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ABSTRACT

CD8 T-cell infiltration and effector activity in solid tumors are correlated with 
better overall survival of patients suggesting that the ability of T-cells to enter 
and to remain in contact with tumor cells supports tumor control. CD8 T-cells are 
known to express the collagen-binding integrins CD49a and CD49b, although 
little is known about the function of these integrins or how their expression is 
regulated in the tumor microenvironment (TME). Here, we found that tumor-
infiltrating CD8 T-cells initially express CD49b, gain CD49a, and then lose the 
expression of CD49b over the course of tumor outgrowth. This differentiation 
sequence is driven by antigen-independent elements in the TME, although 
T-cell receptor stimulation further increased CD49a expression. On intratumoral 
CD49a-expressing CD8 T-cells, CD69 was upregulated in the absence of T-cell 
receptor signaling, consistent with both the establishment of a tissue resident 
memory-like T-cell phenotype, and a lack of productive antigen engagement. 
Imaging T-cells in live tumor slices revealed that CD49a increases their motility, 
especially of those in close proximity to tumor cells. Thus, CD49a may block the 
interaction of T-cells with tumor cells by not allowing productive engagement. 
Together, our results illuminate a new mechanism of CD8 T-cell dysfunction in 
tumors, which is driven by and dependent upon antigen-independent elements 
in the TME. 
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INTRODUCTION

Survival of cancer patients is prolonged in those whose tumors are robustly 
infiltrated by T-cells (1–3). The extent of T-cell representation in tumors depends 
on several factors (4), including their capacity to utilize homing mechanisms as 
well as their ability to survive and to be retained in the tumor microenvironment 
(TME). Homing mechanisms used by tumor-infiltrating T-cells depend on 
expression of homing receptor ligands VCAM-1, ICAM-1, E-selectin, and 
CXCR3-binding chemokines on tumor-associated vasculature (5–7). However, 
the processes of T-cell retention and localization in tumors are less well-studied 
and likely depend on antigen recognition, interaction with extracellular matrix 
(ECM) proteins, and expression of molecules that mediate tissue egress into 
lymphatics (8–15). Specifically, interaction with ECM could either retain T-cells 
in tumor tissue generally or sequester T-cells in ECM-rich areas, preventing them 
from engaging with tumor cells (16,17). T-cell interactions with ECM proteins, 
including collagens, can be mediated by integrins such as a1b1 (CD49a) and a2b1 
(CD49b) (18). CD49a and CD49b predominantly bind to collagen type IV and 
type I, respectively (5,18–21). Blocking CD49a interaction with collagen in vivo 
has been shown to decrease the number of intraepithelial CD8 T-cells in the gut 
under homeostatic conditions and to decrease total T-cell numbers in mucosal 
tumors (22,23). Furthermore, CD49a signaling is associated with increased T-cell 
motility in tissues (24–26). Together, these findings suggest that interactions 
between ECM collagens and T-cell integrins in tumors could determine overall 
T-cell numbers and localization, and also their ability to engage with target cells 
productively. Importantly, whether these processes are supported or impaired by 
CD49a and CD49b equally and how each specifically impacts T-cell function in 
tumors remains to be elucidated.  

CD49b is expressed on a fraction of effector T-cells in the context of arthritis, 
influenza or LCMV infection and in tumors, while CD49a expression is limited to 
a fraction of effector cells specifically localized to peripheral tissue sites in these 
models (18,21,27,28). CD49a is also expressed on tissue resident memory T-cells 
(TRM) in lung, skin and mucosal sites (29). Neither CD49a or CD49b are expressed 
on naïve or circulating memory T-cells (18,30,31). T-cell receptor (TCR)-mediated 
activation is thus likely required for the expression of these integrins, while CD49a 
may additionally require stimulation provided by an element in the peripheral 
tissue microenvironment. We previously observed increased expression of CD49a 
and CD49b on human CD8 T cells after in vitro TCR stimulation, and expression 
was further enhanced by TGFβ, TNFα, and IL-2 (31). Others have found that 
the presence of CD49a+ TRM cells in mice depends on TGFβ and Notch signaling 
(32,33).  However, it is not known whether any of these are dominant mediators 
of CD49a and CD49b expression during an immune response in vivo, or in chronic 
inflammatory environments or tumors. Thus, in addition to understanding their 
direct role in T-cell function, it is important to further understand the regulation 
and expression dynamics of collagen-binding integrins CD49a and CD49b in vivo. 
Based on known expression patterns as described above, we hypothesized that 
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CD49a and CD49b expression on CD8 T-cells is tightly regulated during antigen-
driven differentiation, as well as by anatomical residence of the activated T-cell. 
To address this, we determined the dynamics of CD49a and CD49b integrin 
expression on CD8 T-cells during vaccine-induced and anti-tumor immune 
responses. Furthermore, we utilized adoptive transfer of specific integrin-
expressing T-cell populations to track their differentiation over time in tumor-
bearing hosts. We established separate roles of antigen-driven differentiation and 
elements in the TME in controlling the expression of CD49a and CD49b by CD8 
T-cells. We also hypothesized that CD49a and CD49b play distinct roles in T-cell 
function by affecting T-cell location and motility. Therefore, we determined how 
expression of either integrin affects CD8 T-cell functional capacity in tumors and 
how expression correlated with the generation of exhausted and TRM phenotypes. 
Our studies revealed a potentially important role for CD49a in T-cell motility and 
ability to engage with tumor cells. 

METHODS

Mice
C57BL/6 mice were from Charles River/NCI. CD2-dsRed (kindly provided by 
Jordan Jacobelli at the University of Colorado, Anschutz Medical Campus), Nur77-
GFP reporter (C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J) (34), OT-I transgenic 
(C57BL/6-Tg(TcraTcrb)1100Mjb/J), and Thy1.1 congenic mice (B6.PL-Thy1a/
CyJ ) (Jackson Laboratories) were bred in-house in a pathogen-free facility. For 
tumor studies, male and female mice between 6-12 weeks of age were used. 
All procedures were approved by the University of Virginia Animal Care and Use 
Committee in accordance with the NIH Guide for Care and Use of Laboratory 
Animals. 

Tumor lines and injections
BRPKp110 breast carcinoma cells (expressing GFP) were provided by Jose 
Conejo-Garcia and Melanie Rutkowski (35). B16-F1 cells were obtained from the 
American Type Culture Collection and transfected with cytoplasmic ovalbumin 
(OVA) as described(36). Cells (4x105) were injected subcutaneously (SC) in the 
neck scruff in 200ml Phosphate-Buffered Saline (PBS). All cell lines used for 
tumor injections were cultured a within 2-8 passages post thaw and testing for 
mycoplasma contamination.

In vitro T-cell activation and culture
Single cell suspension of spleens from OT-IxThy1.1 or C57BL/6 mice were filtered 
through 70m mesh (Miltenyi) and treated with red blood cell (RBC) lysis buffer 
(Sigma). CD8 T-cells were enriched with magnetic beads (Miltenyi) according to 
the manufacturer’s protocol, and cultured at 1x106 cells/ml in RPMI1640 with 10% 
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Fetal Bovine Serum (FBS) (Sigma), 15mM Hepes, 2mM L-glutamine, 10mM sodium 
pyruvate, 1X essential and non-essential amino-acids, 1mg/ml gentamicin (all 
from Gibco), 0.05mM β-mercaptoethanol (Sigma), 120 IU/ml human recombinant 
IL-2 and 10ng/ml murine recombinant IL-7 (Peprotech). CD3/CD28 T activator 
beads (Gibco) were added for the first 48h, after which they were magnetically 
removed. Cells were split to 1x106 cells/ml with fresh medium every 2-3 days. 

Tumor lysates for addition to OT-I cell cultures were generated from day 28 
BRPKp110 tumors. Tumors were harvested, cut into small pieces, resuspended in 
H2O for 20 min, and sonicated on ice for 20 min (30 sec on, 30 sec off throughout) 
with a Sonic Dismembrator Model 500 (Fisher Scientific), amplitude of 37%. 
Lysates were centrifuged at 10,000 x g for 20 min at 4°C. Supernatants were 
collected, filtered through a 0.2m filter and supplemented with PBS containing 
10% FBS (Sigma), 15mM Hepes, 2mM L-glutamine, 10mM sodium pyruvate, non-
essential amino-acids, essential amino-acids, 1mg/ml gentamicin (all from Gibco) 
and 0.05mM β-mercaptoethanol (Sigma).

Vaccination and adoptive cell transfer
Single cell suspension of spleens from OT-IxThy1.1 mice were filtered through 
70m mesh (Miltenyi), treated with RBC lysis buffer (Sigma), washed in PBS, and 
injected intravenously (IV) (5x104 cells) into naïve Thy1.2+ C57BL/6 mice. The 
next day, mice were injected IV with 500mg ovalbumin (Sigma), 50mg anti-CD40 
(BioXcell) and 100mg polyIC (InvivoGen). Five days post vaccination, filtered and 
RBC lysed single cell suspensions of spleens were depleted of CD49a+ cells and 
subsequently enriched for CD49b+ cells. Cells were incubated with biotinylated 
CD49a (Miltenyi) or CD49b (clone HMa2, Biolegend) specific antibodies for 15 
min, washed in PBS supplemented with 0.5% BSA, 2mM EDTA, 2mM L-glutamine, 
10mM sodium pyruvate, 1X essential and non-essential amino acids, and 
(concentration) dextrose, and incubated with anti-biotin microbeads (Miltenyi) 
for 15 min. Cells were then depleted (CD49a) or enriched (CD49b) with magnetic 
separation columns (Miltenyi). The fraction of Thy1.1+ OT-I cells was quantitated 
and 1x106 Thy1.1+ cells were injected IV into tumor bearing mice in 200ml PBS 
supplemented with 15,000U/ml IL2.

In vivo checkpoint inhibitor blockade
Mice were treated intraperitoneally with anti-PD-1 (clone RMP1, BioXCell), anti-
LAG-3 (clone C9B7W, BioXCell), and anti-TIM-3 (clone RMT2-23, BioXCell) or 
matching IgG isotype controls (clones HRPN and 2A3, BioXCell) (250mg/mouse 
for each antibody) 48h prior to tumor harvest.

Tumor harvest
At indicated time points, tumors were harvested in RPMI-1640 supplemented with 
2% FBS (Sigma), 15mM HEPES, 2mM L-glutamine, 10mM sodium pyruvate, 1X 
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essential and non-essential amino acids (all Gibco), 0.05mM b-mercaptoethanol 
(Sigma), 1mg/ml gentamicin (Gibco), 76mg/ml liberase TM (Roche) and 40mg/ml 
DNAse (Sigma). Tumors were digested for 15 min at 37°C and homogenized to 
a single cell suspension. The CD45 fraction was enriched with magnetic beads 
(Miltenyi) and the Miltenyi Automacs system. 

Flow cytometry
Cells were Fc blocked (BioXcell), stained with Aqua Live/Dead dye and stained 
with fluorescently labeled antibodies (Supplemental Table 1). The BD Cytofix/
Cytoperm and BD Transcription Factor Staining kits were used for fixation/
permeabilization in intracellular and intranuclear stains, respectively. Cells 
were analyzed on Cytoflex (Beckman Coulter) or Attune (BD Biosciences) flow 
cytometers and analyzed with FlowJo software. 

Live tumor slice imaging
Tumors were harvested and directly embedded in 2% low-melting point agarose. 
Tissue was cut into 100-200µm slices and placed in RPMI1640 without phenol 
red (Gibco). From each tumor, 3 slices were cut and either left untreated, treated 
with 10µg/ml purified CD49a antibodies (clone Ha/31, BD Biosciences) or 10µg/
ml purified CD49b antibodies (clone HMa2, BD Biosciences) for 2h at room 
temperature. Slices were mounted and stabilized in an imaging chamber under 
the microscope objective lens. Imaging was conducted using an in-line heating 
chamber with circulating media maintained in oxygenated RPMI1640 without 
phenol red (Gibco) at a flow rate of ~2ml/min. Cells were imaged using a two-
photon microscope (Leica TCS SP8) with a Coherent Chameleon laser tuned to 880 
nm with a 25X water-immersion lens (0.9NA). Fluorescence was detected using 
three photomultiplier tubes in whole-field detection mode and a 565nm dichroic 
mirror with 450/50nm (blue channel) 525/50nm (green channel) and 620/60nm 
(red channel) emission filters. The laser power was maintained at 25mW or below. 
We imaged cells between 78-84µm from the slice surface. Images were collected 
for at least 30 minutes. Typically, consecutive z-stack images were collected at 
3µm intervals every minute. Movies were generated and processed using with 
Imaris software for analysis. 

Statistical analysis
In flow cytometry experiments, when comparing integrin-expressing 
subpopulations, a Repeated-Measures one-way ANOVA with Tukey’s multiple 
comparisons test was performed. When different time points, or treatment 
groups were tested, a Welch’s corrected T-test was used. For imaging analyses 
of T-cell motility and distance to collagen or tumor cells, all T-cell spots for the 
slices evaluated were combined and compared amongst groups with an ordinary 
one-way ANOVA with Tukey’s multiple comparisons test. Trends were confirmed 
by comparing groups with the same test for T-cell spots per tumor.
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RESULTS

Identification of CD49a and CD49b expressing subpopulations of CD8 T 
cells in murine B16 melanoma and BRPKp110 breast tumor models
We previously showed that CD49a and CD49b integrins are expressed on CD8 
tumor infiltrating lymphocytes (TIL) from human melanomas, but they are almost 
completely absent on CD8 T cells from normal donor PBMC or tumor-free 
lymph nodes from patients (31,37). Additionally, we showed that expression of 
these integrins identified human CD8 TIL subpopulations that varied in levels of 
perforin, CD127, PD-1, LAG-3 and TIM-3. To further elucidate the origin and 
evolution of these tumor-associated subpopulations, we utilized two implantable 
murine tumor models: collagen-rich breast cancer BRPKp110 and collagen-poor 
melanoma B16-F1 (38). In both models, we observed CD49aCD49b double 
negative (DN), CD49b single positive (SP), CD49aCD49b double positive 
(DP) and CD49a SP populations (Fig. 1B). Collagen-rich BRPKp110 contained 
proportionally more CD49a- and CD49b-expressing cells than collagen-poor 
B16-F1 (Fig. 1B). Although the CD49b SP subpopulation was more abundant in 
both murine models than in human TIL, the same subpopulations of retention 
integrin expressing cells were present in both mouse and human TIL, allowing us 
to further understand their characteristics.  

CD49b- and CD49a-expressing CD8 T-cells appear sequentially after 
immunization and in the tumor microenvironment
To understand the regulation of CD49a and CD49b expression during an immune 
response, we evaluated ovalbumin-specific OT-I cells after ovalbumin (OVA) 
immunization. Early after activation (day 3), expression of CD49a and CD49b 
remained low and comparable to that of resting OT-I cells (Fig. 1C). By day 5, the 
fraction of OT-I cells expressing CD49b increased markedly, while the fraction 
expressing CD49a did not increase until day 9 (Fig. 1C, Supplemental Fig. 2A). 
By day 14, an overall decline in cells expressing CD49b was observed (Fig. 1C). 
Next, we quantitated CD49a and CD49b expressing subpopulations among CD8 
TIL over the course of BRPKp110 tumor outgrowth. All 4 subpopulations were 
evident 14 and 23 days after tumor implantation (Fig. 1D). However, the fraction 
of CD49b SP cells was higher on day 14, while the fractions of CD49a SP cells 
and DP cells were increased at the later timepoint (Fig. 1E,F).  These transitions 
in integrin-expressing subpopulations were accompanied by an early increase in 
the absolute number of CD49b SP and DP cells, followed by a decline in the 
CD49b SP cells and an increase in the absolute number of CD49a SP cells later in 
tumor development (day 23) (Fig. 1F). The absolute number of DN cells remained 
low and constant throughout. Collectively, these results establish that the four 
subpopulations identified in tumors are not stable, but arise sequentially during 
the course of an immune response.  
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Figure 1: CD49b and CD49a expressing CD8 T-cells arise sequentially during immune responses 
induced by vaccination or tumor. (A) Single cell suspensions of human metastatic melanoma 
lesions were analyzed for CD49a and CD49b expression on CD3+ CD8+ cells. (B) C57BL/6 mice 
were implanted SC with BRPKp110 breast carcinoma (n=21, 4 independent experiments) and 
murine B16-OVA melanoma (n=15, 3 independent experiments) samples. Tumors were 
harvested on day 14, single cell suspensions were prepared and enriched CD45+ cells were 
analyzed for CD49a and CD49b expression on CD3+ CD8+ cells. (C) Thy1.1+ OT-I splenocytes 
were transferred IV into C57BL/6 mice, which were subsequently immunized with OVA, polyIC, 

   
Figure 1: CD49b and CD49a expressing CD8 T-cells arise sequentially during immune 
responses induced by vaccination or tumor. (A) Single cell suspensions of human metastatic 
melanoma lesions were analyzed for CD49a and CD49b expression on CD3+ CD8+ cells. (B) 
C57BL/6 mice were implanted SC with BRPKp110 breast carcinoma (n=21, 4 independent 
experiments) and murine B16-OVA melanoma (n=15, 3 independent experiments) 
samples. Tumors were harvested on day 14, single cell suspensions were prepared and 
enriched CD45+ cells were analyzed for CD49a and CD49b expression on CD3+ CD8+ 

cells. (C) Thy1.1+ OT-I splenocytes were transferred IV into C57BL/6 mice, which were 
subsequently immunized with OVA, polyIC, and anti-CD40. Baseline OT-I spleens (pre-
transfer) or spleens harvested on the indicated days post transfer and vaccination (n=3 
per time point) were analyzed for CD49a and CD49b expression on Thy1.1+ CD3+ CD8+ 
cells by flow cytometry. (D-G) Subcutaneous BRPKp110 tumors were harvested on the 
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indicated days, and the CD45+ enriched fraction was analyzed for CD49a and CD49b 
expression on CD3+ CD8+ cells. (E) n=23-24, 5 independent experiments. Day 14 (D14) 
and day 23 (D23) were compared within each subset with a Welch’s corrected T-test. (F) 
n=6-8 per time point from 2 independent experiments. (G) Groups of BRPKp110-bearing 
mice received daily IP injections with either saline or FTY720, starting on day 14 to block 
migration of additional T-cells from secondary lymphoid organs to the tumor. N=14-20 
mice per group from 3 independent experiments. Groups were compared within subsets 
with a Welch’s corrected T-test.

Change in integrin expression occurs specifically in the TME
Our results suggest either that CD49b and CD49a are sequentially expressed on 
CD8 TIL over the course of tumor outgrowth, or that separate subpopulations of 
CD8 T-cells with distinct integrin expression patterns are sequentially generated 
during vaccine-induced and anti-tumor immune responses. To test the latter 
hypothesis, we utilized FTY720 to block new T-cell infiltration from the periphery, 
starting on day 14 after tumor implantation. Despite that blockade, the proportion 
of CD49a SP cells still increased between day 14 and 23 (Fig. 1G). Interestingly, 
this increase was also significantly greater after FTY720 treatment compared to 
the saline control (Fig. 1G), potentially because the entry of new CD49b SP cells 
was also blocked. Together, these data suggest that CD49b SP cells differentiate 
into CD49a SP cells in the TME over time, with DP cells as a likely intermediate.

CD49a is upregulated on CD49b SP CD8 T-cells after they enter the TME
To interrogate if the TME drives upregulation of CD49a on CD49b SP cells 
independent of cognate antigen, we transferred CD49b SP cells into mice bearing 
OVA-negative tumors. First, mice that had been adoptively transferred with 
OT-I cells were immunized with OVA, leading to upregulation of CD49b on a 
substantial fraction of the OT-I cells (Fig. 1C). Five days post immunization, we 
purified CD49b SP OT-I cells from spleens and transferred them into either naïve, 
tumor-free or established (day 14), OVA-negative BRPKp110 tumor-bearing mice 
(Fig. 2A). Seven days post transfer, CD49b SP OT-I cells transferred into non-
tumor bearing mice failed to upregulate CD49a and had significantly diminished 
expression of CD49b (Fig. 2B). This contrasts with the behavior of these cells in 
the original immunized mice, in which CD49a was upregulated over time (Fig. 1C). 
CD49b SP OT-I cells transferred into mice with BRPKp110 tumors trafficked to 
tumors consistently and numerously, despite the lack of OVA expression (Fig. 2C). 
CD49a was expressed on 50-60% of the intratumoral OT-I cells within 24h and 
virtually all cells expressed CD49a after 7 days (Fig. 2D). At early time points most 
of the cells were DP, but a CD49a SP subpopulation was evident after 7 days, 
suggesting DP OT-I cells lose CD49b over time (Fig. 2D). Importantly, transferred 
CD49b SP OT-I cells isolated from the spleens of these tumor-bearing mice never 
upregulated CD49a, and showed a significantly lower CD49b expression (Fig. 
2E,F), similar to the behavior seen in non-tumor bearing mice (Fig. 2B). 
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Figure 2: CD8 T-cell differentiate in a stepwise manner from a CD49b SP to DP to CD49a SP in 
the TME. (A) Schematic of experimental immunization and adoptive transfer model. Details 
are in Methods and Results. (B) Spleens from tumor-free mice were harvested 1 or 7 days 
post transfer (PT) of CD49b SP Thy1.1+ OT-I effectors and analyzed for CD49a and CD49b 
expression on Thy1.1+ CD3+ CD8+ cells by flow cytometry (n=12-13 from 4 independent 
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experiments, groups were compared with a Welch’s corrected T-test). (C-I) Tumors or 
spleens from BRPKp110 tumor-bearing mice were harvested on the indicated days post 
transfer (PT) of CD49b SP Thy1.1+ OT-I effectors. Tumor suspensions were enriched for 
CD45+ cells and the number of accumulated Thy1.1+ CD3+ CD8+ cells (C, n=6 per time point, 
2 independent experiments) and CD49b and CD49a expression on accumulated Thy1.1+ 

CD3+ CD8+ cells (D, F, G, H, I; n=17-19 per time point from 4 independent experiments) 
was evaluated by flow cytometry. Time points in (D) were compared in each subpopulation 
with a Welch’s corrected T-test. Splenocytes were analyzed for CD49a and CD49b 
expression on Thy1.1+ CD3+ CD8+ cells by flow cytometry (E, F). Comparisons in (E) were 
done with an ordinary one-way ANOVA. (G-I) Thy1.1+ OT-I splenocytes were activated and 
transferred IV into BRPKp110-bearing C57BL/6 mice, as described in (A). Mice received 
daily IP injections FTY720 or saline control starting at day 1 PT, to block migration of 
additional T-cells from secondary lymphoid organs to the tumor. Tumors were harvested 
on day 7 post transfer and enriched CD45+ fractions were analyzed for CD49b and CD49a 
expression on Thy1.1+ CD3+ CD8+ cells (n=9-11 per group from 2 independent experiments).

These data did not exclude the possibility that OT-I cells upregulated CD49a 
elsewhere in the animal, and then infiltrated the tumor. To test this latter 
possibility, we transferred CD49b SP activated OT-I cells into BRPKp110 tumor-
bearing mice and treated them with FTY720 starting 1 day post transfer. Despite 
reducing CD8 T-cell numbers in the blood (Supplemental Fig. 3A), FTY720 had 
no impact on the number of tumor-infiltrating OT-I cells (Supplemental Fig. 
3B). Additionally, FTY720 treatment did not change the reduction in CD49b 
expression (Fig. 2G) and the induction of CD49a expression on OT-I TIL (Fig. 2H), 
or the overall proportions of SP and DP OT-I cells in the spleen or tumor (Fig. 2I, 
Supplemental Fig. 3C). This demonstrates that CD49a is upregulated on CD49b SP 
cells after they enter the tumor. Overall, our data indicate that activation-induced 
differentiation of CD8 T-cells is insufficient to induce CD49a, and that this is instead 
dependent on an environmental factor, present both in spleens of immunized 
mice and the TME, that upregulates CD49a independent of antigen-stimulation. 

A soluble factor in the TME upregulates CD49a expression on CD8 T-cells
We hypothesized that the mediator(s) responsible for CD49a upregulation might 
be intrinsic to the tumors. To test this, we cultured in vitro activated OT-I cells 
with lysates from 28-day old BRPKp110 tumors. The lysate upregulated CD49a 
on most of these cells within 24h, independent of CD49b status, and without 
apparent change in CD49b expression (Fig. 3A). Since CD49a is upregulated on 
activated human CD8 T-cells in vitro by TGFβ(31), in vitro activated OT-I cells 
were cultured with BRPKp110 tumor lysates in the presence of TGFβ1-3 blocking 
antibodies. However, there was no difference in CD49a upregulation (Fig. 3B). 
Blocking TGFβ1-3 with the same antibodies during BRPKp110 tumor outgrowth in 
vivo only modestly diminished the fraction of CD49a+ CD8 TIL (Supplemental Fig. 
4A). Additionally, culturing in vitro activated OT-I cells with recombinant TGFβ1 
did not induce CD49a expression, although it did diminish CD49b expression (Fig. 
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3B, Supplemental Fig. 4B). Thus, a soluble factor other than TGFβ that is present 
in tumor lysates upregulates CD49a expression on CD8 T-cells in vitro and is likely 
responsible for induction of CD49a on CD8 TIL in vivo.

Figure 3: Soluble tumor-derived factors are responsible for upregulation of CD49a. (A, 
B) Thy1.1+ CD8+ OT-I cells were activated with CD3/CD28 activation beads, cultured 
in presence of IL-2 and IL-7, and then cultured for 24h with BRPKp110-derived tumor 
lysate (A) or recombinant human TGFβ1, BRPKp110 tumor lysate, or tumor lysate with 
added TGFβ blocking antibody (B). Cells were evaluated for CD49a expression by flow 
cytometry. (C-G) Thy1.1+ OT-I Nur77-GFP reporter splenocytes were transferred into 
C57BL/6 mice that were subsequently immunized with OVA, polyIC, and anti-CD40, and 
CD49b SP Thy1.1+ OT-I effectors isolated and transferred into B16-F1 or B16-OVA tumor-
bearing or tumor-free mice as in Figure 2A. Tumors or spleens from tumor-bearing mice 
were harvested 1 or 7 days post transfer and the number of accumulated Thy1.1+ CD3+ 

CD8+ cells (C), and Nur77-GFP expression (D) and CD49b and CD49a expression (E-G) 
on accumulated Thy1.1+ CD3+ CD8+ cells evaluated by flow cytometry. Each time point 
and group contained n=6-10 from 2 independent experiments and direct comparisons 
between groups within a time point were tested with a Welch’s corrected T-tests. 
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Antigen stimulation augments environmentally-induced expression of 
CD49a
We next addressed the impact of TCR stimulation on the expression of CD49a 
and CD49b integrins, beyond the early TCR-induced upregulation of CD49b. 
BRPKp110 expresses very low levels of MHC-I molecules, and BRPKp110 
transfected with OVA is very poorly recognized by OT-I cells in vitro and in vivo 
(not shown). Consequently, activated CD49b SP OT-I cells were transferred 
into mice bearing B16-F1 melanomas, either non-transfected or transfected 
to express OVA (B16-F1 and B16-OVA, respectively). These OT-I cells came 
from Nur77-GFP reporter mice, enabling us to measure TCR signaling in the 
transferred population. OT-I cells trafficked into both types of tumors, but their 
number was substantially increased over 7 days when tumors expressed OVA 
(Fig. 3C). A significant fraction of cells transferred into B16-OVA tumor-bearing 
mice upregulated Nur77, indicating local activation by antigen, whereas no Nur77 
was expressed in OT-I cells isolated from spleens of B16-OVA bearing-mice or in 
spleens and tumors of B16-F1 bearing-mice (Fig. 3D). In B16-F1 tumor-bearing 
mice, OT-I cells lost CD49b in spleen and tumor comparably (Fig. 3E,F). Thus, 
in contrast to the BRPKp110 TME (Fig. 2D), the B16-F1 TME does not support 
CD49b maintenance. In B16-OVA tumor-bearing mice, CD49b was maintained 
on OT-I cells in the spleen, and lost in the TME, although not to the same extend 
as in B16-F1 tumors (Fig. 3E,F). These results suggest that TCR stimulation not 
only upregulates CD49b, but also maintains its expression. However, aspects of 
the TME, such as TGFβ1 or continuous antigen exposure, may diminish CD49b 
expression. As was observed in BRPKp110 tumors, CD49a was upregulated 
on CD49b SP OT-I cells in B16 tumors but not spleens of tumor-bearing mice, 
and this occurred regardless of antigen (Fig. 3F,G). However, the upregulation 
was significantly greater by day 7 in B16-OVA than B16-F1 tumors. Although 
it is possible that B16-OVA could support the selective proliferation of CD49a-
expressing subpopulations, a more likely explanation is that antigen stimulation 
augments the TME-dependent upregulation of CD49a expression.

Expression of exhaustion markers is not linked to differential expression 
of CD49b and CD49a
CD8 TIL become exhausted over time due to chronic antigen stimulation(39). 
Since both the TME and antigen stimulation drove CD49a upregulation, we 
determined how CD49a expression and expression of exhaustion markers PD-1, 
LAG-3 and TIM-3 were associated. Due to the low numbers of transferred cells 
recovered from BRPKp110 and B16-F1 tumors, it was not possible to evaluate 
this association as driven by the TME in the absence of antigen. However, we 
did evaluate integrin-expressing subpopulations arising after transfer of CD49b 
SP OT-I cells into B16-OVA tumor bearing mice. At the time of transfer, CD49b 
SP OT-I cells adoptively transferred into tumor-free or B16-OVA tumor-bearing 
mice expressed PD-1 uniformly, but expressed low levels of LAG-3 and TIM-3, 
consistent with an effector T-cell phenotype (Fig. 4A). Seven days after transfer 
into tumor-free mice, a fraction of OT-I cells in the spleen had lost PD-1 expression 
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and the gMFI on the remaining PD-1+ OT-I cells was substantially lower (Fig. 4B). 
Expression of LAG-3 and TIM-3 on OT-I, though already low at time of transfer, 
was decreased further. In B16-OVA tumor-bearing mice, exhaustion marker 
expression on splenic OT-I cells 7 days after transfer was similar to that of tumor-
free mice (Fig. 4C). In contrast, PD-1 expression was maintained on all OT-I cells 
that infiltrated B16-OVA tumors while the MFI was also substantially increased. 
They also upregulated LAG-3 and TIM-3. These results establish that adoptively 
transferred CD49b SP OT-I cells acquire an exhausted phenotype based on 
residency in an antigen-expressing TME. To test whether the upregulation 
of CD49a was associated with generation of an exhausted phenotype, we 
evaluate PD-1, LAG-3 and TIM-3 expression on each integrin-expressing OT-I 
subpopulation, 7 days post transfer. Compared to CD49b SP OT-I phenotype 
at the time of transfer, PD-1 remained expressed on essentially all cells in all 4 
subpopulations, and TME-induced upregulation of the level of expression was 
also consistent (Fig. 5A). The percentage of DP cells expressing LAG-3 and TIM-
3 was very slightly but significantly higher than that of CD49b SP and DN cells, 
but there was no further increase in the CD49a SP population (Fig. 5A). Similarly, 
when naïve OT-I cells were transferred prior to B16-OVA implantation and thus 
activated in vivo by tumor-derived OVA, these exhaustion markers were not 
differentially expressed among integrin-expressing subpopulations (Supplemental 
Fig. 5). These results suggest that acquisition of an exhausted phenotype is largely 
independent of CD49a expression. 

We also examined the endogenous CD8 T-cells from the same B16-OVA tumors 
analyzed above, as well as endogenous CD8 T-cells from BRPKp110 and B16-F1 
tumors. In contrast to the results above, the fractions of endogenous DP and 
CD49a SP subpopulations expressing PD-1, LAG-3, Tigit and/or TIM-3 in B16-
OVA and BRPKp110 tumors were significantly higher than that of the CD49b 
SP cells, as was the gMFI of PD-1 (Fig. 5B,C). These same trends were observed 
in B16-F1 tumors, although the fractions of the subpopulations expressing 
PD-1 were not different (Fig. 5D). However, the CD49a SP subpopulation only 
significantly differed from the DP population in B16-OVA tumors, and only in 
relation to expression of PD-1 and LAG-3. Thus, there is an association between 
the gain of an exhausted-like phenotype and CD49a expression on endogenous 
CD8 TIL. As described earlier (Fig. 1G), endogenous T-cells are likely infiltrating 
into tumors continuously, in contrast to transferred OT-I cells. Endogenous CD49b 
SP cells are therefore “newer” on average and for that reason, less exhausted. This 
suggests that the association between integrin differentiation and an exhausted 
phenotype on endogenous CD8 TIL is temporal, but not mechanistically linked.  
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Figure 4. Exhaustion marker expression is driven by environment and antigen-driven 
differentiation. Experiments were set up as in Figure 2A. Expression of PD-1, LAG-3, TIM-
3 and Tigit on isolated CD49b SP Thy1.1+ OT-I cells were determined by flow cytometry. 
(A) 5 days after vaccination, and prior to transfer. (B) Seven days after transfer into tumor-
free mice. (C) Seven days after transfer into B16-OVA tumor-bearing mice (n=10 from 2 
independent experiments). Exhaustion marker expression between spleens and tumors 
were compared with a Paired T-test. 
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Figure 5: Progression of integrin expression is linked to gain of exhaustion phenotype on 
endogenous CD8 T-cells. Experimental details were as in Figure 2A.  The indicated exhaustion 
markers were evaluated on either Thy1.1+ OT-I cells isolated from B16-OVA tumors seven days 
after transfer (A), or endogenous Thy1.1neg CD3+ CD8+ cells isolated from the same B16-OVA (B; 

Figure 5: Progression of integrin expression is linked to gain of exhaustion phenotype 
on endogenous CD8 T-cells. Experimental details were as in Figure 2A.  The indicated 
exhaustion markers were evaluated on either Thy1.1+ OT-I cells isolated from B16-OVA 
tumors seven days after transfer (A), or endogenous Thy1.1neg CD3+ CD8+ cells isolated 
from the same B16-OVA (B; n=10), B16-F1 (C; n=9) and BRPKp110 (D; n=12) tumors 
evaluated in Fig. 4C-E. Marker expression between subpopulations was compared with a 
Repeated Measures one-way ANOVA and Tukey’s multiple comparisons test. 
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CD49b SP cells can engage with antigen, whereas TCR signaling is low or 
absent in DP and CD49a SP cells 
Based on the elevated expression of exhaustion markers on endogenous CD49a+ 

CD8 T-cells, we hypothesized that these cells would be less functional in vivo. 
To test this, BRPKp110 tumors were implanted into Nur77-GFP reporter mice. 
As hypothesized, DP and CD49a SP subpopulations showed significantly less 
TCR signaling than CD49b SP cells, as measured by Nur77 expression (Fig. 6A, 
Supplemental Fig. 6A). In fact, Nur77 expression in the CD49a SP cells was not 
higher than the baseline expression in CD8 T-cells from non-draining lymph 
nodes. Irrespective of CD49a or CD49b expression, no CD8 TIL expressed IFNg 
or TNFa directly ex vivo after in vivo brefeldin A treatment 4-6h prior to harvest 
(Fig. 6B). However, significant fractions expressed IFNγ, TNFα and surface 
CD107a after in vitro restimulation for 4-6h with anti-CD3/CD28, demonstrating 
that they are active outside the context of a tumor (Fig. 6C, Supplemental Fig. 6B). 
Interestingly, IFNg, CD107a and TNFa were expressed on larger fractions of DP 
cells than either SP subpopulation. Importantly, all subpopulations upregulated 
Nur77 equivalently upon re-stimulation for 12 hours with anti-CD3/CD28 in vitro 
(Fig. 6D). These data demonstrate that, while all subpopulations are suppressed 
downstream of Nur77 in vivo, CD49b SP cells are able to engage with antigen and 
express Nur77, whereas CD49a SP cells are not. This suggest that either these 
subpopulations are suppressed by different mechanisms or that CD49a SP T-cells 
are not actively engaged with antigen.

As CD49a SP and DP T-cells expressed higher levels of exhaustion markers, we 
hypothesized that these inhibitory pathways suppressed TCR signaling more in 
these subpopulations. To test this, we treated established BRPKp110 tumors 
with a cocktail of checkpoint blockade inhibitors for 48h. Due to the short nature 
of treatment, tumor weight, CD8 T-cell infiltration, and CD49a and CD49b 
expression were unaltered (Supplemental Fig. 6C). However, neither Nur77 
expression (Fig. 6E) nor effector cytokine expression was changed (Fig. 6F), 
indicating that blockade of inhibitory signaling via PD-1, LAG-3, or TIM-3 could 
not rescue effector activity or Nur77 expression of CD49a SP and DP T-cells in 
BRPKp110 tumors. 
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Figure 6. CD49a-expressing subpopulation are not inhibited by PD-1, LAG-3 or TIM-3, 
instead they display a TRM-like phenotype. (A) Nur77-GFP reporter mice were implanted 
SC with BRPKp110 (n=12 from 3 independent experiments). Tumors were harvested on 
day 14, single cell suspensions were prepared and enriched CD45 fraction was analyzed 
for Nur77-GFP, CD49a and CD49b expression on CD3+ CD8+ cells. Nur77 gMFI was 
normalized to CD8 T-cells in non-draining lymph nodes (NDLN) and Nur77% on CD8 
T-cells from NDLN (ranging between 17.1-41.8%) was subtracted from the fraction on 
CD8 TIL subpopulations. Subpopulations were compared with a Repeated-Measures
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ANOVA. (B) C57BL/6 mice were implanted SC with BRPKp110 tumors (n=5). Tumors 
were harvested on day 14, 4-6h after IV injection of Brefeldin A. Single cell suspensions 
were prepared and enriched CD45 fraction was analyzed for CD49a, CD49b, IFNγ and 
TNFα expression on CD3+ CD8+. (C) C57BL/6 mice were implanted SC with BRPKp110 
(n=13 from 2 independent experiments). Tumors were harvested on day 14, single cell 
suspensions were prepared and enriched CD8+ cells were cultured with CD3/CD28 beads 
for 4-6h in presence of Brefeldin A. Cells were analyzed for expression CD49a, CD49b, IFNγ 
and TNFα expression on CD3+ CD8+. Expression between subpopulations was compared 
with a Repeated-Measures one-way ANOVA and Tukey’s multiple comparisons test. (D) 
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Nur77-GFP reporter mice were implanted SC with BRPKp110 breast carcinoma (n=4). 
Tumors were harvested on day 14, single cell suspensions were prepared and enriched 
CD8+ cells were cultured with CD3/CD28 beads for 12h and analyzed for Nur77-GFP, 
CD49a and CD49b expression CD3+ CD8+ cells. Expression between subpopulations was 
compared with a Repeated-Measures one-way ANOVA and Tukey’s multiple comparisons 
test. (E/F) Nur77-GFP reporter mice were implanted SC with BRPKp110 (n=7 per group, 
2 independent experiments). Mice were IP injected 48h prior to harvest with a checkpoint 
blockade inhibitor (CBI) cocktail including anti-PD-1, anti-LAG-3 and anti-TIM-3. Tumors 
were harvested, single-cell suspensions were prepared and enriched CD45 fraction was 
analyzed for Nur77-GFP, CD49a, CD49b, IFNγ and TNFα expression on CD3+ CD8+ 

cells.  (G) C57BL/6 mice were implanted SC with BRPKp110 (n=15 from 3 independent 
experiments). Tumors were harvested on day 14, single cell suspensions were prepared 
and enriched CD45+ cells were analyzed for CD69, CD49a and CD49b expression on CD3+ 

CD8+ cells. Expression between subpopulations were statistically compared as in (A) and 
differences between groups within a subpopulation were tested with a Welch’s corrected 
T-test. (H) Nur77-GFP reporter mice were implanted SC with BRPKp110 breast carcinoma 
(n=8 per group, 2 independent experiments). Tumors were harvested on day 14, single cell 
suspensions were prepared and enriched CD45+ cells were analyzed for Nur77, CD69, 
CD49a and CD49b expression on CD3+ CD8+ cells. CD69+ and CD69neg subsets within the 
integrin-expressing subpopulations were compared with a Paired T-test. 

CD49a-expressing subpopulations express elevated levels of CD69 in an 
antigen-independent manner
While extrinsic suppression mechanisms, such as myeloid-derived suppressor 
cells or regulatory T-cells, could be responsible for the selective inhibition of TCR 
signaling in CD49a-expressing subpopulations, this would require that these cell 
types be differentially localized in proximity to one another. This led us to consider 
a more straightforward possibility: that CD49a-expressing subpopulations were 
localized away from antigen-expressing cells in the tumor and thereby able to 
functionally resemble a TRM-like T-cell population. CD49a has been described 
as a marker of TRM cells, along with PD-1 and CD69 (40,41). Consequently, we 
evaluated CD69 expression on integrin-expressing subpopulations in conjunction 
with their expression of Nur77. All integrin-expressing subpopulations expressed 
CD69, though the fraction of CD69+ cells was elevated in DP and CD49a SP 
subpopulations (Fig. 6G). In CD49b SP and DN subpopulations, these CD69+ cells 
expressed elevated levels of Nur77, tying CD69 expression to TCR stimulation 
(Fig. 6H). However, in DP and CD49a SP subpopulations, there was no difference 
in Nur77 expression between CD69 positive and negative cells. This TCR-
stimulation independent expression of CD69 is consistent with the antigen-
independent expression of CD69 in TRM cells, and further consistent with the 
possibility that CD49a SP and DP cells are not in contact with antigen-expressing 
cells in the tumor
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CD49a, but not CD49b, ligation alters T-cell localization and interaction 
with tumor cells resulting in high motility
The results above led us to consider that the engagement of CD49a with collagen 
reduced the ability of CD8 T-cells to engage with antigens expressed on tumor 
cells. To test this hypothesis, we implanted GFP-expressing BRPKp110 cells 
into CD2-dsRed (labeling all T-cells) transgenic mice. The resulting tumors were 
cut into 100-200µm thick live tumor slices, and tumor cells, CD2+ T-cells, and 
collagen fibers identified by second harmonic generation (SHG) were imaged 
with 2-photon microscopy for 30 minutes at 37°C. Separate slices from the same 
tumors were incubated with blocking antibodies against CD49a or CD49b prior 
to imaging. Under control conditions, T-cells displayed a wide range of speeds and 
relatively few were slow-moving (<1µm/min) (Fig. 7A,B, Supplemental Fig. 7A, 
Supplemental Video 1-3). Only 5% of T-cells were <10 mm from a collagen fiber 
(Fig. 7C). However, SHG enables visualization only of well-structured collagen 
fibers (42,43). Immunofluorescent staining of day 21 BRPKp110 sections for 
collagen type I or IV confirmed a more pervasive presence of collagen molecules 
compared to that observed by SHG (Supplemental Fig. 7B), suggesting our live-
imaging underestimates the true fraction of collagen-engaged cells. Nonetheless, 
those few cells in close proximity to visible collagen fibers moved significantly 
slower (Fig. 7D). In untreated tumors, about 22% of T-cells were <10mm from 
a tumor cell (Fig. 7E).  However, no difference in speed was observed when 
comparing these T-cells to those located further away from collagen fibers 
(Fig. 7F, Supplemental Fig. 7E). These characteristics are consistent with a low 
level of productive tumor cell engagement (44,45). When CD49b was blocked, 
significantly more cells were located in closer proximity to tumor cells (Fig. 7E), 
but their track speed remained the same as T-cells at a distance, suggesting no 
change in their interaction (Fig. 7F, Supplemental Fig. 7C). Also, neither proximity 
nor track speed, overall or in relation to well-structured collagen fibers, was 
altered (Fig. 7A-D, Supplemental Fig. 7A, Supplemental Video 1-3). In contrast, 
CD49a blockade resulted in a significant decline in average T-cell motility (Fig. 
7A,B, Supplemental Fig. 7A, Supplemental Video 1-3). Curiously, a significantly 
larger fraction of T-cells was in close proximity to well-structured collagen fibers 
but not to tumor cells (Fig. 7A-C). However, in contrast to control slices, the 
CD49a blocked T-cells in close proximity to tumor cells were moving significantly 
slower than those at a distance (Fig. 7F, Supplemental Fig. 7C), suggesting that 
their engagement was enhanced. This decrease in speed was not due to a larger 
fraction of T-cells interacting with both collagen and tumor cells simultaneously 
(Supplemental Fig. 7D): only T-cells close to tumor cells, and not those close to 
collagen fibers, showed significantly decreased speed when CD49a was blocked 
(Supplemental Fig. 7E). These data suggest that CD49a on T-cells either increases 
motility, which diminishes productive engagement with tumor cells. Alternatively, 
CD49a may diminish the ability of T-cells to productively engage with tumor cells, 
resulting in an increased T cell motility. Regardless, they point to a mechanism 
in which CD49a inhibits T-cell function by blocking the engagement with tumor 
cells.
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Figure 7. CD49a affects localization and motility of T-cells in the tumor. CD2-dsRed mice 
were implanted SC with BRPKp110-GFP tumors. Tumors were harvested on day 21/22, 
embedded in agarose and cut into thick slices of approximately 100-200µicrons. Slices were 
incubated with anti-CD49a or anti-CD49b blocking antibodies for 2h and assessed forCD2+ T-
cells, GFP+ BRPKp110 cells and collagen fibers with second harmonics generation (SHG) on a 
2-photon microscope. 30-minute videos of 2 fields per slice were made while maintaining 
oxygenation and 37°C with warm flowing media. For each figure, groups were compared with an 
ordinary one-way ANOVA and Tukey’s multiple comparisons test. (A) Composite image 
examples. Orange tracks represent CD2+ T-cell movement for the last 10 minutes. (B) Mean track 
speed of the CD2+ T-cells. (C) Average distance of CD2+ T-cells to closest SHG collagen fiber 
(left). Fraction of CD2+ T-cells <10µm to closest SHG collagen fiber (right), fraction displayed per 
analyzed field. (D) Mean track speed of the CD2+ T-cells, stratified by distance to SHG collagen 
fibers. Close proximity: <10µm, large distance: >10µm.  (E) Average distance of CD2+ T-cells to 
closest GFP+ BRPKp110 tumor cell (left). Fraction of CD2+ T-cells <10µm to closest GFP+ 
BRPKp110 tumor cell (right), fraction displayed per analyzed field. (F) Mean track speed of the 
CD2+ T-cells, stratified by distance to GFP+ BRPKp110 tumor cells. Close proximity: <10µm, large 
distance: >10µm. 

Figure 7. CD49a affects localization and motility of T-cells in the tumor. CD2-dsRed mice 
were implanted SC with BRPKp110-GFP tumors. Tumors were harvested on day 21/22, 
embedded in agarose and cut into thick slices of approximately 100-200µicrons. Slices 
were incubated with anti-CD49a or anti-CD49b blocking antibodies for 2h and assessed 
forCD2+ T-cells, GFP+ BRPKp110 cells and collagen fibers with second harmonics generation 
(SHG) on a 2-photon microscope. 30-minute videos of 2 fields per slice were made while 
maintaining oxygenation and 37°C with warm flowing media. For each figure, groups 
were compared with an ordinary one-way ANOVA and Tukey’s multiple comparisons test. 
(A) Composite image examples. Orange tracks represent CD2+ T-cell movement for the 
last 10 minutes. (B) Mean track speed of the CD2+ T-cells. (C) Average distance of CD2+ 

T-cells to closest SHG collagen fiber (left). Fraction of CD2+ T-cells <10µm to closest SHG 
collagen fiber (right), fraction displayed per analyzed field. (D) Mean track speed of the 
CD2+ T-cells, stratified by distance to SHG collagen fibers. Close proximity: <10µm, large 
distance: >10µm.  (E) Average distance of CD2+ T-cells to closest GFP+ BRPKp110 tumor 
cell (left). Fraction of CD2+ T-cells <10µm to closest GFP+ BRPKp110 tumor cell (right), 
fraction displayed per analyzed field. (F) Mean track speed of the CD2+ T-cells, stratified by 
distance to GFP+ BRPKp110 tumor cells. Close proximity: <10µm, large distance: >10µm.
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DISCUSSION

Successful anti-tumor immune responses depend on robust T-cell infiltration in 
the tumor. Retention mechanisms may be involved in defining the extent of the 
T-cell infiltrate. The collagen-binding integrins CD49a and CD49b are considered 
to be involved in the retention of T-cells in peripheral tissues, including tumors 
(31). Thus, their regulation and function on T-cells in the TME may impact tumor 
control. Here, we found that CD8 T-cells express CD49b early after infiltration 
into tumors and then, over the course of tumor outgrowth, gain CD49a, and 
subsequently lose CD49b. This differentiation sequence is driven by antigen-
independent elements in the TME, but antigen stimulation further enhances 
CD49a expression. CD49a-expressing CD8 TIL also expressed higher levels 
of PD-1, LAG-3, TIM-3 and Tigit, but these exhaustion markers were also 
upregulated on CD49aneg CD8 TIL. Our work suggests that exhaustion markers 
and CD49a are associated temporally, but not mechanistically. On the other hand, 
CD49a-expressing CD8 TIL expressed CD69 in the absence of TCR signaling 
while its expression on CD49b populations was TCR signaling-associated. Co-
expression of CD69 and CD49a is characteristic of TRM cells; thus, upregulation of 
CD49a may be associated with establishment of TRM-like TIL that are not actively 
engaging with antigen. Unexpectedly, imaging T-cells in live tumor slices revealed 
that CD49a enhances T-cell motility, especially in close proximity to tumor 
cells, suggesting that it may interfere with T-cell recognition of tumor cells by 
distracting them from productive engagement. Together, our results illuminate a 
new mechanism of CD8 TIL dysfunction that is induced by and dependent upon 
antigen-independent aspects of the TME. 

It has been previously shown that CD49b is expressed on only a subset of specific 
effector CD8 T-cells in mouse models of arthritis and influenza or LCMV infection 
(18,21,27), and our work extends this observation to immunization with antigen 
in adjuvant. Thus, it is likely that a second signal or a specifically preprogrammed 
naïve T-cell subset is responsible for the initial upregulation of CD49b. However, 
we also showed that expression is maintained by elements in immunized mice 
and in the TME of BRPKp110, but not B16-F1 tumors. The B16-F1 TME may 
either lack these maintenance elements, or they may be antagonized by additional 
suppressive elements, such as TGFβ, which downregulated CD49b on activated 
OT-I cells in vitro. Surprisingly, CD49b was maintained fully on OT-I cells in the 
spleens of B16-OVA tumor bearing mice, and to a lesser extent on OT-I TIL, 
although this level was still higher than on TIL from B16-F1 tumors. We interpret 
this to suggest that TCR stimulation can also promote the expression of CD49b 
in both spleens and tumors of mice bearing B16-OVA, but continual stimulation 
or environmental factors in the TME ultimately lead to diminished expression. 
Future experiments will directly address which elements of the tumor lysate are 
responsible for CD49b maintenance or downregulation on CD8 T-cells. 

Our results also establish that CD49a is upregulated on CD8 T-cells by elements 
in the TME that are present in both BRPKp110 and B16 tumors and in the splenic 
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environment of immunized but not naïve mice. Others have observed CD49a 
expression on influenza-specific T-cells after localization in airways and lungs, 
and also on TRM T-cells, but not circulating memory T-cells (18,29,30). Together 
this suggests that peripheral tissue microenvironments contain element(s) that 
upregulate CD49a, such as TGFβ, IL-2, IL-7, or IL-15, which can upregulate CD49a 
directly (31,46–48). However, TGFβ does not play a significant role in controlling 
expression of CD49a on CD8 T-cells in BRPKp110 tumors. Future experiments 
will directly address which elements of the tumor lysate are responsible for CD49a 
upregulation or maintenance on CD8 T-cells. 

We observed that expression of CD69 on CD49b SP cells was tightly associated 
with TCR signaling, but its expression on CD49a+ cells was entirely independent, 
and indeed, there was little evident TCR signaling in this population. Antigen-
independent expression of CD69, together with PD-1, are cardinal markers of 
TRM cells (41), and others have shown that the environment plays a role in the 
generation of TRM cells in the skin, pointing to an antigen-independent regulation 
of CD49a (49,50). The overall upregulation of CD49a, CD69, and PD-1 could 
thus also be explained by a differentiation of CD49a+ CD8 TIL towards a TRM-like 
phenotype.

The selective lack of TCR signaling evident in CD49a SP cells in the TME of 
BRPKp110 tumors was particularly striking, in that signaling was not restored by 
blockade of inhibitory pathways, and these cells were fully TCR responsive in vitro. 
This strongly suggested that CD49a SP cells are not making productive contacts 
with antigen-expressing cells. While we hypothesized that CD49a binding to 
collagens would trap T-cells in dense stromal areas well-separated from tumor 
cells, our tumor slice imaging showed that CD49a promotes increased motility, 
specifically in those T-cell residing in close proximity to tumor cells. Consistent 
with this, CD49a binding to collagen increases motility of T-cells in vitro and in 
lung tissue (25,26). Our imaging does not show clear motility of cells along ordered 
collagen bundles visualized by SHG. However, antibody staining of tumor sections 
for collagen type IV and type I, and work performed by others, demonstrates 
that SHG does not enable visualization of less well-ordered collagen(48). In 
addition, CD49a binds predominantly collagen type IV but also collagen type I 
(18,20). Together with the lack of TCR signaling, these data suggest that by driving 
motility, CD49a engagement distracts T-cells from productive engagement with 
tumor cells. This points to an intriguing role for CD49a in T-cell retention, not 
by “trapping” the cells in collagen structures but by promoting cells to rapidly 
move along collagen fibers, scanning the whole tissue. This role of CD49a may be 
especially important in TRM T-cells, as their function is to remain in the tissue long-
term, while scanning the tissue for re-exposure (30,52,53). However, in tumors, 
this mechanism may distract the T-cells from engaging effectively with their 
antigen and thus point to a new mechanism of immune evasion. This suggests that 
CD49a blockade may be an important therapeutic strategy to ensure that T-cells 
in tumors are able to engage with and eradicate tumors cells efficiently when 
co-administered with agents that overcome immune suppression in the TME.
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SUPPLEMENTAL MATERIAL

Supplemental Material 

Supplemental Figure 1. Gating strategy for flow cytometry experiments. Debris, doublets and 
dead cells were excluded (top panels), CD3+ and CD8+ T cells were selected and CD49a and 
CD49b positivity was determined based on their respective fluorescence minus one (FMO) 
control samples. 
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Supplemental Figure 2. (A) 5x106 Thy1.1+ OT-I splenocytes were transferred IV into C57BL/6 
mice. 1 day post transfer, mice were vaccinated IV with ovalbumin, polyIC and anti-CD40. 
Spleens of vaccinated mice were harvested 3, 5, 9 and 14 days post vaccination and analyzed 
for CD49a and CD49b expression on Thy1.1+ CD3+ CD8+ cells by flow cytometry. (B) C57BL/6 
mice were implanted SC with BRPKp110 breast carcinoma tumors. Tumors were harvested on 
day 9, 14, 19 or 23 (as indicated), single cell suspensions were prepared and enriched for 
CD45+ cells. CD3+ CD8+ cells/gram of tumor were quantified with flow cytometry. (C) C57BL/6 
mice were implanted SC with BRPKp110 breast carcinoma tumors. Baseline tumors were 
harvested on day 14 and processed for flow cytometry as in (B). Other BRPKp110-bearing 
animals received daily IP injections with FTY720 or saline control. Treated tumors were 
harvested on day 23 and processed for flow cytometry. 
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prepared and enriched for CD45+ cells. CD3+ CD8+ cells/gram of tumor were quantified with 
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Supplemental Figure 3. (A/B) 5x106 Thy1.1+ OT-I splenocytes were transferred IV into 
C57BL/6 mice. 1 day post transfer, mice were vaccinated IV with ovalbumin, polyIC and anti-
CD40. 5 days post vaccination splenocytes were depleted for CD49a+ cells and subsequently 
enriched for CD49b+ cells. Enriched cells were evaluated for Thy1.1+ fraction to ensure adoptive 
transfer of 1x106 CD49b SP Thy1.1+ OT-I effectors. Cells were transferred IV into BRPKp110 
tumor-bearing-mice. Baseline tumors were harvested on day 1 post transfer and processed for 
flow cytometry. Other animals received daily IP injections with FTY720 or saline control and 
blood samples and tumors were harvested on day 7 post transfer. (A) Blood samples were 
analyzed for CD3+ CD8+ cells by flow cytometry. (B) Tumor were processed into single-cell 
suspensions, enriched for CD45+ and analyzed for CD49b and CD49a expression on Thy1.1+ 

CD3+ CD8+ cells. (C) Spleens were processed into single-cell suspensions and analyzed for 
CD49b and CD49a expression on Thy1.1+ CD3+ CD8+ cells. 
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Supplemental Figure 4. (A) C57BL/6 mice were implanted SC with BRPKp110 breast 
carcinoma tumors. Mice were injected IP with anti-TGFβ1/2/3 or IgG control every 3 days 
between day 8-19 post tumor implantation. Tumors were harvested and single-cell suspensions 
were enriched for CD45+ cells. CD45 fractions were analyzed for CD49a and CD49b expression 
on CD3+ CD8+ cells. (B) Thy1.1+ OT-I splenocytes were enriched for CD8+ cells by magnetic 
bead enrichment. Cells were activated for 48 hours with CD3/CD28 activation beads and 
cultured for an additional 3 days in presence of IL-2 and IL-7. Next, OT-I cells were cultured for 
24 hours with recombinant human TGFβ1, BRPKp110-derived tumor lysate or lysate with anti-
TGFβ blocking antibodies. Cells evaluated for CD49b expression by flow cytometry.  
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Next, OT-I cells were cultured for 24 hours with recombinant human TGFβ1, BRPKp110-
derived tumor lysate or lysate with anti-TGFβ blocking antibodies. Cells evaluated for 
CD49b expression by flow cytometry. 

Supplemental Figure 5. 5x106 Thy1.1+ OT-I splenocytes were transferred IV into C57BL/6 
mice. 1 day post transfer, mice were subcutaneously injected with B16-OVA tumor cells. 
Tumors were harvested on day 19 and processed for flow cytometry evaluation. 

 

  

Supplemental Figure 5. 5x106 Thy1.1+ OT-I splenocytes were transferred IV into C57BL/6 
mice. 1 day post transfer, mice were subcutaneously injected with B16-OVA tumor cells. 
Tumors were harvested on day 19 and processed for flow cytometry evaluation.
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Supplemental Figure 6. (A) Nur77-GFP reporter mice were implanted SC with BRPKp110 
breast carcinoma. Tumors were harvested on day 14, single cell suspensions were prepared 
and enriched for CD45+ cells. CD45 fraction was analyzed for Nur77-GFP, CD49a and CD49b 
expression on CD3+ CD8+ cells. (B) C57BL/6 mice were implanted SC with BRPKp110 breast 
carcinoma. Tumors were harvested on day 14, single cell suspensions were prepared and 
enriched for CD8+ cells. Cells were cultured with CD3/CD28 stimulation beads for 4-6 hours in 
presence of Brefeldin A and CD107a antibody. Cells were analyzed for expression CD49a, 
CD49b and CD107a expression on CD3+ CD8+ cells with intracellular staining for flow cytometry. 
(C) Nur77-GFP reporter mice were implanted SC with BRPKp110 breast carcinoma. Mice were 
IP injected 48 hours prior to harvest with a checkpoint blockade inhibitor (CBI) cocktail including 
anti-PD1, anti-LAG3 and anti-TIM3. Tumors were harvested, single-cell suspensions were 
prepared and enriched for CD45+ cells. CD45 fraction was analyzed for CD49a and CD49b 
expression on CD3+ CD8+ cells by flow cytometry. 
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Supplemental Figure 7. CD2-dsRed mice were implanted SC with BRPKp110-GFP tumors. 
Tumors were harvested on day 21/22, embedded in agarose and cut into thick slices of 
approximately 100-200µicrons. Slices were incubated with anti-CD49a or anti-CD49b blocking 
antibodies for 2 hours and assessed for CD2+ T-cells, GFP+ BRPKp110 cells and collagen fibers 

Supplemental Figure 7. CD2-dsRed mice were implanted SC with BRPKp110-GFP tumors. 
Tumors were harvested on day 21/22, embedded in agarose and cut into thick slices of 



168 Chapter 6

approximately 100-200µicrons. Slices were incubated with anti-CD49a or anti-CD49b 
blocking antibodies for 2 hours and assessed for CD2+ T-cells, GFP+ BRPKp110 cells 
and collagen fibers with second harmonics generation (SHG) on a 2-photon microscope. 
30-minute videos of 2 fields per slice were made while maintaining oxygenation and 37°C 
with warm flowing media. (A) Mean track speed of the CD2+ T-cells in each tumor evaluated. 
Treatment groups were compared with an ordinary one-way ANOVA and Tukey’s multiple 
comparisons test.  (B) C57BL/6 mice were implanted with BRPKp110 tumors. Day 21 
tumors were harvested, fixed and thin sections were cut and stained with collagen type I or 
collagen type IV antibodies. (C) Mean track speed of the CD2+ T-cells, stratified by distance 
to GFP+ BRPKp110 tumor cells for tumor 1 (left) and tumor 2 (right). Close proximity: 
<10µm, large distance: >10µm. Groups were compared with an ordinary one-way ANOVA 
and Tukey’s multiple comparisons test. (D) Live tumor slices were prepared and imaged by 
2-photon microscopy as described in (A). Fraction of CD2+ T-cells are displayed per field: 
fraction of cells <10µm to closest GFP+ BRPKp110 tumor cell, <10µm to closest SHG-
collagen fiber or <10µm to tumor cell and collagen (left). (E) Mean track speed of those 
CD2+ T-cells located <10µm to tumor cells and >10µm from SHG-collagen. 




