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SUMMARY

Tumor-associated tertiary lymphoid structures (TA-TLS) are associated with enhanced patient
survival and responsiveness to cancer therapies, but the mechanisms underlying their development
are unknown. We show here that TA-TLS development in murine melanoma is orchestrated by
cancer-associated fibroblasts (CAF) with characteristics of lymphoid tissue organizer cells that are
induced by tumor necrosis factor receptor signaling. CAF organization into reticular networks is
mediated by CD8 T cells, while CAF accumulation and TA-TLS expansion depend on CXCL13-
mediated recruitment of B cells expressing lymphotoxin-a.1f,. Some of these elements are also
overrepresented in human TA-TLS. Additionally, we demonstrate that immunotherapy induces
more and larger TA-TLS that are more often organized with discrete T and B cell zones, and that
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TA-TLS presence, number, and size are correlated with reduced tumor size and overall response to
checkpoint immunotherapy. This work provides a platform for manipulating TA-TLS development
as a cancer immunotherapy strategy.
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In brief

Rodriguez et al. describe the cellular and molecular mechanisms driving development of tumor-
associated tertiary lymphoid structures and the importance of these structures as mediators of
anti-tumor immunity and response to checkpoint immunotherapy.

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 and
Thaunat, 2016). TLS are found in human tumors (tumor-associated TLS [TA-TLS]) and
are usually associated with higher representations of tumor-infiltrating lymphocytes (TIL),
enhanced patient survival, and clinical responses to chemotherapy and immunotherapies
(Engelhard et al., 2018; Sautés-Fridman et al., 2019; Rodriguez and Engelhard, 2020).

It has been suggested that TA-TLS are sites for sustained antitumor immunity, and that
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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 SLOs are well established (reviewed in van

de Pavert and Mebius, 2010; Onder and Ludewig, 2018; Mueller et al., 2018). SLO
development depends on interaction between innate lymphoid type 3 (ILC3) lymphoid
tissue inducer (LTi) cells expressing surface lymphotoxin-a 1B, (LTa1B7) and mesenchymal
lymphoid tissue organizer (LTo) cells expressing lymphotoxin-p 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. Although some chronic inflammation-associated TLS also depend on
LTPBR signaling (Furtado et al., 2007; Gatumu et al., 2009; GeurtsvanKessel et al., 2009;
Grébner 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 TNF-a, either in conjunction with (L&tzer et al.,
2010; Rangel-Moreno et al., 2011; Pikor et al., 2015) or independent of (Lee et al., 1997;
Goya et al., 2003; Khader et al., 2011; Peters et al., 2011; Furtado et al., 2014; Gued;j et

al., 2014; Barone et al., 2015; Bénézech et al., 2015; Cafiete 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 (L6tzer et al., 2010;
Guedj et al., 2014) and fibroblasts purified from inflamed tissues containing TLSs (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 (McDonald et al., 2005; Dubey et al., 2016), macrophages (Furtado et al., 2014;
Guedj et al., 2014; Bénézech et al., 2015), Ty17 cells (Peters et al., 2011; Rangel-Moreno
et al., 2011; Pikor et al., 2015), natural killer T (NKT) cells (Bénézech et al., 2015), y&6 T
cells (Fleige et al., 2014), and multiple populations of IL-22-secreting adaptive and innate
lymphoid cells (Barone et al., 2015). The 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; Kim
etal., 2004; Yu et al., 2004, 2007), injection of recombinant LIGHT (Johansson-Percival

et al., 2017), and intratumoral administration of CCL21 (Kirk et al., 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; Rodriguez

et al., 2018). We previously demonstrated that naive T cells infiltrated murine tumors,
underwent /n situ activation, and augmented tumor control (Thompson et al., 2010; Peske
etal., 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
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natural killer (NK) cells secreting LTa.3 and IFN-y (Peske et al., 2015). We subsequently
showed that tumors growing in the peritoneal cavity (intraperitoneally [I.P.]), but not those
growing subcutaneously (S.C.), had TA-TLS adjacent to PNAd* vasculature (Peske et al.,
2015; 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 highlight multiple cell types, including
intratumoral CD8 T cells and LTaB,* B cells, that synergistically act as LTi cells. They
also demonstrate that TA-TLS development and organization are augmented by checkpoint
blockade immunotherapy and are associated with reduced tumor size.

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

By seven-color immunofluorescence (IF), we observed dense multicellular structures
adjacent to PNAd™* vessels in I.P. B16-OVA tumors (Figure 1A; Figures SIA-S1C).
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 DCs were found predominantly on the periphery and also
were not well organized (Figures S1D-S1G). These structures resemble “non-classical” TA-
TLS seen in murine and human hepatocellular carcinoma (Finkin et al., 2015). I.P. tumors
also contained less frequent “classical” TA-TLS with distinct T and B cell compartments
(Figure 1A). TA-TLS were also present in parental B16-F1 I.P. tumors, although they were
smaller and fewer (Figures S1H and S1I). TA-TLS were also present in B16-OVA tumors
grown in lung and in I.P., but not S.C., MC38 and LLC tumors (Figures S1J-S1L). 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.

I.P. B16 tumors grow as single pigmented masses, not ascites, juxtaposed to stomach,
cecum, spleen, pancreas, and omentum (Figure S1M). 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 SIM). Human melanoma frequently
metastasizes to visceral organs (Kawashima et al., 1991; Trout et al., 2013). TA-TLS
frequently 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-TLSs 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 DCs and CD8 and CD4 T cells were not significantly different (Figure 1B).
In both tumor types, 92%-95% of CD8 and CD4 T cells were CD62L"®9, and thus antigen
experienced (Figure 1C). Supporting this, 91%-94% of CD8 T cells and 65%-80% of CD4
T cells were PD-1*. Most CD62L"¢9 CD8 and CD4 T cells were also CD44Ni again in
keeping with an antigen-experienced phenotype (Figure 1D). However, I.P. tumors contained
a larger fraction of CD62L"¢9 CD44!° T cells, particularly in the CD4 compartment. These
cells in both tumor types were largely PD-1%, although this was more variable on S.C. CD4*
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T cells (Figure S2). Thus, despite being CD44°, they seem activated. Both tumors also
contained small populations of CD62L* CD44N presumptive central memory and CD62L*
CD44!° naive cells (Figure 1D), and their expression of PD-1, LAG-3, and TIM-3 was
consistent with this classification (Figure S2). However, I.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 1D). These results suggest that TA-TLS in I.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

I.P. relative to S.C. tumors (Figure 1E). This contrasts with the dominance of B-1 cells in
the peritoneal cavity (Hayakawa et al., 1985) and omental fat-associated lymphoid clusters
(FALC) (Cruz-Migoni and Caamafio, 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 1F), 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"€d IgD"€9), and 8x more memory (IgM™* 1gD"€9) B cells
(Figure 1F). 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 LTo cells to orchestrate TA-TLS formation

When analyzed by flow cytometry, CD45*-depleted tumor suspensions contained many cells
that were CD31"¢9 and podoplanin (PDPN) positive. PDPN is a conventional CAF marker
(Pula et al., 2013), but B16 tumor cells express it at a low level (Figure S3A). However, only
PDPNMi cells expressed canonical CAF markers, particularly CD140a, Thy1, and fibroblast-
activating protein (FAP) (Figure S3B), and these were analyzed as CAF in subsequent
experiments. Thyl, FAP, and intracellular collagen type | (Col Type I) were all elevated on
CAF from S.C. compared with I.P. tumors (Figure 2A and S3B), while a-smooth muscle
actin (aSMA) expression was comparable (Figure S3C). I.P. tumors contained substantially
more CAF than S.C. tumors, and a larger percentage expressed the proliferation marker
Ki67* (Figure 2B). Interestingly, the absolute number of FAP* CAF was the same between
S.C. and I.P. tumors (Figure 2B). Thus, the higher number of CAF in I.P. tumors is due to an
expanded number of FAP"®Y CAF.

CAF 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 CAF (Figure S3D). In S.C. tumors, CAF were scattered throughout the
parenchyma (Figure 2C). In contrast, CAF 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 2C), suggesting that their overall higher number in I.P. tumors was due to TA-TLS
formation.
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VCAM-1, ICAM-1, LTBR, and tumor necrosis factor receptors (TNFRs) | and Il are
canonical LTo cell markers (Mebius, 2003; Ruddle and Akirav, 2009; van de Pavert

and Mebius, 2010). A larger fraction of 1.P. CAF expressed TNFR I (Figure S3E) and
LTPBR (Figure 2D). Also, a significantly larger fraction of I.P. CAF expressed ICAM-1

and VCAM-1, and their surface expression levels were much higher (Figure 2D). The
majority of I.P. CAF co-expressed ICAM-1 and VCAM-1, while those from S.C. tumors
mainly expressed only ICAM-1 (Figure 2E). Although FDC-like cells are often found in
TA-TLS, I.P. CAF did not express the FDC marker CD35 (Figure S3F). These results were
consistent with the possibility that S.C. and I.P. tumors are dominated by mutually exclusive
populations of CAF with FAP* pro-tumor (Liu et al., 2019) and FAP"9 LTo phenotypes.
However, even FAP* CAF from |.P. tumors were much more likely to co-express VCAM-1
and ICAM-1 than FAP* or FAP"®9 CAF from S.C. tumors (Figure 2F). 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 2G). Conversely, 65%-70% of PDPN* pixels in TA-TLS
stained for VCAM-1 and ICAM-1, compared with only 25%-38% in the parenchyma, and
their expression level was also higher (Figure 2H). Thus, despite the presence of both FAP*
and FAPM® cells expressing ICAM-1 and VCAM-1 in I.P. tumors, the latter population is
enriched in TA-TLSs, consistent with a role in TA-TLS development.

To directly test a role for CAF in orchestrating TA-TLS formation, we flow-sorted these
cells from resected S.C. and I.P. tumors and injected them with B16-OVA cells into a

S.C. site. The resulting tumors that contained CAF from S.C. tumors, or mouse embryonic
fibroblasts, did not develop TA-TLS, lymphoid aggregates, or PDPN™ reticular networks
(Figures 3A and 3B). Conversely, S.C. tumors that contained CAF 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 3A and 3B). Although
the number of these structures and their size were significantly less than TA-TLS in I.P.
tumors (Figure 3B), their composition, organization, and localization established them as
TA-TLS. We also flow-sorted CAF from I.P. tumors grown in mice that ubiquitously express
mCherry. When injected with B16-OVA cells, they persisted in the resulting s.c. tumors
and were mainly found in TA-TLS (Figure 3C). Based on their association with TA-TLS
(Figure 2G), we hypothesized that only FAP"®9 CAF would promote TA-TLS formation.
Indeed, when co-injected with B16-OVA cells, purified FAP"®9 CAF promoted formation
of small TA-TLS, analogous in size and number to those induced by bulk 1.P. CAF (Figure
3D). FAP* CAF 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"® CAF from I.P. tumors act as surrogate LTo cells that
promote TA-TLS formation. I.P. FAP* CAF appear to have a minimal LTo capability that is
nonetheless greater than that of S.C. CAF, suggesting that this property is induced by the I.P.
tumor microenvironment.

We previously showed that both S.C. and |.P. CAF are a major source of CCL21 that recruits
naive T cells (Peske et al., 2015). By quantitative real-time PCR, CAF from both tumor
types expressed comparable levels of another homeostatic chemokine, CXCL12. However,
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I.P. CAF expressed 5- to 10-fold higher levels of the B cell organizer chemokine CXCL13
and B cell survival factors BAFF and APRIL (Figure 3E). To provide direct evidence for the
importance of CXCL13 in driving TA-TLS formation, we implanted I.P. tumors into mice
lacking CXCRS5, the cognate receptor for CXCL13. Although the numbers of TA-TLS in
these tumors were comparable with those in wild-type (WT) tumors, they were significantly
smaller (Figure 3F). This was associated with a reduced number of intratumoral B cells

and CAF (Figures 3G and 3H). Significantly fewer of these CAF were proliferating, and

the fraction co-expressing ICAM-1 and VCAM-1 was also reduced (Figure 3H). Thus,

an intact CXCR5-CXCL13 chemotactic axis supports the proliferation of CAF with LTo
characteristics and normal TA-TLS development.

Intratumoral CD8 T cells and B cells act coordinately as LTi cells driving TA-TLS
development

We next investigated the roles of adaptive immune cells in TA-TLS development. I.P. tumors
grown in Ragl™~ mice lack PNAd™ vasculature (Peske et al., 2015). These tumors also
contained a smaller number of CAF than I.P. tumors from WT mice, which was similar to
that of S.C. tumors (Figure 4A). These CAF were sometimes found in a low number of
small, loosely organized clusters with CD45* cells (Figure 4A; Figure S3G), which were not
observed in WT S.C. tumors but did not form PDPN™ reticular networks. Per-cell expression
of CCL21 and CXCL12 in CAF from these tumors was reduced by 11- and 6-fold,
respectively, but that of CXCL13, BAFF, and APRIL was unchanged (Figure 4B). Per-cell
expression of CXCL13, BAFF, and APRIL in CAF from I.P. tumors grown in Rag2~/~
IL2Ry~'~ mice, which lack mature NK and ILC cells, was also comparable with that of CAF
from WT mouse tumors (Figure S3H). 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 I.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 1.P. tumors grown in B cell-deficient yMT~/~ mice and in Rag1 ™/~ mice that had
been repleted with bulk resting lymphocyte subpopulations prior to tumor implantation.
Because 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
HMT ™/~ mice contained such organized CD45*/PDPN* aggregates in numbers comparable
with TA-TLS in WT mouse tumors, but they were significantly smaller (Figure 4C).
Consistent with this, tumors from pMT~/~ mice had a lower density of CAF by IF and
significantly fewer CAF by flow cytometry (Figure 4C). However, tumors from uMT~/~
and WT mice contained similar number of T cells and the small loosely organized
CD45*/PDPN* clusters (Figure S31). I.P. tumors from Ragl™~ mice repleted with CD8

T cells contained organized CD45*/PDPN* aggregates similar in size and number to

those in PMT~/~ mouse tumors (Figure 4D). Tumors from Rag1~~ mice repleted with

B cells contained an insignificantly different number of aggregates relative to tumors

from unrepleted Rag1™~ mice, although there was a slight increase in aggregate area.
Importantly, tumors from Rag1~~ mice repleted with both CD8 T cells and B cells resulted
in structures comparable in number, size, and cellular composition and organization to
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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 CAF (Figure 4D). Tumors from all of
these mice contained a similar number of small, loosely organized CD45*/PDPN* clusters
(Figure S3G). 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 LTBR signaling

LTPR signaling mediates the development of SLOs and some TLS. We found that I.P.
tumors expressed significantly higher transcript levels of LTBR ligands LTa, LT, and
LIGHT than S.C. tumors (Figure S4A). To test their relevance, tumor-bearing mice were
treated with an LTPR-1g fusion protein, which binds LTa1p, and LIGHT and antagonizes
LTPBR signaling. Consistent with other work (Browning et al., 2005), LTBR-Ig treatment
significantly reduced CXCL13 expression in tumor-reactive lymph nodes (Figure S4B).
TA-TLSs in I.P. tumors from LTPR-Ig treated mice were comparable in number with WT
mouse tumors, but significantly smaller, and these tumors contained fewer CAF (Figures
5A and 5B). 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 5C; Figures SAC-S4E).
However, per-cell expression of CXCL13, BAFF, and APRIL in CAF from these tumors was
unaffected (Figure 5D). Thus, LTBR signaling promotes expansion of TA-TLS-associated
PDPN* reticular networks, but not initial TA-TLS formation or CAF expression of LTo
molecular characteristics.

Because CAF accumulation and reticular network expansion were impaired in the absence
of either B cells or LTBR signaling, we tested whether it was mediated by LTaf," B

cells. Tumors in Rag1 ™'~ mice repleted with WT CD8 T cells and LTa ™~ B cells developed
organized CD45*/PDPN* aggregates comparable in size and number to those in tumors from
Rag1~/~ mice repleted with CD8 T cells alone and in tumors from LTBR-Ig treated mice
(Figure 5E). Also, the density of CAF in these tumor sections was comparable with I.P.
tumors from Ragl~~ mice repleted with CD8 T cells alone (Figure 5E). Tumors from all of
these mice contained a similar number of small loosely organized CD45*/PDPN* clusters
(Figure S4F). Thus, CAF accumulation and TA-TLS expansion is mediated by intratumoral
LTayB," B cells.

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 5F). However, they were fewer, and the number of small loosely organized CD45*/
PDPN* clusters was also reduced (Figure S4G). As with TA-TLS in LTBR-Ig-treated mice,
TNFR1/27/~ mouse tumors contained fewer CAF (Figure 5G), and the fractions of naive
CD4 and CD8 T cells were reduced (Figures S4H and S41). These tumors also contained
fewer B cells (Figure 5H), although the distribution of naive, class-switched and memory
B cells was unaltered (Figure S4J). Most importantly, per-cell expression of CXCL13,
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BAFF, and APRIL in CAF was substantially reduced (Figure 51). These results demonstrate
that TNFR signaling promotes PDPN* reticular network development and LTo molecular
characteristics of CAF.

Relationship of TA-TLS-associated i.p. CAF to peritoneal fibroblasts

The proximity of I.P. tumors to peritoneal organs suggested that CAF with LTo
characteristics might derive from them. PDPNNI cells from spleen, omentum, lung, pancreas,
and skin of WT mice showed varying levels of CXCL13, BAFF, and APRIL expression
(Figure S5). Similar to 1.P. CAF, CXCL13 expression in PDPNM cells from the omentum
was significantly reduced in TNFR1/27/~ mice (Figure S5A) but was unaltered in cells from
other organs (Figure S5A). However, in contrast with WT i.p. CAF, BAFF and APRIL
expression was not reduced in PDPNNi cells from any organ in TNFR1/2~/~ mice (Figures
S5B and S5C). These results do not identify any peritoneal organ as the direct source of I.P.
CAF. 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

To establish translational relevance of mechanisms driving murine TA-TLS development,
we evaluated three human melanomas by quantitative image analysis using seven-color IF.
We identified TA-TLS as aggregates of PNAd* cells, CD20* B cells, CD8" T cells, and
gp36* CAF (Figure 6A; Figure S6A). TA-TLS in all samples were enriched for APRIL*,
VCAM-1", and LTa* cells relative to the surrounding parenchyma, and TA-TLS in two
samples showed higher densities of CXCL13" cells (Figure 6B). 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 6C). TA-TLS in all samples also contained higher densities of CAF expressing
APRIL* and VCAM-1" than the tumor parenchyma. The fraction of APRIL* CAF was
significantly higher in the TA-TLS of all samples, and the fraction of VCAM-1* CAF was
significantly higher in TA-TLS of two-thirds of samples (Figure 6C). However, only one
sample showed higher densities of CXCL13" CAF in TA-TLS, and there was no enrichment
of CXCL13* CAF in TA-TLS versus parenchyma (Figure 6C). The densities of B cells in
TA-TLS strongly correlated with the densities of CAF overall and the densities of VCAM-1*
or APRIL* CAF, but not those expressing CXCL13 (Figure 6D). However, the densities of
B cells in TA-TLS also strongly correlated with the fractions of CAF 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 CAF 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.
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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 S7A), 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 S7B). Also, a larger fraction of I.P. CAF expressed PD-L1 than their S.C.
counterparts (Figure S7C). 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 (Figures 7A and 7B). 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 development
and also operate on existing TA-TLS (Figures 7A-7C). Both treatments also promoted

the development of TA-TLS with a “classical” (discrete T and B cell zones) organization
(Figures 7B and 7C). Also, both treatments significantly reduced I.P. tumor size, but neither
significantly reduced S.C. B16-OVA tumor size at this day 14 time point, despite the
increased number of intratumoral T cells (Figure 7D). As with untreated mice, increased
TA-TLS size and number were correlated with reduced tumor size. However, this correlation
was more significant in both treatment groups (Figure 7E; Table S1). 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 7E; Table S1). 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 TNFR1/2~/~ 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 (Figures 7F and 7G). In contrast with
WT mouse I.P. tumors, neither treatment reduced day 14 tumor size (Figure 7F), and the
correlation between intratumoral B cell density and tumor size was lost (Figure 7H). 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.

DISCUSSION

This report identifies cellular and molecular mechanisms driving TA-TLS development in
murine melanoma. A discrete population of CAF acquire LTo molecular characteristics

in response to TNFR signals from a cell that is neither an adaptive nor innate immune
lymphoid cell, and this population responds to intratumoral CD8 T cells and B cells that act
coordinately as LTi cells. Although CD8 T cells promote initial aggregation and reticular
network formation, B cells are recruited by CXCL13 expressing CAF, subsequently driving
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CAF proliferation and TA-TLS expansion through LTBR 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"®d CAF as
TA-TLS organizers. CAF 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* CAF in both S.C. and I.P. tumors were comparable, and

these cells were rarely found in TA-TLS. In contrast, FAP"®9 CAF were elevated in I.P.
tumors and the dominant population in TA-TLS reticular networks. FAP"9 CAF 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* CAF in i.p. tumors co-expressed ICAM-1
and VCAM-1 that were significantly higher than those expressed by FAP* CAF in S.C.
tumors. In keeping with this, FAP* CAF from I.P. tumors have a minimal LTo capability that
is nonetheless greater than that of CAF from S.C tumors. Although PDPN* cells expressing
elevated levels of ICAM-1 and VCAM-1 have been documented in TLSs 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* CAF from I.P. tumors express lower levels of CXCL13,
BAFF, and APRIL than their FAP"®9 counterparts, presumably as a consequence of TNFR
signaling. These FAP™ CAF may also be less proliferative than their FAP™9 counterparts.
However, neither of these possibilities explains the observed differential accumulation of
FAP"9 and FAP* CAF in TA-TLS and parenchyma, respectively. Our findings point to

the importance of continuing work to characterize CAF subpopulations in different human
tumors.

CAF can originate by trans-differentiation from tumor or endothelial cells, but typically
from tissue resident PDPN* mesothelial cells (LeBleu and Kalluri, 2018; Liu et al., 2019).
CAF 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 CAF. PDPN* cells from spleen, lung, and pancreas also did not
show TNFR-dependent regulation of CXCL13. This suggests either another source of I.P.
tumor CAF 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 (Kawashima et al., 1991; Trout
etal., 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,
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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. CAF from I.P. tumors expressed substantially higher
levels of CXCL13, BAFF, and APRIL than those from S.C. tumors, and an intact CXCR5-
CXCL13 axis promoted B cell accumulation in tumors and increased proliferation of CAF
and TA-TLS expansion. Although B cell follicles are disrupted in CXCR5~/~ mice, the
overall number of B cells in SLO 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 CAF that express BAFF and APRIL, promoting B
cell organization and/or survival in tumors. Elevated expression of CXCL13 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 of type

1 diabetes (Henry and Kendall, 2010). However, neither report identified the source of
CXCL13. 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 CAF. 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;j 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, although 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 CAF may be present and active only transiently during the
course of tumor outgrowth, prior to the entry of CD8 effectors capable of upregulating
CCL21 and PNAd. Alternatively, because there are two TNFR isoforms that vary in their
signaling pathways (MacEwan, 2002; Wajant and Siegmund, 2019) and their engagement
with TNF-a and LTag (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 LTa1f3,* B cells act as complementary LTi cells
that coordinately induce TA-TLS development. While effector CD8 T cells promoted the
organization of CAF into the reticular networks, along with upregulation of PNAd and
CCL21 (Peske et al., 2015), LTa1B,* B cells drove CAF accumulation and TA-TLS
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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
LTayB," 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 (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., 2012;
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*
CAF as dominant components in human melanoma TA-TLS, and these phenotypes are
suggestive of surrogate LTi and LTo cells, respectively. Supporting this, the densities of
LTa* B cells in TA-TLSs strongly correlated with the densities and fractions of CAF

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 CAF promote one
another’s accumulation. The densities of B cells in TA-TLS strongly correlated with the
fraction of CXCL13* CAF, but not CXCL13* CAF density. Also, CXCL13" CAF were
elevated in TA-TLS relative to parenchyma in only one of three melanomas, although

the TA-TLS in two out of three 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 Try cells and CD8 T cells have been
identified in human breast tumors and non-small cell lung cancer, respectively (Gu-Trantien
etal., 2017; Thommen et al., 2018), and it is likely that such cells are also found in
melanoma TA-TLS. Thus, although 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). Although 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
several genetic models in which TA-TLS development was compromised, average I.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 were 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
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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. Although 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. Although 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
etal., 2015), and total T cell infiltration into tumors in WT and TNFR1/2~/~ mice was
similar. We do not assert that S.C. B16-OVA tumors lacking TLS are entirely unresponsive
to checkpoint immunotherapy, as there is evidence of this in other studies, albeit with
considerable variation (Binder et al., 2013; Curran et al., 2010; Perez-Ruiz et al., 2019;
Stark et al., 2017; Reilley et al., 2019; De Henau et al., 2016; Heidegger et al., 2019; Miller
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 is
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
.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.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information, and request for resources and reagents should be
directed to the lead contact, Dr. Victor H. Engelhard (vhe@virginia.edu)

Materials availability—This study did not generate any unique reagents or mouse lines.
Data and code availability—This paper does not report original datasets.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models—Mice used in this study and their respective vendor are detailed in Key
resources table. All mice were bred and maintained on a C57BL/6 background, and kept
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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 models—B16-F1 mouse melanoma and MC38 murine colon adenocarcinoma
cells were obtained from American Type Culture Collection (ATCC). The generation

of B16-OVA and MC38-OVA has previously been described (Hargadon et al., 2006).
B16-OVA tumor cells were cultured in RPMI-1640 (Corning) supplemented to a final
concentration of 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine (ThermoFisher
Scientific) and 15 mM HEPES (ThermoFisher Scientific). MC38-OVA 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 Scientific) and 15 mM HEPES (ThermoFisher Scientific). All
tumor cells were cultured and maintained at 37°C and 5% carbon dioxide. For tumor studies,
approximately 4 x 10° tumor cells were 1.P. or S.C. (loose neck scruff) injected into recipient
mice. Both tumor types were allowed to establish for 14 days prior to harvesting.

METHOD DETAILS

Treatment of tumor-bearing mice—For LTRR blocking experiments, LTBR-Ig fusion
protein (Wu et al., 1999) (100 pg per injection, gift from Y.X.F) was injected I.P. into
C57BL/6 mice one day prior and one day after tumor implantation, and then every four
days until tumor harvest. For checkpoint immunotherapy experiments, either monotherapy
a-PDL1 (250 pg per injection, 10F.9G2, BioXcell) or dual therapy a-PD1 (250 ug per
injection, RMP1-14, BioXcell) and a-CTLA4 (250 pg per injection, 9D9, BioXcell) was
injected I.P. into C57BL/6 mice three days after tumor implantation and then every three
days until tumor harvest.

Adoptive transfer of T cells and B cells—Lymph nodes and/or spleen were resected
from either C57BL/6 or LTa ™/~ 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%), CD19 B cells (5 x 10%), or the
combination were injected intravenously into Ragl™" recipient mice 3 days prior to tumor
implantation.

Digestion of resected tissues—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 depleted of red blood cells by Red Blood
Cell Lysing Buffer Hybri-Max (Sigma) according to manufactures instructions.
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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. In some
cases, hematopoietic depleted tissue suspensions were stained with a-gp38 (0.5 pug/mL)
biotinylated antibody for 15 minutes at 4°C. Then, CAF and tissue resident fibroblasts

were enriched from stained hematopoietic depleted suspensions by a-biotin magnetic

beads (Miltenyi Biotec) on an AutoMACS Pro Separator (Miltenyi Biotec) according to
manufactures instructions.

Flow cytometry and cell sorting—Antibodies used for flow cytometry analysis are
detailed in Key resources table. 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 Faactor Buffer Set (BD Bioscience) was used according to the
manufacturer’s instructions. Live/Dead Aqua (Invitrogen) or 4,6-diamidino-2-phenylindole
(Sigma) were used to exclude dead cells from analysis. In all experiments, CAF and/or
tissue derived fibroblasts were defined as live, singlet, Ter119"€9, CD45"€9, CD31"€9,
PDPNMi cells. B16 tumor cells express ten-fold lower levels of PDPN. Thus, only PDPNNi
cells were analyzed as CAF in all experiments. Samples were run on a FACSCanto Il

(BD) or Attune NXT (ThermoFisher/Invitrogen) and analyzed using FlowJo Software (BD
Bioscience). For quantitative real-time PCR experiments, pre-enriched CAF and/or organ
derived fibroblasts were sorted to high purity on an Influx Cell Sorter (BD) directly into
RNAProtect (QIAGEN) or PBS.

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~, PDPNN CAF from pre-enriched suspensions
of bulk PDPN* CAF 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
some cases, FAP* PDPNNi and FAP® PDPNN CAF were purified from a pre-enriched
suspension of bulk PDPN* CAFs 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 CAF (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.

Immunofluorescence microscopy—Antibodies used for immunofluorescence
microscopy (IF) analysis are detailed in Key resources table. Preparation of tumor tissue
for frozen sectioning, immunofluorescence staining procedures, and Tyramide signal
amplification (PerkinElmer) for PNAd detections has previously been described (Rodriguez
et al., 2018). For image acquisition, 10-15 low magnification images per tumor section
were used for TA-TLS, CAF and intratumoral T-/B cell quantification. For the detection
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of intratumoral CAF, exposure times and thresholds were set to visualize bright PDPN*
cells located in perivascular and TA-TLS areas, while eliminating the dim tumor cell signal.
For CAF and LTo marker expression on intratumoral fibroblasts, the average of five high
magnification images per parenchyma and TA-TLS area of a tumor section were used for
quantification. All images were captured on an Axiolmager with Apotome (Zeiss) and
images were analyzed either by ImageJ Software (NIH) or Imaris image analysis software
(Bitplane). 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 IF—In I.P. tumors grown in C57BL/6, CXCR5~/~, LTBR-Ig and
checkpoint treated mice, and in S.C. tumors containing PDPN* CAF or mouse embryonic
fibroblasts, intratumoral TA-TLS were identified as tight aggregates of 50 or more B cells
in juxtaposition to PNAd™ vasculature and associated with a reticular network of elongated
PDPN* CAF that are not tightly apposed to tumor endothelium (Rodriguez et al., 2018).

T cells and DC were either intermingled with B cell aggregates (non-classical structure)

or organized as a separate zone (classical structure). Using an Axiolmager with Apotome
(Zeiss) and ImageJ Software (NIH) or Imaris image analysis software (Bitplane), B cell and
PDPN staining pattern were used to draw a boundary of the TA-TLS, and quantitate its
surface area.

In 1.P. tumors grown in pMT~/~, TNFR1/27/~, or in I.P. tumors grown in Rag1™~ mice
repleted with bulk CD8 T cells and/or B cells, we identified tight clusters of CD45*
—hematopoietic cells associated with a network of elongated PDPN* CAF that were not
tightly apposed to tumor endothelium as elements of TA-TLS development. Using an
Axiolmager with Apotome (Zeiss) and ImageJ Software (NIH), clusters of CD45* and
PDPN* staining pattern is used to draw a boundary and quantitate its surface area.

Multispectral Imaging—Antibodies used for multispectral imaging analysis are detailed
in Key resources table. Staining of murine and human melanoma for multispectral imaging
has previously been described (Mauldin et al., 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) according to

the manufacturer instructions. OPAL Multiplex IHC Staining (PerkinElmer) was performed
according to the manufacturer instructions. Slides were mounted using prolong diamond
antifade (Life Technologies) and scanned at low magnification using the Vectra 3.0 system
and software (PerkinElmer). Regions of interest were identified in Phenochart software,
and high-powered magnification images were acquired with the Vectra 3.0 system (Akoya
Biosciences). These images were spectrally unmixed using single stain positive controls
and analyzed using the InForm software (PerkinEImer). Human specimen images were
quantified using HALO software (Indica Labs, Albuquerque, NM) and murine specimens
were quantified by eye.

Quantitative real-time PCR—Probes used for quantitative real-time PCR analysis are
detailed in Key resources table. RNA was purified from whole tumor or sorted cells using
RNAEasy kits (QIAGEN) according to manufactures instructions. High-Capacity cDNA
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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 s, 60°C
for 20 s. Data is presented as 272Ct relative to Hprt

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of each experiment in this work are reported in the main and
supplementary figure legends. P values are shown in each figure, and defined in the
associated figure legend. Normality of data distribution was determined by D’Agostino-
Pearson omnibus normality test and variance between groups was assessed by the ~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
boxplot 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 et al.,
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 boxplots, data were generated using Tukey’s
method. p < 0.05 was considered statistically significant. All graphs and 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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Highlights

Cancer-associated fibroblasts orchestrate tertiary lymphoid structures in
tumors

CD8 T cells and B cells drive tertiary lymphoid structure development via
fibroblasts

Tertiary lymphoid structure development is mediated by TNF and
lymphotoxin receptors

Checkpoint blockade alters tertiary lymphoid structures together with tumor
control
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Figure 1. TA-TLSs in I.P. tumors are associated with enhanced representations of distinctly
differentiated T cells and naive B cells

(A-F) 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 STAR Methods. (A) Representative images
and summary data for TA-TLS organizational types in I.P. tumors. Scale bar: 100 pm. Data
are from five experiments; n = 25 tumors. (B-F) CD45" single-cell suspensions were stained
with the indicated markers to define subpopulations (DC = CD3" CD19"9 CD11¢* MHC
[1*; T cells = CD19"®9 CD3* CD8* or CD4"; B cells = CD3"®9 CD19* CD5* or CD5"¢9)
and activation state and were quantitated by flow cytometry.

Data are from two to five experiments; n = 8-18 tumors per group. Results are mean £
standard deviation (SD), analyzed by unpaired Welch’s t test. "Sp > 0.05, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

Cell Rep. Author manuscript; available in PMC 2021 August 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rodriguez et al.

A N -~HEscHlo

g
’@“

]

3
8

_ QMFL: 4439 = gMIFI: 2515 | _ gMFI: 28032 [ _
3 gMFL: 12711 | & g K] gMFI: 3303 | § g 3 gWFI: 32377 | & g
H s H
E z E z E z
o5 s ot £
g2 £ o 3 g () Es g ®
38 z g3 z w 38 z 40-
S5 g © o5 5 oF 3
E u 3 E o E o
g g H § 2 Y g 3
g & =
5} 8 E
° 10 0 10° o v
€D90 (Thy1) e& & & &
o * -
107 —— 307 — g 25 — 4007 ——
& X
s . £ %
2 s . 20 .
H . £ ) ® 3 300
5 £ 5 g
5 z E 5 g
g6 4 . 15 2
2 g H 2 200
] m P g 8 2
8 g |- 3 ofe *|e ]
2 el 2 g
& i b £ 100-
o : g z 4 3
z o | 3 -]
5 5 3
g
& % P
T T T T g T ]
. o
& & @ Ky & <5
¥
&
&
D m-EscHlo . - -
1007 T 1007 2o 100, T
H MFI: 37548 G MFI: 19390 =
= gMFI_ 296 | _ |9 g ﬁ 5 gl g
3 gMFI: 286 | & 80- 3 gMFI: 11208 < g0 3 gMFI: 4867 80
e : i oy L .
2e & oo ge g oo (1) 2e g oo
33 £ EX] z 33 ¥
QX 2 o
83 § 40- 8 : g o E 8 : ? 40
2 B2 3 32 H 3 &
i %o 0 3o e S0
o o o W RS
LTBR KON ICAM-1 (CD54) & & VCAM-1 (CD106) NS
FAP* PDPN* FAP™s PDPN*

[ 'cAM-1° VCAM-17
[ 1cAM-1 VCAM-1

[ rcAm-1° veAm-1*
[ (cAm-17 VCAM- 17

g
8 80{ o z
X e
3 . 23 400
P g3 Y
g 4« EH
= '{ng 200
g <
g th g°
1
K T T T T
A <¥

& &

< <
= = . _ - -
£1007 — 2 15007 —— 1007 — 2 8007 ——
Iy ] 2 s
g H * 2 s § 700 g
a £ a E
z g 1000: o -

60- 2 £ 600
§ z . 5 . i

z ele z
B . 500
z & s00. z 40 2
4
& g g g
& 2 + 2 2 & 400 |
+ = - . =
= .1
H T g T T § | g T T
3

> 2 & 2 R P O

oA S ¥ A RO\

s 3 & S

Figure 2. A population of CAF from I.P. tumors exhibit lymphoid tissue organizer cell

characteristics
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(A-E, G, and H) Day 14 S.C. or I.P. B16-OVA tumors from WT mice were prepared for
flow cytometry (A, B, D, and E) or IF (C, G, and H) as described in STAR Methods. (A
and D) Left, representative histograms and geometric mean fluorescence intensities (gMFIs)
of indicated markers on PDPNN CD31"¢9 CD45"4d Ter119M9 CAF. gMFIs calculated on
cells gated above the fluorescence minus one (FMO) control. Right, percentage of CAF
expressing indicated markers. Data are from two to five experiments; n = 11-45 tumors per

group.

(B, E, and F) CAF subpopulations were quantitated by flow cytometry. Data are from two to

three experiments; n = 8-11 tumors per group.
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(C, G, and H) Left, representative images of tumors stained with indicated markers. Yellow
dashes delimit TA-TLS area. Scale bar: 100 pm. Right, summary data of PDPN* CAF
densities (C) and marker expression in parenchymal and TA-TLS regions (G and H) from
one 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. "p > 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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Figure 3. CAF 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 STAR Methods. (A, C, and D, left) Representative images. Yellow dashed
region (C) represents TA-TLS area. Scale bar: 100 um. (B and D, right) Summary data from
one to two experiments; n =5 or 10 tumors per group.

(E) CAF from day 14 S.C. and I.P. tumors were purified, and expression of the indicated
RNA transcripts was determined as described in STAR Methods. Data from two experiments
presented as 27ACT relative to AHprt, n = 6 tumors per group.

(F-H) Day 14 I.P. tumors from WT or CXCR5~'~ mice were prepared for IF (F) or flow
cytometry (G and H) as described in STAR Methods. (F) Left: representative images. Scale
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bar: 100 um. Right: summary data from one experiment; n = 5 tumors per group. (G and
H) Cell populations were quantitated as outlined in Figures 1 and 2. Data represent one
experiment; n = 5 tumors per group.

Results are mean * SD, analyzed using Kruskal-Wallis H test with Dunn’s post-test (B and
D) or unpaired Welch’s t test (E-H). "p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 4. CD8 T cells and B cells act coordinately as lymphoid tissue inducer cells driving
TA-TLS development
(A, C, and D) Day 14 I.P. B16-OVA tumors from WT mice, pMT ™/~ mice, Ragl ™~

mice, 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 STAR
Methods. Scale bars: 100 um. Data are from one to two experiments; n = 3—10 tumors per
group.

(B) CAF from day 14 i.p. tumors from WT or Rag1~~ mice were purified, and expression
of the indicated RNA transcripts was determined as described in STAR Methods. Data from
two experiments presented as 272CT relative to Hprt, n = 6 tumors per group.

Results are mean * SD analyzed using Kruskal-Wallis H test with Dunn’s post-test (A and
D) or unpaired Welch’s t test (B and C). "p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 5. Induction and robust development of PDPN* reticular networks in TA-TLS are

regulated by TNFR and LTbR signaling, respectively

Day 14 |.P. B16-OVA tumors from WT mice, WT mice treated with LTBR-Ig fusion protein,
TNFR1/27/~ mice, Rag1™'~ mice, and Rag1~/~ 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
STAR Methods. (A, E, and F) Scale bars: 100 um. Data are from one experiment; n = 3-5

tumors per group.

(B, C, G, and H) Data are from one experiment; n = 5 tumors per group.
(D and 1) CAF from day 14 i.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 STAR Methods. Data are from two experiments presented as 2 ACT relative

to Hprt; n = 6 tumors per group.
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Results are mean * SD analyzed using unpaired Welch’s t test (A-D and F-I) or Kruskal-
Wallis H test with Dunn’s post-test (E). "Sp > 0.05, *p < 0.05, **p < 0.01.
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Figure 6. Human TA-TLS are associated with LT™ B cells and a co-extensive reticular network of
CAF with lymphoid tissue organizer characteristics

Human melanoma biopsies containing TA-TLS were collected, prepared, stained, and
analyzed as described in STAR Methods.

(A) Representative image of a TA-TLS-containing melanoma sample. Dashed yellow line
represents TA-TLS area. Scale bar: 100 pm.

(B and C) Densities and percentages of single- (B) and dual-stained (C) cell populations in
parenchyma and TA-TLS regions of tumors from three patients (n = 12-39 parenchyma and
TA-TLS regions of interest). Data were analyzed by Wilcoxon rank-sum test, and boxplots
were 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
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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. "p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Figure 7. 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 I.P. tumor implantation. Tumors were harvested on day 14,
weighed, and prepared for IF.
(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 um.
(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.
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(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 TNFR1/2~~ mouse tumors. Right: tumor weights were determined at
harvest on day 14.

(G) Representative intratumoral images of i.p. tumors from TNFR1/27/~ mice treated as
indicated. Scale bars: 100 um.

(H) Spearman correlation analysis of TNFR1/2~/~ mouse tumor weights with densities of T
and B cells. Each dot represents an individual tumor.

(A-E) Data are from two to three experiments; n = 10-15 tumors per group. (F-H) Data
are from two experiments; n = 10 tumors per group. Results shown as mean + SD analyzed
using Kruskal-Wallis H test with Dunn’s post-test (A, C, D, and F) or Spearman’s multilevel
correlation analysis (E and H). "p > 0.05, *p < 0.05, **p < 0.01.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

eFluor 450 anti-mouse CD4

Brilliant Violet 605 anti-mouse PD1

Brilliant Violet 650 anti-mouse CD62L

Brilliant Violet 785 anti-mouse CD45

FITC anti-mouse TIM-3

PerCP-eFluor 710 anti-mouse CD8 alpha

PE anti-mouse LAG-3

PE/Dazzle 594 anti-mouse CD44

PE-Cy7 anti-mouse Ki67

Alexa Fluor 647 anti-mouse CD3

APC-Cy7 anti-mouse CD19

eFlour 450 anti-mouse IgM

PE/Dazzle 594 anti-mouse IgD

PerCP-Cy5.5 anti-mouse CD11c

PE anti-mouse I-A/I-E (MHC II)

Pacific Blue anti-mouse ICAM-1 (CD54)

Brilliant Violet 605 anti-mouse VCAM-1 (CD106)

Alexa Fluor 488 polyclonal Collagen Type |

PerCP-eFlour 710 anti-mouse CD31

Unconjugated anti-mouse alpha smooth muscle actin

PE anti-mouse 1gG2a

PE/Dazzle 594 anti-mouse CD140 alpha

PE-Cy7 anti-mouse podoplanin (gp38)

eFlour 660 anti-mouse Ki67

Unconjugated anti-mouse FAP

ThermoFisher Scientific

Biolegend

Biolegend

Biolegend

ThermoFisher Scientific

ThermoFisher Scientific

Biolegend

Biolegend

ThermoFisher Scientific

Biolegend

Biolegend

ThermoFisher Scientific

Biolegend

Biolegend

Biolegend

Biolegend

BD Bioscience

SoutherBiotech

ThermoFisher Scientific

ThermoFisher Scientific

Biolegend

Biolegend

Biolegend

ThermoFisher Scientific

Millipore Sigma

Catalog #: 48-0042-82; Clone:RM4-5;
RRID:AB_1272194

Catalog #: 135220; Clone: 29F.1A12;
RRID:AB_2562616

Catalog #: 104453; Clone: MEL-14;
RRID:AB_2800559

Catalog #: 103149; Clone: 30-F11;
RRID:AB_2564590

Catalog #: 11-5870-82; Clone: RMT3-23;

RRID:AB_2688129

Catalog #: 46-0081-82; Clone: 53-6.7;
RRID:AB_1834433

Catalog #: 125208; Clone: C9B7W;,
RRID:AB_2133343

Catalog #: 103056; Clone: IM7;
RRID:AB_2564044

Catalog #: 25-5698-82; Clone: SolA15;
RRID:AB_11220070

Catalog #: 100209; Clone: 17A2;
RRID:AB_389323

Catalog #: 115530; Clone: 6D5;
RRID:AB_830707

Catalog #: 48-5890-82; Clone: eB121-15F9;

RRID:AB_10671539

Catalog #: 405742; Clone: 11-26¢.2a;
RRID:AB_2571985

Catalog #: 117328; Clone: N418;
RRID:AB_2129641

Catalog #: 107608; Clone: M5/114.15.2;
RRID:AB_313323

Catalog #: 116116; Clone: YN1/1.7.4;
RRID:AB_2121771

Catalog #: 745193; Clone: 429;
RRID:AB_2742789

Catalog #: 1310-30; Clone: Poly;
RRID:AB_2794728

Catalog #: 46-0311-82; Clone: 390;
RRID:AB_1834429

Catalog #: 14-9760-82; Clone: 1A4;
RRID:AB_2572996

Catalog #: 407108; Clone: RMG2a-62;
RRID:AB_10549456

Catalog #: 135922; Clone: APA5;
RRID:AB_2814035

Catalog #: 127412; Clone: 8.1.1;
RRID:AB_10613648

Catalog #: 50-5698-82; Clone: SolA15;
RRID:AB_2574235

Catalog #: MABC1145; Clone: 73.3:
RRID:AB_2892562
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REAGENT or RESOURCE SOURCE IDENTIFIER

APC-Cy7 anti-mouse 1gG1 Biolegend Catalog #: 406620; Clone: RMG1-1;
RRID:AB_2571947

PE/Dazzle 594 anti-mouse PD-L1 Biolegend Catalog #: 124324; Clone: 10F.9G2;
RRID:AB_2565639

APC anti-mouse CD120 alpha (TNF R Type 1/p55) Biolegend Catalog #: 113006; Clone: 55R-286;
RRID:AB_2208779

Brilliant Violet 421 anti-mouse CD120 beta (TNF R Type BD Bioscience Catalog #: 564088; Clone: TR75-89;

11/p75) RRID:AB_2738585

PE/Dazzle 594 anti-mouse CD90.2 (Thy-1.2) Biolegend Catalog #: 140329; Clone: 53-2.1;
RRID:AB_2650965

APC anti-mouse lymphotoxin beta receptor (LTBR) Biolegend Catalog #: 134408; Clone: 5G11;
RRID:AB_2728151

DyLight 550 Anti-Mouse/Human CD45R (B220) Leinco Technologies Catalog #: C1944; Clone: RA3-6B2;

(Discontinued) RRID:AB_2829026

Unconjugated anti-mouse Podoplanin (gp38) Biolegend Catalog #: 127402; Clone: 8.1.1;
RRID:AB_1089187

Biotin anti-mouse/human PNAd Biolegend Catalog #: 120804; Clone: MECA-79;
RRID:AB_493557

Alexa Fluor 488 anti-mouse CD45 Biolegend Catalog #: 103122; Clone: 30-F11;
RRID:AB_493531

Biotin anti-mouse ICAM-1 (CD54) Biolegend Catalog #: 116103; Clone: YN1/1.7.4;
RRID:AB_313694

Alexa Fluor 647 anti-mouse VCAM-1 (CD106) Biolegend Catalog #: 105712; Clone: 429; RRID:AB_493429

Alexa Fluor 488 AffiniPure Goat Anti-Syrian Hamster 1gG
(H+L)

Rhodamine (TRITC) AffiniPure Goat Anti-Syrian Hamster
19G (H+L)

Rhodamine (TRITC) AffiniPure Donkey Anti-Mouse IgG
(H+L)

Alexa Fluor 350 Streptavidin
InVivoPlus anti-mouse PD-L1 (B7-H1)

InVivoPlus anti-mouse PD-1 (CD279)

InVivoPlus anti-mouse CTLA-4 (CD152)

Biotin anti-mouse Podoplanin

Biotin anti-mouse CD31

CD45 MicroBeads, mouse

Anti-Biotin MicroBeads

InVivomADb anti-mouse CD16/CD32

Unconjugated anti-mouse/human Lymphotoxin alpha
(LTA)

Unconjugated anti-human VCAM-1

Unconjugated anti-human CXCL13

Unconjugated anti-human/Rat/Mouse APRIL

Jackson Labs

Jackson Labs

Jackson Labs

ThermoFisher Scientific

BioXcell

BioXcell

BioXcell

Biolegend

Biolegend
Miltenyi Biotec
Miltenyi Biotec
BioXcell

Abcam

Nordic Biosite

Novus Biological

Abcam

Catalog #: 107-545-142; Clone: Poly;

RRID:AB_2337478

Catalog #: 107-025-142; Clone: Poly;

RRID:AB_2337452

Catalog #: 715-025-150; Clone: Poly;

RRID:AB_2340766

Catalog #: S11249; Clone: N/A
Catalog #: BP0101; Clone: 10F.9G2;

RRID:AB_10949073

Catalog #: BP0273; Clone: 29F.1A12;

RRID:AB_2687796

Catalog #: BP0032; Clone: UC10-4F10-11;

RRID:AB_1107598

Catalog #: 127404; Clone
RRID:AB_1134222

Catalog #: 102404; Clone
Catalog #: 130-097-153
Catalog #: 130-097-046

:8.1.1;

: 390; RRID:AB_312899

Catalog #: BE0307; Clone: 2.4G2;

RRID:AB_2736987

Catalog #: ab100844; Clo
RRID:AB_10672573

ne: AT15A3;

Catalog #: LS-C391116-20; Clone: 1.4C3;

RRID:AB_2892563

Catalog #: NBP2-16041; Clone: Poly;

RRID:AB_2892564

Catalog #: ab200836; Clo
RRID:AB_2892565
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REAGENT or RESOURCE SOURCE IDENTIFIER

Unconjugated anti-human gp36 Abcam Catalog #: ab236529; Clone: EPR22182;
RRID:AB_2889051

Unconjugated anti-human CD20 Agilent Catalog #: M075501-2; Clone: L26;
RRID:AB_2892566

Unconjugated anti-mouse CD4 Abcam Catalog #: ab183685; Clone: EPR19514;
RRID:AB_2686917

Unconjugated anti-mouse CD8 Abcam Catalog #: ab237723; Clone: CAL38;
RRID:AB_2864723

Unconjugated anti-mouse CD19 Cell Signaling Catalog #: 90176S; Clone: D4V4B;

Technology RRID:AB_2800152

Unconjugated anti-human/rat/mouse CD34 Abcam Catalog #: ab81289; Clone: EP373Y;
RRID:AB_1640331

Unconjugated anti-mouse CD11c Abcam Catalog #: ab219799; Clone: EPR21826;
RRID:AB_2864725

Biological samples

Melanoma tissue samples from patients This paper N/A

Chemicals, peptides, and recombinant proteins

Recombinant LTBR-1g fusion protein Wu etal. (1999) J. Exp. N/A

DNase |

Collagenase/Dispase

Collagenase P

Red Blood Cell Lysing Buffer Hybri-Max
LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
4’ 6-Diamidine-2"-phenylindole dihydrochloride (DAPI)
Ethylenediaminetetraacetic acid (EDTA)
Sodium azide

Methanol

Formalin solution, neutral buffered, 10%
ProLong Gold Antifade Mountant with DAPI
ProLong Gold Antifade Mountant

Med. 190, 629

Sigma

Sigma

Sigma

Sigma

ThermoFisher Scientific
Sigma

Sigma

Sigma

Sigma

Sigma

ThermoFisher Scientific

ThermoFisher Scientific

Catalog #: 11284932001
Catalog #: 11097113001
Catalog #: 11213865001
Catalog #: R7757-100ML
Catalog #: L34966
Catalog #: 10236276001
Catalog #: EDS-1KG
Catalog #: S2002-500G
Catalog #: 34860-1L-R
Catalog #: HT501128-4L
Catalog #: P36931
Catalog #: P36930

Critical commercial assays

Fixation/Permeabilization Solution Kit
Transcription Factor Buffer Set

RNAprotect Cell Reagent

RPMI 1640 Medium (Mod.) 1X with L-Glutamine

DMEM with L-Glutamine, 4.5g/L Glucose and Sodium
Pyruvate

IMDM, GlutaMAX

L-Glutamine (200 mM)

HEPES (1 M)

CDB8aT Cell Isolation Kit, mouse

B Cell Isolation Kit, mouse

Biotin Tyramide signal amplification

Avidin/Biotin Blocking Kit

BD Bioscience
BD Bioscience
QIAGEN
Fisher Scientific

Fisher Scientific

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Miltenyi Biotec
Miltenyi Biotec
PerkinElmer

Vector Laboratories

Catalog #: 554714
Catalog #: 562574
Catalog #: 76526
Catalog #: MT-10043CV
Catalog #: MT10013CV

Catalog #: 31980030
Catalog #: 25030081
Catalog #: 15630080
Catalog #: 130-104-075
Catalog #: 130-090-862
Catalog #: NEL700001KT
Catalog #: SP-2001
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Opal 7-Color IHC Kits

AR9 Antigen Retrieval Buffer
RNeasy Micro Kit

RNeasy Mini Kit

High-Capacity cDNA Reverse Transcription Kit

TagMan Fast Advanced Master Mix

Akoya Biosciences
Akoya Biosciences
QIAGEN

QIAGEN
ThermoFisher Scientific

ThermoFisher Scientific

Catalog #: NEL811001KT
Catalog #: AR9001KT
Catalog #: 74004

Catalog #: 74104

Catalog #: 4368814
Catalog #: 4444557

Experimental models: Cell lines

B16-OVA

MC38-OVA

LLC-OVA

Hargadon et al. (2006) J.
Immunol. 177, 6081

Hargadon et al. (2006) J.
Immunol. 177, 6081

Gift of E. Podack (Univ of
Miami)

N/A

N/A

N/A

Experimental models: Organisms/strains

C57BL/6

Ragl™~

PMT =

LTa ™~

TNFR1/27-

Human ubiquitin C Promoter (UBC)-mCherry
CXCR57=

Rag2~"112rg™-

Charles River/NCI
Jackson Labs
Jackson Labs
Jackson Labs
Jackson Labs
Jackson Labs
Jackson Labs

Taconic Labs

Catalog #: 027

Catalog #: 002216
Catalog #: 002288
Catalog #: 002258
Catalog #: 003243
Catalog #: 017614
Catalog #: 006659
Catalog #: 4111-F

Oligonucleotides

CCL21a
CXCL12
CXCL13
TNFSF13 (APRIL)
TNFSF13b (BAFF)

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher Scientific

Assay ID: Mm03646971_gH
Assay ID: MmO00445552_m1
Assay ID: Mm00444533_m1
Assay ID: Mm03809849_s1
Assay ID: Mm01218923_g1

Software and algorithms

FlowJo v10.7 software
ImageJ software
Imaris image analysis software

Photoshop 2021

Vectra 3 Automated Quantitative Pathology Imaging

System

Phenochart Whole Slide Viewer

InForm Tissue Analysis Software

HALO Image Analysis Platform Software
QuantStudio 6 Flex Real-Time PCR system

R version 4

Prism version 7.0

BD Bioscience
NIH

Bitplane
Adobe

Akoya Biosciences

Akoya Biosciences
Akoya Biosciences
Indicalabs

Applied Biosystem

R Studios
GraphPad

https://www.flowjo.com/
https://imagej.nih.gov/ij/
https://imaris.oxinst.com/
https://www.adobe.com/

https://www.akoyabio.com/

https://www.akoyabio.com/
https://www.akoyabio.com/
https://indicalab.com/halo/

https://www.thermofisher.com/us/en/home/
life-science/pcr/real-time-pcr/real-time-pcr-
instruments/quantstudio-systems/models/
quantstudio-6-7-flex.html

https://www.r-project.org/

https://www.graphpad.com/
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REAGENT or RESOURCE

SOURCE IDENTIFIER

SAS software suite version 9.4

SAS https://www.sas.com/en_us/home.html
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