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SUMMARY

CD8+ T cell recruitment to the tumor microenvironment is critical for the success of adoptive 

cell therapy (ACT). Unfortunately, only a small fraction of transferred cells home to solid tumors. 

Adhesive ligand-receptor interactions have been implicated in CD8+ T cell homing; however, 

there is a lack of understanding of how CD8+ T cells interact with tumor vasculature-expressed 

adhesive ligands under the influence of hemodynamic flow. Here, the capacity of CD8+ T cells to 

home to melanomas is modeled ex vivo using an engineered microfluidic device that recapitulates 

the hemodynamic microenvironment of the tumor vasculature. Adoptively transferred CD8+ T 
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cells with enhanced adhesion in flow in vitro and tumor homing in vivo improve tumor control 

by ACT in combination with immune checkpoint blockade. These results show that engineered 

microfluidic devices can model the microenvironment of the tumor vasculature to identify subsets 

of T cells with enhanced tumor infiltrating capabilities, a key limitation in ACT.

Graphical Abstract

In brief

Camargo et al. engineered a tumor vasculature-mimicking microfluidic device for predicting 

in vivo tumor homing of CD8+ T cells. Microfluidically enriched CD8+ T cells for P-selectin 

adhesion in fluid flow in vitro show superior tumor homing in vivo, remodel the tumor 

microenvironment, and augment the immunotherapeutic benefit of immune checkpoint blockade.

INTRODUCTION

Adoptive cell therapy (ACT) has emerged as a powerful treatment option for patients 

with metastatic melanoma.1,2 ACT consisting of autologous tumor-infiltrating lymphocytes 

expanded ex vivo and transferred back into the patient in combination with interleukin 

(IL)-2 can boost anti-tumor immunity.1–3 This has yielded good clinical responses for the 

treatment of metastatic melanoma, but at overall low rates.1,2 It is now known that low 

patient rates of response are due to poor trafficking of transferred cells to relevant tissues.1

In various cancer types, including melanoma, tumor infiltration by CD8+ T cells is 

correlated with reduction in disease burden and improved survival.2,4–11 In the context of 
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ACT, cultures containing more CD8+ T cells also tend to yield better clinical responses.2,4,5 

Unfortunately, only a small fraction of infused T cells make it into either primary or 

metastatic lesions.1,12,13 This means that infusion of an extremely high number of T cells is 

required to have any therapeutic effect,12,14 thus pointing to the central role T cell homing to 

tumors may play in the efficacy of ACT.11,15–17 Unfortunately, methods to predict whether 

ACT cultures will result in robust tumor homing are lacking, as are methods to enrich cells 

that exhibit these features associated with favorable responses.

CD8+ T cells traffic to quiescent or inflamed tissues in a highly dynamic process that 

involves a variety of receptor-ligand inter-actions. The steps involve rolling adhesion that 

decelerates the cell against the force of blood flow, chemokine-triggered integrin activation, 

and integrin-mediated firm adhesion leading to transmigration through the endothelial 

layer.17–19 Due to their role as the initial kickoff step in this adhesion cascade, selectins 

and their ligands have been correlatively or directly implicated in homing of T cells into 

melanomas, inflamed skin, and other tumor types.20–26 In experimental animal models of 

lymphocyte homing, endothelial cells isolated from melanomas are shown to express E- and 

P-selectin, among other adhesion receptors,27 mirroring human disease.20,28,29 Suggestive 

of their role in supporting tumor control, melanoma growth is accelerated and CD8+ T 

cell infiltration is decreased in mice lacking P-, but not E-, selectin or its ligand P-selectin 

glycoprotein ligand (PSGL)-1.26 Despite the apparent contribution of P-selectin and its 

ligand(s) in CD8+ T cell homing and disease progression in the context of melanoma, how 

P-selectin may contribute to the adhesion and homing of CD8+ T cells in ACT has not been 

explored.

Herein, profiles of endogenous or adoptively transferred murine CD8+ T cells harvested 

from tumors in an in vivo melanoma model were found to mirror those enriched for 

their capacity to mediate adhesion to P-selectin in flow in vitro using a cell-adhesion 

chromatography system30–32 that recapitulates the wall shear stress (WSS) environment of 

the tumor vasculature.30–32 Both murine and human CD8+ T cells could be enriched for 

adhesion to P-selectin in flow in vitro, which, when applied to a murine tumor model, 

resulted in enhanced tumor homing that was associated with improved tumor control of 

ACT in combination with therapeutic blockade of immune checkpoint programmed cell 

death (PD-1). These results demonstrate the utility of an engineered microfluidic device in 

recapitulating the hemodynamic microenvironment of the tumor vasculature in modeling the 

in vivo homing of lymphocytes relevant to ACT.

RESULTS

P-selectin ligand+ CD8+ T cells preferentially traffic to the TME versus lymphoid tissues

The phenotypes and cellular characteristics of endogenous CD8+ T cells in the tumor 

microenvironment (TME) versus secondary lymphoid tissues from C57BL/6 mice bearing 

B16F10 melanomas were evaluated. Endogenous CD8+ T cells infiltrating the TME 

exhibited more central memory (CD44+CD62L+; CM) and effector (CD44+CD62L−; EFF) 

phenotypes, while those recovered from the spleens of tumor-bearing animals exhibited 

a more naive (CD44−CD62L+) phenotype (Figure S1A). P-selectin has been implicated 

in T cell homing and is expressed in human melanomas,28,29,33 numerous preclinical 
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models,27,28,34 and melanomas that form in the skin of C57BL/6 animals (Figure 1A) at 

a higher extent compared with naive skin (Figure S2). Furthermore, T cells can be found 

near P-selectin-expressing vessels via immunohistochemistry (Figure 1B). To this end, the 

expression of P-selectin ligands by lymphocytes harvested from various tissues of tumor-

bearing or naive animals was assessed flow cytometrically by staining with a recombinant P-

selectin-Fc chimera (Figure 1C). Recombinant P-selectin-Fc was used to quantify the extent 

of P-selectin ligand expression by CD8+ T cells instead of antibodies recognizing canonical 

selectin ligands, because, whereas one such ligand, PSGL-1, is constitutively expressed on 

lymphocytes,35 it mediates selectin binding only in the context of appropriate glycosylation 

that cannot be distinguished by antibody-mediated staining of PSGL-1’s protein backbone.35 

In so doing, we found a low frequency of P-selectin ligand+ CD8+ T cells in secondary 

lymphoid tissues such as the spleen and lymph nodes (LNs), including non-tumor-draining 

(NDLNs) and tumor-draining (TDLNs) LNs (Figure 1D). In contrast, a high frequency of 

P-selectin ligand+ CD8+ T cells were found in the TME and the skin of tumor-naive animals 

(Figure 1D). However, overall numbers of P-selectin ligand-expressing CD8+ T cells were 

higher in tumors compared with the naive skin (Figure 1E).

To determine whether differential phenotypes of CD8+ T cells recovered from tumors and 

skin versus lymphoid tissues reflected differences in activation state, the in vivo homing of 

CD8+ T cells negatively isolated from spleens of CD45.1 mice left untreated or activated 

with PMA/Ionomycin (PMA/Ion) (Figure S3) was assessed. As a result, infused populations 

of cells exhibited either primarily naive or differentiated EFF cells, respectively (Figure 

S1B). PMA/Ion-treated CD8+ T cells expectedly exhibited reduced L-selectin and increased 

CD44 expression (Figure S3). They also exhibited increased expression of lymphocyte 

function-associated antigen (LFA)-1 and P-selectin ligand, as measured by staining with 

P-selectin-Fc (Figure S3). However, PSGL-1 expression remained unchanged (Figures 

S3F and S3G). Upon transfer into B16F10 melanoma-bearing CD45.2 animals, PMA/Ion-

treated cells trafficked to LNs and the spleen less compared with the tumor (Figure S4). 

Surprisingly, there was no difference in tumor trafficking between CD8+ T cell treatments 

(Figure S4). About 60% of donor cells infiltrating the tumor 16 h post-transfer exhibited 

a CM phenotype, whereas in spleens, donor cells were largely naive, trends seen in 

both tissues irrespective of the donor cell population (Figure S1C). Mirroring trends in 

endogenous CD8+ T cells in each tissue, the proportion of donor cells that were P-selectin 

ligand+ was low versus high in spleens versus tumors (Figures 1F and 1G), irrespective of 

donor cell population (untreated or PMA/Ion treated). Similarly, trends seen in the spleen 

with low levels of trafficked donor P-selectin ligand+ CD8+ T cells were recapitulated in 

LNs (Figure 1G).

CD8+ T cells mediate adhesion to P-selectin-functionalized substrates in hemodynamic 
flow

Expression of P-selectin ligands by endogenous and donor lymphocytes in the TME raised 

the hypothesis that CD8+ T cells mediate adhesion to P-selectin in flow, as has been 

reported for CD4+ T cells.36 As such, the capacity of CD8+ T cells to mediate interactions 

with inflamed vasculature-expressed adhesive ligands, P-selectin, and ICAM, alone or in 

combination, under conditions of physiological levels of fluid force was evaluated in vitro. 
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The extent of adhesion of CD8+ T cells to a P-selectin-functionalized substrate in a parallel 

plate flow chamber assay was measured using videomicroscopy. These experiments were 

performed under two conditions: static, where after cells were loaded into the channel, 

the flow was paused for 5 min before restarting, allowing cells within the channel to 

interact with the substrate to initiate adhesion in the absence of fluid force (Figure 2A), 

and continuous flow, in which the fluid perfusion was never interrupted (Figure 2B). 

These experiments were also performed with untreated or PMA/Ion-treated CD8+ T cells 

to evaluate the effects of cell activation state on adhesion. Under static conditions, untreated 

CD8+ T cells exhibited adhesion to P-selectin with or without ICAM, but not to ICAM 

alone (Figure 2C). On the other hand, PMA/Ion-treated CD8+ T cells exhibited adhesion 

to both ICAM and P-selectin alone, with the combination of the two having the highest 

extent of adhesion (Figure 2D). However, for both untreated and PMA/Ion-treated cells, 

the addition of ICAM to P-selectin did not increase the extent of adhesion compared with 

that observed on P-selectin alone (Figure 2E). The adhesive quality was also assessed, with 

untreated CD8+ T cells largely exhibiting more rolling adhesion, whereas PMA/Ion-treated 

CD8+ T cells exhibited more firm adhesion (Figures S5A and S5B). Under continuous flow, 

similar results were observed, with CD8+ T cells adhering to P-selectin with or without 

co-presentation of ICAM, but not to ICAM alone, albeit in a shear-stress-sensitive manner 

(Figure 2F). PMA/Ion-treated CD8+ T cells under continuous flow also exhibited adhesion 

to ICAM and P-selectin individually, with their combination resulting in the highest extent 

of adhesion that was WSS dependent (Figure 2G). Co-presentation of P-selectin with 

ICAM, interactions with which in flow are known to be selectin enabled,36,37 expectedly 

increased the total extent of adhesion by PMA/Ion-treated but not untreated CD8+ T cells 

compared with P-selectin alone (Figure 2H). Whereas untreated cells interacted in flow with 

P-selectin-functionalized substrates largely via rolling adhesion, PMA/Ion-treated CD8+ T 

cells inter-acted more substantially via firm adhesion, albeit at similar total extents that 

were WSS dependent (Figures S5C and S5D). Firmer adhesion to the P-selectin substrate 

by activated CD8+ T cells also resulted in overall lower average velocities of adhesion in 

flow (Figures S6). Results from experiments under static and continuous flow conditions 

suggest that both untreated and PMA/Ion-treated CD8+ T cells engage to some extent 

with P-selectin but not ICAM. Correlation analyses of the number of cells adhering to 

P-selectin and the frequency of CD8+ T cells expressing P-selectin ligands in perfused 

populations revealed that, while predictive of the extent of in vitro adhesion to P-selectin 

under static conditions, adhesion under continuous flow was not predicted by P-selectin 

ligand expression of perfused CD8+ T cells (Figures 2I–2K). Therefore, P-selectin ligand 

expression does not predict the extent of adhesion to P-selectin under conditions where 

adhesion is initiated in the presence of flow.

Characteristics of CD8+ T cells that interact with P-selectin under shear flow

To evaluate the cellular characteristics of CD8+ T cells that do or do not adhere 

to P-selectin-functionalized substrates under conditions of physiological levels of shear 

flow, a cell-adhesion-based chromatography microfluidic system (Figure 3A) that exerts 

an almost uniform shear stress level across the width of the adhesive substrate was 

implemented.31,32,38 Calculated based on Stokes flow and experimentally validated (Figure 

S6B), the channel was designed to allow cells to settle to the bottom of the channel prior 
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to their encounter with the adhesive substrate, allowing uniform substrate contact for all 

perfused cells. With this system, cells that can mediate adhesion can thus be separated from 

non-inter-acting cells based on their channel elution time (Figure 3B) and recovered for off-

chip analyses.31,32 Loaded cells were verified to interact only with the functionalized portion 

of the channel and, after recovery by flow-driven unloading, maintained high purity and 

viability (Figure S7). Demonstrating that cell adhesion in the perfusion channel is P-selectin 

dependent, pretreatment of cell suspensions for 30 min before perfusion with saturating 

levels (25 μg/mL) of P-selectin-Fc chimera decreased their adhesion to P-selectin substrates 

at 0.5 dyn/cm2 (Figure 3C). Furthermore, upon recovery from the channel, untreated and 

PMA/Ion-treated CD8+ T cells that were reperfused retained the general characteristics 

of the population from which they originally eluted, e.g., cells that were recovered from 

the free-flow (FF) fraction exhibited a higher frequency of cells in the FF rather than the 

adherent (Adh) fraction after reperfusion, and vice versa (Figure 3D). To ensure yields 

sufficient for statistical comparisons between representative isolated populations, a WSS 

of 0.5 dyn/cm2 was implemented for all chromatography experiments, given the higher 

extents of adhesion observed for CD8+ T cells of either treatment type, despite their highly 

divergent qualities.

Upon separation of cell suspensions into Adh and FF fractions by perfusion over P-selectin-

functionalized channels, fractions enriched from untreated versus PMA/Ion-treated CD8+ 

T cells were found to exhibit different cellular phenotypes, with cells in the Adh fraction 

being enriched in CM and EFF cells (Figures 3E–3H). Conversely, levels of naive CD8+ 

T cells were diminished in the Adh compared with the FF population (Figures 3E–3H). 

These results match previous flow cytometry analyses of P-selectin ligand−/+ cells, where P-

selectin ligand-expressing cells were found to be composed of more CM and EFF subtypes 

of CD8+ T cells (Figures S3H–S3J).

Evaluation of adhesion molecule expression in the various cell fractions revealed tumor 

homing molecules such as CD44, LFA-1, and P-selectin ligands to be upregulated in the 

Adh compared with the FF population of both untreated and PMA/Ion-treated CD8+ T cells 

(Figures 3I–3L). LN homing receptor C-C motif receptor (CCR) 7 was also enriched in the 

Adh fractions of cells treated in either manner (Figures 3I–3L). To verify that this signal 

was not induced by stimulation of CD8+ T cells from P-selectin engagement, expression 

of CCR7 and other adhesion receptors was evaluated and found not to be upregulated by 

co-incubation for 1 or 4 h with P-selectin-Fc chimera (Figures S8A and S8B). Furthermore, 

the effects of mechanical forces on CCR7 expression of cells were tested by perfusing 

cells through unfunctionalized channels and found to be negligible (Figures S8G and S8H). 

Together, this suggests that increases in the frequency of CCR7+ cells in the Adh population 

result from their functional enrichment from the parent population and not a cell signaling 

response triggered by hemodynamic force resulting from perfusion.

The concurrent versus individual expression of CCR7 and P-selectin ligand among parent 

and enriched CD8+ T cells of either source (untreated versus PMA/Ion-treated) was 

evaluated. Within the parent populations of both cell sources, most cells that were P-selectin 

ligand+ were found to be CCR7 negative (Figures 3M and 3N). However, in the Adh 

population, the frequency of cells that were double positive for P-selectin ligand and 
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CCR7 was increased (Figures 3M and 3N). Subtype analysis also revealed P-selectin 

ligand+CCR7+ cells enriched within the different fractionation groups were not of a specific 

subtype and had no difference across the various fractionation groups (Figures 3P and 

3Q). The chromatography channel thus enriches for CD8+ T cells of a more differentiated 

phenotype that are enriched for co-expression of P-selectin ligand+ and CCR7 from source 

cells that vary substantially in their initial qualities.

The ex vivo expansion capabilities of CD8+ T cells enriched from a P-selectin-

functionalized channel were evaluated by incubating with Dynabeads and IL-2 immediately 

after perfusion. The cells expanded ~6-fold by day 8 irrespective of fractionation group 

(Figure S9A), with changes in cell viability resulting from culture that were equivalent 

between fractionation groups (Figure S9B). Further, CD8+ T cells positive for Ki-67, 

a proliferation marker,39 were unchanged between different fractionation groups (Figure 

S14C), as were granzyme-B and PD-1 (Figures S9D and S9E). And despite P-selectin ligand 

expression being higher preexpansion (day 0) for the Adh fraction compared with other 

groups, differences were lost with expansion (Figure S14F). Irrespective of fractionation 

group, cells thus exhibit the same proliferation and differentiation capabilities.

Sorted CD8+ T cell fractions exhibit different in vivo tissue-homing capabilities

The in vivo homing capabilities of cells enriched for adhesion to P-selectin in vitro using the 

adhesion chromatography system were evaluated by adoptively transferring by intravenous 

administration FF and Adh fractions of untreated or PMA/Ion-treated CD45.1+CD8+ T cells 

into B16F10 melanoma-bearing mice (Figure 4A). Sixteen hours post-transfer, cells isolated 

from various tissues, including the tumor, spleen, TDLNs, and NDLNs, were stained 

using fluorescent antibodies and flow cytometrically analyzed. Irrespective of pretreatment 

condition, recovery of total CD45.1 cells in the tumor was highest for animals into which the 

Adh fractions were transferred compared with animals that received the parent population 

or FF fraction (Figure 4B). Correspondingly, animals that received the Adh fraction with 

both cell sources yielded low recoveries in the spleen (Figure 4C). The Adh fraction of 

untreated CD8+ T cells also had low yields in the NDLNs and TDLNs compared with 

other groups (Figure 4C). As reflected in the fraction of total CD8+ T cells in each 

tissue, recipient animals that received donor cells from the Adh fraction exhibited higher 

frequencies of donor cells in the tumor compared with the parent and FF, irrespective of 

parent population pretreatment (Figure S10A). In contrast, the frequency of donor cells in 

lymphoid tissues was lower in mice that received donor cells from Adh fractions compared 

with other groups, for both untreated and PMA/Ion populations (Figure S10B). When 

evaluated for their distribution of CD8+ T cell subtypes, donor cells that trafficked to the 

tumor exhibited no differences in subtype across the fractionation groups, irrespective of 

activation state (Figure S10C). Donor cells from the Adh fraction recovered from the spleen 

exhibited a lower frequency of naive cells compared with donors from the FF and parent 

cells for both pretreatment conditions (Figure S10D). Overall, distributions of CD8+ T cell 

subtypes appear to be independent of fractionation group in the tumor while dependent on 

fractionation group in the spleen.
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When evaluated for their expression of adhesion receptors/ligands, donor cells recovered 

from the tumor exhibited a high frequency of double positivity for P-selectin ligand 

and CCR7 expression irrespective of treatment or fractionation group (Figure 4D). This 

trend was also observed with the P-selectin-functionalized channel where, irrespective of 

treatment group, the Adh fraction enriched for P-selectin ligand+CCR7+ CD8+ T cells. In 

contrast, cells recovered from lymphoid tissues varied based on their fractionation group, 

with the Adh fraction having a higher frequency of trafficked P-selectin ligand+CCR7+ cells 

and lower P-selectin ligand−CCR7− cells in the spleen and LNs (Figures 4E, S10E, and 

S10F). Furthermore, the P-selectin ligand+CCR7+ cells that were enriched in the tumor were 

not composed of a specific subtype (Figures 4F and 4G), suggesting that adhesive quality 

and not CD8+ T cell subtype might be a better indicator of tumor homing capabilities. These 

data demonstrate that the in vitro selection for CD8+ T cells that can adhere to P-selectin in 

physiological shear flow enriches for a subset of cells both with an enhanced tumor homing 

capability and that mirrors the quality of CD8+ T cells enriched in the tumor compared with 

lymphoid tissues.

Ex vivo-expanded CD8+ T cells that exhibit higher extents of adhesion to P-selectin in flow 
in vitro home to greater extents to the TME in vivo

How the capacity to adhere to P-selectin in physiological fluid flow in vitro and home to 

tumors in vivo varies as CD8+ T cells are expanded was evaluated. Primary mouse CD8+ T 

cells were incubated with Dynabeads and IL-2 to yield cultures that expanded ~30-fold by 

day 10 (Figure 5A). Adhesion by CD8+ T cells at various days of expansion was evaluated 

under static versus continuous flow conditions (Figure S11). Adhesion by untreated CD8+ 

T cells (day 0) was far less than that of cells at later expansion stages (day 2 and 8) under 

both static (Figure S11D) and continuous flow conditions (Figure S11H). In addition, cells 

at day 2 of expansion predominantly mediated rolling adhesion (Figures S11B and S11F), 

whereas cells at day 8 interacted at high extents via firm adhesion (Figures S11C and 

S11G). Correspondingly, the frequency of cells expressing P-selectin ligand was low prior 

to activation and expansion but dramatically increased by days 2 and 8 of expansion (Figure 

5B). Using the adhesion chromatography channel, the extent of CD8+ T cell adhesion to a 

P-selectin-functionalized substrate at a continuous WSS level of 0.5 dyn/cm2 was also found 

to increase at days 2 and 8 compared with unexpanded (day 0) cells (Figure 5C). Conversely, 

rolling velocity, which correlates with adhesion extent and cell avisity,32 decreased during 

expansion (Figure 5C).

When CD8+ T cells were fractionated based on adhesion to P-selectin, more CD8+ T cells 

were recovered in the Adh fractions at days 2 and 8 of expansion relative to unexpanded 

cells (Figure 5D). Cells recovered in the Adh fractions also expressed higher levels of 

P-selectin ligand compared with both other groups (Figure S12A). However, after expansion, 

the fraction of cells recovered in the Adh population that expressed P-selectin ligand was 

the same as that of the parent population but exceeded that of the FF fraction (Figure 

S12A). Adh cells at day 2 also expressed higher CCR7 (Figure S12B), and L-selectin 

was expressed at lower levels compared with FF and parent throughout expansion (Figure 

S12C). Irrespective of expansion stage, the Adh fractions contained a lower proportion of 

naive CD8+ T cells compared with the FF fraction and parent population, save at day 8 
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(Figure S12D). Adh fractions exhibited no distinct differences in the proportion of CM 

cells (Figure S12E). However, EFF CD8+ T cells were enriched in Adh versus FF fraction 

from populations that had been expanded, but not relative to the parent population of day 8 

cultures (Figure S12F).

The homing of unexpanded and day 2- and 8-expanded CD45.1+CD8+ T cells adoptively 

transferred into B16F10 melanoma-bearing mice was next evaluated 16 h post-intravenous 

(i.v.) injection (Figure 5E). With increasing day of expansion, trafficking to lymphoid tissues 

decreased, as reflected by the lower frequency of donor cells of total leukocytes (CD45+) in 

these tissues (Figure 5F). Contrastingly, day 8-expanded CD8+ T cells accumulated to the 

greatest extent in the tumor (Figure 5F). These differences in total infiltration also altered 

the recovery of CD8+ T cells in various tissues (Figure S13A). A similar trend was seen 

with respect to the fraction of transferred cells, where at later days of expansion there was 

decreased accumulation in lymphoid tissues and increase accumulation in the tumor (Figure 

5G). Viability of the donor CD8+ T cells was decreased in TME compared with lymphoid 

tissues, irrespective of the day of expansion (Figure S13B), as a result of the TME being 

immunosuppressive and rendering T cells functionally impaired.40–42

To evaluate whether there are any adhesive markers or CD8+ T cell subtypes enriched 

in lymphoid tissues or the TME throughout expansion, the fold-change expression from 

pre-transfer levels of different markers and subtype was analyzed. The recovered cells in 

the TME were enriched for CCR7+ cells compared with untransferred on each respective 

expansion day, except day 8 (Figure S13C). Of recovered cells, the proportion that were 

L-selectin+ in the TDLNs and spleen was increased relative to the parent population in day 

8 cultures (Figure S13D). Likewise, the proportion of cells expressing L-selectin recovered 

from tumors was diminished compared with their proportion in the donor cell population 

pretransfer (Figure S13D). Similarly, the proportion of cells recovered from LNs that 

express P-selectin ligand was decreased in LNs irrespective of expansion day (Figure S13E). 

In the adoptive transfer model, enrichment of P-selectin ligand-expressing cells in the TME 

was seen only in unexpanded cells, due to the fact that day 2- and day 8-expanded CD8+ 

T cells had higher levels of P-selectin ligand expression prior to transfer, resulting in the 

fold change relative to parent being low (Figure S13E). Correlation analysis was performed 

to compare the enrichment of CD8+ T cells expressing adhesion markers that distribute in 
vivo to particular tissues versus those that are collected in the sorted cell fractions (Figures 

5H, 5I, S14A, S14B, and S14G–S14J). In the tumor, increased expression of CCR7 and 

P-selectin ligand correlated with the fold change in expression of these markers in the Adh 

fraction but not the FF fraction (Figure 5J). On the other hand, expression of L-selectin 

that is diminished in donor CD8+ T cells recovered from the TME correlated with the fold 

change in L-selectin expression by cells recovered from the FF fraction (Figure 5J). The fold 

change in L-selectin expression by donor CD8+ T cells in lymphoid tissues was similarly 

correlated with the fold change in L-selectin expression by CD8+ T cells recovered from FF 

fractions (Figures S14C, S14O, and S14P). The fold change in CCR7 expression in donor 

CD8+ T cells recovered from lymphoid tissues also correlated with the fold change in CCR7 

expression by CD8+ T cells in the Adh fraction (Figures S14C, S14O, and S14P). Likewise, 

the fold change in P-selectin expression by donor cells recovered from the TDLNs and 

spleen correlated with the fold change in cells recovered in the Adh fraction (Figures S14C 

Camargo et al. Page 9

Cell Rep. Author manuscript; available in PMC 2023 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and S14P). This suggests that enrichment of cells expressing P-selectin ligand and CCR7 in 

the chromatography channel was predictive of enrichment in the TME of cells expressing 

these adhesion receptors, irrespective of expansion time.

When analyzed with respect to differentiation state, naive CD8+ T cells were enriched in 

LNs upon transfer of cells expanded until day 8 (Figure S13F). In contrast, CM cells were 

enriched in the tumor only when transferred without expansion (Figure S13G). On the other 

hand, EFF cells were enriched in the tumor at earlier days of expansion (day 0 and 2) 

(Figure S13H). Correlation analysis of CD8+ T cell subtype within cultures of various dates 

of expansion that were found to be enriched in the in vitro fractionated cells versus those 

that were recovered from various tissues after adoptive transfer in vivo was performed 

(Figures 5K, 5L, S14D, S14E, and S14K–S14N) to determine if the chromatography 

channel predicted subtype enrichment in the TME. The diminishments in naive CD8+ T 

cells in the tumor correlated with the fold change in naive CD8+ T cells in both the FF and 

the Adh fractions (Figure 5M). Naive CD8+ T cell enrichment in the LNs also correlated 

with the fold change in naive CD8+ T cells in both Adh and FF fractions (Figures S14F, 

S14Q, and S14R). EFF CD8+ T cells were correlated with the fold change of EFF cells in 

the FF but not the Adh fraction (Figures S14F, S14Q, and S14R). Therefore, the fold change 

relative to parent in naive and, to some extent, EFF CD8+ T cells in the FF and Adh fractions 

predicts their fold change in the TME and lymphoid tissues. Overall, the enrichment of 

various sub-types of CD8+ T cells and the in vivo homing behavior of adoptively transferred 

CD8+ T cells at various states of expansion are predicted by their extent of enrichment for 

P-selectin adhesion in flow using the chromatography channel.

Tumor-specific CD8+ T cells enriched for adhesion to P-selectin in flow home to and 
remodel the TME and augment the efficacy of ACT with immune checkpoint blockade

The homing and engraftment of adoptively transferred CD8+ T cells that are tumor specific 

were evaluated. OT-I CD8+ T cells (CD45.2+) were enriched for adhesion to P-selectin using 

the adhesion chromatography system, and the FF and Adh fractions were collected and 

immediately transferred intravenously into B16F10-OVA melanoma-bearing mice (CD45.1) 

(Figure 6A). At 16 and 64 h post-transfer, cells were isolated from the tumor, spleen, 

NDLNs, and TDLNs; stimulated in vitro with SIINFEKL for 6 h; antibody stained; and 

flow-cytometrically analyzed. Consistent with results from analogous experiments using 

polyclonal CD8+ T cells from wild-type (WT) CD45.1 mice, OT-I CD8+ T cells from the 

Adh fraction exhibited higher tumor trafficking compared with parent and FF fractions, 

reflected as the fraction of all CD8+ T cells and the fraction of the total number of 

transferred cells (Figures 6B and 6C). Trafficking to secondary lymphoid tissues, on the 

other hand, was lower for cells in the Adh fraction compared with other groups (Figures 

S15A and S15B). Viability of donor cells in the tumor was the same between fractionation 

groups at both 16 and 64 h post-transfer (Figure 6D). Similarly, viability of donor cells in 

lymphoid tissues was the same between fractionation groups at 16 h, but in the spleen at 64 

h, FF cells had higher viability compared with other fractions (Figure S15C). At this initial 

analysis time point, all donor cell groups exhibited the same frequencies of granzyme-B, 

IFN-γ, TNF-α, and Ki-67 expression in the tumor and lymphoid tissues (Figures 6E, 6F, 

S15D, and S15E), demonstrating that, despite differences in the extent of total homing 

Camargo et al. Page 10

Cell Rep. Author manuscript; available in PMC 2023 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to various tissues, donor CD8+ T cells that trafficked to the tumor have the same initial 

cytotoxic and proliferative capabilities. However, by 64 h post-transfer, TME-infiltrating 

donor cells from the Adh fraction exhibit increased frequencies of granzyme-B positivity 

(Figure 6E). In the TDLNs (Figure 6F) but not the NDLNs and spleen (Figures S15D and 

S15E) at 64 h, FF donor cells exhibited lower Ki-67 expression compared with Adh donor 

cells, demonstrating that Adh cells proliferate to a greater extent in the TDLN than FF cells. 

Furthermore, Ki-67 expression of donor cells decreased in the tumor and increased in the 

TDLNs, indicating this to be a site of donor cell proliferation (Figures 6E and 6F).

When endogenous CD8+ T cells were evaluated, no differences in activation marker 

expression by CD8+ T cells infiltrating the TME were observed between mice that received 

different donor cells at 16 h (Figure 6G). Endogenous CD8+ T cells recovered from the 

TDLNs of mice into which donor CD8+ T cells were transferred from Adh fractions, 

however, exhibited a higher frequency of IFN-γ and TNF-α production, an effect that was 

sustained for IFN-γ at 64 h (Figure 6H). Given the TDLNs’ role in facilitating priming of 

lymphocytes in response to tumor-derived antigen,43–46 this is suggestive of an anti-tumor 

CD8+ T cell response being locally elicited. Consistent with this, despite no differences 

at the initial 16 h time point, by 64 h post-transfer, frequencies of host CD8+ T cells 

producing granzyme-B and TNF-α infiltrating the tumor were increased for animals that 

received donor cells from Adh fractions (Figure 6G). However, the overall frequency of 

granzyme-B-producing cells decreased between 16 and 64 h (Figure 6G). Increased homing 

to tumors by tumor-specific donor CD8+ T cells enabled by enrichment for adhesion to 

P-selectin in flow drives faster initial tumor killing. Moreover, this homing drives further 

priming and expansion within TDLNs to facilitate anti-tumor CD8+ T cell immunity.

The effects of tumor homing differences on the therapeutic potency of donor tumor-specific 

CD8+ T cells were evaluated by intravenously infusing OT-I CD8+ T cells fractionated 

in the adhesion chromatography system into B16F10-OVA tumor-bearing animals. The 

benefit of ACT in combination with blockade of PD-1, whose efficacy in melanoma is 

highly correlated with CD8+ T cell tumor infiltration,47,48 was evaluated (Figure 6I) with or 

without concurrent anti-PD-1 (aPD-1) treatment, with effects compared with aPD-1 alone 

or saline control. The combination therapy slowed tumor growth by day 11, and by day 13 

both aPD-1 and ACT using Adh donor cells slowed tumor growth as a monotherapy, albeit 

at more modest extents compared with the two used in combination (Figure 6J). When donor 

cell quality synergies with aPD-1 were evaluated, however, ACT with parent or FF donor 

cells did not improve the effects of aPD-1 (Figure 6K). Therefore, cells enriched for their 

in vitro adhesion to P-selectin in flow with increased tumor homing in vivo improve the 

therapeutic synergies of ACT with aPD-1.

Enrichment of ex vivo-expanded human CD8+ T cells for in vitro adhesion to P-selectin in 
flow

The relevance of the adhesion chromatography system to the analysis of human CD8+ 

T cells expanded using a clinically relevant expansion protocol was evaluated. Human 

CD8+ T cells were isolated from healthy donor peripheral blood mononuclear cells and 

incubated with Dynabeads and IL-2. Analysis of expanded cells (Figure 7A) sorted through 
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a P-selectin-functionalized channel revealed that CD8+ T cell recovery within Adh fractions 

increased upon expansion (Figure 7B). Adh fractions were also enriched for cells with 

P-selectin ligand expression, although the extent of enrichment was dependent on expansion 

day (Figures 7C–7E). Although no difference in CCR7 expression between sorted samples 

was found (Figures S16A and S16D), in contrast to results found with murine CD8+ T 

cells, L-selectin expression was higher in cells recovered in FF cells on days 5 and 7 of 

expansion (Figure S16E), in agreement with results from murine studies. Sialyl Lewis a/x 

(sLea/x), a tetrasaccharide carbohydrate P-selectin ligand that plays an important role in 

selectin-mediated adhesion in flow,35 was measured on fractionated groups and was found to 

be highly expressed by cells recovered in the Adh versus FF fraction (Figure S16F). Overall, 

human CD8+ T cells fractionated for their capacity to interact with P-selectin in flow appear 

enriched for high expression of tumor homing molecules such as P-selectin ligand and 

sLea/x, while CD8+ T cells that do not interact with P-selectin are more frequently L-selectin 

positive. The adhesion chromatography system is thus amenable for analysis of human 

biospecimens and, in line with results with a preclinical mouse tumor immunotherapy 

model, enriches for cells with high expression of tumor homing ligands.

DISCUSSION

ACT has emerged as a promising therapy for metastatic melanoma, but this treatment has 

low rates of response due in part to poor cell trafficking to diseased tissues.1,2 Understanding 

the mechanisms underlying CD8+ T cell infiltration to the TME holds promise for 

improving the clinical outcomes of ACT. In this study, an engineered microfluidic device 

was implemented to characterize what adhesion and chemokine receptors, as well as 

differentiation states, are associated with enhanced adhesion by CD8+ T cells to P-selectin in 

physiological flow. Biodistribution analysis of adoptively transferred cells into a preclinical 

B16F10 melanoma tumor model revealed the predictive benefit of cell adhesion to P-

selectin in in vitro and in vivo tumor homing, which led to superior therapeutic effects 

in potentiating combination immunotherapy with aPD-1.

Preferential trafficking of P-selectin ligand+ CD8+ T cells to tumors seen herein is 

consistent with previous studies demonstrating that the expression of P-selectin and 

its ligands plays an important role in CD8+ T cell homing to tumors and in disease 

progression.21,26 Results from in vitro flow-based perfusion experiments suggest that 

physiological force from fluid flow influences the mechanisms of CD8+ T cell adhesion to 

endothelial-expressed adhesive ligands. Furthermore, P-selectin ligand expression correlates 

with the extent of cell adhesion under conditions under which adhesion is initiated in the 

absence but not in the presence of flow. This is consistent with the potential for a greater 

number of low-affinity receptor-ligand interactions to occur under static conditions,49 

which presumably are not able to form under continuously applied shear stress. Therefore, 

continuous perfusion could be considered a more physiologically relevant method to 

investigate mechanisms underlying CD8+ T cell adhesion in vivo relevant to cellular homing 

during ACT.

A matter of controversy in the ACT field has been which differentiation state of CD8+ 

T cells contributes the most to immediate tumor killing versus long-term control of 
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tumor growth.1,3 Numerous studies have shown that less differentiated CD8+ T cells, 

such naive, stem-cell memory (SCM), and CM CD8+ T cells, have enhanced anti-tumor 

activity compared with effector memory (EM) and EFF CD8+ T cells.3,14,50–52 This inverse 

relationship between T cell differentiation and treatment efficacy is believed to result from 

less differentiated cells having enhanced self-renewal and multipotent capabilities. However, 

less is known about the differences in cell adhesion and homing behaviors between CD8+ T 

cell subtypes and how this controls their trafficking and resulting functions. What subtypes 

of CD8+ T cells have enhanced cell adhesion to a tumor-like substrate was assessed 

here using an adhesion chromatography system that exposed cells to endothelial-presented 

adhesion receptors under physiological levels of shear flow. This approach offers an 

advantage over in vivo analysis methods in which the influences of cytokine stimulation or 

antigen presentation within the TME can lead to CD8+ T cell activation and differentiation, 

confounding the effects of adhesion and migration processes alone. This in vitro method 

instead allows the assay of CD8+ T cell adhesion to be done in a controlled manner, 

explored here in the context of engagement to P-selectin under the influence of physiological 

levels of fluid flow. For non-activated CD8+ T cells, an enrichment of CM and EFF CD8+ T 

cells was found in Adh fractions, whereas only EFF cells are enriched in PMA/Ion-treated 

CD8+ T cells. Biodistribution analysis of the channel-sorted CD8+ T cells revealed that cells 

recovered in the Adh fraction trafficked better to the tumor and that the cells in the tumor 

exhibited higher proportions of cells that expressed both P-selectin ligand and CCR7. These 

results support the interpretation that the in vitro chromatography channel can be used to 

predict homing and engraftment behavior of CD8+ T cells in vivo.

When expanding murine CD8+ T cells ex vivo, P-selectin ligand expression was found 

to increase throughout expansion, leading to an increase in the number of CD8+ T cells 

mediating adhesion to P-selectin in flow and reducing their velocities of rolling adhesion. 

Using a P-selectin-functionalized channel to fractionate CD8+ T cells at different days of 

expansion revealed that P-selectin ligand+ cells were only enriched prior to expansion, 

signifying that sorted cells would have the greatest therapeutic benefit when starting from 

less differentiated cell sources. Less differentiated CD8+ T cells that are known to exhibit 

very potent survival and self-renewal capabilities,53 however, tend to traffic more to LNs 

rather than tumors.19,54 Using this system to sort less differentiated CD8+ T cell subtypes 

with greater tumor rather than LN homing could improve their therapeutic effects, an 

inter-pretation supported by tumor therapy experiments in combination with aPD-1.

When expanded cells were transferred into B16F10 melanoma-bearing mice, later days of 

expansion resulted in reduced LN homing, with subtle increases in tumor homing, results 

that closely match the in vitro data where later days of expansion resulted in a reduction of 

recovered cells in the FF fraction and increased recovery in the Adh fraction. Furthermore, 

the enrichment of P-selectin ligand and CCR7 expression by cells in the Adh fraction 

correlated with the enrichment of cells expressing these markers in the tumor. These studies 

suggest that the chromatography system can be employed with ex vivo expansion protocols 

to predict homing of CD8+ T cells throughout expansion.

Immune checkpoint blockade is most effective in patients with tumors that are highly 

infiltrated by CD8+ T cells.47,48 Blockade of PD-1 can restore the activation and cytotoxic 
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capabilities of T cells to result in tumor control.55,56 Many studies have demonstrated 

that aPD-1 treatment improves the potency of ACT with a high dose of transferred T 

cells.57–61 ACT comprising cells enriched for adhesion to P-selectin in flow improved 

the effects of aPD-1 to reduce tumor growth in the B16F10 tumor model. This could 

be interpreted as ACT with cells with greater adhesion propensity transforming scarcely 

infiltrated, immunologically “cold” B16F10 tumors into “warm” tumors, such that aPD-1 

anti-tumor effects are enhanced, thereby leading to improved therapeutic efficacy.

In conclusion, the capacity of CD8+ T cells to home and engraft within tumors versus 

lymphoid tissues can be modeled ex vivo using an engineered microfluidic device that 

recapitulates the hemodynamic microenvironment of the vasculature. Adhesion-based 

sorting of CD8+ T cells prior to transfer increases tumor homing and improves the 

therapeutic effects of ACT. Knowing what sub-population of CD8+ T cells homes better 

to the tumor, as well as determining the minimal timeline to produce cells enriched for 

this homing behavior, can enable dose sparing for ACT, thus minimizing undesirable side 

effects. An advantage of this method is its amenability not only to preclinical studies but 

also to investigations using human biospecimens. This approach, therefore, holds promise in 

improving the delivery limitations of ACT to increase treatment safety and patient response 

rates.

Limitations of the study

The main limitation is the in vitro adhesion chromatography system not fully recapitulating 

all aspects of the microenvironment of the tumor vasculature. Features of the in vivo 
environment not modeled by the engineered microfluidic system include non-uniform 

distributions of adhesive ligands presented throughout the vessel,62 expression of multiple 

adhesion ligands by vessel-lining cells,29,33,63–65 the presence of endothelial cell-presented 

chemokines,66 variable WSS levels among different tumor vessels,67 pulsatile flow,68,69 and 

shape of the vessel cross section. On the other hand, the exact cause of CD8+ T cell homing 

to the TME and its regulation by biophysical force that results from fluid flow cannot be 

fully interrogated using an in vivo model in isolation. Correlation analyses between in vitro 
adhesion and in vivo homing motivate future studies using knockout animal models. And 

although the in vivo studies presented herein used one melanoma model, establishing how 

adhesion to P-selectin contributes to homing of CD8+ T cells to other melanomas or tumor 

types where P-selectin has been shown to be expressed, such as ovarian, lung, and breast 

cancer,28 would broaden the applicability of the findings.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Susan Thomas 

(susan.thomas@gatech.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—B16F10 and B16F10-OVA cells were maintained in Dulbecco’s modified 

Eagle’s medium supplemented with 10% fetal bovine serum, and 1% penicillin/

streptomycin/amphotericin B. Cells were passaged at ~80% confluence, and maintained 

at 37°C with 5% CO2 in a standard incubator.

Animal tumor models—C57Bl/6 or B6 CD45.1 female mice were purchased at six 

weeks of age from the Jackson Laboratory. All protocols were approved by the Institutional 

Animal Care and Use Committee (IACUC). For tumor-bearing cohorts, 0.1–0.5 × 106 

melanoma cells were implanted intradermally in 6- to 8-week-old mice. To evaluate 

therapeutic effects, tumor size was measured with calipers in three dimensions and reported 

as an ellipsoidal volume.

METHOD DETAILS

Study design—This study’s objective was to implement a microfluidic system to predict 

the in vivo homing by CD8+ T-cells by evaluating their adhesion in vitro in a tumor 

vasculature-like microenvironment that incorporates the effects of hemodynamic flow. 

Adhesion molecule expression by adherent and non-adherent cells as well as endogenous 

and adoptively transferred cells that home to the tumor versus lymphoid tissues including 

the spleen and lymph nodes was evaluated. Cells enriched for their capacity to mediate 

adhesion in vitro were adoptively transferred into tumor-bearing murine hosts and the 

resulting cellular biodistribution profiles were compared. The therapeutic effects of adherent 

versus non-adherent cells as ACT in a tumor immunotherapy model in combination with 

aPD-1 were evaluated. Sample sizes were chosen based on previously published studies. 

For animal studies, mice were randomized into various groups before treatment, with one 

cage having one mouse per group. The endpoint for survival studies was set at the humane 

endpoint (tumors reaching 1.5 cm in any direction or ulcerating tumors). Experiments were 

not done in a blinded fashion.

Immunohistochemistry and imaging—B16F10 tumors 7d post intradermal 

implantation in the dorsal skin with 0.5 × 106 B16F10 cells were surgically excised, 

embedded in optimum cutting temperature embedding medium, and stored at −80°C. A 

cryostat was used to slice 8 μm thick tissue sections that were mounted onto histological 

slides and stored at −20°C. Sections were 2% PFA fixed for 20 min at room temperature, 

blocked with 10% donkey serum diluted in Dulbecco’s Phosphate Buffered Saline (D-PBS) 

with calcium and magnesium for 1h at room tempertature, and incubated overnight at 4°C 

with the following primary antibody: goat anti-mouse CD62P (1:13, R&D Systems, AF737), 

and rat anti-mouse CD3 (1:50, Invitrogen) or rat anti-mouse CD31 (1:50, Invitrogen). The 

following day, the slides were incubated for 1h at room temperature with the following 
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secondary antibody: donkey anti-goat Alexa Flour 555 (1:200, Invitrogen) and donkey anti-

rat Alexa Flour 647 (1:1000, Invitrogen). In between each staining step, slides were washed 

three times with gentle agitation in 0.1% Tween 20 diluted in D-PBS with calcium and 

magnesium. Washed slides were mounted using Vectashied mounting medium with DAPI 

and microscopic images were taken using a Zeiss AxioObserver Z1 fluorescent microscope 

with a 10x magnification objective.

Murine CD8+ T cell isolation—C57Bl/6, B6 CD45.1, or OT-I (purchased from Charles 

River Laboratories and bred in-house) animals were euthanized, and the spleens were 

harvested and disrupted with 18G needles followed by washing with B-PBS. Cells were 

passed through a sterile 70-μm cell strainer, washed, and incubated with red blood cell 

lysing buffer (Sigma-Aldrich) for 5 min at room temperature, quenched with D-PBS, 

washed, and resuspended for counting. Cells were resuspended at 108 cells/ml buffer 

(Biolegend, MojoSort Buffer), and then incubated with a biotin-antibody cocktail for 15 

min, followed by streptavidin nanobeads for another 15 min (Biolegend, MojoSort Mouse 

CD8a Selection Kit). Buffer was added to the mixture and placed in a magnet (STEMCELL 

Technologies), and the supernatant was collected. Cells were then counted and resuspended 

in either cell media for expansion or activation experiments, saline for adoptive transfer 

experiments, or 0.1% BSA for perfusion experiments. Cells were maintained in sterile 

conditions before adoptive transfer. Pre-transfer, purity, viability, and CD8+ T-cell subtypes 

were confirmed via flow cytometry on a customized BD LSRFortessa flow cytometer.

Human CD8+ T cell isolation—Human peripheral blood (buffy coats) from de-identified 

healthy donors were purchased (Oklahoma Blood Institute). Peripheral blood mononuclear 

cells (PBMCs) were isolated from whole blood via centrifugation with Lymphocyte 

Separation Media (Corning, 25–072-CV). Following PBMC isolation, CD8+ T-cells were 

isolated using a negative isolation kit from Stem Cell (17953). Cells were cryoed down in 

HI-FBS with 10% DMSO until further use.

CD8+ T cell activation with PMA/Ion—Isolated CD8+ T-cells were suspended in either 

cell media (RPMI 1640 with 10% fetal bovine) or cell media supplemented with 20 ng/mL 

PMA (Sigma-Aldrich) plus 1 μg/ml Ionomycin (Invitrogen, ThermoFisher). Cells were 

incubated for 4 h at 37°C with 5% CO2 in a standard incubator.

CD8+ T cell expansion—Isolated CD8+ T-cells were suspended at a concentration 

of 106 cells/mL in culture medium (RPMI 1640-containing L-glutamine, 1% penicillin/

streptomycin/amphotericin B, 1% HEPES, 1% non-essential amino acids, 1% sodium 

pyruvate, 0.05mM 2-mercaptoethanol, and 10% fetal bovine serum). Cells were mixed with 

Dynabeads (Gibco, ThermoFisher) at a bead-to-cell ratio of 1:1 and 100 U/ml rIL-2 (R&D 

Systems). Cells were incubated at 37°C with 5% CO2 in a standard incubator. Cells were 

examined daily, and after day 3, cells were split daily. Beads were removed on day 3 (for 

human cells) or day 5 (for murine cells), and then maintain in media with 100 U/ml rIL-2.

Adoptive transfer—After activation or expansion, cells were suspended at a concentration 

of 108 in buffer (D-PBS plus 1mM CaCl2) and mixed with dead cell removal (Annexin 

V) cocktail, biotin selection cocktail, and RapidSpheres (STEMCELL Technologies). Buffer 
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was added to the mixture and placed in a magnet; the supernatant was collected. Cells were 

then counted and resuspended at the desired concentration. CD8+ T-cells were suspended 

in sterile saline at a concentration of 106 cells per 200 μL of sterile saline. After mice 

were anesthetized, the hair over the neck of mice was removed using depilatory cream and 

cleaned using warm water, then suspended cells were injected intravenously via the jugular 

vein.

In vivo biodistribution analysis—At 16 h post-adoptive transfer, mice were euthanized, 

and tumor-draining lymph nodes, non-draining lymph nodes, spleens, and tumors were 

collected. Cells were analyzed via flow cytometry, and transferred cells were identified by 

staining for CD45.1 (donor mice) and CD45.2 (host mice). The percent recovered cells was 

defined as the number of cells in a given tissue divided by the known number of cells 

injected into the animal.

Treatment of B16F10-OVA melanoma-bearing mice—B16F10-OVA cells (0:1 × 106) 

were implanted intradermally on day 0. After 7 days mice were treated with 1 million OT-I 

CD8+ T-cells (sorted on chromatography channel or unsorted) i.v. On day 8 and 11, mice 

were i.t injected with 150 μ g of anti-mouse PD-1 (clone RMP1–14; BioXCell) in 30 μ l of 

saline.

Flow cytometry—Harvested LNs were incubated with 1 mg/mL of collagenase D (Sigma-

Aldrich) in D-PBS with calcium and magnesium for 1 h at 37°C, passed through a 70-

μm cell strainer, washed, and resuspended in a 96-well plate for staining. Spleens were 

disrupted using 18G needles, passed through a 70-μm strainer, washed and incubated with 

red blood cell lysing buffer (Sigma-Aldrich) for 5 min at room temperature, diluted with 

D-PBS, washed, and resuspended. Tumors were incubated with 1 mg/mL of collagenase D 

(Sigma-Aldrich) in D-PBS with calcium and magnesium for 4 h at 37°C, passed through a 

70-μm cell strainer, washed, and resuspended. All antibodies for flow cytometry were from 

Biolegend unless otherwise stated. Cells were blocked with anti-mouse CD16/CD32 (clone, 

2.4G2) (Tonbo Biosciences) for 5 min on ice, washed, and stained with fixable viability dye 

Zombie Aqua for 30 min at room temperature, and then washed. Cells were then incubated 

with 10 μg/ml P-selectin plus 10 μg/ml of FITC anti-IgG (Fc specific) diluted in D-PBS 

for 30 min on iced and then washed. Antibody cocktails were prepared in flow cytometry 

buffer (0.1% bovine serum albumin in D-PBS) following manufacturer concentration or 

preliminary titrations. Cells were incubated with an antibody cocktail for 30 min on ice 

and then washed. Cells were fixed with 4% paraformaldehyde (VWR International Inc). For 

cytokine staining, cells were suspended in IC Fixation Buffer (eBioscience, Thermo Fisher 

Scientific Inc.) for 60 min on ice in the dark. Cells were then incubated with the antibody 

cocktail in IC Permeabilization buffer for 60 min at room temperature in the dark. Cells 

were then washed and resuspended in buffer, and kept at 4°C until analyzed with customized 

BD LSRFortessa flow cytometer (BD Biosciences). Compensation was performed using 

AbC, ArC, or UltraComp compensation beads (ThermoFisher).

Ex vivo SIINFEKL stimulation—After cell isolation, LNs, spleen, and tumor samples 

were plated in a sterile 96-well U-bottom plate. SIINFEKL peptide (1 μg/ml) in 100 μL 
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of IMDM (Iscove’s modified Dulbecco’s medium) with 10% heat-inactivated fetal bovine 

serum and 0.05 mM β-mercaptoethanol (Sigma-Aldrich) was added to each sample and 

then incubated for a total of 6 h at 37°C with 5% CO2. Three hours into the incubation 

period, brefeldin A (50 μg/mL) was added to each sample. Cells were then stained for flow 

cytometry as described above.

Flow-based cell adhesion experiments—A 0.01-inch thick silicone gasket with a 2.5 

mm wide rectangular opening was assembled between an acrylic disk with an inlet and 

outlet ports (GlycoTech Corporation) and a functionalized polystyrene dish via vacuum 

suction. The chamber and inlet and outlet tubing were filled with 0.1% BSA in D-PBS 

perfusion medium, taking care that no bubbles formed at connections. The outlet line 

was connected to a syringe pump (PhD Ultra Harvard Apparatus), and the inlet line was 

connected to a reservoir. The chamber was placed on an Eclipse Texas Instrument (TI) 

optical microscope (Nikon), and medium was perfused through the chamber at the desired 

flow rate via syringe withdrawal. A suspension of 5 × 105 CD8+ T-cells per ml were added 

to the inlet reservoir. For continuous flow experiments, cells were perfused at a flow rate 

to attain desired shear stress. For static condition experiments, cells were perfused into 

the chamber for 3 min, flow was stopped for 10 min to allow cells to settle. Flow was 

then restarted at the desired flow rate, and after 1 min, the flow rate was continuously 

increased. Image recording was done using Nikon NIS-Elements software. For continuous 

flow, six evenly spaced positions within the functionalized region of the dish were imaged 

for 30 s each, followed by checking non-specific adhesion on the non-functionalized region. 

For static conditions, one position was imaged for the entire experiment; as the flow rate 

increased, we can visualize the number of cells detaching from the substrate; at the end, the 

non-functionalized control was checked. For all experiments, the exposure time was 0.281 

μs, the frame rate was 25 frames per second, and the objective was 10x.

Substrate functionalization—In experiments utilizing the vacuum-sealed gasket, a 1.07 

× 0.25 cm rectangle in the center of a 35 mm non-tissue culture treated, round, polystyrene 

dishes were coated with anti-IgG (Fc specific) (Sigma-Aldrich) diluted in D-PBS without 

calcium and magnesium, at the concentration corresponding to the total P-selectin and 

ICAM-1 concentration in each condition. The anti-IgG solution was incubated overnight at 

4°C, and then washed with D-PBS, blocked with 1% BSA in D-PBS at room temperature 

for 1h, then washed, incubated at room temperature for 2 h with 10 μg/ml P-selectin (R&D 

Systems), 5 μg/ml ICAM-1 (R&D systems), or the combination of both dilutes in D-PBS 

with calcium and magnesium. The non-functionalized region, a 0.53 × 0.25 cm rectangle 

immediately proximal to the functionalized rectangle, was blocked with 1% BSA in D-PBS. 

All dishes were stored at 4°C with D-PBS until use in same-day experiments.

Chromatography channel fabrication—The microfluidic channels were made using 

100 μm thick double-sided adhesive tape (3M). U-shaped channel of two 2 cm wide by 

14 cm long sections connected by a 2 cm wide 1.5 cm long section was cut using a 

crafted cutter (Silhouette America). On one side, the adhesive tape was attached to PDMS 

(Ellsworth Adhesives). An inlet hole was made with a biopsy punch before attaching the 

other side of the adhesive tape to a non-tissue culture-treated polystyrene plate with a drilled 
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outlet hole. PDMS was pre-made by mixing PDMS base with curing agent at a ratio of 9:1 

and curing for 4h at 90°C.

Chromatography channel functionalization—The chromatography channel was 

functionalized by incubating 25 μg/mL anti-IgG (Fc-specific) (R&D Systems) in D-PBS 

without calcium and magnesium overnight at 4°C, and then washed with D-PBS, blocked 

with 1% BSA in D-PBS at room temperature for 1 h, then washes again. Then 25 μg/ml of 

P-selectin diluted in D-PBS with calcium, and magnesium was placed in the functionalized 

portion of the channel for 2 h at room temperature. Finally, the entire device was blocked 

with 1% BSA in D-PBS at room temperature for 1 h.

Chromatography channel experiments—An inlet syringe connected to tubing was 

filled with perfusion media (0.1% BSA in D-PBS), and was connected to a syringe pump 

(PhD Ultra Harvard Apparatus). The syringe pump was used to withdraw a cell pulse of 1 

mL at a concentration of 2.5 × 106 cells/ml into inlet tubing at a rate of 0.4 mL/min. The 

tubing containing the cell pulse was inserted into the inlet hole of the channel, and a 5 mL 

test tube was connected to the bottom of the outlet hole as the cell collection reservoir. The 

channel was placed on an Eclipse Ti optical microscope (Nikon), and medium was perfused 

through the channel at the desired flow rate; perfusion was then stopped after the free flow 

cells elution time had been reached. Then, the syringe and inlet tubing was replaced with 

a new syringe and tubing containing only perfusion media to eject the adherent cell in the 

channel out of the channel and into a second collection tube. The number of cells in the 

sorted fraction was counted using a hemocytometer, and then adoptively transferred into 

mice or analyzed via flow cytometry.

Ex vivo P-selectin stimulation—Isolated CD8+ T-cells were suspended in either cell 

media (RPMI 1640 with 10% fetal bovine) and incubated with either 1, 2.5, 10, and 20 

μg/ml of P-selectin or with 20 ng/mL PMA (Sigma-Aldrich) plus 1 μg/ml Ionomycin 

(Invitrogen, ThermoFisher) for 1h or 4h. Cells were incubated for 4h at 37°C with 5% CO2 

in a standard incubator. After incubation time, cells were analyzed via flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry analysis—Flow cytometry data were analyzed using FlowJo software 

version 10, data is presented in this paper using GraphPad Prism.

Quantification of cell adhesive behavior—Videos were manually post-processed by 

counting the number of rolling and firmly adherent cells per 30-s video field of view. Firmly 

adherent cell was defined as a cell that did not move more than 1 radius in length throughout 

the experiment. Cell velocities were measured for 10–15 rolling cells per FOV with each 

experiment (with 3 replicas) using a manual particle tracking plugin in ImageJ. Velocity was 

determined by dividing a cell’s total translational distance over the functionalized area by 

the total time it took to travel that same distance.

Setting distance analysis—The mean distance of the cells from the bottom of the 

channel at any given time was experimentally determined and calculated as previously 
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described.30 In short, a cell pulse followed by perfusion media was perfused into an 

unfunctionalized channel, and 5 min videos were taken with the focal point set at the bottom 

of the channel at 9 different positions across the channel. The videos were then analyzed 

using OpenCV-based Traffic Flow Analyzer cell tracking software to detect cell edges and 

the cell x and y positions of each detected cell. Based on the total tracked distance and video 

frames per second, cell velocity was calculated using these data. The metric yvel/0.5 rx + ry

(the vertical location of the cell from the bottom of the channel divided by an effective cell 

radius) was calculated from Equation 1, and the mean x and y radius were measured during 

cell tracking.

Vx = τwall

hμmedium

h2

4 − yvel  2 (Equation 1)

Statistics—Data are represented as means accompanied by SEM, and statistics were 

calculated using Prism 9 software (GraphPad Software). ****p < 0.0001, ***p < 0.001,**p 

< 0.01, and *p < 0.05 by unpaired t-test or two-way analysis of variance (ANOVA) followers 

by post hoc test for multiple comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An engineered microfluidic device models CD8+ T cell tumor homing in vivo

• CD8+ T cell adhesion to P-selectin in fluid flow in vitro predicts tumor 

homing

• CD8+ T cells enriched for adhesion to P-selectin better home to and remodel 

the TME

• Transfer of CD8+ T cells enriched for adhesion in vitro improved aPD-1 

tumor control
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Figure 1. Endogenous and donor CD8+ T cells recovered from the TME are enriched for 
P-selectin ligand expression compared with lymphoid tissues
(A and B) Immunohistochemistry staining for P-selectin and CD31 (A) or CD3 (B) in 

8-μm-thick sections of B16F10 tumors formed in C57BL/6 mice. Scale bars: top, 400 μm; 

bottom, 50 μm.

(C) Representative flow cytometry data scatterplots for P-selectin ligand+ expression by 

CD8+ T cells recovered from the spleen, tumor, and naive skin.

(D) Percentage of CD8+ T cells recovered from the LNs, spleen, tumor, or naive skin 

expressing P-selectin ligand. Statistical comparisons by one-way ANOVA with Dunnett’s 

multiple comparisons test.

(E) Total number of P-selectin ligand-expressing (P-sel L+) cells recovered from tumors or 

naive skin. Statistical comparisons by two-tailed parametric t test.

(F) Representative flow cytometry scatterplots for P-selectin ligand expression by 

CD45.1+CD8+ T cells recovered from the spleen, tumor, and naive skin 16 h post-adoptive 

transfer of 106 untreated or PMA/Ion-treated CD45.1+CD8+ T cells into melanoma-bearing 

mice.

(G) Percentage of transferred CD45.1+CD8+ T cells recovered from various tissues 16 h 

post-transfer that express P-selectin ligand. Statistical comparisons by two-way ANOVA 

with Dunnett’s multiple comparisons test. Points represent data from an individual animal. 

Data in all panels represent the mean ± SEM;

*p < 0.05, ***p < 0.001, ****p < 0.0001. See also Figures S1–S4.
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Figure 2. Adhesion of CD8+ T cells to P-selectin-functionalized substrates is not correlated to 
P-selectin ligand expression under conditions of continuous flow at physiological levels of wall 
shear stress
(A and B) Schematics outlining perfusion conditions for adhesion experiments conducted 

under static (A) and continuous flow (B) conditions.

(C and D) Numbers of untreated (C) or PMA/Ion-treated (D) CD8+ T cells per field view 

interacting with ICAM, P-selectin, or P-selectin + ICAM functionalized substrate under 

static conditions.

(E) Differences in total adhesion of perfused CD8+ T cells to P-selectin + ICAM versus 

P-selectin alone under static conditions.

(F and G) Numbers of untreated (F) or PMA/Ion-treated (G) CD8+ T cells per field view 

interacting with an ICAM, P-selectin, or P-selectin + ICAM functionalized substrate under 

continuous flow conditions.
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(H) Differences in total adhesion of perfused CD8+ T cells to P-selectin + ICAM versus 

P-selectin alone under conditions of continuous flow.

(I and J) Correlation analysis between number of adherent cells to P-selectin and percentage 

of P-selectin ligand+ cells under static (I) or continuous flow (J).

(K) The p values for the correlation analysis between cells adhering to P-selectin under 

static conditions or continuous flow and the frequency of CD8+ T cells expressing P-selectin 

ligand; dashed line represents p = 0.05. Data in all panels represent the mean ± SEM of 

three independently performed experiments. Statistical comparisons performed by two-way 

ANOVA with Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01. ***p < 0.001, 

****p < 0.0001. See also Figures S5 and S6.
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Figure 3. Perfusion of CD8+ T cells through an adhesion chromatography channel functionalized 
with P-selectin under physiological conditions of fluid flow
(A) Schematic diagram of hemodynamic microenvironment-mimicking adhesion 

chromatography microfluidic system.

(B) Schematic diagram of elution times of CD8+ T cells that do (adherent) or do not (free 

flow) exhibit adhesion to P-selectin.

(C) Number of interacting CD8+ T cells per field of view left untreated or pretreated with 

P-selectin chimera and perfused through the chromatography channel.

(D) Percentage of recovered untreated or PMA/Ion-treated CD8+ T cells in either the free 

flow (FF) or the adherent (Adh) fraction of the parent (unsorted) population or reperfused 

cell subpopulations immediately after perfusion.

(E and F) Gating strategy for fractionated CD8+ T cell subtypes through a P-selectin-

functionalized channel. (G and H) Data from (E) and (F), represented as frequency of CD8+ 

T cells.
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(I and J) Representative flow cytometry histograms of different adhesion markers’ 

expression on parent, FF, and Adh populations. (K and L) Data from (I) and (J), represented 

as frequency of CD8+ T cells.

(M) Representative flow cytometry plots of CCR7 versus P-selectin ligand expression by 

free flow or adherent recovered subpopulations from perfused CD8+ T cells left untreated or 

pretreated with PMA/Ion.

(N and O) Data from (M) represented as frequency of CD8+ T cells.

(P and Q) Frequency of subtypes of P-sel L+CCR7+CD8+ T cells recovered in the 

different fractions. Points represent results using splenocytes harvested from an individual 

animal. Data in all panels represent the mean ± SEM. Results represent a minimum of 

three independently performed experiments. Statistical comparisons performed by two-way 

ANOVA with Dunnett’s multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. See also Figures S7–S9.
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Figure 4. CD8+ T cells recovered using the adhesion chromatography system to enrich for 
adhesion to P-selectin in flow exhibit enhanced tumor homing compared with cells recovered in 
the free flow and parent fractions
(A) Schematic diagram outlining the experimental design.

(B and C) Percentage of parent untreated and PMA/Ion CD8+ T cells of cells fractionated 

based on their adhesion to P-selectin in flow recovered in various tissues 16 h after adoptive-

transfer into B16F10 melanoma-bearing animals.

(D and E) Frequency of single and co-expression of P-selectin ligand and CCR7 by donor 

CD8+ T cells recovered in the tumor and the spleen that were left untreated or were 

PMA/Ion treated.

(F and G) Subtype distribution of donor P-sel L+CCR7+ untreated (F) or PMA/Ion-treated 

(G) CD8+ T cells recovered from the tumor. Points represent individual results from 

individual animal. Data in all panels represent the mean ± SEM of three or more 

independently run experiments; two-way ANOVA with Tukey’s multiple comparisons test; 

*p < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S10.
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Figure 5. Enrichment of P-selectin ligand and CCR7 expression by Dynabead-expanded CD8+ 

T cells recovered by perfusion through a P-selectin-functionalized channel is correlated with the 
enrichment of donor cells trafficking to the TME
(A) Fold expansion of CD8+ T cells cultured with Dynabeads and IL-2.

(B) Frequency of P-selectin ligand-expressing CD8+ T cells at different days of expansion.

(C) Number and velocity of Dynabead-expanded CD8+ T cells adherent to a P-selectin-

functionalized substrate.

(D) Percentage of Dynabead-expanded CD8+ T cells recovered within the Adh and FF 

fractions by perfusion through the adhesion chromatography system.

(E) Schematic outlining adoptive transfer experimental design.

(F) Frequency of donor CD8+ T cells (CD45.1+CD45.2−) of all CD45+ (CD45.1+CD45.2+) 

cells into CD45.2 animals bearing B16F10 melanomas.

(G) Frequency of otal CD8+ donor T cells ecovered from analyzed tissues.

(H–M) Correlation analysis of adhesion molecule expression (H and I) and subtype (K 

and L) enrichment between CD8+ T cells enriched for adhesion to P-selectin in flow and 
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that traffic to the tumors. −log10(p value) versus log2(fold change) of adhesion molecule 

expression (J) and subtype (M) by CD8+ T cells recovered from the tumor. (F–I, K, and 

L) Points represent results from one individual animal. (A–D, F, and G) Data represent the 

mean ± SEM. All data represent results from three or more independently run experiments; 

one-way ANOVA (B) and two-way ANOVA (C, D, F, and G) with Dunnett’s multiple 

comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figures 

S11–S14.
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Figure 6. CD8+ T cells enriched for adhesion to P-selectin in physiological flow improve tumor 
control by ACT in combination with immune checkpoint blockade (ICB) aPD-1
(A) Schematic outlining the experimental design.

(B) Frequency of donor CD8+ T cells in all CD8+ T cells recovered in the tumor.

(C) Donor CD8+ T cells recovered in the tumor as the frequency of the total number of cells 

transferred into the B16F10-OVA tumor-bearing mice.

(D) Viability of donor CD8+ T cells in the tumor.

(E–H) Percentage of cytokine-producing or Ki-67+ cells of donor CD8+ T cells in the tumor 

(E) or TDLNs (F). Percentage of cytokine-producing or Ki-67+ cells of endogenous CD8+ T 

cells in the tumor (G) or TDLNs (H).

(I) cSchematic outlining the experimental design.

(J) B16F10-OVA tumor growth after treatment with aPD-1 alone or adoptive transfer (AT) of 

Adh OT-1 CD8+ T cells with and without aPD-1.

(K) B16F10-OVA tumor growth after therapy with aPD-1 alone or in combination AT of 

parent or sorted OT-1 CD8+ T cells (FF and Adh). All graphs represent mean ± SEM (n = 
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5); statistics were performed by two-way ANOVA with Tukey’s multiple comparisons test. 

(E–H) * indicates significance of comparison to parent population, $ indicates significance 

of comparison between time points; *p < 0.05, **p < 0.01. ***p < 0.001, ****p < 0.0001. 

See also Figure S15.
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Figure 7. Human CD8+ T cells exhibit differential adhesion to P-selectin in physiological levels of 
fluid flow during expansion
(A) Expansion of human CD8+ T cells from healthy donors cultured with Dynabeads and 

IL-2.

(B) Percentage of CD8+ T cells recovered in Adh and FF fractions using P-selectin-

functionalized channel.

(C) Frequency of P-selectin ligand+ cells of live CD8+ T cells of parent populations or those 

recovered in FF or Adh fractions after perfusion through a P-selectin-functionalized channel 

at different days of expansion.

(D) Histograms of P-selectin ligand expression at different days of expansion of human 

CD8+ T cells.

(E) Mean fluorescence intensity of P-selectin ligand+ cells normalized to parent cell 

mean fluorescence. For all graphs the data represent the mean ± SEM of three or more 

independently run experiments; two-way ANOVA with Bonferroni’s multiple comparisons 

test; *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figure S16.
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