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INTRODUCTION

Regulatory T cells (Tregs) are enriched in subsets of cancers and associated with poor clinical prognoses (1–3). Tregs suppress antitumor
immune responses, with Treg depletion promoting effector CD8+
T cell immunity (4–6). Tumor-specific Treg enrichment likely contributes to resistance to current immunotherapies (7). How Treg enrichment occurs in tumors is not well understood, and a better
understanding of this may improve antitumor therapies.
Tregs are induced by self-antigens in the thymus (tTregs) or foreign antigens in extrathymic peripheral tissues (pTregs) (8). tTregs are
recruited to tumors through chemokines specific to individual tumor types, whereas pTregs are generated within tumors in response
to signals generated within the tumor microenvironment (TME)
(9, 10). The cytokine transforming growth factor– (TGF-) may
contribute to pTreg enrichment in tumors (11). TGF- is critical for
pTreg generation because of its essential role in forkhead box P3
(FOXP3) expression during Treg differentiation; the role of TGF-
in tTreg generation is less clear (9, 12). Elucidating the role of TGF-
in pTreg enrichment in tumors could help identify therapies specifically targeting the immunosuppressive effects of TGF- while minimizing toxicities associated with systemic inhibition of TGF-
itself, TGF- receptors (TGF-Rs), or Treg depletion (6, 13–15).
TGF- and its receptors are widely expressed in the TME (16, 17).
TGF- is always expressed in an inactive form within a latent complex,
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latent TGF- (L–TGF-), formed by noncovalent association of
TGF- with its prodomain, latency-associated protein (LAP)
(18). On Tregs, TGF- is presented at the cell surface through association with the scaffolding molecule glycoprotein A repetitions predominant (GARP) (19). Within L–TGF-, mature TGF- cannot
interact with its receptors unless undergoing “activation,” functionally defined as the acquired ability to initiate signaling through
TGF-Rs.
TGF- is cleaved intracellularly by furin from LAP, which has
led to the widespread assumption that mature TGF- must be physically released and diffused from the L–TGF- complex for activation and induction of signaling (20). However, why L–TGF- needs
to be presented on the cell surface by GARP if TGF- diffusion gradients account for Treg enrichment in tumors is unclear. L–TGF- is
present on the cell surface of CD4+ T cells isolated from murine
tumors (21), suggesting an alternative model where local regulation
of TGF- activation only on specific L–TGF-–presenting CD4+
T cells induces conversion to pTregs.
The integrin v8 may be an important mediator of tumor-
specific regulation of TGF- function (21). v8 is highly expressed
in multiple cancer types that have high numbers of Tregs (6, 21, 22).
The LAPs of L–TGF-1 and L–TGF-3 contain arginine-glycine-
aspartate integrin-binding sites, which are recognized by several
integrins, particularly v8, which is critical for TGF- activation in
immune cell function (23–26). L–TGF- is the only physiologically
relevant ligand for v8, and thus, targeting v8 selectively inhibits TGF- function (27, 28). Anti-v8 inhibits tumor growth of
8-expressing tumors, correlating with increased immune cell
numbers and reversal of effector T cell exclusion; combination with
anti–programmed cell death protein 1 (PD-1) improves these antitumor effects (21).
A structure-based model predicts that v8 most efficiently
activates L–TGF- when v8 expressed by one cell binds to
cell-surface L–TGF- presented by another. Within the cell-cell
v8/L–TGF- complex, active TGF- exclusively signals to the
L–TGF-–presenting cell because active TGF- is not released and
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Regulatory T cells (Tregs) that promote tumor immune evasion are enriched in certain tumors and correlate with
poor prognosis. However, mechanisms for Treg enrichment remain incompletely understood. We described a
mechanism for Treg enrichment in mouse and human tumors mediated by the v8 integrin. Tumor cell v8
bound to latent transforming growth factor– (L–TGF-) presented on the surface of T cells, resulting in TGF-
activation and immunosuppressive Treg differentiation in vitro. In vivo, tumor cell v8 expression correlated
with Treg enrichment, immunosuppressive Treg gene expression, and increased tumor growth, which was reduced
in mice by v8 inhibition or Treg depletion. Structural modeling and cell-based studies suggested a highly geometrically constrained complex forming between v8-expressing tumor cells and L–TGF-–expressing T cells,
facilitating TGF- activation, independent of release and diffusion, and providing limited access to TGF- inhibitors. These findings suggest a highly localized tumor-specific mechanism for Treg enrichment.
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does not diffuse from the complex (29). Here, we found that a
v8/L–TGF- complex formed between v8-expressing tumor
cells and L–TGF-–presenting T cells was associated with Treg
enrichment in tumors. The v8/L–TGF- complex limited access
to TGF- inhibitors that would have otherwise been free to bind
if active TGF- was diffusible. These findings modify the conceptual
framework for understanding how TGF- functions in immune differentiation and affects therapeutic approaches to effectively and
selectively inhibit it.

Tregs contributed to 8-dependent tumor growth
We investigated whether Tregs were required for protumorigenic effects of tumor cell v8 using the syngeneic orthotopic 8-Lewis
lung carcinoma (LLC) model (Fig. 1, A and B) (21). 8-LLC tumors
had significantly more Tregs than non–8-expressing mock-LLC tumors (Fig. 1, C and D). We depleted CD25+ T cells with intraperitoneal injection of anti-CD25 (clone PC-61.5.3) 1 day after tumor
implantation (30). PC-61.5.3 and anti-v8 (clone C6D4) both reduced FOXP3+ cells from 8-LLC tumors (Fig. 1, C and D). Neither antibody significantly affected FOXP3+ cell numbers from
mock-LLC tumors implanted on the contralateral side within the
time frame in which euthanasia was required because of the size
of the primary 8-LLC tumor (Fig. 1, C and D).
8-LLC cells formed tumors significantly faster than mock-LLC
tumors grown on opposite flanks, which was reduced by PC-61.5.3
or C6D4 (Fig. 1, E to M). PC-61.5.3 or C6D4 did not affect mockLLC tumor volume or mass at day 14 after tumor cell injection
(Fig. 1, E and G), consistent with the inability of PC-61.5.3 or C6D4
to reduce FOXP3+ cells from mock-LLC tumors (Fig. 1, C and D).
We confirmed the protumorigenic effects of tumor cell v8 in
naturally 8-expressing TRAMP-C2 murine prostate carcinoma
cells using a knockdown approach with ITGB8 short hairpin RNA
(shRNA) (fig. S1, A to H).
The mechanism of action of C6D4 could be from functional
blockade of v8-mediated TGF- activation or effector function
(i.e., antibody-dependent cellular cytotoxicity). To test the role of
antibody effector function, we performed 8-LLC tumorigenicity
assays using a Fab of C6D4 lacking the Fc region required for effector function (31). C6D4-Fab blocked 8-LLC tumor growth, similar
to intact C6D4, compared with isotype control (fig. S1, I to L).
These results demonstrated that C6D4 functions in the TME by
blocking v8 function, not by antibody effector function.
Tumor cell v8 expression caused Treg enrichment
and an immunosuppressive Treg transcriptome
PC-61.5.3 and C6D4 specifically reduced Treg numbers and growth
of 8-LLC but not mock-LLC tumors, suggesting that Tregs in 8LLC tumors were distinct from Tregs in mock-LLC tumors. We hypothesized that v8-expressing tumor cells participated in the
local conversion of CD25+FOXP3− T cells to FOXP3+ pTreg. The
absence of an abscopal effect of Tregs generated in 8-LLC on contralateral mock-LLC tumor growth suggests that Tregs generated
within v8-expressing tumors are either retained or are phenotypically unstable outside the v8-expressing TME because pTreg may
be less stable compared with tTreg (32).
To test whether v8-expressing tumor cells locally mediated
conversion of CD25 +FOXP3 − T cells to pT regs, we determined
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L–TGF- was expressed on the surface of Treg and non-Treg
CD4+ T cells
We next determined whether non-Treg CD4+ T cells expressed L–
TGF- on their cell surface and were therefore “primed” for Treg
conversion. There is cell surface expression of L–TGF- on Tregs
and activated non-Treg CD4+ T cells; however, no function has been
attributed to this expression (19, 39, 40). Activated non-Treg CD4+
T cells [CD4+CD25+GFP− T cells from spleens of FoxP3-IRES-GFP
mice (41)]] expressed increased cell surface L–TGF- compared
with nonactivated CD4+ T cells (Fig. 3, A, B, and D, and fig. S3, A to
H). Consistent with other reports, there were more L–TGF-+ cells
in the CD25+FOXP3+GFP+ T cell population (~8 to 22%) (Fig. 3,
C and D). Thus, significant fractions of both non-Treg CD4+ T cells
and Tregs express cell surface L–TGF-. The physiological relevance
of these findings is highlighted by the detection of L–TGF- on the
surface of both non-Treg CD4+ T cells and Tregs isolated from 8-LLC
tumors (21).
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RESULTS

the transcriptome of Tregs generated in 8-LLC compared with
mock-LLC tumors. 8-LLC tumors had more Tregs than mock-LLC
tumors, and anti-8 reduced T reg numbers in 8-LLC tumors,
suggesting that tumor cell expression of v8 correlated with
CD4+CD25+FOXP3+ Treg enrichment (Fig. 2, B and C). We next
performed RNA sequencing (RNAseq), evaluating the transcriptome of sorted Treg pools from mock-LLC or 8-LLC tumors from
mice treated with isotype (SV5) or C6D4 (Fig. 2, A, D, and E, and
fig. S2A). Similarly high read counts for FoxP3 and Il2ra (CD25)
were seen in all Treg pools, consistent with high Treg purity (fig. S2B).
Filtering of the dataset revealed 118 genes most highly and variably
expressed across groups (Fig. 2, D and E).
Tregs from 8-LLC tumors had distinct transcriptional profiles
that could be blocked by C6D4 to resemble Tregs from mock-LLC
tumors. Comparison of Tregs from C6D4-treated 8-LLC tumors
with Tregs from isotype-treated 8-LLC tumors revealed 116 of the
118 most variably expressed genes changed in the same direction
(R = 0.908, P < 0.0001; Fig. 2D). Therefore, systemic blockade of
v8 with C6D4 had the same effect on the Treg transcriptome as
absence of 8 expression by tumor cells, demonstrating the importance of tumor cell v8 to locally control Treg gene expression. Hierarchal clustering of this gene set revealed tumor cell 8-dependent
increases in expression of genes associated with Treg immunosuppressive function and differentiation (i.e., Il10, Ctla4, and Icos; Fig. 2E)
(6, 33). Tregs from 8-LLC tumors treated with isotype clustered
separately from Tregs from C6D4-treated 8-LLC tumors or mockLLC tumors (Fig. 2E). In contrast, Tregs from mock or 8-LLC tumors
treated with C6D4 clustered together and were indistinguishable
(Fig. 2E). These data are consistent with the idea that tumor cell
v8 contributed to the enrichment of a Treg population distinct
from those infiltrating mock-LLC tumors.
The mechanisms underlying Treg enrichment in tumors were
likely to involve recruitment of Tregs and local Treg conversion (2, 34).
Recruited Tregs have increased representation of tTregs, which potentially allows them to be distinguished from pTregs by high expression
of two markers, Helios (Ikzf2) and neuropilin 1 (Nrp1) (9, 34–38).
However, both 8-LLC and mock-LLC tumor Tregs had low or undetectable levels of Ikzf2 and Nrp1 in contrast to splenic Tregs, which
consist of about 70% tTregs and had high levels of these markers (fig.
S2F) (36). Together, these data indicated that Tregs in 8-LLC tumors
were skewed toward pTregs rather than tTregs.
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Tumoral v8 directly drove Treg differentiation in vitro
We next tested whether binding of L–TGF- on the surface of nonTreg CD4+ T cells to v8 expressed on an opposing cell surface was
sufficient to drive induced Treg (iTreg) conversion in vitro because
iTregs approximate many qualities of pTregs generated in vivo (8). In
this simplified system, iTreg differentiation is mediated by binding to
immobilized integrin v8 independent of paracrine factors secreted
by tumor cells, which could be influenced by v8 ligand binding.
The v8 ectodomain is also free of cytoskeletal interactions, which
modulate integrin conformational changes involved in force transduction and are important for TGF- activation by the closely related
integrin v6 but not v8 (23, 29, 42, 43). Culturing activated
Seed et al., Sci. Immunol. 6, eabf0558 (2021)
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non-Treg CD4+ T cells on immobilized v8 (Fig. 3, E to G), but not
v3 [which does not mediate activation of TGF- (Fig. 3, I to K)
(29)], resulted in conversion to iTregs as determined by increased
FOXP3 expression and acquisition of suppressor function (fig. S3, I
to L). Treg conversion induced by v8 was efficient (~60%) because it was similar to induction by a supraphysiologic concentration of recombinant TGF- (rTGF-; Fig. 3, F and O). Effects of
v8 on iTreg differentiation were not due to ligation of L–TGF-/
GARP on activated T cells, or cell attachment, because no increase
in iTreg differentiation was seen when activated T cells expressing
L–TGF- were plated on wells coated with anti-LAP (fig. S3, M
and N). Anti-8 efficiently inhibited effects of immobilized v8
3 of 14
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Fig. 1. Treg depletion specifically inhibited 8-LLC but not mock-LLC tumor outgrowth. (A) Cartoon of tumor model. (B) Representative surface staining: anti-8
(C6D4) or isotype control of mock-LLC or 8-LLC cells. (C to M) Mock-LLC and 8-LLC tumors were established on opposing flanks of C57BL/6 mice. (C to G, I, and L) Mice
were treated [7 mg/kg, intraperitoneally (i.p.)] with anti-8 (C6D4) after tumor establishment. (J and M) Tregs 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 Treg numbers (outliers removed) confirmed by immunohistochemistry of FOXP3 of mock
(open) or 8-LLC (filled) tumors shown by FOXP3+ cells/tumor surface area I or FOXP3+ cells/tumor (D). Average LLC tumor volumes for mock-LLC (E) and 8-LLC (F), with
day 15 tumor weights (G). Corresponding spider plots for mock-LLC (H to J) treated with isotype (H), anti-8, C6D4 (I), anti-CD25 (J), or 8-LLC treated with isotype (K),
anti-8, 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.
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on iTreg differentiation (Fig. 3, G and H). v8-mediated conversion
to iTreg depended on TGF-, as demonstrated by blockade (~50%)
with high concentrations of a pan–TGF- isoform antibody, 1D11
(fig. S3, V and W). The source of the active TGF- mediating nonTreg CD4+ T cell conversion to Treg on immobilized v8 was not
from secreted L–TGF- in the media or from stimulated nonTreg CD4+ T cells (Fig. 3, Q and R). Last, v8-mediated conversion to iTreg required contact of non-Treg CD4+ T cells with v8
(Fig. 3, S and T).
The immunosuppressive Treg phenotype induced by immobilized
v8 was confirmed by significant 8-dependent induction of the
immune checkpoint inhibitor Ctla4 (Fig. 3L). Ikzf2 and nrp1 were
barely or not detected, indicating that in vitro generated iTregs were
similar to the pTreg phenotype seen in Tregs isolated from murine
LLC tumors (Figs. 2 and 3L). In addition, low levels of Ikzf2 and
nrp1 in v8-generated iTregs suggested that their origin was from
non-Treg CD4+ T cells, not from the small (~1%) population of
CD25+CD4+FOXP3+ T cells mostly consisting of tTreg (36). To directly address whether the iTreg in our system originated from the
non-T reg CD4 + T cell population, we sorted CD4 +CD25 +GFP −
T cells, which were cultured on immobilized v8 or v3 as a control. Robust v8-mediated conversion of CD4+CD25+GFP− to
Seed et al., Sci. Immunol. 6, eabf0558 (2021)
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CD4+CD25+GFP+ T cells was observed, demonstrating that the origin of iTreg 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- (fig. S3, R to T).
These results indicated that iTregs in our system originated from
non-Treg CD4+ T cell populations rather than from expansion of
existing Tregs.
To reproduce these results with v8-expressing tumor cells, we
cocultured activated non-Treg CD4+‑T cells with 8-LLC cells and
measured iTreg conversion. Coculture with 8-LLC significantly increased iTreg generation relative to mock-LLC cells (Fig. 3P and fig.
S3, O and P). About 15 to 20% of non-Treg CD4+ T cells were converted to iTregs in the presence of 8-LLC cells (Fig. 3P), similar to
the efficiency of conversion to iTreg on wells coated with v8 at the
same receptor density as 8-LLC cells (Fig. 5E). These results suggest that v8 binding to L–TGF-–presenting T cells, without any
integrin cytoskeletal-mediated force transduction, was sufficient to
mediate TGF- activation and conversion of non-Treg CD4+ T cells
to iTreg, consistent with the integrin force-independent mechanism
of TGF- activation (29).
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Fig. 2. Tumor cell expression of v8 drove a distinct immunosuppressive Tregtranscriptome. (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 8-LLC tumors treated with isotype (filled boxes) or anti-8 (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 Treg groups treated with anti-8 compared with isotype control or mock-LLC compared with 8-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 Tregs from 8-LLC isotype–treated tumors are distinct (top three rows) from mock or 8-LLC Treg treated with anti-8 (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.
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v8 expression by nontumor cells was not essential
for conversion of T cells to Treg
We were unable to detect cell-surface v8 on Tregs or conventional
T cells (Tconvs) (fig. S4). These results mirror previous studies showing lack of v8 expression on mouse CD4+ and CD8+ T cells,
Tregs, macrophages, and dendritic cells (21, 29). However, it remains possible that levels of cell-surface v8 on T cells or Tregs
Seed et al., Sci. Immunol. 6, eabf0558 (2021)
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below the level of detection by cell surface staining are sufficient
for Treg generation and function (44, 45). However, we could find
no evidence of significant itgb8 gene or functional v8 surface
expression by T cells or Tregs in Treg generation, function, or immuno
suppressive gene expression either in vitro or in vivo [Figs. 1
(C to E and G to I), 2 (C to E), and 3 (I to K and H) and fig. S2
(D and G)].
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Fig. 3. Contact of L–TGF-–presenting
non-Treg CD4+ T cells with v8 drove
iTreg differentiation. (A to C) CD4+
mouse splenocytes express L–TGF-1
on the cell surface. (A) Isotype-matched
negative control for (B) CD4+CD25+
FOXP3− T cells and (C) CD4+CD25+
FOXP3+ Treg stained with anti-LAP.
(D) L–TGF-1 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 undergo iT reg differentiation when cultured on immobilized v8, but not
on (I to K) integrin v3, or on (M and
N) BSA. (E to K and N) CD4 + splenocytes from FOXP3-IRES-GFP mice
were activated [anti-CD3 and interleukin (IL-2)] or (M) not stimulated.
(O) As positive control, stimulated
CD4+ T cells were treated with supraphysiologic levels of rTGF-1 (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-8 and
C6D4 (1 g/ml) (G and K). (H) Lower
column (n = 3) coating substrate indicated as BSA, v3, or v8. (L)
Ctla4, Ikzf2, or Nrp1 expression determined by qPCR demonstrates
v8-dependent Treg differentiation
under identical culture conditions
as in (F, G, J, and K). Results (log10)
normalized to v3 controls. Treatment
with isotype (open) or C6D4 (vertically striped) are indicated. (P) Activated T cells cocultured with mock
or 8-LLC cells significantly increased Treg differentiation compared with coculture with mock-LLC controls. (Q) TGF- activation over range of v8 coating concentrations reported by WT TMLC (blue), L–TGF-1–transfected TMLC (red), or L–TGF-1/GARP–transfected TMLC cells (green). (R) L–TGF- within conditioned media of Tconv
cultured under stimulatory conditions for 48 hours identical to conditions in (N). Reporter cells plated on control substrate v3 or v8 with secreted L–TGF-. Heat
(80°C) activation of conditioned media showed total amount of L–TGF- present. (S) Transwell assay determined the importance of cell contact in v8-mediated Treg
differentiation. v8 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-m 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- freely diffuses from the lower to the upper chamber to induce CD25+FOXP3+ Treg 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.
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ITGB8 was most highly expressed by tumor cells
We next sought to translate our v8 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, Treg, 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 ITGB8, 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 functionally important site for v8 expression in the TME.
L–TGF-/GARP was most highly expressed by immune cells
Abundant evidence suggests that TGF- expression by T cells, not tumor cells, is important to maintain an immunosuppressive TME (46–48).
T cell surface localization of TGF- may also be important in the TME
because conditional deletion of GARP in Treg inhibits growth of
colitis-induced colon tumors (49). However, mechanisms of cell surface presentation of TGF- in the TME have not been comprehensively studied. Thus, we next sought to determine which cells in the TME
expressed TGF-, 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)
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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-; 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- on murine T cells, Treg, and
myeloid cells but not tumor cells from orthotopic tumors (21). Together, our data supported that CD4+ T cells were a major source of
cell surface L–TGF- in the TME of human tumors.
Formation of a localized tumor/T cell v8/L–TGF-
signaling complex
We next sought to test the physiological relevance of our structure-
based model of TGF- activation (Fig. 5A) (29) by asking whether
v8 expressed by tumor cell lines was sufficient to support TGF-
activation without release and diffusion of TGF- from a cell-cell
L–TGF-/GARP complex. The respective v8 cell surface receptor
densities of 8-LLC (Fig. 5B), TRAMP-C2 (Fig. 5C), or human
ovarian carcinoma (OVCAR-3; Fig. 5D) tumor cell lines were sufficient to efficiently support non-Treg CD4+ T cell–to–Treg conversion
(Fig. 5E). Accordingly, these 8-expressing lines efficiently increased TGF- reporter activity in L–TGF-/GARP– or L–TGF-
(R249A)/GARP–expressing transformed mink lung cell (TMLC)
reporter cell lines, with respective TGF- activation efficiencies, correlating to v8 surface receptor density (Fig. 5, E to H). These data
demonstrated that v8 expressed by tumor cells induced TGF-
signaling in L–TGF-–presenting cells that they were in contact with.
Therapeutic implications of the tumor: T cell
v8/L–TGF- complex
We developed a structural model of the v8/L–TGF-/GARP/
TGF-R2 signaling complex (29), which predicted numerous geometric
6 of 14
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Fig. 4. ITGB8 was highly expressed in tumor cells, and TGFB1 was highly expressed in immune cells. (A) Schematic of sorting strategy to purify tumor, stromal, myeloid, CD4+
T cell, and CD4+CD25+CD127lo 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 1 × 106). Violin plots of normalized TPM of (B to D) ITGB8 and (E to G) TGFB1 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+ Treg (green) or CD4+ T cells (red), or major histocompatibility complex class II (MHCII+)
(human leukocyte antigen DR isotype, 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.
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Fig. 5. Formation of a localized tumor/
T cell v8/L–TGF- signaling complex. (A) Cartoon of structure-based
model of v8-mediated TGF- activation and signaling based on structures of v8/L–TGF- (29, 43), L–TGF-/
GARP (51), and TGF-R2/TGF-1 (66).
Integrin v and 8 subunits, latency
associated peptide (LAP) of dimeric
L–TGF- (subunit A + B), dimeric TGF-
(subunit A + B), TGF-R2, and GARP
color-coded matching annotations.
Integrin and GARP/TGF-R2 transmembrane domains span tumor or
Treg lipid bilayers, respectively. (B) v8
surface expression in 8-LLC, (C) TRAMPC2, and (D) OVCAR-3 stained with
C6D4 (1 g/ml) compared with isotype. (E) Treg differentiation over a
range of v8 coating concentrations.
Superimposed in red are 8-LLC
(red triangle), TRAMP-C2 (red circle),
and OVCAR-3 (red square) according
to calculated v8 cell surface receptor density. (F to H) WT human
L–TGF-1 or mutant incapable of
producing diffusible TGF-1 [L–TGF1(R249A)] expressed alone (square
symbols) or coexpressed with human
GARP (circles) in TGF- reporter cells
(TMLC) and cocultured with (F) 8LLC, (G) TRAMP-C2, or (H) OVCAR-3.
Outliers (Rout) were removed from
(F and G). Shown is TGF- activation
(means ± SEM) determined using
rTGF- standard curve of each TMLC
line (n ≥ 6). (I to K) Inhibition curves
of anti-8 (C6D4, blue line) compared with anti–pan–TGF- (1D11,
red line), TGF- R2–Fc receptor trap
(green line), anti-human GARP/L–TGF-
(MHG-8, purple line), or anti-human/
mouse TGF-R2 (clone 8322, orange
line) generated using (I) WT human L–
TGF-1/human GARP TMLC, (J) human
L–TGF-1(R249A)/human GARP TMLC
or control, and (K) WT TMLC cells with
500 pg of rTGF-1. Shown is percent
inhibition relative to no antibody
control. Inhibitor concentrations are
shown in g/ml (log10). (L to P) iTreg
differentiation of activated CD4 +
T cells from foxp3-IRES-GFP splenocytes on immobilized v8 in the
presence of (L) isotype, (M) anti-8
(C6D4), (N) anti–TGF-1 (1D11), (O)
anti–TGF-R2 (clone 8322), (P) or
TGF-R2–Fc. (Q) Results enumerated in
scatterplots (n ≥ 3). (R) Schematic of
Transwell assay showing that diffusible TGF- has no role in v8-mediated iTreg differentiation. CD4+ T cells plated into upper and lower chambers under stimulating conditions. (S) v8 coated on lower,
v3 control on upper, or (T) vice versa. (U) Active rTGF- added to lower chamber media demonstrating diffusion of rTGF- into the upper chamber inducing conversion
of non-Treg CD4+ T cells (Tconv) to CD25+FOXP3+ Treg. (V) Scatterplots (n = 4) show gated CD4+ T cells stained with anti-CD25 (x axis) with FOXP3 expression determined by
GFP (y axis). *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA for multiple comparisons followed by Sidak’s post-test.
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efficacy studies demonstrated a mechanism for Treg enrichment dependent on v8-mediated TGF- activation.
8 expression in non–small cell lung cancer positively
correlated with Treg density in the TME
Most of human cancers express v8 in at least a fraction of tumor
cells (21). We sought to test the hypothesis that a subpopulation of
8-expressing tumor cells was sufficient to drive local immunosuppressive Treg differentiation. We correlated CD4+FOXP3+ cell numbers with 8 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 significant increases in CD4+FOXP3+ cell numbers with 8-TPS and
CD4+FOXP3+ cell numbers and CD4+FOXP3+:CD4+FOXP3− cell
ratios correlated significantly with 8-TPS (Fig. 6, A to F).
To test the hypothesis that a limited proportion of 8-expressing
tumor cells were sufficient to drive local Treg 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 J). Tumor growth correlated with FOXP3+ cell proportions, consistent with Tregs contributing to 8-mediated tumor immune evasion (Fig. 6J). These results suggested that expression of
v8 in a small fraction of tumor cells was sufficient to drive Treg
enrichment in human tumors.
DISCUSSION

Here, we identified a mechanism of Treg enrichment in tumors,
where v8 expression on tumor cells caused Treg enrichment by
increasing TGF- activation in the TME. Our in vitro data suggested

Fig. 6. Proportion of 8-expressing tumor cells correlated with CD4+ FOXP3+ T cell number in human and murine lung cancer. Representative images of immunohistochemical staining of human (n = 32) (A to D) or murine (n = 30) tumors (G and H). Immunohistochemical localization of integrin 8 in an independent cohort of human
NSCLC with a 8 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 m. (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) 8-LLC tumors.
Arrowheads point to examples of stained nuclei. Scale bar, 20 m. (I) Treg density depends on proportion of 8-expressing tumor cells. 8-LLC cells were mixed with mockLLC 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 Treg (I) surface density (in mm2) and (J) tumor volume (in mm3) in mock-LLC tumors compared with tumors 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)
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constraints affecting binding of TGF- protein inhibitors that have
been developed to target freely diffusible mature TGF- (Fig. 5A).
Such inhibitors include antibodies to TGF-, LAP, or GARP/L–TGF-,
as well as TGF-R traps (29, 50–52). In contrast, the C6D4 antibody
targets the v8 ligand binding pocket and therefore would be predicted to efficiently prevent L–TGF- binding to v8 (29).
We used our TGF- activation system to assess the relative ability of these inhibitors to block TGF- activation. As predicted, anti-8
(C6D4) efficiently inhibited TGF- activation in wild-type (WT)
L–TGF-/GARP or L–TGF- (R249A)/GARP reporter cells when
plated on immobilized v8, which, at low concentrations, was
markedly more effective than antibody inhibitors to TGF-, GARP,
TGF-R2, or TGF-R2 receptor traps (Fig. 5, I and J). Decreased
efficacy of antibody inhibitors to TGF-, TGF-R2, or TGF-R2 receptor traps was due to the reduced ability to block mature TGF-
within the L–TGF- complex because they were effective inhibitors
of diffusible rTGF- (Fig. 5K). These results were consistent with
the inaccessibility of target epitopes for TGF-, GARP, or TGF-R2
within the v8/L–TGF-/GARP complex.
We next extended these findings to T cells themselves by using
activated murine CD4+ T cells plated on immobilized v8 versus
control substrates. Treg generation on immobilized v8 (Fig. 5L)
was almost completely blocked by anti-8 but was inhibited significantly less by other TGF- protein inhibitors at the same concentration (Fig. 5, M to Q). The lack of efficacy of inhibitors preferentially
targeting diffusible TGF- supported our structure-based hypothesis that v8-mediated T cell conversion to Treg was independent of
diffusion of TGF-. This hypothesis was further tested using a
Transwell filter assay (Fig. 5R), which demonstrated that non-Treg
CD4+ T cells binding to v8 induced iTreg conversion only by nonTreg CD4+ T cells in direct contact and not those separated by the
filter (Fig. 5, S to V). Together, our structural model of the v8/
L–TGF-/GARP/TGF-R2 signaling complex and comparative
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to pTreg is controversial because only a fraction of tumor Treg share
common T cell receptor (TCR) clonotypes with non-Treg CD4+
T cells (55, 56). Our analysis of human tumors does not allow discrimination of tTreg from pTreg; thus, it is unclear whether tumors
with high v8 expression have increased overlap between the TCR
repertoires of non-Treg CD4+ T cells and Tregs compared with those
from tumors with low v8 expression.
Our study suggests that pTreg enriched in murine v8-expressing
tumors contributed to tumor immune evasion because both
PC-61.5.3 and C6D4 reduced Tregs in 8-LLC. PC-61.5.3 depletes
intratumoral CD4+CD25hi T cells when given after tumor cell injection but not CD4+CD25loFoxP3+ T cells (5, 30). Depleting Treg precursors (L–TGF-+CD4+CD25hiFoxP3−) in 8-LLC tumors would
be expected to have the same effect as blocking v8 function on
intratumoral conversion to pTregs. The mock-LLC Treg population
likely consists of CD4+CD25loFoxP3+ T cells because PC-61.5.3

Fig. 7. Proposed mechanisms of Treg enrichment and differentiation in v8-expressing tumors. (A) Non-Treg CD4+ T cells expressing L–TGF-/GARP infiltrate tumors in response to chemokines in the TME (21). TGF- cannot interact with TGF-R unless it undergoes activation. L–TGF-/GARP–expressing non-Treg CD4+ T cells undergo Treg conversion to Helios– pTreg after binding to integrin v8 expressed by tumor cells. The mechanism of TGF- activation does not require the release and
diffusion of TGF-, ensuring that only T cells in contact with v8-expressing tumor cells are converted to pTreg (29). (B) Thymically derived Helios+ Treg (tTreg) can potentially be recruited to the TME, but this is not evident in v8-expressing tumors. (C) When L–TGF- is soluble or matrix bound, TGF-Rs are not positioned on the same
surface as L–TGF-. Thus, if active TGF- is not released from L–TGF- when exposed to v8 bearing tumor cells, then TGF-R–expressing T cells need to find, orient, and
overcome steric hindrance to bind to TGF- exposed within the L–TGF- complex. This activation process is less efficient than when L–TGF- and TGF-Rs are on the same
surface (29). Therefore, soluble or matrix-bound L–TGF- is less likely to significantly contribute to v8-mediated pTreg conversion in the TME. Created in BioRender.
Seed et al., Sci. Immunol. 6, eabf0558 (2021)
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that the Treg enrichment in 8-expressing tumors occurred via contact
of v8-expressing tumor cells with L–TGF-–presenting non-Treg
CD4+ T cells, converting them to pTreg. We used cell-based assays to provide evidence that an intermolecular complex forms
between v8-expressing tumor cells and L–TGF-–presenting
non-Treg CD4+ T cell, where TGF- was activated without release
and diffusion of TGF- and signaling was induced only on the L–
TGF-–presenting non-Treg CD4+ T cell.
Existing evidence supports two mechanisms of tumor Treg enrichment, either intratumoral non-Treg CD4+ T cell conversion to
pTreg or recruitment of preexisting tTreg to tumors (Fig. 7, A and B)
(22, 24). While exogenous TGF- can lead to conversion of T cells
to iTregs, no previous studies have addressed how TGF- 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 tumors, the relative importance of conversion of non-Treg CD4+ T cells
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to focus the inherent flexibility of L–TGF- to allow active TGF- to
be sufficiently exposed to bind to its receptors but only on the
cell-presenting surface L–TGF-/GARP (29). Here, we tested this
model in vitro using isolated T cells and showed that T cell TGF-
activation did not require cytoskeletal force transduction from the
v8 integrin because the v8 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-. The identification of a TGF- activation mechanism that is diffusion-independent has biologic implications because any L–TGF-–presenting cell type could potentially
increase its TGF- signaling when contacting an v8-expressing
cell (21, 60). Our model also has therapeutic implications because
protein-based therapies directed at TGF- currently in clinical trials
are conceptually designed to inhibit diffusible TGF- (61). Our data
indicated that such therapies would poorly target v8-mediated
TGF- activation, while still exposing patients to considerable risk.
Overall, this study highlights a mechanism of Treg enrichment
regulated by TGF- activation in specific tumors that express sufficient levels of v8. We propose that targeting v8 to prevent
TGF- activation will provide a highly effective and more selective
approach to overcome Treg-mediated tumor immune evasion in patients with v8+ tumors.
MATERIALS AND METHODS

Study design
This study tested the hypothesis that Tregs were required for integrin
v8–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/J, Jax]
(41) and WT C57BL/6 mice (all female except for TRAMP-C2 experiments 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 availability of specimens throughout this period. Samples were selected
without regard to prior treatment. Two separate cohorts were developed: the first for cell sorting and RNAseq including samples
from gynecologic (n = 53), lung (n = 41), and head and neck squamous cell carcinoma (n = 38) and the second for immunohistochemistry 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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failed to deplete it. Reducing Treg by PC-61.5.3 or C6D4 decreased
8-LLC tumor growth, suggesting the importance of Treg-induced
immunosuppression in v8-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 v8-
expressing cell type, whereas T cells were the major TGF-1–
expressing cell in the human TME. Cell surface expression of
L–TGF- 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 Treg
enrichment where v8 expression by tumor cells caused L–TGF–presenting non-Treg CD4+ T cells to undergo local conversion to
pTreg, rather than promoting recruitment of tTreg (Fig. 7, A and B).
This conclusion was supported by in vitro studies demonstrating
that immobilized or tumor cell v8 drove the conversion of activated T cells to immunosuppressive Treg with low levels of tTreg
markers, Helios and Nrp1, similar to in vivo studies, demonstrating
that tumor cell v8 led to the enrichment of pTregs.
Our inability to detect a functional role for v8 expressed by
Tregs contrasts with other reports proposing a cell-autonomous role
for v8 in T reg function using T regs from nontumor sources
(44, 45, 58). In these reports, surface expression of v8 is not assessed; rather, the 8 subunit (itgb8) was detected by quantitative
polymerase chain reaction (qPCR) in murine tTreg 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 v8 because surface expression of
v8 is regulated at the level of itgb8 transcription (59). Thus, although it is possible that, in other tumor systems, v8 can be expressed at functionally significant levels in Tregs, our current and
past studies, which include surface expression surveys of both tumor
and splenic Treg, transcriptomic analysis, and in vitro and in vivo
functional assays failed to produce evidence that expression of v8
by Treg themselves played a role in non-Treg CD4+ T cell–to–Treg
conversion.
We propose a model (Fig. 7C) to explain why T cells require
presentation of L–TGF- on their cell surface for Treg conversion. In
this model, the v8 receptor and its ligand, L–TGF-/GARP, are
concentrated on opposing cell surfaces, not on the same cell surface,
and are specifically directed only to the L–TGF-/GARP–presenting
T cell after binding TGF- signaling (29). This process is more
efficient and context-specific than a TGF-R–bearing T cell encountering active TGF- diffusing through the extracellular space.
Furthermore, this model predicts that if tumor cell v8 binds to
either secreted or matrix-bound L–TGF-, then a TGF-R–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 -integrin cytoplasmic domain is required to induce
conformational changes through the integrin for force generation
to L–TGF- to release TGF- (42). However, our structural studies
show that v8 does not undergo major conformational rearrangements, always remaining in a single extended-closed conformation
poised for ligand binding but not force transduction (43, 60).
Hence, v8 on cell surfaces is always available for binding to an
L–TGF-–presenting cell, and this binding creates an anchor point
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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.

Reagents
Anti-CD25 (clone PC-61.5.3) and rat isotype control (HRPN, BP0088)
were obtained from Bio X Cell. Anti-8 (C6D4) is a highly specific
engineered recombinant antibody to the specificity determining loop
2 (SDL2) domain of v8 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 v8 and v3 ectodomains 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′-GATTGTGGGCCCTCTGGGCTCGTCCGGATTGCTGGTGTTATATTCTTCTGAG-3′ and 5′-CTGTGGACGCGTATCGCC-3′, human TGFBR2 expression vector
(Sino Biological, HG10358-ACG) and CTCAGAAGAATATAACACCAGCAATCCGGACGAGCCCAGAGGGCCCACAATC
and AACGGATCCTCATTTACCCGGAG, mouse IgG2a expression 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 transduction particles TRCN0000067303 (itgb8) or SHC002V (nonmammalian control)].
Isolation, staining, and RNAseq of mouse tumor
and immune cells
Mouse tumor immune cell isolation, RNA isolation, and sequencing 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)
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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 isolation, cDNA synthesis, library construction, sequencing, and analysis 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 v8tr or control substrate [v3tr or bovine serum albumin (BSA)] under T cell stimulation 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-m 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 tracking dye exactly as described (63). Labeled cells were stimulated using anti–CD3/CD28 Dynabeads and plated in round-bottom
96-well culture plates. Labeled CD4+ cells were then cocultured
with v8-generated Tregs or control cells at ratios ranging between
1:1 and 8:1 (labeled CD4+ T cells:Tregs). Tconv proliferation was measured using flow cytometry after 4 days. For specific details, see
Supplementary Materials and Methods.
TGF- bioassays
TGF- bioassays were performed as previously described (29) using
the cell-intrinsic TGF- activation reporter system described in
(64). Reporter cells were seeded onto culture wells coated with
v8tr or control substrate (v3tr or BSA). Cells were incubated
for 18 hours before cell lysis and assessment of luciferase activity. For some experiments mock-LLC, 8-LLC, TRAMP-C2,
or OVCAR-3 (3 × 104) cells were used in place of immobilized
substrates.
Determination of receptor density
CHO WT or CHO transfected with human v8 were plated onto
culture plates over a concentration range of 5 × 103 to 30 × 103 cells
per well, and recombinant v8 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 recombinant v8 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 v8 receptor coating efficiency, as described in Supplementary Materials and Methods.
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Cell lines
LL/2 (LLC1) [American Type Culture Collection (ATCC), CRL1642] and TRAMP-C2 (gift from L. Fong, UCSF, San Francisco,
CA, USA) were used in TGF- reporter assays and syngeneic tumor
models. OVCAR-3 (UCSF Cell and Genome Engineering Core)
and transformed mink lung TGF- 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- (R249A), with or without GARP, as previously described (29). LLC cells were stably transfected to overexpress vector
only (mock-LLC) or 8 (8-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 appropriate media with selection agents and antibiotics, as previously
described (21, 29, 43).

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 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) sections were stained with anti-mouse 8 (clone F9), B5 (anti-human
8, which does not work in FFPE immunostaining and thus used as
isotype control for F9), anti-CD4, anti-CD8, or anti-FOXP3, followed by appropriate detection reagents. For multiplex immunostaining, the Ventana Discovery platform was used as described in
Supplementary Materials and Methods.

SUPPLEMENTARY MATERIALS

immunology.sciencemag.org/cgi/content/full/6/57/eabf0558/DC1
Materials and Methods
Fig. S1. 8 expression by tumor cells drives tumor growth, which is blocked by C6D4 Fab in vivo.
Fig. S2. Tumor Treg isolation and expression of select Treg genes by RNAseq in this report
compared with single-cell RNAseq from splenic Treg.
Fig. S3. Non-Treg CD4+ T cells express cell surface L–TGF-, are converted to Treg by contact
with 8-LLC cells, and are the source of suppressive iTreg generated on v8.
Fig. S4. Murine nTregs do not express detectable levels of cell-surface v8.
Fig. S5. LRRC32 (GARP) is most highly expressed by Treg and stromal cells and NRROS by
myeloid cells.
Table S1. Raw data table (Excel spreadsheet).
References (67–73)
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Enriching your intratumoral Tregs
Regulatory T cells (Tregs) are immunosuppressive and enriched in the tumor microenvironment (TME), which
subsequently leads to the promotion of tumor growth. The mechanism behind T reg enrichment in the TME is not known.
Here, Seed et al. demonstrated that integrin αvβ8 expression on tumor cells induced Treg differentiation intratumorally
by binding to latent TGF- β on T cells, leading to TGF-β activation. Antibody blockade of αvβ8 depleted intratumoral T
regs and delayed tumor growth in murine tumor models. However, targeting of TGF-β with small-molecule inhibitors to
block T reg formation was ineffective, as modeling of αvβ8/latent TGF-β interactions showed limited access to TGF-β.
Thus, these data suggest that targeting αvβ8 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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