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Lung tumor MHCII immunity depends on in situ
antigen presentation by fibroblasts

Dimitra Kerdidani'®, Emmanouil Aerakis'®, Kleio-Maria Verrou?®, llias Angelidis'®, Katerina Douka'@®, Maria-Anna Maniou'®, Petros Stamoulis'®,
Katerina Goudevenou'@®, Alejandro Prados'®, Christos Tzaferis*?@, Vasileios Ntafis>®, loannis Vamvakaris*®, Evangelos Kaniaris°®,
Konstantinos Vachlas®®, Evangelos Sepsas®@®, Anastasios Koutsopoulos’®, Konstantinos Potaris®®, and Maria Tsoumakidou»>@®

A key unknown of the functional space in tumor immunity is whether CD4 T cells depend on intratumoral MHCII cancer
antigen recognition. MHCll-expressing, antigen-presenting cancer-associated fibroblasts (apCAFs) have been found in breast
and pancreatic tumors and are considered to be immunosuppressive. This analysis shows that antigen-presenting fibroblasts
are frequent in human lung non-small cell carcinomas, where they seem to actively promote rather than suppress MHCII
immunity. Lung apCAFs directly activated the TCRs of effector CD4 T cells and at the same time produced Clq, which acted on
T cell Cigbp to rescue them from apoptosis. Fibroblast-specific MHCII or Clq deletion impaired CD4 T cell immunity and
accelerated tumor growth, while inducing Clqbp in adoptively transferred CD4 T cells expanded their numbers and reduced
tumors. Collectively, we have characterized in the lungs a subset of antigen-presenting fibroblasts with tumor-suppressive
properties and propose that cancer immunotherapies might be strongly dependent on in situ MHCII antigen presentation.

Introduction
The series of immunological events that takes place between
tumors and tumor-draining LNs forms a cyclic trajectory that is
being referred to as the cancer-immunity cycle (Chen and
Mellman, 2013). In the first step of these events, tumor anti-
gens are carried to the tumor-draining LNs and are partly
transferred to resident dendritic cells (DCs; Ruhland et al.,
2020). In LNs, migratory and resident DCs present their anti-
genic cargo to antigen-inexperienced (naive) T cells, which be-
come differentiated effector cells that egress from LNs and enter
tumors. In tumors, CD8 cells exhibit direct killing activity
against cancer cells, but they are seriously dependent on CD4
T cells for function and transition to memory cells (Ahrends
et al,, 2019; Binnewies et al., 2019; Sledzifiska et al., 2020;
Zander et al., 2019; Bos and Sherman, 2010; Schietinger et al.,
2010). Although our current understanding of the functional
space in the cancer-immunity cycle is that MHCII cancer antigen
presentation primarily occurs in LNs, the contribution of in situ
cancer antigen presentation has not been ruled out (Dammeijer
et al., 2020; Oh et al., 2020).

A few studies have directly addressed the role of peripheral
antigen presentation in CD4 T cell responses (Dammeijer et al.,
2020; Doebis et al., 2011; Low et al., 2020; McLachlan and

Jenkins, 2007; Scheller et al., 2019). In cancer, three lines of
evidence support that the TCRs are stimulated in situ within
solid tumors. First, the CD4 TCR repertoire is regionally shaped
by the local neoantigen load (Joshi et al., 2019). Second, stemlike
CD8 T cells reside in dense MHCII-expressing cell niches within
tumors (Jansen et al., 2019). Third, right flank tumors that differ
only in one MHCII neoantigen with left flank tumors are in-
filtrated by higher numbers of neoantigen-specific CD4* T cells
(Alspach et al., 2019). DCs are scarce and immature within solid
tumors and are generally considered to exert their primary ef-
fects in LNs (Dammeijer et al., 2020; Ferris et al., 2020; Maier
et al., 2020; Ruhland et al., 2020; Oh et al., 2020). Because
structural tissue cells greatly outnumber professional antigen-
presenting cells, express immune genes (Krausgruber et al.,
2020), and can be induced to present antigens (Koyama et al.,
2019; Low et al., 2020), we hypothesized that they are required
for local antigen presentation and anti-tumor immunity.
Fibroblasts are largely considered to be immunosuppressive
cells (Biffi and Tuveson, 2021). Accordingly, the recently iden-
tified MHCII* antigen-presenting cancer-associated fibroblasts
(apCAFs) in pancreatic adenocarcinoma (PDAC) and breast
carcinoma (BC) are presumed to induce immune tolerance
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(Dominguez et al., 2020; Kieffer et al., 2020; Elyada et al., 2019;
Friedman et al., 2020; Sebastian et al., 2020). Here, we show
that MHCII-expressing fibroblasts are frequently found in lung
non-small cell carcinomas and that they anatomically define
areas of high rather than low CD4 T cell density. In orthotopic
murine models of lung cancer, fibroblast-specific targeted ab-
lation of MHCII impaired local immunity and accelerated tu-
mor growth. Human and murine apCAFs directly activated the
TCRs of effector CD4 T cells and, in parallel, protected them
from apoptosis via the Clq receptor Clgbp, while Clgbp over-
expression expanded the pool of adoptively transferred CD4
T cells in tumors and reduced tumor burden. Our studies
identify and characterize lung apCAFs as tumor-suppressive
cells and propose a new conceptual framework under which
tumor MHCII immunity can be seen: CD4 T cells require in situ
antigen presentation within tumors for effective MHCII im-
munity to occur.

Results

apCAFs activate adjacent CD4 T cells within human

lung tumors

To elaborate on the fibroblastic identity of MHCII* non-
hematopoietic cells, we enzymatically dispersed primary hu-
man tumors and analyzed known mesenchymal markers by
FACS (Fig. 1 A). MHCII*Lin CAFs (apCAFs) were phenotypically
similar to their MHCII- counterparts and largely coexpressed
FAP, PDGFRa, and Podoplanin. Vimentin was expressed at var-
iable levels, while aSMA was lowly expressed (Fig. 1 A). Ac-
cordingly, two-dimensional (2D) visualization of lineage~ cells in
t-distributed stochastic neighbor embedding (t-SNE) plots (in-
put all mesenchymal markers) confirmed that apCAFs do not
cluster separately from MHCII- cancer-associated fibroblasts
(CAFs). To determine the spatial relationship between apCAFs
and CD4 T cells, we analyzed whole-tumor tissue sections by
immunofluorescence staining. apCAFs were identified as CD45~
cells that coexpressed MHCII and FAP. We noticed that FACS
had impressively underestimated the frequencies of fibroblasts
compared with imaging. This discrepancy likely reflected dif-
ferences in detachment efficiency of different cell types fol-
lowing tissue digestion, with fibroblasts being more adherent to
the extracellular matrix (ECM) than immune cells and thus
more difficult to disconnect. Quantitative analysis showed
similar densities of intratumoral MHCII*FAP*CD45- relative to
MHCII*FAP-CD45* hematopoietic antigen-presenting cells, in-
dicating a physiologically relevant abundance of apCAFs. CD4*
T cells accumulated in dense apCAF regions and were identified
closer to apCAFs rather than MHCII*FAP-CD45" cells (Fig. 1 B).
We interrogated whether we could identify MHCII fibroblasts in
healthy lungs. To rule out the possibility of contamination by
non-fibroblastic cell populations, we gated fibroblasts as FSC-
AMghLin-FAP* cells. MHCII was expressed by a subset of normal
lung fibroblasts, but it was more frequently detected in CAFs
(Fig. 1 C). Collectively, the above data suggest that the tumor
microenvironment drives antigen presentation in fibroblasts
and that apCAFs create functional immunological spots within
lung tumors that might sustain CD4 T cell populations.
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Spatial heterogeneity of T cell clones suggests regional acti-
vation by neighboring antigen-presenting cells that present
their cognate antigens (Joshi et al., 2019). We reasoned that
apCAFs directly presented cancer MHCII peptides to adjacent
CD4 T cells. To test this, we co-cultured primary human CD4
T cells and FAP* CAFs, purified from the same lung tumor
fragment, and assessed phosphorylation of the key TCR/CD28-
signaling node, mTOR (Fig. 1 D). Primary cell phenotypes are
dramatically altered once they are isolated and cultured. To
avoid this bias, we used freshly FACS-sorted primary tumor
fibroblasts and freshly sorted autologous primary tumor-
infiltrating T cells for all our co-cultures. We used the bulk of
CAFs rather than MHCII* CAFs to avoid blocking TCR recog-
nition and did not supplement the culture medium with ex-
ogenous cytokines. Under these stringent conditions, ~1 in 10
intratumoral T cells responded to direct CAF contact by mTOR
phosphorylation and CD44 up-regulation, and these effects
were abolished with MHCII blockade (Fig. 1 D). Control co-
cultures of apCAF-depleted CAFs and CD4 T cells confirmed
the dependence of CD4 T cell activation on the apCAF fraction
of bulk CAFs (Fig. S1). Thus, human apCAFs acquire exogenous
peptides within tumors in vivo and can directly prime adjacent
CD4 T cells ex vivo.

apCAFs are detected in tumors of IFN-y-sufficient mice

To assess whether apCAFs were present in murine tissues, we
analyzed two models of orthotopic lung cancer and one meta-
static. We inoculated one commercially available Lewis Lung
Carcinoma (LLC) cell line (LLC™Cherry) or an autochthonous
cancer cell line (CULAZGreen) in the left lung lobe of syngeneic
mice or injected melanoma cells (B16F10™Cherry) in the tail vein
of mice. Tumors were digested and subjected to FACS analysis.
Intratumoral FSC-APeRCD45-EpCAM-CD31 IAb(MHCII)* non-
cancer cells coexpressed Podoplanin and PDGFRa, but not
aSMA (Fig. 2 A). Murine FAP antibodies showed nonspecific and
unreliable staining and were thus excluded from the analysis.
Similar to human apCAFs, 2D visualization of all non-cancer
lineage™ cells in t-SNE plots indicated that apCAFs are ad-
mixed with MHCII- CAFs. Immunofluorescence staining de-
tected MHCII*Podoplanin* cells within the tumor bed (Fig. 2 A).
Similar to what we had observed in humans, MHCII was more
frequently expressed by CAFs relative to healthy lung fibroblasts
(Fig. 2 B). To determine whether fibroblasts depended on IFN-y
for MHCII expression, we inoculated LLC cells in the lungs of
IL-12 p357/~, IL12p40~/-, IFN-yYR™/~, and IFN-y~/~ mice. MHCII
expression was decreased in CAFs of IL-12-deficient mice and
severely impaired in those of IFN-y/IFN-yR-deficient versus
wild-type mice (Fig. 2 B).

To probe the contribution of the tumor microenvironment in
sustaining MHCII in fibroblasts, we developed an in vitro model
system where we sorted PDGFRa*Podoplanin* fibroblasts from
LLC™Cherry tymors and cultured them in vitro. Although by day 3
all cultured CAFs had lost MHCII, exposure to fresh lung tumor,
but not to healthy lung homogenates, restored MHCII expres-
sion (Fig. 2 C). It should be noted that MHCII induction was
observed upon three-dimensional (3D) but not 2D culture con-
ditions, consistent with previous observations that 2D cultures
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Figure 1. MHCII fibroblasts form CD4 T cell priming spots within human lung tumors. (A) Representative FACS plots of a digested human lung tumor.
t-SNE plot illustrates all lineage™ cells and was run using expression of all mesenchymal-specific markers of a representative patient as input. Each dot
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represents a single cell. Cumulative data (n = 5-9 patients). (B) Representative whole-slide imaging for pan-MHCII, FAP, CD45, and CD4 and cellular spatial
relationship map from a lung cancer patient. Samples were analyzed by confocal microscopy with a 20x objective. Bars, 200 pm. After acquiring XY coor-
dinates, XY location of MHCII*FAP*CD45~ and MHCII*FAP~CD45* cells was overlaid with CD4 cell density contour. Cell density of MHCII*FAP*CD45~ and
MHCII*FAP~CD45" cells calculated as average distance to nearest neighbor. Distance between MHCII*FAP*CD45~ or MHCII*FAP-CD45* and the closest CD4
cell. Co-localization of MHCII*FAP*CD45- and CD4* cells, depicted as positive correlation between shortest distance of MHCII*FAP*CD45- to CD4* with
average distance of MHCII*FAP*CD45" to nearest neighbor MHCII*FAP*CD45" (representative of n = 3 patients). (C) FACS plots showing MHCII in FSC-AHigh
Lin"FAP*PDGFRa* fibroblasts of paired digested human lung tumors and tumor-free lungs (n = 7 patients). (D) CD4 T cells and fibroblasts were sorted from the
same tumor fragment and co-cultured with pan-MHCII blocking antibody or isotype (ISO) control. Representative FACS plots and cumulative data on phospho-
mTOR (pmTOR) and CD44 (n = 4 patients). (B-D) *, P < 0.05; **, P < 0.01; ****, P < 0.0001. aMHCII, pan-MHCII blocking antibody; FMO, fluorescence minus

one; MFI, mean fluorescence intensity. Error bars, mean + SEM; two-tailed unpaired or paired t test.

induce MHCII loss in PDAC fibroblasts and differentiation to
myofibroblasts (Elyada et al., 2019). Notably, neutralizing IFN-y
in tumor homogenates restrained MHCII induction in primary
CAFs (Fig. 2 C).

Human and murine apCAF transcriptomes reveal conserved
immune phenotypes and epithelial signature

To characterize human antigen-presenting fibroblasts, we lev-
eraged a public single-cell RNA sequencing (scRNAseq) dataset
of primary human lung tumor, adjacent unaffected lung, and
computational analyses (Lambrechts et al., 2018). There is no
standardized computational method for characterizing gene
expression levels in a binary form of “high” and “low.” Fur-
thermore, gene expression levels correlate variably with corre-
sponding protein levels. We hypothesized that we would be able
to identify antigen-presenting fibroblasts in single fibroblast
RNA sequencing (RNAseq) datasets if we used classical DCs
(cDCs) as a metric for physiologically relevant MHCII gene ex-
pression. Re-clustering of 1,284 single cells annotated as either
fibroblasts (798) or cross-presenting cDCs (486; E-MTAB-6149
and E-MTAB-6653; n = 3 patients) via k-means clustering, using
as input only input MHCII genes (k = 3 clusters supported by
Silhouette scoring), separated fibroblasts into two clusters that
shared (MHCII*) or did not share (MHCII") MHCII expression
features with ¢DCs. Different dimensionality reduction and vi-
sualization approaches using as input all 1,785 expressed genes
indicated that MHCII* fibroblasts do not form a distinct clus-
ter among total fibroblasts (Fig. 3 A). Differential expression
analysis (DEA) revealed 115 deregulated genes in MHCII* versus
MHCII- fibroblasts, 67 of which were up-regulated (Fig. 3 B).
Among the top up-regulated were signature genes of PDAC ap-
CAFs (CD74, SLPI; Elyada et al., 2019), the IL6 gene (known as a
prototype inflammatory CAF gene; Biffi and Tuveson, 2021), and
components of the complement pathway (CFD, CIQA, CIQB).
Among the top down-regulated genes was ACTA2 (encoding the
myofibroblastic CAF protein aSMA; Biffi and Tuveson, 2021), a
number of collagen genes (COL3Al, COLIAI, COLIA2), and other
secreted ECM proteins (SPARC, POSTN, BGN). Comparing
pathway activities between MHCII* and MHCII- fibroblasts re-
vealed enrichment in up-regulated genes that are involved in
immunological processes and down-regulated genes involved in
ECM organization (Fig. 3 B). Although MHCII* fibroblasts were
interspersed among MHCII- fibroblasts in 2D plots, it was
striking that SFTC (encoding for surfactant protein C) was on
the top of the list of up-regulated genes, raising the possibility
that a significant fraction of MHCII* fibroblasts may arise from
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alveolar type II (ATII) cells, which constitutively express SFTC
and MHCII (Hasegawa et al., 2017). Three other genes known to
be highly expressed by epithelial cells (albeit not considered
lineage markers for epithelial cells), CLU (clusterin) and the
antimicrobial proteins lysozyme (LYZ) and SLPI, were among the
11 top up-regulated genes (Habiel et al., 2017; Leiva-Judrez et al.,
2018). Altogether, our computational analysis of the tran-
scriptome of MHCII* fibroblasts depicts (i) prominent immune
functions, (ii) a profile closer to inflammatory rather than my-
ofibroblastic CAFs (IL6 high, a-SMA low, ECM proteins low), and
(iii) strong cues of an alveolar epithelial origin.

To investigate whether the human lung MHCII fibroblast
signature was conserved across mice, we sorted MHCII* and
MHCII- CAFs and performed bulk RNAseq (Fig. 3 C). DEA (in-
putting all expressed 15,675 genes, adjusted [adj.] P < 0.05, |Log,
fold change [FC]| > 3) revealed a large number of de-regulated
genes (486), almost all of which (483) were up-regulated in
MHCII* CAFs (Fig. 3 C). As in humans, among the top up-
regulated genes were the two MHCII CAF signature genes
CD74 and SLPI. Pathway analysis was in concordance with the
immune-related pathways that were identified in our human
dataset (Fig. 3 D). Intriguingly, the ATII-specific genes SFTPs and
many alveolar epithelial cell genes were again found to be in-
creased (CLAUDINs, KRTs, SLC34A, NAPSA, LYZ). ATII cells are
long-lived cells that self-renew locally (Barkauskas et al., 2013).
To further support the hypothesis that MHCII fibroblasts orig-
inate from alveolar epithelial cells, we used alveolar cell type
signature gene sets (curated from cluster markers, Materials and
methods) and used them as inputs for gene set enrichment
analysis (GSEA). GSEA comparing MHCII* versus MHCII- fi-
broblasts of mice and humans demonstrated that MHCII* fi-
broblasts were significantly enriched in genes that characterized
alveolar epithelial cells in both species (Fig. 3 E). Primary ATII
cells from healthy mice were induced to express known epi-
thelial-to-mesenchymal transition (EMT) markers in response
to tumor homogenates, adding more evidence to our hypothesis
that apCAFs may evolve from ATII cells (Fig. 3 F). To align the
gene signatures expressed across MHCII fibroblasts in mice and
humans, we co-clustered genes based on their transcriptio-
nal profile in each species, using genes that were conserved
and variable across MHCII fibroblasts in the human dataset
(Fig. 3 G). Briefly, 71 out of the 79 genes that were found
up-regulated were successfully translated into their mouse ho-
mologies using biomaRt. Out of the 71 genes, 67 were found
expressed in our mouse dataset. Thus, our analysis denoted
conservation of the MHCII fibroblast profile across the two
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Figure 2. MHCII expression in fibroblasts is IFN-y dependent. (A-D) LLC/CULA lung adenocarcinoma cells or B16F10 melanoma cells were injected in the
left lung lobe of syngeneic mice or through the tail vein, respectively. (A) Representative FACS plots of a digested mouse CULA lung tumor and expression of
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mesenchymal-specific genes. Immunofluorescence for 1Ab (MHCII) and Podoplanin identifies MHCII fibroblasts. Samples were analyzed by confocal microscopy
with a 40x objective. Bars, 50 um. (B) Top: Representative FACS plots of IAb in FSC-AH&"Lin-Podoplanin*PDGFRa* fibroblasts of a CULA lung tumor and a
healthy lung of wild-type C57BL/6 mice. Bottom left: Cumulative data on IAb expression of LLC, CULA, and B16F10 lung tumors and healthy lungs of wild-type
C57BL/6 mice (n = 6-8 per group). Bottom right: Cumulative data on IAb expression of LLC lung tumors of cytokine-deficient mice (n = 4-7 per group). (C) FSC-
AMighLin-Podoplanin*PDGFRa* fibroblasts were isolated from pooled LLC lung tumors and cultured in 3D, as indicated (n = 4 experiments). FSC-A, forward
scatter-A; SO, isotype control; Lung_homo, lung homogenate; Tumor_homo, tumor homogenate. (Band C) *, P < 0.05; ** P < 0.01. Error bars, mean + SEM;

two-tailed unpaired or paired t test.

species. Altogether, these results indicate that the process of
EMT regulates the in situ differentiation of ATII cells to a subset
of fibroblasts with antigen-presenting functions.

Deletion of MHCII in fibroblasts has a local impact on tumor-
infiltrating CD4 T cells

We asked whether cancer antigen presentation by CAFs was a
bystander, suppressor, or driver of tumor progression in vivo.
We set up pilot experiments starting with three murine lines
expressing Cre recombinase (Cre) driven off Twist (Sosi¢ et al.,
2003), collagen VI (Armaka et al, 2008), and collagen 1a2
(Col1a2) promoters (Zheng et al., 2002), which are lineage
markers for mesenchymal cells. Lineage-restricted expression in
LLC lung tumors was determined by Cre-driven GFP express-
ion. An important fraction of intratumoral Twist-driven GFP-
expressing cells were CD45* cells consistent with cells of the
hematopoietic lineage, while collagen VI-driven GFP-expressing
cells could not be identified in lung tumors (Fig. S2 A). Colla2-
driven GFP-expressing cells in lung tumors of Colla2-CreER
mice were CD45-CD31"EpCAM™ and largely Podoplanin*, indi-
cating that they were bona fide fibroblasts (Fig. S2 B). Therefore,
we used Colla2-CreER mice for our subsequent studies. IAb is the
MHCII molecule expressed in C57BL/6 mice, and its expression
can be deleted from Cre-expressing cell lineages using a floxed
IAb gene (I-APf/f; Hashimoto et al., 2002). We inoculated
LLCmCherry cells that expressed the model antigen ovalbumin
(Ova) in the lungs of Colla2-CreER*I-Ab%/fl and I-Ab/fl mice.
Tumors appeared immunologically colder, with fewer CD4
T cells, CD8 T cells, and Ova-specific CD8 T cells, accompanied
by increased tumor burden and decreased survival rates (Fig. 4,
A and B). It could be hypothesized that invariant chain overload
upon MHCII deletion induced lysosomal stress in apCAFs and
impaired their function. To exclude this, we deleted MHCII from
apCATs of I-Ab%/fl mice using Cre lentiviral vectors and studied
their lysosomal function ex vivo. Labeling and FACS tracking of
acidic organelles by LysoTracker showed no difference between
MHCII-deleted and control apCAFs (Fig. S3). Similar results
were obtained when proteolysis of DQ-BSA was quantified (Fig.
S3). Thus, we consider it unlikely that impaired apCAF function
upon MHCII deletion is due to lysosomal stress.

To strengthen our data on the tumor-suppressive function of
lung apCAFs in a different in vivo experimental setting, we es-
tablished a cotransplantation model, where we coinjected cancer
cells with primary in vitro expanded low-passage lung apCAFs.
We reasoned that, similar to what others have shown, possible
confounding effects from resident CAFs would be minimal
(Hutton et al., 2021). Compared with control apCAF-depleted
lung CAFs (non-apCAFs), lung apCAFs dramatically restricted
subcutaneous tumor growth from two different cancer cell lines.
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Thus, the tumor suppressive effect of lung apCAFs is stable and
dominant after in vitro expansion (Fig. 4 C). Intriguingly, these
findings could not be reproduced when BC-derived primary
apCAFs were used for the cotransplantation studies, raising the
possibility that the immunological functions of apCAFs depend
on the tissue/cell type of origin (Fig. 4 D).

MHCII antigen presentation is expected to directly affect CD4
T cells. Thus, we sought to explore whether CD4 T cells were
required for the in vivo tumor-promoting effect of fibroblast-
specific MHCII deletion. CD4 T cell-depleting antibodies abol-
ished differences in tumor burden between Colla2-CreER*
I-Abf and I-Ab%f mice, indicating that MHCII fibroblasts were
strongly dependent on CD4 T cells for anti-tumor function (Fig. 5
A). Functionally, purified tumor-infiltrating lymphocytes (TILs)
from Colla2 CreER*I-Ab®/fl versus I-Ab"?! mice demonstrated
inferior cancer cell-specific cytotoxicity (Fig. 5 B). In addition,
cancer-specific CD4 T cells were induced to produce high levels
of effector cytokines upon ex vivo co-culture with primary lung
apCAFs via MHCII (Fig. 5 C). Thus, MHCII antigen presentation
contributes to the tumor-suppressive effects of apCAFs by in-
creasing the effector functions of cancer-specific CD4 T cells.

RNAseq analysis of FACS-sorted TIL CD4 showed a high
number of down-regulated genes in Colla2-CreER*I-Ab/ ver-
sus I-Ab?fl mice (Fig. 5 G). Among top down-regulated were
genes involved in gene transcription (CRCT2, KAT7, EP300),
cellular energy metabolism (GLUL, LIPA, PRKAG2), and protein
ubiquitination and proteosomal degradation (PSMD6, CDC26,
TRIM26; Fig. 5 G). Signature genes of T helper type 1 (Thi), Th2,
Th17, and Th9 and regulatory T cells (Tregs), cytotoxicity, or
exhaustion marker genes were not different between the two
groups (Fig. 5 F). Likewise, pathway activities of down-regulated
genes showed significant enrichment in macromolecular meta-
bolic processes. This agrees with the known fundamental role of
TCR activation in T cell metabolism and effector functions (van
der Windt and Pearce, 2012). In addition, when we looked into
The Cancer Genome Atlas database, we found a strong positive
correlation between the apCAF and CD4 effector/effector
memory T cell signature genes in patients with non-small cell
lung cancer (Fig. 5 H). Taken together, the results described
above suggest that antigen presentation by lung MHCII fibro-
blasts is a critical driver of anti-tumor MHCII immunity.

LN fibroblastic reticular cells (FRCs) have contradictory roles
in immune responses, such as inhibition of T cell proliferation
via nitric oxide (Lukacs-Kornek et al., 2011) and T cell re-
programming toward memory T cells via IL6 (Brown et al.,
2019). Albeit FRCs in LNs acquire transcriptional programs
typically associated with tumor escape (Riedel et al., 2016), we
considered the possibility that immune evasion in Colla2-Cre*
I-Ab%f mice resulted from MHCII deletion in FRCs. We assessed
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Figure 3. MHCII fibroblasts closely relate to alveolar epithelial cells across mice and humans. (A) Fibroblast and DC scRNAseq datasets from lung
tumors and adjacent lungs (E-MTAB-6149, -6653) were extracted and reclustered based only on MHCII genes to identify MHCII fibroblasts (fibros; n = 3
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patients). (B) Heatmap of differentially expressed genes (adj. P values < 0.05) between MHCII* and MHCII- fibroblasts. GO enrichment analysis was performed
using DAVID. Network visualization was conducted by Cytoscape’s EnrichmentMap. Nodes represent GO biological processes, and edges connect functional
terms with overlapping genes. Clusters of related nodes are circled and given labels reflecting broad biological processes. GO terms with an FDR < 0.1 are
shown. (C) Multidimensional scaling representation of bulk RNAseq data of sorted MHCII* and MHCII- fibroblasts from pooled mouse LLC lung tumors (n = 3
experiments). Differential expression between MHCII* and MHCII~ fibroblasts. Deregulated genes with adj. P values < 0.05 are indicated. (D) GO enrichment
analysis using up-regulated genes with |Log,FC| > 3 as input. (E) GSEA enrichment plots for alveolar epithelial gene sets. (F) Murine ATII cells were FACS sorted
from healthy lungs and exposed ex vivo to tumor homogenate (TUMOR_HOMO). Expression of EMT genes was quantified by gPCR (n = 2 or 3, pooled from two
experiments). (G) Homology analysis of gene expression across mouse and human MHCI! fibroblasts. Tumor-homo, Tumor homogenate. (F) **, P < 0.01; ****,
P < 0.0001. Error bars, mean + SEM; two-tailed unpaired t test. LPS, lipopolysaccharides; Ag, antigen; NES, negative normalized enrichment score.

MHCII expression in LN FRCs of Colla2-CreER*I-Ab?/f versus
I-Ab mice and found a trend toward decreased MHCII* FRCs
(Fig. S4). However, there were no gross differences in nodal
CD4*, CD8* T cells, and B cells (Fig. S4). We questioned whether
antigen-presenting CAFs could sustain MHCI and MHCII im-
munity in the absence of continuous T cell migration from LNs.
Therefore, we treated mice with an SIPR antagonist FTY720,
which blocks egress of T cells from LN, for 5 consecutive days,
starting on day 7 after LLC™hevO%e transplantation. CD4 and
CD8 T cells were again found to be decreased, while Ova peptide-
MHCI tetramers stained less of CD8 T cells in lung LLC™cherryOva
tumors of FTY720-treated MHCII conditional KO mice (Fig. 5, D
and E). These results suggest that targeting MHCII in fibroblasts
facilitates immune escape by acting locally and that T cell im-
munity in Colla2-CreER*I-Abf/? mice is compromised by MHCII
loss in CAFs rather than FRCs.

apCAFs rescue intratumoral CD4 cells from apoptosis via the
Clq receptor Clqbp

Effector T cells have less stringent and incompletely understood
activation requirements compared with naive T cells (Chen and
Flies, 2013). Since we could barely detect any of the classical
costimulatory molecules (CD80, CD86, CD40) in MHCII fibro-
blasts, we mined their single-cell transcriptome looking for
other immune-related molecules with ligand-receptor functions.
Human MHCII* fibroblasts overexpressed TYROPB and CDA47,
which ligate to SIRP receptors CD52, and ANXA1, which bind to
SIGLEC10 and ALX/FPR2, respectively, and Clq, which binds to
cClqR/calreticulin and gClqR/Clgbp. None but the receptor of
the globular head of Clq (i.e., gClqr/Clgbp) was found to be
expressed on the surface of primary human TIL CD4 cells (Fig. 6
A). Clgbp is located in most cell types in the mitochondria,
where it is responsible for maintaining transcription of mito-
chondrial proteins. In the cytoplasm, it acts as a regulator of
RNA stability and plays a critical role in mRNA splicing. The role
of Clq as an extracellular signaling molecule and Clgbp as a
plasma membrane receptor on T cells has been rarely reported
(Kouser et al., 2015; Ling et al., 2018; West et al., 2018) and is
largely unexplored. We set out to investigate whether MHCII
fibroblast-derived Clq amplified TCR signaling on CD4 T cells via
membrane Clgbp. First, we confirmed increased Clq gene ex-
pression by apCAFs versus MHCII- CAFs (non-apCAFs) in dis-
tinct patients (Fig. 6 A). There was also lower Clq gene
expression in TIL CD4 than in apCAFs (Fig. 6 A). Then, we co-
cultured human effector CD4 TILs and CAFs in the presence of
Clgbp-blocking antibodies. Surprisingly, we did not observe
any effect on TCR signaling, but a decrease in the numbers of
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viable T cells (Fig. 6 B). This led us to hypothesize that Clq is an
extrinsic pro-survival signal for CD4 T cells. To test this, we
cultured stimulated peripheral blood CD4 T cells for 1 h under
serum starvation conditions. Purified Clq acted directly on T cells
to almost completely rescue them from apoptosis in a dose-
dependent manner (Fig. 6 C). Moreover, aClgbp substantially in-
hibited the pro-survival effect of Clq on T cells (Fig. 6 D).

To study the dependence of intratumoral CD4 T cells on
apCAF-derived Clg, we depleted apCAFs from the CAF-TIL
CD4 co-cultures. apCAF depletion abrogated the apoptotic effect
of aClgbp, indicating that aClgbp blocks apCAF-derived Clq
(Fig. 6 E). We consider it unlikely that these results have been
confounded by an autocrine effect of T cell intrinsic Clq because
of the low Clq in TIL CD4 (Fig. 6 A). To further substantiate
the pro-survival effect of apCAF-derived Clq on T cells, we
sorted primary murine lung apCAFs and knocked out Clqa
via CRISPR-Cas9. CD4 T cells showed higher apoptosis rates
when co-cultured with apCAF<19K0 versus control apCAFs. (Fig. 7
A). Accordingly, subcutaneous tumors grew bigger when ap-
CAF<192KO (yersus control apCAFs) and cancer cells were co-
transplanted, accompanied by lower CD4 T cell numbers (Fig. 7 B).
In addition, when cancer-specific OTII T cells were induced to
overexpress Clgbp and were adoptively transferred in lung
tumor-bearing mice, an increased number of cancer-specific
T cells was identified within lung tumors, accompanied by a de-
crease in tumor burden (Fig. 7 C). Altogether, these data suggest
that CD4 T cells depend on Clgbp for their survival within tumors
and point to apCAFs as a potent Clq source.

Discussion

A functional dichotomy is currently thought to exist between
draining LNs and tumors, whereby T cells are primed in LNs and
exert effector functions in tumors. Here, we show that effector
CD4 T cells require in situ stimulation by a subset of fibroblasts
for effective immunity to occur in lung cancer. Fibroblast-
specific-targeted ablation of MHCII induced an LN-independent
impairment in local immunity, accelerating tumor growth. Pri-
mary human lung fibroblasts directly activated the TCRs of
tumor-infiltrating CD4 T cells and, at the same time, protected
them from apoptosis via the Clq receptor Clgbp, which un-
veiled a previously unrecognized function of Clq/Clgbp as
an anti-apoptotic ligand/receptor pair for CD4 T cells. Our studies
introduce fibroblasts as key peripheral cancer antigen-
presenting cells and propose a new concept in tumor immunity:
the final outcome of LN CD4 T cell priming depends on intra-
tumoral MHCII antigen-presenting cells.
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Figure 4. Lung apCAFs restrict tumor growth via MHCII. (A) Top: Colla2 CreER*I-AbY and I-Ab mice were inoculated with LLC™eheryOva g | | C2sGreen,
Representative FACS plots of Lin-IAb* and CD8*tetramer™ cells (gated as tetramer-APC*tetramer-PE*) in digested tumors. Cumulative data of tumor burden
and intratumoral immune profiles (n = 3-7 per group, pooled from two experiments). Immune cell number was normalized to cancer cell number. Numbers of
cancer cells (tumor burden) and immune cells were assessed by FACS using counting beads. Bottom: Representative immunofluorescence for CD4 and
LLCzsGreen cells. Cell density of CD4* T cells in tumors of Colla2 CreER*I-Ab"® versus I-AbY? mice (cells per 25 x 10* um? regions in whole-slide images).
Shortest distance between CD4 and LLC?6ee" cells in tumors of Colla2 CreER*I-Ab® versus I-AbY mice (n = 2 or 3 mice per group). Samples were analyzed
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by confocal microscopy with a 20x objective. Bars, 50 um. (B) Survival curves (representative of two experiments). (C) Left: Experimental scheme and im-
munofluorescence of subcutaneous tumors after cotransplantation of LLC cells plus zsGreen-expressing MHCII* versus MHCII= CAFs into syngeneic mice.
Samples were analyzed by confocal microscopy with a 20x objective. Bars, 50 pm. Right: Tumor growth after subcutaneous cotransplantation of luciferase-
expressing KPM cells plus MHCII* versus MHCII= CAFs in syngeneic mice (n = 5 mice per group). (D) Top: Tumor growth after subcutaneous cotransplantation
of LLCMcheryOva cells plus lung tumor-derived MHCII* versus MHCII- CAFs in syngeneic mice (C57BL/6; n = 6 mice per group, representative of two ex-
periments). Bottom: Tumor growth after subcutaneous cotransplantation of 4T1 cells plus breast tumor-derived MHCII* versus MHCII~ CAFs in syngeneic mice
(BALB/c; n = 8 mice per group, pooled from two experiments). (A-D) *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Error bars, mean + SEM; two-tailed Mann-

Whitney U test.

In tumor slides, MHCII fibroblastic cells were not identified
within macroscopically visible tertiary lymphoid structures
(TLSs), suggesting that intratumoral fibroblastic antigen-
presenting niches are distinct to TLSs. It is likely that TLSs are
mainly sites of B cell somatic hypermutation and plasma cell
generation (Cabrita et al., 2020; Helmink et al., 2020; Petitprez
et al,, 2020), while intratumoral antigen-presenting fibroblasts
form immunological niches for effector T cells. MHCII fibro-
blasts did not express classical costimulatory molecules but were
still able to activate the TCR/CD28 pathway in effector T cells
and enhance T cell metabolism. We consider two possibilities
that may explain this contradiction: (i) costimulatory and co-
inhibitory receptors of effector T cells display great diversity
and promiscuity (thus, MHCII fibroblasts mediate effector T cell
activation via nonclassical costimulatory molecules; Chen and
Flies, 2013), and (ii) antigen recognition suffices to activate ef-
fector T cells (Dubey et al., 1996).

Clq is known to regulate basic metabolic processes of T cells
(Kouser et al., 2015; Ling et al., 2018; West et al., 2018) but has
been disregarded as an extracellular signal. This is also related
to the fact that the receptor of its globular head, Clqbp, has a
very short intra-cytoplasmic tail and must complex with other
membrane molecules to trigger intracellular signaling (Hosszu
et al., 2012; Shi et al., 2017). Our results provide the first, to the
best of our knowledge, demonstration that a complement com-
ponent is anti-apoptotic, pointing specifically to exogenous Clq
as a critical pro-survival ligand for CD4 T cells via Clgbp. The
outcome of T cell therapy is highly dependent on T cell survival
within tumors (Charo et al., 2005; Yamamoto et al., 2019). We
showed that Clqbp overexpression increases the numbers of
adoptively transferred tumor-specific CD4 T cells within tu-
mors. Conceivably, it is likely that the increased efficacy of
Clgbp-OTII cells is not only the result of apCAF-derived Clq.
Nonetheless, our results showing that (i) apCAFs express high
levels of Clg, (ii) they are a key antigen-presenting cell within
lung tumors, (iii) apCAF-derived Clq acts directly on T cells to
rescue them from apoptosis, and (iv) TIL CD4 cells reside within
apCAF spots altogether suggest an important role for apCAF-
derived Clq as a pro-survival factor for TIL CD4 cells.

Single-cell/bulk RNAseq approaches revealed a conserved
transcriptome signature among murine and human lung apCAFs
that was enriched for alveolar epithelial genes, suggesting that
lung antigen-presenting fibroblasts may arise from alveolar
epithelial cells through the process of EMT. Albeit no safe con-
clusions can be made without experimental evidence from lin-
eage tracing studies, the following arguments indicate that lung
apCAFs originate from ATII rather than cancer or mesothelial
cells, the last being considered as likely precursors of PDAC
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apCAFs (Dominguez et al., 2020; Hutton et al., 2021). (i) In the
human dataset, tumor cells clustered away from fibroblasts,
while in the mouse dataset, cancer cells were brightly fluores-
cent and negatively selected. Furthermore, we never detected
fluorescence in murine fibroblasts that were cultured up to
passage 5. (ii) In both human and mouse datasets, the most up-
regulated genes were surfactant proteins, which are highly
specific for ATII cells. (iii) Constitutive MHCII expression is a
hallmark of ATII cells (Hasegawa et al., 2017). (iv) ATII cells can
transit to fibroblasts through the process of EMT (Goldmann
et al., 2018; Hill et al., 2019). (v) Murine ATII cells underwent
EMT ex vivo when exposed to tumor homogenate. The antigen-
presenting functions of ATII cells are well recognized, but their
immunological impact has not been extensively investigated
(Wosen et al., 2018). Although we did not extensively study the
function of other types of apCAFs, purified BC apCAFs did not
show tumor-suppressive properties in our cotransplantation
studies. Thus, lung antigen-presenting fibroblasts might be
unique in their ability to activate effector T cells, and it is
tempting to speculate that this could be due to their ATII origin,
if such is proven to be. If the apCAF function greatly depends on
tissue/cell type of origin, several other questions are raised. Are
there specific cell types that are more likely to give rise to
stimulatory apCAFs? What are the unique features of stimula-
tory versus nonstimulatory apCAFs? Are there stimulatory
versus nonstimulatory subsets within the same tumor? Given
the emergence of tumor stroma as a novel immunotherapeutic
target, these are clearly therapeutically relevant and not merely
theoretical questions.

One would expect that should lung apCAFs originate from
ATII cells, they would create a distinct cluster when plotted in
2D scRNAseq plots with other fibroblasts. There are a few ex-
planations as to why this was not observed. First, apCAFs are
rare among total fibroblasts, and most dimensionality reduction
approaches are biased in favor of frequent cell states. This is also
supported by the fact that in most PDAC and BC scRNAseq
studies, apCAFs do not form a separate cluster, but are rather
found enriched in a cluster (Dominguez et al., 2020; Elyada et al.,
2019; Friedman et al., 2020; Kieffer et al., 2020; Sebastian et al.,
2020). Second, the identity of ATII cells is closer to that of fi-
broblasts after they have undergone EMT transition. Indeed, at
the protein level, they expressed equal levels of key fibroblasts
markers, such as FAP and PDGFRa and no EpCAM. They also
displayed a characteristic fibroblastic morphology, and they
grew easily in culture (primary alveolar epithelial cells are no-
toriously difficult to grow; Sahai et al., 2020).

The apCAFs that were recently identified in PDAC and BC
are presumed to induce T cell anergy or differentiation to T
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Figure 5. Lung anti-tumor CD4 T cell responses depend on apCAF MHCII. (A) Colla2 CreER*I-Ab/f and I1-Ab/f mice were inoculated with LLCO2 and
treated with CD4 T cell-depleting antibody. Cumulative data of tumor burden (n = 3-6 per group, pooled from two experiments). Absolute numbers of tumor
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cells were assessed by FACS using counting beads. (B) Colla2 CreER*I-Ab/® versus I-Ab/! mice bearing LLCO¥? lung tumors were adoptively (a.t.) transferred
with OTII T cells. TILs were FACS sorted and incubated with CFSE-loaded LLCO¥@ (CSFEMEh = 5 uM CFSE) plus LLC (CSFE" = 0.5 uM CFSE) cells at a 60:1:
1 ratio. Cytotoxicity was determined at 16 h by quantifying the ratio of LLC®¥? to LLC (n = 2-5 per group, pooled from two experiments). Representative and
cumulative FACS data are shown. (C) CAFs from LLC®¥ lung tumor-bearing mice were sorted and co-cultured with OTII T cells from OTII RAG™/~ mice at a 1:
1 ratio plus MHCII-blocking antibody or isotype (ISO) control. Representative FACS plots of intracellular cytokines (n = 2 or 3 per group, representative of two
experiments). (D) Depletion of circulating T cells upon FTY720 treatment. Representative FACS plots. (E) Lung tumor Colla2 CreER*I-Ab"/ versus I-Ab" mice
were treated with FTY720. Lung tumors were excised and analyzed by FACS (n = 6 or 7 per group, pooled from two experiments). (F and G) Intratumoral lung
CD4 T cells were purified from Colla2 CreER*I-Abf/® versus I-Ab" mice (n = 7) and analyzed by bulk RNAseq. Expression heatmaps (mean values) of marker
genes (F). MA (M [log ratio] and A [mean average]) plots and GO term enrichment analysis, with nodes in the networks representing biological processes and
edges connecting terms with overlapping genes (G). Adj. P values > 0.05, except from: Stat6 0.0042, Stat3:0.0053 (F). Deregulated genes with FDR < 0.01and
GO terms with an FDR < 0.1 are shown (G). (H) Left: Pearson correlation analysis between CD4 effector/effector memory T cell and apCAF signature genes in
patients with lung adenocarcinoma and squamous cell carcinoma in The Cancer Genome Atlas [TCGA], GEPIA2). Right: Input gene lists. (A, B, and E)*, P <0.05;
**, P < 0.01. Error bars, mean + SEM; two-tailed Mann-Whitney U test. aMHCII, pan-MHCII blocking antibody; FSC-A, forward scatter-A; SSC-A, side scatter-A.

regulatory cells (Elyada et al.,, 2019; Friedman et al., 2020;
Sebastian et al., 2020). This presumption opposes the increase in
Tregs that has been observed upon fibroblast deletion in PDAC
(Ozdemir et al., 2014). In our models, MHCII deletion in fibro-
blasts did not alter CD4 T cell subsets. However, it caused a
profound decrease in the metabolic rate of tumor-infiltrating
CD4 T cells. This finding fits perfectly well with the pivotal
role of T cell metabolism in antigen-specific responses (van der
Windt and Pearce, 2012). Further supporting the idea that non-
hematopoietic cells can act as stimulating rather than tolerizing
antigen-presenting cells, MHCII intestinal epithelial cells acti-
vate CD4 T cells in graft-versus-host disease, and diverse types
of non-hematopoietic lung antigen-presenting cells prime T
resident memory cells (Koyama et al., 2019; Low et al., 2020).

IFN-y drives MHCII expression in epithelial cells (Koyama
et al., 2019). Our results also demonstrate that the tumor mi-
croenvironment controls MHCII in fibroblasts via IFN-y. That
said, positive clinical responses to immune checkpoint blockade
are associated with increased IFN-y and MHCII expression
(Grasso et al., 2020; Johnson et al., 2016; Rodig et al., 2018).
Accordingly, BC responses to aTGFB are associated with in-
creased MHCII expression in fibroblasts (Grauel et al., 2020).
Thus, on the basis of our models, another mechanism behind the
success of checkpoint inhibitors in lung cancer could be their
ability to sustain IFN-y-dependent apCAF spots, which in turn
activate the unleashed effector T cells within tumors.

Current immunotherapeutic treatments largely focus on
immune cells. Our works point to mesenchymal cells as key
partners in cancer therapy. We already envisage a few possible
scenarios for the immunotherapeutic exploitation of our find-
ings: in vivo delivery of tumor antigens to apCAFs (in vivo
vaccination) and amplification of the antigen-presenting fibro-
blastic spots with IFN-y-inducing drugs, such as checkpoint
inhibitors or aTGFP. Conceivably, the above strategies are ex-
pected to require combinatorial T cell-directed therapies for
maximum clinical benefits.

Materials and methods

Human samples

Paired human lung tumor and macroscopically healthy lung
resection specimens were obtained from patients with lung
adenocarcinoma and lung squamous cell carcinoma at Sotiria
Chest Hospital. The study was approved by the Sotiria Chest
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Hospital ethical committee board, and informed consent was
obtained from all patients. lung adenocarcinomas and lung
squamous cell carcinomas were clinically scored and staged ac-
cording to the International Union against Cancer tumor, node,
metastasis (TNM) staging system. The clinical and pathological
characteristics of all patients included in this study are sum-
marized (Table S1).

Mice

Colla2-cre/ERT,-ALPP mice (The Jackson Laboratory; ID
#029235), Tg (Col6al-cre)1Gkl (ColVI-Cre) mice (MGI:3775430),
B6.129X1-Twist2tml.1(cre)Dor/J] (Twist2-Cre) mice (The Jackson
Laboratory; ID #008712), mTmG mice (The Jackson Laboratory;
ID #007576), IL-12 p35 KO (The Jackson Laboratory; ID
#002691), and IL-12 p40 KO (The Jackson Laboratory; ID
#002693) were provided by G. Kollias (Biomedical Sciences
Research Center “Alexander Fleming” [BSRC Al. Fleming], Vari,
Greece); OTII mice (The Jackson Laboratory; ID #004194) by V.
Andreakos (Biomedical Research Foundation Academy of Ath-
ens [BRFAA], Athens, Greece); IFN-yR (The Jackson Laboratory;
ID #003288) and IFN-y KO mice (The Jackson Laboratory; ID
#002287) from J.P. Gorvel (Centre d'immunologie de Marseille-
Luminy [CIML], Marseille, France); B6(Cg)-Tyrc-2J/] (B6-albino)
and BALB/c mice by Animal House Facility (BSRC Al Flem-
ing, Vari, Greece). B6.129X1-H2-Abltm1Koni/J (I-AB-flox, ID
#013181) and B6.SJL-Ptprc? (CD45.1; ID #002014) mice were
purchased from The Jackson Laboratory. For MHCII deletion in
fibroblasts, the Colla2-CreER mice were crossed to I-AB-flox
mice that possess a loxP-flanked neo cassette upstream of exon
1 and a single loxP site downstream of exon 1 of the H2-Abl
locus. For T cell responses against Ova-expressing cancer
cells, OTII mice that express the mouse a-chain and B-chain
T cell receptor that pairs with the CD4 coreceptor and is
specific for the chicken Ova 323-339 peptide in the context
of I-Ab were crossed to Ragl KO mice and mice that express
the CD45.1 (Ly5.1 PTP) alloantigen. For reporter studies,
Colla2-CreER, ColVI-Cre, and Twist2-Cre were crossed to
mTmG mice.

Cell lines

The LLC cell line, obtained from American Type Culture Col-
lection, the C57BL/6-derived urethane-induced lung adenocar-
cinoma CULA cell line, and Ad-Cre-treated KRASC2P;Trp53f/f
C57BL/6-derived cell line KPM, provided by G. Stathopoulos
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Figure 6. Exogenous C1q is anti-apoptotic, and human apCAF Clq increases viability of intratumoral CD4 T cells. (A) Immunofluorescence for Clgbp
shows surface expression in human intratumoral CD4 T cells. Samples were analyzed by confocal microscopy with a 40x objective. Bars, 40 um. MHCII* CAFs,
MHCII= CAFs, and intratumoral CD4* T cells were FACS sorted from human lung tumors and analyzed for C1q by qPCR (n = 4 patients). Pt, patient. (B) CD4
T cells and CAFs were sorted from the same tumor fragment and co-cultured with aClgbp-blocking antibody or isotype (ISO) control. Absolute (Abs.) numbers
of live T cells were assessed by FACS with counting beads (n = 5 patients). (C) Peripheral blood (PB) CD4 T cells from a healthy donor were sorted and activated
with aCD3/aCD2/aCD28 beads before undergoing serum starvation with or without purified C1q. Representative FACS plots of two experiments. (D) As in C,
plus aClgbp-blocking antibody or isotype control. Cumulative data of cell viability measured by Annexin V//dead stain by FACS (n = 6 donors). Representative
FACS plots of caspase-3 activity. (E) CD4 T cells, total CAFs, and MHCII= CAFs were sorted from the same tumor fragment. T-CAFs were co-cultured with
aClgbp-blocking antibody or isotype control. T cell apoptosis was assessed using Annexin V and Pl staining. Representative FACS plots and cumulative data are

shown (n = 3 patients). (A-E) *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. Error bars, mean + SEM; one-tailed unpaired or paired t test. FSC-A, forward scatter-
A; PBMC, peripheral blood mononuclear cell.

(Helmholtz Zentrum Miinchen, Neuherberg, Germany), the HEK lenti-X 293 T cells were transfected with pHIV-Zsgreen
murine mammary carcinoma cell line 4T1, provided by Bio- (Addgene; #18121), MIGR1-OVA-IRES-mCherry, pHIV-Luc-
medcode Hellas, and the C57BL/6-derivered melanoma cell line ZsGreen (Addgene; #39196), or pLM-CMV-R-Cre (Addgene;
B16F10, provided by V. Kostourou (BSRC Al. Fleming, Vari, #27546) lentiviral plasmids using polyethylenimine (Poly-
Greece), were transduced with zsGreen and/or OVA™Cherry  gscjences). Cells were maintained in DMEM or RPMI 1640,
and/or Luc-ZsGreen lentiviruses and were sorted based on containing 10% heat-inactivated FBS, 1% L-glutamine, and 1%
fluorescent protein expression. For lentiviral production, penicillin/streptomycin (Gibco). All the cells tested negative for
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Figure 7. In vivo MHCII tumor immunity depends on apCAF Clq, CD4 T cell Clgbp. (A) Clq was knocked out of primary lung apCAFs via CRISPR-Cas9.
MHCII*CAF<192 KO versus control (CTL) MHCII*CAFs were co-cultured with OTII T cells. Apoptosis was measured by Annexin V/dead staining. Representative
FACS plots of two experiments. (B) MHCII*CAF<l4@ KO yersus control MHCII*CAFs were cotransplanted with LLC™Mche™Ova cells in syngeneic mice. Tumor
growth was measured. Cumulative data of CD4 T cell numbers normalized to cancer cell numbers. Absolute numbers were assessed by FACS with counting
beads. (n = 3 or 4 mice per group, pooled from two experiments). (C) Clgbp overexpressing OTII T cells were adoptively transferred in LLC™cheryOva |yng
tumor-bearing mice. Representative FACS plots of LLC™che™y0va cells and OTII cells in digested lung tumors. Cumulative data (n = 4 per group, pooled from two
experiments). (A-C) *, P < 0.05; **, P < 0.01. Error bars, mean + SEM; two-tailed unpaired t test. FSC-A, forward scatter-A; sgRNA, single-guide RNA.

the presence of mycoplasma contamination using a PCR-based
technology. Cell lines were not authenticated.

Sample preparation and staining

Human and murine tissue specimens were perfused with PBS
and cut into pieces. Minced samples were immediately pro-
cessed or cryopreserved using BioCool (SP Scientific) in Re-
covery Cell Culture Freezing Medium (GIBCO; BRL cat. no.
12648-010) enriched with 10% DMSO. Human and mouse tumor
and lung tissue fragments were enzymatically digested in 10%
FBS/HBSS (Gibco) using Collagenase IV (Sigma-Aldrich; 1 mg/
ml; cat. no. C7657), Dispase II (Roche; 1 mg/ml; cat. no. SCM133),
and Dnase I (Sigma-Aldrich; 0.09 mg/ml; cat. no. DN25) for 1 h at
37°C with agitation. Murine LNs were digested in 10% FBS/HBSS
using Collagenase P (Sigma-Aldrich; 1 mg/ml; cat. no. 11 249

Kerdidani et al.

Fibroblasts sustain lung tumor MHCIl immunity

002 001), Dispase II (Roche; 1 mg/ml), and Dnase I (Sigma-Al-
drich; 0.09 mg/ml) for 1 h at 37°C with agitation. Human tumor
cells were passed through a 100-pm cell strainer, and murine
tumor cells were passed through a 70-pm cell strainer. Murine
splenocytes were mechanically dissociated by passing through a
40-pm cell strainer. Cells were washed with FACS buffer (2%
FBS/PBS/1.5 mM EDTA), centrifuged, and resuspended in FACS
buffer. Nonspecific binding was blocked by incubating cells with
human anti-Fc Receptor antibodies (TrueStain; Biolegend; cat.
no. 101320) or anti-mouse CD16/32 Fc block (Biolegend; cat. no.
101310).

Staining of human tissue was performed with the following
antibodies (all from Biolegend, unless otherwise stated): CD45-
PE, (HI30, lot# B255235, cat. no. 304007), CD31-PE, (WM59, lot#
B267973, cat. no. 303105), EpCAM-PE, (9C4, lot# B283019, cat.
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no. 324205), FAP-Alexa700 (lot# A6V10218119; R&D Biosystems;
cat. no. MAB3715), Podoplanin APC-Fire 750 (NC80, lot#
B266728, cat. no. 337023), CD140a (PDGFRa)-PE-Cy7 (16Al,
lot# B250540, cat. no. 323507), CD152 (CTLA-4)-PE (L3D10, lot#
B243881, cat. no. 369603), CD40-BV421 (5C3, lot# B251089, cat.
no. 334331), CD80-BV510 (2D10, lot# B240242, cat. no. 305233),
CD86-APC (lot# 10990; BD; cat. no. 555660), CD8-PERCP-Cy5.5
(SK1, lot# B261859, cat. no. 301031), HLA-DR-BV785 (L1243, lot#
B251938, cat. no. 307641), HLA-DR-DP-DQ-APC (TU39, lot#
B275397, cat. no. 361713), CD44-APC (IM7, cat. no. 361713,
B232055, cat. no. 103011), CD14-PE (63D3, lot# B233137, cat. no.
301805), CD16-PE (3G8, lot# B238509, cat. no. 302007), CD19-PE
(HIB19, lot# B239940, cat. no. 302207), CD34-PE (581, lot#
B266670, cat. no. 343505), CD36-PE (5-271, cat. no. 336205,
B286437, cat. no. 336205), CD56-PE (5.1H11, lot# B252299, cat.
no. 304605), CD123-PE (6H6, lot# B240986, cat. no. 306005),
and CD253-PE (RIK2, lot# B278666, cat. no. 308215) for 30 min
at 4°C.

Murine cells were stained with the following antibodies
(all from Biolegend, unless otherwise stated): CD45-APC-CY7
(30F11, lot# B290025, cat. no. 103115), CD3-PE-CY7 (1432Cll,
lot# 4304567; eBioscience; cat. no. 25-0031-82), B220-PERCP
(RA36B2, lot# 6032134; eBioscience; cat. no. 45-0452-82), CD8-
PERCP (536.7, lot# B210430, cat. no. 126610), CD4-FITC (GKL.5,
lot# B288660; BD; Pharmigen, cat. no. 553651), CD45-Alexa700
(30F11, lot# B309099, cat. no. 123128), CD31-Alexa700 (390, lot#
B303280, cat. no. 102443), EpCAM-Alexa700 (68.8, lot# B292046,
cat. no. 334331), CD140a (PDGFRa)-PE (APAS, lot# B244566,
cat. no. 334331) or BV785 (cat. no. 118239), Podoplanin-PE
Cy7 (8.1.1, lot# B267028, cat. no. 127412), MHCII-APC-Cy7 (M5/
114.15.2, lot# B290142, cat. no. 107627), CD45.1-Alexa700 (A20,
lot#B254604, cat. no. 110723), CD11b (M1/70, lot# 3014897; BD
Pharmigen; cat. no. 557397), CD1lc (HL3, lot# 07852; BD Phar-
migen; cat. no. 553802), CD19 (1D3/CD19, lot# B288633, cat. no.
115507), B220 (RA3CB2, lot# 57924; BD Pharmigen; cat. no.
553089), CD49b (DX5, lot# B278344, cat. no. 103506), CD105
(MJ7/18, lot# B300564, cat. no. 110723), MHCII (M5/114.15.2,
lot# B221906, cat. no. 107607), and TER119 (TER119, lot# B293614,
cat. no. 116207). Tetramers SIINFEKL-PE and SIINFEKL-APC
were provided by the National Institutes of Health.

For intracellular staining, cells were fixed and permeabilized
using the Intracellular Fixation & Permeabilization Buffer Set
(eBioscience; cat. no. 88-8823-88), followed by staining for
human samples with PAN-Cytokeratin-PE (Cl11, lot# 532104;
Sigma-Aldrich; cat. no. sAB4700668), Vimentin-Alexa Fluor 674
(EPR3776, lot# GR219 216-9; Abcam; cat. no. abl194719), a-Sma-
FITC (114, lot# 087M4798; Sigma-Aldrich; cat. no. F3777), and
Alexa Fluor 647 anti-mouse (lot# 1910774; Invitrogen; cat. no.
A21235) secondary antibody. For murine samples, also a-SMA-
FITC (Sigma-Aldrich; cat. no. F3777) and Vimentin-Alexa Fluor
674 (Abcam; cat. no. ab194719) were used.

For intracellular staining of phosphorylated proteins, cells
were fixed and permeabilized using the Intracellular Fixation &
Permeabilization Buffer Set (eBioscience; cat. no. 88-8823-88)
per the manufacturer’s recommendations for detection of in-
tracellular phosphorylated proteins, followed by staining with
pmTor-PE-Cy7 (eBiosciences; cat. no. 25-9718-42).
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Sytox-Green viability dye (Thermo Fisher Scientific; cat. no.
S$7020), Zombie NIR (Biolegend; cat. no. 423105), Zombie Violet
(Biolegend; cat. no. 423113), or BD Horizon, Fixable, Viabilility,
Stain 700 (BD Pharmigen; cat. no. 564997) were used to exclude
dead cells.

For Annexin V/propidium iodide (PI) stain, up to 5 x 10* cells
were resuspended in Binding Buffer (0.01 M Hepes, pH 7.4,
0.14 M NaCl, and 2.5 mM CaCl,) and stained with Annexin V
FITC (lot# B284572, cat. no. 640906) for 30 min at 4°C. Cells
were washed and resuspended in PI-Binding Buffer solution
(0.1 mg/ml; Sigma-Aldrich; cat. no. P4170). For Caspase-3 stain,
the NucView 488 Caspase-3 Assay Kit for Live Cells (Biotium)
was used according to the manufacturer’s instructions.

Functional ex vivo assays

For human immunological assays, CAFs and CD4* T cells were
harvested from the same tumor fragment and dispersed into
single-cell suspensions as stated above. CAFs were sorted as
FSC-AHighCD45-CD31-EpCAM-FAP*PDGFRa* cells. To preserve
functional TCRs, intratumoral CD4* T cells were sorted as FSC-
AlewSSC-AL°wCD45+CD14-CD15-CD16-CD19-CD34-CD36-CD56~
CD123-CD8 CTLA-4" cells. CAFs were co-cultured overnight
with CD4* T cells at a 1:1 ratio in the presence of pan-HLA
antibody (5 pg/ml; Biolegend; cat. no. 361702) or GClq R anti-
body (10 pg/ml; Abcam; cat. no. ab24733) or isotypic controls
(mouse IgG2a [Biolegend; cat. no. 361702] and mouse IgGl
[Abcam; cat. no. abl70190], respectively). Cells were co-
cultured in complete RPMI (Gibco) medium.

Classical Ficoll-Pague (StemCell; cat. no. 07861) density gra-
dient centrifugation was followed for peripheral blood mono-
nuclear cell isolation from human peripheral blood. Untouched
CD4* T cells were negatively selected from peripheral blood
mononuclear cells using anti-phycoerythrin (PE) MicroBeads
(Miltenyi Biotech) after incubation with the following PE-
conjugated antibodies: CD14, CD15, CD16, CD19, CD34, CD36,
CD56, CD123, CD253, and CD8 according to the manufacturer’s
instructions. Human T Cell Activation/Expansion Kit (Miltenyi
Biotech) was used for activation of CD4" T cells according to the
manufacturer’s protocol. T cells were cultured in Click’s medium
supplemented with 10% heat-inactivated human serum (Sigma-
Aldrich; H4522), 1% L-glutamine and 1% penicillin/streptomy-
cin, 1% sodium pyruvate, 1% MEM nonessential amino acids,
2 mM Hepes, B-mercaptoethanol, and 50 U/ml hulL-2 (Pepro-
tech; cat. no. 200-02). For selected experiments, T cells were
cultured in serum-depleted medium with or without native
human Clq protein (6 pg/ml; Abcam; ab96363) or GClq R anti-
body (10 pg/ml; Abcam; cat. no. ab24733).

For murine 3D CAF cultures, CAFs sorted as FSC-AHighCancer
cells,sgreen CD45"CD31"EpCAM PDPN*PDGFRa* cells were re-
suspended in liquified Matrigel (Corning; 354254) at 4°C. Ap-
proximately 30,000 cells/well were seeded in a 25-pl drop of
Matrigel in the center of wells of a 48-well tissue culture plate.
The matrix was allowed to set for 15 min at 37°C before adding
400 pl complete RPMI into each well. At day 5 of culture, RPMI
medium was replaced with fresh RPMI supplemented with
30% healthy lung or tumor lung homogenate plus/minus anti-
IFN-y (10 pg/ml; Biolegend; cat. no. 505705). To obtain tissue
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homogenates, tumors or healthy lungs were excised, weighed,
and homogenized in PBS (30% weight/volume) on ice. Samples
were centrifuged at 13,000 rpm for 10 min at 4°C, and super-
natants were added in wells containing Matrigel-encapsulated
cells.

For ex vivo cytotoxicity assays, 4 d after adoptive transfer of
OTI1I cells to LLC™¢hemy0¥a lung tumor-bearing mice, lung tumors
were excised, and untouched total intratumoral T cells were
FACS sorted from tumor single-cell suspensions as FSC-AlwW
LIVECancercellcherry CD45* Ter119-CD105-CD11b-CD11c~CD19~
B220-CD49b-CD25-. LLC™cheryOva and LLC cells were pre-
conditioned with IFN-y (20 U/ml) overnight to up-regulate
MHC expression and the next day were labeled with 5 pM or
0.5 CFSE, respectively. Cells were mixed and plated together
with T cells at a 60:1:1 ratio on V-bottom 96-well plates, centrifuged
at 1,000 rpm for 10 min, and incubated for 16 h. Cytotoxicity was
calculated as cytotoxicity = 100% x {1 - [(CFSElew/CSFEMigh)
controll (CFSEIOW/CSFEhigh) experimental]}-

For assessment of lysosomal stress, apCAFs from I-Abf/fl
mice sorted as FSC-AHighCancer cells-zsGreenCD45-CD31-
EpCAM-PDPN*PDGFRa*MHCII* cells were infected with
CRE™cherry or control lentiviruses. Low-passaged apCAF I-Abf/fl
and apCAF I-Abf/f-Cre were exposed to tumor homogenate for
72 h in 3D cultures supplemented with 30% tumor homogenate,
as above, and then incubated with LysoTracker Green DND-26
(Thermo Fisher Scientific; L7526) for 1 h and DQ Green BSA
(Thermo Fisher Scientific; D12050) for 2 h, following the man-
ufacturer’s instructions.

For CRISPR-Cas9 gene editing of Clqa in apCAFs, CAFs sorted
as FSC-AMighCancerCellycherry CD45-CD31"EpCAM-PDPN*
PDGFRa*MHCII* were first transduced with ready-to-use Cas9-
GFP lentiviral particles (Sigma-Aldrich), and subsequently
with guide RNA (gRNA) lentiviruses. Control and Clqa gRNA-
containing lentiviruses were generated from transfection of
HEK lenti-X cells with NegativeControll, MMPD0O000004118,
and MMPD0000004120 gRNAs purchased from Sigma-Aldrich
in gRNA:hPGK-puro-2A-tBFP background vector. C1qaKO and
control apCAFs were sorted as GFP and BFP double-positive cells
and cultured in 1:1 ratio with in vitro activated OTII T cells
for 72 h in RPMI containing 1% heat-inactivated FBS, 1%
L-glutamine, and 1% penicillin/streptomycin and 20% tumor
homogenate. For in vitro activation of OTII T cells, splenocytes
from OT-II/Ragl~/~/CD45.1 mice were cultured in a-CD28-coated
plates (Biolegend; cat. no. 102115; 1 pg/ml) with complete RPMI
(10% FBS, 1% penicillin/streptomycin, 50 uM B-mercaptoethanol)
supplemented with 1 ug/ml OVA Peptide (323-339; Genscript, cat.
no. RP10610; DAY 0). Untouched CD45.1 OTII cells were magnet-
ically sorted from cultured splenocytes on day 2 using anti-PE
MicroBeads (Miltenyi Biotech) after incubation with the follow-
ing PE-conjugated antibodies: CD11b, CDllc, CD19, B220, CD49b,
CD105, MHCII, and TER119, according to the manufacturer’s in-
structions. T cells were cultured and expanded in the aforemen-
tioned medium supplemented with 1 pg/ml OVA Peptide
(323-339) and 50 U/ml mIL-2 (Peprotech; cat. no. 212-12).

For CAF-OTII T cell co-cultures, CAFs sorted as FSC-AHigh
CancerCellsmcherry"CD45"CD31"EpCAM-PDPN*PDGFRa* cells
were treated with MHCII blocking antibodies (5 pg/m; BioXcell;
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BE0108) or isotype control (Biolegend; 400643) and cultured at
a l:1ratio with in vitro activated OTII T cells overnight. The next
day, cells were stimulated with 50 ng/ml PMA, 1 pug/ml ion-
omycin, and Brefeldin A (Biolegend) for 4 h, before harvesting
and staining intracellularly for IFN-y (Biolegend; 505807) and
TNFa (Biolegend; 506303).

To study EMT in ATII cells, lungs from healthy mice were
harvested and digested. ATII cells were sorted as CD45-CD31~
EpCam*MHCII* and cultured in SAGM medium (Small Airway
Epithelial Cell Growth Medium; LONZA; CC-3118) for 5 d. On day
5, medium was supplemented with 20% tumor homogenate for
48 h. For assessment of EMT, total RNA was extracted from ATII
cells as described below.

In vivo studies

Gender- and age-matched mice over 8 wk old were used for all
studies. All mice were housed under standard special pathogen-
free conditions at BSRC Al Fleming. All animal procedures were
approved by the Veterinary Administration Bureau, Prefecture
of Athens, Greece, under compliance with the national law and
the EU Directives and were performed in accordance with the
guidance of the Institutional Animal Care and Use Committee of
BSRC Al. Fleming.

For the lung cancer model, mice were anesthetized via i.p.
injection with xylazine and ketamine. Cancer cells (2 x 10°)
resuspended in 50 ul DMEM (Gibco) and enriched with 20%
growth-factor-reduced ECM (Matrigel; BD Biosciences) were
intrapleurally injected in the lung parenchyma of mice using a
29G needle (BD Biosciences). For the metastatic cancer model,
mice were injected i.v. with 4 x 10° B16F10 cells in 100 pl DMEM
medium. For the orthotopic breast tumor model, 4T1 (10°) cells
resuspended in 50 pl of PBS were implanted into the third
mammary fat pad. For all experiments with inducible Colla2-
CreER mice, tamoxifen (50 mg/kg; Sigma-Aldrich; T5648) dis-
solved in corn oil (Sigma-Aldrich; C8267) was given i.p. once per
day every day except weekends for the duration of the experi-
ment (5 injections/week, 2 wk), starting on day 0 of cancer cell
injection in the lungs.

Monoclonal antibody aCD4/GK1.5 (American Type Culture
Collection/TIB-207) was administered i.p. 2 d before tumor
implantation and continued three times per week for the du-
ration of the study (150 pg/mouse). FTY720 (Cayman Chemicals)
was administered i.p. for 5 consecutive days, starting on day 7
after tumor cell transplantation at 20 mg per mouse.

For the adoptive T cell transfer experiments, T cells from OT-
I1/Ragl/CD45.1 mice were isolated and in vitro expanded/acti-
vated as above. For the cytotoxicity assay on day 7, 1,000,000
T cells per mouse were injected i.v. in LLC™h™0v tymor-
bearing mice. For the Clgbp-OTII experiments on day 4, OTII
cells were transduced with Clgbp lentiviral particles (Lenti ORF,
Clgbp; Origene; NM_007573) versus Lenti-ORF Control Particles
at a multiplicity of infection of 2. The transduction was per-
formed for 24 h in medium supplemented with 8 ug/ml poly-
brene (Sigma-Aldrich). 2 d after lentiviral transduction, cells
were placed in puromycin selection for 2 wk (2 pg/ml; Sigma-
Aldrich; P8833). On day 22, 100,000 T cells per mouse were
injected i.v. in LLC-OVA tumor-bearing mice.
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For cotransplantation studies, CAFs sorted as FSC-AMigh
CancerCelly,enerry”CD45-CD31"EpCAM-PDPN*PDGFRa* MHCII*
or MHCII- CAFs from lung or breast cancer tumors were cul-
tured in DMEM containing 10% heat-inactivated FBS, 1%
L-glutamine, and 1% penicillin/streptomycin (Gibco) in collagen-
treated plates (collagen I rat tail; Corning). MHCII* and MHCII-
CAFs were infected with zsGreen lentiviruses and were
sorted based on GFP expression. C1qaKO and control MHCII*
CAFs were sorted as GFP/BFP double-positive as stated
above. Low-passaged CAFs and cancer cells (LLCmcherryOva
[lung], 4T1 [breast], or KPM-Luc-ZsGreen [lung; IVIS Imaging])
were combined in a 10:1 ratio (1,000,000 CAFs/100,000 cancer
cells, resuspended in 100 ul DMEM) and implanted bilaterally on
both flanks of B6-albino and C57BL/6 mice. Flank tumor volume
in B6-albino and C57BL/6 mice (V) was measured by assessing
length and width by digital caliper every 2 or 3 d and was cal-
culated as V = (length x width?)/2. Alternatively, tumor volume
in B6-albino mice was measured by bioluminescent imaging.
Mice were i.p. injected (150 mg/kg) with a 30mg/ml solution of
D-luciferin (IVISbrite; PerkinElmer) in filtered PBS. Quantita-
tive imaging was performed using the In-Vivo Xtreme Imaging
System (Bruker).

RNA extraction and quantitative PCR (qQPCR)

For assessment of human Clq expression, total RNA was ex-
tracted from apCAFs, non-apCAFs, blood, and intratumoral CD4*
T cells that were isolated as stated above, using the Single Cell
RNA Purification Kit (Norgen Biotek) according to the manu-
facturer’s instructions. Superscript II reverse-transcriptase
(Thermo Fisher Scientific) was used for cDNA synthesis and
SYBR Green (Thermo Fisher Scientific) for qPCR performed on
the CFX96 Touch Real-Time PCR Detection System from Bio-
Rad. Transcript levels of Clq were determined relative to U6
reference gene, using the AACt method. The following primer
sets were used: human Clgb forward (Fw): 5'-TAAAAGGAGAGA
AAGGGCTTCCAGGG-3' and reverse (Rv): 5'-TGGCCTTGTAGT
CTCCCGATTCACC-3' and human U6, Fw: 5'-CTCGCTTCGGCA
GCACA-3’ and Rv: 5'-AACGCTTCACGAATTTGCGT-3'. Assess-
ment of murine Snaill and Snail2 (Slug) expression was per-
formed as above using the following primer sets: murine Snaill
Fw: 5'-ACATCCGAAGCCACACG-3' and Rv: 5'-GTCAGCAAAAGC
ACGGTTG-3', murine Snail2 Fw: 5-ACACATTAGAACTCACAC
TGGG-3' and Rv: 5'-TGGAGAAGGTTTTGGAGCAG-3', and mu-
rine B2M Fw: 5'-TTCTGGTGCTTGTCTCACTGA-3' and Rv: 5'-
CAGTATGTTCGGCTTCCCATTC-3'. Assessment of murine Clga
KO was performed as above using the following primer set: Fw:
5'-ATCGAAAAGGACCCCGCAAA-3’ and Rv: 5'-CTCAGGCCG
AGGGGAAAATG-3'.

Flow cytometry

FACS analysis or sorting was performed using FACSCANTO II or
BD FACSARIA III or BD FACSCelesta (BD Biosciences), and data
were analyzed using Flowjo software. For calculation of absolute
numbers of tumor cells (burden) or immune cells, counting
beads (123Count eBeads; Thermo Fisher Scientific) were used.
Ebeads are 7-um microparticles that have higher side scatter
than cell populations and contain fluorescent dyes excited by the
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blue (488 nm) or violet (405 nm) laser line. They are supplied at
a known concentration (~1,000 beads/ul). Ebeads were thor-
oughly mixed by vortexing and were carefully suspended and
mixed with cell suspensions. The following equation was used
for calculation of absolute counts according to the manu-
facturer’s recommendations: Absolute count (cells/ul) = [(cell
count x ebead volume)/(ebead count x cell volume)] x ebead
concentration.

Immunohistochemistry/immunofluorescence

For mouse studies, lungs were excised from healthy and tumor-
bearing mice and fixed in 4% freshly prepared paraformalde-
hyde for 14-18 h at 4°C. After fixation and incubation in 30%
sucrose, samples were embedded in optimal cutting temperature
compound (VWR; cat. no. 361603E), then sectioned (10-um
thick) onto SuperFrost Plus microscope slides (Thermo Fisher
Scientific). Slides were washed using PBS followed by 1-h in-
cubation in blocking solution (1% BSA, 0.1% Saponin, and PBS).
Sections were incubated with primary antibodies Anti-Mouse
MHC-II 1:250 (EBiosciences; 14-5321-81), Anti-Mouse Podopla-
nin eFluor 660 1:500 (EBiosciences; 50-5381-82), and Recom-
binant Anti-CD4 antibody (EPR19514; Abcam; ab183685) diluted
in BSA 1%/PBS overnight at 4°C. After rinsing with 0.1% Sapo-
nin/PBS, sections were incubated with secondary antibody for
MHC-II (Goat anti-Rat IgG [H+L] Alexa Fluor 594; Invitrogen) or
for CD4 (Goat anti-rabbit IgG [H+L] Alexa Fluor 647; Invitrogen)
for1h at room temperature. Nuclei were stained with DAPI, and
slides were mounted using Fluoroshield mounting media
(Sigma-Aldrich; F6182). Images were acquired with a TCS
SP8X White Light Laser confocal system (Leica).

For immunofluorescence stainings of human tissues, fresh
samples were immersed in cryoprotectant (OCT), frozen, and
then cryosectioned in 5-pm-thick sections on charged glass
slides. After fixing with methanol for 15 min at room tempera-
ture, Fc receptor Blocker (Innovex; NB309-5S) and Background
Buster (Innovex; NB306-7) reagents were used for blocking Fc
receptors and eliminating background staining, respectively.
Then, sections were incubated with anti-FAP (R&D; AF3715) 1:
100, anti-HLA DR+DP+DQ (Abcam; ab7856) 1:200, and anti-CD4
(Abcam; ab133616) 1:100 overnight at 4°C. After rinsing, sections
were incubated with secondary antibodies (Goat anti-Rabbit IgG
[H+L] Cross-Adsorbed ReadyProbes Secondary Antibody; Alexa
Fluor 594; cat. no. R37117; Goat anti-Mouse IgG [H+L] Highly
Cross-Adsorbed Secondary Antibody; Alexa Fluor 488 cat. no. A-
11029; and Donkey anti-Sheep IgG [H+L] Cross-Adsorbed Sec-
ondary Antibody; Alexa Fluor 647 cat. no. A-21448). After
thorough rinsing, sections were incubated with FITC anti-
human CD45 Antibody (Biolegend; 304005) 1:100 overnight at
4°C. Nuclei were stained with DAPI, and slides were mounted
using Fluoroshield mounting media (Sigma-Aldrich; F6182).
Images were acquired with a TCS SP8X White Light Laser con-
focal system (Leica).

Immunofluorescence in T cells for the expression and local-
ization of Clgbp were conducted in sorted intratumoral T cells.
After sorting, T cells were washed twice and cytospun at 400 g
for 4 min. After cytospin, slides were let dry for 5-10 min, and
then cells were fixed for 15 min using 4% paraformaldehyde.
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After fixation, cells were washed twice with PBS 1x and per-
meabilized for 10 min using 0.1% Triton-X/PBS. Blocking was
performed using 2% BSA/2% normal goat serum in 0.1% Triton-
X 100/PBS. Cells were stained overnight at 4°C using Recombi-
nant Anti-GClq R antibody (EPR23238-6; Abcam; ab270033).

Image acquisition and analysis

Images were acquired using a TCS SP8X confocal system (Leica).
We selected a fluorophore panel, which allowed for simulta-
neous visualization of three targets, and a nuclear stain (DAPI).
During acquisition, fluorophores were excited with 405 nm (UV
Laser), 488 nm (Argon), 555 nm, 594 nm, and 647 nm (White
Light Laser). For images shown in Fig. 1, analysis was performed
using Leica LASX. Tile scanning was performed in slides stained
for pan-MHCII, CD45, CD4, and FAP, and nuclei were stained
using DAPI. Autostitching using 10% overlap was performed by
Imaris Stitcher. Imaris 9.6 was used for subsequent image ma-
nipulations. After creating a colocalization channel between
pan-MHCII, CD45 (or CD45 inverted), and FAP (or FAP in-
verted), all channels were used to define “primary objects”
(surfaces—spots) used to analyze the image (distances, cell
number, XY positioning, etc.). Shortest distance calculation,
average distance to nearest neighbor, and object identification
tools were used for data acquisition and image analysis. Cell
density analysis was performed by identifying each “object” in
fields of 250,000 pm?. Data exported from Imaris 9.6, including
XY location of CD4*, MHCII*FAP*CD45~, and MHCII*FAP-
CD45* objects, were used for density plot creation using custom
R scripts.

Identification of human MHCII fibroblasts in

scRNAseq datasets

Processed data were collected from publicly available, paired
human lung tumor and healthy lung scRNAseq datasets
(E-MTAB-6149 and E-MTAB-6653). The log,cpm values of the
22,180 ensembl gene IDs were used. The transition from the raw
sequence read data to the gene expression table can be found in
the original publication (Lambrechts et al., 2018). Processed cells
annotated as fibroblasts were included in the analysis. Patient #1
was excluded from the analysis because of the small number of
fibroblasts (nine cells). Patient #2 was excluded from the
analysis because of the small number of healthy fibroblasts and
DCs (5 and 11 cells, respectively). Only fibroblasts of patients #3,
#4, and #5 were analyzed (n = 643, 155, and 486, respectively).
To identify MHCII* and MHCII- fibroblasts, cells annotated as
cross-presenting DCs in the same dataset were used as positive
control for MHCII expression. The nine MHCII genes (HLA-DRA,
HLA-DRB5, HLA-DRBI, HLA-DQAI1, HLA-DQA2, HLA-DQBI, HLA-
DQB2, HLA-DPAI, and HLA-DPBI) were used for reclustering fi-
broblasts and DCs with k-means function of cluster R package
(Méchler et al., 2012) with k = 3 (tuned for k = 3:10), supported
by mean Silhouette information scoring, calculated by Silhou-
ette function of cluster R package. This resulted in the splitting
of the cells into three groups (low, middle, and high MHCII
expression). Fibroblasts of the middle and high groups were
considered MHCII* fibroblasts (206 cells), while those of the low
group were considered MHCII- fibroblasts. Gene IDs that had
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zero expression in all fibroblasts were removed from the
analysis (16,877 IDs were kept). 15,487 of them were successfully
translated into gene names using the biomaRt R package. After
the characterization of MHCII* and MHCII- fibroblasts, genes
with non-zero expression values in more than 25% of each group
were kept (1,699 genes for apCAFs and 1,388 genes for non-ap-
CAFs). The union of both lists was considered the list of the
genes that are expressed in at least one group. This resulted in
1,785 genes.

Differential expression and pathway analysis of

human datasets

To identify the differentially expressed genes between the
MHCII* and MHCII-, we used the FindAllMarkers function of
the Seurat R package (Satija et al., 2015), giving as input non-
scaled read values of the two clusters. We kept cells that had at
least 10 features and removed ribosomal and mitochondrial
genes. This resulted in 79 statistically significant up-regulated
genes (adj. P value < 0.05, 67 with logFC > 1) and 55 statistically
significant down-regulated genes (adj. P value < 0.05, 48 with
logFC < -1). The 67 up-regulated and the 55 down-regulated
genes were submitted to DAVID (Huang et al., 2009) for gene
ontology (GO) term enrichment analysis. DAVID analysis was
performed as previously described (Huang et al., 2009) using
the official gene names (hgl9) as background. GO using DAVID
(6.8; Huang et al., 2009) was performed for terms classified as
biological processes. An enrichment map was created in Cyto-
scape (v3.7.2; Shannon et al., 2003) using all significantly en-
riched GO terms (false discovery rate [FDR] < 0.1), with a gene
set size between 10 and 1,000. Overlap was used as a metric, and
the cutoff was set to 0.5. Clustering was performed using Au-
toAnnotate (v1.3.2; Kucera et al., 2016) with overlap used as edge
weight values.

Bulk mouse RNAseq data acquisition, processing, and analysis

Intratumoral CD45*CD3*CD4* T cells were FACS sorted in RL
buffer (lysis buffer of cells before RNA isolation). Total RNA was
isolated by using NucleoSpin RNA (Macherey-Nagel). RNA in-
tegrity was assessed on an Agilent Bioanalyzer RNA 6000 Pico
Chip, and the library was constructed using NEB Next Ultra RNA
Library Prep Kit. The sequencing platform Ion Torrent PROTON
and 3'-untranslated region sequencing strategy was used.
Quality of FASTQ files, obtained after Ion Proton sequencing,
was assessed using FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) following the software rec-
ommendations. Alignment of sequencing reads to the reference
genome was performed using the software HISAT2 (version
2.1.0; Kim et al., 2019) with the genome reference version mmi10.
Bam files containing reads that were uniquely aligned were
summarized to read counts table using the GenomicRanges
package (Lawrence et al., 2013) through MetaseqR2 pipeline
(Fanidis and Moulos, 2021) and default settings for 3'-
untranslated region data. The resulting gene counts table was
subjected to DEA with metaseqr2 function, using DESeq2 algo-
rithm for the normalization and statistical testing. Genes with
less than five counts in 75% of the samples were excluded from
downstream analysis. DEA thresholds were set for FDR equal to
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0.01 and for logFC + -1, returning 365 down-regulated and 19 up-
regulated genes. The 365 down-regulated genes were submitted
to DAVID for GO term enrichment analysis. DAVID analysis was
performed as previously described (Huang et al., 2009) using the
official gene names (mml10) as background. GO using DAVID
(6.8; Huang et al., 2009) was performed for terms classified as
biological processes, as described earlier.

MHCII* CAFs and MHCII- CAFs from tumor-bearing mice
were FACS sorted as FSC-AHhCD45-CD31-EpCAM mCherry~
PDPL*PDGFRa*MHCII* and FSC-AMighCD45-CD31"EpCAM-
mCherry PDPL*PDGFRa*MHCII" cells, respectively. Total RNA
was isolated by using Single Cell RNA Purification Kit (Norgen
Biotek) according to the manufacturer’s instructions. RNA in-
tegrity was assessed on an Agilent Bioanalyzer RNA 6000 Pico
Chip, and the library was constructed using NEB Next Ultra
RNA Library Prep Kit. The sequencing platform Illumina Novaseq
6000 and Pair-end 150 strategy were used. Quality of FASTQ files
was assessed using FastQC, following the software recom-
mendations. Alignment of sequencing reads to the reference
genome was performed using a two-way alignment procedure
of initial mapping with STAR (version 2.7.3; Dobin et al., 2013)
and remapping of the unmapped reads with bowtie2 (version
2.3.5.1; Langmead and Salzberg, 2012) packages with the ge-
nome reference version mml0. The raw bam files were sum-
marized to read counts table using the GenomicRanges through
MetaseqR2 R package pipeline, and the resulting gene counts
table was subjected to DEA using the R package DESeq2 again
through MetaseqR2 pipeline. DEA thresholds set for P value
equal to 0.05 and for logFC 1.5 returned 2,216 down-regulated
and 164 up-regulated genes. The 418 down-regulated genes
with logFC > 3 were submitted to DAVID for GO term enrich-
ment analysis, as described earlier.

GSEA of CAFs for alveolar genes

GSEA was performed with (v4.1.0) software. The normalized
counts table produced by DESeq2 was used for the GSEA ac-
cording to software recommendations on the standard GSEA
run. For human CAFs, the gene set included marker genes of
an alveolar cluster that was identified in the same dataset
(Lambrechts et al., 2018). For murine CAFs, we used a gene set
that included marker genes of a murine alveolar cluster that was
identified in another dataset (Strunz et al., 2020). The rest of the
analysis was performed with the default thresholds.

Cross-species homology analysis

Up-regulated genes in MHCII* versus MHCII- fibroblasts were
identified independently for each species, as above. The gene
symbols of the genes found up-regulated in the human MHCII*
fibroblast (67 genes) were translated to their mouse homologues
through the biomaRt R package (“useMart” and “getL.DS” func-
tions). This returned 63 gene homology pairs. For each gene that
returned a homologue, the relative gene expression value for
each species was indicated by dividing the average gene ex-
pression value in the MHCII* cluster across each species plus
a regularization constant (10e™%) by the average expression of
all single fibroblasts (human dataset) or all samples (mouse
dataset) plus a regularization constant (10e-%). The normalized
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expression matrices were log,-normalized, and their correlation
was calculated by Pearson correlation distance.

Statistics and reproducibility

For the G-squared tests of independence, the g2Test_univariate
function of Rfast R package was used. The P value was calculated
only for the upper tail through the pchisq function of the same
package. The Pearson correlation values were calculated with
cor base R function.

Visualization

Principal component analysis was performed using the prcomp
base R function, with centering but no scaling. Multidimen-
sional scaling plots were drawn in R with ggplot2. Box plots were
generated using the ggplot2 R package and default parameters.
MA (M [log ratio] and A [mean average])plots and GO terms dot
plot were generated using the geom_point function of ggplot2 R
package. Plots were generated using the ggplot2 with dropping.
Heatmaps were generated using the pheatmap function of
pheatmap R package. Three different dimensionality reduction/
visualization methods were applied to the gene expression ma-
trix of all human single-cell fibroblasts (1,294 cells): PHATE
(Moon et al., 2019) was applied with the “phateR” R package with
default parameters (knn = 5, decay = 40, t = auto), returning a 2D
embedding. Uniform Manifold Approximation and Projection
(Becht et al., 2019) was applied with the “umap” R package with
default configuration parameters (n_neighbors = 15, metric =
euclidean, n_epochs = 200, min_dist = 0.1), returning a 2D em-
bedding. t-SNE (van der Maaten and Hinton, 2008) was applied
with the “Rtsne” R package with default parameters (perplexity =
30, theta = 0.5, max_iter = 1,000), returning a 2D embedding.

Online supplemental material

Fig. S1 shows the gating strategy for sorting untouched CD4
T cells and CAFs and co-cultures of human MHCII- CAFs with
tumor-infiltrating CD4 T cells. Fig. S2 illustrates the lung CAF
specificity of the Colla2-CreER, ColVI-Cre, and Twist2-Cre
mouse strains. Fig. S3 shows the lysosomal processes of MHCII-
deleted apCAFs. Fig. S4 shows the FACS analysis results of tumor-
draining LNs of the Colla2-CreER strain. Table S1 lists the main
data from the patients involved in this study.

Data availability

Murine CD4 T cell bulk RNAseq and CAF RNAseq data generated
in this study are available through National Center for Bio-
technology Information Gene Expression Omnibus (GEO) re-
pository with accession numbers GSE164659 and GSE164653,
respectively. Human scRNAseq data used in this study are
available through ArrayExpress database (E-MTAB-6149,
E-MTAB-6653; Lambrechts et al., 2018). Other relevant data
are available from the corresponding author upon reason-
able request.
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Figure S1. Human MHCII- CAF-tumor infiltrating CD4 T cell co-cultures. (A) Gating strategy for sorting untouched CD4 T cells and CAFs from the same
tumor fragment. CAFs are sorted as live FSC-AMeMLin"CD45-FAP* and untouched CD4 T cells as FSC-Al*%Lin-CD45*. (B) Purified CD4 T cells and FSC-
APghLin-CD45-FAP*MHCII- CAFs were co-cultured with panMHCII-blocking antibody or isotype (ISO) control. Representative FACS plots and cumulative data
on phospho-mTOR (pmTOR) and CD44 (n = 5 patients). *, P < 0.05; **, P < 0.01. Error bars, mean + SEM; two-tailed paired t test. aMHClII, pan-MHCII blocking
antibody; FSC-A, forward scatter-A; MFI, mean fluorescence intensity; SSC-A, side scatter-A.
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Figure S2. Lung CAF specificity of the Colla2-CreER, ColVI-Cre, and Twist2-Cre mouse strains. (A and B) LLC cells were implanted intrapulmonary in the
left lung lobe of tamoxiphen-treated Colla2-CreER/mTmG (Colla2), ColVI-Cre/mTmG (ColVI), and Twist2-Cre/mTmG mice (Twist) mice. Lung tumors were
digested and subjected to FACS analyses. (A) Expression of hematopoietic- (CD45), endothelial- (CD31), and epithelial- (EpCAM) specific markers by lung GFP
cells. (B) Twist2 expression of the fibroblast-specific marker Podoplanin and of 1Ab (MHCII) (n = 2 per group, from two independent experiments). FMO,

fluorescence minus one.
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Figure S3. Lysosomal processes of MHCII-deleted apCAFs. Purified apCAFs from I-Ab-fl/fl mice were expanded and transduced with CRE™"e™ or control
(CTL) lentiviruses. To induce MHCII, apCAFs were exposed for 72 h in 3D conditions to 30% tumor homogenate (Tumor_Homo). Left: Representative FACS plots
of MHCII. Lysosomes were tracked (LysoTracker), and lysosomal proteolysis was assessed (DQ Green BSA) with FACS. Right: Representative FACS plots. FSC-
A, forward scatter-A; FMO, fluorescence minus one.
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Figure S4. FACS analysis of tumor-draining LNs of the Colla2-CreER strain. LLC cells were implanted intrapulmonary in the left lung lobe of Colla2-
CreER*1-Ab® and 1-Ab mice. After 14 d, mesothoracic/tumor-draining LNs were digested and analyzed by FACS. From left to right: MHCII expression in
CD45-CD31-EpCAM-Podoplanin*. Frequencies of CD4*, CD8* T cells, and B220* B cells. n = 3-5 per group, pulled from two independent experiments. Error
bars, mean + SEM.

Table S1 is provided online and lists main patient data, including number of patients enrolled in the study, age, gender, histology,
smoking history, and TNM stage.
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