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Fig. 1. T,y depletion specifically inhibited p8-LLC but not mock-LLC tumor outgrowth. (A) Cartoon of tumor model. (B) Representative surface staining: anti-38
(C6D4) or isotype control of mock-LLC or B8-LLC cells. (C to M) Mock-LLC and B8-LLC tumors were established on opposing flanks of C57BL/6 mice. (C to G, |, and L) Mice
were treated [7 mg/kg, intraperitoneally (i.p.)] with anti-B8 (C6D4) after tumor establishment. (J and M) T,gs were depleted with anti-CD25 (clone PC-61.5.3) starting 1 day
after tumor cell injection. (H and K) Isotype controls. (C and D) Intratumoral Teg numbers (outliers removed) confirmed by immunohistochemistry of FOXP3 of mock
(open) or B8-LLC (filled) tumors shown by FOXP3™ cells/tumor surface area | or FOXP3* cells/tumor (D). Average LLC tumor volumes for mock-LLC (E) and B8-LLC (F), with
day 15 tumor weights (G). Corresponding spider plots for mock-LLC (H to J) treated with isotype (H), anti-B8, C6D4 (I), anti-CD25 (J), or B8-LLC treated with isotype (K),
anti-B8, C6D4 (L), or anti-CD25 (M). Arrows indicate antibody injection days. (H to M) Cartoons show tumor type (arrow) in accompanying plots. One-way ANOVA was used
for multiple comparisons followed by Tukey's post-test. Student’s unpaired t test was used for comparing two datasets. Shown is SE, *P < 0.05, **P < 0.01, ***P < 0.001, and

***¥¥P < 0.0001. ns, not significant.

Tumoral avp8 directly drove T4 differentiation in vitro

We next tested whether binding of L-TGF-f on the surface of non-
Treg CD4™ T cells to avp8 expressed on an opposing cell surface was
sufficient to drive induced Treg (iTreg) conversion in vitro because
iTegs approximate many qualities of pTyegs generated in vivo (8). In
this simplified system, iT,g differentiation is mediated by binding to
immobilized integrin ovp8 independent of paracrine factors secreted
by tumor cells, which could be influenced by avp8 ligand binding.
The ovf8 ectodomain is also free of cytoskeletal interactions, which
modulate integrin conformational changes involved in force trans-
duction and are important for TGF- activation by the closely related
integrin avB6 but not avp8 (23, 29, 42, 43). Culturing activated
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non-Treg CD4" T cells on immobilized avp8 (Fig. 3, E to G), but not
ovp3 [which does not mediate activation of TGF-p (Fig. 3, I to K)
(29)], resulted in conversion to iT g as determined by increased
FOXP3 expression and acquisition of suppressor function (fig. S3, 1
to L). Treg conversion induced by ovf38 was efficient (~60%) be-
cause it was similar to induction by a supraphysiologic concentra-
tion of recombinant TGF-B (rTGF-B; Fig. 3, F and O). Effects of
avP8 on Ty, differentiation were not due to ligation of L-TGF-p/
GARP on activated T cells, or cell attachment, because no increase
in iTy differentiation was seen when activated T cells expressing
L-TGEF-B were plated on wells coated with anti-LAP (fig. S3, M
and N). Anti-B8 efficiently inhibited effects of immobilized avf8
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Fig. 2. Tumor cell expression of avp8 drove a distinct inmunosuppressive Tyegtranscriptome. (A) Cartoon of model. (B) Gating strategy for FOXP3*CD25" cells,
enumerated in (C) as FOXP3*CD25" cells/g (outliers removed) of mock (open boxes) or B8-LLC tumors treated with isotype (filled boxes) or anti-B8 (C6D4, filled circles).
(D) Bulk RNAseq of sorted pools (9 to 10 mice per group in three pools) of CD4*GFP* cells. Differential expression plot of 118 most highly expressed genes [>50 average
fragments per kilobase million (FKPM)] increased (green) or decreased (red) in expression by at least 30% in T,eq groups treated with anti-B8 compared with isotype con-
trol or mock-LLC compared with B8-LLC, with Pearson R and two tailed P value. (E) Hierarchal clustering and heatmap of 118 most highly and variably expressed genes
shown in (D). Note that Tyeqs from B8-LLC isotype-treated tumors are distinct (top three rows) from mock or B8-LLC T4 treated with anti-B8 (C6D4). Arrows indicate key
genes. For multiple comparisons, one-way ANOVA was used followed by Tukey’s post-test. *P < 0.05 and **P < 0.01.

on iTyeg differentiation (Fig. 3, G and H). avp8-mediated conversion
to iTreg depended on TGEF-B, as demonstrated by blockade (~50%)
with high concentrations of a pan-TGF-p isoform antibody, 1D11
(fig. S3, Vand W). The source of the active TGF-B mediating non-
Treg CD4" T cell conversion to Treg on immobilized ov8 was not
from secreted L-TGF-p in the media or from stimulated non-
Treg CD4" T cells (Fig. 3, Q and R). Last, avB8-mediated conver-
sion to iTreg required contact of non-Treg CD4" T cells with avB8
(Fig. 3, Sand T).

The immunosuppressive Tre; phenotype induced by immobilized
ovp8 was confirmed by significant B8-dependent induction of the
immune checkpoint inhibitor Ctla4 (Fig. 3L). Ikzf2 and nrpl were
barely or not detected, indicating that in vitro generated iT s Were
similar to the pT.e; phenotype seen in Treg isolated from murine
LLC tumors (Figs. 2 and 3L). In addition, low levels of Ikzf2 and
nrpl in ovfB8-generated iT ey suggested that their origin was from
non-Tr CD4" T cells, not from the small (~1%) population of
CD25"CD4"FOXP3" T cells mostly consisting of tTyg (36). To di-
rectly address whether the iTyg in our system originated from the
non-Teg CD4" T cell population, we sorted CD4"CD25"GFP~
T cells, which were cultured on immobilized ovB8 or avf33 as a con-
trol. Robust ovB8-mediated conversion of CD4"CD25*GFP™ to
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CD4"CD25"GFP" T cells was observed, demonstrating that the or-
igin of iT,eg in our system was CD4"CD25"GFP™ T cells and not
expansion of the small population of CD4"CD25"GFP" T cells (fig.
S3, Q to W). In contrast, sorted CD4*CD25"GFP" T cells from
CD4" splenocytes displayed minimal expansion when cultured on
immobilized integrins or in response to rTGF-p (fig. S3, R to T).
These results indicated that iT cgs in our system originated from
non-Tre, CD4" T cell populations rather than from expansion of
existing Tregs.

To reproduce these results with avp8-expressing tumor cells, we
cocultured activated non-Theg CD4*"T cells with p8-LLC cells and
measured iT ., conversion. Coculture with 8-LLC significantly in-
creased iT'.q generation relative to mock-LLC cells (Fig. 3P and fig.
S$3, O and P). About 15 to 20% of non-Thg CD4" T cells were con-
verted to iTyeg in the presence of B8-LLC cells (Fig. 3P), similar to
the efficiency of conversion to iT ez on wells coated with avf38 at the
same receptor density as B8-LLC cells (Fig. 5E). These results sug-
gest that avP8 binding to L-TGF-B-presenting T cells, without any
integrin cytoskeletal-mediated force transduction, was sufficient to
mediate TGF- activation and conversion of non-Tieg CD4" T cells
to iTreg, consistent with the integrin force-independent mechanism
of TGF-p activation (29).
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Fig. 3. Contact of L-TGF-B-presenting
non-T,eg CD4* T cells with avp8 drove
iT,eg differentiation. (A to C) CD4"
mouse splenocytes express L-TGF-B1
on the cell surface. (A) Isotype-matched
negative control for (B) CD4"CD25*
FOXP3™ T cells and (C) CD47CD25"
FOXP3" T,eq stained with anti-LAP.
(D) L-TGF-B1 surface staining (outlier
removed) in CD4*CD25 FOXP3,
CD4*CD25*FOXP3~, and CD4*CD25*
FOXP3™ T cell subsets (brackets above
each column indicate comparisons
relative to isotype control). (E to
G) CD4* mouse splenocytes under-
go iT,¢q differentiation when cul-
tured on immobilized avp8, but not
on (I'to K) integrin avp3, or on (Mand
N) BSA. (E to K and N) CD4" sple-
nocytes from FOXP3-IRES-GFP mice
were activated [anti-CD3 and inter-
leukin (IL-2)] or (M) not stimulated.
(0) As positive control, stimulated
CD4" T cells were treated with sup-
raphysiologic levels of rTGF-B1 (500 pg/
ml) (65). Representative experiment
(n=3) depicts CD4" gated T cells
stained with anti-CD25 (x axis) with
FOXP3 expression determined by
green fluorescent protein (GFP; y axis).
Treg (CD4*CD25*GFP*, upper right
quadrant). Gating strategy is shown
in fig. S3 (A to D). (E and I) Individual
wells were untreated (UT), treated
with isotype (F and J), or anti-f8 and
C6D4 (1 ug/ml) (G and K). (H) Lower
column (n =3) coating substrate in-
dicated as BSA, avf3, or avf8. (L)
Ctla4, Ikzf2, or Nrp1 expression de-
termined by qPCR demonstrates
avf8-dependent T4 differentiation
under identical culture conditions
asin (F, G, J, and K). Results (log1o)
normalized to av3 controls. Treatment
with isotype (open) or C6D4 (verti-
cally striped) are indicated. (P) Acti-
vated T cells cocultured with mock
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or B8-LLC cells significantly increased Treq differentiation compared with coculture with mock-LLC controls. (Q) TGF-B activation over range of avf8 coating concentra-
tions reported by WT TMLC (blue), L-TGF-B1-transfected TMLC (red), or L-TGF-B1/GARP-transfected TMLC cells (green). (R) L-TGF-B within conditioned media of Tcony
cultured under stimulatory conditions for 48 hours identical to conditions in (N). Reporter cells plated on control substrate avp3 or avp8 with secreted L-TGF-p. Heat
(80°C) activation of conditioned media showed total amount of L-TGF-B present. (S) Transwell assay determined the importance of cell contact in ovp8-mediated Trey
differentiation. avp8 was coated on the lower chambers. CD4* T cells were plated only into the upper chambers under stimulating conditions (IL-2 and anti-CD3). The
upper chamber Transwell surface contains 0.4-um pores, allowing diffusion of soluble mediators from the lower chamber, but not cells. (T) Active rTGF-$ added to the
medium in the lower chamber demonstrates that TGF-B freely diffuses from the lower to the upper chamber to induce CD25"FOXP3" T4 differentiation. *P < 0.05 and
***P < 0.001 by one-way ANOVA for multiple comparisons followed by Sidak’s post-test or unpaired Student’s t test to compare two populations.

avB8 expression by nontumor cells was not essential

for conversion of T cells to Teq

We were unable to detect cell-surface avf38 on T or conventional
T cells (Tconys) (fig. S4). These results mirror previous studies show-
ing lack of avpB8 expression on mouse CD4" and CD8" T cells,
Tregs» macrophages, and dendritic cells (21, 29). However, it re-
mains possible that levels of cell-surface ovB8 on T cells or Tregs

Seed et al., Sci. Immunol. 6, eabf0558 (2021)

26 March 2021

below the level of detection by cell surface staining are sufficient

for T\ generation and function (4

expression by T cells or Tregs in Treg g

(D and G)].

4, 45). However, we could find

no evidence of significant itgh8 gene or functional avp8 surface

eneration, function, or immuno-

suppressive gene expression either in vitro or in vivo [Figs. 1
(CtoEand GtoI), 2 (CtoE), and 3 (I to K and H) and fig. S2
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Fig. 4.ITGB8 was highly expressed in tumor cells, and TGFB1 was highly expressed inimmune cells. (A) Schematic of sorting strategy to purify tumor, stromal, myeloid, CD4*
T cell, and CD4*CD25°CD127° Treg populations from disaggregated human tumors. (B to G). Bulk RNAseq performed on sorted cell populations from cohorts of human gynecologic
(n=53), non-small cell lung carcinoma (n =41), or head and neck cancer specimens (n = 38) represented as transcript per million (TPM) (normalized read counts to gene length and
scaling 1x 10°). Violin plots of normalized TPM of (B to D) ITGB8 and (E to G) TGFBT of CD44™CD90™ tumor cells (gray circles), some of which stain with anti-epithelial cell adhesion
molecule (EpCam) (blue filled squares), CD44*CD90" stromal cells (filled circles), CD4*CD25" Tyeq (green) or CD4* T cells (red), or major histocompatibility complex class Il (MHCII")
(human leukocyte antigen DRisotype, HLA-DR*) myeloid cells (purple). All data points were included in the analysis without outlier exclusion and were analyzed for significance by
one-way ANOVA for multiple comparisons followed by Dunnett’s post-test; means + SD. ns, P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <0.0001.

ITGB8 was most highly expressed by tumor cells

We next sought to translate our avp8 cell-type expression data to
the human TME by measuring the relative expression of ITGB8 by
various cell types in different human tumors. We performed bulk
RNAseq of sorted immune (T cell, Tyeg, or myeloid) and nonimmune
(stromal or tumor) cells from human lung, gynecologic, and head
and neck carcinomas (Fig. 4 and fig. S5, A to E). ITGB8 was most
highly and significantly expressed in tumor cells compared with
immune cell populations in all three tumor types. ITGB8 was also
significantly expressed by stromal cells, albeit generally at a lower
level than tumor cells. Rare samples with signal above background
were seen in immune cells, likely representing technical noise, because
such data points were identified as statistical outliers (Fig. 4, B to D).
Accordingly, no significant expression of ITGB8 was found in Tregs or
other immune cell types known not to express ITGBS, such as CD4" T
cells and myeloid cells (Fig. 4, B to D) (21). Together, our mouse and
human findings support our conclusion that tumor cells are a func-
tionally important site for av38 expression in the TME.

L-TGF-B/GARP was most highly expressed by immune cells
Abundant evidence suggests that TGF-p expression by T cells, not tu-
mor cells, is important to maintain an immunosuppressive TME (46-48).
T cell surface localization of TGF-f may also be important in the TME
because conditional deletion of GARP in T inhibits growth of
colitis-induced colon tumors (49). However, mechanisms of cell sur-
face presentation of TGF-p in the TME have not been comprehensive-
ly studied. Thus, we next sought to determine which cells in the TME
expressed TGF-B, GARP, or its functional homolog negative regulator
of reactive oxygen species (NRROS or LRRC33) in the human TME.
TGFB1 was most highly and significantly expressed in CD4"
T cells, with levels decreasing in rank order of Tregs, myeloid cells,
and stromal and tumor cells (Fig. 4, E to G). GARP and NRROS
were both expressed above background in different cell types; Tregs

Seed et al., Sci. Immunol. 6, eabf0558 (2021) 26 March 2021

and stromal cells significantly expressed GARP, whereas myeloid,
Treg, and T cells significantly expressed NRROS (fig. S5). These data
suggested multiple mechanisms for cell surface presentation of
L-TGF-B; Tregs used both GARP and NRROS. Stromal cells used
only GARP. Myeloid and T cells used NRROS, and tumor cells
used neither (fig. S5). Our findings were consistent with previous
identification of cell surface L-TGF-B on murine T cells, T'cg, and
myeloid cells but not tumor cells from orthotopic tumors (21). To-
gether, our data supported that CD4" T cells were a major source of
cell surface L-TGF-f in the TME of human tumors.

Formation of a localized tumor/T cell avp8/L-TGF-p
signaling complex

We next sought to test the physiological relevance of our structure-
based model of TGF-p activation (Fig. 5A) (29) by asking whether
ovf8 expressed by tumor cell lines was sufficient to support TGF-
activation without release and diffusion of TGF-pB from a cell-cell
L-TGF-B/GARP complex. The respective avp8 cell surface receptor
densities of B8-LLC (Fig. 5B), TRAMP-C2 (Fig. 5C), or human
ovarian carcinoma (OVCAR-3; Fig. 5D) tumor cell lines were suffi-
cient to efficiently support non-Treg CD4"'T cell-to-Tye, conversion
(Fig. 5E). Accordingly, these B8-expressing lines efficiently in-
creased TGEF-P reporter activity in L-TGF-B/GARP- or L-TGF-f
(R249A)/GARP-expressing transformed mink lung cell (TMLC)
reporter cell lines, with respective TGF-p activation efficiencies, cor-
relating to avP8 surface receptor density (Fig. 5, E to H). These data
demonstrated that avp8 expressed by tumor cells induced TGF-B
signaling in L-T'GF-B-presenting cells that they were in contact with.

Therapeutic implications of the tumor: T cell

avp8/L-TGF-p complex

We developed a structural model of the avp8/L-TGF-B/GARP/
TGF-BR2 signaling complex (29), which predicted numerous geometric
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Fig. 5. Formation of a localized tumor/
T cell avp8/L-TGF-p signaling com-
plex. (A) Cartoon of structure-based
model of avp8-mediated TGF-p acti-
vation and signaling based on struc-
tures of avB8/L-TGF-B (29,43), L-TGF-B/
GARP (57), and TGF-BR2/TGF-B1 (66).
Integrin av and B8 subunits, latency
associated peptide (LAP) of dimeric
L-TGF- (subunit A+ B), dimeric TGF-3
(subunit A + B), TGF-BR2, and GARP
color-coded matching annotations.
Integrin and GARP/TGF-BR2 trans-
membrane domains span tumor or
Treg lipid bilayers, respectively. (B) avB8
surface expression in 8-LLC, (C) TRAMP-
C2, and (D) OVCAR-3 stained with
C6D4 (1 ng/ml) compared with iso-
type. (E) Treq differentiation over a
range of avp8 coating concentrations.
Superimposed in red are B8-LLC
(red triangle), TRAMP-C2 (red circle),
and OVCAR-3 (red square) according
to calculated avp8 cell surface re-
ceptor density. (F to H) WT human
L-TGF-B1 or mutant incapable of
producing diffusible TGF-B1 [L-TGF-
B1(R249A)] expressed alone (square
symbols) or coexpressed with human
GARP (circles) in TGF-B reporter cells
(TMLC) and cocultured with (F) p8-
LLC, (G) TRAMP-C2, or (H) OVCAR-3.
Outliers (Royt) were removed from
(F and G). Shown is TGF-B activation
(means + SEM) determined using
rTGF-B standard curve of each TMLC
line (n>6). (I to K) Inhibition curves
of anti-B8 (C6D4, blue line) com-
pared with anti-pan-TGF-B (1D11,
red line), TGF-BR2-Fc receptor trap
(green line), anti-human GARP/L-TGF-B
(MHG-8, purple line), or anti-human/
mouse TGF-BR2 (clone 8322, orange
line) generated using () WT human L-
TGF-B1/human GARP TMLGC, (J) human
L-TGF-B1(R249A)/human GARP TMLC
or control, and (K) WT TMLC cells with
500 pg of FTGF-B1. Shown is percent
inhibition relative to no antibody
control. Inhibitor concentrations are
shown in ug/ml (logqo). (L to P) iTreq
differentiation of activated CD4*
T cells from foxp3-IRES-GFP spleno-
cytes on immobilized avp8in the
presence of (L) isotype, (M) anti-B8
(C6D4), (N) anti-TGF-B1 (1D11), (O)
anti-TGF-BR2 (clone 8322), (P) or
TGF-BR2-Fc. (Q) Results enumerated in
scatterplots (n > 3). (R) Schematic of
Transwell assay showing that diffus-
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avf3 control on upper, or (T) vice versa. (U) Active rTGF-B added to lower chamber media demonstrating diffusion of rTGF-f into the upper chamber inducing conversion
of non-Tyeg CD4™ T cells (Tcony) to CD25"FOXP3* Treg. (V) Scatterplots (n =4) show gated CD4" T cells stained with anti-CD25 (x axis) with FOXP3 expression determined by
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constraints affecting binding of TGF-f protein inhibitors that have
been developed to target freely diffusible mature TGF-p (Fig. 5A).
Such inhibitors include antibodies to TGF-B, LAP, or GARP/L-TGF-,
as well as TGF-PR traps (29, 50-52). In contrast, the C6D4 antibody
targets the avp8 ligand binding pocket and therefore would be pre-
dicted to efficiently prevent L-TGF-P binding to avp8 (29).

We used our TGF-p activation system to assess the relative abil-
ity of these inhibitors to block TGF-f activation. As predicted, anti-p8
(C6D4) efficiently inhibited TGF-P activation in wild-type (WT)
L-TGF-B/GARP or L-TGF-p (R249A)/GARP reporter cells when
plated on immobilized avp8, which, at low concentrations, was
markedly more effective than antibody inhibitors to TGF-B, GARP,
TGF-BR2, or TGF-BR2 receptor traps (Fig. 5, I and J). Decreased
efficacy of antibody inhibitors to TGF-B, TGF-BR2, or TGF-BR2 re-
ceptor traps was due to the reduced ability to block mature TGF-p
within the L-TGF- complex because they were effective inhibitors
of diffusible rTGF-B (Fig. 5K). These results were consistent with
the inaccessibility of target epitopes for TGF-B, GARP, or TGF-BR2
within the ovB8/L-TGF-B/GARP complex.

We next extended these findings to T cells themselves by using
activated murine CD4" T cells plated on immobilized avB8 versus
control substrates. Treg generation on immobilized avf8 (Fig. 5L)
was almost completely blocked by anti-B8 but was inhibited signifi-
cantly less by other TGF-p protein inhibitors at the same concentra-
tion (Fig. 5, M to Q). The lack of efficacy of inhibitors preferentially
targeting diffusible TGF-B supported our structure-based hypothe-
sis that avB8-mediated T cell conversion to Treg was independent of
diffusion of TGF-B. This hypothesis was further tested using a
Transwell filter assay (Fig. 5R), which demonstrated that non-Ty,
CD4" T cells binding to o:vB8 induced iT g conversion only by non-
Treg CD4" T cells in direct contact and not those separated by the
filter (Fig. 5, S to V). Together, our structural model of the avp8/
L-TGF-B/GARP/TGF-BR2 signaling complex and comparative

efficacy studies demonstrated a mechanism for T, enrichment de-
pendent on ovp8-mediated TGF-f activation.

B8 expression in non-small cell lung cancer positively
correlated with T4 density in the TME

Most of human cancers express ovf38 in at least a fraction of tumor
cells (21). We sought to test the hypothesis that a subpopulation of
B8-expressing tumor cells was sufficient to drive local immunosup-
pressive Ty differentiation. We correlated CD4"FOXP3" cell num-
bers with 38 tumor proportion scores (TPS), which estimates the
percentage of tumor cells expressing 8, in a cohort of non-small cell
lung cancers (NSCLCs) distinct from the cohort used for RNAseq
(Figs. 4 and 6). We assessed cells with dual staining of CD4 and
FOXP3 because most of these cells are Tregs (53). We found signifi-
cant increases in CD4"FOXP3" cell numbers with B8-TPS and
CD4'FOXP3" cell numbers and CD4"FOXP3":CD4"FOXP3~ cell
ratios correlated significantly with B8-TPS (Fig. 6, A to F).

To test the hypothesis that a limited proportion of p8-expressing
tumor cells were sufficient to drive local T\g differentiation, 8-
expressing LLC cells with mock-LLC cells were mixed in varying
proportions. A significant trend for enrichment of FOXP3" cells
with increasing proportions of 8-expressing tumor cells was found
(Fig. 6, G to ]). Tumor growth correlated with FOXP3" cell propor-
tions, consistent with Tygs contributing to B8-mediated tumor im-
mune evasion (Fig. 6]). These results suggested that expression of
avB8 in a small fraction of tumor cells was sufficient to drive Ty
enrichment in human tumors.

DISCUSSION

Here, we identified a mechanism of Tg enrichment in tumors,
where avB8 expression on tumor cells caused T enrichment by
increasing TGF-P activation in the TME. Our in vitro data suggested
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Fig. 6. Proportion of 8-expressing tumor cells correlated with CD4* FOXP3* T cell number in human and murine lung cancer. Representative images of immuno-
histochemical staining of human (n = 32) (A to D) or murine (n = 30) tumors (G and H). Immunohistochemical localization of integrin f8 in an independent cohort of human
NSCLC with a p8 TPS of (A) <10% compared with (B) a high >50% TPS. Arrows in (B) indicate positively staining tumor cells. (C and D) Multiplex immunohistochemical
staining of the same samples shown in (A and B) with anti-CD4 (teal), anti-CD8 (yellow), and anti-FOXP3 (purple). Arrows indicate tumor cells, and arrowheads indicate
CD4*FOXP3* cells. Scale bar, 20 um. (E) CD4*FOXP3* density according to TPS cutoffs <5%, 5 to 24%, 25 to 74%, and 75 to 100%. (F) Ratio of CD4"FOXP3* to all CD4* cells
grouped according to the same cutoffs as in (E) (n=36). (G and H) Immunohistochemical localization of FOXP3" cells in (G) mock-LLC compared with (H) B8-LLC tumors.
Arrowheads point to examples of stained nuclei. Scale bar, 20 um. (I) T,eg density depends on proportion of p8-expressing tumor cells. f8-LLC cells were mixed with mock-
LLC cells in proportions of 1:0 (filled inverted triangles), 1:4 (filled upright triangles), and 1:8 (filled circles) and injected on the left flanks of mice. Mock-LLC (open squares)
was injected on the right flank (see cartoon schematic). Shown are Treq (1) surface density (in mmz) and (J) tumor volume (in mm3) in mock-LLC tumors compared with tu-
mors with various ratios of 8-LLC to mock-LLC. For multiple comparisons, one-way ANOVA and P test for trend were used. **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Seed et al., Sci. Immunol. 6, eabf0558 (2021)

26 March 2021 8of 14

1202 ‘TT AN UO 02sIoURIH UBS - VINYO4ITVD 40 AINN Te /Blo Bewasuslos ABojounwiwiy//:diy woly papeojumoq


http://immunology.sciencemag.org/

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

that the Ty enrichment in f8-expressing tumors occurred via contact
of avp8-expressing tumor cells with L-TGF-B-presenting non-T,
CD4" T cells, converting them to pTreg. We used cell-based as-
says to provide evidence that an intermolecular complex forms
between avp8-expressing tumor cells and L-TGF-B-presenting
non-Treg CD4" T cell, where TGF-P was activated without release
and diffusion of TGF-P and signaling was induced only on the L-
TGEF-B-presenting non-Tre; CD4" T cell.

Existing evidence supports two mechanisms of tumor Tyeg en-
richment, either intratumoral non-Tg CD4" T cell conversion to
pTreg Or recruitment of preexisting tT g to tumors (Fig. 7, A and B)
(22, 24). While exogenous TGF-p can lead to conversion of T cells
t0 iT egs, N0 previous studies have addressed how TGEF-B is activated
in the TME or whether this activation leads to conversion of T cells
to pTregs> as seen in the murine colon (54). However, in human tu-
mors, the relative importance of conversion of non-Tr, CD4" T cells
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to pTreq is controversial because only a fraction of tumor Ty, share
common T cell receptor (TCR) clonotypes with non-Tyeg CD4*
T cells (55, 56). Our analysis of human tumors does not allow dis-
crimination of tTyeg from pTrg; thus, it is unclear whether tumors
with high avpB8 expression have increased overlap between the TCR
repertoires of non-Tieg CD4" T cells and Tegs compared with those
from tumors with low avpB8 expression.

Our study suggests that pT', enriched in murine ovB8-expressing
tumors contributed to tumor immune evasion because both
PC-61.5.3 and C6D4 reduced T in B8-LLC. PC-61.5.3 depletes
intratumoral CD4"CD25™ T cells when given after tumor cell injec-
tion but not CD4+CD25IOFOXP3JT T cells (5, 30). Depleting Theg pre-
cursors (L-TGE-B*CD4"CD25"FoxP37) in B8-LLC tumors would
be expected to have the same effect as blocking ovp8 function on
intratumoral conversion to pTregs. The mock-LLC Treg population
likely consists of CD4"CD25'°FoxP3" T cells because PC-61.5.3
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Fig. 7. Proposed mechanisms of T4 enrichment and differentiation in avf8-expressing tumors. (A) Non-T,.qg CD4" T cells expressing L-TGF-B/GARP infiltrate tu-
mors in response to chemokines in the TME (27). TGF- cannot interact with TGF-BR unless it undergoes activation. L-TGF-B/GARP-expressing non-Tyeg CD4" T cells un-
dergo Tieqg conversion to Helios™ pT,q after binding to integrin avB8 expressed by tumor cells. The mechanism of TGF-B activation does not require the release and
diffusion of TGF-B, ensuring that only T cells in contact with av@8-expressing tumor cells are converted to pTeq (29). (B) Thymically derived Helios* Treg (tTreg) Can poten-
tially be recruited to the TME, but this is not evident in avf8-expressing tumors. (C) When L-TGF-B is soluble or matrix bound, TGF-BRs are not positioned on the same
surface as L-TGF-B. Thus, if active TGF-f is not released from L-TGF-B when exposed to avf8 bearing tumor cells, then TGF-BR-expressing T cells need to find, orient, and
overcome steric hindrance to bind to TGF-B exposed within the L-TGF- complex. This activation process is less efficient than when L-TGF-B and TGF-BRs are on the same
surface (29). Therefore, soluble or matrix-bound L-TGF- is less likely to significantly contribute to avp8-mediated pTeg conversion in the TME. Created in BioRender.
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failed to deplete it. Reducing Tyeg by PC-61.5.3 or C6D4 decreased
B8-LLC tumor growth, suggesting the importance of Treg-induced
immunosuppression in avp8-mediated tumor growth promotion.
Tregs inhibit expansion of effector CD8" T cells (57). Our current
and previous studies showed that C6D4 decreased the numbers of
Tregs and increased the numbers of effector CD8" T cells in $8-LLC
tumors (21).

RNAseq data supported that tumor cells were the major ovf38-
expressing cell type, whereas T cells were the major TGF-B1-
expressing cell in the human TME. Cell surface expression of
L-TGF-P in non-Treg CD4" T cells from murine tumors suggests
that they are poised to differentiate to pTregs through activation of
cell surface L-TGF- (21). Our data supported a mechanism of Trg
enrichment where avpB8 expression by tumor cells caused L-TGF-
B-presenting non-Tre; CD4" T cells to undergo local conversion to
pTreg rather than promoting recruitment of tT., (Fig. 7, A and B).
This conclusion was supported by in vitro studies demonstrating
that immobilized or tumor cell avp8 drove the conversion of acti-
vated T cells to immunosuppressive Treg with low levels of tTeq
markers, Helios and Nrp1, similar to in vivo studies, demonstrating
that tumor cell avf38 led to the enrichment of pTeg.

Our inability to detect a functional role for avpB8 expressed by
Tregs contrasts with other reports proposing a cell-autonomous role
for avp8 in T,e function using Treg from nontumor sources
(44, 45, 58). In these reports, surface expression of avp8 is not as-
sessed; rather, the B8 subunit (itgh8) was detected by quantitative
polymerase chain reaction (QPCR) in murine tTyg and effector Treg
populations, which is at very low levels relative to housekeeping
genes (44, 45). Such low mRNA expression is consistent with our
inability to detect cell-surface avp8 because surface expression of
ovP8 is regulated at the level of itgb8 transcription (59). Thus, al-
though it is possible that, in other tumor systems, avB8 can be ex-
pressed at functionally significant levels in Tiegs, our current and
past studies, which include surface expression surveys of both tumor
and splenic Ty, transcriptomic analysis, and in vitro and in vivo
functional assays failed to produce evidence that expression of ov38
by Treg themselves played a role in non-Tieg CD4" T cell-to-Treg
conversion.

We propose a model (Fig. 7C) to explain why T cells require
presentation of L-TGF-B on their cell surface for Tyeg conversion. In
this model, the avpB8 receptor and its ligand, L-TGF-B/GARP, are
concentrated on opposing cell surfaces, not on the same cell surface,
and are specifically directed only to the L-TGF-B/GARP-presenting
T cell after binding TGF-p signaling (29). This process is more
efficient and context-specific than a TGF-PR-bearing T cell en-
countering active TGF-f diffusing through the extracellular space.
Furthermore, this model predicts that if tumor cell avp8 binds to
either secreted or matrix-bound L-TGF-B, then a TGF-BR-expressing
T cell would have to find and orient its receptors to mature TGF-
exposed within the latent complex (Fig. 7C) (29).

Current dogma suggests that actin cytoskeletal force generation
through the B-integrin cytoplasmic domain is required to induce
conformational changes through the integrin for force generation
to L-TGEF-p to release TGF-p (42). However, our structural studies
show that avB8 does not undergo major conformational rearrange-
ments, always remaining in a single extended-closed conformation
poised for ligand binding but not force transduction (43, 60).
Hence, avpB8 on cell surfaces is always available for binding to an
L-TGE-B-presenting cell, and this binding creates an anchor point

Seed et al., Sci. Immunol. 6, eabf0558 (2021) 26 March 2021

to focus the inherent flexibility of L-TGEF-p to allow active TGE- to
be sufficiently exposed to bind to its receptors but only on the
cell-presenting surface L-TGF-B/GARP (29). Here, we tested this
model in vitro using isolated T cells and showed that T cell TGF-f
activation did not require cytoskeletal force transduction from the
ovp8 integrin because the avp8 ectodomain immobilized on a solid
substrate was freely capable of inducing conversion of contacting
non-Treg CD4" T cells to Tregs- This conversion occurred without
release and diffusion of TGF-p. The identification of a TGF- acti-
vation mechanism that is diffusion-independent has biologic impli-
cations because any L-TGF-B-presenting cell type could potentially
increase its TGF-p signaling when contacting an ovp8-expressing
cell (21, 60). Our model also has therapeutic implications because
protein-based therapies directed at TGF-B currently in clinical trials
are conceptually designed to inhibit diffusible TGF-B (61). Our data
indicated that such therapies would poorly target ovB8-mediated
TGEF-B activation, while still exposing patients to considerable risk.

Overall, this study highlights a mechanism of T\, enrichment
regulated by TGF-p activation in specific tumors that express suffi-
cient levels of ovp8. We propose that targeting ovp8 to prevent
TGF-B activation will provide a highly effective and more selective
approach to overcome Tyeg-mediated tumor immune evasion in pa-
tients with ovB8* tumors.

MATERIALS AND METHODS

Study design

This study tested the hypothesis that T;ys were required for integrin
ovp8-mediated tumor growth promotion using cell-based assays,
in vivo tumor models, and correlative human studies. In vivo models
used randomization and blinding maintained until end points were
reached and data analysis was completed. Sample sizes for in vitro and
in vivo experiments were estimated using power calculations with
predetermined effect sizes and variances based on experience.

Mice and orthotopic tumor models

Syngeneic bilateral tumor models were performed in C57BL/6 mice
expressing foxp3-IRES-GFP [B6.Cg-FOXP3tm2(EGFP)Tch/], Jax]
(41) and WT C57BL/6 mice (all female except for TRAMP-C2 ex-
periments using male), 8 to 10 weeks of age, were purchased (the
Jackson laboratory), as described (21). See Supplementary Materials
and Methods for more information.

Human subjects

Patients were consented for tissue collection under University of
California San Francisco Institutional Review Board (UCSF IRB)-
approved protocols (UCSF CHR 10-04727, 14-15342, 11-06107,
and 10-03413). The study enrollment period started from January
2015 to present, and the sample size was determined by the avail-
ability of specimens throughout this period. Samples were selected
without regard to prior treatment. Two separate cohorts were de-
veloped: the first for cell sorting and RNAseq including samples
from gynecologic (n = 53), lung (n = 41), and head and neck squa-
mous cell carcinoma (n = 38) and the second for immunohisto-
chemistry from patients undergoing resection for NSCLC (n = 32).

Study approval
Human tissues were obtained with full approval of the UCSF IRB in
full accordance with Declaration of Helsinki principles. Written
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informed consent was received from participants before inclusion
in the study. All animal studies have been approved by the UCSF
Institutional Animal Care and Use Committee.

Cell lines

LL/2 (LLC1) [American Type Culture Collection (ATCC), CRL-
1642] and TRAMP-C2 (gift from L. Fong, UCSF, San Francisco,
CA, USA) were used in TGF-p reporter assays and syngeneic tumor
models. OVCAR-3 (UCSF Cell and Genome Engineering Core)
and transformed mink lung TGF-p reporter cells (TMLC) (62) were
a gift from J. Munger (New York University Medical Center,
New York, NY, USA) and were stably transfected with L-TGF-
WT or L-TGF-B (R249A), with or without GARP, as previously de-
scribed (29). LLC cells were stably transfected to overexpress vector
only (mock-LLC) or B8 (B8-LLC) as previously described (21).
CHOlec3.2.8.1 (gift from P. Stanley, Albert Einstein College of
Medicine, New York, NY, USA), CHO-K1 (ATCC, CCL-61), and
human embryonic kidney (HEK) 293 cells (ATCC, CRL-1573) were
used for recombinant integrin expression and immunoglobulin
G2a (IgG2a) production. All cell lines were maintained in the ap-
propriate media with selection agents and antibiotics, as previously
described (21, 29, 43).

Reagents

Anti-CD25 (clone PC-61.5.3) and rat isotype control (HRPN, BP0088)
were obtained from Bio X Cell. Anti-B8 (C6D4) is a highly specific
engineered recombinant antibody to the specificity determining loop
2 (SDL2) domain of ovB8 consisting of humanized V genes and CH1
domains, with murine linker and CH2/3 domains in an IgG2a format
and is produced in CHO-K1 cells (21, 29). The ovp8 and ovp3 ecto-
domains were expressed and purified as previously described (43, 60).
For all other reagents, see Supplementary Materials and Methods.

DNA constructs

The following PCR products were produced using the following
primers and templates: 5'-GATTGTGGGCCCTCTGGGCTC-
GTCCGGATTGCTGGTGTTATATTCTTCTGAG-3' and 5'-CT-
GTGGACGCGTATCGCC-3’, human TGFBR2 expression vector
(Sino Biological, HG10358-ACG) and CTCAGAAGAATATAA-
CACCAGCAATCCGGACGAGCCCAGAGGGCCCACAATC
and AACGGATCCTCATTTACCCGGAG, mouse IgG2a expres-
sion vector. The products were joined by splice overlap extension
PCR and cloned into AbVec 2.0 (Addgene, plasmid no. 80795), as
described (60). The resulting plasmid was transiently transfected
into HEK-293 cells and protein purified as described (21).

Lentiviral transduction

For itgb8 knockdown, TRAMP-C2 cells were stably transfected
with itgb8-specific ShRNA or nonmammalian control shRNA via
lentiviral transduction [Sigma-Aldrich MISSION lentiviral trans-
duction particles TRCN0000067303 (itgb8) or SHC002V (non-
mammalian control)].

Isolation, staining, and RNAseq of mouse tumor

and immune cells

Mouse tumor immune cell isolation, RNA isolation, and sequenc-
ing were performed as described (21). Briefly, mouse tumors were
digested; live tumor cells were negatively selected by magnetic
beads, or infiltrating lymphoid cells were enriched by density gradient

Seed et al., Sci. Immunol. 6, eabf0558 (2021) 26 March 2021

centrifugation. FOXP3" cells were then sorted from the enriched
lymphoid cells by staining with fluorochrome-labeled antibodies as
described (21). Total RNA was isolated using kits as described (21),
after which cDNA synthesis and amplification were performed. For
specific details including library construction and analysis, see Sup-
plementary Materials and Methods.

Isolation, staining, and RNAseq of human tumor

and immune cells

Fresh patient tumor samples were dissociated, and the resulting cell
suspension was enumerated and stained with the LIVE/DEAD stain
and an extracellular antibody cocktail before cell sorting. RNA iso-
lation, cDNA synthesis, library construction, sequencing, and anal-
ysis are described in Supplementary Materials and Methods.

Treg maturation assays

Briefly, CD4" T cells from foxp3-IRES-GFP mice were purified and
plated onto tissue culture plates coated with avp8tr or control sub-
strate [avB3tr or bovine serum albumin (BSA)] under T cell stimu-
lation conditions. CD4" T cells were incubated for 72 hours before
phenotyping via flow cytometric analysis. For Transwell diffusion
assays, cells were plated into each chamber of the Transwell culture
wells containing a 0.4-um filter using the same conditions as above
with further details provided in Supplementary Materials and
Methods.

Lymphocyte suppression assays

Cells were cultured as above to create Treg pools and labeled with
carboxyfluorescein diacetate succinimidyl ester fluorescent track-
ing dye exactly as described (63). Labeled cells were stimulated us-
ing anti-CD3/CD28 Dynabeads and plated in round-bottom
96-well culture plates. Labeled CD4" cells were then cocultured
with avB8-generated Tiegs or control cells at ratios ranging between
1:1 and 8:1 (labeled CD4™ T cells:Tregs). Teony proliferation was mea-
sured using flow cytometry after 4 days. For specific details, see
Supplementary Materials and Methods.

TGF-p bioassays

TGF-P bioassays were performed as previously described (29) using
the cell-intrinsic TGF-P activation reporter system described in
(64). Reporter cells were seeded onto culture wells coated with
ovp8tr or control substrate (avB3tr or BSA). Cells were incubated
for 18 hours before cell lysis and assessment of luciferase ac-
tivity. For some experiments mock-LLC, B8-LLC, TRAMP-C2,
or OVCAR-3 (3 x 10%) cells were used in place of immobilized
substrates.

Determination of receptor density

CHO WT or CHO transfected with human avfp8 were plated onto
culture plates over a concentration range of 5 x 10° to 30 x 10° cells
per well, and recombinant avp8 ectodomain [phosphate-buffered
saline (10 to 5000 ng/ml)] were coated onto separate wells on the
same plate. After cell attachment, cells and coated receptor wells
were fixed with 4% paraformaldehyde. Cell-associated or recombi-
nant ovp8 was detected with clone F9, followed by anti-mouse
horseradish peroxidase and colorimetric detection, and cell surface
receptor density was determined on the basis of standard curve of
estimated recombinant avp8 receptor coating efficiency, as de-
scribed in Supplementary Materials and Methods.
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Immunohistochemical analysis of murine and human tumors
Immunohistochemistry was performed as previously described (21).
Briefly, prepared formalin-fixed paraffin-embedded (FFPE) sec-
tions were stained with anti-mouse B8 (clone F9), B5 (anti-human
B8, which does not work in FFPE immunostaining and thus used as
isotype control for F9), anti-CD4, anti-CDS8, or anti-FOXP3, fol-
lowed by appropriate detection reagents. For multiplex immunos-
taining, the Ventana Discovery platform was used as described in
Supplementary Materials and Methods.

Quantification and statistical analysis

All data are reported as means + SEM unless otherwise specified.
Comparisons between two different groups were determined using
two-tailed Student’s ¢ test. One-way analysis of variance (ANOVA)
was used for multiple comparisons, and Tukey’s, Dunnett’s, or Sidak’s
post hoc tests were used to test for statistical significance. Outliers were
included unless stated otherwise. Significance was defined as P < 0.05.
All statistical analyses, including outlier identification (Royt), were per-
formed using the software package Prism 7.0b (GraphPad Software).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/6/57/eabf0558/DC1

Materials and Methods

Fig. S1. B8 expression by tumor cells drives tumor growth, which is blocked by C6D4 Fab in vivo.
Fig. S2. Tumor T,eq isolation and expression of select Trq genes by RNAseq in this report
compared with single-cell RNAseq from splenic Treg.

Fig. S3.Non-Teq CD4" T cells express cell surface L-TGF-p, are converted to Treg by contact
with B8-LLC cells, and are the source of suppressive iT,eq generated on avp8.

Fig. S4. Murine nT,e4s do not express detectable levels of cell-surface avp8.

Fig. S5. LRRC32 (GARP) is most highly expressed by Tieq and stromal cells and NRROS by
myeloid cells.

Table S1. Raw data table (Excel spreadsheet).
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Enriching your intratumoral Tregs
Regulatory T cells (Tygqs) are immunosuppressive and enriched in the tumor microenvironment (TME), which

subsequently leads to the pror%otlon of tumor growth. The mechanism behind T enrichment in the TME is not known.
Here, Seed et al. demonstrated that integrin av8 expression on tumor cells |nduc% differentiation intratumorally
by blndlng to latent TGF- B on T cells, leading to TGF- activation. Antibody blockade 0¥ OR/BS depleted intratumoral T

and delayed tumor growth in murine tumor models. However, targeting of TGF-B with small-molecule inhibitors to
[)‘:T'g formation was ineffective, as modeling of avp8/latent TGF-P interactions showed limited access to TGF-3.
Thus, thesge data suggest that targeting avf8 expression on tumors with antibodies can inhibit Treg formation and
subsequent tumor growth, providing a potential therapeutic option for cancer patients.
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