrogate LTo cells that promote TA-
TLS formation. I.P. FAP" CAFs appear to have a minimal LTo capability that is
nonetheless greater than that of S.C. CAFs, suggesting that this property is induced by the
[.P. tumor microenvironment.

We previously showed that both S.C. and I.P. CAFs are a major source of CCL21
that recruits naive T-cells (Peske et al., 2015). By quantitative RT-PCR (qPCR), CAFs
from both tumor types expressed comparable levels of another homeostatic chemokine,
CXCL12. However, [.P. CAFs expressed 5-10-fold higher levels of the B-cell organizer
chemokine CXCL13, and B-cell survival factors BAFF and APRIL (Figure 16E). To
provide direct evidence for the importance of CXCL13 in driving TA-TLS formation, we
implanted [.P. tumors into mice lacking CXCRS, the cognate receptor for CXCL13. While
the numbers of TA-TLS in these tumors were comparable to those in wild-type (WT)
tumors, they were significantly smaller (Figure 16F). This was associated with a reduced
number of intratumoral B-cells and CAFs (Figure 16G-H). Significantly fewer of these
CAFs were proliferating, and the fraction co-expressing ICAM-1 and VCAM-1 was also
reduced (Figure 16H). Thus, an intact CXCR5-CXCL13 chemotactic axis supports the

proliferation of CAFs with LTo characteristics and normal TA-TLS development.
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Intratumoral CD8 T-cells and B-cells act coordinately as lymphoid tissue inducer cells

driving TA-TLS development

We next investigated the roles of adaptive immune cells in TA-TLS development. 1.P.
tumors grown in Ragl”- mice lack PNAd" vasculature (Peske et al., 2015). These tumors
also contained a smaller number of CAFs than I.P. tumors from WT mice, which was
similar to that of S.C. tumors (Figure 17A). These CAFs were sometimes found in a low
number of small, loosely organized clusters with CD45" cells (Figure 17A and 18A), which
were not observed in WT S.C. tumors, but did not form PDPN™ reticular networks. Per cell
expression of CCL21 and CXCL12 in CAFs from these tumors was reduced by 11- and 6-
fold, respectively, but that of CXCL13, BAFF and APRIL was unchanged (Figure 17B).
Per-cell expression of CXCL13, BAFF, and APRIL in CAFs from I.P. tumors grown in
Rag2”- IL2Ry”" mice, which lack mature NK and ILC, was also comparable to that of CAFs
from WT mouse tumors (Figure 18B). Thus, CAF expression of molecules known to drive
B-cell accumulation and survival is controlled by a non-adaptive, non-NK, non-ILC
element in the [.P. tumor microenvironment, but their accumulation and organization into
reticular networks is controlled by adaptive immune cells.

To identify the adaptive immune cells driving CAF accumulation and organization,
we utilized I.P. tumors grown in B-cell deficient uMT-~ mice and in Ragl”- mice that had
been repleted with bulk resting lymphocyte subpopulations prior to tumor implantation.
Since these mice lack some TA-TLS elements, we evaluated tumors for PDPN™ reticular
networks co-extensive with tightly organized aggregates of CD45" cells. Tumors from

uMT-- mice contained such organized CD45"/PDPN" aggregates in numbers comparable
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Figure 17: CD8 T-cells and B-cells act coordinately as lymphoid tissue inducer cells
driving TA-TLS development

(A, C,D)Day 14 I.P. B16-OVA tumors from WT, uMT-, Ragl~- and Rag1”- mice repleted
with CD8 T-cells and/or B-cells 3 days prior to tumor implantation were prepared for and
analyzed by flow cytometry or IF as described in Methods. Scale bars = 100 um. Data from
1-2 experiments, n=3-10 tumors per group. (B) CAFs from day 14 [.P. tumors from WT or
Ragl~~ mice were purified and expression of the indicated RNA transcripts determined as

described in Methods. Data from 2 experiments presented as 2-4¢T

relative to Hprt, n=6
tumors per group. Results are mean + SD analyzed using Kruskal-Wallis h-test with
Dunn’s post-test (A, D) or unpaired Welch’s t-test (B-C). ns: p>0.05, *p<0.05, **p<0.01,

and ****p<(0.0001.
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Figure 18: CXCL13, BAFF, and APRIL are regulated independently of adaptive
immunity, natural Killer cells, and innate lymphoid cells

WT Ragl”, Rag2”yc”, and uMT-~ mice were injected 1.P. with B16-OVA cells and
tumors were harvested on day 14 and prepared for IF (A, C), qPCR (B), and flow cytometry
(C) as described in Methods. (A) Summary data for loosely organized CD45"/PDPN*
clusters in indicated tumors. Data from one experiment, n=3-5 tumor sections per group.
(B) Expression of Cxcll3, TNFSFI3B (BAFF), and TNFSI3 (APRIL) in CAFs from
indicated 1.P. tumors. Data presented as 2-2¢T relative to Hprt. Data from one experiment,
n=3-5 tumors per group. Left, summary data of the number of T-cells. Right, quantitative
image summary data of the CD45"/PDPN" cluster number and size. Data represents one
experiment, n=4-5 tumors per group. (A-C) Results shown as mean + SD analyzed by
unpaired Welch’s t-test or (B) Kruskal-Wallis h-test with Dunn’s post-test (H). ns: p>0.05,

*P<(.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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to TA-TLS in WT mouse tumors, but they were significantly smaller (Figure 17C).
Consistent with this, tumors from uMT-~ mice had a lower density of CAFs by IF and
significantly fewer CAFs by flow cytometry (Figure 17C). However, tumors from pMT-"
and WT mice contained similar number of T-cells and the small loosely organized
CD45*/PDPN" clusters (Figure 18C). I.P. tumors from Ragl~~ mice repleted with CD8" T-
cells contained organized CD45"/PDPN™ aggregates similar in size and number to those in
UMT- mouse tumors (Figure 17D). Tumors from Ragl”" mice repleted with B-cells
contained an insignificantly different number of aggregates relative to tumors from
unrepleted Ragl~~ mice, although there was a slight increase in aggregate area. Importantly,
tumors from Ragl~~ mice repleted with both CD8 T-cells and B-cells resulted in structures
comparable in number, size, and cellular composition and organization to TA-TLS in WT
mouse tumors. The area per section of the structures in tumors from these different
recipients was reflected in the density of CAFs (Figure 17D). Tumors from all of these
mice contained a similar number of small loosely organized CD45"/PDPN" clusters (Figure
18A). Thus, T-cells and B-cells act as complementary LTi cells mediating TA-TLS

development: while T-cells initiate reticular network formation, B-cells drive expansion.
Intratumoral B cells drive TA-TLS expansion through LTPR signaling

LTPR signaling mediates the development of SLO and some TLS. We found that 1.P.
tumors expressed significantly higher transcript levels of LTPR ligands LTa, LT, and
LIGHT than S.C. tumors (Figure 19A). To test their relevance, tumor-bearing mice were

treated with an LTPR-Ig fusion protein, which binds LTaif32 and LIGHT and antagonizes



117

Figure 19: LTPBR and TNFR signaling influences the representation of naive T- and
B-cell in L.P. tumors

WT or TNFR1/2”- mice were S.C. or L.P. injected with B16-OVA cells, and tumors were
harvested 14 days after implantation. In some cases (B-E), [.P. tumor-bearing mice were
treated with a LTBR-Ig fusion protein. (A-B) whole tumor masses and inguinal LNs from
tumor-bearing mice were analyzed by qPCR as described in Methods. (C-H) I.P. tumors
were analyzed by flow cytometry as described in Methods. (A) Expression of TnfsfI (Lta),
Tnfsf3 (LTPR), and Tnfsf14 (LIGHT) in whole S.C. and I.P. tumors. Data represents one
experiment, n=5 tumors per group. (B) Expression of Cxc//3 in tumor-reactive lymph node

from mice treated with control IgG or LTBR-Ig. Data presented as 2"4¢T

relative to Hprt.
Data represents one experiment, n=5 tumors per group. (C-D) Summary data of the total
number of T-cells, and percentage of T-cells that are central memory (CD62L* CD44M)
and naive (CD62L" CD44!°). Data represents one experiment, n=>5 tumors per group. (E)
Summary data of the percentage of B-cells that are naive (IgM* IgD"), memory (IgM*
IgD"¢¢), and class-switched (IgM" IgD"¢). Data represents one experiment, n=5 tumors
per group. (A-E, G-J) Results shown as mean + SD analyzed by unpaired Welch’s t-test or

(F) Kruskal-Wallis h-test with Dunn’s post-test (H). ns: p>0.05, *P<0.05, **p<0.01,

**%p<0.001, and ****p<0.0001.
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LTPBR signaling. Consistent with other work (Browning et al., 2005), LTPR-Ig treatment
significantly reduced CXCL13 expression in tumor-reactive lymph nodes (Figure 19B).
TA-TLS in L.P. tumors from LTPR-Ig treated mice were comparable in number to WT
mouse tumors, but significantly smaller, and these tumors contained fewer CAFs (Figure
20A-B). Consistent with this, I.P. tumors from LTBR-Ig treated mice contained fewer CD8
T-cells and B-cells, and the fractions of naive CD8 T-cells, naive and central memory CD4
T-cells, and naive B-cells were significantly reduced (Figure 19C-E and Figure 20C).
However, per cell expression of CXCL13, BAFF, and APRIL in CAFs from these tumors
was unaffected (Figure 20D). Thus, LTBR signaling promotes expansion of TA-TLS-
associated PDPN™ reticular networks, but not initial TA-TLS formation nor CAF
expression of LTo molecular characteristics.

Since CAF accumulation and reticular network expansion were impaired in the
absence of either B-cells or LTPR signaling, we tested whether it was mediated by LTau 32"
B-cells. Tumors in Ragl” mice repleted with WT CDS8 T-cells and LTa”" B-cells
developed organized CD45"/PDPN™ aggregates comparable in size and number to those in
tumors from Ragl”- mice repleted with CD8" T-cells alone, and in tumors from LTBR-Ig
treated mice (Figure 20E). Also, the density of CAFs in these tumor sections was
comparable to I.P. tumors from Ragl”~ mice repleted with CD8" T-cells alone (Figure
20E). Tumors from all of these mice contained a similar number of small loosely organized
CD45"/PDPN" clusters (Figure 19F). Thus, CAF accumulation and TA-TLS expansion is

mediated by intratumoral LToui 32" B-cells.
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Figure 20: Induction and robust development of PDPN™ reticular networks in TA-
TLS is regulated by TNFR and LTPBR signaling, respectively

Day 14 1.P. B16-OVA tumors from WT mice, WT mice treated with LTBR-Ig fusion
protein, TNFR1/27~ mice, Ragl”- mice, and Ragl~- mice repleted with CD8 T-cells and/or
B-cells 3 days prior to tumor implantation, were analyzed by IF or flow cytometry as
described in Methods. (A, E, F) Scale bars = 100 um. Data from 1 experiment, n=3-5
tumors per group. (B-C, G-H) Data from 1 experiment, n=5 tumors per group. (D, I) CAFs
from day 14 1.P. tumors from WT mice, WT mice treated with LTBR-Ig, or TNFR1/27"
mice were purified and expression of the indicated RNA transcripts determined as

described in Methods. Data from 2 experiments presented as 2-4¢T

relative to Hprt, n=6
tumors per group. Results are mean + SD analyzed using unpaired Welch’s t-test (A-D, F-

I) or Kruskal-Wallis h-test with Dunn’s post-test (E). ns: p>0.05, *p<0.05, and **p<0.01.
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TNFR signaling promotes PDPN" reticular network formation and expression of LTo

molecules

Next, we determined whether TNFR signaling mediates TA-TLS development. In keeping
with the models described above, we observed organized CD45"/PDPN™ aggregates in I.P.
tumors grown in TNFR1/2” mice that were smaller than TA-TLS in WT mouse tumors
(Figure 20F). However, they were fewer, and the number of small loosely organized
CD45"/PDPN" clusters was also reduced (Figure 19G). As with TA-TLS in LTBR-Ig
treated mice, TNFR1/2”- mouse tumors contained fewer CAFs (Figure 20G), and the
fractions of naive CD4 and CDS8 T-cells were reduced (Figure 19H-I). These tumors also
contained fewer B-cells (Figure 20H), although the distribution of naive, class-switched
and memory B-cells was unaltered (Figure 19J). Most importantly, per cell expression of
CXCL13, BAFF, and APRIL in CAFs was substantially reduced (Figure 201). These results
demonstrate that TNFR signaling promotes PDPN™ reticular network development and

LTo molecular characteristics of CAFs.
Relationship of TA-TLS associated I.P. CAF's to peritoneal fibroblasts

The proximity of I.P. tumors to peritoneal organs suggested that CAFs with LTo
characteristics might derive from them. PDPN™ cells from spleen, omentum, lung,
pancreas, and skin of WT mice showed varying levels of CXCL13, BAFF, and APRIL
expression (Figure 21A-C). Similar to I.P. CAFs, CXCL13 expression in PDPN" cells
from the omentum was significantly reduced in TNFR1/2”- mice (Figure 21A), but was

unaltered in cells from other organs (Figure 21A). However, in contrast to WT [.P. CAFs,
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Figure 21: CXCL13 expression, but not BAFF and APRIL, in omental fibroblasts is

regulated by tumor necrosis factor receptor signaling

Tissue resident fibroblasts from indicated tissues of non-tumor bearing WT and TNFR1/2-
’~ mice were analyzed by qPCR as described in Methods. (A-C) Expression of Cxcll3,
TNFSFI13B (BAFF), and TNFSI3 (APRIL) in fibroblasts from indicated tissues. Data
presented as 2¢T relative to Hprt. Data represents one experiment, n= 5 mice per group.
Results shown as mean = SD. (A-C) Unpaired Welch’s t-test. ns: p>0.05, *P<0.05,

**p<0.01, ***p<0.001, and ****p<0.0001.
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BAFF and APRIL expression was not reduced in PDPN" cells from any organ in TNFR1/2-
" mice (Figure 21B-C). These results do not identify any peritoneal organ as the direct
source of [.P. CAFs. To the extent that they do originate from a peritoneal organ, they

indicate that elements within the I.P. tumor microenvironment alter their TNFR-dependent

expression of BAFF, APRIL, and in some cases, CXCL13.

Human TA-TLS contain elevated densities of LT" B-cells co-extensive with a reticular

network of LTo-like CAF's

To establish translational relevance of mechanisms driving murine TA-TLS development,
we evaluated 3 human melanomas by quantitative image analysis using 7-color IF. We
identified TA-TLS as aggregates of PNAd" cells, CD20" B-cells, CD8" T-cells, and gp36*
CAFs (Figure 22A-B and Figure 23A-B). TA-TLS in all samples were enriched for
APRIL*, VCAM-17, and LTa" cells relative to the surrounding parenchyma, and TA-TLS
in 2 samples showed higher densities of CXCL13" cells (Figure 23B). TA-TLS in all
samples were enriched for B-cells expressing LTa, and these cells represented 60-80% of
the LTa" population inside the TA-TLS, as opposed to 0-15% of those in the parenchyma
(Figure 23C). TA-TLS in all samples also contained higher densities of CAFs expressing
APRIL" and VCAM-1" than the tumor parenchyma. The fraction of APRIL" CAFs was
significantly higher in the TA-TLS of all samples, and the fraction of VCAM-1" CAFs was
significantly higher in TA-TLS of 2/3 samples (Figure 23C). However, only one sample
showed higher densities of CXCL13" CAFs in TA-TLS, and there was no enrichment of
CXCL13" CAFs in TA-TLS vs parenchyma (Figure 23C). The densities of B-cells in TA-

TLS strongly correlated with the densities of CAFs overall, and the densities of VCAM-1*
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Figure 22: TA-TLS in human melanoma contain similar cellular and molecular
markers found in murine TA-TLS

Human melanoma biopsies containing TA-TLS were collected, prepared, stained, and
analyzed by multispectral imaging as described in Methods. (A) Representative
multispectral images of three independent human melanoma biopsies stained for indicated
markers. (B) Representative multispectral images of human melanoma biopsy #1 stained

for indicated markers. Dashed region of interest represents TA-TLS area. Scale bar = 100
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Figure 23: Human TA-TLS are associated with LT™ B-cells and a co-extensive
reticular network of CAFs with lymphoid tissue organizer characteristics

Human melanoma biopsies containing TA-TLS were collected, prepared, stained and
analyzed as described in Methods. (A) Representative image of a TA-TLS containing
melanoma sample. Dashed yellow line represents TA-TLS area. Scale bar = 100 pm. (B,
C) Densities and percentages of single (B) and dual (C) stained cell populations in
parenchyma and TA-TLS regions of tumors from 3 patients (n=12-39 parenchyma and TA-
TLS regions of interest). Data were analyzed by Wilcoxon Rank-Sum test, and boxplots
generated according to Tukey’s method. (D) Correlations between density of B-cell
populations and density or fraction of fibroblast populations. Dots represent individual TA-
TLS. Each line represents the correlation for an individual tumor. Rho represents the
multilevel correlation coefficient for the three tumors. Spearman’s linear mixed-models
multilevel correlation analysis was determined for all tumors together to account for the

nested data structure. ns: p>0.05, *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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or APRIL" CAFs, but not those expressing CXCL13 (Figure 23D). However, the densities
of B-cells in TA-TLS also strongly correlated with the fractions of CAFs in TA-TLS
expressing VCAM-1 and APRIL, as well as CXCL13. Finally, the densities of LTa" B-
cells in TA-TLS correlated with the densities of CAFs expressing VCAM-1 and APRIL,
but not CXCL13. These results are consistent with the idea that human melanoma-
associated TA-TLS are driven by similar cellular and molecular mechanisms as those

driving murine TA-TLS development.

TA-TLS are associated with reduced tumor outgrowth and response to checkpoint

immunotherapy

Increased number and size of TA-TLS strongly correlated with diminished I.P tumor size
in WT mice (Figure 24A), and deficiencies in TA-TLS development as a result of
implantation into CXCR5”, uMT”-, LTBR-Ig treated, and TNFR1/2”- mice were all
associated with tumors that were significantly larger (170-235%) than tumors in WT mice
(Figure 24B). Also, a larger fraction of I.P. CAFs expressed PD-L1 than their S.C.
counterparts (Figure 24C). Thus, we assessed the impact of checkpoint immunotherapy on
TA-TLS development and control of tumor outgrowth. We treated tumor-bearing WT mice
with anti-PD-L1 monotherapy or the combination of anti-CTLA4 and anti-PD1 and
analyzed tumors after 14 days of outgrowth. Both treatments increased intratumoral T-cell
numbers in both S.C. and I.P. tumors, but neither increased intratumoral B-cell numbers
nor promoted TA-TLS formation in S.C. tumors (Figure 25A-B). However, both
treatments increased the number of intratumoral B-cells in I.P. tumors. They also induced

significant increases in TA-TLS number and size, suggesting that they initiate TA-TLS
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Figure 24: I.P. tumors grown in knockout and LTBR-Ig treated mice are larger than
those grown in WT mice

WT, knockout, LTBR-Ig treated mice were S.C. or 1.P. injected with B16-OVA cells and
harvested on 14 days after implantation. (A-B) Tumors were harvest and weighed. (C) S.C.
and [.P. tumors were analyzed by flow cytometry as described in Methods. (A) Correlation
analysis between the number and size of TA-TLS per tumor section against tumor weight.
Red lines represent 95% confident intervals. Each point represents an individual I.P. tumor.
Data represents five independent experiments, n= 25 tumors. (B) Tumor weight of day 14
[.P. tumors grown in indicated mouse models. Data represents two-three independent
experiments, n=8-10 tumors per group. (C) Representative histogram plots and gMFI of
PD-L1 on CAFs from S.C. and I.P. tumors from WT mice. Right, summary data of the
percentage of CAFs expressing PD-L1 from WT S.C. and I.P tumors. Data represents two
independent experiments, n=11 tumors per group. Results shown as mean + SD. (A)
Spearman correlation analysis and (B-C) Unpaired Welch’s t-test. ns: p>0.05, *P<0.05,

**#p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 25: TA-TLS number, size, and organization are augmented by checkpoint
immunotherapy and correlated with tumor control

WT or TNFR1/27- mice were treated with control IgG, anti-PDL1, or anti-CTLA4/PD1
beginning 3 days after S.C. or [.P. tumor implantation. Tumors were harvested on day 14,
weighed, and prepared for IF. (A-E) Data is from 2-3 experiments, n=10-15 tumors per
group. (F-H) Data is from 2 experiments, n=10 tumors per group. (A) Summary data for
intratumoral parenchymal (non-TA-TLS) T- and B-cell densities in WT mouse tumors. (B)
Representative images showing typical TA-TLS size and organization in tumors from WT
mice treated as indicated. Scale bar = 100 pum. (C) Summary data of TA-TLS
characteristics in tumors from WT mice. Classical TA-TLS are distinguished from non-
classical by the presence of distinct T- and B-cell compartments. (D) Tumor weights
determined at harvest on day 14. (E) Spearman correlation analysis of WT mouse tumor
weights with TA-TLS number, size, or densities of intratumoral parenchymal T- and B-
cells. Each dot represents an individual tumor. (F) Left and middle, Summary data for
intratumoral parenchymal (non-TA-TLS) T- and B-cell densities in TNFR1/27~ mouse
tumors. Right, Tumor weights were determined at harvest on day 14. (G) Representative
intratumoral images of I.P. tumors fromTNFR1/2”- mice treated as indicated. Scale bar =
100 pm. (H) Spearman correlation analysis of TNFR1/2”- mouse tumor weights with
densities of T- and B-cells. Each dot represents an individual tumor. Results shown as mean
+ SD analyzed using Kruskal-Wallis h-test with Dunn’s post-test (A, C-D, F) or

Spearman’s multilevel correlation analysis (E, H). ns: p>0.05, *p<0.05, and **p<0.01.
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development and also operate on existing TA-TLS (Figure 25A-C). Both treatments also
promoted the development of TA-TLS with a “classical” (discrete T— and B-cell zones)
organization (Figure 25B-C). Also, both treatments significantly reduced I.P. tumor size,
but neither significantly reduced S.C. B16-OVA tumor size at this day 14 timepoint,
despite the increased number of intratumoral T-cells (Figure 25D). As with untreated mice,
increased TA-TLS size and number was correlated with reduced tumor size. However, this
correlation was more significant in both treatment groups (Figure 25E). Similarly, B-cell
density correlated with reduced I.P. tumor size in untreated mice, and this correlation was
also more significant in treated mice. In contrast, neither the density of total intratumoral
T-cells in S.C. or I.P. tumors, nor the density of intratumoral B-cells in S.C. tumors,
correlated with day 14 tumor size under any treatment condition (Figure 25E). These
results suggested that TA-TLS are an important determinant of anti-tumor activity in this
model. To provide support for this hypothesis, we treated TNFR1/27- mice bearing I.P.
tumors in the same way. Both treatments again increased the number of intratumoral T-
and B-cells at day 14, but did not promote TA-TLS development (Figure 25F-G). In
contrast to WT mouse [.P. tumors, neither treatment reduced day 14 tumor size (Figure
25F), and the correlation between intratumoral B-cell density and tumor size was lost
(Figure 25H). These results demonstrate that checkpoint immunotherapy targets TA-TLS,
leading to increases in their size and number. The extent of these changes is strongly
correlated with tumor control. The potential importance of TA-TLS is heightened by a lack

of correlation between tumor size and overall intratumoral T-cell density.
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Discussion

This report identifies cellular and molecular mechanisms driving TA-TLS development in
murine melanoma. A discrete population of CAFs acquire LTo molecular characteristics
in response to TNFR signals from a cell that is neither an adaptive nor innate immune
lymphoid cell, and respond to intratumoral CD8 T-cells and B-cells that act coordinately
as LTi cells. While CD8 T-cells promote initial aggregation and reticular network
formation, B-cells are recruited by CXCL13 expressing CAFs, subsequently driving CAF
proliferation and TA-TLS expansion through LTPR signaling. Some of these cellular and
molecular elements are overrepresented in human TA-TLS and associated with one
another. Lastly, TA-TLS number, size, and organization increase in response to checkpoint
immunotherapy, and these aspects of TA-TLS are strongly correlated with reduced tumor
size. This work provides a platform for manipulating TA-TLS formation as a cancer
immunotherapy strategy.

Our findings identify a previously undescribed role of a population of FAP"™¢ CAFs
as TA-TLS organizers. CAFs that express elevated levels of FAP inversely correlate with
patient survival, and their depletion results in diminished murine tumor outgrowth (Kraman
et al., 2010). The numbers of FAP" CAFs in both S.C. and I.P. tumors were comparable,
and these cells were rarely found in TA-TLS. In contrast, FAP"¢ CAFs were elevated in
[.P. tumors and the dominant population in TA-TLS reticular networks. FAP"¢ CAFs
promoted TA-TLS development in non-TA-TLS containing S.C. tumors. The number and
size of these structures was lower than in I.P tumors, and this may reflect constraints

imposed by the S.C. tumor microenvironment. Both FAP"¢ and FAP" CAFs in I.P. tumors



137

co-expressed ICAM-1 and VCAM-1 that were significantly higher than those expressed
by FAP* CAFs in S.C. tumors. In keeping with this, FAP* CAFs from I.P. tumors have a
minimal LTo capability that is nonetheless greater than that of CAFs from S.C tumors.
While PDPN" cells expressing elevated levels of ICAM-1 and VCAM-1 have been
documented in TLS associated with chronically inflamed tissues or murine pancreatic
carcinoma (Peduto et al., 2009; Link et al., 2011), only a single report has demonstrated
that such fibroblasts could support TLS formation in a murine model of Sjogren’s
syndrome, and these cells were FAP" (Nayar et al., 2019). It is possible that FAP™ CAFs
from L.P. tumors express lower levels of CXCL13, BAFF, and APRIL, than their FAP"¢
counterparts, presumably as a consequence of TNFR signaling. These FAP" CAFs may
also be less proliferative than their FAP"® counterparts. However, neither of these
possibilities explains the observed differential accumulation of FAP™¢ and FAP" CAFs in
TA-TLS and parenchyma, respectively. Our findings point to the importance of continuing
work to characterize CAF subpopulations in different human tumors.

CAFs can originate by trans-differentiation from tumor or endothelial cells, but
typically from tissue resident PDPN™ mesothelial cells (LeBleu & Kalluri, 2018; T. Liu et
al., 2019). CAFs in human and murine peritoneal carcinomas arise from PDPN*
mesothelial cells lining the peritoneal cavity (Rynne-Vidal et al., 2015). The omentum
contains a substantial number of PDPN" CXCL13" mesothelial cells (Jackson-Jones et al.,
2020), and we identified PDPN" CXCL13" cells in the spleen, lung, and pancreas. Any or
all of these cells could contribute to CAF in I.P. tumors, but none showed the TNFR

dependent regulation of BAFF and APRIL of I.P. tumor CAFs. PDPN™ cells from spleen,



138

lung, and pancreas also did not show TNFR dependent regulation of CXCL13. This
suggests either another source of I.P. tumors CAFs or changes in TNFR signaling in these
populations under the influence of the tumor microenvironment. Regardless, the peritoneal
cavity is a site for the growth or metastasis of many kinds of tumors, including melanoma
(A. Kawashima et al., 1991; Trout et al., 2013). We also observed TA-TLS in tumors
growing in lung, and PDPN" CXCL13" cells have been identified in several adipose tissues
(Bénézech et al., 2015). Consequently, we believe that this I.P. tumor model reflects a
physiologically relevant TA-TLS biology that should be explored further.

Our results also provided insight into the mechanisms used by the CAF population
to promote TA-TLS development. CAFs from I.P. tumors expressed substantially higher
levels of CXCL13, BAFF, and APRIL than those from S.C. tumors, and an intact CXCR5-
CXCLI13 axis promoted B-cell accumulation in tumors, increased proliferation of CAFs,
and TA-TLS expansion. While B-cell follicles are disrupted in CXCR5"" mice, the overall
number of B-cells in SLOs is unaffected (Forster et al., 1996), making it likely that our
result is due to a role for CXCL13 in promoting B-cell accumulation. It is possible that
CXCL13 enhances B-cell proximity to CAFs that express BAFF and APRIL, promoting
B-cell organization and/or survival in tumors. Elevated expression of CXCLI13 is a
common feature of TLS (Rangel-Moreno et al., 2007; Fleige et al., 2014; Barone et al.,
2015; Sato et al., 2016), and fibroblasts purified from inflamed tissues containing TLS can
express this molecule (Khader et al., 2011; Rangel-Moreno et al., 2011; Barone et al.,
2015). The CXCR5-CXCL13 axis controls B-cell accumulation in FALCs (Bénézech et

al., 2015), and B-cell organization, but not number, in TLS associated with a murine model
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of type 1 diabetes (Henry & Kendall, 2010). However, neither report identified the source
of CXCLI13. Although the precise mechanism by which CXCL13 promotes TLS
development may vary based on anatomic location and/or immune stimulus, our results
point to its central importance in TA-TLS formation in melanoma.

Our results also provide insight into the molecular and cellular control of CXCL13,
BAFF, and APRIL expression in CAFs. Expression of these molecules depended on
signaling via TNFR, and not via LTBR, which controls them in SLO (Browning et al.,
2005). Upregulation of CXCL13 in cultured smooth muscle cells from TLS-associated
inflamed tissue was mediated by either LTBR or TNFR signaling alone, although the
combination had a greater effect (Lotzer et al., 2010; Gued; et al., 2014). These differences
point to the importance of determining the cellular sources of these LTo associated
molecules, as well as the molecules that control their expression in additional TLS models
and human diseases. Interestingly, we found that the expression of CXCL13, BAFF, and
APRIL was not dependent on adaptive immune cells, NK cells, or ILCs. We previously
showed that CCL21 expression depended on TNFR ligands expressed by effector CD8 T-
cells (Peske et al., 2015). Thus, while TNFR signaling induces expression of all of these
molecules, they depend on different cell types expressing TNFR ligands. The cells
responsible for TNFR-induced upregulation in CAFs may be present and active only
transiently during the course of tumor outgrowth, prior to the entry of CDS8 effectors
capable of upregulating CCL21 and PNAd. Alternatively, since there are two TNFR

isoforms that vary in their signaling pathways (MacEwan, 2002; Wajant & Siegmund,
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2019) and their engagement with TNFa and LTos (Medvedev et al., 1996), it is possible
that these two cell types signal via distinct receptor-ligand pairs.

We found that effector CD8 T-cells and LToui 32" B-cells act as complementary LTi
cells that coordinately induce TA-TLS development. While effector CD8 T-cells promoted
the organization of CAFs into reticular networks, along with upregulation of PNAd and
CCL21 (Peske et al., 2015), LTaf2" B-cells drove CAF accumulation and TA-TLS
expansion. It has been shown that macrophages and NK cells can act as complementary
LTi, although their exact roles were not defined (Bénézech et al., 2015). However, a role
for effector CD8 T-cells in promoting TLS development has not been previously reported.
LTPR signaling promotes TLS development in several infection/inflammation models, but
LTaiPB2" B-cells have been shown to act as LTi only in development of isolated lymphoid
follicles in small intestine, and this is independent of T-cells (K. G. McDonald et al., 2005;
Dubey et al., 2016). The presence of B-cells in human tumors, particularly in association
with TA-TLS, has a positive prognostic significance (Ladanyi et al., 2011; Mahmoud et
al., 2011; Cipponi et al., 2012; Germain et al., 2014), and it has been suggested that this is
due to B-cell activation and antibody production, or enhanced antigen presenting cell
function. Our results suggest that B-cells might also promote tumor immunity by acting as
LTi cells to drive TA-TLS development.

The cellular and molecular elements driving murine TA-TLS development were
also evident in TA-TLS of human melanoma. We identified LTa" B-cells and APRIL* and
VCAM-1" CAFs as dominant components in human melanoma TA-TLS, and these

phenotypes are suggestive of surrogate LTi and LTo cells, respectively. Supporting this,
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the densities LTo" B-cells in TA-TLS strongly correlated with the densities and fractions
of CAFs in TA-TLS expressing VCAM-1 and APRIL. How differences in cellular densities
within TA-TLS influence their organization and functionality is not yet clear. Nonetheless,
these data are consistent with our model in which LTa" B-cells and LTo CAFs promote
one another’s accumulation. The densities of B-cells in TA-TLS strongly correlated with
the fraction of CXCL13" CAFs, but not CXCL13" CAF density. Also, CXCL13* CAFs
were only elevated in TA-TLS relative to parenchyma in 1 of 3 melanomas, although the
TA-TLS in 2 out of 3 melanomas contained elevated densities of CXCL13" cells overall.
This indicates the presence of alternative CXCL13 producing cells that are concentrated in
the TA-TLS. CXCL13 expressing Tru cells and CD8 T-cells have been identified in human
breast tumors and non-small cell lung cancer, respectively (Gu-Trantien et al., 2017,
Thommen et al., 2018), and it is likely that such cells are also found in melanoma TA-TLS.
Thus, while CXCL13 is likely to be an important contributor to human TA-TLS
development, its cellular source may evolve over time.

Recent publications reported that TA-TLS presence prior to treatment was
associated with a favorable response to immunotherapy in patients with cancer (Griss et
al., 2019; Cabrita et al., 2020; Petitprez et al., 2020; Helmink et al., 2020). While two of
these papers associated TA-TLS “maturity” with measurements of activated B-cells, none
correlated TA-TLS maturity and clinical responses. One paper demonstrated that
checkpoint immunotherapy was associated with an increase in intratumoral B-cells, but no
evident change in the number of TA-TLS. We identified a strong correlation between

tumor control in response to checkpoint immunotherapy and TA-TLS development. In
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several genetic models in which TA-TLS development was compromised, average [.P
tumor size was significantly greater. The consistency of this observation coupled with the
diversity of immune defects targeted suggests an association of tumor control with TA-
TLS development. The number and size of TA-TLS in WT mice was strongly correlated
with tumor size, suggesting that TA-TLS played a role in limiting tumor outgrowth. Most
importantly, checkpoint immunotherapy of I[.P., but not S.C. tumor-bearing mice,
promoted tumor control, an increase in intratumoral B-cell number, the development of
more and larger TA-TLS, and the formation of TA-TLS with discrete T- and B-cell
compartments. Intratumoral B-cell number and TA-TLS size and number in checkpoint
immunotherapy treated mice were even more significantly correlated with a reduction in
tumor size than in control mice. While checkpoint immunotherapy also increased the
overall number of intratumoral T-cells, there was no correlation between these numbers
and size of either I.P or S.C. tumors. I.P. tumor control was lost in both untreated and
treated TNFR1/27~ mice, which lack TA-TLS, despite an increase in parenchymal T-cell
accumulation similar to that of WT mice. Multivariate studies in non-small cell lung cancer
(Goc et al., 2014) and colorectal cancer (Di Caro et al., 2014) have also established a
beneficial prognostic value of TA-TLS independent of TIL density. While it is possible
that checkpoint blockade induced tumor control in TNFR1/2”- mice is compromised for
other reasons, these mice develop normal SLO and have a normal immune cell distribution
and number (Peschon et al., 1998). Additionally, these mice generate adequate effector T-
cells (Peske et al., 2015), and total T cell infiltration into tumors in WT and TNFR1/27

mice was similar. We do not assert that S.C. B16-OVA tumors lacking TLS are entirely
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unresponsive to checkpoint immunotherapy, as there is evidence of this in other studies,

albeit with considerable variation (Curran et al., 2010; Binder et al., 2013; De Henau et al.,

2016; Stark et al., 2017; Heidegger et al., 2019; Miller et al., 2019; Reilley et al., 2019;

Perez-Ruiz et al., 2019). Their response may be delayed relative to that of I.P. tumors that

contain TA-TLS, or it may be quantitatively smaller. Regardless, in our model on day 14,

it i1s simply not evident, either as an effect on tumor size or in the association between

tumor size and the number of infiltrating B and T cells. We reach a similar conclusion
regarding I.P. tumors grown in TNFR1/2”- mice. Collectively, our work suggests that TA-

TLS are major targets of checkpoint immunotherapy, and their presence and organization

may be important determinants of the antitumor immune response engendered by this

treatment. This conclusion supports and extends conclusions reached in correlative studies
in patients.

This chapter was adapted from:

Rodriguez, A. B., Peske, J. D., Woods, A. N., Leick, K. M., Mauldin, I. S., Young, S. J.,
Lindsay, R. S., Melssen, M. M., Cyranowski, S., Parriott, G., Meneveau, M. O.,
Conaway, M. R., Fu, Y. X, Slingluff, Jr, C. L., & Engelhard, V. H. (2021). Immune
Mechanisms Orchestrate Tertiary Lymphoid Structures in Tumors Via Cancer-
Associated Fibroblasts. Cell Reports, 36(3), 109422.

https://doi.org/10.1016/j.celrep.2021.109422.
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Conclusions and Future Directions

The work described in this thesis supports a multistep model for the biosynthesis of PNAd
in TECs (Model Figure 2) and TA-TLS development in murine melanoma (Model Figure
3): (1) LTas and/or TNFa produced by an unknown cell that is neither an adaptive nor an
innate lymphoid cell signals through TNFR1 and/or TNFR2 on CAFs to upregulate the
expression of CXCL13, BAFF, and APRIL; (2) LTas produced by intratumoral effector
CD8 T-cells signals through TNFR1 and/or 2 on TECs (Peske et al., 2015) to upregulate
the expression of scaffolding proteins podocalyxin and nepmucin, and sulfotransferase
GSTI; (3) The formation of biantennary O-glycans on scaffolding proteins in TECs is
mediated by several biosynthetic enzymes; (4) One or more sulfotransferases,
fucosyltransferases, and sialyltransferases generate 6-sulfo-sialyl Lewis X at the end of
Core 1 and Core 2 O-glycan biantennary branches in TECs; (5) PNAd scaffolding proteins
with 6-sulfo-sialyl Lewis X are displayed on the surface of TECs; (6) L-selectin and CCR7
on naive lymphocytes bind respectively to PNAd and CCL21 to enter tumors; (7)
Intratumoral CD8 T-cells induce the accumulation and organization of CAFs into reticular
networks in I.P. but not in S.C. tumors; (8) LTai32 on the surface of naive B-cells signals
through LTBR on CAFs to promote their proliferation and expansion of reticular networks;
(9) In a reciprocal way, CXCL13, BAFF, and APRIL expressed by CAFs recruit, organize,
and promote the survival of B-cells, which form dense aggregates that are co-extensive
with CAF reticular networks; (10) Naive and effector T-cells and DCs become associated

with B-cell and CAF aggregates, likely through the action of CCL21 and CXCL12 secreted
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Model 3: Working model for the development of tertiary lymphoid structures in
murine melanoma

The formation of tertiary lymphoid structures is mediated by four distinct mechanisms (A-
D): (A) An unidentified cell secreting TNFa or LTas upregulates CXCL13, BAFF, and
APRIL via TNFR signaling in cancer-associated fibroblasts. (B) Intratumoral effector CD8
T-cells secrete LTas and interferon-y that respectively upregulate PNAd and CCL21 on
intratumoral vasculature (Peske et al., 2015), which in turn allows the entry of naive B-
cells expressing membranous LTaif32. (C) Through an unknown mechanism, effector CD8
T-cells drive the initial accumulation and organization of cancer-associated fibroblasts into
reticular networks. (D) Cross-talk between B-cells and cancer-associated fibroblasts via
LTouB2-LTPR signaling supports continual accumulation and survival of B-cells, which in
turn promotes the robust accumulation of fibroblasts reticular network and TA-TLS. (E)
Checkpoint immunotherapy augments the number and size of TA-TLS but also promotes
the robust development of classical TA-TLS with distinct T- and B-cell compartments.

Image created with BioRender.com.
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by CAFs. This work provides a platform for manipulating PNAd expression on tumor
vasculature and TA-TLS development as a new aspect of cancer immunotherapy, either
alone or in combination with checkpoint immunotherapy. While this model is
comprehensive, there are still some outstanding questions that remain unanswered, which

are discussed in greater detail below.

Determine the absolute levels of 6-sulfo-sialyl Lewis X on TECs and its impact on L-

selectin binding

GST1 and GST2 are comparably expressed in LN PNAd* BECs. In contrast, Peyer’s patch
BECs express GST1, but negligible levels of GST2 (Hemmerich et al., 2001; Uchimura et
al., 2004; H. Kawashima et al., 2005; Uchimura et al., 2005). Consistent with this, the
surface levels of 6-sulfo-sialyl Lewis X determined by immunohistochemistry and an
antibody that specifically recognizes this structure are greater on peripheral and mesenteric
LN HEVs than on venules in Peyer’s patches (Hemmerich et al., 2001; Uchimura et al.,
2004; H. Kawashima et al., 2005; Uchimura et al., 2005). PNAd" TECs express ~12-fold
lower levels of GST2 relative to GST1 and at ~42-fold lower compared to GST2 in LN
PNAd" BECs. However, it is unknown whether the differential loss of GST2 in PNAd*
TECs affects the total surface levels of 6-sulfo-sialyl Lewis X. The PNAd (MECA-79)
antibody used in this thesis largely underrepresents the number and surface levels of 6-
sulfo-sialyl Lewis X on TECs because it detects this structure in the Core 1, but not Core
2, O-glycan branch (Yeh et al., 2001). The S2 antibody detects 6-sulfo-sialyl Lewis X on
both Core 1 and Core 2 O-glycan branches, and has previously been used for flow

cytometry (Hirakawa et al., 2010). Thus, to test the hypothesis that the reduced expression
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of GST2 in TECs results in low surface levels of 6-sulfo-sialyl Lewis X, these cells would
be stained with both MECA-79 and S2 antibodies for flow cytometry. BECs from
peripheral and mesenteric LNs, and Peyer’s patches would also be stained with these
antibodies and used as comparative controls to determine the relative surface levels of 6-
sulfo-sialyl Lewis X on these cells and TECs. Cells that stain double positive for MECA-
79 and S2 contain 6-sulfo-sialyl Lewis X in both O-glycan branches, while those that are
single positive for S2 contain this structure solely in the Core 2 branch. The geometric
mean fluorescent staining intensity for MECA-79 and S2 on BEC and TECs would also be
evaluated to determine the relative 6-sulfo-sialyl Lewis X levels on these cellular
populations. Alternatively, PNAd" TECs would be purified from tumors, and the presence
of 6-sulfo-sialyl Lewis X on Core 1 and Core 2 O-glycan branches would be determined
by mass spectrometry. This approach is more sensitive than flow cytometry at detecting
carbohydrate structures on cells. Therefore, this strategy would provide a better
understanding whether the differential loss of GST2 results in lower levels of 6-sulfo-sialyl
Lewis X on TECs.

Peripheral and mesenteric LN BECs, Peyer’s patch BECs, and TECs would also be
stained with an L-selectin-IgM fusion protein (Smith et al., 1996), then counterstained with
a fluorescent anti-IgM antibody for flow cytometry. This maneuver would determine
whether the low surface levels of 6-sulfo-sialyl Lewis X on TECs or whether cells with a
single 6-sulfo-sialyl Lewis X affects L-selectin binding. Similarly, in vitro leukocyte
rolling assays (Venturi et al., 2003; Sperandio, Pickard, Unnikrishnan, Acton, & Ley, 2006)

involving TECs, peripheral and mesenteric LN BECs, Peyer’s patch BECs, and L-selectin
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positive (CD62L") T- and B-cells would be used to determine whether the number and
levels of 6-sulfo-sialyl Lewis X on endothelial cells affects the binding and rolling of naive
lymphocytes. These experiments would determine whether the low surface levels of 6-
sulfo-sialyl Lewis X on TECs and Peyer’s patch BECs is consequentially associated with

reduced L-selectin binding.

Determine whether additional PNAd biosynthetic enzymes are expressed at low levels in

TECs and are controlled by TNFR signaling

GCNTI1, B3GNT3, GST1, GST2, and FUT?7 are are expressed at significantly lower levels
in PNAd" TECs compared to PNAd" LN BECs, suggesting that the low levels of these
biosynthetic enzymes may also contribute to the low surface levels of PNAd on TECs.
C1GALT]1 is essential for extending the Core 1 O-glycan branch and the formation of the
glycosylated binding site for the MECA-79 antibody (Model Figure 2) (Yeh et al., 2001).
FUT4, BAGALT, ST3GAL1, ST3GAL4, and ST3GALG6 are also important for the
formation of 6-sulfo-sialyl Lewis X in both O-glycan Core branches and the proper binding
of the MECA-79 antibody to these structures. CIGALT1, FUT4, B4GALT, ST3GALI,
ST3GAL4, and ST3GALSG are highly expressed in LN PNAd" BECs than in their negative
counterpart (Mike Lee et al., 2014; Veerman et al., 2019). However, these molecules were
never evaluated in this thesis. Thus, it is possible that these biosynthetic enzymes are also
expressed at low levels in PNAd" TECs, thereby contributing to the low levels of PNAd
on TECs. To test the hypothesis that these biosynthetic enzymes are also highly expressed
in PNAd" TECs than in PNAd"¢ TECs, transcript levels for CIGALT1, FUT4, B4GALT,

ST3GALI1, ST3GALA4, and ST3GALS6 in these cells would be determined by qPCR. To
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determine whether these biosynthetic enzymes are expressed at lower levels in PNAd*
TECs relative to LN PNAd" BECs, transcript levels for CIGALTI1, FUT4, B4GALT,
ST3GALI, ST3GAL4, and ST3GAL6 in LN PNAd" BECs would also be determined by
gPCR and the expression profile of these molecules in these cells would be compared to
those in PNAd" TECs. Determining whether additional biosynthetic enzymes in TECs are
expressed at low levels similar to GST2 would provide insight into the factors that cause
low surface levels of PNAd on these cells.

In I.P. tumors grown in TNFR1/2”- mice, a small fraction of TECs retain PNAJ,
but their surface levels of this HR ligand are lower relative to PNAd" TECs from WT
mouse tumors. The lower surface levels of PNAd on TECs from TNFR1/2”- mouse tumors
is also associated with a reduced expression of GST1, suggesting that the differential loss
of this sulfotransferase results in the low biosynthesis of the MECA-79 binding site.
However, as described above, CIGALT1, FUT4, BAGALT, ST3GALI1, ST3GAL4, and/or
ST3GALG are also important for the formation of the MECA-79 binding site, and it is
unknown whether these molecules are reduced in PNAd™ TECs from TNFR1/27- mouse
tumors. To test the hypothesis that the differential loss of these biosynthetic enzymes
results in reduced surface levels of PNAd on TECs, transcript levels for CIGALT1, FUT4,
B4GALT, ST3GALI1, ST3GAL4, and ST3GALG6 in PNAd" TECs from I.P. tumors grown
in TNFR1/27- mice would be determined by qPCR and the expression profile of these
molecules in these cells would be compared to those in PNAd™ TECs from WT mouse
tumors. This analysis would provide a comprehensive understanding for the factors that

lead to low levels expression of PNAd on the surface of TECs from TNFR1/2”- mouse
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tumors. It will also determine whether additional PNAd biosynthetic enzymes in TECs are

also under the control of TNFR signaling.

Determine whether the low level of PNAd on TECs is due to their low expression of

GST2

GST1 and GST2 are comparably expressed in LN PNAd* BECs. In contrast, PNAd" TECs
express ~12-fold lower levels of GST2 relative to GST1 and at ~42-fold lower compared
to GST2 in LN PNAd" BECs. Given the relative importance of GST2 in driving PNAd
expression on peripheral and mesenteric LNs HEVs, but not on those in Peyer’s patches,
this suggests that the low-level expression of this sulfotransferase in TECs results in
reduced PNAd biosynthesis. Thus, strategies that could enhance the expression of GST2
in TECs would increase their surface levels of PNAd and the infiltration of naive
lymphocytes into tumors. Transgenic mice that overexpress GST2 are not available. Thus,
to test the hypothesis that enhanced GST2 expression increases both PNAd levels on TECs
and the infiltration of naive lymphocytes, microbubbles containing either a control or GST2
overexpressing plasmid vector (Hirakawa et al., 2010; S.-Y. Yu et al., 2018) would be
intravenously injected into tumor-bearing mice in combination with focused ultrasound. In
this approach, microbubbles circulating in the tumor vasculature oscillate in the ultrasonic
field, producing forces that act on the vessel walls that disrupt tight junctions between
endothelial cells, which in turn allows efficient uptake of microbubbles with expression
vectors (D. G. Fisher & Price, 2019). This technique has efficiently been used for the
transport of fluorescent expression vectors across the blood-brain barrier and the

transfection of endothelial cells (Mead et al., 2019; Gorick et al., 2020). In treated mice,



152

the number and expression levels of PNAd on TECs would be determined by flow
cytometry. Since the MECA-79 antibody recognizes 6-sulfo-sialyl Lewis X in the Core 1,
but not Core 2, branch, TECs from treated mice would also be stained with the S2 antibody
to determine whether the enhanced GST2 expression in these cells results in greater surface
levels of 6-sulfo-sialyl Lewis X. In this regard, TECs would also be stained with the L-
selectin fusion protein to determine whether overexpression of GST2 in TECs results in
better L-selectin binding to 6-sulfo-sialyl Lewis X. In vitro leukocyte rolling assays
involving transfected TECs and CD62L" T- and B-cells would also be used to determine
whether the enhanced expression of GST2 in TECs leads to greater binding and rolling of
naive lymphocytes. To more directly test whether enhance expression of GST2 in TECs
results in greater tumor infiltration of naive lymphocytes, CD62L" T- and B-cells
expressing a congenic marker such as CD45.1 would be adoptively transferred into
microbubble injected tumor-bearing mice one hour prior to harvest, and the number of
infiltrating cells would be determined by flow cytometry. Previous work from the lab
demonstrated that one hour is sufficient time for adoptively transferred cells to infiltrate
into tumors (Thompson et al., 2010; Peske et al., 2015). The use of a congenic marker
would aid in distinguishing adoptively transferred cells from endogenous CD45.2 cells in
tumors. Tumor-bearing mice would also be treated with sphingosine 1-phosphate receptor
modulator FTY720 at the time of transfer to prevent the egress of adoptively transferred
cells that were activated in tumor-draining LNs (Cyster & Schwab, 2012). In conjunction
with this, the activation status of these cells would also be determined by flow cytometry.

In particular, CD44 upregulation on adoptively transferred T-cell would be evaluated to



153

determine whether enhanced GST2 expression in TECs results in more activated effector
T-cells. Likewise, IgM and IgD expression on adoptively transferred B-cells would be
evaluated by flow cytometry to determine whether GST2 overexpression results in more
activated B-cells. Tumor outgrowth would also be monitored daily to determine whether
GST2 overexpression correlates with tumor control. Since previous work from the lab
demonstrated that naive T-cells promoted tumor control after they differentiated into
functional effectors intratumorally (Thompson et al., 2010; Peske et al., 2015), these cells
would be depleted in GST2 overexpression mice via a CD8 depletion antibody. This
approach would determine whether enhanced tumor control is mediated by CD8 T-cells.
Overall, these experiments would determine whether the enhanced expression of GST2 in

TECs results in a greater influx of naive lymphocytes and better tumor control.
Determine why PNAd expression is differentially regulated in TECs and BECs

In adult LN, HEV morphology and the expression of genes required for the biosynthesis
of PNAd is maintained by continuous engagement of LTou1[32 expressed on DCs with LTBR
expressed on BECs (Browning et al., 2005; Moussion & Girard, 2011). Consistent with
this, GST2 transcripts are highly expressed in LN HEVs relative to other tissue types
(Bistrup et al., 1999; Hiraoka et al., 1999), but absent in the Peyer’s patches (Bistrup et al.,
2004). In contrast, GST1 has a more broad expression that includes, but is not limited to,
LNs and Peyer’s patches (Uchimura et al., 1998, 2004; H. Kawashima et al., 2005). GST1
and GST2 can also be induced respectively in monocytes and cultured endothelial cells by
TNFa (Pablos et al., 2005; Tjew et al., 2005). Similarly, PNAd scaffolding proteins

podocalyxin, nepmucin, and biosynthetic enzymes GST1 are regulated by TNFR signaling
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in TECs. These studies demonstrate that the expression of PNAd and its components are
differentially regulated in BEC and TECs. However, it is unknown why this is.

One hypothesis to explain the discrepancy in PNAd regulation in BEC from LNs
and Peyer’s patches versus TECs is that these cells express different surface levels of
TNFR and LTBR. To test this, BEC from peripheral and mesenteric LNs, Peyer’s patches,
and TECs would be stained with antibodies against TNFR1, TNFR2, and LTBR, and the
number and surface levels of these receptors determined by flow cytometry. If BECs and
TECs differentially express these receptors, then this could explain the difference in PNAd
regulation in these cell types. However, if these cells express TNFR1, TNFR2, and LTBR
at comparable levels, this would suggest that these cells respond equivalently to TNFa,
LTas, and LTouiB2. To test this, purified SLO BEC and TEC would culture with increasing
concentrations of recombinant TNFa, LTas, or an agonist antibody for LTBR (clone
5G11). Then, the number and surface levels of PNAd on cultured cells would be
determined by flow cytometry, while scaffolding and biosynthetic enzyme transcripts
would be determined by qPCR.

Since a small fraction of TEC retain PNAd in the absence of TNFR, this
experimental approach would provide evidence for whether a subset of TECs depend on
LTPR signaling for the expression of PNAd and its components. /n vivo approaches to
determine this involves treating I.P. tumor-bearing TNFR1/27- mice with a LTBR-Ig fusion
protein, whereafter the number of TECs expressing PNAd would be quantitated by flow
cytometry. Chapter 2 of this thesis also showed that the number of naive T- and B-cells in

[.P. TNFR1/2”- mouse tumors is reduced, but not completely abolished, suggesting that the
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residual PNAd" TECs in these tumors sufficiently support the infiltration of a small number
of naive lymphocytes. Thus, the number of intratumoral CD62L"* naive T- and B-cells in
LTBR-Ig treated TNFR1/27- mouse tumors would also be enumerated by flow cytometry.
Given its importance in LN HEV, LTBR signaling may regulate the expression of PNAd
in a small subset of TECs, which would add another layer of differential regulation of this
HR ligand in TECs.

If BECs and TECs respond differently to TNFR and LTBR stimulation despite
having comparable levels of these receptors, then this suggests that downstream elements
of these signaling pathways are functionating differently between these cells. Although
TNFR and LTPR are part of the same superfamily, these receptors signal through different
downstream components and utilize distinct transcription factors for gene expression
(Norris & Ware, 2013). For example, TNFR signaling leads to the phosphorylation and
activation of the NF-xB p50-RelA transcription factor complex, while LTPR signaling
phosphorylates and activates NF-kB p52-RelB. Antibodies against these transcription
factors and their phosphorylated form for flow cytometry are available (Maguire,
O’Loughlin, & Minderman, 2015). Thus, to test the hypothesis above, stimulated BECs
and TECs would be intracellularly stained with antibodies against p50-RelA and p52-RelB,
and the presence and phosphorylation status of these transcription factors would be
determined by flow cytometry. If these transcription factors are present and phosphorylated
equivalently in BECs and TECs, then this would suggest that the difference in PNAd
regulation in these cells is at the genomic level. To test this, the promoter and gene regions

of PNAAJ scaffolding and biosynthetic enzymes would be evaluated by ATAC-seq. This
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technique would determine whether these specific gene regions are accessible for
transcription. If this is the case, then strategies than can reverse these chromatin

modifications can potentially enhance the expression of PNAd on the tumor vasculature.

Determining the TNFR ligand that induces LTo molecular characteristics in CAFs and

its cellular source

Chapter 2 of this thesis describe an important role for TNFR signaling in inducing
CXCL13, BAFF, and APRIL expression in CAFs. However, it is unknown whether LTas,
TNFa, or both induces the expression of LTo molecules in CAFs, since both of these
molecules signal through TNFR1 and TNFR2 (Ruddle, 2014). To test the hypothesis that
either or both TNFR ligands upregulate LTo molecular characteristics in CAFs, I.P. tumors
would be implanted into mice deficient for LTa (De Togni et al., 1994), TNFa (Pasparakis,
Alexopoulou, Episkopou, & Kollias, 1996), or both (Korner et al., 1997), and CXCL13,
BAFF, and APRIL transcript levels in CAFs purified from these knockout mouse tumors
would be determined by qPCR. If LTas, TNFa, or both induce the expression of LTo
molecules in CAFs, then it will be important to establish whether these molecules are
signaling directly through TNFRI1 and/or TNFR2 on CAFs. To determine this, mice
expressing a tamoxifen inducible cre recombinase under the control of the PDGFRa
promoter (Kang, Fukaya, Yang, Rothstein, & Bergles, 2010) would be crossed with floxed
TNFR1 (Kumari et al., 2013; Van Hauwermeiren et al., 2013) and TNFR2 (Madsen,
Szymkowski, Bethea, Lambertsen, & Brambilla, 2014) mice. In this mouse model, TNFR1

and TNFR2 are conditionally deleted in cells expressing PDGFRa after tamoxifen
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injection, which is ~88% of the CAF population in I.P. tumors. After generating these
conditional knockout mice, I.P. tumors would be implanted into them, and CXCL13,
BAFF, and APRIL transcript levels in purified CAFs would be determined by qPCR.
TNFR1 and TNFR2 vary in their signaling pathways (MacEwan, 2002; Wajant &
Siegmund, 2019) and their engagement with TNFa and LTas (Medvedev et al., 1996).
Thus, the expression of LTo molecules in CAFs could governed by a particular TNFR
ligand and receptor.

CXCL13, BAFF, and APRIL expression in CAFs are induced by an unknown cell
that is neither an adaptive nor innate immune lymphoid cell. Neutrophils (Foo et al., 2015),
DCs (GeurtsvanKessel et al., 2009; Halle et al., 2009; Muniz et al., 2011), and macrophages
(G. C. Furtado et al., 2014; Gued; et al., 2014; Bénézech et al., 2015) have been associated
with the development of inflammation-associated TLS and are a source for TNFa (Hirata
et al., 2010; Tecchio, Micheletti, & Cassatella, 2014; Wynn & Vannella, 2016). On the
other hand, endothelial cells cultured with Candida albicans (Orozco, Zhou, & Filler,
2000) and idiopathic pulmonary fibroblasts (Epstein Shochet, Brook, Israeli-Shani,
Edelstein, & Shitrit, 2017) have been shown to produce TNFa.. Similarly and surprisingly,
B16 tumors cells have been shown to be a source for both LTas (Vasilikos, Hénggi,
Spilgies, & Wong, 2019, p. 1) and TNFa (P. Wang et al., 2007). Thus, the cellular source
of LTas and/or TNFa in L.P. tumors could be from either a non-hematopoietic or
hematopoietic cell type. To determine which compartment induces LTo molecular
characteristics in CAFs via TNFR signaling, reciprocal bone marrow chimeras involving

WT and LTa, TNFa, or double knockout mice would be generated. Afterwards, I.P.
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tumors would be implanted into generated reciprocal bone marrow chimeras, and CXCL13,
BAFF, and APRIL transcript levels in purified CAFs would be determined by qPCR. If the
non-hematopoietic compartment is inducing L To molecular characteristics in CAFs, then
it will be important to determine which cell type is producing LTas and/or TNFa. The
latter cytokine could easily be evaluated in the different non-hematopoietic cell types, such
as TECs, CAFs, and tumor cells, by flow cytometry. However, an antibody that specifically
recognizes soluble LTas is not available. Thus, single-cell RNA sequencing would be the
best approach to evaluate LTa and/or TNFa expression in the different non-hematopoietic
subpopulations. To distinguish tumor cells from endogenous stromal cells, I.P. tumors
would be implanted into UBC-mCherry mice. In this model, tumor cells would not express
mCherry, while endogenous tumor stromal cells would. Thus, stromal and tumor cells
would be sorted separately from one another, and LTa and/or TNFa expression in these
two separated fractions would be determine by single-cell RNA sequencing.

If a hematopoietic cell type is responsible for inducing LTo molecules in CAFs,
then this would suggest that a myeloid cell regulates these molecules, since CXCL13,
BAFF, and APRIL expression are maintained in CAFs in the absence of adaptive and
innate lymphocytes. To test the hypothesis that neutrophils, DCs, and/or macrophages in
[.P. tumors are a source for TNFR ligands, the expression levels of TNFa could easily be
determined in these cells by flow cytometry. Also, these cells would be purified from I.P.
tumors and their transcript levels for LTa would be determined by qPCR. If one or more
of these cells are a source for LTa and/or TNFa, then it will be important to determine

whether the loss of these cells results in reduced CXCL13, BAFF, and APRIL expression
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in CAFs. To test this, neutrophils and macrophages would be depleted in tumor-bearing
mice with an Ly6G antibody and clodronate liposome treatment, respectively. Transgenic
mice that express the diphtheria toxin receptor (DTR) under the control of the Zbtb46
promoter (Zbtb46-DTR) would be used to depleted DCs in tumor-bearing mice after
diphtheria toxin. In all of these models, CXCL13, BAFF, and APRIL transcript levels in
CAFs purified from depleted mouse tumors would be determined by qPCR. The results
from these studies will determine whether a non-hematopoietic and/or myeloid cell is
acting as an additional surrogate LTi cell for the development of TA-TLS in murine
melanoma. Importantly, they will determine whether LTa and/or TNFa are delivering

distinct signals for the expression of CXCL13, BAFF, and APRIL in CAFs.

Determine the mechanism of action in which CD8 T-cells induce CAF reticular network

formation

CD8 T-cells and TNFR signaling drives the accumulation of CAFs into reticular networks
in [.P. tumors. However, it is unknown which TNFR ligand mediates this and whether it is
derived from CD8 T-cells. Recently, work from the lab demonstrated that LTos produced
by CDS8 T-cells induce PNAd expression on the tumor vasculature (Peske et al., 2015).
Although CD8 T-cells in I.P. tumors do produce low levels of TNFa, suggesting that this
cytokine potentially drives the induction of small CAF reticular networks, whereas LTBR
signaling mediated by B-cells expands these structures. Thus, to test the hypothesis that
CD8 T-cells induce CAF reticular network formation in I.P. tumors via LTas and/or TNFa,

Ragl”~ mice bearing I.P. tumors would be repleted with CD8 T-cells from WT, LTa™”",



160

TNFa ", or double knockout mice. Then, tumors would be histologically prepared, and the
presence and number of CAF reticular networks would be determined by IF. In parallel,
the fraction of CAFs expressing Ki67 would also be enumerated by flow cytometry to
determine whether a specific TNFR ligand produced by CDS8 T-cells induces CAF
proliferation. If CD8 T-cells are inducing CAF reticular network formation by either LTa
and/or TNFa, then it will be important to determine whether these molecules are restricted
to a specific CD8 T-cell subpopulation. To determine this, CD8 T-cells from I.P. tumors
grown in WT mice would be stained with antibodies against CD44, CD62L, and TNFa,
and the fraction of effector, central memory, and activated T-cells expressing TNFa would
be determined by flow cytometry. These different CD8 T-cell subpopulations would also
be purified from [.P. tumors, and transcript levels for LTa in these different cellular
subtypes would be determined by qPCR. These experiments would determine whether a
specific CD8 T-cell subpopulation is driving CAF reticular network formation.

It is still unknown whether TNFR ligands are signaling indirectly or directly
through TNFR1 and/or TNFR2 on CAFs to induce reticular network formation. To
determine this, reciprocal bone marrow chimera mice involving WT and TNFR” mice
would be generated. Then, I.P. tumors would be implanted into reciprocal bone marrow
chimeras, and the presence and number of CAF reticular networks would be determined
by IF. Also, the fraction of CAFs expressing Ki67 would also be enumerated by flow
cytometry. PDGFRa is a conventional CAF marker and ~88% of the CAF population in
[.P. tumors express this receptor. Thus, to more directly test the hypothesis that TNFR

ligands are signaling directly on CAFs, I.P. tumors would be implanted into tamoxifen
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inducible PDGFRa-Cre x TNFR1 or TNFR2 floxed mice, and the formation of reticular
networks and the number of Ki67" CAFs would be determined by IF and flow cytometry,
respectively. Collectively, these experiments would determine whether the induction of
CAF reticular networks is mediated by a distinct TNFR ligand and receptor that is different

from that controlling LTo molecular characteristics in CAFs.

Determine the mechanism of action for LTaif-LTPR signaling in driving TA-TLS

reticular network expansion

LTouB2" B-cells and LTPBR signaling drive the expansion of TA-TLS-associated reticular
networks. Despite this, there are still unknowns associated with these findings. The first is
whether LT 32 is expressed on the surface of other cell types. Beside B-cells, LTau 32 is
expressed on NK (Andrews, Berger, & Ware, 1990), DCs (Wu et al., 1999), and different
subsets of helper CD4 T-cells (Chiang et al., 2009). To determine whether other immune
cells besides B-cells express surface LTouif2 in I.P. tumors, CD45" tumor suspensions
would be stained with LTBR-Ig and HVEM-Ig fusion proteins, and then counterstained
with fluorescent secondary antibodies against corresponding IgG Fc region on these fusion
proteins. LTBR binds to both LTou2 and LIGHT, whereas HVEM exclusively binds to
the latter (Ware, 2008). Thus, this strategy would distinguish which immune subset is
expressing surface LT 32 and/or LIGHT by flow cytometry. If NK, DC, and/or CD4 T-
cells express LTai 32, then this suggests that these cells promote the expansion of TA-TLS-
associated reticular networks in addition to B-cells. To determine this, Ncrl-Cre (Eckelhart

et al., 2011), CD4-Cre (P. P. Lee et al., 2001), or Zbtb46-Cre (Loschko et al., 2016) mice
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would be crossed to a LTP floxed mice (Alexei V. Tumanov et al., 2002). In these
conditional knockout mice, NK (Ncr), CD4 T-cells, or DCs (Zbtb46) would be unable to
produce surface LTaiP2. After these mice have been generated, I.P. tumors would be
implanted into them, and the formation of reticular networks and the number of
proliferating CAFs would be determined by IF and flow cytometry, respectively. These
experiments would determine whether additional immune cells act as surrogate LTi cells
that drive the robust expansion of TA-TLS in murine melanoma.

I.P. CAFs express substantially higher levels of CXCL13 compared to those in S.C.
tumors. Relative to WT mouse tumors, I.P. tumors from CXCR5”- mice contain smaller
TA-TLS-associated reticular networks, and a reduced number of proliferating CAFs and
intratumoral B-cells. This suggests that CXCRS expression on LTaifB2" B-cells is
necessary for driving the expansion for reticular networks. To test this hypothesis, I.P.
tumor-bearing Ragl”~ mice would be reconstituted with WT CD8 T-cells and CXCRS5
deficient B-cells. In the resulting tumor, reticular network formation and the number of
proliferating CAFs would be determined by IF and flow cytometry, respectively. This
approach would determine whether the loss of CXCRS on B-cells prevents the expansion
of CAF reticular networks. Another important question that is associated with CAF
reticular network expansion is whether LTaui32 is signaling directly through LTPBR on
CAFs. I.P. tumors contain a larger fraction of CAFs expressing LTBR than S.C. tumors,
suggesting direct signaling by LT 32" B-cells. To test this, tamoxifen inducible PDGFRa.-

Cre mice would be crossed with LTBR floxed mice (Y. Wang et al., 2010). Mice deficient

for LTPBR or its relative ligands fail to develop LNs and immune responses, including those
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that drive TA-TLS development in I.P. tumors (De Togni et al., 1994; Alimzhanov et al.,
1997; Koni et al., 1997). Conditionally deleting LTBR on CAFs after tumors and TA-TLS
have established by tamoxifen treatment would circumvent this complexity. After
generating tamoxifen inducible PDGFRa-Cre x LTPBR floxed mice, I.P. tumors would be
implanted into conditional knocked mice, and reticular network formation and the number
of proliferating CAFs would be determined respectively by IF and flow cytometry. The
outcomes from these experiments would continue to build the current model and provide a
mechanism of action for LTaifz- LTPR mediated reticular network and TA-TLS

expansion.

Determine whether TA-TLS are sites for the sustainable generation of anti-tumor

immune responses

TA-TLS presence in [.P. tumors is associated with high representations of naive T- and B-
cells, and T-cells with a distinct activated phenotype. TA-TLS presence, number, and size
also correlated with reduced tumor size, and this association was lost in tumors with
deficiencies in TA-TLS development. Most importantly, checkpoint immunotherapy of
[.P. tumor-bearing mice promoted enhanced tumor control, and the robust development of
more and larger TA-TLS with discrete T- and B-cell compartments. These observations
suggest that TA-TLS are sites for the sustained generation of in situ anti-tumor immune
responses. To test this, the fraction, activation status, and cytokine production of different
immune subsets in classical and non-classical TA-TLS, the tumor parenchyma surrounding
TA-TLS, and S.C. tumors would be determined by IF. For this extensive analysis, the

following markers would be used to identify the following immune populations in
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untreated and checkpoint immunotherapy treated S.C. and I.P. tumors: CD62L for naive
and memory T-cells; CD69 for activated T- cells; Ki67 for proliferating T- and B-cells;
EOMES, TOX, TCF1 for effector, exhausted, and stem-like CD8 T-cells, respectively;
Tbet, GATA2, BCL6, RORyt, and FOXP3 for Tul, Tu2, Tru, Tul7, and Treg CD4
subpopulations, respectively; IgD for naive B-cells; GL7 and CD95 for germinal center B-
cells; CD138 for antibody producing plasma cells; MHC II, CD80, and CD86 for
identifying and determining the maturation status of antigen-presenting cells (DCs, B-cells,
and macrophages); and CD11b and Ly6G/C for myeloid-derived suppressor cells. Pro-
inflammatory IFNy and anti-inflammatory IL-10 are difficult molecules to stain by IF.
Thus, S.C. and I.P. tumor would be implanted into transgenic mice that express eYFP under
the control of the IFNy (Stetson et al., 2003) or IL-10 (Calado, Paixao, Holmberg, & Haury,
2006) promoter. This maneuver would identify cytotoxic and immunosuppressive immune
cells based on their expression of eYFP. These approaches would distinguish whether
classical TA-TLS are sites for robust lymphocyte activation, with elevated numbers of
mature DCs, cytotoxic CD8 T-cells, CD4 T-cells with a Tul phenotype, and antibody
producing B-cells; while non-classical TA-TLS will have more immature DCs, a lower
number of activated lymphocytes, and potentially, a higher regulatory contexture. They
will also provide insight into elements that make TA-TLS effective targets for checkpoint
immunotherapy, which are currently unknown.

If the analysis above show that TA-TLS are enriched with activated lymphocytes,
then this would suggest that these structures support TIL development. To test this

hypothesis, naive T- (Hogquist et al., 1994; Barnden, Allison, Heath, & Carbone, 1998)
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and B-cells (Dougan et al., 2012) that express respectively transgenic TCR and BCR
specific for ovalbumin would be adoptively transferred into I.P. B16-OVA tumor-bearing
WT and TNFR1/27- mice. Congenic marker CD45.1 on adoptive transferred cells would
be used to distinguish them from CD45.2 endogenous cells in tumors. Also, tumor-bearing
mice would be treated with sphingosine 1-phosphate receptor modulator FTY720 to
prevent the egress of adoptively transferred cells that were activated in tumor-draining LNs
(Cyster & Schwab, 2012). In these tumors, the number and activation status of adoptively
transferred T- and B-cells would be determined by flow cytometry. Moreover, the
localization and activation status of these adoptive transferred cells in tumors would be
done by IF. If naive T-cells are recruited and activated in classical TA-TLS more so than
non-classical structures, and classical structures are enriched with mature DCs, then this
would suggest that active antigen presentation is occurring in classical TA-TLS. To
determine this, Zbtb46-DTR mice bearing established I.P. tumors would be treated with
diphtheria toxin to deplete DCs. Then, congenic CD45.1" naive T-cells would be
transferred into depleted tumor-bearing mice, while in the presence of FTY720. In this
tumor model, the number, localization and activation status of adoptively transferred naive
T-cells would be determined by IF and flow cytometry. These experimental approaches
would directly demonstrate whether TA-TLS actively recruit naive lymphocytes into

tumors, and that TA-TLS organization impacts the activation quality of these cells.
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Determine whether checkpoint immunotherapy augments the cellular and molecular

drivers of TA-TLS

Checkpoint immunotherapy enhances PNAd expression on the tumor vasculature,
increases the number and size of TA-TLS, and promotes the robust formation of classical
TA-TLS with discrete T- and B-cell compartments. However, it is still unknown how
checkpoint immunotherapy promotes these enhancements. PNAd expression on the tumor
vasculature is driven by LTas producing CD8 T-cells (Peske et al., 2015). In the previous
sections, it was hypothesized that LTas induces CAF proliferation and reticular network
formation. Since checkpoint immunotherapy also increases the density of intratumoral T-
cells, this suggests that enhanced expression of PNAd on the tumor vasculature and the
robust development of TA-TLS in treated tumors are due to a larger representation of LTa3
secreting CD8 T-cells. As stated in the previous section, an antibody that specifically
recognizes this homotrimer LTas by IF or flow cytometry is not available. To test this
hypothesis, bulk populations of CD8 T-cells would be purified from untreated and
checkpoint treated tumors, and LTa transcript levels would be determined by qPCR. In
conjunction with this, the number of proliferating CAFs in control and checkpoint treated
mouse tumors would be determined by flow cytometry. It was also hypothesized in the
previous section that TNFa derived from a myeloid cell upregulates CXCL13, BAFF, and
APRIL expression in CAFs. Therefore, the number of TNFa producing neutrophils, DCs,
and macrophages in untreated and treated tumors would be determined by flow cytometry.

Checkpoint immunotherapy also increases the density of intratumoral B-cells, suggesting
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that the robust expansion of TA-TLS is driven by an increased representation of LToui[32"
B-cells. To determine this, untreated and treated CD45" tumor suspensions would be
stained with LTPR-Ig and HVEM-Ig fusions proteins, and then counterstained with
fluorescent secondary antibodies against their corresponding IgG Fc regions. Again, this
strategy would distinguish which immune subset is expressing surface LTouf32 and/or
LIGHT by flow cytometry. These strategies would determine whether the cellular and
molecular mechanisms driving TA-TLS in untreated tumors persist in checkpoint
immunotherapy treated tumors, just at larger quantities.

It is still unknown what promotes the robust formation of classical TA-TLS after
checkpoint immunotherapy. In the LN, compartmentalization of T- and B-cells is driven
by CCL21 producing FRC and CXCL13 producing FDC, respectively (S. M. Grant, Lou,
Yao, Germain, & Radtke, 2020). Since checkpoint immunotherapy promotes the formation
of classical TA-TLS, this suggests that the robust development of these structures is driven
by bifurcated subpopulations of CAF resembling FRC and FDC. To test this, mice that
express Cre under the control of the CXCL13 promoter (Onder et al., 2017) would be
crossed to ROSA-eYFP mice (Srinivas et al., 2001). In these mice, CXCL13 producing
cells would be identified based on their expression of eYFP. After the generation of these
mice, [.P. tumors would be implanted into them, and tumor-bearing mice would be treated
with control or checkpoint antibodies. For flow cytometry, CD45" depleted tumor
suspensions would be stained with antibodies for CAF (PDPN, ICAM-1, VCAM-1, FAP,
PDGFRao/B), FRC (CCL21, IL-7), and FDC (BAFF, APRIL, CD21) traits. Treated tumors

from CXCL13-Cre x ROSA-eYFP mice would also be prepared for IF to determine
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whether T- and B-cell compartments in classical TA-TLS contain cells resembling CCL21
producing FRCs and CXCL13 producing FDCs, respectively. Recognizing that CAFs are
extremely heterogenous (T. Liu et al., 2019), the gene expression profile of CAFs from
control and checkpoint treated mouse tumors would be determined by bulk and single cells
RNAseq. The goals of this analysis are the following: (1) establish a comprehensive gene
expression profile that discriminates CAFs; (2) determine differentially expressed genes
between CXCL13" and CXCL13"¢ CAFs; (3) identify genes whose expression depends
on TNFR and LTBR signaling; (4) detect changes in CAF gene expression profile after
checkpoint immunotherapy. The markers that conclusively identify CAFs are lacking.
However, the experiments proposed above would provide significant insight into the
distinguishing qualities of CAFs, and how they change in repones to checkpoint

immunotherapy.

Determine whether inducing TA-TLS formation promotes tumor control and response

to checkpoint immunotherapy

Transgenic overexpression of LTBR ligands (Haidong Tang et al., 2017) and injection of
recombinant LIGHT (Johansson-Percival et al., 2017) have been shown to induce TA-TLS
formation in murine tumors. However, systematic injection of these cytokines into cancer
patients to induce TA-TLS formation may produce off target effects and unwanted toxicity.
Also, injecting CAFs with LTo characteristics into a patient’s tumor may not be the best
option for inducing TA-TLS formation, since a plethora of work has shown that these cells
can acquire pro-tumor traits. Instead, the desired approach would be to convert existing

pro-tumor CAFs into LTo-like cells that support TA-TLS formation. It was previously
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shown that a murine fibrosarcoma model could be induced to support TIL infiltration by
treating tumor-bearing mice with a LIGHT conjugated antibody specific for epidermal
growth factor receptors (Haidong Tang et al., 2016). The authors suggested that the
conjugated antibody targeted epidermal growth factor receptors on tumors cells, while
LIGHT bounded to LTBR on stromal cells, thereby leading to the production of
chemokines that recruit T-cells. Since PDPN is expressed on both B16 tumor cells and
CAFs, a similar strategy could be used to induce TA-TLS formation in S.C. tumors. To
test the hypothesis that PDPN antibodies conjugated to TNFa or LTois induce TA-TLS
formation, unconjugated or conjugated antibodies would be injected into S.C. tumor-
bearing mice. Tumor outgrowth would be monitor in the two arms to determine whether
conjugated antibodies promote tumor control. The presence of CAF reticular networks and
TA-TLS in treated mouse tumors would be determined by IF. Also, the number of
proliferating CAFs, and their expression of CXCL13, BAFF, and APRIL in treated mouse
tumors would also be determined by flow cytometry and qPCR, respectively. The numbers
and activation status of intratumoral immune cells in treated mouse tumors would
additionally be determined by flow cytometry. This strategy could serve as a therapeutic
maneuver to induce TA-TLS in human tumors by converting CAFs into LTo-like cells.

If PDPN antibodies conjugated to TNFa or LTas induce TA-TLS formation and
tumor control, then this would suggest that these tumors are also responsive to checkpoint
immunotherapy. To test this, S.C. tumor-bearing mice would be treated with unconjugated
or TNFa/LTas conjugated PDPN antibodies. After TA-TLS form in antibody conjugated

treated tumors, mice would then be treated with control, monotherapy anti-PDL1, or dual
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therapy anti-PD1/CTLA4, and tumor outgrowth would be monitored periodically.
Checkpoint immunotherapy induces in [.P. tumors the robust formation of TA-TLS with a
classical organization. Thus, treated tumors would be evaluated by IF to determine whether
checkpoint immunotherapy also induces classical structures in antibody conjugated treated
mouse tumors. CAF populations in the different treated mouse tumors would also be
evaluated by flow cytometry to determine whether both PDPN conjugated antibodies and
checkpoint immunotherapy promotes the bifurcation of CAFs that support classical TA-
TLS formation. This includes staining CD45" depleted tumor suspensions antibodies for
CAF (PDPN, ICAM-1, VCAM-1, FAP, PDGFRo/B), FRC (CCL21, IL-7), and FDC
(BAFF, APRIL, CD21) markers. Likewise, the number and activations status of
intratumoral immune cells in treated mouse tumors would be evaluated by flow cytometry
to determine whether the formation of classical TA-TLS promotes TIL development. The
development of antibody-cytokine conjugates could serve as a therapeutic application for
inducing TA-TLS in human tumors and response to checkpoint immunotherapy. Although
the work in this thesis suggests that human and murine melanoma associated TA-TLS are
regulated similarly to one another, this may not be the case for alternative tumor types.
Thus, further insight is needed to determine whether TA-TLS in alternative tumor types

are regulated differently from those in melanoma.
Concluding remarks

Based on the preponderance of evidence, it seems highly desirable to induce and/or
augment TA-TLS development as a new aspect of cancer immunotherapy, either alone or

in combination with immunotherapy or chemotherapy. However, few reports have



171

demonstrated a negative association with the presence of TA-TLS. For example, TA-TLS
in a murine model of hepatocellular carcinoma serve as sites for the generation of malignant
hepatocyte progenitor cells (Finkin et al., 2015). Also, TA-TLS in a murine model of lung
adenocarcinoma promote the recruitment of immunosuppressive Tregs (Joshi et al., 2015).
Lastly, human breast carcinomas frequently contain TA-TLS and the presence of these
structures is associated with an aggressive form of tumor (Figenschau et al., 2015). Given
that TA-TLS are heterogenous in organization and functionality, special consideration
should be given when applying these structures for prognostic significance. Cellular and
molecular mechanisms responsible for spontaneous TA-TLS formation, and strategies to
induce these structures, are described in murine models. However, much remains to be
done to understand the overall heterogeneity and functionality of these structures in human
tumors, and the tumor, tissue, and temporal elements that may control these properties.
These in turn will enable more refined understanding of the properties of TA-TLS that are
of greatest value in determining patient survival, and applicability to the widest array of

different cancer types.
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