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Recent transcriptomic-based analysis of diffuse large B cell ymphoma (DLBCL) has highlighted the clinical relevance of

LN fibroblast and tumor-infiltrating lymphocyte (TIL) signatures within the tumor microenvironment (TME). However, the
immunomodulatory role of fibroblasts in lymphoma remains unclear. Here, by studying human and mouse DLBCL-LNs, we
identified the presence of an aberrantly remodeled fibroblastic reticular cell (FRC) network expressing elevated fibroblast-
activated protein (FAP). RNA-Seq analyses revealed that exposure to DLBCL reprogrammed key immunoregulatory pathways
in FRCs, including a switch from homeostatic to inflammatory chemokine expression and elevated antigen-presentation
molecules. Functional assays showed that DLBCL-activated FRCs (DLBCL-FRCs) hindered optimal TIL and chimeric antigen
receptor (CAR) T cell migration. Moreover, DLBCL-FRCs inhibited CD8" TIL cytotoxicity in an antigen-specific manner. Notably,
the interrogation of patient LNs with imaging mass cytometry identified distinct environments differing in their CD8* TIL-FRC
composition and spatial organization that associated with survival outcomes. We further demonstrated the potential to target
inhibitory FRCs to rejuvenate interacting TILs. Cotreating organotypic cultures with FAP-targeted immunostimulatory drugs and
a bispecific antibody (glofitamab) augmented antilymphoma TIL cytotoxicity. Our study reveals an immunosuppressive role of

Introduction

Diffuse large B cell lymphoma (DLBCL) is an aggressive tumor of
mature B cells that arises in LNs (1). DLBCL remains incurable for
approximately 40% of patients who experience treatment failure
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FRCs in DLBCL, with implications forimmune evasion, disease pathogenesis, and optimizing immunotherapy for patients.

after standard R-CHOP (cyclophosphamide, doxorubicin, predni-
sone, rituximab, and vincristine) immunochemotherapy. In-depth
molecular studies of malignant B cells have revealed extensive het-
erogeneity and increased the understanding of tumor cell-intrin-
sic pathogenesis to aid the development of personalized targeted
therapy (2). DLBCL is classified into 2 major molecular subtypes
relating to the developmental cell of origin (COO) of tumor B cells:
the germinal center (GC) B cell-like (GCB) and the activated B-
cell like (ABC) subtypes, with the latter having inferior outcomes
(3-5). More recently, genetic subtypes with distinct outcomes have
been identified within these COO subgroups (6-10).

DLBCL tumors are heavily packed with tumor B cells that
efface normal tissue and mask the presence of nonmalignant cell
types within the tumor microenvironment (TME) (11). However,
the TME is a complex ecosystem, comprising not only malignant
cells, but also immune and stromal cells. A seminal gene expres-
sion study of diagnostic whole-tissue biopsies alluded to the
importance of the concealed TME: signatures derived from stro-
mal cells significantly associated with patient outcomes, including
the prognostically favorable stromal-1 signature containing myo-
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Figure 1. Aberrantly remodeled FRCs in human and murine DLBCL. (A and
B) Representative IMC staining of B cells (CD20) and the LN stromal popu-
lation FRCs (higher magnification insets), BECs, and LECs (CD31, PDPN) in
(A) rLN (n = 3) and (B) DLBCL-LN TMA (n = 53). Scale bars: 100 um. (C) Area
occupied by FRCs, LECs, and BECs in rLN (n = 3) and DLBCL-LN tissues (n =
53) (IMC). Two distinct biopsy cores per patient sample (data points). (D)
PDPN* FRCs in rLN (n = 5) and DLBCL-LNs (n = 15) examined using skeleton
analysis. Left, original PDPN signal; right, skeletonized images. Quantifi-
cation of the mean number of branches and lengths per field of view. (E)
Binary images of PDPN staining for gap analysis (colored circles) of the FRC
network in rLN (n = 5) and DLBCL-LNs (n = 15). Gap (circle) radii analysis.
Original magnification, x20. (F and G) Representative confocal analysis

of the FRC network in the spleens (F) and LNs (G) of WT and IuHABcI6
lymphoma mice. Scale bars: 100 um (upper panels); 50 um (lower panels).
B, B cell zone; T, T cell zone; RP, red pulp. Area occupied analysis of PDPN*
FRCs in spleen (F) and LN tissue images (G) from WT (n = 5) and lympho-
ma IuHABcI6 (n = 6) mice. Data are represented as mean + SEM (C-G). *P <
0.05; **P < 0.01, Mann-Whitney U test (C-G).

fibroblast- and extracellular matrix-associated (ECM-associated)
genes (12). More recently, advanced transcriptome studies of bulk
DLBCL tissues have again illuminated the relevance of the stro-
mal and immune cell landscape in lymphoma, with the categori-
zation of TME ecosystems that capture clinical heterogeneity and
extend beyond COO and genotypic classifications (13, 14).

Stroma-immune crosstalk is highly relevant in the immuno-
therapy era. Immunotherapy for lymphoma has shown promise, as
illustrated by programmed cell death protein 1 (PD-1) blockade in
Hodgkin lymphoma. “Hot” tumors, which harbor relatively high
numbers of tumor-infiltrating lymphocytes (TILs), are associated
with superior response to checkpoint inhibitors and include a sub-
set of DLBCL tumors (15). However, the majority of non-Hodgkin
lymphomas (NHLs), including DLBCL, fall between currently
ill-defined “immunosuppressed” and “cold” TME categories (16,
17), which likely contributes to suboptimal responses to anti-PD-1
or chimeric antigen receptor (CAR) T cell immunotherapies (18-
20). Although fibroblasts were initially viewed as “immune neu-
tral” structural determinants, studies have revealed that they play
a critical role in regulating immune cells and influencing response
to immunotherapy (21).

The hallmark feature of lymphoid organs is the highly ordered
compartmentalization of T cells, B cells, and myeloid cells into
specialized niches to generate effective immune responses.
Immune-interacting specialized fibroblasts known as fibroblastic
reticular cells (FRCs) underpin these distinct microenvironmen-
tal niches to provide structural integrity and crucially regulate
innate and adaptive immune responses during homeostasis and
immune activation (22, 23). During inflammation, FRCs remod-
el to accommodate reactive LN (rLN) expansion, before normal-
izing upon immune resolution. FRCs dynamically steer efficient
immune responses by secretion of supporting factors, cytokines
and chemokines, expression of activating molecules, and antigen
presentation — to control immune crosstalk and activation states
(24, 25). Importantly, FRCs play a dual role in enhancing T cell
activation while also restraining excessive T cell inflammation via
the expression or release of inhibitory molecules to prevent immu-
nopathology (26-28). Despite the transcriptome-based descrip-
tions of DLBCL ecosystems, the immunomodulatory role of fibro-
blasts in lymphoma is poorly defined.
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Here, we studied primary samples from human patients and
a murine model to unmask the phenotypical, transcriptional,
and functional consequences for FRCs chronically exposed to
DLBCL. In response to inflammatory signals from malignant
B cells, FRCs acquired an activated phenotype and increased
their expression of the cancer-associated fibroblast (CAF) mark-
er fibroblast-activated protein (FAP). DLBCL transcriptionally
reprogramed FRCs, altering immunoregulatory chemokine and
antigen-presentation pathways. Functional assays demonstrate
that tumor-altered expression of chemokines and adhesion
molecules in FRCs leads to a reduced ability to promote TIL
and CAR T cell migration. In addition, DLBCL-activated FRCs
(DLBCL-FRCs) inhibited CD8* TIL cytolytic activity via aber-
rant expression of PD-1 ligands (PD-L1 and PD-L2). Moreover,
the interrogation of patient LNs identified distinct environments
differing in their CD8* TIL-FRC composition and spatial orga-
nization that associated with survival outcomes. Finally, tissue
organotypic cultures provided proof of principle that FRCs can
be targeted with FAP-targeted immunostimulatory fusion pro-
teins to augment antitumor TIL cytotoxicity elicited by T cell-en-
gaging bispecific antibody (TCB) immunotherapy.

Results

FRCs are expanded and remodeled in DLBCL. To reveal the stro-
mal landscape within DLBCL TMEs, we performed high-di-
mensional imaging mass cytometry (IMC) analysis of a tissue
microarray (TMA) containing 53 patient LNs (2 core areas per
biopsy) (Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI166070DS1)
(29), with nonmalignant rLNs acting as controls. The application
of a stroma-identification pipeline (Supplemental Figure 1A and
Supplemental Table 2) delineated the 3 major LN populations
defined by the expression of podoplanin (PDPN) and endothe-
lial cell marker CD31 (30, 31): FRCs (PDPN*CD31"), lymphatic
endothelial cells (LECs: PDPN*CD31*), and blood endothelial
cells (BECs: PDPN-CD31"). Interestingly, we observed a signifi-
cant increase of these stromal populations in DLBCL compared
with rLNs, with FRCs occupying the largest LN area, irrespec-
tive of the DLBCL COO (Figure 1, A-C, and Supplemental Fig-
ure 1B). IMC images revealed the highly ordered compartmen-
talization of B cells within GCs, adjacent to the T cell zone of
rLNs containing an intricate and interconnected FRC network,
a hallmark feature of secondary lymphoid organs (Figure 1A).
In stark contrast, DLBCL biopsies showed loss of B/T cell zone
compartmentalization and an LN structure that was effaced by
CD20* tumor B cells (Figure 1B).

Multicolor confocal imaging analysis confirmed the promi-
nent expansion of a remodeled PDPN* (CD31) FRC network that
coexpressed the myofibroblast marker SMA* in an independent
cohort of whole DLBCL-LNs in comparison with rLNs (Supple-
mental Figure 1, C-E). FRCs were diffusely distributed in DLB-
CL-LNs and appeared less organized and denser, while exhibit-
ing a distinctly stretched morphology compared with rLNs. To
exclude the possibility that increased PDPN* CD31" cells in DLB-
CL included follicular DCs (FDCs), we measured the expression
of CD21/35 to distinguish this normally GC localized subset. We
did not detect expression of this receptor on the expanded PDPN*
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Figure 2. Coculture models recapitulate remodeled DLBCL-FRCs. (A)
Schematic of 2D and 3D DLBCL-FRC crosstalk cultures. Primary FRCs were
conditioned with DLBCL cell lines (5 days) or with primary DLBCL B cells (3
days) (human, DLBCL-FRCs[c]; murine, IuHABcl6-FRCs[c]). Primary FRCs
were isolated from rLNs (human, FRCs; murine, WT-FRCs) or from DLB-
CL-LN patient biopsies (human, DLBCL-FRCs[p]); murine IuHABc/6-FRCs).
(B) Representative brightfield (top), confocal images (bottom), and anal-
ysis (dot plot) of FRCs (1 = 6), DLBCL-FRCs(c) (conditioned with primary
DLBCL cells, n = 6 patients), and DLBCL-FRCs(p) (n = 2 patients) (ABC and
GCB). Scale bars: 10 um. (€) 3D contraction assays for FRCs and DLB-
CL-FRCs(c) (SU-DHL16). Brightfield gel images at 3 days. (D) 3D images and
length analysis of FRCs (n = 3) and DLBCL-FRCs(p) (n = 2 patients, ABC and
GCB). Scale bars: 10 um. (E) PDPN expression histograms. Left, FRCs (gray,
n =3), DLBCL-FRCs(c) (primary DLBCL cells, light red, n = 3 patients) and
DLBCL-FRCs(p) (dark red, n = 3 patients, 1 ABC and 2 GCB). Right, WT-FRCs
(gray, n = 3), luHABcl6-FRCs(c) (light red, n = 3), and InHABcl6-FRCs (dark
red, n = 3). (F) IMC quantification of PDPN expression on FRCs from rLN (n
=3) and DLBCL-LNs (n = 53). (D) Representative data from n = 3 indepen-
dent experiments. Data are represented as mean + SEM (B, C, D, and F).
*P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA with Tukey's test (B) or
Mann-Whitney U test (C, D, and F).

FRC network in DLBCL, except for residual GCs, detected in 3
of the 53 DLBCL-LNs examined (Supplemental Figure 1F). In
addition, the coexpression of collagen I and desmin with PDPN
demonstrated that myofibroblasts in DLBCL were of FRC origin
(Supplemental Figure 1G). To investigate the magnitude of FRC
network remodeling in DLBCL, we performed skeleton analysis,
which revealed fewer branch points and increased branch lengths
compared with rLNs (Figure 1D). Morphological classification of
our IMC data set confirmed increased numbers of elongated and
less complex reticular fibers in DLBCL (Supplemental Figure 1,
H-L). In line with these observations, a gap-analysis algorithm
showed larger spaces between reticular network branches in lym-
phoma LN, consistent with a loosened FRC network (Figure 1E).
This remodeled network is reminiscent of FRC activation and
stretching triggered during an immune response (31, 32). Howev-
er, our data reveal an aberrantly remodeled FRC state in DLBCL
beyond what is detected in rLNs.

An expansion of stretched PDPN*, SMA* FRCs was similarly
detected in diseased spleens and LNs from IpnHABcl6 mice (Figure
1, F and G), a mouse model of spontaneous DLBCL in which Bcl6
expression is targeted to mature B cells under the IgH I promoter
(InHABcl6), mimicking a common genetic lesion in DLBCL (33).
Although the model has low penetrance and a long disease latency
(from 10 months of age), it was chosen as it recapitulates the salient
clinical and histopathological features and genetics of the human dis-
ease (Supplemental Figure 2, A-D). Confocal microscopy revealed
effacement of tissue microarchitecture by DLBCL cells, with loss
of B/T cell zone compartmentalization in expanded splenic white
pulp and LNs from InHABcl6 mice compared with age-matched WT
mice. The coexpression of the FRC-associated antigen ER-TR7 with
PDPN confirmed the identity of expanded and remodeled FRCs in
this mouse model (Supplemental Figure 2, E-H). Together, these
data reveal an expansion of remodeled FRCs in the human DLBCL
TME that is recapitulated in the ItHABcl6 model.

DLBCL B cell-activated FRCs upregulate expression of the CAF
marker FAP. FRCs are contractile during homeostasis, but rapid-
ly respond to lymphocyte-derived proinflammatory stimuli and
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lose their contractility to facilitate LN swelling during an immune
response (32). To investigate how FRCs respond to DLBCL, we
established human and murine 2D and 3D culture platforms uti-
lizing primary LN-FRCs (Figure 2A and Supplemental Figure 3,
A-C) (30). Briefly, we refer to FRCs following direct contact cocul-
ture with primary DLBCL B cells (3 days) or cell lines (5 days) as
DLBCL-conditioned FRCs (human: DLBCL-FRCs[c]; murine:
InHABCcl6-FRCs[c]). We also studied early passage FRCs directly
expanded from patient DLBCL-LNs (human: DLBCL-FRCs|[p];
murine: InHABcl6-FRCs). We found that DLBCL-FRCs(c) (irre-
spective of COO) and IunHABcl6-FRCs(c) lost their contractile
shape and showed marked stretching compared with uncondi-
tioned FRCs (FRCs) (Figure 2B and Supplemental Figure 3, D-F).
We further noted that primary DLBCL B cells induced greater
FRC stretching compared with control rLN-derived primary B
cells (Supplemental Figure 3G). Importantly, DLBCL-FRCs(p) and
InHABCcl6-FRCs exhibited similar elongated morphology. To deter-
mine functional relevance, we utilized 3D collagen-based gels that
allow FRCs to remodel the matrix and more closely simulate the
LN microenvironment (34). We found that DLBCL-FRCs(c) also
exhibited similar stretching in 3D culture (Supplemental Figure
3H) and a decreased ability to contract gel matrices compared with
FRCs (Figure 2C). Importantly, these findings were mirrored when
we assayed DLBCL-FRCs(p) (Figure 2D).

We next investigated the expression of PDPN that promotes
contractile signaling in FRCs (32). We found that DLBCL-FRCs(c)
and InHABCcl6-FRCs(c) upregulated surface expression of PDPN
to levels comparable to those of DLBCL-FRCs(p) and IuHABcl6-
FRCs, respectively (Figure 2E). We validated these findings and
identified upregulation of Pdpn mRNA in DLBCL-FRCs(c) (Sup-
plemental Figure 3I), while IMC analysis showed increased PDPN
expression on FRCs in DLBCL biopsies (Figure 2F). These data
prompted us to explore why DLBCL-FRCs(c) were noncontractile.
We found that interaction with DLBCL cells induced the accumu-
lation of PDPN into lipid rafts where it colocalized with its inhib-
itory partner CD44 (Supplemental Figure 3, ] and K), reduced
actin-dependent contractile signaling (Supplemental Figure 3L),
and triggered a switch in Rho A-to-Rac-1 activation (Supplemen-
tal Figure 3, M and N), in keeping with FRC stretching (32). Collec-
tively, these data support the utility of coculture systems to reca-
pitulate the in situ findings of a remodeled PDPN* FRC network
within DLBCL TMEs.

To investigate which DLBCL molecules contributed to FRC
activation, we first compared direct contact coculture with a Tran-
swell system (Supplemental Figure 4A). Although loss of FRC con-
tractility was maximally induced following cell contact, Transwell
cocultures also allowed significant FRC remodeling (Supplemental
Figure 4B), indicating the involvement of both soluble and mem-
brane-bound tumor factors. Since B cell-derived LT ,, LT,, and TNF
are known to activate FRCs (35, 36), we chose to examine expres-
sion of these cytokines and their receptors in DLBCL. We detect-
ed robust LT,,, LT,, and TNF expression in primary DLBCL cells
during coculture and in situ (Supplemental Figure 4C). Addition-
ally, we detected LTR as well as TNFRI and TNFRII on human and
murine FRCs (Supplemental Figure 4, D and E). To assess whether
DLBCL-expressed LTs and TNF contributed to FRC remodeling,
we tested the addition of blocking antibodies to cocultures. Our
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screening revealed that blockade of LTR or neutralization of TNF
alone was sufficient to significantly prevent DLBCL-induced FRC
elongation, while neutralizing LT3 showed partial attenuation (Fig-
ure 3A). Notably, we did not detect any additive effect of blocking
all 3 molecules in this assay. Consistent with these findings, the
addition of an LTR-activating antibody or recombinant LT, or TNF
to cultures induced FRC stretching and augmented PDPN expres-
sion (Supplemental Figure 4, F and G). Thus, these results suggest
that membrane LT,, as well as soluble LT, and TNF produced by
DLBCL B cells contribute to FRC activation.

In keeping with a tumor-activated phenotype, we also detect-
ed increased expression of the CAF marker FAP (37, 38) by
reverse-transcriptase PCR (RT-PCR) and immunofluorescence
analysis of DLBCL-FRCs(c) (p) (Supplemental Figure 4, H and [,

and Figure 3B). IMC (Figure 3C) and confocal analysis (Supple-
mental Figure 4]) of DLBCL-LNs revealed that FRCs expressed
strikingly higher levels of FAP compared with rLNs. We similar-
ly detected augmented expression of FAP on remodeled FRCs
in DLBCL-LNs and spleens from IpnHABcl6 mice (Supplemental
Figure 4K). Since FRCs support normal and follicular lympho-
ma B cell survival (36, 39), we explored whether they could also
promote DLBCL survival. Coculturing serum-deprived DLBCL
cells with FRCs in 2D and 3D cultures enhanced their survival
compared with culturing tumor cells alone (Supplemental Figure
4, L and N). We next investigated whether FRCs in DLBCL-LNs
expressed the B cell survival cytokine BAFF (39). Confocal anal-
ysis revealed an increased frequency of FRCs expressing BAFF in
DLBCL compared with rLN interfollicular FRCs (Supplemental
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Figure 4. DLBCL B cells reprogram FRCs into an activated state. (A) Experimental strategy for human bulk RNA-Seq. RNA was extracted from FRCs (n =
3), DLBCL-FRCs(c) cocultured with DLBCL cell lines (n = 8), or primary DLBCL B cells (n = 4 patients) and B cell-FRCs(c) cocultured with B cell lines (n = 3)
or primary rLN-derived B cells (n = 3) for 48 hours using Transwell. In parallel, RNA was extracted from DLBCL-FRCs(p) (n = 2 patients). (B) GSEA fibroblast
activation pathways in human DLBCL-FRCs(c) or DLBCL-FRCs(p) versus FRCs. (€) Murine low-input bulk RNA-Seq workflow. Spleens and LNs from IuHA-
Bcl6 (n =3, n = 7 respectively) and WT mice (n = 6, n = 5 respectively) were processed for FRC isolation (FACS). (D) GSEA fibroblast activation pathways in
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Circle colors depict the normalized enrichment score (NES) and FDR.

Figure 4M). Importantly, the addition of a BAFF-neutralizing anti-
body to DLBCL-FRC 3D cultures abrogated the tumor-protective
effect of FRCs (Supplemental Figure 4N). Thus, these data iden-
tify FAP as a marker for DLBCL-FRCs that exhibit the hallmark
CATF function of supporting tumor cell survival (38).
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Lymphoma transcriptionally reprograms FRCs altering immu-
noregulatory pathways. The above data supporting lymphoma-in-
duced activation of FRCs led us to define how DLBCL alters the
transcriptome of FRCs. We first generated transcriptional profiles
of DLBCL-FRCs(c) following conditioning with DLBCL cell lines

7


https://doi.org/10.1172/JCI166070
https://www.jci.org/articles/view/166070#sd
https://www.jci.org/articles/view/166070#sd

:

RESEARCH ARTICLE

The Journal of Clinical Investigation

A WT and IuHABCI6 012345686
Cxcl12—
: Nr4a1*SCs
3 =~ |MedRCs
Col—| g
Selto - Ccl19* TRCs
Bst1
Col15a1 . CD34*
Smoc2 Col15a1*
= Smoc2*
1 } = CD34
Fbin1— . Perk:
Pi16—| — Fbin1*
’ | CD34*
5 Lyet I_Ly6c1+
s =i
c = | BRCs
UMAP_1 e ——
2 0 2
C WT IuHABcI6 D Ccl21 B2m
5
c 6 5 4
S S 3
M . 2 [ ] wr-FrRCs
a o o
< 5 S, B uHABCl6-
2 5 2 w o w FRCs
o g - i |
: 0 | il .
T T T T T T T T T T T T T
UMART Cxcl9 Cd74
1004 —— =——
—— 1 ®BRCs S, 54
— I I @ 17}
S Ly6c1* Pi16* o o [] wr-FrCs
o) T . . <, 22
g Penk* Fbin i n B uHABcl6-
g %7 | @ col15at1* Smoc2* FRCs
£ — 0 il e 0|4 —
% | TRCs T T T T T T T T I@ I@ T T T I":)
Ch 4 RS < g & 8
2 MedRCs W2 @ & e RIS IRNPNF
RO RN A S R
@ Nr4a1 \} G A N
NS ISP
. & S S
WT IuHABcI6 < P

Figure 5. scRNA-Seq of murine DLBCL-FRCs reveals altered chemokine and antigen-presentation gene pathways. (A) UMAP of scRNA-Seq data gen-
erated from FACS-sorted LN stromal cells for WT-FRCs (1,408 cells) and IuHABcl6-FRCs (1,422 cells). Seven clusters (c0-c6) identified with FRC-reclus-
tered analysis. (B) Heatmap showing the top 20 genes and average expression levels in each cluster and their assigned identity (FDR < 0.001 and highest
log-fold changes). (C) Distribution of FRC clusters in IuHABc/6 versus WT. Upper panels, UMAP of FRC clusters across the WT (left) and InHABc/6 (right)
samples. Lower panel, histogram showing frequency of FRC clusters in WT and IuHABc/6. (D and E) Violin plots of Cc/217 and Cxc/9 (B)and B2m and Cd74 (E)

expression in InHABcI6-FRC versus WT-FRC clusters.

(n = 8) or primary DLBCL cells (n = 4) (Figure 4A and Supple-
mental Table 3) and found differentially expressed genes (DEGs)
compared with FRCs (Supplemental Figure 5, A and B). Gene set
enrichment analysis (GSEA) and DEG analysis identified upreg-
ulation of genes involved in proliferation (MKi67, CDK1, BUBIB,
CDC20), metabolism (GYS2, STCI1, KIF20), adhesion (ITGAS,
ICAMI, VCAN), and ECMECM (MMP9, MMPIO, COL4A4) path-
ways in DLBCL-FRCs (Figure 4B and Supplemental Figure 5C).
Notably, analogous transcriptional alterations were also observed
in DLBCL-FRCs(p) (n = 2, Figure 4B and Supplemental Figure 5,

D and E), providing evidence that chronic exposure to lymphoma
within the TME keeps FRCs in an activated state. We further noted
that conditioning with DLBCL cells induced a more metabolical-
ly active FRC transcriptome compared with nonmalignant B cell
controls (B cell-FRCs[c]). Additionally, low-input RNA-Seq analy-
sis of PDPN*CD31" FRCs sorted from spleens or LNs of InHABcl6
and WT mice (Figure 4C and Supplemental Figure 5, H-K) iden-
tified similarly reprogrammed pathways in InHABcl6-FRCs, most
notably from splenic TMEs that harbored most disease (Figure
4D and Supplemental Figure 5L). Moreover, immunomodulatory
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pathways were significantly enriched in both human and murine
DLBCL-FRGCs, including increased gene expression in inflamma-
tory IFN type I and II responses (Irf8, Ifi27), cytokine and chemo-
kine (Cxcl9, Cxcl10), and MHC class I and II antigen-presentation
(HLA genes, B2m and Cd74) pathways (Figure 4E and Supplemen-
tal Figure 5, F, G, and M). We found that DLBCL-FRCs showed
greater enhancement of these altered immune regulatory path-
ways compared with FRCs conditioned with nonmalignant B cells.
In contrast, we observed downregulated homeostatic chemokine
(Ccl21 and Ccl19) expression in InHABcl6-FRCs. Together, these
analyses reveal that acute or chronic exposure to DLBCL induces
an altered immunoregulatory state in FRCs, with similarity in how
they respond to inflammatory stimuli (24, 40, 41).

To gain enhanced resolution of how lymphoma reprograms
FRCs, we also performed single-cell RNA-Seq (scRNA-Seq) on
sorted LN stromal cells (CD45") from IuHABcl6 mice (4,686 cells)
and age-matched WT mice (2,779 cells). Unsupervised clustering

J Clin Invest. 2023;133(13):e166070 https://doi.org/10.1172/JCI166070

of the combined samples allowed the identification of the major
LEC, BEC, and FRC stromal populations visualized with uniform
manifold approximation and projection (UMAP) (Supplemental
Figure 5, N-P) (42). FRC-reclustered analysis (1 = 2,975 cells)
revealed 7 clusters that we assigned cross-study labels by compar-
ing our data with previously defined FRC subsets (24, 42-44) (Fig-
ure 5, A and B, Supplemental Figure 5, Q and R, and Supplemen-
tal Table 4). We identified transcriptional signatures consistent
with T-zone reticular cells (TRCs) (c2) (Ccl19, Ccl21, Bst1, Greml);
Nr4al* SCs (cO) showing some gene expression in common with
c2, suggesting a possible activated TRC origin (43); medullary
FRCs (MedRCs) (cl) that expressed the markers Inmt, Nr4al,
Timpl, and Lum previously associated with this subset (24, 42, 44);
3 populations of CD34* FRCs (Coll5a1'Smoc2*, c3; Penk* FbinI",
c4; and Ly6¢I* Pil6*, ¢5) (42); and B cell-interacting reticular cells
(BRCs) (Cxcl13*, ¢6). GSEA confirmed enriched fibroblast activa-
tion, ECM, and IFN-response pathways in InHABcl6-FRCs com-
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Figure 7. DLBCL-FRCs exhibit a diminished capacity to support T cell and
CAR T migration. (A) Human 3D TIL motility in gels containing FRCs or
DLBCL-FRCs(c) (primary DLBCL cells with autologous TILs) (white lines
indicate TIL [purple] migratory tracks). TIL speed and distance quantifica-
tion. Original magnification, x20. (B) Human TIL cell shape analysis (circu-
larity) during 2D motility on FRCs or DLBCL-FRCs(c) (primary DLBCL cells
with autologous TILs) monolayers. Motile TILs (morphology highlighted in
purple). TIL cell-shape quantification. (C) IF images of stained human rLN
(n =5) and DLBCL-LNs (n = 15). Scale bars: 100 um. IMC CD8* T cell num-
bers/mm? quantification and their circularity in rLN (n = 3) and DLBCL-LNs
(n = 53). (D) Images of stained DLBCL-LNs (CAR 2) before and after CART
cell infusion (CD8* TILs [white], FRCs [red], and CAR T cells [purple]). CD8*
CART cell numbers/mm? after infusion and their circularity (compared
with rLN CD8* cells). (E) Anti-CD19 CAR T cell 2D motility on FRCs versus
DLBCL-FRCs(c) (SU-DHL16). Left panel, migratory tracks. Right panels,
CART cell speed and distance quantification. (A, B, and E) Representative
patient data from n = 3 independent primary DLBCL patient/donor exper-
iments. Data are represented as mean + SEM (A-E). *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, Mann-Whitney U test.

pared with WT-FRCs (Supplemental Figure 5S), in keeping with
our bulk RNA-Seq data sets. scRNA-Seq analysis also revealed a
reduction in the relative abundance of Ccl19* TRCs (c2) in InHA-
Bcl6-FRCs compared with WT-FRCs, whereas MedRCs (c1) and
Col15a1'Smoc2*CD34"* FRCs (c3) increased (Figure 5C and Sup-
plemental Figure 5T). In addition, we confirmed downregulated
expression of Ccl21, whereas IFN-induced Cxcl9, B2m, and Cd74
were upregulated across multiple FRC subsets (Figure 5, D and
E). In sum, our results show that lymphoma reprograms FRCs,
altering chemokine and antigen-presentation gene pathways that
could influence the recruitment and activation of immune cells.
DLBCL-FRCs exhibit a diminished capacity to support T lympho-
cyte migration. We next asked whether lymphoma-induced repro-
gramming affected the ability of FRCs to recruit T cells. Confocal
analysis confirmed that CCL21-expressing FRCs were significant-
ly reduced in both murine and human DLBCL tumors (Figure
6A and Supplemental Figure 6A) and showed decreased CCL19
expression (Supplemental Figure 6B). The diminished expression
of these homeostatic chemoattractants, known to guide CCR7-
expressing T cells into LNs and maintain their movement (26), led
us to model the capacity of InNHABcl6-FRCs to attract TILs. Che-
motaxis assays demonstrated that, although TILs migrated effec-
tively toward CCL21 or freshly harvested conditioned media (CM)
from WT-FRCs, they were incapable of substantial migration
toward InHABcl6-FRC CM (Figure 6B). As TILs expressed CCR7
(Supplemental Figure 6C), we next verified whether decreased
migration was linked to reduced FRC expression of chemokine
ligands. We confirmed that expanded WT-FRCs expressed CCL21
at the time CM was harvested (45), whereas InHABcl6-FRCs
expressed significantly less (Supplemental Figure 6D). Further-
more, blockade of CCR7 or neutralization of its ligands decreased
the migratory potential of TILs toward CCL21 or WT-FRC CM, but
had no effect on TIL migration toward DLBCL-FRC CM (Supple-
mental Figure 6, E and F). Intriguingly, our transcriptome analysis
revealed that DLBCL-FRCs increased Cxcl9 and Cxcl10 expres-
sion. Confocal analysis of murine and human DLBCL biopsies
confirmed increased CXCL9* FRCs in situ (Figure 6C and Supple-
mental Figure 6G) and in cultured InHABcl6-FRCs (Supplemental
Figure 6H). As these IFN-induced chemokines have been linked
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to the attraction of effector T cells during acute infection (24, 46),
we next asked why the CM of InHABcl6-FRCs was ineffective at
recruiting TILs. We first analyzed the expression of CXCR3, the
receptor for CXCL9 and CXCL10, and found reduced levels on
TILs compared with WT T lymphocytes, suggestive of desensi-
tized CXCR3* TILs (Supplemental Figure 61). Indeed, unlike TILs,
WT T lymphocytes migrated effectively toward IpnHABcl6-FRC
CM (Figure 6D). Neutralization of CXCL9/10 inhibited WT T
lymphocyte, but not TIL, migration toward InHABcl6-FRC CM, in
keeping with densensitization of TIL function by a CXCR3 ligand-
enriched FRC secretome (Figure 6D). Thus, these data suggest
that altered chemokine signaling in DLBCL-FRCs contributes to
areduced ability to attract TILs.

Given the critical function of FRCs in providing a substrate for
T cells to migrate upon (26), we next explored how DLBCL-FRCs
influenced T cell migratory behavior. Time-lapse imaging revealed
that human and murine TILs showed significantly reduced migra-
tion when applied to monolayers of DLBCL-FRCs(c) or InHA
Bcl6-FRCs, respectively, in comparison with FRCs (Supplemental
Figure 6, ] and K, Supplemental Videos 1-4). We verified decreased
TIL motility along DLBCL-FRC(c) that were coseeded within 3D
matrix gels (Figure 7A and Supplemental Videos 5 and 6). Notably,
we observed that T cells migrating on DLBCL-FRCs exhibited a
more rounded cell shape compared with an elongated morphology
and faster movement on FRCs (Figure 7B and Supplemental Figure
6L), in line with a previous study linking T cell shape with migratory
speed (47). Our transcriptome analysis of DLBCL-FRCs identified
ICAMI as a DEG, a ligand for LFA-1 expressed on T cells, that when
engaged provides substrate friction during migration (47). We con-
firmed that human and murine FRCs upregulated ICAM-1 expres-
sion following exposure to DLBCL or inflammatory cytokines
(Supplemental Figure 6M). The pretreatment of DLBCL-FRCs(c)
with a titrated ICAM-1-blocking antibody significantly increased
T cell migration, in keeping with elevated adhesion slowing down
lymphocyte migration (Supplemental Figure 6N). Additionally, we
performed adhesion assays using FRCs as a substrate and observed
higher numbers of T cells adhering to DLBCL-FRCs(c) compared
with FRCs (Supplemental Figure 60). Together, these findings
suggest that reduced support of T cell migration by DLBCL-FRCs
could promote deficient infiltration within the TME.

To investigate the localization of in situ CD8* TILs, we per-
formed IMC and confocal microscopy analysis of human and
murine DLBCL tumors. In contrast with clearly demarcated CD8-
rich T cell zones in nonmalignant lymphoid tissues, we detected
a loss of T cell compartmentalization and significantly reduced
numbers of CD8* TILs in DLBCL that localized with the remod-
eled FRC network (Figure 7C and Supplemental Figure 6P).
Further analysis revealed that CD8* T cells exhibited a more cir-
cular morphology (Figure 7C and Supplemental Figure 6Q) and
increased interactions with FRCs in DLBCL-LNs compared with
rLN (Supplemental Figure 6R), consistent with the motility assay
data. Given the potential relevance for CAR T cell immunothera-
py, we also examined pre- and postinfusion biopsies from a phase
I/11 trial testing a CD19-targeted CAR T cell product in relapsed/
refractory (R/R) DLBCL (48) (Supplemental Table 5). This analy-
sis confirmed the presence of remodeled FAP* FRCs prior to and
following treatment, except for 1 patient (CAR 5) who experienced
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a partial response and whose FRCs formed a more interconnect-
ed network after CAR T cell biopsy (Supplemental Figure 6, S-U).
Notably, we found that CAR T cells poorly infiltrated DLBCL biop-
sies (Figure 7D and Supplemental Figure 6V), in agreement with a
previous study (20). However, most infiltrating CAR T cells estab-
lished contact with the remodeled FRC network and exhibited a
more rounded cell shape, suggestive of slower movement (Sup-
plemental Figure 6W and Figure 7D). Indeed, time-lapse micros-
copy confirmed that anti-CD19 CAR T cells showed significantly
reduced motility along DLBCL-FRCs(c) compared with elongated
faster movement on FRCs (Figure 7E and Supplemental Figure
6X), further supporting that FRCs in DLBCL show a reduced abil-
ity to promote T lymphocyte migration.

DLBCL-FRCs suppress antitumor CD8* T cell cytolytic activity.
Enhanced interaction with CD8* T cells and elevated expression
of antigen-presentation genes prompted us to investigate how
DLBCL-FRCs modulated CD8* T cell cytotoxicity. Flow cytomet-
ric analysis confirmed that DLBCL-FRCs(p) and InHABcl6-FRCs
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expressed elevated levels of MHC molecules and could capture
and proteolytically process the model antigen OVA (Supplemen-
tal Figure 7, A-C). Notably, InHABcl6-FRCs exhibited increased
crosspresentation of processed MHC class I-associated OVA,__ .,
peptide (SIINFEKL), in keeping with an enhanced antigen-pre-
sentation capacity (Supplemental Figure 7D). To investigate
modulation of CD8* T cell function, we utilized autologous cul-
ture assays that allowed activated CD8* TILs to directly interact
with FRCs for 24 hours prior to the addition of DLBCL B cells to
measure antitumor activities (Figure 8A). This culture time point
preceded the ability of FRCs to attenuate T cell proliferation (27,
49), and we confirmed that culture with FRCs did not alter TIL
numbers or viability (data not shown). CD8* T cells form cytolyt-
ic immune synapses with target cells to enable polarized secre-
tion of lytic granules and killing of tumor cells. Confocal analysis
showed that murine and human CD8* TILs that had been cul-
tured with InHABcl6-FRCs or DLBCL-FRCs(p), respectively, dis-
played a reduced ability to form F-actin-rich, granzyme B* (GrB)
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Figure 10. IMC reveals distinct CD8* TFEs in DLBCL. (A) t-SNE plot of CD8* TILs from 53 DLBCL-LN core biopsies (2 per patient tissue) (IMC). TILs are clus-

tered based on the expression of PD-1, LAG-3, TIM-3, PD-L1, PD-L2, and GrB.

(B) Heatmap of the median normalized protein expression per CD8* cluster

(c1-c10) and associated phenotypic identities indicated. (C) Frequency distribution of the identified CD8* clusters across the 53 DLBCL-LNs (TMA patient
IDs shown). (D) Hierarchical clustering of DLBCL patient data (n = 53) based on the z-scored frequency of each CD8* TIL cluster (c1-c10), FRC PD-1 ligand
expression cluster (c11-c14) (Supplemental Figure 7)), and FRC morphological shape cluster (c15-c18) (Supplemental Figure 1H). Four CD8* TFEs (TFE1-4)

are indicated at the top of the heatmap.
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(B) ***P < 0.001, log-rank (Mantel-Cox) test.

lytic synapses with tumor B cells when compared with FRC-ed-
ucated TILs (Figure 8B and Supplemental Figure 7E). Triple-cul-
ture autologous assays revealed that anti-DLBCL T cell-medi-
ated cytotoxicity was significantly reduced when murine CD8*
TILs were exposed to InNHABcl6-FRCs, but not WT-FRCs (Figure
8C). We confirmed this finding in human DLBCL and found that
TILs exhibited suppressed antitumor killing function following
exposure to DLBCL-FRCs(p) compared with FRCs (Figure 8D).
We next assessed whether this inhibition was antigen dependent
by adapting our triple-culture assay to incorporate OVA-specific
OT-I1 CD8* T cells interacting with OVA-loaded DLBCL-FRCs,
priortothe addition of OVA-loaded DLBCL cells. InHABcl6-FRC-
driven suppression of OT-I T cell cytolytic function was only
detected when FRCs displayed OVA (Figure 8E), consistent with
antigen-driven suppression. FRCs have been shown to restrain
T cells under inflammatory conditions via upregulated expres-
sion of self-antigens and coinhibitory molecules such as PD-L1
(50, 51). Flow cytometric analysis revealed that InHABcl6-FRCs

J Clin Invest. 2023;133(13):e166070 https://doi.org/10.1172/JCI166070

expressed increased levels of PD-L1 and PD-L2 in comparison
with WT-FRCs (Figure 8F). This led us to test the role of these
inhibitory ligands in our culture assay. Pretreating OVA-loaded
InHABCcl6-FRCs with blocking antibodies against PD-1 ligands
significantly increased the subsequent cytotoxic function of
OT-IT cells against OVA-DLBCL cells, whereas the treatment of
WT-FRCs had no effect (Figure 8G). Indeed, blockade of these
inhibitory ligands on InHABcl6-FRCs augmented endogenous
TIL cytotoxicity against autologous DLBCL cells (Supplemental
Figure 7F). We further verified these findings in human disease,
confirming that exposure to DLBCL cells (or treatment with LTs
and TNF-o) triggered increased expression of PD-1 ligands on
FRCs (Supplemental Figure 7G). Consistent with these results,
immunostaining detected significantly increased focal PD-1
expression on T cells interacting with DLBCL-FRCs(c) compared
with FRCs (Figure 9A and Supplemental Figure 7H). Moreover,
we detected upregulated expression of PD-L1/2 on in situ FRCs
in both human and murine DLBCL in comparison with non-
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Figure 12. Combining FRC-targeted immunotherapy with glofitamab
enhances antitumor activity in organotypic cultures. (A) 3D precision-cut
LN slice-based organotypic cultures schematic. (B) Representative 3D
image reconstruction of a human lymphoma organotypic culture stained
for DLBCL cells (CD20), FRCs (PDPN), and TILs (CD8). Original magnifi-
cation, x20. (C) Confocal analysis of in situ FRCs (DLBCL-LN organotypic
culture) stained for PDPN and FAP (left, 3D images; right, volume occupied
analysis of FAP* FRCs, n = 6 DLBCL patient LNs). (D) DLBCL organotypic
cultures (LN57) treated for 48 hours with control antibodies (vehicle: DP47-
TCB, DP47-4-1BBL, FAP-PGLALA) or with glofitamab (CD20xCD3) alone or
in combination with FAP-IL2v or FAP-4-1BBL. 3D volume-rendered images
show CD20* tumor cells and cleaved caspase-3 (cCasp3) staining (upper
images) and the colocalization channel (CD20*/c-Casp3* cells) (lower).
Cleaved caspase-3* tumor cells (fold change quantification compared with
vehicle treatment). Data are represented as mean + SEM (C and D). *P <
0.05; **P < 0.01, 1-way ANOVA with Tukey’s multiple-comparisons test.
Scale bars: 15 um.

malignant tissues (Figure 9, B-D, and Supplemental Figure 7I).
Our IMC analysis revealed heterogeneous expression of these
PD-1ligands on FRCs in human DLBCL biopsies (Supplemental
Figure 7]). Together, these results provide functional evidence
that lymphoma-activated FRCs can dampen CD8* T cell-killing
function during antigen-dependent interactions via the aberrant
expression of coinhibitory ligands.

CD8" T cell-FRC composition, spatial interaction, and associa-
tion with survival. We next sought to further characterize the com-
position and organization of the CD8* TIL and FRC environment
(TFE) within human DLBCL by examining high-dimensional
images generated from the TMA with our IMC panel (Supplemen-
tal Tables 1 and 2). First, to gain insight into the phenotypic diver-
sity of the CD8" T cell compartment, segmented CD8"* single cells
were analyzed for the expression of immune checkpoint (PD-1,
PD-L1, PD-L2, LAG-3, TIM-3) and cytolytic (GrB) proteins. Phe-
nograph clustering and visualization with t-Sne revealed the pres-
ence of 10 different CD8" clusters (Figure 10A and Supplemental
Figure 8A). To assign putative phenotypic identity, we calculated
the normalized median expression of each marker within each
cluster and visualized values in a heatmap that enabled the group-
ing of subpopulations with similar immunophenotypes (Figure
10B). This analysis highlighted the gradual phenotypic diversity
of the intratumoral CD8* T cell pool in DLBCL that expressed
various levels of coinhibitory checkpoints. Two of these clusters
(c1 and ¢2) displayed a checkpoint® and GrB" immunopheno-
type in keeping with a nonactivated T cell state (52); c3, c4, and
c5 showed an immunophenotype reminiscent of intratumoral
progenitor exhausted CD8" T cells (53), characterized by higher
expression of checkpoint molecules compared with GrB (54). In
contrast, higher levels of GrB expression compared with check-
points in c6, c7, and c8 were consistent with cytotoxic T cells
(52). The remaining 2 clusters (c9 and c10) displayed a check-
point™ and GrB" immunophenotype, characteristic of terminally
exhausted CD8" T cells (52, 53). Notably, the frequency of each
CD8* subpopulation (Figure 10C) did not correlate with COO.
We then verified the phenotypic identities obtained with a phe-
nograph by analyzing DLBCL patient TILs with flow cytometry
(Supplemental Figure 8, B and C), confirming the presence of
dysfunctional PD-1"TIM-3* TILs in DLBCL (52, 54, 55).
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Next, we performed unsupervised hierarchical clustering of
CD8* TIL and FRC subpopulation (Supplemental Figure 1L and
Supplemental Figure 7]) frequencies within all 53 tumors and
identified 4 distinct TFEs (Figure 10D, Figure 11A, and Supple-
mental Figure 8D). TFE1 was characterized by a relatively high-
er proportion of exhausted (progenitor and terminally) but lower
cytotoxic and nonactivated CD8* TILs. In contrast, TFE4 DLBCLs
were enriched in cytotoxic CD8" T cells but lower in exhausted
CD8* TILs. TFE2 contained a higher proportion of PD-1 ligand*
FRCs and progenitor exhausted CD8* T cells, but relatively few-
er cytotoxic TILs. Finally, less activated FRCs (circular and PD-1
ligand’) and nonactivated T cells were enriched in TFE3. We
found no association of these TFEs with COO or known clinical
parameters. Remarkably, however, patients from TFE1 showed
significantly shorter survival than those in TFE4, who had superi-
or survival outcomes, whereas TFEs 2 and 3 showed intermediate
stratified survival outcomes (Figure 11B).

Finally, to gain insight into TIL-fibroblast spatial organiza-
tion within these TFEs, we conducted distance analysis between
CD8* clusters and the FRC network. Strikingly, in contrast with
close CD8" T cell/FRC interactions observed in intermediate and
good outcome tumors (TFEs 2, 3, and 4), spatial analysis revealed
an uncoupling of CD8* clusters from the total FRC network (>10
pm distance) in the unfavorable TFE1 group (Figure 11, C and
D). Overall, our IMC analysis provides evidence that the makeup
of the CD8* TIL/FRC network and their interactivity could help
define distinct TMEs that associate with survival.

Reinvigorating antilymphoma TIL activity with tumor- and
FRC-targeted combination immunotherapy. Finally, to assess whether
the interaction between TILs and inhibitory stromal cells could be
targeted to stimulate antitumor immune activity, we explored the
potential to harness FAP-expressing FRCs with targeted immuno-
therapy utilizing patient-derived samples. TCBs designed to redi-
rect TILs, such as glofitamab (CD20 x CD3), are showing clinical
promise in R/R lymphoma (56, 57), with the added potential to pair
with costimulatory agonists to enhance T cell responses (58, 59). To
investigate whether an FAP-targeted 4-1BB agonist (FAP-4-1BBL,
RG7827) or IL-2 variant immunocytokine (FAP-IL2v, simlukafusp
alfa) could target in situ FAP* myofibroblasts to augment glofitam-
ab-triggered TIL functionality, we established a precision-cut LN
tissue slice organotypic culture assay. Advantageously, this system
preserves the intact immune-FRC TME for subsequent 3D image
analysis (Figure 12, A and B). We detected marked FAP expression
on the FRC network in the 6 DLBCL biopsy tissues studied, which
included diagnostic and R/R disease (Supplemental Table 6, Fig-
ure 12C, and Supplemental Figure 9A). Tumors were treated with
glofitamab alone or in combination with FAP-IL2v or FAP-4-1BBL
for 48 hours. We verified that glofitamab stimulated the expression
of 4-1BB on CD8" TILs in the lymphoma TMEs (Supplemental Fig-
ure 9B), creating an opportunity for 4-1BB agonist activity. Although
glofitamab induced a nonsignificant increase in tumor cell death, its
pairing with either FAP-IL2v or FAP-4-1BBL resulted in augmented
DLBCL cell death compared with untargeted control drugs in all the
lymphoma tissues tested — suggesting that the levels and distribu-
tion of FAP in human DLBCL is sufficient to enable target-mediated
costimulation of interacting TILs (Figure 12D) (Supplemental Figure
9, C-G). We also evaluated the targeting of FAP* FRCs in InHABcl6
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Figure 13. Combination immunotherapy enhances T cell retention in organotypic cultures. (A and B) Representative IuHABc/6 spleen (A) and LN (B)
organotypic cultures treated for 48 hours with vehicle or with surrogate murine (mu) muCD20-TCB alone or in combination with muFAP-IL2v or mu4-1BB-
FAP immunotherapy. Cleaved caspase-3* DLBCL cells (fold change quantification compared with vehicle). Data show 1 experiment (from n = 3 independent
mice). (C) 3D confocal reconstruction of in situ FRCs and CD8* TILs in a DLBCL (LN57) organotypic culture treated for 48 hours with the drugs indicated.
Number of CD8* TILs per field of view. Data are represented as mean + SEM (A-C). *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA with Tukey's multi-

ple-comparisons test. Scale bars: 15 pm.

tumors using murine (mu) surrogate antibodies (58) with splenic
and LN slice organotypic cultures that overcame the low-penetrance
challenge of this model and allowed comparative treatment studies.
In keeping with the human data, combining a muCD20-TCB with

mu4-1BB-FAP or muFAP-IL2v significantly improved DLBCL cell
killing compared with TCB treatment alone (Figure 13, A and B and
Supplemental Figure 9, H and I). Assessment of T cell retention in
the human tumor cultures showed an increased persistence of CD8*
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T cells following combination immunotherapy, in keeping with acti-
vation of cytolytic synapses (Figure 13C and Supplemental Figure 9,
C-G). In contrast, the treatment of a rLN lacking FAP expression on
the reticular network showed insensitivity to the addition of these
stroma-targeting drugs (Supplemental Figure 9]).

To investigate FRC-suppressive activity in response to immu-
notherapy-induced inflammation, we measured the expression
of PD-1 ligands on in situ FRCs and found significantly increased
levels following glofitamab treatment — suggesting that FRCs
could restrain immunotherapy-activated TILs (Supplemental Fig-
ure 10A). Indeed, in vitro triple-culture assays showed that glofit-
amab-triggered TIL cytotoxicity was significantly lower in the
presence of DLBCL-FRCs(c) compared with FRCs (Supplemental
Figure 10B). In keeping with this finding, we detected reduced
IL-2, IFN, and GrB in the CM harvested from glofitamab-treated
cultures (Supplemental Figure 10C). Importantly, the combina-
tion of FAP-targeted immunostimulatory drugs with glofitamab
increased anti-DLBCL TIL killing function when TILs were inter-
acting with FAP* DLBCL-FRCs(c), but not FRCs lacking detect-
able FAP expression (Supplemental Figure 10D). Consistent with
these findings, the cotreatment of DLBCL-LN slices with blocking
anti-PD-L1/2 antibodies enhanced the antitumor activity of glofit-
amab to a level comparable to that of combination FAP-4-1BBL/
FAP-IL2v plus glofitamab — supporting the ability of FAP-targeted
immunotherapies to counteract inhibitory signaling from FRCs
(Supplemental Figure 10E). In addition, given our earlier finding
of diminished expression of homeostatic chemokines in DLB-
CL-FRCs, we sought to investigate the impact of immunotherapy.
Immunoassays revealed enrichment of CCL19 and CCL21 within
the CM of in vitro cultures treated with glofitamab (Supplemen-
tal Figure 10F). Analysis of treated DLBCL-LNs verified signifi-
cantly increased expression of FRC-associated CCL21, suggest-
ing promotion of a T cell-attracting TME (Supplemental Figure
10G). Indeed, chemotaxis assays showed that the CM of glofit-
amab-treated triple-culture assays increased the recruitment of
untreated TILs (Supplemental Figure 10H). Finally, we assessed
targeting FAP* FRCs in other CD20-expressing B cell malignan-
cies and confirmed that the addition of FAP-targeted immuno-
stimulatory drugs could augment glofitamab-induced cytotoxicity
in follicular lymphoma and Hodgkin lymphoma patient LNs when
FAP was expressed by stromal cells (Supplemental Table 6 and
Supplemental Figure 10, I-L). Together, these results suggest that
lymphoma-activated FRCs are inhibitory toward CD8* TILs and
immunotherapy, but can be targeted with stroma-targeted immu-
notherapy to improve antitumor immune activity.

Discussion

The immunological consequences of lymphoma development on
the ability of LNs to maintain homeostasis and regulate immune
responses remain unclear. Such knowledge could be harnessed to
better understand immunosuppressed TMEs in NHL and to opti-
mize immunotherapy. Recent transcriptomic-based classification of
DLBCL TMEs has highlighted the relevance of fibroblast-immune
cell landscapes (12-14), but functional studies to define immunobi-
ology have been lacking. Here, we have leveraged primary patient
samples and a murine model of disease to reveal that exposure of
LN-resident immunologically specialized FRCs to DLBCL B cells
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triggers their activation, remodeling, and reprogramming. DLB-
CL-exposed FRCs exhibited an altered immunoregulatory state
that includes a switch from homeostatic to inflammatory chemok-
ine expression as well as upregulated adhesion and antigen-presen-
tation molecules. Our functional studies suggest that altered DLB-
CL-FRCs impeded optimal T cell migration and inhibited CD8" T
cell lytic function. Despite these suppressive properties, we demon-
strate that FRCs in lymphoma TMEs can be cotargeted in combina-
tion with immunotherapy to boost TIL cytolytic activity.

FRCs have a dual role in enhancing immune activation while also
suppressing T cell responses (24, 25,28, 60). This seemingly paradoxi-
cal activity reflects the crucial role FRCs play in dynamically regulating
optimal immune responses during homeostasis, inflammation, and
subsequent resolution. During an immune response, the FRC network
remodels, alters transcriptionally, and proliferates to allow LN expan-
sion and support increased immune cell infiltration and function (31,
34, 40). Importantly, after pathogenic clearance, FRCs contract this
network and normalize their inflammation-altered transcriptome
to allow the LN to return to homeostasis (31). Here, we demonstrate
that signals from DLBCL B cells activate FRCs and lead to reprogram-
ming of key inflammatory and immunomodulatory pathways. We
reveal that lymphoid tissues burdened with DLBCL cells contained an
expanded and heavily remodeled FRC network, resembling an ampli-
fied acute immune response state (31). In common with how FRCs
respond to CLEC2-expressing DCs during an immune response (32),
we observed that exposure of FRCs to DLBCL cells led to an inhibition
of their contractile signaling and induced stretching. We found that
DLBCL-derived inflammatory molecules TNF, LT3, and LT12 activat-
ed FRCs, while FRC-expressed BAFF supported DLBCL B cell surviv-
al. In line with previous reports of normal and malignant B cell bidi-
rectional crosstalk with stromal cells (36, 61-63), we propose a model
whereby infiltrating DLBCL B cells sustain chronic inflammatory FRC
activation within LN TMEs by hijacking B cell-derived signals, which
are normally spatially and temporarily controlled during immune
reactions. Although blocking these TNF family molecules was suf-
ficient to attenuate tumor-induced FRC stretching, this did not fully
abrogate fibroblast activation, suggesting that DLBCL cells produce
additional stromal remodeling factors (13). DLBCL-FRCs exhibited a
profoundly altered transcriptional state, resembling the activation of
innate immune sensors in FRCs following viral infection (24, 26, 31,
40). Accordingly, we detected altered expression patterns of genes
involved in proliferation, metabolism, ECM remodeling, inflamma-
tory type I and II IFN signaling, cytokine and chemokine signaling,
and antigen presentation. Importantly, these transcriptional pathways
were found in FRCs following acute exposure to DLBCL B cells in
coculture assays, but also in FRCs expanded from patient or murine
tumors. Additionally, scRNA-Seq analysis of murine DLBCL-LNs
revealed a reduction in the abundance of CclI9-expressing TRCs
that normally attract T cells and DCs through the provision of CCL19
and CCL21 (43). In contrast, we detected an expansion of MedRCs in
diseased LNs, which provide niche factors including BAFF and IL-6
for plasma B cells during an immune response (64). Moreover, a col-
lagen-producing FRC subset (Coll15a1*Smoc2*Cd34* fibroblasts) was
also expanded in DLBCL, consistent with enriched fibroblast-derived
ECM signatures recently described in DLBCL TMEs (13). Our tran-
scriptome analysis revealed downregulation of chemokines Ccl21 and
Ccl19,while IFN-regulated chemokines such as Cxc/9 and antigen-pre-
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sentation genes were upregulated across multiple FRC subsets within
DLBCL-LNSs. Collectively, these data suggest that DLBCL reprograms
FRCs into a chronically activated CAF-like state that could foster the
tumor niche and promote aberrant immunity.

Additionally, our study utilized tumor-derived primary cultures
to demonstrate that DLBCL-FRCs could interfere with T cell func-
tion. We confirmed that the FRC network in DLBCL tissues had a
deficiency in homeostatic CCL21 and CCL19 expression. Accord-
ingly, CM harvested from DLBCL-FRCs showed a diminished abili-
ty to attract TILs in chemotaxis assays. Unexpectedly, IFN-induced
chemokines produced by DLBCL-FRCs failed to offset reduced TIL
migration, which we hypothesize could be related to CXCR3 desen-
sitization within the inflammatory TME. Our data are consistent
with a previous murine model study demonstrating that lymphoma-
induced high endothelial venule and FRC remodeling was detrimen-
talfor T cell transmigration into malignant LNs (65). Furthermore, we
observed decreased TIL and CAR T cell motility along DLBCL-FRCs
using 2D and 3D assays. Based on our data, we speculate that ele-
vated ICAM-1 expression on lymphoma-activated FRCs could exert
adhesive breaks for migrating lymphocytes. Our analysis of TME
tissues supported this view, as CD8" TILs, although low in number,
showed increased interactions with remodeled FRCs compared with
nonmalignant LNs. Our functional assays also revealed the ability of
DLBCL-FRCs to suppress interacting CD8* T cells. Increased expres-
sion of antigen presentation and coinhibitory molecules PD-L1 and
PD-L2 by DLBCL-FRCs inhibited antitumor CD8* cytolytic function
in an antigen-dependent manner. Our data identify fibroblasts as a
functionally relevant PD-L1/2-expressing cellular compartment
within the DLBCL TME (66). Together, these data suggest that FRCs
in DLBCL are held in an unresolved inflammatory state that pro-
motes immunosuppressive properties. Intriguingly, this mechanism
is akin to inhibitory FRC function during chronic viral infection (51)
and solid tumor CAF-mediated suppression and deletion of CD8* T
cells (67). Although we did not detect any modulation of T cell viabil-
ity by FRCs in our short-term culture assays, we do not exclude that
chronic exposure of TILs to proinflammatory and immunosuppres-
sive signals from fibroblasts in the TME could modulate their surviv-
al or differentiation states (41, 68). For example, murine FRCs have
been shown to produce nitric oxide (27), while human FRCs express
multiple inhibitory molecules including IDO and TGF to keep the
proliferation of activated T cells in check (28). Additional studies will
be needed to determine the full scale of immunoregulatory activity
directed by FRCs in the lymphomas.

Considering the diversity of cellular ecosystems in DLBCL (14),
it will be important to understand the relationship between the FRC
state and the regulation of innate and adaptive immune processes
within the TME. Here we employed high-dimensional image analy-
sis to provide insight into the composition and spatial localization of
the CD8* TIL/FRC network in DLBCL-LNs and identified 4 distinct
microenvironments (TFEs). TFE4 tumors associated with superior
patient survival and were enriched in GrB"CD8* T cells interacting
with FRCs. This finding suggests that cytolytic CD8" T cells may
be able to overcome the inhibitory action of FRCs in this subset of
patients. In contrast, TFE2 tumors with a paucity of cytolytic TILs, but
increased frequencies of PD-1ligand* FRCs and progenitor, exhaust-
ed CD8' T cells associated with intermediate survival outcome.
Intriguingly, poor-outcome TFE1 DLBCLs harbored an increased
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proportion of exhausted CD8* TILs, and spatial analysis revealed evi-
dence of T cells dissociating from the FRC network. Given the physio-
logical role of FRCs as dedicated immune-interacting and supporting
fibroblasts, we speculate that, in some patients, DLBCL-FRCs may
still retain some immunostimulatory activity to support TIL func-
tion, whereas when the acquisition of inhibitory properties in tumor-
altered FRCs prevail, this could promote adverse immunosuppressed
or cold TMEs. Indeed, a decrease in immune and stromal cell gene
signatures in DLBCL TMEs toward “depleted” ecosystems is associ-
ated with disease progression and poor outcome, whereas enriched
FRC-immune gene expression profiles are predictive for better
patient survival (12-14). While we have focused on FRC-CD8" T cell
interactions, we envision that DLBCL-FRCs also modulate other
key immune subsets that reside within the TME, which is supported
by our data showing upregulated chemoattractants such as Ccl2 for
macrophages. Additional studies will be required to understand how
FRC activation states (as well as other LN stromal cells) influence the
immune landscape within evolving lymphoma TMEs.

Our work also provides proof of principle that inhibitory fibro-
blasts can be targeted in DLBCL and other B cell lymphomas to
stimulate endogenous CD8* T cells interacting with the remod-
eled FRC network. We took advantage of increased FAP expres-
sion on DLBCL-FRCs to demonstrate that FAP-targeted immuno-
stimulatory drugs could augment antitumor CD8* T cell activity
induced by glofitamab, utilizing patient LN organotypic cultures.
Intriguingly, our image analysis hinted at the ability of glofitamab
to reprogram FRCs toward a more homeostatic state, as we detect-
ed increased CCL21 expression on the FRC network following
treatment. Future research should define which FRC-immune
crosstalk and topology influences respond to bispecific antibody-
based or CAR T immunotherapy and the potential for beneficial
stroma-immune reprogramming. Our work reveals the immuno-
logical relevance of remodeled FRCs in DLBCL, including the
potential to suppress endogenous and immunotherapy-induced
T cell responses. This contributes to emerging data recognizing
reprogrammed LN fibroblasts as CAFs in the lymphomas and their
potential role in shaping the immune TME (14, 62, 69). Further
insights into their activation state and diverse immune functions
should inform the development of future therapeutic approaches
to help optimize immunotherapy for patients.

Methods
All methods are described in Supplementary Methods.

Human patient samples: human LNs. Excess fresh excision diag-
nostic biopsies from rLNs (n = 5) and DLBCL/lymphoma-LNs (1 = 29)
(Supplemental Tables 3 and 6) were processed for the isolation of viable
primary lymphocyte cellular suspensions, FRC isolation and culture, and
organotypic cultures (see Primary cell isolation and culture and Organo-
typic cultures in Supplemental Methods), FRC isolation and culture, and
organotypic cultures.

Data availability. Data were deposited in the NCBI’s Gene Expression
Omnibus database (GEO GSE179161, GSE179193, GSE193565). These
and reagents are all detailed in Supplemental Table 7. Values for all data
points found in graphs can be found in the Supporting Data Values file.

Statistics. Statistical analyses were performed using Prism 9
(GraphPad). Unpaired Mann-Whitney U test was performed when
2 data sets were compared. One-way ANOVA with Tukey’s multi-
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ple-comparisons was used to compare 3 or more data sets. Survival
(overall survival: time from initial diagnosis to death due to any cause)
was calculated using Kaplan-Meier estimate with the log-rank (Man-
tel-Cox) test. P values of less than 0.05 were considered significant.
Sample size, experimental replicates, and additional details are pro-
vided in Supplemental Methods and figure legends.

Study approval. All patient samples were obtained with written
informed consent, in accordance with the Declaration of Helsinki, and
their research use was approved by the National Research Ethics Com-
mittee. Murine model work was fully compliant with UK Home Office
guidelines and was approved by the UK Home Office.
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