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Cancer-associated fibroblasts
drive CXCL13 production in
activated T cells via TGF-beta
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Introduction: Tumour-reactive T cells producing the B-cell attractant

chemokine CXCL13, in solid tumours, promote development of tertiary

lymphoid structures (TLS) and are associated with improved prognosis and

responsiveness to checkpoint immunotherapy. Cancer associated fibroblasts

are the dominant stromal cell type in non-small cell lung cancer (NSCLC) where

they co-localise with T cells and can influence T cell activation and exhaustion.

We questioned whether CAF directly promote CXCL13-production during T cell

activation.

Methods: We characterised surface markers, cytokine production and

transcription factor expression in CXCL13-producing T cells in NSCLC tumours

and paired non-cancerous lung samples using flow cytometry. We then assessed

the influence of human NSCLC-derived primary CAF lines on T cells from healthy

donors and NSCLC patients during activation in vitro measuring CXCL13

production and expression of cell-surface markers and transcription factors by

flow cytometry.

Results: CAFs significantly increased the production of CXCL13 by both CD4+

and CD8+ T cells. CAF-induced CXCL13-producing cells lacked expression of

CXCR5 and BCL6 and displayed a T peripheral helper cell phenotype.

Furthermore, we demonstrate CXCL13 production by T cells is induced by

TGF-b and limited by IL-2. CAF provide TGF-b during T cell activation and

reduce availability of IL-2 both directly (by reducing the capacity for IL-2

production) and indirectly, by expanding a population of activated Treg.

Inhibition of TGF-b signalling prevented both CAF-driven upregulation of

CXCL13 and Treg expansion.

Discussion: Promoting CXCL13 production represents a newly described

immune-regulatory function of CAF with the potential to shape the immune

infiltrate of the tumour microenvironment both by altering the effector-function

of tumour infiltrating T-cells and their capacity to attract B cells and promote TLS

formation.
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Introduction

The suppressive influence of the tumour microenvironment

restrains adaptive immune responses with the potential to destroy

cancer cells. Checkpoint-inhibition overcomes elements of this

suppression and represents a major advance in the treatment of

non-small cell lung cancer (NSCLC). Identifying the cellular players

responsive to checkpoint-inhibition can both illustrate pre-

requisites for effective anti-tumour immunity and help predict its

efficacy. CD8+ cytotoxic lymphocytes (CTL) capable of directly

killing tumour cells are considered as the prime target of

immunotherapy but CD4+ T helper cells and B cells can also

contribute to revival of anti-tumour immunity following

checkpoint inhibition (1–4). The majority of tumour reactive CTL

in the tumour microenvironment (TME) show characteristics of T

cell exhaustion including high levels of PD-1 alongside multiple co-

inhibitory markers including CTLA-4, Tim3, GITR and CD39 (5).

Functionally, although their production of IL-2 and IFN-g is

impaired, tumour-reactive T cells in NSCLC produce high levels

of CXCL13 (6). Indeed, elevated levels of CXCL13+ T cells is highly

predictive of responsiveness to PD-1 blockade in NSCLC (6). The

strength of this association was confirmed when a recent meta-

analysis, of published single-cell data for CXCL13+ CD8+ T cells,

found their presence correlated with improved responsiveness to

checkpoint therapy across all cancers tested (7). Furthermore,

numbers of tumour reactive CXCL13+ CD8+ T cells were

increased following anti-PD-1 treatment, indicating that

expansion of this population is a hallmark of anti-cancer

immunity (7–9).

CXCL13 is chemoattractant chemokine which acts via its

receptor CXCR5 to promote lymphocyte recruitment to tertiary

lymphoid structures (TLS) (10). TLS are ectopically formed

aggregates of lymphoid cells displaying organisational

characteristics of lymph nodes, including the presence of mature

dendritic cells and T cell clusters adjacent to B cell follicles, which

form during chronic inflammation, infection and cancer and

promote adaptive responses (11). Lung cancer patients with TLS

have a better overall prognosis and long term survival than those

without (12) and a high density of follicular B cells in TLS improves

clinical outcome (13). CXCL13 has a key role in driving TLS

formation (10) and CXCL13-producing T cells in NSCLC are

located within TLS (6). In ovarian cancer an increased frequency

of CD103+ CD8+ T cells expressing CXCL13 is associated with

increased B cell density (14) further suggesting an important role

for CXCL13 producing T cells in driving B cell recruitment and TLS

formation. Besides CXCL13 producing CD8+ T cells tumour

infiltrating CD4+ T cells also display an enhanced capacity for

CXCL13 production in lung cancer, breast cancer and ovarian

cancer (6, 14–16). In breast cancer (where high levels of CXCL13

expression are an independent prognostic factor) CD4+ T cells are

the dominant intratumoral source of CXCL13 and correlate with

increased B cell infiltration and maturation (15). The presence of

CD4+ CXCL13+ T cells early in TLS formation in ovarian cancer

also supports a role for these cells in co-ordinating adaptive

immune responses and facilitating development of TLS to

maximise their efficiency (16). Thus, intratumoral CXCL13+ T
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cells are indicative of existing anti-tumour immunity and

predictive of a positive response to immunotherapy which, in

addition to direct tumour cell killing, may derive from their

potential to facilitate TLS formation and B cell recruitment.

Chronic antigenic stimulation in the tumour microenvironments

promotes T cells exhaustion defined by co-expression of multiple co-

inhibitory molecules and a hierarchical loss of effector function (17).

Exhaustion is now recognised as adaptive state allowing T cells to

survival persistent stimulation under direction of the transcription

factor Tox (18). Although production of classical effector cytokines is

reduced in exhausted T cells they can still often display efficient

cytotoxic responses and consistently produce the highest levels of

CXCL13 (6, 7). Factors driving CXCL13-production in the TME in

vivo remain incompletely defined but in vitro TCR stimulation in the

presence of TGF-b promotes CXCL13 production while IL-2 acts to

limit CXCL13 production (14, 19). Two lines of evidence indicate

environmental factors in the TME promote CXCL13-production in

tumour reactive T cells. Using tetramer staining in a cohort of Melan-

A/MART-1 vaccinated melanoma patients allowed phenotypic and

functional comparison of tumour reactive T cells in peripheral blood

versus tumour. Circulating melan-A/MART-1 reactive T cells had a

greater capacity for IFN-g production while tumour-infiltrating cells

produced more CXCL13 and displayed higher expression of co-

inhibitory molecules (20). Using a TCR based lineage-tracking

approach Liu et al. showed that T cells in peripheral blood with

identical TCR-sequences to CXCL13+ intratumoral T cells did not

express CXCL13 and were not in the exhausted state (21). Indeed

CXCL13-expression was rarely detectable in peripheral T cells. These

results indicate antigenic stimulation in conditions found within the

TME promote exhaustion and CXCL13 production.

Cancer associated fibroblasts are the most abundant stromal cell

type in the TME and co-localise with T cells in the stromal areas of

the tumour mass (22). As single cell analyses continues to reveal the

functional heterogeneity of CAF populations (23–25) there is

increasing recognition of their immunomodulatory capacity (26)

and impact on responsiveness to immunotherapy (27, 28).

Fibroblasts play essential roles in the organisation of lymphocyte

populations from the development of lymphoid tissues, to the

compartmentalisation of lymph nodes and in lymphoid

neogenesis during infection, inflammation and cancer (29, 30).

CAF can influence adaptive immunity in many ways, some

negative: retaining T cells in the stroma and preventing migration

into the tumour islets (31), limiting proliferation, promoting Treg

recruitment (32), and even directly killing activated T cells (33).

More recent research, however, highlights positive interactions,

through direct antigen presentation (34) and in promoting

development of TLS (35). CAF stimulate expression of multiple

co-inhibitory markers when present during T cell activation (22, 36,

37) including high levels of PD-1 expression and upregulation of

CD39, features found in tumour infiltrating CXCL13 producing T

cells. We questioned whether interactions with CAF would

influence CXCL13-production during T cell activation in vitro.

CAF produced TGF-b and restrained IL-2 production favouring

increased CXCL13 production demonstrating the capacity to

contribute to driving T cell exhaustion during stimulation in

the TME.
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Materials and methods

Ethics statement

Healthy volunteer blood was obtained following informed

consent and the study was approved by Lothian Regional Ethics

Committee (REC) (REC No: 20-HV-069). Cancer/lung tissue and

blood samples were obtained following studies which were

approved by NHS Lothian REC and facilitated by NHS Lothian

SAHSC Bioresource (REC No: 15/ES/0094) and West of Scotland

Research Ethics Service (REC No: 21/WS/0094). All participants

provided written informed consent prior to enrolment in

the studies.
Samples and NSCLC tissue digestion

NSCLC tissues and adjacent non-cancerous lung samples were

collected from patients undergoing surgical resection with curative

intent. Tumours >30mm in diameter had areas from within

macroscopic tumour and distal non-cancerous lung dissected by

the attending pathologist. Fresh samples were processed

immediately or stored in media overnight, then minced as finely

as possible with scissors in bijoux prior to incubation with 1 mg/ml

Collagenase IV (Merck), 1 mg/ml DNase 1 (Merck) in DMEM (Life

technologies) for 1 hr at 37°C with agitation. After digestion,

samples were passed through 100 µM filters and then 70 µM

filters to remove debris and centrifuged at 350 x g for 5 mins at

room temperature. Supernatant was removed prior to red cell lysis

(Merck) and counting. Typically single cell suspensions were

surface stained and analysed directly by flow cytometry. Cells for

cryopreservation were stored in CS10 (STEMCELL technologies)

and frozen at -70 before transfer to liquid nitrogen storage.

PBMC from NSCLC patients were isolated from EDTA anti-

coagulated whole blood samples collected 1 day prior to surgery and

isolated using lymphoprep and Sepmate® tubes (both STEMCELL

technologies). PBMC from healthy donors were obtained from

consented adults in accordance with local regulations. When not

used immediately PBMC were cryopreserved in liquid nitrogen in

CS10 media. Cryopreserved healthy donor PBMC were also

purchased from STEMCELL technologies.
Generation of CAF lines

Single cell suspensions from NSCLC tumours were incubated

overnight in DMEM 100 U/L penicillin/streptomycin, 2 mM L-

glutamine and 10% FCS (all Gibco). Non-adherent cells were

washed away and remaining cells grown to confluence in media

supplemented with 1 X Insulin-Transferrin-Selenium. At passage

cells were washed in PBS prior to treatment with 0.5% Trypsin

EDTA for three minutes at 37°C to lift cells. At the third passage

(when uniform CAF lines were free of non-CD90+ cells) CAF lines

were cryopreserved in CS10 media. All CAF lines used were at

passage 3 – 6. At passage 3 and beyond CAF lines were typically
Frontiers in Immunology 03
FAP+, CD29+ and PDPN- (Supplementary Figure 1). Cell lines were

regularly tested for the presence of mycoplasma contamination.
CAF/T cell co-culture conditions

To analysis chemokine production by CAF were plated at 4 x

104/well in 6 well plates (Corning) and allowed establish prior

replacing media with or without addition of 25 ng/ml rIFN-g, 25 ng/
ml rTNF-a (both Biolegend), or a combination of rIFN-g and

rTNF-a as indicated. After 48 hrs supernatants were harvested,

centrifuged at 350 x g to remove cells and debris, supernatants were

then stored at -20°C prior to analysis. For co-culture with T cells,

CAF were plated at 2 x 104/well in 48 well plates in complete media

(DMEM plus 10% FBS with addition of Pen/Strep and L-Glutamine

(All Life technologies)). T cells were purified from PBMC preps

using an EasySep Human T cell isolation kit (STEMCELL

technologies) according to the manufacturer's instructions. 4 hrs

after plating, when CAF had adhered, purified T cells were plated

alone or added to CAF containing wells at 5x105/well in complete

media with the additions indicated in individual experiments. T

cells were stimulated with anti-CD3 (clone) anti-CD28 (clone)

antibodies (both at 1 mg/ml) or with anti-CD3/anti-CD28 coated

Beads (DYNAL) at a 1:1 ratio with T cells as indicated. The anti-IL-

2 antibody (Clone 5334, R and D systems) was used at 2 mg/ml to

neutralise IL-2. To inhibit TGF-b, the ALK inhibitor SB431542 was

used at 10 µM (TOCRIS).
Cytokine/chemokine analysis

Supernatants from co-cultures for analysis of chemokine

production were harvested after 96 hrs culture, centrifuged at 350

x g to remove cells and debris. Supernatants were then stored at -20°

C prior to analysis. A Legendplex® mix and match bead array

assay was used to detect production of CXCL13, CCL22 and

CX3CL1 according to the manufacturer’s instructions. CXCL13

production was also measured by ELISA (RnD systems). Active

TGF-b was measured by ELISA according to the manufacturer's

instructions (Biolegend).
Flow cytometry

Cells were washed in PBS, dead cells were stained with Zombie

UV (Biolegend) according to the manufacturers instructions. Fc

receptors were blocked with Trustain FcX (Biolegend) prior to

staining with the indicated monoclonal antibodies in PBS 2% FCS

(see details in Supplementary Table 1 for full details of antibodies

used). Intracellular cytokine staining was performed using BD

cytofix/cytoperm buffers according to the manufacturer's

instructions. When intracellular cytokine staining was performed

alongside intra-nuclear staining, the Foxp3-permeabilization buffer

kit (Invitrogen) was used according to the manufacturer's

instructions. It has previously been shown that restimulation is
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not required to detect CXCL13 production in tumour infiltrating

lymphocytes ex-vivo (15). We confirmed this in a preliminary

experiment (Supplementary Figure 2). Consequently, staining of

CXCL13 in T cells from tumour and non-cancerous lung samples

was carried out directly upon freshly isolated or cryopreserved cells

without protein transport inhibition or in vitro stimulation. In a

subset of experiments performed to detect co-expression of

intracellular CXCL13 with cytokines which do require activation

and stimulation for detection (TNF-a/IFN-g (Supplementary

Figure 2)) cells from tumour and non-cancerous lung digests

were incubated for 3hrs with 1 X cell activation cocktail

(containing Phorbol-12-myristate 13-acetate, ionomycin, brefeldin

A and monensin (Invitrogen)) to stimulate cytokine production. All

FACS data was collected on a 6 laser LSR (BD) and analysed using

Flowjo Software (BD). Gating strategy to CD4+ and CD8+

populations is shown in Supplementary Figure 3.
Statistical analysis

One way ANOVA with Tukey’s multiple comparisons post-test

was used for comparison of multiple groups, results of p=<0.05

were considered significant and individual p values are shown for

significant comparisons. Paired T tests were used for comparison of

two experimental groups. All statistical analysis was performed

using Graphpad Prism software.
Results

PD-1hi CD39+ CXCL13-producing T cells can be
detected ex-vivo in NSCLC

We compared the frequencies of CXCL13+ T cells in NSCLC

tumours and matched non-cancerous lung samples using flow

cytometry. CXCL13-expressing cells showed high levels of PD-1

expression (as previously described (6)) TIGIT and the

ectonucleotidase CD39 (6, 7) (Figure 1A). The local enrichment of

CXCL13-producing cells was found in both CD4+ and CD8+

populations (Figure 1B) and associated with a significantly increased

frequency of B cells in tumours compared to non-cancerous lung

(Figure 1C). Expression of the ectonucleotidase CD39 is associated

with terminal exhaustion resulting from chronic antigenic stimulation

(38). Consequently, tumour reactive T cells express high levels of

CD39 (39, 40) and this can distinguish them from tumour infiltrating

bystander-T cells that do not express CD39 (41). CXCL13+ tumour

infiltrating T cells also expressed higher levels of CD137, indicative of

recent activation (Supplementary Figure 4A). Functionally CXCL13+

T cells were able to produce IFN-g and TNF-a (Figures 1D–F).

Notably however, CXCL13+ CD8+ T cells showed a reduced capacity

for TNF-a production compared to their CXCL13- counterparts

(Figures 1D, F). CXCL13+ T cells displayed a reduced capacity for

IL-2 production (Supplementary Figure 4B) in agreement with

previously reported low levels of IL-2 production in CD39+ tumour

infiltrating T cells (42). Increased expression of the exhaustion-

associated transcription factor Tox, is characteristic of CD39+ T

cells (18) (Supplementary Figure 4C) and reduced expression of IL-
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2 (42) are. Notably however, the frequency of CXCL13+ cells was

significantly greater in tumour infiltrating CD39+ T cells versus those

in non-cancerous lung, suggesting factors within the tumour

microenvironment promote CXCL13 production (Figure 1G).
CAF increase CXCL13-production during T
cell activation

The majority of tumour-infiltrating T cells are found in stromal

areas in close association with CAF (43) which promote expression of

CD39 and multiple exhaustion markers during T cell activation in

vitro (36, 37). To determine whether CAF-promote CXCL13

production during T cell activation we activated peripheral T cells

in the presence or absence of primary CAF-lines and measured

CXCL13 production by flow cytometry and cytokine bead array. CAF

increased the proportion of CD4+ and CD8+ T cells producing

CXCL13 (Figure 2A) and the amount of secreted CXCL13

(Figure 2B). CAF-induced CXCL13 production by T cells derived

from healthy donors (Figures 2A, B) and NSCLC patients

(Figures 2C, D). In the absence of activated T cells CAF alone did

not produce measurable levels of CXCL13 (Figure 2E). Although we

found no evidence for CXCL13 production by CAF in the steady state

CAF can produce a number of chemokines able to influence adaptive

immune responses (reviewed (44)). As cytokines produced by

activated T cells can drive high levels of chemokine production by

CAF (and IFN-g and TNF-a often display synergistic effects in this

respect) we tested whether exposure to recombinant cytokines would

induce CXCL13 production in CAF. Neither IFN-g or TNF-a nor a

combination of the two induced CXCL13 production in any of the

CAF lines tested (Figure 2E) leading us to conclude that T cells are the

source of CXCL13 in co-cultures. Notably co-culture with CAF also

induced increased production of CCL22 and CX3CL1 (Figure 2F)

which are also associated with TLS formation (45, 46) and drawing T

peripheral helper cells to sites of inflammation (47). These results

indicate the interactions with CAF during T cell activation increase

production of chemokines involved in TLS formation.
CAF-induced CXCL13 producing
T cells show characteristics of
T peripheral helper cells

Classical T follicular helper cells (TFH) in secondary lymphoid

organs are characterised by expression of high levels of CXCR5 and

the transcription factor BCL-6 in contrast to T peripheral helper

cells associated with TLS in chronic-inflammation (48, 49) and

cancer (15, 50) (reviewed (47)). While CAF-increased production of

CXCL13 during T cell activation, we saw a corresponding decrease

in expression of the CXCL13-receptor CXCR5 both in T cells from

healthy donors and NSCLC patients (Figures 3A, B respectively). T

cells induced to express CXCL13 during co-culture with CAF lacked

expression of both CXCR5 and BCL6 (Figure 3C) displaying a T-

peripheral helper cell phenotype as reported in nasopharyngeal (50)

and breast cancer (15). In contrast to TIL sampled ex-vivo in

NSCLC (Figure 1A) CXCL13+ cells generated in vitro did not all
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express CD39, indicating that chronic antigenic stimulation and

progression to a terminally exhausted CD39+ state is not a

prerequisite for CXCL13 production (Figures 3C, D). There was

however an increased expression of CD39 in CXCL13+ versus

CXCL13- CD8+ T cells (Figure 3D). CAF-induced CXCL13+

CD4+ T cells contained a lower frequency of cells expressing the

Treg associated transcription factor Foxp3 than was seen within the

CXCL13- population (Figures 3C, E). This is in line with previous

findings from in vitro generation of CXCL13-producing cells using

recombinant cytokines (19), RA (51) and breast cancer (15) studies.
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CAF promote expansion of Tregs and limit
IL-2 production during T cell activation

Breast cancer derived CAF have been shown to increase the

proportion of suppressive Foxp3+ Treg (32, 52) which express the

high-affinity IL-2 receptor (CD25) and can influence T cell

activation and survival by limiting availability of IL-2 (53). As IL-

2 acts to limit CXCL13 production during T cell activation, we

questioned whether NSCLC-derived CAF promoted expansion of

Tregs. There was an increased frequency Foxp3 Treg in the presence
A

B

D E F

G

C

FIGURE 1

NSCLC Tumours contain recently activated CXCL13 producing T cells expressing multiple co-inhibitory molecules with decreased potential for
cytokine production (A) Contour plots showing flow cytometry staining for PD-1, CD39, and TIGIT expression against CXCL13 production detected
in CD4+ T cells from non-cancerous lung (NCL (left hand panels)) and NSCLC tumour samples ex-vivo (right hand panels). (B) Percentage of cells
expressing CXCL13 in NCL and Tumour samples (n=10) (within CD4+ or CD8+ populations respectively). Statistical analysis by paired T test.
(C) Proportions of CD19+ B cells amongst lymphocytes from paired NCL and tumour samples (n=10). Statistical analysis by paired T test.
(D) Cytokine production in CXCL13- and CXCL13+ Tumour infiltrating T cells (CD4+ in upper panels CD8+ in lower panels). (E) IFN-g production and
TNF-a production within CXCL13- and CXCL13+ CD4+ tumour infiltrating T cells (n=5). Statistical analysis by paired T test. (F) IFN-g production and
TNF-a production within CXCL13- and CXCL13+ tumour infiltrating CD8+ T cells (n=5). Statistical analysis by paired T test. (G)) The frequency of
CXCL13+ cells within CD39- and CD39+ populations of CD4+ T cells in NCL and Tumour samples (n=5). Statistical analysis by one way ANOVA with
Tukey’s multiple comparison test.
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of CAF and a greater proportion of these expressed CD39

(Figures 4A–C). CAF significantly reduced proportions of IL-2

producing T cells (Figures 4D, E). Impaired IL-2 production was

most profound in CD8+ T cells and was accompanied by an

increased frequency of CD39+, T cells which express low levels of

IL-2 (40, 54) (Figures 4D, E). STAT5 signalling induced by IL-2 can

limit CXCL13-prduction during T cell activation (15, 19) suggesting

that in the presence of CAF reduced production of IL-2 in

combination with increased IL-2-consumption by Treg may be

sufficient to drive elevated CXCL13-production. To test this we

assessed the impact of an IL-2-neutralising antibody on CXCL13

production. Neutralising IL-2 did not increase CXCL13-production

during activation of T cells in the absence of CAF suggesting an

additional factor is needed to induce CXCL13-production

(Figure 4F). In the presence of CAF, however, anti-IL-2 led to a

significant increase in CXCL13 production indicating that even the

reduced levels of IL-2 produced in co-cultures are sufficient to limit

potential CXCL13 production (Figure 4F).
Frontiers in Immunology 06
TGF-b drives CAF-induced
CXCL13 production

CAF are a known source of TGF-b (55) which is themajor driver of

CXCL13 in activated T cells (15, 19). We first confirmed that our CAF

lines produced active TGF-b in vitro (Figure 5A). We next assessed the

potential role ofTGF-bbyusing theTGF-b-receptor signalling inhibitor
SB431542 (56). SB431542 has previously been shown to prevent the

phosphorylation of SMAD2 and upregulation of PD-1 in response to

TGF-b during T cell activation (57). CAF-induced CXCL13 production

was significantly decreased in the absence of TGF-b signalling

(Figure 5B). Induction of Foxp3-expression in-vitro is also dependent

upon TGF-b and SB431542 blocked the CAF-induced expansion of

Foxp3+Tregs (Figure5C).Taken together these resultsdemonstrate that

TGF-b produced by CAF induces expression of CXCL13 in activated T
cells and increases the frequency of Foxp3+Treg thusmimicking during

in vitro activation functional characteristics of T cells recovered from the

Tumour microenvironment.
A B D

E F

C

FIGURE 2

CAF increase CXCL13 production during T cell activation T cells were activated with anti-CD3/anti-CD28 coated beads for 96 hrs in the presence or
absence of CAF as indicated. (A) Frequency of CXCL13+ cells within CD4+ and CD8+ populations of T cells from healthy donors as determined by
flow cytometry in the presence of absence of CAF (n=6 across 4 repeat experiments). (B) CXCL13 levels in the supernatant of Healthy donor T cells
activated in the presence or absence of CAF (n=7 across three independent experiments). (C) Frequencies of CXCL13+ cells within CD4+ and CD8+
T cell populations from NSCLC-patients activated in the presence or absence of CAF (n=12). (D) CXCL13 production by T cells from NSCLC patients
after 96s hrs activation in the presence, or absence of CAF (n=12). (E) Measurement of CXCL13 in the supernatant of 4 CAF lines cultured in the
presence of the indicated recombinant cytokines. (F) Levels of CCL22 and CX3CL1 produced during activation of healthy donor T cells in the
presence or absence of CAF (n=7 across 3 independent experiment). All statistical test performed arepaired T tests.
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Discussion

Increased understanding of the crosstalk between CAF and T

cells in the TME has extended the scope of these interactions

beyond their widely reported negative impact (reviewed (58)).

Recent reports have focused on the importance of CAF as antigen

presenting cells (34) and highlighted their role in driving TLS

formation (35), illustrating beneficial roles for CAF promoting

factors associated with improved prognosis. Several studies have

shown CXCL13+ T cells are tumour reactive (59–61) and co-

expression of CD39 and CXCL13 allows effective enrichment of

tumour reactive CD4+ T cells in NSCLC (59). Functionally

CXCL13 drives formation of TLS (10) which are associated with

both better prognosis (4, 13) and improved responsiveness to

immunotherapy (62). The presence of tumour-infiltrating

CXCL13+ T cells is the best predictor of responsiveness to anti-

PD-1/anti-PDL1 efficacy (6, 7, 63). Experimentally, the relationship

between CXCL13 and checkpoint inhibition was established in a

recent study showing that peri-tumoral administration of

recombinant CXCL13 synergises with anti-PD-1 treatment to

decrease tumour growth (64). This illustrates the importance of
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CXCL13-producing T cells as an indicator of pre-existing anti-

tumour immunity with the potential for amplification during

successful immunotherapy. Our demonstration that CAF directly

promote gain of CXCL13-production shows their potential to

influence T cell function, favouring co-ordination and expansion

of the adaptive immune response.

CXCL13+ TIL in NSCLC predominantly display a terminally

exhausted (Tex) PD-1hi phenotype (6, 7) and in keeping with

previous observations the CXCL13+ cells we identified ex-vivo

were uniformly CD39+. However, although exhaustion prevails in

tumour infiltrating T cells, circulating populations of tumour

reactive T cells exist which are not yet terminally exhausted. In

melanoma patients, for example, intratumoral-tumor reactive T

cells showed increased expression of exhaustion markers, reduced

IFN-g production and increased CXCL13 production compared to

circulating tumour reactive T cells (as identified by tetramer

staining) (20). Similarly in lung cancer the phenotypic and

functional profiles of Tumour reactive T cells showed signs of

exhaustion and CXCL13 production exclusively in Tumour

infiltrating T cells and not in circulating peripheral T cells with

shared specificity (7–9). These data suggest re-encounter with
A B

D E

C

FIGURE 3

CAF-induced CXCL13 producing T cells show characteristics of T peripheral helper cells (A) Expression of CXCR5 within populations of CD4+ and
CD8+ peripheral blood T cells from healthy donors activated in the presence and absence of CAF detected by flow cytometry (n=4). (B) Expression
of CXCR5 within populations of CD4+ and CD8+ peripheral blood T cells from NSCLC patients activated in the presence and absence of CAF
detected by flow cytometry (n=12). (C) CXCL13 production (X-axis) in relation to expression of CD39, CXCR5, BCL6 and Foxp3 (Y-axis) from CD4+
(upper panels) and CD8+ (lower panels) of T cells from Healthy donors activated in the presence of CAF. (D) Expression of CD39 within populations
of CXCL13- and CXCL13+ CD4+ and CD8+ T cells after activation in the presence of CAF. (E) Expression of Foxp3 within CXCL13- and CXCL13+
populations of CD4+ T cells after activation in the presence of CAF. All statistical test performed are paired T tests.
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antigen in the suppressive tumour microenvironment promotes

exhaustion locally and TGF-b production by CAF-could be a factor

contributing up upregulation of exhaustion markers and CXCL13

production. Notably, in both NSCLC and Melanoma, there is an

increase in the proportion of CXCL13+ T cells in the TME following

anti-PD-1-treatment, which lack markers of terminal exhaustion
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displaying a phenotype of T-exhausted precursor cells (Texp) (21).

Terminal exhaustion is a relatively stable state (18, 65) and temporal

and RNA-velocity analysis describe a one-way progression from

Texp to Tex (21). This suggests that the increased frequency of

CXCL13+Texp in NSCLC post anti-PD-1 results from decreased

pressure within the TME on newly infiltrating tumour reactive T
A B

D E F

C

FIGURE 4

CAF promote expansion of Tregs and limit IL-2 production during T cell activation (A) Expression of CD39 (Y-axis) and Foxp3 (X-axis) or isotype
matched control for Foxp3 staining (IgG1) within the CD4+ T cell population after activation in the absence (left hand panel) or presence (middle/
right panels) of CAF. (B) Proportion of CD4+ T cells expressing Foxp3 after 96hrs activation in the presence or absence of CAF (n=9 across 4
independent experiments). Statistical analysis by paired T test. (C) Proportion of CD4+ T cells co-expressing CD39 and Foxp3 after 96hrs activation
in the presence or absence of CAF (n=9 across 4 independent experiments). Statistical analysis by paired T test. (D) Expression of CD39 (Y-axis) and
IL-2 (X-axis) in CD4+ and CD8+ T cells activated in the presence (lower panels) or absence (upper panels) of CAF. (E) Proportion of CD4+ (left hand
panel) and CD8+ T cells (right hand panel) producing IL-2 (n=5 across 2 independent experiments). Statistical analysis by paired T test. (F) CXCL13
production by T cells, activated in the presence or absence of CAF, with the indicated addition of either anti-IL2 or isotype matched control
antibody (both at 2 mg/ml) data is from one of two independent experiments analysed by ANOVA with Tukey’s multiple comparison test.
A B C

FIGURE 5

CAF derived TGF-b drives CXCL13 production and Foxp3 expression (A) Production of active-TGF-b by CAF in vitro, 6 biological replicates from
independently derived CAF lines. (B) CXCL13 production by T cells activated alone, in the presence of CAF, and in the presence of CAF + SB431542.
One representative experiment of 6 independent experiments (7 biological repeats) is shown. (C) Expression ofFoxp3 within the CD4+ T cell
population after 96 hrs activation alone, in the presence of CAF, and in the presence of CAF plus SB431542 results from one of three independent
experiments (5 biological repeats) are shown. Statistical analysis is one way ANOVA with Tukey’s multiple comparison test.
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cells to progress towards terminal differentiation upon stimulation,

rather than phenotypic change in existing exhausted T cells. If the

signals promoting expansion of Texp versus Tex were better

characterised this could be exploited in cellular therapies aimed at

enriching for T cells with greater proliferative potential capable of

promoting TLS formation and strengthening co-ordinated

adaptive immunity.

CAF are heterogeneous in vivo and phenotypically distinct

subsets have unique characteristics (reviewed (30)). In breast

cancer for example a subset of Fibroblast Activation Protein

(FAP)+ CD29+ CAF designated CAF-S1, have an enhanced

capacity to recruit and expand Treg (32). We found that co-

culture with NSCLC-derived CAF significantly increased the

proportion of Foxp3+ Tregs and the frequency of CD39+ Treg.

Highly activated CD39+ Tregs show enhanced stability and

suppressive function under inflammatory conditions due to

decreased expression of the IL-6R (66). NSCLC-derived CAF

expanded a population of Treg phenotypically similar to those

found in the tumour microenvironment demonstrating they

influence both conventional and regulatory T cell responses.

Whether the influence of CAF on local immunity changes

during the development of a tumour, and how this reflects

changes in the dominant CAF subtype, has not yet been finely

dissected in human studies. Elegant work in murine models

however, has clearly shown that the CAF population is dynamic

and that its composition changes during tumour maturation from

an early dominance of immune–interacting CAF progressing

through to desmoplastic and more contractile forms (67). Thus

the outcome of CAF-T cell interactions in vivo will be impacted by

the representation of distinct CAF subsets present in the tumour.

We used a standard protocol for the generation of CAF (68) and the

resultant CAF lines were uniformly FAP+CD29+ and typically

PDPN-. Removal from the complexity of the tumour

microenvironment and the resultant loss of niche pressures

coupled with maintenance in 2D culture limits the capacity of

this relatively homogenous population to reflect CAF-heterogeneity

seen in vivo (25). Whether the distinct subsets of NSCLC CAF

identified by single cell sequencing (23, 69) have differential

capacities to promote CXCL13-production, or expansion of

Foxp3+ Treg is a pertinent question for future studies.

A subset of FAP+, podoplanin+
fibroblasts termed

“Immunomodulatory fibroblasts” are critical regulators of TLS

formation during inflammation (70). Experimental depletion of

FAP+ cells decreased TLS formation during viral infection directly

demonstrating their importance. Interactions with T cells ignite the

potential to drive TLS formation via ICOS/ICOS-L interactions

which promote LTa3 and CXCL13 production (71). Fibroblasts also

drive TLS-formation in a melanoma model wherein they develop

characteristics of lymphoid tissue organiser cells in response to

TNF-receptor signalling (35). The potential to harness this capacity

is illustrated by experimental manipulation of the stromal cell

compartmentment, in mouse models, which can directly promote

TLS formation. Subcutaneous implantation of a CXCL13-

producing fibroblastic reticular cell line, of lymph node origin,

induced functional TLS formation, increased immune cell

recruitment and enhanced anti-tumour immunity (72). We found
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no evidence of NSCLC-CAF producing CXCL13 in the steady state

in vitro nor in response to cytokines produced by activated T cells.

However, this does not rule out the prossibilty that CAF may

contribute to TLS formation in vivo and the comparative analysis of

chemokine expression in CAF subsets at distinct stages of disease

progression could help reveal their potential contribution.

In his elegant second touch hypothesis Klaus Ley postulated

that complete polarization and full gain of effector function is only

achieved consequent to a “second touch” provided by encounter

with cognate antigen in the tissue setting (73). This theory fits well

with gain of CXCL13-producing capacity being restricted to

tumour-infiltrating T cells and absent in circulating tumour

reactive T cells (7). Interaction with antigen presenting cells in

the TME promotes CXCL13 production as demonstrated by

sequencing of physically interacting cells in human NSCLC (74)

confirming the requirement for TCR stimulation in situ to induce

CXCL13 production, previously described in vitro (14, 19).

Immune-interacting fibroblast subtypes, with antigen presenting

capacity, have been described in cancer (Reviewed (26)). CAF can

process and present antigen to CD8+ T cells (33) and the recent

demonstration of MHC-II-restricted antigen presentation to CD4+

T cells, in situ in NSCLC, provides the first direct evidence that

fibroblasts productively interact with CD4+ T cells in solid tumours

(34). Thus, the potential for CAF to interact with Tumour reactive T

cells in the TME and influence their phenotype and function

is established.

During chronic inflammation the immune response, unable to

eradicate the target antigen, must be tempered to avoid

immunopathology. Environmental feedback, via increased

expression and engagement of co-inhibitory receptors, promotes

an alteration in strategy, switching from proliferation and

production of inflammatory cytokines towards exhaustion and

increased local accumulation of Treg. Retaining cytotoxicity while

increasing production of chemokines such as CXCL13, to increase

TLS formation and strengthen humoral as well as cell mediated

immunity, could prevent dissemination of an infectious agent, or

cancer, which can be contained but not eliminated. In this sense, it

seems reasonable that the “second touch” received during antigen

encounter in chronically inflamed tissue, should convey the need to

promote immune-co-ordination and regulation. Stromal cells,

activated during chronic inflammation, are well placed to convey

this message. In line with this potential, our results identify three

ways in which CAF may modulate the local immune responses: by

restricting IL-2 production in activated T cells, by promoting

expansion of Treg (which can indirectly limit the availability of

IL-2) and by directly driving CXCL13-production via TGF-b.
Whether these traits are associated with distinct subsets of CAF,

develop at distinct stages in tumour progression, influence

responsiveness to immunotherapy or can be manipulated

therapeutically are important questions for future research.
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