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ABSTRACT

Integrins α1β1 (CD49a), α2β1 (CD49b) and αEβ7 (CD103) mediate retention 
of lymphocytes in peripheral tissues, and their expression is upregulated on 
tumor infiltrating lymphocytes (TIL) compared to circulating lymphocytes. Little 
is known about what induces expression of these retention integrins (RI) nor 
whether RI define subsets in the tumor microenvironment (TME) with a specific 
phenotype. Human metastatic melanoma-derived CD8 TIL could be grouped 
into five subpopulations based on RI expression patterns: RIneg, CD49a+ only, 
CD49a+CD49b+, CD49a+ CD103+, or positive for all three RI. A significantly larger 
fraction of the CD49a+ only subpopulation expressed multiple effector cytokines, 
whereas CD49a+ CD103+ and CD49a+CD49b+ cells expressed IFNγ only. RIneg 
and CD49a+CD49b+CD103+ CD8 TIL subsets expressed significantly less effector 
cytokines overall. Interestingly, however, CD49a+CD49b+CD103+ CD8 expressed 
lowest CD127, and highest levels of perforin and exhaustion markers PD-1 and 
TIM-3, suggesting selective exhaustion rather than conversion to memory. To 
gain insight into RI expression induction, normal donor PBMC were cultured with 
T cell receptor (TCR) stimulation and/or cytokines. TCR stimulation alone induced 
two RI+ cell populations: CD49a single positive and CD49a+CD49b+ cells. TNFα 
and IL-2 each were capable of inducing these populations. Addition of TGFβ to 
TCR stimulation generated two additional populations; CD49a+CD49bnegCD103+ 

and CD49a+CD49b+CD103+. Taken together, our findings identify opportunities 
to modulate RI expression in the TME by cytokine therapies and to generate 
subsets with a specific RI repertoire in the interest of augmenting immune 
therapies for cancer or for modulating other immune-related diseases such as 
autoimmune diseases.
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INTRODUCTION 

Integrins are transmembrane molecules that mediate intercellular interactions 
as well as interactions between cells and extracellular matrix. The integrins α1 
(CD49a), α2 (CD49b) and αE (CD103) bind collagen IV, collagen I and E-cadherin 
respectively, and are thought to retain lymphocytes in peripheral nonlymphoid 
tissues (1-6). These retention integrins (RI) are also highly expressed on tumor 
infiltrating lymphocytes (TILs) compared to circulating lymphocytes (7). CD49a+ 
and/or CD103+ T cells residing in healthy peripheral tissues have features of tissue 
resident memory T (TRM) cells. TRM cells remain in the tissue long term and can 
be rapidly induced to have effector function upon exposure to antigen (8-13). 
In addition, RI expression on effector T cells in inflammatory diseases, including 
arthritis and hypersensitivity responses, exacerbates inflammatory pathology 
(14). This suggests that RI directly or indirectly support effector T cell function. 
The presence of CD103+ or CD49a+ TILs in the tumor microenvironment (TME) is 
associated with improved survival in several types of cancer, suggesting CD49a 
and CD103 may support retention, survival or effector function of T cells in the 
TME, or that they may mark a T cell subset more effective in anti-tumor immunity 
(15-21). Little is known about the contribution of CD49b to T cell persistence or 
efficacy in the TME. RI are mainly expressed on T cells after they infiltrate peripheral 
tissues, suggesting that they are either lineage markers of a later differentiation 
stage or induced by molecules in the local tissue environment. Little is known 
about factors inducing RI expression. TGFβ has been shown to upregulate 
CD103 expression directly on activated CD8 T cells (22-25). While studies have 
shown a correlation with the presence of TNFα and TGFβ and CD49a+ T cells 
in mice (26-28), the direct cause of CD49a induction remains unknown. To our 
knowledge, factors that induce CD49b have not been identified. Understanding 
the factors that induce expression of RI is crucial for continued improvements of 
immune therapies, as it gives perspectives on the role of the TME in retention 
and dissemination of T cells subsets in the tumor. In addition to the knowledge 
gap concerning the induction of RI expression, little is known about whether 
different RI expression patterns characterize specific functional subsets. We 
hypothesized that a subset of T cells in the TME co-express CD103 and CD49a, 
representing memory–like cells. Additionally, we hypothesized that terminal or 
exhausted effectors can be defined based on RI marker expression pattern. We 
sought to characterize population dynamics based on the RI expression pattern 
and to compare in vitro-generated RI+ CD8 T cells to RI+ TIL. We have focused our 
studies on the effects of TCR stimulation and addition of cytokines associated 
with antitumor immunity (TNFα, IFNs), tumor-associated immune dysfunction 
(TGFβ, IL-10), and T cell subsets differentiation (IL-1β, IL-2, IL-4, IL-5, IL-17), as 
well as chemokines associated with immune cell migration. By defining T cell 
subsets based on the RI expression profile, generated under different conditions 
in vitro or patient-derived TIL, we provide insight in the induction of RI as well as 
a potential link between cytokine presence and RI expressing functional CD8 T 
cell subsets in the TME.
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MATERIALS AND METHODS 

Cell culture 
All studies were conducted in a laboratory that operates under Good Laboratory 
Practice (GLP) principles. Peripheral blood mononuclear cells (PBMC) from seven 
healthy donors were obtained from a leukopak (BRT Laboratories Inc.), a buffy coat 
(Virginia Blood Services) or volunteers through a Ficoll gradient sedimentation. 
Purified PBMC were cryopreserved in 90% FCS, 10% DMSO until used. The 
PBMC were thawed in DNAse (100U/ml; Worthington Biochemical Corp.) 
containing media (RPMI 1640 with 5% heat-inactivated (HI) fetal calf serum (FCS) 
(Gibco), washed and rested overnight in complete media (RPMI 1640 with 5% HI 
FCS, 1% penicillin/ streptomycin (Gibco) and 20 Cetus units (CU)/ml IL-2). Prior 
to use, FCS was tested for supportive capacity of cell growth and proliferation, 
as well as screened for mitogenicity. For assays, PBMCs were seeded in 24-well 
plates at 5×105 cells per well in complete media as described above. PBMCs were 
stimulated with soluble 1μg/ml purified NA/LE (non-azide, low endotoxin) mouse 
anti-human CD3 (clone HIT3a, BD Biosciences) and 4μg/ml LEAF (low endotoxin, 
azide-free) purified anti-human CD28 (clone CD28.2, Biolegend) for 24 hours. 
In order to prevent overstimulation, medium was replaced after 24 hours and 
PBMCs were cultured with IFNα (5ng/ml), IFNβ (10ng/ml), IFNγ (2ng/ml), IL-1β 
(1ng/ml), IL-2 (1000CU/ml), IL-4 (20ng/ml), IL-5 (10ng/ml), IL-10 (100ng/ml), IL-
15 (20ng/ml), IL-17 (50ng/ml), TGFβ (5ng/ml), TNFα (50ng/ml), CCL2 (100ng/
ml), CCL3 (10ng/ml), CCL4 (20ng/ml), CCL5 (10ng/ml), CXCL9 (100ng/ml), 
CXCL10 (50ng/ml), CXCL11 (all 10ng/ml), or CXCL12 (80ng/ml), for seven days in 
complete media unless indicated otherwise. All cytokines and chemokines were 
human recombinant proteins obtained from Peprotech. Throughout cell culture, 
cell numbers were determined by counting with a hemocytometer. 

Patient samples 
Metastatic melanoma lesions were obtained from surgical specimens with patient 
consent (IRB 10598). Patients ranged between age 28–87 with stage IIB-IV 
melanoma, and the cohort included 12 males and 7 females. Three normal donor 
PBMC samples were used as controls (obtained and processed as described 
above). Melanoma samples were made into single cell suspensions by mechanical 
separation and filtered through a 100 micron filter, within 4 hours of collection 
(median of approximately an hour). Single cells suspensions were cryopreserved 
in 90% FCS and 10% DMSO using a controlled rate cell freezing container. Cells 
were cryopreserved in liquid nitrogen ranging from 1 up to 12 years. Samples 
were thawed as described above for PBMC and counted on a Guava EasyCyte 
Plus benchtop flow cytometer (cell viability ranged between 33–78% with 
a median yield of 1.65E+ 07 viable cells). After thaw, cells were either directly 
stained for flow cytometry or sorted on an Influx Cell Sorter (BD Biosciences). 
Sorted cells were cultured in RPMI 1640 with 5% heat-inactivated FCS (Gibco), 
1% penicillin/streptomycin (Gibco) and 20CU/ml IL-2, and stimulated with 50ng/
ml PMA (Sigma-Aldrich) and 1μg/ml Ionomycin (Gibco ThermoFisher Scientific) 
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for 6 hours in the presence of BD Golgiplug (1:1000, BD Biosciences) prior to 
flow cytometry staining. Experiments included either all 19 patient samples, or a 
subset selected based on sample availability or cell numbers. Selection was not 
intentionally made based on survival or stage.

Antibodies and flow cytometry analysis 
For surface staining, the following antibodies were used: PE CD49a (TS2/7, 
Biolegend), APC CD49b (P1H1, eBioscience), Pe-Cy7 CD103 (B-Ly7, eBioscience), 
PerCPCy5.5 CD3 (OKT3, Biolegend), APC-H7 CD8 (Sk1, BD Biosciences), Fitc 
CD45RO (UCHL1, Biolegend), BV605 CD127 (A019D5, Biolegend), v450 CD69 
(FN50, BD Biosciences), FITC IFNγ (B27, BD Biosciences), v450 TNFα (Mab11, 
BD Biosciences), PE/Dazzle 594 Perforin (dG9, Biolegend), BV605 IL-2 (MQ1-
17H12, BD Biosciences), BV650 PD1 (EH12, BD Biosciences) and BV421 TIM3 
(7D3, BD Biosciences). Cells were labeled with the LIVE/DEAD® Fixable Aqua 
dead cell stain (Life Technologies) according to manufacturer’s protocol prior to 
surface stain to visualize viable cells for analysis. Intracellular staining for PerCP-
Cy5.5 Ki67 and BV421 Granzyme B (both BD biosciences) was performed 
according to instructions in the BD Cytofix/Cytoperm kit (BD Biosciences) for 
intracellular staining protocol. Flow cytometry data were collected on a Canto II 
in eight color mode (BD Biosciences) or on a Cytoflex in 14 color mode (Beckman 
Coulter) and analyzed using FlowJo software V10.1 (Tree Star). In FACS sorting 
experiments cells were stained similarly, though sorted on a BD Influx Cell Sorter 
(BD Biosciences). An example of the gating strategy used for these experiments 
is depicted in supplemental Figure 1A/B. Gating strategies for stains were set 
based on Fluorescence Minus One (FMO) (extracellular stains) or isotype controls 
(intracellular stains; Supplemental Figure 1C) with predefined background of < 
1%. Raw data for all flow cytometry experiments can be provided per request.

Immunofluorescent staining 
Three 4-μm thick sections were cut from each formalin fixed paraffin embedded 
(FFPE) specimen; a section from a small bowel melanoma metastasis previously 
shown to contain alpha1+ T cells by flow cytometric analysis was used as 
a positive control.7 Multispectral Staining was performed according to the 
manufacturer’s protocol using the OPAL Multiplex Manual IHC kit, and antigen 
retrieval buffers (AR) 6 and 9 (PerkinElmer, Waltham, Massachusetts, USA). AR for 
the Sox10 stain was performed using Diva Decloaker (Biocare Medical, Concord, 
California, USA). Staining sequence, antibodies, and antigen retrieval buffers 
were as follows: AR9, CD8 (dilution 1:500; Dako, Santa Clara, California, USA, 
cat#m710301-2 clone c8) Opal540; AR9, alpha1 (1:4000, Abcam, Cambridge, 
United Kingdom, cat#ab181434) Opal650; DIVA, Sox10 (1:100, Cell Marque, 
Rocklin, CA, cat#383A-77) Opal690; and spectral DAPI (PerkinElmer, Waltham, 
Massachusetts, USA). Slides were mounted using prolong diamond antifade (Life 
Technologies, Carlsbad, California, USA) and scanned at 10x magnification using 
the PerkinElmer Vectra 3.0 system and Vectra software (PerkinElmer, Waltham, 
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Massachusetts, USA). Regions of interest were then identified in Phenochart 
software, and a 20x magnification images were acquired with the Vectra 3.0 
system. These images were spectrally unmixed using a single stain positive controls 
and analyzed using the InForm software (PerkinElmer, Waltham, Massachusetts, 
USA). 

Image analysis 
Images acquired and unmixed by InForm were further analyzed with ImageJ (29) 
Per slide, the CD8 signal was translated into a Region Of Interest (ROI), within 
which alpha1 (CD49a) positive pixels were measured and depicted as a fraction 
of total CD8 positive pixels. Two thresholds were evaluated for both CD8 and 
CD49a.

Cell separation 
CD45RO+ and CD45ROneg cells were isolated from PBMCs directly after 
thawing, using MACS Anti-Mouse IgG MicroBeads (Miltenyi Biotec) according 
to manufacturer’s protocol. Briefly, 107 PBMCs were labeled with Fitc CD45RO 
(Biolegend) for 1 hour followed by a blocking step with 2% mouse serum in PBS. 
Cells were washed, incubated with Anti-Mouse IgG MicroBeads and labeled 
cells were positively selected with a MS MACS separation column. Purity of 
CD45ROneg and CD45RO+ populations are shown in Supplemental Figure 1D. 
Both positive and negative populations were stimulated with CD3 and CD28 
antibodies followed by 7 days of culture in the presence of the indicated cytokines. 
Statistical analysis RI expression data in different conditions were compared 
in 3–7 healthy donors or in 19 melanoma tumor samples. The significance of 
changing conditions as well as marker expression by different subsets was tested 
with a paired T-test with Graphpad Prism software (edition 7). For multiple group 
comparisons, a Kruskall-Wallis test was used. Non-hierarchical clustering FCS 
files consisting of CD8+ events were loaded into the R statistical programming 
environment using the flowCore package from Bioconductor (30,31). Data was 
compensated using the compensation matrix generated in FlowJo software V10.1 
(Tree Star), and transformed using the inverse hyperbolic sin with a cofactor of 
150, as described previously (32). The bioconductor package flowSOM was used 
to build a self-organizing map (SOM) with 9 grid points or clusters using CD49a, 
CD49b, and CD103 (33). Data and code for this analysis is available at the UVA 
Flow Repository.

RESULTS 

Expression patterns of CD49a, CD49b and CD103 identify distinct 
populations of tumor infiltrating CD8 T cells 
Tumor-infiltrating CD8 T cells can express CD103, CD49a or CD49b (7). However, 
the co-expression and functional characteristics of RI+ subsets have not yet 
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been addressed. We evaluated CD8 TIL from 19 melanoma samples from skin, 
small bowel and lymph node metastases. TIL from all samples contained both 
RIneg and RI+ populations. Among the RI+ cells we identified a CD49a+CD103neg 
population, a subpopulation of which also expressed CD49b. These two 
CD49a+ subsets were present in virtually all samples (Figure 1A). A fraction 
of tumors also contained a substantial CD103+ TIL population (Figure 1A). The 
large majority of these CD103+ cells co-expressed either CD49a only or both 
CD49a and CD49b. Based on these findings, the large majority of CD8 TIL from 
each patient could be grouped into five subpopulations based on RI expression 
patterns: RIneg, CD49a+ only, CD49a+CD49b+, CD49a+CD103+, or positive for all 
three RI (Figure 1B). Importantly, CD103+ subsets were found only in a fraction of 
tumors, which were mainly small bowel metastases (Supplemental Figure 2A/B). 
These data reveal variations in RI expression patterns among tumors and raise 
the possibility that tissue specific factors may contribute to the generation of 
CD103+ subsets. Interestingly, each RI+ subset expressed at least CD49a, made 
clear by the absence of CD49b single positive (SP), CD103 SP and CD49bCD103 
double positive (DP) TIL in most tumors. When CD8 TIL from these 19 melanoma 
metastases were distributed in nine clusters through nonhierarchical clustering 
based on the frequency of RI expression, we find each of these same subsets 
(Figure 1C/D). However, they fall into 3 main subcategories: RIneg, CD103+ and 
CD49a+ CD103neg subpopulations. Interestingly, these may also be correlated 
with expression of activation and memory markers CD45RO, CD69 and CD127 
(Figure 1D) indicating they may be functionally distinct subpopulations (Figure 
1D).

CD49a SP cells express the largest levels of effector activity, while triple 
positive (TP) cells express the least 
To determine whether these five subsets are functionally distinct, they were 
evaluated by Fluorescence-activated Cell Sorting (FACS) (n=5, selected from 
19 patients stained above) and restimulated with PMA/Ionomycin. After 
restimulation, IFNγ, TNFα and IL-2 expression were measured by intracellular 
flow cytometry. Each cytokine was expressed by a significantly larger fraction 
of the CD49a SP population, whereas a high fraction of the CD49a+CD49b+ 
and CD49a+CD103+ subsets expressed IFNγ only (Figure 2A). Fractions of 
RIneg, and CD49a+CD49b+CD103+ CD8 TIL subsets expressing any of the three 
effector cytokines were substantially lower (Figure 2A). These data indicated 
that significantly more CD49a SP cells are polyfunctional effectors, whereas 
CD49a+CD103+ and CD49a+CD49b+ CD8 TIL are primarily monofunctional 
IFNγ+ effectors and the remaining two subsets are more quiescent. In contrast, 
cytotoxicity marker perforin was significantly more highly expressed on the 
subsets expressing multiple RI, compared to CD49a SP cells (Figure 2B). 
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Figure 1. RI expression dynamics on human melanoma-derived CD8 TIL. A total of 19 metastatic tumors 
were analyzed: 7 small bowel, 5 skin and 7 tumor-involved lymph nodes. (A) Fraction of CD103, CD49a 
and/or CD49b expressing subsets of CD8 TIL (n = 19). (B) Example showing CD49b co-expression on 
CD103 and/or CD49a subsets, marking five main subpopulations. (C) Non-hierarchical clustering of CD8 T 
cells from same 19 patients, based on CD49a, CD49b and CD103 expression. (D) Intensity of RI, 
activation markers CD45RO and CD69 and memory marker CD127 on clusters as defined in Figure 1C. 
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Quiescence of CD49a+CD49b+ and CD49a+CD49b+CD103+ CD8 TIL may 
be explained by high expression of exhaustion markers
 At this point lower effector cytokine expression by CD49a+CD49b+, 
CD49a+CD103+ and CD49a+CD49b+CD103+ CD8 TIL subsets could be explained 
by the gain of either a memory phenotype or an exhausted phenotype. To 
distinguish between these possibilities, we stained tumors for memory cell marker 
CD127 and exhaustion markers PD1 and TIM3. Interestingly, CD127 expression 
was significantly lower in all three subsets, compared to CD49a SP cells (Figure 
2C). PD1 and TIM3 expression, however, were significantly higher, both measured 
as fraction of total subset and geometric MFI (Figure 2D/E). These results suggest 
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that either: CD8 TIL that express multiple retention integrins and thus remain in 
peripheral tissues may become quiescent/exhausted, or CD8 TIL that become 
exhausted in the TME also upregulate multiple RI.

Figure 2. Functional and phenotypical 
characteristics of distinct RI+ CD8 
TIL subsets. (A) A subset of samples (n 
= 5, 2 skin metastases, 2 small bowel 
metastases and 1 TIN), selected from the 

earlier analyzed 19 samples based on T cell numbers and sample availability. Displayed 
is the fraction of CD8 TIL in each subset expressing IFNγ HI (left), TNFα (middle) or IL-2 
(right) after 6hr in vitro incubation with PMA/Ionomycin and Brefeldin A. (B) Fraction 
and geometric mean fluorescent intensity (gMFI) of perforin (n = 5, 1 skin metastases, 2 
small bowel metastases and 2 TIN). (C) Proportion of each subset expressing CD127 (n 
= 19). (D/E) Fraction and intensity of PD1 (D) and TIM3 (E) expression by each RI+ CD8 
TIL subpopulation (n = 4, 2 small bowel metastases and 2 TIN, selected based on sample 
availability). * P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P < 0.0001.

CD49a expressing cells are trending to be more prominent in tumors with 
perivascular T cells, compared to diffusely infiltrated tumors 
The phenotype of integrin-expressing cells is distinct among subsets; however, it 
is unknown whether these integrins also determine the localization of these TIL. 
To test this, we stained FFPE sections from tumors previously characterized as 
either uninfiltrated (immunotype A), perivascularly infiltrated (immunotype B) or 
diffusely infiltrated (immunotype C) for CD49a and CD834. The mean values were 
32% (A), 62% (B) and 33% (C) when cells were evaluated with a low threshold 
(Supplemental Fig. 3A) and 14% (A), 36% (B) and 19% (C) with a high threshold 
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(Supplemental Fig. 3B). These findings provide preliminary data to suggest 
there may be a difference in CD49a expression depending on T cell location, in 
particular, associating CD49a-expressing T cells with perivascular locations. 

IL-2 increased expression of both CD49a and CD49b on unstimulated T 
cells 
Our in vivo data showed that certain populations always develop, whereas 
others only develop in a fraction of the tumors. This raises the possibility that 
immune activation or soluble immune mediators in the tumor environment 
may be responsible for the development of these RI+ subpopulations, which 
is known to vary among tumors. We thus hypothesized that TCR stimulation 
and/or common immune stimulatory or immunosuppressive cytokines would 
initiate the development of CD49a+ and CD49a+ CD49b+ subpopulations. To 
test this hypothesis, we initially cultured total peripheral blood CD8 T cells with 
CD3/CD28 antibodies (TCR stimulation) in presence or absence of IL-2. After 
TCR stimulation alone there were two main RI+ cell populations, one that co-
expressed CD49a and CD49b, and another that expressed CD49a alone (Figure 
3A, top panels, Figure 3B/C). Interestingly, IL-2 by itself, increased both CD49a+ 

and CD49b+ CD8 T cell subsets in unstimulated condition resulting in a large 
population of CD49a+ CD49b+ CD8 T cells (Figure 3A, bottom panels, Figure 
3B/C). This population expanded after longer periods of culture and was absent 
when the culture media was not supplemented with IL-2 (data not shown). In TCR 
stimulated conditions, IL-2 did not further enhance CD49a or CD49b expression 
(Figure 3A-C). The increase of CD49a and CD49b expression on unstimulated T 
cells by IL-2 might be explained by selective proliferation of RI+ memory T cells, 
present among PBMCs. To test this, we separated memory and naïve T cells from 
PBMC, based on CD45RO expression, before adding IL-2. As expected, most 
CD49a+ or CD49b+ CD8 T cells at baseline are found among the CD45RO+ subset 
(Figure 3D/F). However, when stimulated with IL-2 alone, only CD45ROneg CD8 
T cells were induced to express CD49a compared to control (Figure 3E). Thus, 
the increase in CD49a was caused by induction on CD45ROneg, naïve T cells only, 
rather than selective proliferation or survival of CD49a+ memory cell subsets. 
CD49b was induced at similar rate in both CD45RO+ and CD45ROneg populations, 
suggesting that only part of the increase in CD49b+ CD8 T cells with IL-2 may be 
due to induced expression (Figure 3G). After characterizing the effects of TCR 
stimulation and IL-2 on RI expression, we tested the impact of adding cytokines 
and chemokines (IFNα, IFNβ, IFNγ, IL-4, IL-5, IL-10, IL-15, IL-17, CCL2-5 and 
CXCL9-12), commonly found in the TME. Interestingly, most of these molecules 
had no discernible effect on RI expression by CD8 T cells in PBMC after 8 day 
culture with or without TCR stimulation (Table 1, supplemental Fig. 5, and data 
not shown). Data in Table 1 represent geometric MFI values for each condition. 
IL-10 minimally increased CD49a expression, in the absence of TCR stimulation 
(Supplemental Fig. 6C). On the other hand, IL-4 decreased CD49a expression 
when combined with TCR stimulation (Supplemental Fig. 6D). 
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Figure 3. CD49a and CD49b expression on normal donor CD8 T cells after TCR stim and 7 days of culture 
with IL-2. (A) Plots for one example. (B and C) Percentage of CD8 T cells expressing CD49a or CD49b. 
Accumulated data for 4 different donors. (D/F). Baseline CD49a and CD49b expression on CD45ROneg and 
CD45RO+ ND CD8 T cells. (E/G). CD49a and CD49b expression for either CD45ROneg or CD45RO+ ND CD8 T 
cells, after TCR stim and 7 days of culture with/without IL-2. * P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** 
P < 0.0001. 
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expressing CD49a or CD49b. Accumulated data for 4 different donors. (D/F). Baseline 
CD49a and CD49b expression on CD45ROneg and CD45RO+ ND CD8 T cells. (E/G). CD49a 
and CD49b expression for either CD45ROneg or CD45RO+ ND CD8 T cells, after TCR stim 
and 7 days of culture with/without IL-2. * P < 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P < 
0.0001.

Adding TGFβ after T cell activation further induced CD103 expression on 
both CD49a+ CD8 populations 
While TCR stimulation and IL-2 were identified as potential factors generating 
CD49a+ and CD49a+ CD49b+ subpopulations, factors responsible for the 
generation of CD103+ subpopulation in a fraction of the tumors have yet to be 
identified. Previous studies have shown that CD103 and CD49a can be upregulated 
by TGFβ when combined with T cell receptor (TCR) stimulation (22-24,28). We 
thus hypothesized that TGFβ could be responsible for the generation of both 
CD103+ subsets (CD49a+CD103+ and CD49a+CD49b+CD103+). When TGFβ was 
added to TCR stimulation CD49b expression decreased overall (Supplemental 
Fig. 4B). Importantly, a significant proportion of T cells remained CD49b+, which 
largely co-expressed CD49a and CD103 (Figure 4A, lower right panel, Figure 4B), a 
population we also observed among CD8 TIL. CD49a intensity was also increased 
by the addition of TGFβ to TCR stimulation. However, in contrast to the in vivo 
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findings, both CD49a+CD49b+ and CD49a+CD49b+CD103+ populations showed 
a significant increase in CD49a expression intensity (Figure 4C). Importantly, 
the CD49a intensity increased over time (Figure 4D), indicating that CD49a is 
upregulated as CD8 T cells differentiate further. CD103 was upregulated by day 
2 and did not significantly change over the course of 7 days. These data indicate 
that, despite all receiving TCR stimulation + TGFβ, CD8 T cells did not uniformly 
upregulate or downregulate RI. Instead, CD49a, CD49b and/or CD103 expression 
profiles marked subpopulations from the beginning, indicating the combination of 
activation followed by TGFβ could play a role in the existence of these subsets on 
melanoma TIL. For most of the in vitro activated RI subsets, levels of activation, 
effector or memory cell markers did not change as dramatically as the patient TIL, 
suggesting that tissue microenvironment and time may play a role in the further 
differentiation and specification of these subsets (Figure 4E). 

Table 1. Expression intensity of each retention integrin by CD8 T cells from PBMC cultured 
7d with TCR stimulation (TCR) or without TCR stimulation (TCRneg), for selected cytokines 
and chemokines.
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Figure 4. Normal donor PBMC were cultured with CD3 and CD28 activating antibodies (TCR stim) for 
24h, after which they were grown for 2–7 days with or without TGFβ. (A) CD103, CD49a and CD49b 
expression percentage on CD8 T cells, with/without 24 hours of TCR stim and/or TGFβ, after 7 days of 
culture. (B) Visualization of CD49b co-expression on the most dominant CD49a and/or CD103 expressing 
CD8 T cell populations after TGFβ + TCR stimulation in vitro. (C) Intensity of CD49a expression on a per-
cell basis, after TCR stim and 7 days of culture with TGFβ on each CD49a+ subpopulation. *P < 0.05. (D) 
Induction of CD49a, CD49b and CD103 over time when culture with TGFβ, 2, 5 and 7 days after TCR 
stimulation. (E) Percentage of RI+ CD8 T cell subsets expressing functional markers CD45RO, CD69, 
Granzyme B and CD127 expression in most dominant populations, after TCR stim and 7 days of culture 
with TGFβ. Normal donor PBMC from three different donors were used in this experiment. * P < 0.05, ** 
P ≤ 0.01, *** P ≤ 0.001, **** P < 0.0001. 

 

TNFα induces CD49a expression on CD8 T cells, though at low intensity TCR stimulation in conjunction 
with TGFβ induced very similar  

RI+ populations as the subsets found among approximately 50% of CD8 melanoma TIL (Figure 1A). 
However, other patients had very few CD103+ TIL populations (Figure 1A), suggesting low levels of TGFβ 
in those microenvironments. Yet, in those tumors CD49a was expressed on a high proportion of the TIL. 
Thus, we hypothesized that in the tumors with low CD103 co-expression, factors other than TGFβ 
modulate CD49a and/or CD49b expression. Addition of TNFα to TCR stimulation increased CD49a 
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TNFα induces CD49a expression on CD8 T cells, though at low intensity 
TCR stimulation in conjunction with TGFβ induced very similar 
RI+ populations as the subsets found among approximately 50% of CD8 melanoma 
TIL (Figure 1A). However, other patients had very few CD103+ TIL populations 
(Figure 1A), suggesting low levels of TGFβ in those microenvironments. Yet, in 
those tumors CD49a was expressed on a high proportion of the TIL. Thus, we 
hypothesized that in the tumors with low CD103 co-expression, factors other 
than TGFβ modulate CD49a and/or CD49b expression. Addition of TNFα to TCR 
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stimulation increased CD49a expression slightly, but significantly (Figure 5A/B). 
However, even after 7 days of culture with TNFα, the intensity of CD49a expression 
remained low, and the fraction expressing high intensity CD49a seen after TCR 
stimulation with TGFβ was not observed (Figure 5C). TNFα also decreased 
CD49b expression when combined with TCR stimulation (Figure 5D), but had 
no effect on CD103 co-expression which was virtually absent (data not shown). 
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Accumulated data for 7 different donors. (D). CD49a expression intensity histograms under different 
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Discussion 

Interactions between tumors and the immune system are often characterized by 
the presence or absence of infiltrating T lymphocytes; however, there has been 
little attention paid to the processes that retain T cells in the tumor. RIs are involved 
in persistence of lymphocytes in healthy peripheral tissues, and their expression 
has been associated with increased effector function (7,15–18). In human cancers, 
infiltrating lymphocytes expressing RIs and CD103 have been associated with 
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improved patient survival (7,15). Immune therapy of melanoma and other solid 
tumors is more effective when infiltrating T cells are present and functional (35-
37). Thus, the expression of RI may be critical to patient survival and response to 
immune therapy. We posit that the presence of functional tumor-reactive T cells 
within a cancer depends on infiltration, retention, and persistence of function. 
CD49a, CD49b, and CD103 can mediate retention and function of T cells, thus, 
failure to induce these integrins may impair T cell persistence and efficacy in the 
TME. Understanding conditions that enhance RI expression will facilitate the 
development of strategies to enhance functional antitumor immunity. In this 
study, we have identified several subpopulations of CD8 T cells based on their 
expression of retention integrins. Interestingly these populations are evident both 
among T cells infiltrating melanoma metastases and among PBMC induced to 
express RI in vitro. Our findings suggest a stepwise progression of RI expression, 
which may be accompanied by classical processes of T cell differentiation. In 
vitro, TCR stimulation alone induced CD49a+ and CD49a+CD49b+ populations. 
We thus expect that T cells responding to antigen in lymph nodes may upregulate 
CD49a and/or CD49b and subsequently travel to the tumor site. In melanoma 
patients, these subpopulations were found among virtually all TIL and contained 
a heterogeneous population of naïve, effector and memory-like cells. Upon TGFβ 
addition to TCR stimulation in vitro, CD103 was upregulated on subsets of these 
cells. These data indicate that CD103+ subsets require an additional signal in vivo 
to develop, on top of antigen stimulation, similar to what we observed in vitro. 
This signal is present in some tumors, but not others, and may well be TGFβ. 
Interestingly, CD103+ CD8 TIL subsets were present at significantly higher fractions 
in small bowel metastases, compared to tumor involved nodes or skin metastases. 
Based on these findings, we hypothesize that the tumors, such as skin and TIN 
metastases, with small to absent CD103+ CD8 TIL have little active TGFβ in the 
TME. Future studies will test this hypothesis. Our data confirm the hypothesis 
that RI expression on CD8 T cells marks functionally and phenotypically distinct 
subpopulations. Importantly, we found that CD49a SP cells not only are capable 
of inducing expression of multiple effector cytokines, they additionally expressed 
memory marker CD127. On the other hand, subsets expressing CD49b and/or 
CD103 in addition to CD49a were more dysfunctional and expressed high levels of 
exhaustion markers PD1 and TIM3. These data indicate one of two explanations; 
CD8 TIL that express multiple retention integrins and thus remain in the TME may 
become quiescent/ exhausted. Alternatively, CD8 TIL that become exhausted in 
the TME may also upregulate multiple retention integrins. Interestingly though, 
the most exhausted subsets also expressed the highest level of cytotoxicity 
marker perforin, suggesting that there may be a diversification in TIL subsets, 
some that are most polyfunctional for cytokine secretion and others with maximal 
cytotoxic function. The subset expressing highest perforin levels were also the 
most exhausted/quiescent, raising important questions about the association 
between exhaustion state and effector dysfunction. In vivo studies addressing 
the dynamics of retention integrin expression on CD8 TIL and their location may 
provide more insight into the relationship among RI expression, exhaustion and 
effector molecule expression. Regardless, these results offer important insights 
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for adoptive T cell therapies and may guide strategies to selectively enhance more 
functional T cell subsets in the TME by other immune therapies. However, our 
preliminary data on CD49a+ CD8 T cell localization showed that differences in 
functional state may not simply be caused by distinct differentiation state. The 
different integrins may also provide retention in specific locations within the TME 
leading to selective exposure to tumor cells. Interestingly, CD49a+CD8 T cells 
may be associated with perivascular locations. This may be expected since the 
primary ligand for CD49a is collagen IV, which is highly expressed in perivascular 
tissues. IL-2 increases the proportion of CD49a and CD49b on CD45ROneg CD8 
T cells, which raises important questions about the possible advantage of having 
naïve T cells retained in peripheral tissues. However, we have only selected naïve 
T cells based on CD45RO and CD45RA expression. Thus, CD8 T cells inducing 
CD49a and CD49b upon IL-2 stimulation, may also be terminal effectors. If 
CD49a and CD49b are indeed induced on naïve T cells by IL-2, it is possible that 
these RI+ naive cells are recruited to and retained in tertiary lymphoid structures 
(TLS) within chronically inflamed tissues, including tumors, and subsequently get 
activated in situ (38). High levels of IL-2 in the TME, provided by Th1 CD4 cells, 
may thus be beneficial for the retention of naïve CD8 cells within TLS’s and thus 
may increase the probability of their activation by DCs presenting tumor antigen. 
Heterogeneity of neoantigens has been identified among different metastases in 
the same tumor (39); so, there may be an advantage to retaining naïve T cells that 
could recognize new antigens locally. Further experiments regarding naïve T cells 
based on CD45RA as well as CCR7 and CD62L will have to be done to confirm 
our conclusions. Since chemokines can recruit T cells to peripheral tissues, and 
some are critical for activating homing receptors on T cell, we suspected that 
chemokines may also support their retention in those tissues (40-42). However, 
none of the 7 chemokines we tested had any impact on induction of these RI. We 
cannot rule out effects of other chemokines, or effects of chemokines on cytokine 
mediated induction of RI, but thus far our data suggest that the process of T cell 
retention in the TME through integrins is controlled separately from the process 
of homing to tumor. The molecular mechanisms by which cytokines upregulate 
RI are not completely understood. Because CD49a (VLA-1) and CD49b (VLA-2) 
are induced fully over several days, we suspect the effect of antigen stimulation 
and/or TGFβ is indirect; so future work should identify key intermediate proteins 
or signaling pathways. From a clinical perspective, the present report raises the 
possibility that RI can be upregulated in the TME by changing the cytokine milieu. 
Manipulations of this sort may enable selective induction of functional rather than 
dysfunctional T cell subpopulations. Intratumoral or tumor-targeted therapies to 
support CD49a-mediated T cell retention in the TME may improve the efficacy 
of current immune therapies by increasing retention and function of long-lived 
tumor-reactive T cells. We are currently testing whether the present findings can 
be replicated in vivo in murine models, and whether myeloid cells, stromal cells, 
or tumor cells themselves may modulate or support RI expression and function of 
RI+ T cells among both murine and human TIL. Such studies will provide further 
guidance toward clinical manipulation of RI expression for support of antitumor 
immunity or for modulation of autoimmune diseases.
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SUPPLEMENTAL MATERIALSupplemental material: 

 

Supplemental Figure 1. (A) Gating strategy used to analyze flow cytometry data. (B) FMO 
controls to establish positive expression of RI. (C) Isotype controls for Ki67 and Granzyme B. 
(D) Assessment of CD45RO and CD45RA expression after CD45RO enrichment.   

Supplemental Figure 1. (A) Gating strategy used to analyze flow cytometry data. (B) FMO 
controls to establish positive expression of RI. (C) Isotype controls for Ki67 and Granzyme 
B. (D) Assessment of CD45RO and CD45RA expression after CD45RO enrichment. 

Supplemental Figure 2. 
Fraction of RI-expressing 
subsets on human mela-
noma-derived CD8 TIL 
per tissue origin (n=19; 
7 small bowel, 5 skin and 
7 tumor-involved lymph 
nodes (TIN)). Subsets 
are displayed as defined 
in Figure 1B (A) or as 
total integrin+ fraction 
for CD49a, CD49b or 
CD103 separately (B). * 
P<0.05, ** P≤0.01, *** 
P≤0.001, **** P<0.0001. 

Supplemental Figure 2. Fraction of RI-expressing subsets on human melanoma-derived CD8 
TIL per tissue origin (n=19; 7 small bowel, 5 skin and 7 tumor-involved lymph nodes (TIN)). 
Subsets are displayed as defined in Figure 1B (A) or as total integrin+ fraction for CD49a, 
CD49b or CD103 separately (B). * P<0.05, ** P≤0.01, *** P≤0.001, **** P<0.0001.  
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Supplemental Figure 3. CD49a expression on CD8 TIL may depend on localization within the 
tumor microenvironment. (A/B). Average fraction of CD49a+ pixels per total CD8+ pixels 
depicted for each FFPE tumor section. Tumors were previously characterized for localization of 
immune cells (immune absent/ immunotype A, perivascular/immunotype B or 
diffusely/immunotype C). Per section a minimum of 3 and a maximum of 10 20x images were 
analyzed. Positive pixels were determined with either a low threshold (A) or a high threshold (B) 
to ensure accuracy.   

Supplemental Figure 3. CD49a expression on CD8 TIL may depend on localization within 
the tumor microenvironment. (A/B). Average fraction of CD49a+ pixels per total CD8+ 

pixels depicted for each FFPE tumor section. Tumors were previously characterized for 
localization of immune cells (immune absent/ immunotype A, perivascular/immunotype B 
or diffusely/immunotype C). Per section a minimum of 3 and a maximum of 10 20x images 
were analyzed. Positive pixels were determined with either a low threshold (A) or a high 
threshold (B) to ensure accuracy. 

 
Supplemental Figure 4. Normal donor PBMC were cultured with CD3 and CD28 activating 
antibodies (TCR stim) for 24h, after which they were grown for 7 days with or without TGFβ. 
Accumulated data for fraction of CD103 (A), CD49a (B) and CD49b (C) expressing CD8 T cells 
after 8 days of culture, with/without TCR stim and/or TGFβ. * P<0.05, ** P≤0.01, *** P≤0.001, 
**** P<0.0001.  

Supplemental Figure 4. Normal donor PBMC were cultured with CD3 and CD28 activating 
antibodies (TCR stim) for 24h, after which they were grown for 7 days with or without 
TGFβ. Accumulated data for fraction of CD103 (A), CD49a (B) and CD49b (C) expressing 
CD8 T cells after 8 days of culture, with/without TCR stim and/or TGFβ. * P<0.05, ** 
P≤0.01, *** P≤0.001, **** P<0.0001.
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Supplemental Figure 5. Histograms for CD49a, CD49b and CD103 expression after 
addition of cytokines or chemokines IL-17, IL-5, IFNβ, IFNα, CXCL9-12, CCL2-5, with or 
without TCR stimulation.

 
Supplemental Figure 6. Fraction of CD49a expressing CD8 T cells after TCR stimulation 
and/or 7 days of culture with IL-10 (A) or IL-4 (B). * P<0.05, ** P≤0.01, *** P≤0.001, **** 
P<0.0001. 

 

 

Supplemental Figure 6. Fraction of CD49a expressing CD8 T cells after TCR stimulation 
and/or 7 days of culture with IL-10 (A) or IL-4 (B). * P<0.05, ** P≤0.01, *** P≤0.001, **** 
P<0.0001.




