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Introduction
The majority of  cancer patients receiving existing immunotherapies to the programed death receptor, PD-1, 
or its ligands PD-L1/2 do not respond, demonstrating a need for an expanded immunotherapeutic armamen-
tarium (1). In many solid tumors, the immunosuppressive TGF-β pathway is associated with poor prognosis 
(2). In mice, TGF-β and PD-1/PD-L1 pathways can be experimentally coopted to favor tumor elimination 
(3, 4). Recent studies suggest that increased TGF-β activity in tumor stroma prevents penetration of  tumor by 
cytotoxic CD8+ T cells and may prevent response to PD-L1 inhibitors (4, 5). Alternatively, TGF-β has been 
suggested to directly upregulate PD-L1 on tumor cells (6). A recent study demonstrates that TGF-β blockade 
can render a previously resistant colon cancer lesion susceptible to PD-1/PD-L1 blockade (4). Therefore, the 
function of  TGF-β in antitumor immunity and interactions between the TGF-β and PD-1/PD-L1 pathways 
require further elucidation to understand the potential therapeutic benefit of  targeting the TGF-β pathway.

TGF-β is expressed in a latent form (L-TGF-β) by most cell types and must be activated in order to 
exert its function in immune regulation, cell growth, vasculogenesis, matrix remodeling, and invasion 
(7). TGF-β is expressed in 3 partially functionally redundant isoforms (TGF-β1, -2, -3), which utilize the 
same receptors and signaling apparatus, making TGF-β a challenging therapeutic target, both for potential 
toxicities and for patient selection and stratification (8). Latency is conferred by noncovalent association 
of  mature TGF-β with the TGF-β propeptide, latency associated peptide (LAP), which in TGF-β1 and 
TGF-β3 contains the Arg-Gly-Asp (RGD) integrin recognition motif  (8). The αvβ8 integrin binds to and 
supports the activation of  TGF-β (9). The amino acid sequence immediately c-terminal to the RGD in 
TGF-β1 and TGF-β3 contributes to high binding affinity and accounts for the specificity of  the integrin 

TGF-β is a promising immunotherapeutic target. It is expressed ubiquitously in a latent form 
that must be activated to function. Determination of where and how latent TGF-β (L-TGF-β) is 
activated in the tumor microenvironment could facilitate cell- and mechanism-specific approaches 
to immunotherapeutically target TGF-β. Binding of L-TGF-β to integrin αvβ8 results in activation 
of TGF-β. We engineered and used αvβ8 antibodies optimized for blocking or detection, which — 
respectively — inhibit tumor growth in syngeneic tumor models or sensitively and specifically detect 
β8 in human tumors. Inhibition of αvβ8 potentiates cytotoxic T cell responses and recruitment of 
immune cells to tumor centers — effects that are independent of PD-1/PD-L1. β8 is expressed on 
the cell surface at high levels by tumor cells, not immune cells, while the reverse is true of L-TGF-β, 
suggesting that tumor cell αvβ8 serves as a platform for activating cell-surface L-TGF-β presented 
by immune cells. Transcriptome analysis of tumor-associated lymphoid cells reveals macrophages 
as a key cell type responsive to β8 inhibition with major increases in chemokine and tumor-
eliminating genes. High β8 expression in tumor cells is seen in 20%–80% of various cancers, which 
rarely coincides with high PD-L1 expression. These data suggest tumor cell αvβ8 is a PD-1/PD-L1–
independent immunotherapeutic target.
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αvβ8 for the LAPs of  TGF-β1 and TGF-β3 (9, 10). TGF-β2, lacking the RGD sequence, is activated by 
non–integrin-mediated mechanisms. Most of  the vascular, stromal, and immune effects relevant to cancer 
have been attributed to TGF-β1 (11–13).

Mice that lack integrin-mediated TGF-β activation recapitulate the developmental vascular pathology 
and lethal autoimmunity seen in tgfb1-deficient mice (14, 15). Animals deficient in either itgav or itgb8 show 
developmental vascular pathology due to defects in vessel differentiation similar to mice deficient in tgfb1, 
demonstrating that αvβ8 is an essential mechanism of  TGF-β activation during development (13, 16). In 
postnatal mice, αvβ8-mediated TGF-β activation plays a major role in immune tolerance (14). However, β8 
protein expression in vivo has mainly been demonstrated in epithelial, neural, and stromal cells and not in 
immune cells (17–20). The role of  αvβ8 in the tumor immune response has not been reported.

αvβ8-mediated TGF-β activation is thought to mainly exert its functional effects through autocrine or 
paracrine stimulation (11–13, 21). However, whether the crucial source of  L-TGF-β is αvβ8-expressing cells or 
adjacent cells, or whether it is freely diffusible remains unknown. For immune regulation, there is mounting 
evidence that it is not freely diffusible L-TGF-β1, but rather L-TGF-β1 expressed as a cell-surface complex 
via adaptor proteins such as GARP (lrrc32) that is the functionally important L-TGF-β1 biorepository in vivo 
(22–25). Thus, it is crucial to determine which cell types express αvβ8 and L-TGF-β in the tumor microen-
vironment to gain a fundamental understanding into the roles and function of  TGF-β–mediated immune 
suppression in the neoplastic process. Here, we seek to address the role and cell type–specific mechanisms 
whereby αvβ8-mediated TGF-β activation influences tumorigenesis, as well as the relationship of  αvβ8-medi-
ated TGF-β activation with the PD-1/PD-L1/2 pathway.

Results
Simultaneous inhibition of  αvβ8 and PD-1/PD-L1 pathways dramatically inhibit MC38 colon carcinoma growth. To deter-
mine the role of αvβ8-mediated TGF-β activation in tumorigenesis, we used the murine MC38 colon carcinoma 
cancer cell line. MC38 cells are syngeneic to C57BL/6 and are TGF-β responsive, since blocking TGF-β alone 
partially blocks tumor growth (26). However, when used in combination with PD-1/PD-L1 blockade, TGF-β 
inhibition dramatically inhibits MC38 tumor growth (3, 5). MC38 cells express cell-surface αvβ8, as deter-
mined using a newly developed highly specific engineered blocking monoclonal antibody to the ligand-bind-
ing region of αvβ8 (C6D4), which reacts with both human and mouse β8 (Figure 1A, Supplemental Figure 1, 
Supplemental Methods; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.122591DS1). MC38 cells express PD-L1 but do not express PD-L2 (Figure 1B, Supplemental Figure 
2, A–D). Treatment with C6D4 has no effect on PD-L1/2 levels either in vitro or from ex vivo isolated tumor 
cells (Supplemental Figure 2). MC38 cells support TGF-β activation that is mostly dependent on αvβ8, since 
C6D4 inhibits TGF-β activation almost as well as 1D11, a pan–TGF-β inhibitory antibody (Figure 1C). MC38 
cells efficiently form s.c. tumors. The growth of established MC38 tumors 7 days after the initiation of antibody 
treatment is inhibited by treatment with C6D4 (Figure 1, D–F). To confirm the effects of αvβ8 on tumor growth 
using another naturally αvβ8-expressing tumor cell line, we used prostatic carcinoma TRAMP-C2 cells, which 
are syngenic to C57BL/6, express relatively high levels of β8 on the cell surface, and support αvβ8-mediated 
TGF-β activation (Supplemental Figure 3). Established TRAMP-C2 tumor growth is significantly inhibited by 
C6D4 (Supplemental Figure 3).

Therapeutic treatment of  established MC38 tumors with anti–PD-1 has a similar tumor inhibitory 
effect as C6D4 (Figure 1, D–G), but the two in combination produce a dramatic growth inhibitory effect 
(Figure 1, F and H). Survival is significantly improved by C6D4, or anti-PD-1, which can be further sig-
nificantly improved by using both in combination (Figure 1I). In the combined treatment group, 60% of  
tumors show complete response 70 days after treatment initiation (Figure 1I).

Expression of  αvβ8 by tumor cells potentiates in vivo lung tumor growth. To understand the role of  αvβ8 
expressed by tumor cells, independent of  the PD-1/PD-L1 pathway, we used the murine Lewis Lung Car-
cinoma (LLC) cell line, which is known to be PD-1/PD-L1 nonresponsive and is an established model cell 
line for tumorigenicity assays (27). LLC cells do not express detectable αvβ8 on their cell surface (Figure 
2A), and C6D4 treatment does not significantly affect tumor growth of  WT LLC cells (Supplemental Fig-
ure 4), indicating that host cells expressing αvβ8 do not significantly impact primary LLC growth. Mouse 
β8-expressing transfected LLC cells were created by stable transfection with a β8 cDNA expression vector 
(Figure 2A). Expression of  β8 on LLC cells results in TGF-β activation, which can be efficiently blocked by 
C6D4 (Figure 2B). β8 expression increases the growth of  LLC cell tumors compared with WT LLC cells 
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(Figure 2, C and D). Prophylactic (Figure 2, E–H) or therapeutic (Figure 2, I, J, M, and N) dosing of  C6D4 
dramatically inhibits β8 LLC tumor growth (Figure 2, E–J, M, and N).

β8 LLC cells express PD-L1, not PD-L2, and treatment with C6D4 has no effect on PD-L1/2 levels 
either in cultured cells or ex vivo (Supplemental Figure 2). Anti–PD-1 has no therapeutic benefit alone and 
does not potentiate the effect of  C6D4 on β8 LLC growth (Figure 2, K, L, M, and N). Thus, αvβ8 surface 
expression increases the tumorigenicity of  β8 LLC lung cancer cells, and C6D4 can effectively inhibit β8 
LLC growth independently of  PD-1/PD-L1/2.

To determine whether β8 expression on tumor cells influences metastasis, we employed the B16 murine 
melanoma cell line, which rapidly colonizes the lung (27). B16 cells do not normally express αvβ8 on their 

Figure 1. MC38 colon carcinoma tumor growth in vivo is reduced by anti-αvβ8 and eliminated in the majority of mice by combination with anti–PD-1. 
(A) MC38 cells express cell-surface β8. Shown is a representative histogram overlay of anti-β8 (C6D4) stained cells (gray histogram) compared with isotype 
control (unfilled histogram) (a representative experiment of 4 is shown). For engineering and characterization of C6D4, see Supplemental Methods and 
Supplemental Figure 1. (B) MC38 cells express cell-surface PD-L1. Cells were stained with anti–PD-L1 (light gray). As a positive control cells were stimulated 
with IFN-γ (dark gray) (10 ng/ml) for 24 hours (hr). Shown is a representative histogram overlay of PD-L1 expression of IFN-γ–stimulated or nonstimulated 
compared with control (a representative experiment of 4 is shown). (C) MC38 cells support αvβ8-mediated TGF-β activation. MC38 cells were cocultured 
with TGF-β reporter cells in the presence or absence of C6D4, isotype control, or pan–TGF-β neutralizing antibody (1D11). Dotted line indicates basal level 
of TGF-β activation in MC38 cells. (D–I) MC38 colon carcinoma cells (5 × 105) were s.c. implanted into the flank of C57BL/6 mice. After tumors became 
palpable (7 days after inoculation), isotype control (anti-SV5 and 2A3), anti-β8 (C6D4), anti–PD-1 (RMP1-14), or both in combination were injected on days 
0, 3, 6 (10 mg/kg i.p.), and RMP1-14 was added alone on day 9 (10 mg/kg i.p.). Spider plots of tumor growth of each treatment arm from mice treated with 
isotype control (D) SV5 and 2A3 (mouse and rat IgG2a, respectively) (n = 10) and neutralizing antibodies to (E) αvβ8 (C6D4) (n = 10), (G) PD-1 (RMP1-14) (n 
= 9), or (H) αvβ8 and PD-1 (C6D4 and RMP1-14) (n = 10). (F) Average tumor volumes from D, E, G, and H 15 days after tumor cell injection and 7 days after 
antibody administration is shown. (I) Kaplan-Meier survival plots. In legends F and I, ANOVA with Tukey’s post-hoc test of day 7 volume, or day 70 survival 
data, respectively, is shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In D, E, G, H, complete response percentages (CR) and, in I, hazard ratios 
(Mantel-Haenszel) are shown. Arrows in F indicate antibody injection days.
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Figure 2. Expression of β8 increases in vivo tumor growth. (A) LLC cells were transfected with itgb8. Stable pools were established and sorted for 
uniform expression and C6D4 (filled histogram, 1 μg/ml), and stained cells were compared with mock LLC (unfilled histogram). (B) β8-expressing LLC 
cells were tested for their ability to support TGF-β activation in the presence of C6D4 (filled boxes) or isotype controls SV5 (open boxes) or B5 (closed 
circles), n = 4. (C) Tumor growth of s.c. injected β8 LLC cells compared with mock LLC cells. Shown is a representative experiment (n = 14–16, repeated 
3 times). (D) Tumor weight from individual mice bearing mock or β8 LLC tumors harvested at day 14. Open boxes, β8 LLC; filled boxes, mock LLC. (E 
and F) Spider plots of tumor cell growth in individual mice followed until day 19 after injection with β8 LLC cells. Mice were treated with isotype con-
trol (E) or C6D4 (F). Arrows indicate treatments (7 mg/kg i.p.). n = at least 9/group from a representative experiment of 3. (G) Average tumor volumes 
and (H) weights from tumors harvested at day 19 in E and F. Open boxes, isotype control; filled boxes, C6D4. (I–N) Established β8 LLC tumors were 
treated with isotype control (I), C6D4 (J), anti–PD-1 (RMP1-14) (K), or C6D4 + RMP1-14 (L). Arrows indicate injection time points. (M) Average tumor 
volumes and (N) weights from tumors harvested at day 19 in I–L. n = 10/ group. (O) B16 melanoma cells, which normally do not express αvβ8, were 
stably transfected with itgb8, sorted for uniform expression, and stained with C6D4 (1 μg/ml) and compared with mock-transfected B16 cells. Shown 
is a representative experiment of 4. (P) β8 B16 cells were tested for their ability to support TGF-β activation in the presence of isotype (filled bar) or 
C6D4 (open bar) (10 μg/ml) or were compared with mock-transfected B16 cells. n = 3. (Q) β8 or mock-transfected B16 cells were injected (i.v.), and 14 
days later, lungs were morphometrically assessed for metastatic burden. n = 9–10/group. Shown is a representative experiment repeated twice. (R–T) 
β8 B16 cells were injected (i.v.), and mice were treated with isotype control or C6D4 (7 mg/kg i.p.) at day 0 and 7 and assessed for metastasis at day 
14. In Q, open boxes, β8 B16; filled boxes, mock-transfected B16. In R, open boxes, isotype; filled boxes, C6D4. Shown are representative micro-
graphs of lungs taken at 40× magnification from isotype (S) or C6D4-treated mice (T). Scale bar: 200 μm. Significance was determined by unpaired 
Student’s t test or ANOVA for multiple comparisons followed by Tukey’s post-hoc test to find where the difference lay. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001
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cell surface but, when stably transfected with a β8 cDNA expression vector, express high levels (Figure 2O) 
and can significantly activate TGF-β relative to mock-transfected B16 cells (Figure 2P). Expression of  β8 
on B16 cells significantly enhances in vivo tumor growth of  lung metastasis as determined by increased 
lung tumor surface area (Figure 2Q). Treatment of  mice injected with β8 B16 cells with C6D4 significantly 
decreases lung tumor surface area compared with isotype treatment (Figure 2, R–T). Therefore, β8 expres-
sion not only affects primary tumor growth, but also affects growth of  lung metastases.

β8 inhibition decreases tumor vascular growth and promotes tumor cell apoptosis in mice. To address the mech-
anism of  β8-induced tumor growth, we assessed vessel growth and morphology, apoptosis, proliferation, 
and tumor immune infiltration in established MC38 tumors from mice treated with isotype or C6D4. We 
first assessed MC38 tumors for vessel growth and morphology, since tumor cell growth is dependent on 
angiogenesis and is influenced by TGF-β (28). Expression of  β8 on MC38 cells is associated with increased 
angiogenesis and vessel differentiation, since treatment with C6D4 significantly decreases vessel density 
and branching compared with isotype-treated tumors (Figure 3, A–D). To address the role of  cell survival 
and proliferation in increasing β8-dependent tumor cell growth, we assessed apoptosis and cell prolifera-
tion of  isotype- and C6D4-treated MC38 tumors. Established MC38 tumors from mice treated with isotype 
control antibodies have low levels of  apoptotic cells, which are significantly increased by C6D4, while no 
treatment-specific differences in cell proliferation are seen (Figure 3, E–H).

The β8-dependent effects on vessel growth and morphology are confirmed in β8-expressing LLC 
tumors, since they display increased vessel density and branching compared with mock-transfected tumors 
(Supplemental Figure 5). C6D4 significantly decreases vessel density and branching compared with isotype 
control of  β8-expressing LLC tumors (Supplemental Figure 5) to a similar level as seen in mock-transfected 
LLC tumors. Similar to MC38 tumors, β8 LLC tumors from mice treated with isotype control antibod-
ies have low levels of  apoptotic cells, which are significantly increased by C6D4 (Supplemental Figure 
5). Apoptosis was increased and cell proliferation unchanged by inhibiting β8 expressed on LLC cells. 
β8-mediated TGF-β activation does not impact cell growth of  LLC cells, and in vitro and β8-LLC cells cul-
tured on L- TGF-β1 coated substrates show no differences in growth compared with mock transfected cells 
(mock, 0.48 ± 0.28 (A450); β8, 0.37 ± 0.29 (A450); n = 3; P = 0.25). In vivo, cell proliferation is not different 
between isotype- and C6D4-treated β8 LLC tumors (Supplemental Figure 5). These data suggest a prosur-
vival role for αvβ8-mediated TGF-β activation specifically in the tumor microenvironment.

In both MC38 and β8-LLC tumors, vessel density, and branch point numbers, apoptotic cell number and 
proliferation rates are not significantly correlated with tumor weight, while tumor volume and weight are highly 
correlated, indicating that C6D4-dependent differences are not due to tumor size (Supplemental Figure 6 and 7).

β8 inhibition increases the infiltration of  cytotoxic T cells and proinflammatory tumor-associated macrophages to 
the tumor center in mice. Increased penetration of  immune cells to the tumor center from the tumor periph-
ery is a hallmark of  an effective tumor immune response and has been reported to be inhibited by TGF-β 
(4, 29). Movement of  CD4+ and CD8+ T cells, and F4/80+ macrophages into MC38 and β8 LLC tumor 
centers, as assessed by IHC, is significantly increased by C6D4 compared with isotype controls, while the 
numbers of  CD4+, CD8+, and F4/80+ cells at the tumor periphery remain unchanged, indicating that αvβ8 
expression by tumor cells suppresses T cell and macrophage infiltration into the tumor center (Figure 3, 
I–Q, Supplemental Figure 5). The most abundant tumor-infiltrating immune cell types as assessed by IHC 
in MC38 and β8 LLC tumors are CD8+ and CD4+ T cells, respectively (Figure 3, I–Q, Supplemental Figure 
5). Immune cell counts in tumor centers are not significantly correlated with tumor weight, indicating that 
C6D4-dependent differences are independent of  tumor size (Supplemental Figure 7).

To address whether changes in immune cell compartments were consistent with a tumor-eliminating 
immune cell phenotype, we performed detailed immune cell analysis of β8 LLC tumors using multicolor cell 
staining. Immunosuppressive CD4+ Tregs (30), granulocytic (g) and monocytic (m) myeloid–derived suppres-
sor cells (MDSC) (31), and tumor-associated macrophages (TAM) expressing low surface levels of MHC 
class II (32) favor tumor progression; IFN-γ–secreting CD4+, CD8+ T cells and NK cells, and TAM expressing 
high surface levels of MHC class II favor tumor elimination (32–34). Immune cell phenotyping of tumor-in-
filtrating lymphoid cells from β8 LLC tumors treated with C6D4 or isotype control reveal C6D4-dependent 
decreases in numbers and percentages of Treg, without significant effects on total CD4+ T cell number (Figure 
4, A–C) or numbers or percentages of CD4+IFN-γ–secreting cells (Supplemental Figure 8). Total numbers of  
CD8+ and number and percentage of CD8+IFN-γ+ T cells are significantly increased by C6D4 treatment (Fig-
ure 4, F–H). Total numbers of NK1.1+ and NK1.1+IFN-γ–secreting cells are significantly increased by C6D4  
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Figure 3. β8 expression increases tumor vessel growth, promotes tumor cell survival and immune exclusion. (A–R) Established MC38 tumors were 
therapeutically treated with isotype (Iso) or C6D4 (10 mg/kg i.p. on days 0, 3, and 6) and harvested when tumors reached endpoint volume (2,000 
mm3). Tumors were immunohistochemically assessed for vascular growth (A–D), apoptosis and proliferation (E–H), and immune infiltration (I–R). 
Representative 400× fields from tumor centers are shown for CD31+ vascular staining of (A) isotype-treated (Iso-treated) (A) or C6D4-treated (B) 
MC38 tumors. Arrows indicate representative CD31+ vessels, and in A, asterisks indicate representative branch points; (C) vascular density and (D) 
vessel branching assessed morphometrically from five 200× fields. Open boxes, isotype; filled boxes, C6D4. (E and F) Representative 400× fields 
from MC38 tumor centers from mice treated with isotype (E) or C6D4 (F) stained by TUNEL (green fluorescence, TUNEL+ (arrows) and blue, DAPI; left 
panels) or Ki-67 (right panels) and assessed for apoptosis (G) or Ki-67 positivity as a proliferation marker (H). (I, J, L, M, P, Q) Representative 400× 
fields from MC38 tumor edge (I, L, O) or center (J, M, P), as indicated above each photomicrograph, from mice treated with Iso (left panel) or C6D4 
(right panel), as indicated above each figure, stained with anti-CD4 (I and J), anti-CD8 (L and M), or anti-F4/80 (O and P). Representative positively 
stained immune cells are indicated by arrows. Scale bar: 25 μm. Quantification from individual tumors for CD4+ T cells (K), CD8+ T cells (N), or F4/80 + 
macrophages (Q) from the tumor edge or center are shown. n = 8, in each antibody treatment group. Open boxes, isotype control; filled boxes, C6D4. 
Significance determined by unpaired Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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treatment, while percentages of NK1.1+IFN-γ–secreting cells significantly decreased, indicating that recruitment 
of non–IFN-γ–secreting NK1.1+ cells exceeds that of NK1.1+IFN-γ–secreting cells (Figure 4, K–M). The num-
bers of NK1.1+ T-like cells and numbers and percentages NK1.1+ T-like IFN-γ–secreting cells are not significant-
ly changed by C6D4 (Supplemental Figure 8). Numbers of TAM expressing high levels of MHCII are signifi-
cantly increased, and the ratio of MHCIIlo to MHCIIhi TAM is significantly decreased by C6D4; the numbers of  
MHCIIlo TAM are not significantly changed by C6D4 (Figure 4, P and R). Numbers and percentages of g-MD-
SCand m-MDSC are not significantly changed by C6D4 (Supplemental Figure 8). The most abundant immune 
cell types in β8 LLC tumors, as determined using flow cytometry, are CD4+ T cells, consistent with immuno-
histochemical staining data (Figure 4, Supplemental Figure 5). In summary, these data show that inhibition of  
αvβ8-mediated TGF-β activation by C6D4 changes the tumor immune cell profile to favor tumor elimination by 
reducing immunosuppressive Treg differentiation, increasing recruitment and differentiation of tumor-eliminat-
ing IFN-γ–secreting CD8+ T cells, increasing recruitment of NK1.1+ cells and NK1.1+ cells secreting IFN-γ, and 
increasing numbers of tumor-eliminating MHCIIhi TAM relative to tumor-promoting MHCIIlo TAM.

Figure 4. The antibody C6D4 decreases CD4+ Tregs, increases CD8+ and NK1.1+ IFN-γ–secreting cells, and alters differentiation of TAM. Tumor-infiltrating 
lymphoid cells from β8-LLC tumors harvested at day 14 after injection from mice treated with isotype or C6D4 (7 mg/kg) on days 0 and 7 underwent multicolor 
cell staining and analysis. (A–C, F–H, K–M, and P–R) Tumor-associated lymphoid cells isolated from tumors from mice treated with isotype (open boxes) or 
C6D4 (closed boxes) are stained to identify CD4+ T cells (A–E), CD8+ T cells (F-J), NK1.1+TCRβ– cells (K–O), or tumor-associated macrophages (TAM) (P–T). (A) 
CD4+ cells, (B) CD4+FoxP3+CD25+ Tregs (gating strategy Supplemental Figure 9), (C) percentages of Tregs of CD4+ cells. (D) Histogram overlays of CD4+ T cells, 
from isotype-treated mice, stained with isotype (light gray) or for latency-associated peptide of TGF-β1 (LAP-β1) to detect cell-surface L-TGF-β1 (dark gray). (E) 
Histogram overlays of CD4+ T cells, from isotype-treated mice, stained with C6D4-PE with a 100-fold excess of unlabeled C6D4 (C6D4-Comp, light gray) or B5, a 
human-specific β8 antibody, as an isotype control (Iso-Comp, dark gray). (F–H) CD8+ cells total (F), IFN-γ–secreting (G), or percentages (H) of CD8+ IFN-γ–secret-
ing T cells of all CD8+ T cells. (I) CD8+ cells stained as in D (gating strategy shown in Supplemental Figure 10). (J) All TCR-β+ cells stained, analyzed, and labeled 
as in E. (K–O) NK1.1+ cells analyzed and labeled as F–J (gating strategy shown in Supplemental Figure 10). (P–T) CD45+, CD11bhi, Ly6g–, Ly6c–, F4/80+, MHCII high, 
or MHCII low TAM (gating strategy shown in Supplemental Figure 11) were analyzed and the numbers of MHCII low TAM (P), numbers of MHCII high TAM (Q), 
and the ratios of MHCII low/MHCII high TAM determined (R). (S) Histogram overlays of CD45+, CD11bhi, F4/80+, TCR-β– cells, from isotype-treated mice, stained 
with isotype (light gray) or LAP-β1(dark gray). (T) Histogram overlays of CD45+, CD11bhi, F4/80+, TCRβ– macrophages stained and labeled as in E. n = 9–11/group. 
Shown are representative experiments of at least 3. *P < 0.05, **P < 0.01, ****P < 0.0001, by Student’s t test.
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L-TGF-β, but not αvβ8, is expressed on the surface of  tumor-associated T cells and macrophages. To address the 
cell types expressing cell-surface L-TGF-β that could be interacting with αvβ8 on tumor cells, we isolated 
and stained β8 LLC tumor-infiltrating CD4+, CD8+ T cells, NK cells, and macrophages for cell-surface 
L-TGF-β1 using an antibody that detects the LAP of  TGF-β1. CD4+, CD8+ T cells, Tregs, and macro-
phages — but not NK cells — express detectable levels of  cell-surface L-TGF-β (Figure 4, D, I, N, and 
S, and Supplemental Figure 12). β8 LLC, MC38, or TRAMP-C2 tumor cells do not express cell-surface 
L-TGF-β (Supplemental Figures 2 and 3).

To determine whether β8 protein is expressed by tumor immune cells, we isolated and stained 
immune cells from β8 LLC tumors using fluorescently conjugated C6D4. Staining with fluorescently 
conjugated C6D4, including several controls for specificity, revealed no β8 staining in T cells, Tregs, NK 
cells, DCs, or macrophages (Figure 4, E, J, O, and T, and Supplemental Figures 12 and 13). These results 
suggest that tumor cell αvβ8 can modulate immune cell TGF-β function by activation of  L-TGF-β on 
the immune cell surface, and this is likely to be the primary mode of  αvβ8-mediated L-TGF-β activation 
in the tumor environment.

αvβ8 inhibition leads to suppression of  macrophage chemokine gene expression. To identify which L-TGF-β–
expressing immune cell types are impacted by β8 expression on tumor cells, we performed transcriptome 
analysis of  isolated CD11b+ and T cells from β8 LLC tumors treated with isotype vs. C6D4. Expression 
values across all samples revealed a total of  39.6 × 106 to 42.4 × 106 uniquely mapped reads representing 
a range of  88.1%–90.3% of  total reads. The highest number of  significantly differentially expressed (DE) 
genes between isotype- and C6D4-treated paired samples (Padj < 0.005) was found in macrophages (18 
increased, 12 decreased), with fewer in CD4+ T cells (2 increased, 10 decreased), CD8+ T cells (2 increased, 
7 decreased), and β8 LLC cells (0 increased, 5 decreased). Functional annotation of  the macrophage DE 
genes increased by C6D4 include those involved in inflammation and chemotaxis (ifng, cxcl9, ccl6, ccl24, 
ltb4r1, chil3), response to IFN-γ (ccl6, ccl24), cytolysis and proteolysis (gzmd, gzme, mmp12), and immune 
suppression (pdcd1lg2); those decreased by C6D4 include genes involved in vasculogenesis (bgn, ecscr, ednra) 

Figure 5. Differential gene expression by tumor cells, CD4+ T cells, CD8+ T cells, and CD11b+ cells reveals a role for β8 in suppression of a tumor-elim-
inating macrophage signature. (A) Heatmap of hierarchical clustering of differentially expressed (DE) genes determined by RNAseq across pooled 
CD11b+, CD4+, CD8+ T cells, and β8 LLC tumor cell samples isolated from mice (n = 10 in each group) treated with isotype or C6D4 (7 mg/kg i.p.) on days 
5 or 12 after β8 LLC tumor cell injection. Tumors were harvested on day 15 after tumor cell injection. Hierarchical clustering analysis was carried out 
with the log10 (FPKM+1) of union of DE genes. DE was defined by q < 0.005 and |log2 (fold change)| > 1. Red represents highly expressed genes. Blue 
represents genes with low expression. Color gradient from red to blue reflects log10 (FPKM+1) values from large to small. ENSEMBL IDs are shown, and 
select gene names are indicated. The majority (60%) of DE genes were found in macrophages (18 up; 12 down), which drives the clustering of T cells 
to be defined by antibody treatment rather than CD4+ or CD8+ lineage. (B) Validation of key macrophage DE genes from RNA isolated from pooled 
macrophage samples (n = 4 pools) that had sorted for purity (CD45+, F4/80, CD11b+) and assessed by qPCR for ifng, cxcl9, ccl6, gzmg, gzmd, and postn. 
Shown is expression (2-Δct) relative to hprt. *P < 0.05 by unpaired Mann-Whitney U test.
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and TGF-β–responsive extracellular-matrix protein production (postn, tnc, col1a1, lrrc15) (Figure 5A, Sup-
plemental Tables 1 and 2). Functional annotation of  DE genes (Padj < 0.005) from CD4+ and CD8+ T cells 
and β8 LLC cells did not reveal any statistically significant enrichment in gene ontology classes induced by 
C6D4, and no relevant gene ontology classes decreased by C6D4 (Supplemental Table 2).

Representative significantly DE genes identified by RNA sequencing (RNAseq) were validated using 
quantitative PCR (qPCR) using RNA isolated from purified TAM. Expression of  the TGF-β–induced 
extracellular matrix gene postn was decreased, and IFN-γ signature chemokines (ifng, cxcl9, ccl6) and the 
cytolytic gene (gzmd) were significantly increased by C6D4 (Figure 5B). Overall, gene expression patterns 
reveal that macrophages are the main cell class influenced by C6D4, with major increases in chemokines 
and cytotoxic genes and decreases in extracellular matrix genes.

Transcriptomic analysis of  human cancer specimens and cell lines reveals that β8 is commonly expressed in human 
carcinoma cells. Public human RNAseq databases were evaluated to confirm that the tumor cell is the main com-
partment where ITGB8 is expressed. ITGB8 transcripts are significantly enriched in carcinoma, glioma, and 
melanoma cell lines relative to hematogenous- and lymphoid-derived malignant lines (Supplemental Figure 
14A). This general pattern of ITGB8 expression is seen in public RNAseq datasets of normal and malignant 
human tissue types. Enhanced expression is seen in several carcinomas — in particular, ovarian and pancreatic 
carcinomas with little or no expression in lymphoid or mesenchymal tissues (Supplemental Figure 14B).

β8 protein is highly expressed in tumor cells of  human epithelial malignancies. To confirm the high tumor cell 
expression of  β8 in human cancers, we engineered and developed a highly human-specific and sensitive anti-
body, F9, to stain β8 in archival formalin-fixed paraffin embedded (FFPE) human tissues (Supplemental Fig-
ures 15–19 and Supplemental Methods). Using F9, β8 immunostaining is detected in tumor cells of  various 
carcinomas including lung, ovarian, endometrial, melanoma, breast, prostate, colon, skin, and stomach (Fig-
ure 6, A–L). No convincing β8 staining is noted in stromal or immune cell compartments. The absence of  
tumor stromal and immune cell staining is confirmed in transgenic mice engineered to express only human 
ITGB8 and not mouse itgb8 (Supplemental Figure 18). Taken together, these data demonstrate that tumor 
cells are the major β8-expressing cell type in human cancers. High β8 expression (i.e., greater than 50% tumor 
cells showing membrane staining [>50% tumor proportion score (TPS)]) is seen in a substantial proportion 
of  cancers — in particular, high-grade serous ovarian carcinoma and squamous cell carcinoma (Figure 6M).

High β8 expression is associated with decreased survival in triple-negative basal-type breast cancer, advanced stage 
serous ovarian cancer, and non–small cell lung carcinoma (NSCLC). As a first step to understand the clinical 
relevance of  high β8 expression, we evaluated a public microarray expression database (35) to reveal that 
cancers with reported high β8 expression are associated with decreased survival: triple-negative basal-type 
breast cancers (36), advanced stage serous ovarian carcinomas (37) and NSCLC (Figure 6, N–P). Taken 
together, these data suggest that increased expression of  β8 in human cancer cells plays a role in the pro-
gression of  epithelial malignancies.

High β8 and PD-L1 expression are rarely seen concurrently in NSCLC. PD-L1 immunohistochemical stain-
ing is currently recommended as part of  biomarker testing for all advanced NSCLC (38). Approximately, 
30% of  advanced NSCLC patients have high PD-L1 staining (>50% of  tumor cells) and have significantly 
improved response rates to PD-1 inhibitors compared with tradition chemotherapy (39). We assessed the 
relationship of  β8 and PD-L1 expression on tumor cells with F9 using an extended cohort of  73 archival 
lung NSCLC cases. Strong tumor cell β8 staining is seen in 21.9% of  cases, while strong PD-L1 tumor cell 
staining (≥50% TPS) is seen on 28.8% of  cases. Strong β8 and PD-L1 immunostaining (≥50% TPS) are 
concurrently seen in only 2.7% of  cases, suggesting that high β8 and PD-L1 occurring together is rare. The 
majority of  cases (60.3%) show weak staining (1%–49% tumor proportion score) for β8 and PD-L1. Neg-
ative staining for β8 and PD-L1 are seen in 17.8% and 4.1% of  cases, respectively (Figure 7). These results 
demonstrate that high β8 and PD-L1 expression are rarely seen together on NSCLC tumor cells.

Discussion
We have demonstrated that αvβ8 expression by tumor cells drives tumor growth in vivo, and antibody inhi-
bition can significantly reduce tumor growth and improve survival. In an in vivo model using a PD-1–
responsive cell line, inhibition of  αvβ8 and PD-1 in combination achieve a 60% complete response rate. β8 
expression by tumor cells is important, since β8 expression increased the tumorigenicity of  LLC and B16 cell 
lines. Furthermore, inhibiting β8 expressed on LLC cells decreases tumor growth independently of  PD-1 or 
PD-L1/2, since β8 LLC tumors are completely refractory to PD-1 inhibition alone or in combination with 
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Figure 6. β8 expression in human carcinoma and melanoma specimens. A highly specific and sensitive anti-β8 antibody suitable for staining forma-
lin-fixed paraffin-embedded tissues (FFPE) was engineered, optimized, and extensively characterized (Supplemental Methods and Supplemental Figures 
15–19). Representative F9 immunostaining results of archival FFPE tissues of (A) lung adenocarcinoma; (B) lung squamous cell carcinoma; (C) ovarian car-
cinoma; (D) endometrioid adenocarcinoma (n = 3, all positive); (E) melanoma; (F) skin (n = 3, all positive); (G) breast ductal carcinoma in situ, high grade (n 
= 3, all positive); (H) breast invasive carcinoma; (I) prostatic adenocarcinoma; (J) colonic adenocarcinoma; (K) oral squamous cell carcinoma; and (L) gastric 
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β8 inhibition. Anti-αvβ8 increases effective antitumor immunity coincident with increased IFN-γ secretion 
by CD8+ T cells, increased tumor cell apoptosis, and decreased angiogenesis. β8 protein is not detected 
on immune cells, while the reverse is true for cell-surface TGF-β1, suggesting that tumor cell αvβ8 serves 
as a platform for TGF-β1 activation on tumor-infiltrating immune cells. Transcriptome profiling identifies 
macrophages as a key immune target in β8-mediated tumor promotion, since β8 inhibition increases a mac-
rophage proinflammatory tumor-eliminating gene expression signature, while decreasing expression of  mac-
rophage angiogenesis and TGF-β–responsive extracellular matrix genes. These findings may be relevant to 
human cancers, since αvβ8 is highly expressed by tumor cells in a variety of  human carcinomas. In subsets 
of  ovarian, breast, and lung cancers, high β8 expression is associated with decreased survival. Finally, high 
protein expression of  the integrin β8 subunit and PD-L1 are rarely seen concurrently in human NSCLC. 
These results raise the hypothesis that patients with high β8 expression in tumor cells may benefit from αvβ8 
inhibition with or without concurrent anti–PD-1/PD-L1 therapy.

The widespread immunohistochemical detection of  the β8 protein in malignant cells of  a variety of  
human carcinomas and melanomas and lack of  β8 detection in tumor stroma or immune cells is consistent 
with the hypothesis that β8 expression on tumor cells is the main driver of  β8-dependent protumorigenic 
effects. This does not exclude the possibility that immune or stromal cells with β8 expression below the 
level of  antibody detection also play a role in αvβ8 function. A recent study suggests that low levels of  
αvβ8 protein are expressed on the surface of  human intestinal DCs and Tregs, which is concordant with 
reports of  β8 mRNA in both cell types (40–42). However, we are unable to detect specific β8 expression 
on freshly isolated macrophages, DCs, T cells, Tregs, or NK cells from tumors using cell-surface staining. 
These results indicate that β8 is abundantly expressed by epithelial cells and neural derivatives, and not 
by immune cells. The fact that antibody inhibition of  αvβ8 only impacted the growth of  β8 LLC and not 
the non–β8-expressing mock LLC cells reinforces the relative importance of  β8 expression on tumor cells 
rather than host immune cells.

L-TGF-β is secreted mainly as a protein complex bound to immune, fibroblast, or endothelial cell 
surfaces or incorporated into the extracellular matrix by TGF-β binding proteins (e.g., LTBP1-4, GARP) 
or other proteins (8, 23, 43, 44). Attempts to immunohistochemically localize TGF-β isoforms to specif-
ic cellular compartments within tumors have been largely inconclusive due to antibody specificity (45). 
Therefore, staining of  cells isolated from disaggregated tumors is more reliable as a method to understand 
what cells present cell-surface L-TGF-β. In our models, tumor cells themselves do not express cell-surface 
L-TGF-β — rather, TAM and CD4+ and CD8+ T cells express cell-surface L-TGF-β. L-TGF-β has been 
previously reported on the surface of  DCs, B cells, and various T cells— in particular, CD4+ Tregs (46–51); 
however, to our knowledge, L-TGF-β has not been shown on the surface of  macrophages.

We hypothesize that αvβ8-expressing tumor cells serve as a platform for TGF-β activation when 
contacted by TGF-β–presenting TAM. As such, tumor cells could direct TGF-β–mediated activation at 
the tumor-stromal interface through direct contact with macrophages, an abundant immune cell type in 
tumors (52). In vivo, inhibition of  β8 increased macrophage expression of  mRNA for cxcl9, ccl6, and ccl24. 
Increased expression of  these molecules has been shown to promote chemotaxis and clonal expansion of  
immune cells expressing their cognate receptors (53–55). Consistent with this, blocking tumor cell β8 leads 
to redistribution of  tumor-infiltrating lymphoid cells into the tumor center, and it increased IFN-γ–produc-
ing intratumoral NK1.1+ and CD8+ T cells and decreased MHClo TAM, hallmarks of  effective antitumor 
immunity (56–58). Ultimately, treatment with β8 antibodies increases tumor cell apoptosis, which likely 
results from enhanced antitumor immunity (59) coupled with hypoxia due to decreased angiogenesis (60). 
Therefore, αvβ8-mediated TGF-β activation is likely to support a complex interaction network between 
tumor cells and immune cells within the tumor environment.

adenocarcinoma (n = 3, all positive). All images taken at 400×. Scale bar: 25 μm. Arrows indicate representative positive staining of tumor cell islands. (M) 
Summary of staining data from cohorts of tumor samples depicted in A–L, where n > 3. High-grade serous ovarian (n = 14), colon (n = 10), melanoma (n = 
10), breast (n = 8), lung (n = 29), prostate (n = 7), and mucosal squamous cell carcinoma (lung, oropharyngeal) (n = 22) were stained with F9, and staining 
was expressed as tumor proportion score (TPS), which represents the percentage of tumor cells with membrane staining compared with all tumor cells. 0 = 
TPS <1% (open bars); 1 = TPS 1%–49% (striped bars); 2 = TPS 50% or greater (filled bars). (N–P) High ITGB8 mRNA expression is correlated with decreased 
survival in subsets of breast, ovarian, and lung carcinomas. Kaplan-Meier curves of high vs. low ITGB8 mRNA expression in (N) triple-negative basal-type 
breast carcinoma (n = 186), (O) stage 3 or 4 serous ovarian carcinoma (n = 1,001), or (P) non–small cell lung carcinoma (n = 1,926). Kaplan-Meier plots were 
generated using KM plotter (http://kmplot.com), a web application supporting biomarker assessment for multiple carcinoma types and subtypes (35). 
HR, hazard ratio; significance found with logrank tests.
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A tumor stromal TGF-β signature is associated with nonresponse to PD-1 inhibitors in patients with 
urothelial carcinoma, which is associated with exclusion of  T cells from the tumor center (5). In a colon 
carcinoma model, TGF-β is associated with decreased PD-1 expression by T cells (4). How the TGF-β 
and PD-1/PD-L1 pathways interact is an area of  active investigation. We did not find any evidence that 
blocking αvβ8 impacts tumor cell-surface PD-L1/2 expression, nor does it enhance responsiveness to PD-1 
inhibition, in PD-1 nonresponsive β8 LLC tumors. Thus, while interactions between TGF-β and PD-1/
PD-L1 pathways may exist, our data suggest that αvβ8-mediated TGF-β activation and the PD-1/PD-L1 
pathways are independent pathways of  tumor immune evasion.

TGF-β can be targeted directly through inhibiting interactions of  mature TGF-β with its recep-
tor, or through inhibition of  TGF-β signaling. However, such global approaches perturb the essential 
homeostatic functions of  TGF-β and have been associated with toxicities in preclinical studies (61, 
62). Targeting the L-TGF-β activation mechanism provides improved cell type and context specificity, 
mitigating risk of  toxicity, a goal that targeting the L-TGF-β binding protein GARP or TGF-β activat-
ing integrins, such as αvβ8, potentially both accomplish (49, 63). However, antibodies targeting GARP 
have reduced efficacy in vivo compared with anti-β8, as might be expected because of  the restricted 
expression distribution of  GARP and the mechanism of  action of  targeting an adaptor protein rather 
than directly perturbing ligand-receptor interactions (40). All therapeutic approaches targeting the ubiq-
uitously expressed TGF-β ligand or the L-TGF-β complex are complicated by the challenge of  selecting 
and stratifying patients for clinical trials. Our study addresses this challenge by laying the groundwork 
for an intriguing therapeutic approach: targeting tumors with high expression of  β8 with neutralizing 
αvβ8 antibodies either alone or in combination with PD-1/PD-L1 inhibitors, depending on the PD-L1 
staining status.

Methods
Cell lines and reagents. LL/2 (LLC1) (ATCC, CRL-1642), B16-F10 (ATCC, CRL-6475), TRAMP-C2 (gift 
from Larry Fong, UCSF, San Francisco, California, USA), (CHO-K1 [ATCC, CCL-61], MC38 (UCSF 
Preclinical Core), TMLC (gift from John Munger, NYU Medical Center, New York, New York, USA), 
and CHOlec3.2.8.1 (gift from Pamela Stanley, Albert Einstein College of  Medicine, New York, New 
York, USA) were used throughout experimentation. CHOlec3.2.8.1 cells were stably transfected with 
human αv and β8 expression constructs, as previously described (64). Mouse tracheal epithelial cells were 
isolated from mouse tracheal epithelium and grown using conditional reprogramming (65). L-TGF-β1 
was produced as described (66). Isotype control anti-SV5 (67) hybridomas were grown and purified using 
FPLC, as previously described (17). Antibodies were tested for endotoxin to confirm levels <0.2 EU/μg 
as determined by LAL method, (Genscript). Anti–mouse PD-1 (RMP1-14) and rat IgG2a isotype con-
trol (clone 2A3) were purchased (Bio X cell). Clone 1D11 (ATCC) is a pan–TGF-β isoform monoclonal 
antibody that cross-reacts with TGF-β1, -2, and -3 of  human, mink, and mouse origin. Development and 

Figure 7. High expression of the integrin β8 subunit and PD-L1 are rarely seen concurrently in non–small cell lung carcinoma (NSCLC). (A and B) Sev-
enty-three archival lung adenocarcinoma cases were stained for the β8 integrin subunit and PD-L1 with antibody clone F9 for β8 and antibody clone E1N3 
for PD-L1. Expression was determined by tumor proportion score (TPS) for both β8 and PD-L1 and plotted on an (A) xy graph divided into TPS quadrants 
0%–49% or ≥50% (P = 0.7194 by McNemar’s test; Pearson r = –0.0394; P = 0.7403), or shown by (B) TPS as 0% (open bars), 1%–49% (striped bars), or 
50%–100% (filled bars) in column format.

https://doi.org/10.1172/jci.insight.122591


1 3insight.jci.org   https://doi.org/10.1172/jci.insight.122591

R E S E A R C H  A R T I C L E

characterization of  antibodies C6D4 and F9 are described in Supplemental Methods and Supplemental 
Figures 1 and 15–19. Recombinant integrins (αvβ1, αvβ3, αvβ5, αvβ6, αvβ8) were from R&D Systems.

Isolation and staining of  tumor and immune cells. Single cell suspensions were prepared from tumors by 
mincing and digesting with Collagenase NB8 (1 mg/ml; Crescent Chemical Co. Inc.), 0.1% hyaluronidase 
and 30 μg/ml DNAse I (MilliporeSigma) in RPMI 1640 for 90 minutes in a shaking 25°C incubator. After 
passing through a 70-μM nylon cell strainer (BD Biosciences), live tumor cells were negatively selected 
by magnetic beads (030-110-187, Miltenyi Biotec) or infiltrating lymphoid cells were enriched by density 
gradient centrifugation in Percoll (GE Heathcare) and harvested at the 40%/80% interface. For RNAseq, 
macrophages were positively selected by CD11b+, and CD4+ and CD8+ T cells were selected by negative 
magnetic bead separation (Miltenyi Biotech). For surface staining analysis or sorting, Fc receptors were 
blocked with 10 μg/ml (2.4G2, BD Biosciences), followed by fluorochrome-labeled antibodies: CD45 
(30.F11), CD25 (PC61), LAP-β1 (TW716B4), PD-L1 (B7-H1), and PD-L2 (TY75) (all from BioLegend); 
Ly6c (AL21), F4/80 (BM8), Gr1 (RB6-8C5), CD11b (M1/70), TCRβ (H57-597), CD19 (ID3), and NK1.1 
(PK136) (all from eBiosciences); MHCII (M5/114.14.2), CD11c (N418), CD4 (GK1.5), B220 (RA3-6B2), 
and CD206 (MMR) (all from BioLegend); and CD8α (5H10; Invitrogen). Cell-surface cytokine capture 
assay for IFN-γ (Miltenyi Biotec) was performed as described (68). Briefly, cells were washed once with 
2 ml of  cold RPMI buffer to remove any exogenous IFN-γ prior to binding to the IFN-γ catch reagent 
(Miltenyi Biotec). Cells were mixed briefly and incubated on ice for 5 minutes, prior to warming (37°C) 
and incubation for a 45-minute cytokine secretion window with the IFN-γ capture reagent, followed by 
washing and detection using the kit-supplied IFN-γ detection antibody. Flow cytometry acquisition was 
performed on a LSR II Flow Cytometer (BD Biosciences) and cell sorting by FACSAria (BD Biosciences) 
available through the Liver Center Flow Cytometry, or the Core Immunology Laboratory/CFAR Immu-
nology Cores, respectively, at the UCSF. Gating for myeloid populations (g-MDSC, m-MDSC, TAM) was 
performed essentially as described (69, 70), with the exception that we did not use CD206, as it does not 
discriminate between MHCIIhi and MHCIIlo macrophage populations (70). All gating strategies were per-
formed as shown (Supplemental Figures 9–13).

In silico gene expression analysis. The EMBL-EBI expression database (https://www.ebi.ac.uk/gxa/
home) was used to access curated RNAseq data from 675 commonly used human cell lines (71). Data 
were expressed as transcripts/million (TPM). KM plotter (http://kmplot.com) — a web application for 
meta-analysis–based biomarker assessment of  publically available gene expression data (GEO [https://
www.ncbi.nlm.nih.gov/geo/], EGA [https://www.ebi.ac.uk/ega/home], and TCGA [https://tcga-data.
nci.nih.gov/docs/publications/tcga/?]) for breast, ovarian, lung, gastric, and liver cancer (35) — was used 
to generate Kaplan-Meier survival statistics for patients with triple-negative basal-type breast carcinomas 
(n = 186), serous ovarian carcinomas (n = 1,001), and NSCLC (n = 1,926). Cutoffs were determined by the 
auto-select setting and optimal probe selection by Jetset (72).

Mice. C57BL/6 mice expressing GFP inserted into FoxP3 downstream of the endogenous Foxp3 STOP 
codon (B6.Cg-Foxp3tm2Tch/J) and WT C57BL/6 mice (all female except for TRAMP-C2 experiments using 
male), 8–10 weeks of age, were purchased (The Jackson Laboratory). Mice expressing the human bacterial arti-
ficial chromosome ITGB8 and not mouse itgb8 (itgb8–/–) have been described (73) and are congenic to C57BL/6 
(Jax Speed Congenic Service). For the B16 lung colonization model, 2 × 105 cells were injected via tail vein 
and lungs of WT C57BL/6 mice and harvested at day 18–19. For the MC38, TRAMP-C2, and LLC models, 
cells (MC38, 5 × 105; TRAMP-C2, 10 × 106; LLC, 1 × 106) were injected in the flank of C57BL/6 mice and 
harvested when tumor reached tumor volumes of 1,000–2,000 mm3. Tumor volumes were calculated using the 
formula (length × width2)/2, which was validated in MC38 and LLC models where calculated volumes show 
a high degree of correlation with tumor weight (Supplemental Figure 6). Isotype or C6D4 (7 mg/kg i.p.) was 
given on days 7, 10, 13, or 16 for the MC38 model, or on days 17, 22, and 27 after tumor cell injection for the 
TRAMP-C2 model. Isotype, C6D4, RMP1-14, or a combination of C6D4 and RMP1-14 were given on days 
0 and then once weekly for preventive dosing and once or twice weekly for therapeutic dosing on days 6, 9, 12, 
15 for the LLC model (10 mg/kg i.p.). For β8 LLC RNAseq experiments, isotype or C6D4 was therapeutically 
administered on days 5 and 12, and tumors were resected on day 18. For qPCR experiments, isotype or C6D4 
was therapeutically administered on days 6, 10, and 12, and tumors were resected on day 18.

TGF-β bioassay and adhesion assays. TGF-β bioassays were performed exactly as previously described 
(9). L-TGF-β was used at 0.5 μg/ml to coat a 96-well ELISA plate. CHOlec3.2.8.1 cells stably trans-
fected with αvβ8 were allowed to bind to the protein-coated wells for 30 minutes at room temperature. 
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Unbound cells were washed off  with PBS. The mAb C6D4 was added at the indicated concentration. 
Results were presented as stained cells detected after staining with crystal violet (OD590) with the values 
from cells adhering to BSA-coated wells subtracted.

Cell proliferation assay. Wells of  a 96-well were coated with L-TGF-β1 (2.5 μg/ml) blocked with 5% BSA 
and were washed. Cells (5 × 105) were added to coated wells, and after 24 hours, cell number was estimated 
calorimetrically (EZQuant, Alstem).

DNA constructs and transfection. Mouse full-length itgb8 cDNA was generated from a truncated itgb8 con-
struct (itgb8 tr pcDNA3.1, gift from Louis Reichardt, UCSF, San Francisco, California, USA) by inserting 
a PCR fragment generated using 5′-GTACTGATCCCAGAAGCATTGG-3′, 5′-CTCTGCGGCCGCT-
CATTAGAAGTTGCACCTGAAGGCC-3′. ΔSDL was amplified using β8 pcDNAneo as a template by 
splice overlap extension PCR with the mutagenic primer pair: 5-CTTTCGTCTTGGATTTGGCTCATAC-
GTAGATAAAGGATACATCCATGTGCTGTCTTTGACAGAGAAC-3′, 5′-GTTCTCTGTCAAAGA-
CAGCACATGGATGTATCCTTTATCTACGTATGAGCCAAATCCAAGACGAAAG-3′. cDNAs were 
inserting into pcDNA3.1 and pcDNA6. Transfections of B16 and LLC cells were performed using the Amaxa 
nucleofector system (Lonza).

RNAseq and qPCR. Total RNA was isolated using kits according to the manufacturer’s instructions 
(Qiagen). The quality of  the input RNA was confirmed by agarose gel electrophoresis and confirmed 
using the Agilent 2100 Bioanalyzer system. mRNA was purified from total RNA using poly-T oli-
go-magnetic beads, was fragmented, and was then used for first-strand cDNA synthesis with random 
hexamer primers and M-MuLV Reverse Transcriptase (RNase H). Second-strand cDNA synthesis was 
subsequently performed using DNA Polymerase I and RNase H. Double-stranded cDNA (ds-cDNA) 
was purified using AMPure XP beads (Beckman Coulter). The remaining overhangs of  the purified 
ds-cDNA were converted into blunt ends using exonuclease/polymerase. After adenylation of  3′ ends 
of  DNA fragments, adaptors with hairpin loop structure were ligated (NEBNext UltraTM RNA Library 
Prep Kit). cDNA fragments of  150–200 bp in length were purified using the AMPure XP system. The 
final library was achieved by PCR amplification and purification of  PCR products by AMPure XP 
beads. Library quality was assessed by Qubit2.0, the insert size verified by Agilent 2100, and qPCR 
used to quantify the library effective concentration (>2nM). The cDNA library was sequenced using an 
Illumina HiSeqTM 2000 platform. Clean reads were obtained by removing reads from the raw-seq reads 
containing low-quality reads and/or adaptor sequences and mapped to the mouse genome using STAR. 
The gene expression level was then calculated using the reads per kilo bases per million reads (RPKM) 
method. For pairwise comparisons, read count was adjusted by trimmed mean of  M values (TMM), 
and then, significance of  differential expression was determined using the EdgeR package, with signifi-
cance criterion set to q < 0.005 (Padj) and |log2 (fold change)| > 1. Differential expression analysis was 
performed using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Gene 
Ontology (GO) was used to determine significant overrepresentation of  GO terms of  DE genes. Data is 
available in the sequence read archive (accession no. SRP149751; https://www.ncbi.nlm.nih.gov/sra). 
qPCR was performed as previously described, with the exception that KiCqStart SYBR Green Primers 
(MilliporeSigma) were used (19).

Statistics. All data are reported as means ± SEM. Comparisons between 2 different groups were deter-
mined using 2-tailed Student’s t test. One-way ANOVA was used for multiple comparisons and Tukey’s or 
Bonferroni’s post-hoc tests used to test for statistical significance. Significance was defined as P < 0.05. All 
statistical analyses were performed using the software package Prism 7.0b (GraphPad Software).

Study approval. Archival surgical pathology material was obtained with full approval of  the UCSF IRB 
in full accordance with Declaration of  Helsinki principles. Written informed consent was received from 
participants prior to inclusion in the study. All animal studies have been approved by the UCSF IACUC.
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