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Tregs control various functions of effector T cells; however, where and how Tregs exert their immunomodu-
latory effects remain poorly understood. Here we developed a murine model of adoptive T cell therapy and 
found that Tregs induce a dysfunctional state in tumor-infiltrating CTLs that resembles T cell exhaustion and 
is characterized by low expression of effector cytokines, inefficient cytotoxic granule release, and coexpression 
of coinhibitory receptors PD-1 and TIM-3. Induction of CTL dysfunction was an active process, requiring local 
TCR signals in tumor tissue. Tregs infiltrated tumors only subsequent to Ag-dependent activation and expan-
sion in tumor-draining LNs; however, Tregs also required local Ag reencounter within tumor tissue to induce 
CTL dysfunction and prevent tumor rejection. Multiphoton intravital microscopy revealed that in contrast to 
CTLs, Tregs only rarely and briefly interrupted their migration in tumor tissue in an Ag-dependent manner 
and formed unstable tethering-interactions with CD11c+ APCs, coinciding with a marked reduction of CD80 
and CD86 on APCs. Activation of CTLs by Treg-conditioned CD80/86lo DCs promoted enhanced expression of 
both TIM-3 and PD-1. Based on these data, we propose that Tregs locally change the costimulatory landscape 
in tumor tissue through transient, Ag-dependent interactions with APCs, thus inducing CTL dysfunction by 
altering the balance of costimulatory and coinhibitory signals these cells receive.

Introduction
Malignant cellular transformation elicits adaptive immune 
responses, and growing tumors have usually been selected for their 
ability to avoid elimination by these responses through a plethora 
of active and passive mechanisms. Nevertheless, T cells can facili-
tate rejection of established tumors, both spontaneously and in 
various settings of cancer immunotherapy. CD8+ CTLs are thought 
to act through cytotoxic destruction of tumor cells and secretion 
of effector cytokines. CD4+ T cells provide “help” to the CD8+ CTL 
response (1–3), but can also have CTL-independent antitumor 
effects (4, 5). However, most solid malignancies express little or no 
MHC class II molecules, in contrast to the presence of MHC class I  
molecules. Therefore, their successful and complete elimination 
in settings where the immune system is being harnessed to treat 
tumors in human patients is generally viewed to be dependent 
on the functions of CD8+ T cells that recognize tumor-specific or 
tumor-associated Ags (6). For a long time, immunotherapy efforts 
have therefore been directed at optimizing the induction of CD8+ 
T cell responses to tumors under the assumption that this may be 
the rate-limiting step in tumor rejection. More recently, however, 
it has been recognized that tumor-reactive CTLs are spontaneously 
generated and can be found in robust numbers both in the blood-
stream and in the tumor tissue of patients, but that those cells that 
have infiltrated the tumors have largely lost their effector func-
tions (7–9). Such tumor-infiltrating CTLs, similar to virus-specific 
T cells in chronic viral infection, exhibit phenotypic and function-
al features of T cell exhaustion, such as expression of coinhibitory 
receptors and impaired secretion of cytokines or cytotoxic proteins 

(10–12). The importance of these coinhibitory receptors has been 
emphasized by the recent success of monoclonal antibody thera-
pies to block their function (i.e., immune checkpoint blockade), 
which have achieved remarkable responses in cancer patients (13, 
14). In order to further develop therapeutic approaches that build 
on the manipulation of coinhibitory pathways, it will be impor-
tant to understand how the expression of these molecules on  
T cells is controlled. Also, it would be valuable to know to what 
extent these immunoregulatory mechanisms affect the outcome 
of adoptive T cell therapies, which have emerged as an additional 
promising treatment modality for human cancer patients (15).

Foxp3+ Tregs have been shown to be important contributors 
to the development of immune tolerance toward tumors, but the 
mechanisms by which this occurs are still not well understood. 
They can emerge both from thymic development preferentially 
through selection on self-Ags (tTreg) and from peripheral conver-
sion of likely predominantly non–self-Ag–specific conventional  
T cells (pTreg) (16), and both Treg populations have been found in 
different types of tumors (17, 18). Apart from the Ag specificity of 
tumor-responsive Tregs, the role that cognate Ag encounter plays 
in regulating their population dynamics, at both immune induc-
tion and effector sites and in eliciting their suppressive effector 
functions, is still largely unknown. Finally, although a variety of 
Treg effector mechanisms have been identified (19), the location 
and the context in which these different mechanisms unfold in 
vivo has not been well described.

In the present study, we found that tumor-infiltrating Tregs pro-
moted the rapid induction of a state of functional hyporesponsive-
ness in CTLs that was characterized by impaired cytokine secretion 
and cytotoxic granule release, as well as coexpression of the coin-
hibitory receptors PD-1 and TIM-3, hallmarks of what has previ-
ously been described as T cell exhaustion in settings of chronic viral 
infection (20). Using an experimental tumor model that allowed us 
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to track clonal Treg and CTL populations and to independently 
control their cognate Ag encounter specifically in the tumor tissue, 
we found that Ag-driven Treg activities in tumor tissue sufficed to 
induce local CTL dysfunction and to disable tumor rejection, inde-
pendent of the cells’ suppressive activities in tumor-draining LNs 

(dLNs), where they were initially activated. Induction of dysfunc-
tion in differentiated CTLs in tumor tissue proved to be an active 
process that required TCR signals. Tregs underwent Ag-dependent 
interactions with CD11c+ tumor APCs and downmodulated their 
expression of the costimulatory molecules CD80 and CD86 in vivo. 

Figure 1
Tumor Ag–specific Tregs aggravate a state of dysfunction of tumor-infiltrating CTLs that resembles exhaustion. (A) BALB/c mice were infused with 
GFP+ HA-Tregs and on the same day implanted in the flank with CT26HA tumors. (B–E) 9 days later, tumor-infiltrating, host-derived, polyclonal 
CTLs (B) were analyzed for their capacity to degranulate (C) and secrete IFN-γ (D) ex vivo in response to plate-bound CD3 Abs and for (E) expres-
sion of PD-1 and TIM-3, compared with CTLs from animals that did not receive HA-Tregs. (F) Frequency of cells in the indicated CTL subpopula-
tions expressing IFN-γ upon restimulation. (G) Relative frequency of CTLs and CT26HA tumor cells (expressing the fluorescent fusion protein H2B-
Cerulean) in day-9 tumors. (H) Thy1.2 mice received Thy1.1+ naive, HA-specific CL4 CD8+ T cells together with HA-Tregs, and expression of PD-1 
and TIM-3 on tumor-infiltrating CL4 T cells was measured on day 9. Bar graphs in E and H show relative frequencies of CTLs expressing PD-1, 
TIM-3, both, or neither. Each experiment shown is representative of at least 2 with similar results; dashed lines in graphs in C and D indicate back-
ground in nonrestimulated CTLs; data represent n = 3–5 animals/group. All graphs indicate means; error bars denote SEM (E, F, and H). *P < 0.05.
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In vitro, this was sufficient to augment the coexpression of TIM-3 
and PD-1 on CTLs activated by such Treg-conditioned APCs, while 
CD28 signaling antagonized their induction upon T cell activation. 
Our findings suggested that Treg activities in tumor tissue include 
contact-dependent downregulation of costimulatory molecules 
on local APCs. The resulting decrease in costimulation delivered to 
tumor-infiltrating CTLs during Ag re-encounter, which at the same 
time augments their expression of coinhibitory receptors, culmi-
nates in their dysfunction.

Results
Tregs aggravate local functional hyporesponsiveness of tumor-infiltrating 
CTLs. To investigate the influence of Ag recognition on the pop-
ulation dynamics of Tregs and their ability to regulate effector 
T cell (Teff) responses against tumors, we sought to develop an 
experimental system in which we could track clonal populations 
of Tregs with known specificity for a model Ag. Mice that express 
both influenza HA as a ubiquitous self-Ag as well as the transgenic 
T cell receptor TCR-HA, which recognizes the I-Ed–restricted epit-
ope HA107–119, generate HA-specific Tregs (referred to herein as HA-
Tregs; ref. 21). We enriched LN and spleen cells from these animals 
for HA-Tregs, which express the transcription factors Foxp3 and 
Helios and suppress the function of HA-specific CD4+ and CD8+ 
T cells in vitro (21), and transferred these cells into mice that were 
subsequently implanted under the skin with HA-expressing CT26 
(CT26HA) tumors (Figure 1A and Supplemental Figure 1; supple-
mental material available online with this article; doi:10.1172/
JCI66375DS1). The endogenous T cell response of BALB/c mice 
against CT26HA tumors is insufficient to facilitate their rejection 
(22), and we therefore did not expect a change in the rate of tumor 
growth through HA-Treg–mediated immunoregulatory effects. 
However, while HA-Tregs did not alter or only mildly reduced the 
frequency of CTLs in tumor tissue (Figure 1B), we found that HA-
Tregs had rendered tumor-infiltrating CTLs hyporesponsive when 
examining these cells functionally by measuring their ability to 
degranulate and express IFN-γ in response to short-term TCR trig-
gering (Figure 1, C and D). This functional deficit was paralleled 
by an increase in their coexpression of the coinhibitory receptors 
PD-1 and TIM-3 (Figure 1E), which has previously been linked to  
T cell dysfunction in both mouse and human tumors (10–12). 
Interestingly, although there was a clear hierarchy of CTL dysfunc-
tion in the presence of HA-Tregs, with TIM-3+PD-1+ double-posi-
tive cells being least functional, followed by PD-1+ single-positive 
cells, this hierarchy was not as pronounced in their absence (Figure 
1F). As expected, tumor burden and the ratio of tumor cells to 
CTLs was not altered in the presence of HA-Tregs at the time of 
analysis (Figure 1G), which suggests that these differences did not 
result from a quantitative increase in exposure to tumor Ag.

PD-1 expression has been described as a hallmark of T cell 
exhaustion in chronic viral infection (20). However, it is also rap-
idly upregulated in nonexhausted T cells upon activation (23) and 
may be part of a physiological counterregulatory response that is 
in place to tune TCR signaling to the amount of available Ag (24). 
Recent studies in tumors suggest that cells expressing only PD-1 
indeed retain Ag responsiveness, while only coexpression of PD-1 
and TIM-3 identifies the most profoundly hypofunctional T cells 
(10, 11). We therefore hypothesized that PD-1 expression by CTLs 
indicates recent TCR stimulation, but does not by itself report 
Treg-induced dysfunction. To test this hypothesis, we repeated the 
above experiment, but also transferred naive CL4 TCR transgenic 

CD8+ T cells (25), which recognize the H-2Kd-restricted HA515–523 
epitope, before tumor implantation. In the absence of HA-Tregs, 
but not in their presence, in vivo–primed CL4 T cells rejected 
CT26HA tumors (Supplemental Figure 2 and ref. 26). Notably, at 
a time point when tumor burden was not yet different, the fraction 
of TIM-3+ cells among PD-1+ tumor-infiltrating CL4 T cells had 
more than doubled in the presence of HA-Tregs (from 32% to 70%), 
while the overall proportion of PD-1+ cells remained constant. At 
the same time, the population of cells expressing neither PD-1 nor 
TIM-3, which represented up to half of the endogenous tumor-
infiltrating CTLs, was almost completely absent among CL4  
T cells (Figure 1H). Since tumor-infiltrating CTLs derived from 
the endogenous polyclonal repertoire likely recognize tumor Ags 
with a broad range of affinities, these data suggested that expres-
sion of PD-1 by itself reflects recent Ag recognition with high TCR 
affinity (as for the CL4 TCR), but only coexpression of PD-1 and 
TIM-3 is correlated with pronounced T cell dysfunction.

We therefore concluded that Tregs exacerbate the induction of  
T cell dysfunction in tumor-infiltrating CTLs independent of 
tumor burden and prevent tumor rejection.

Ex vivo–primed CTLs are subject to local induction of T cell dysfunction 
through Tregs in a setting of adoptive T cell therapy. We wanted to exam-
ine if ex vivo–primed CTLs were also susceptible to Treg-induced 
dysfunction in a setting that mimics adoptive T cell therapy. We 
therefore cultured HA peptide–pulsed CL4 splenocytes first with 
IL-12, then with IL-2, to generate HA-specific CTLs (HA-CTLs; 
Supplemental Figure 3A). When HA-CTLs were transferred into 
mice with established CT26HA tumors, they rejected these in an 
Ag-specific fashion without the requirement to migrate through 
dLNs for further activation (Supplemental Figure 3, B–D). How-
ever, when tumor-bearing mice had previously been seeded with 
HA-Tregs, HA-CTLs were unable to reject tumors, which grew at a 
rate comparable to that observed in the absence of any T cell trans-
fer (Figure 2A). In this setting, where a large number of CTLs were 
injected i.v., HA-Tregs impaired neither the recruitment of CTLs 
to tumors, nor their infiltration of the tumor parenchyma, within 
the first 5 days after transfer (Figure 2B and data not shown). We 
also did not observe a rapid loss of CTL effector differentiation 
when analyzing the expression of granzyme B or of total (intra- 
and extracellular) CD107a, which reflect the formation of cyto-
toxic granules and secretory lysosomes, respectively (Figure 2C). 
However, as was the case with in vivo–primed CTLs, we observed 
an inability of tumor-infiltrating HA-CTLs retrieved from HA-
Treg–seeded mice 2 days after their adoptive transfer to effectively 
deploy their lytic cargo when encountering Ag (Figure 2D). Also, 
a 2- to 3-fold larger fraction of PD-1+ cells expressed TIM-3 in the 
presence of HA-Tregs than in their absence (Figure 2E). Equivalent 
changes were observed for the frequency of CTLs producing nei-
ther TNF nor IFN-γ upon restimulation ex vivo (Figure 2F).

Our finding of Treg-mediated induction of T cell dysfunction 
in this setting of adoptive Teff therapy indicates that while Tregs 
likely also unfold their immunoregulatory activities already at 
induction sites of antitumor immune responses, their activity at 
the effector sites is sufficient to rapidly promote CTL dysfunction.

Only CTLs that encounter their cognate Ag in tumor tissue are susceptible 
to Treg-induced dysfunction. CTLs may be rendered dysfunctional in 
tumor tissue because Tregs deprive them of Ag-dependent activa-
tion signals required to sustain or fully develop their effector func-
tions. Alternatively, CTLs may receive Ag-dependent inhibitory sig-
nals that actively induce their dysfunction. To distinguish between 
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Figure 2
Tregs rapidly amplify CTL dysfunction through local activity in tumor tissue. (A) HA-Tregs prevented rejection of established CT26HA tumors by 
ex vivo–activated HA-CTLs injected at day 7. (B) HA-CTLs infiltrate both tumor stroma and parenchyma in presence of HA-Tregs. CT26HA nuclei 
were marked by expression of the blue fluorescent protein Cerulean fused to histone H2B. Tissue autofluorescence is depicted in red. Scale bar: 
100 μm. (C) Expression of granzyme B and the lysosomal marker CD107a (intra- and extracellular) in tumor-infiltrating HA-CTLs 3 days after 
transfer into tumor-bearing mice harboring HA-Tregs or not. (D) Impaired degranulation and surface mobilization of CD107a in tumor-infiltrating 
HA-CTLs 2 days after transfer into animals harboring HA-Tregs. (E) Expression of PD-1 and TIM-3 by tumor-infiltrating HA-CTLs. Graph shows the 
frequency of HA-CTLs expressing PD-1, TIM-3, both, or neither, before and 2 days after transfer into mice harboring HA-Tregs or not. (F) Expres-
sion of effector cytokines upon short ex vivo restimulation of tumor-infiltrating HA-CTLs. Each experiment shown is representative of 2 (B–F)  
or 4 (A) with similar results (n = 3–5 per group). All graphs indicate means; error bars denote SEM (A and D–F). *P < 0.05.
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these possibilities, we sought to create conditions in tumor tissue 
under which Ag recognition by HA-CTLs, but not HA-Tregs, is 
selectively disabled. We therefore mutated the HA515–523 determi-
nant recognized by the CL4 TCR to abrogate presentation by MHC I  
in BALB/c mice (Figure 3A). This prevented in vitro activation of 
CL4, but not of TCR-HA transgenic T cells by mutant HA (either 
Y516A or Y516D) expressed in CT26 cells (Figure 3B). We then 
implanted HA-Treg–seeded mice with CT26HA tumors in one 

flank and CT26HA Y516A tumors in the other, and transferred 
HA-CTLs 7 days later (Figure 3C). Accumulation of HA-Tregs in 
tumor tissue was not altered by the HA mutation (Figure 3D). 
Since HA-CTLs did not recognize the mutant HA determinant, 
they were not expected to reject CT26HA Y516A tumors, regard-
less of whether they were functionally suppressed by HA-Tregs. 
We therefore analyzed their capacity for effector cytokine secre-
tion upon restimulation ex vivo as a measure of their functional 

Figure 3
Treg-dependent CTL dysfunction requires their local Ag recognition in tumor tissue. (A) The HA515–523 determinant of HA was mutated in position 
2 to generate HA Y516A and HA Y516D in order to prevent binding to H-2Kd while preserving the HA107–119 determinant. (B) CT26 cells expressing 
no HA, WT HA, or either mutant HA were mixed at 1:20 ratios with splenocytes from TCR-HA or CL4 TCR transgenic animals. T cell activation 
was measured 24 hours later as surface expression of CD69. Graph shows summary of data. Each analysis was performed in triplicate. (C) HA-
Treg–seeded mice were implanted with both CT26HA and CT26HA Y516A tumors. When 5 × 106 HA-CTLs were injected at day 7, they would 
recognize HA only in CT26HA tumors, not CT26HA Y516A tumors, while HA-Tregs would encounter “their” HA determinant in both. (D) Similar 
HA-Treg recruitment in CT26HA and CT26HA Y516A tumors on day 11 after tumor implantation. (E) Expression of effector cytokines upon ex vivo 
restimulation of HA-CTLs from WT or mutant tumors retrieved 4 days after adoptive transfer into animals seeded with HA-Tregs or not. Graphs 
show fractions of CTLs expressing IFN-γ, TNF, both, or neither. (F) Expression of PD-1 and TIM-3 by HA-CTLs from WT or mutant tumors of 
animals harboring HA-Tregs or not. Graphs show fractions of CTLs expressing PD-1, TIM-3, both, or neither. Each experiment in C–F is repre-
sentative of 2 (n = 3–4 per group) with similar results. All graphs indicate means; error bars denote SD (B) or SEM (D–F).
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responsiveness. In tumors expressing WT HA, almost 3 times as 
many HA-CTLs expressed neither IFN-γ nor TNF, whereas 3 times 
fewer cells expressed both cytokines, in the presence of HA-Tregs. 
However, in tumors where only HA-Tregs, but not HA-CTLs, rec-
ognized their cognate Ag, we observed no change in the cytokine 
expression capacity of CTLs in the presence of Tregs, which resem-
bled that of functional CTLs in WT tumors in the absence of HA-
Tregs (Figure 3E). Analogously, the fraction of CTLs coexpressing 
PD-1 and TIM-3 tripled in CT26HA tumors, but remained con-
stant in CT26HA Y516A tumors, in the presence of HA-Tregs com-
pared with their absence (Figure 3F). Hence, under the local influ-
ence of Tregs, primed CTLs are rendered dysfunctional at effector 
sites through encounters with APCs presenting their cognate Ag, 
which indicates that the dysfunctional state is actively induced.

Treg-conditioned DCs induce coexpression of PD-1 and TIM-3 by CTLs. 
How could Tregs facilitate enhanced coexpression of PD-1 and 
TIM-3 and concomitant CTL dysfunction? Since only CTLs that 
encounter their cognate Ag in tumor tissue are susceptible to 
Treg-mediated effects, we hypothesized that Tregs may function-
ally modify tumor-infiltrating DCs or other APCs, leading to an 
altered form of T cell activation culminating in dysfunction. To 
test this hypothesis in a simplified in vitro system, we cocultured 
HA-Tregs with LPS-activated splenic DCs, and 3 hours later added 
HA-CTLs to this culture. Interestingly, HA515–523 peptide–pulsed 
DCs alone induced coexpression of PD-1 and TIM-3 in HA-CTLs, 
which expressed low amounts of PD-1 at baseline. However, pre-
conditioning of DCs with HA-Tregs further increased the frequen-
cy of double-positive CTLs, an effect that was most pronounced 
when DCs were pulsed with the HA107–119 peptide recognized by 
the HA-Treg TCR (Figure 4A). Hence, HA-Tregs change DCs func-
tionally, and most effectively in the context of Ag-dependent inter-
actions, in ways that increase the subsequent Ag-dependent coin-
duction of PD-1 and TIM-3 on HA-CTLs activated by these DCs.

One of the core mechanisms of Treg-mediated immunoregula-
tion is downregulation of the costimulatory molecules CD80 and 
CD86 on DCs via CTLA-4–mediated transendocytosis (27, 28). 
Indeed, when we analyzed HA-Treg–conditioned DCs, we noticed 
a rapid and dramatic decrease in CD80 and CD86 expression, 
which was again most pronounced in DCs presenting cognate Ag 
to Tregs (Figure 4B). This suggests that a paucity of costimulatory 
ligands on DCs may enhance coinduction of PD-1 and TIM-3 in 
CTLs through TCR activation. To directly test whether costimu-

lation in CTLs could regulate PD-1 and TIM-3 coinduction, we 
activated HA-CTLs with anti-CD3 antibodies in the presence or 
absence of agonistic antibodies binding the costimulatory recep-
tor CD28 and found that costimulation indeed repressed the 
simultaneous induction of PD-1 and TIM-3 (Figure 4C). There-
fore, cosignaling can control the expression of coinhibitory mol-
ecules in differentiated CTLs.

To explore the potential relevance of this mechanism to the 
suppression of HA-CTLs in HA-Treg–infiltrated tumors, we ana-
lyzed CD11b+CD11c+ DCs from CT26HA tumors for ligands of 
various cosignaling molecules. HA-Tregs did not alter the robustly 
expressed coinhibitory PD-1 and TIM-3 ligands PD-L1, PD-L2, 
and galectin-9 on DCs or on other tumor APCs (Figure 4D and 
Supplemental Figure 4), in line with previous in vitro studies (29). 
Expression of CD80 and CD86, in contrast, was low to begin with, 
likely reflecting poor innate immune activation of DCs in tumor 
tissue as well as the activity of endogenous Tregs, but HA-Tregs 
further decreased residual CD80 on DCs to near-background 
levels (Figure 4E), thereby depriving tumor-infiltrating CTLs of 
potential costimulatory signals.

Collectively, these observations suggest that Tregs facilitate 
CTL dysfunction in tumor tissue through local downregulation 
of costimulatory molecules on DCs, which in turn activate CTLs 
in a fashion that culminates in dysfunction.

Ag-dependent population dynamics of HA-Tregs in tumor tissue and 
dLNs. In order to further explore the requirements for HA-Tregs to 
induce T cell dysfunction in HA-CTLs, we first wanted to under-
stand their population dynamics in response to growing tumors. 
When we implanted animals with both CT26HA and CT26 
tumors, HA-Tregs accumulated only in dLNs of the former (Figure 
5A), suggestive of Ag-dependent local activation and clonal expan-
sion. Indeed, HA-Tregs diluted the proliferation marker CFSE con-
comitantly with upregulation of the activation markers CD44 and 
CD69 (Figure 5B). HA-Tregs in dLNs of CT26 tumors were either 
undivided or had divided more than 4 times, which suggests that 
they initiated proliferation elsewhere and subsequently migrated 
to this location. Moreover, no divided HA-Tregs were found in 
dLNs of CT26 tumors in animals without contralateral implanta-
tion of a CT26HA tumor (data not shown). Finally, unlike their 
counterparts in CT26HA dLNs, HA-Tregs in CT26 dLNs did not 
express CD69 on their cell surface (Figure 5B), indicative of a lack 
of recent Ag encounter that could drive proliferation.

Despite continuing tumor growth, HA-Treg numbers in 
CT26HA dLNs declined after peaking at day 7 (Figure 5A). In con-
trast, they first appeared in appreciable numbers in tumors at this 
time (Figure 5C). Here, similar to dLNs, HA-Tregs were found in 
much greater numbers in HA-expressing tumors, which suggests 
that local encounters with APCs presenting their cognate Ag are 
also important for their accumulation at effector sites.

While these observations supported the notion that Tregs 
require Ag-dependent activation and expansion in dLNs before 
accumulation in tumors, they could also be explained by the need 
for tumors to reach a certain size and develop robust vasculariza-
tion before permitting Treg recruitment, independent of expan-
sion in dLNs. To distinguish between these possibilities, we trans-
ferred 2 differentially marked populations of HA-Tregs, before and 
3 days after tumor implantation. On day 7, comparable numbers 
of HA-Tregs derived from each population were found in dLNs, 
spleen, and nondraining LNs, albeit in low numbers at the latter 
2 sites. At the same time, HA-Tregs from the second transfer had 

Figure 4
Tregs condition DCs to reduce their costimulatory activity and augment 
coexpression of PD-1 and TIM-3 by CTLs. (A) LPS-activated splenic 
DCs were either not pulsed or pulsed with HA515–523 peptide, HA107–119  
pepitde, or both and cocultured with HA-Tregs for 3 hours before addi-
tion of HA-CTLs, followed by analysis for expression of PD-1 and 
TIM-3 on CTLs 12 hours later. (B) As in A, but DCs were analyzed 
for expression of CD80 and CD86 directly before addition of CTLs.  
(C) HA-CTLs were reactivated for 3 hours by the indicated doses of 
anti-CD3ε antibodies in the absence or presence of activating anti-
CD28 antibodies and analyzed for expression of PD-1 and TIM-3. (D) 
10-day-old CT26HA tumors seeded with HA-Tregs or not were analyzed 
for expression of PD-L1, PD-L2, and galectin-9 on CD11b+CD11c+ 
DCs. (E) Expression of CD80 and CD86 on CD11b+CD11c+ DCs from 
10-day-old CT26HA tumors harboring HA-Tregs or not. Each experi-
ment shown is representative of at least 2 (n = 5 each) with similar 
results. Filled histograms show isotype staining. All graphs indicate 
means; error bars denote SD (A–C) or SEM (E). *P < 0.05.
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not yet begun to infiltrate tumors (Figure 5D). This does not rule 
out the possibility that Tregs have the capacity in some settings 
to directly migrate to effector sites without prior activation in 
LNs (30). However, it does indicate that accumulation at effector 
sites subsequent to induction sites does not reflect delayed com-
petence of the growing tumors compared with LNs to support 
Treg recruitment, but rather that Treg activation and expansion 
in dLNs precedes their migration to tumors.

Upon recruitment of activated HA-Tregs to effector sites, their 
local accumulation may rely on continued Ag-dependent prolif-
eration and survival. Treg survival at effector sites has been sug-
gested to depend on signals through the costimulatory receptor 
inducible costimulator (ICOS; ref. 31) or IL-2 released by Teffs 
(32). The capacity to receive IL-2 signals requires the high-affinity 
IL-2 receptor α-chain CD25. High-level expression of CD25 by 

Tregs, in turn, depends on continuous TCR signaling (33–35). 
Poor HA-Treg accumulation in CT26 tumors may therefore fol-
low downregulation of CD25 in the absence of Ag encounter, and 
result in reduced competitive survival fitness. In line with this 
hypothesis, we found that while CD25 expression by HA-Tregs 
declined over time in all tumors, HA-Tregs retrieved from CT26 
tumors consistently expressed up to 5-fold less CD25 than did 
those from CT26HA tumors (Figure 5E). Endogenous Tregs, on 
the other hand, likely responding to unidentified Ags in the tumor 
environment, expressed similar levels of CD25 in both CT26 and 
CT26HA (data not shown).

Local Ag encounter by Tregs at effector sites is required for suppression of 
CTL effector function. The Ag-dependent accumulation of HA-Tregs 
observed in tumor tissue suggested, but did not formally prove, 
that their local presence there is required to prevent tumor rejec-

Figure 5
Ag-dependent Treg dynamics in tumor tissue and dLNs. (A) BALB/c mice were infused with GFP+ HA-Tregs and on the same day implanted in 
each flank with CT26HA and CT26 tumors. Inguinal dLNs were harvested from groups of 2–3 animals on various days after tumor implantation 
to analyze the number of HA-Tregs. (B) CFSE-labeled HA-Tregs in LNs were analyzed for proliferation and expression of activation markers 
CD44 and CD69 4 days after tumor implantation. Graph shows proportion of cells that had divided 1–4 and >4 times. FMO, fluorescence minus 
one control. (C) Tumors were harvested from groups of 2–3 animals on various days after tumor implantation to analyze the number of HA-Tregs. 
(D) As in A and C, but Thy1.1+ animals received a second infusion of DsRed-expressing HA-Tregs on day 3. Dot plot shows Thy1.2+ HA-Tregs 
in CT26HA dLNs on day 7. Graph shows proportion of HA-Tregs from first (GFP+) and second (DsRed+) infusion in dLNs, nondraining LNs 
(ndLN), spleen, and CT26HA tumors on day 7. (E) Expression of CD25 on HA-Tregs analyzed in C. Dot plots show results from day 7. Graph 
shows MFI of GFP+ HA-Tregs. Each experiment shown is representative of 2 (n = 3 per group) with similar results. All graphs indicate means; 
error bars denote SEM. *P < 0.05.
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tion by HA-CTLs. We therefore sought to create conditions under 
which adoptively transferred HA-CTLs locally recognize their cog-
nate Ag in tumor tissue, enabling tumor rejection, while HA-Tregs 
that first expand in dLNs do not re-encounter their Ag once they 
enter tumor tissue. We generated HA mutants in which the I-Ed–
restricted HA determinant recognized by the transgenic TCR-HA 
receptor does not bind to MHC II in BALB/c mice (Figure 6A). 
When CT26 tumor cells expressing these HA mutants were mixed 
with splenocytes, transgenic CD4+ T cells expressing the TCR-HA 
receptor were not activated, while activation of CD8+ CL4 T cells 
was intact (Figure 6B). When we implanted mice with CT26HA 
tumors (expressing WT HA) in one flank and tumors expressing 
the CT26HA F111D mutant in the other, HA-Tregs were expected 
to be activated only in CT26HA dLNs, but upon LN egress have 
equal access via the bloodstream to both CT26HA and CT26HA 
F111D tumors. However, they would only re-encounter their cog-
nate Ag in CT26HA tumors, not in CT26HA F111D tumors, while 
adoptively transferred HA-CTLs would recognize their preserved 
HA determinant in either tumor (Figure 6C). Strikingly, we found 
that even in mice that had received several injections of HA-Tregs, 
CT26HA F111D tumors were rejected, whereas CT26HA tumors in 

the same animals were tolerated (Figure 6D). Thus, the capacity of 
HA-Tregs to control tumor rejection was fully dependent on their 
ability to locally recognize their cognate Ag at the effector site.

Dynamics of Treg interactions with APCs in tumor tissue. CT26 tumor 
cells are of epithelial origin, and did not detectably express cell 
surface MHC II molecules in vitro and only minimal amounts in 
vivo (data not shown). It is therefore likely that most presentation 
of tumor cell–derived HA to tumor-infiltrating HA-Tregs occurs 
on other nonhematopoietic or on hematopoietic APCs. To study 
the dynamics of these interactions, we seeded mice with GFP+ 
HA-Tregs before implantation of CT26HA tumors in the scruff 
of the neck and either CT26HA or CT26 tumors into dorsal skin-
fold chambers (DSFCs), as described previously (36). Multiphoton 
intravital microscopy (MP-IVM) analysis of DSFC tumors 9 days 
later showed that HA-Tregs had populated both the tumor paren-
chyma and the surrounding tumor stroma (Figure 7A and Supple-
mental Videos 1–4). The majority of cells migrated at high speeds 
in both compartments. In CT26HA tumors, but not in CT26 con-
trol tumors, HA-Treg migration was interrupted by brief periods 
of low motility (Figure 7C), suggesting transient Ag-dependent 
stabilization of APC contacts. This was in stark contrast to the 

Figure 6
Treg-mediated inhibition of tumor rejection requires local Ag recognition in tumor tissue. (A) The HA107–119 determinant of HA was mutated in 
position 5 to generate HA F111D and HA F111E in order to prevent epitope binding to I-Ed while preserving the HA515–523 determinant. (B) CT26 
cells expressing either no HA, WT HA, or either mutant HA were mixed at 1:20 ratios with splenocytes from TCR-HA or CL4 TCR transgenic 
animals. T cell activation was measured 24 hours later as surface expression of CD69. Each analysis was performed in triplicate; graph shows 
summary of data. (C) Mice implanted with both CT26HA and CT26HA F111D tumors were repetitively injected with HA-Tregs on days 0, 4, and 8. 
HA-Tregs only expanded in CT26HA dLNs, but subsequently, after entry into the bloodstream, had access to both CT26HA and CT26HA F111D 
tumors. However, they would only re-encounter their cognate Ag in CT26HA tumors. (D) When 5 × 106 HA-CTLs were injected on day 7, HA-Tregs 
controlled HA-CTL–mediated rejection of CT26HA tumors, but not CT26HA F111D tumors. Data represent 3 mice per group in 1 representative 
of 2 independent experiments performed. All graphs indicate means; error bars denote SD (B) or SEM (D). *P < 0.05 vs. all other groups.
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Since in some contexts, Treg suppression of Teffs can be contact 
dependent (39), we wanted to test whether HA-Tregs and HA-CTLs 
interact directly with each other in tumor tissue. We therefore per-
formed MP-IVM experiments in which both HA-Tregs and HA-
CTLs were visualized (Figure 8, A and B, and Supplemental Videos 
7 and 8). In agreement with the results of previous static imaging 
studies in human tumors (7), we occasionally observed prolonged 
colocalization of HA-Tregs and HA-CTLs (Figure 8B and Supple-
mental Video 8). However, in our dynamic recordings, we did not 
observe these cells to form interfaces suggestive of direct physi-
cal contact. Alternatively, simultaneous interactions with shared 
APCs may cause such colocalization events. Testing this hypoth-
esis will require visualization of candidate APCs in future studies.

These findings led us to conclude that Tregs are able to utilize 
brief and unstable APC encounters in order to receive the TCR 
signals that facilitate their accumulation in tumor tissue, to locally 
downregulate costimulatory molecules on DCs, and to suppress 
the cytotoxic antitumor T cell response.

Discussion
In this study, we showed for the first time that Tregs recognizing 
their cognate Ag in tumor tissue amplify a local immunoregula-
tory process that induced in tumor-infiltrating CTLs a state of 
functional hyporesponsiveness characterized by coexpression of 
the coinhibitory receptors TIM-3 and PD-1, and that sufficed 
to prevent tumor rejection. An experimental system that was 
designed to mimic aspects of adoptive T cell therapy in cancer 
patients allowed us to determine that the Ag-dependent activi-
ties of Tregs in the tumor tissue were sufficient to induce CTL 
dysfunction and prevent CTL-dependent tumor rejection, inde-
pendent of effects exerted in dLNs. By selectively controlling 
local Ag presentation to both Tregs as well as the CTLs that they 
regulate, we identified a role for Ag recognition by both cell types 
in determining their local population dynamics and functional 
interplay at effector sites. Using intravital microscopy, we found 
that in contrast to CTLs, Tregs only very transiently stabilized 
their cognate interactions with APCs, which were nevertheless 
critical for their accumulation in tumor tissue and their ability 
to prevent tumor rejection. Ag recognition by CTLs, conversely, 
was required not only for the rejection of tumors, but also for the 
rapid acquisition of a state of functional hyporesponsiveness that 
was amplified under the influence of Tregs.

The origin and Ag specificity of Tregs that inhibit T cell respons-
es against tumors is still under investigation, and may depend on 
tissue origin and location of the malignancy (17, 18). Some tumors 
are infiltrated by both pTregs and tTregs, as distinguished by the 
expression of neuropilin-1 (17). Since tTregs preferentially express 
self-reactive TCRs (40–45), those found in tumor tissue likely 
respond to tumor-associated self-Ags or normal tissue self-Ags 
(46), whereas tumor-reactive pTregs may derive from tumor neo-
antigen–specific Foxp3–CD4+ T cells.

CD44hi memory-phenotype Tregs preferentially accumulate in 
LNs that drain tissues where their cognate self-Ag is expressed 
(47), which suggests that local Ag encounter induces an intermedi-
ate state of Treg activation in the steady state. It is from this popu-
lation of preactivated Tregs that, in a genetic mouse breast cancer 
model, tumor-reactive Tregs were shown to derive. In addition to 
TCR signals, these cells required unidentified tumor-induced fac-
tors in order to accelerate their proliferation and expand in dLNs 
(48). These tumor-induced factors could include TNF (49), but 

behavior of HA-CTLs adoptively transferred 2 days earlier, which 
showed pronounced Ag-dependent stopping in the parenchyma of 
CT26HA tumors, but even in the stroma arrested more frequently 
than HA-Tregs (Figure 7, B and D, and Supplemental Video 5). 
To investigate the stability of presumptive HA-Treg and HA-CTL 
contacts with APCs causing their arrest, we analyzed the duration 
of intervals during which cells continuously moved at an instan-
taneous velocity of <4 μm/min (Figure 7E). While the majority of 
HA-Treg arrests lasted less than 5 minutes, both in stroma and 
in parenchyma, most HA-CTL arrests were longer than 5 minutes 
and in the parenchyma often exceeded 10 minutes (HA-CTL, 13%; 
HA-Treg, 2%; Figure 7F).

Migratory arrests by HA-Tregs occurred preferentially directly 
adjacent to accumulations of i.v. injected and extravasated dextran 
(Supplemental Video 4), presumably reflecting interactions with 
phagocytic APCs that had taken up both extracellular dextran 
as well as tumor-derived Ag. In contrast, HA-Treg migration was 
unrestricted in areas of low dextran uptake. To more specifically 
reveal the identity of APCs that interacted with HA-Tregs in tumor 
tissue, we crossed BALB/c mice with CD11c-mCherry transgenic 
animals (37), implanted CT26HA tumors into the F1 offspring, 
and transferred HA-Tregs. Red fluorescent cells in tumor tissue 
were mostly CD11c+CD11b+MHC IIhi (Figure 7G). Using MP-IVM, 
we found that HA-Treg migratory pauses consistently occurred 
during interactions with mCherry+ APCs (Figure 7H and Supple-
mental Video 6). However, these interactions were rather dynamic 
and did not lead to the stable arrest behavior previously observed 
for Tregs interacting with DCs in LNs in the context of autoim-
mune diabetes (38). Upon disengaging, HA-Tregs often remained 
tethered to APCs via their uropods before ultimately detaching. 
Together, our observations on Treg behavior in tumors suggest 
that encounters with APCs presenting their cognate Ag promote 
adhesive interactions, but not stable migratory arrest.

Figure 7
Tregs only transiently stabilize APC contacts in tumor parenchyma and 
stroma. (A) DSFCs were installed on BALB/c mice; 2 days later, H2B-
Cerulean–expressing CT26HA tumors were implanted into the cham-
bers, and animals were infused with GFP+ HA-Tregs. On day 7, mice 
were injected with (unlabeled) HA-CTLs; 2 days later, HA-Treg behavior 
was recorded by MP-IVM. Micrograph shows HA-Tregs (green) at the 
border between tumor parenchyma (blue) and stroma 2 hours after 
injection of 150 kDa TRITC-Dextran, which was taken up by tumor-
resident phagocytes (red). Right: Tracks of HA-Tregs with color-coded 
instantaneous velocity. (B) Similar to A, but no HA-Tregs were injected, 
and HA-CTLs expressed H2B-mRFP (green). Mice were i.v. injected 
with quantum dots to label the tumor vasculature (red). (C and D) 
Histograms of arrest coefficients of HA-Tregs (C) and HA-CTLs (D) in 
the tumor parenchyma and stroma of CT26 and CT26HA tumors. (E) 
Migratory tracks were smoothed through a moving average, and seg-
ments of continuous average motility <4 μm/min lasting >2 minutes 
were scored as arrests. (F) Duration of HA-Treg and HA-CTL arrests 
and frequency of arrests >5 minutes (boxed regions) in tumor paren-
chyma and stroma of CT26 and CT26HA tumors. Lines indicate medi-
ans. (G) Phenotype of CD45+ mCherry+ cells from CT26HA tumors. 
(H) 2 examples (of >20 observed) of HA-Tregs (green) interacting with 
CD11c-mCherry+ APCs (red) in a CT26HA tumor. Arrowhead indicates 
site of characteristic Treg tethering upon disengagement from APCs. 
Time shown in min:s. Data in C, D, and F are pooled from 5–8 indi-
vidual recordings of different ROIs from 2–3 independent experiments 
per group. Data in G and H are from 2 independent experiments. Scale 
bars: 100 μm (A and B); 10 μm (H).
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faster egress and depletion from LNs in the absence of continuous 
recruitment of new HA-specific precursors.

Previous imaging studies on explanted tumor tissue and in vivo 
have shown that the interactions of CTLs with tumor cells and 
stromal APCs are heterogeneous with regard to their stability and 
duration (55–58). Here we compared the interactive behavior of 
Tregs and CTLs in both tumor parenchyma and stroma and found 
that Tregs migrated faster than CTLs in both environments and 
arrested significantly less frequently and for shorter periods of 
time than CTLs. In light of the generally low or absent expression 
of MHC II molecules by nonhematopoietic tumor cells, cognate 
Treg interactions in the epithelial tumor tissue studied here most 
likely occur with hematopoietic or other stromal APCs capable 
of taking up tumor cell–expressed Ags and presenting these via  
MHC II, rather than with the tumor cells themselves. Our visual-
ization of Treg interactions with phagocytic cells and with CD11c+ 
DCs in both tumor parenchyma and stroma supports this notion.

How do Tregs cause CTL dysfunction? One possibility is that 
they inhibit tumor rejection through mechanisms unrelated to the 
expression of PD-1 and TIM-3 on CTLs, resulting in prolonged 
tumor Ag persistence, which in turn induces expression of these 
coinhibitory molecules on Teffs. However, in our experimental set-
tings, CTLs also showed signs of dysfunction at time points when, 
even in the absence of Tregs, tumors are not yet undergoing rejec-
tion. Therefore, tumor load and thus Ag exposure were similar in 
these situations, which argues against this hypothesis.

Tregs have been proposed to operate both through core mecha-
nisms of suppression, including IL-2 deprivation and CTLA-4–
mediated downregulation of costimulatory molecules on APCs, 
and by diverse context-dependent mechanisms, including the 
secretion of cytokines, such as IL-10, IL-35, or TGF-β (59). Here 
we found that rapid downregulation of CD80 and CD86 on DCs 
(27, 28) occurred most effectively when Tregs encountered their 
cognate Ag on DCs in vitro. T cells are more migratory in vivo than 
in vitro, and Ag-dependent stabilization of Treg-DC contacts, as 
observed in our MP-IVM experiments, may therefore even be more 
important for promoting this mechanism of immunoregulation. 
The transient nature of their interactions with APCs may allow 

also IL-2 produced by tumor-reactive Teffs. Tregs are more sensi-
tive to IL-2 than the secreting Teffs due to their constitutively high 
expression of CD25, which allows them to respond faster to this 
limiting cytokine (50). In addition, indoleamine 2,3-dioxygenase 
is thought to contribute to Treg expansion in dLNs through an 
MHC-restricted mechanism in vitro (51).

In the current study, we used TCR transgenic Tregs recogniz-
ing a tumor cell–expressed model Ag as a surrogate for self-Ags 
expressed in tumor tissue in order to analyze the role of local Ag 
presentation to Tregs in controlling their activity. Our observa-
tion that sequentially transferred cohorts of Tregs each time first 
expanded in dLNs before infiltrating tumors supports the notion 
that Treg activation in LNs is needed for their deployment to effec-
tor sites. However, in addition to Ag-dependent activation of Tregs 
in dLNs, Ag presentation at the effector site was also necessary to 
sustain the local Treg response required to prevent CTL-mediated 
tumor rejection; such a requirement for ongoing Treg activation 
at effector sites may explain why tumor-infiltrating Tregs in can-
cer patients are more suppressive than their counterparts from 
the circulation, where they are not exposed to APCs (52). Interest-
ingly, we found that Tregs expressed only low amounts of CD25 
and failed to accumulate in tumors where they did not encounter 
their cognate Ag. This may reflect the cooperative control of CD25 
expression by Foxp3 and the TCR-dependent transcription factor 
nuclear factor of activated T cells (NFAT) (35, 53). Without TCR 
stimulation and the resulting low expression of CD25, the high-
affinity receptor for IL-2, Tregs may not only be compromised in 
their ability to utilize IL-2 produced by Teffs for their own survival 
and accumulation (32, 34), but also in their ability to control these 
cells by outcompeting them for available IL-2 (54).

It was unexpected that the clonal HA-Treg response in dLNs 
began to quickly decline about 1 week after tumor implantation. 
Interestingly, a paucity of Tregs in dLNs has also been observed in 
human ovarian cancer patients, especially at late tumor stages (7). 
However, polyclonal Tregs in dLNs of experimental mouse tumors 
tend to increase in number, at least over the first few weeks (48). 
We therefore hypothesize that our observation reflects the acceler-
ated response of Tregs compared with Teffs (50), which results in 

Figure 8
HA-Tregs and HA-CTLs colocalize, but do not directly interact, in tumor tissue. DSFCs were installed on BALB/c mice; 2 days later, histone H2B-
Cerulean–expressing CT26HA tumors (blue) were implanted into the chambers, and animals were infused with GFP+ HA-Tregs (green). On day 7, 
mice were injected with tdTomato-expressing HA-CTLs (red); 2 days later, the behavior of both populations in tumor tissue was recorded by MP-IVM. 
(A) Overview highlighting position of T cells in both tumor stroma and parenchyma. (B) 3 sample time series of HA-Tregs that migrated in close 
vicinity of HA-CTLs without forming a stable interface suggestive of a direct interaction. Time shown in min:s. Scale bars: 100 μm (A); 10 μm (B).
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St. Louis, Missouri, USA). Thy1.2+ BALB/c mice were from Jackson Laborato-
ries. CD11c-mCherry transgenic mice on the B6 background (37) were bred 
to BALB/c animals, and F1 animals were used for experiments. All studies 
were performed on animals housed in specific pathogen–free conditions.

DNA constructs. PR8 HA was provided by R.J. Hogan (University of Geor-
gia, Athens, Georgia, USA) as a pcDNA3.1 expression plasmid. Individual 
mutations (as described in the text and figure legends) were introduced 
by standard PCR site-directed mutagenesis. The open reading frames of 
WT and mutant HA were then cloned upstream of an IRES-puromycinR 
cassette into an HIV-1–based lentiviral vector originally developed in the 
Mulligan laboratory (69) to generate pHAGE-EF1α-HA (or mutant HA)-
IRES-puro-W. A histone H2B-Cerulean fusion protein was provided by 
S. Megason (Harvard Medical School, Boston, Massachusetts, USA) as a 
pCS expression plasmid and cloned into the lentiviral vector to generate 
pHAGE-EF1α-H2B-Cerulean-W (without the IRES-puromycinR cassette). 
The open reading frames of H2B-mRFP1 and tdTomato were cloned into 
the retroviral vector pMSCVpuro (Clontech) to generate pMSCV-H2B-
mRFP1 and pMSCV-tdTomato, respectively.

Tumor cell lines. The pHAGE-EF1α–based vectors described above were 
used to transduce the chemically induced carcinoma cell line CT26 (70) 
with HA (CT26HA) or various HA mutants, as well as with H2B-Cerulean 
(CT26, CT26HA, CT26HA F111D, CT26HA F111E, CT26HA Y516A, and 
CT26HA Y516D; all expressing H2B-Cerulean). H2B-Ceruelan expression 
allowed for the visualization of tumor cells by flow cytometry, histology, 
and MP-IVM (71). All CT26-derived lines were cultured in RPMI1640 sup-
plemented with 10% FCS, glucose, penicillin, and streptomycin. Consistent 
expression of HA and HA mutants was ensured by regularly adding puro-
mycin to the culture medium at 1 μg/ml.

Antibodies. The FITC- and allophycocyanin-tagged clonotypic 6.5 anti-
body, reactive with the TCR-HA receptor, was provided by H. von Boehmer 
(Harvard Medical School, Boston, Massachusetts, USA). The following com-
mercial antibodies were used for immunophenotyping: anti-mouse CD4 
(GK1.5), CD8α (53-6.7), CCR4 (2G12), CD11b (M1/70), CD11c (N418), 
CD25 (PC61), CD40 (3/23), CD44 (IM7), CD45 (30-F11), CD62L (MEL-
14), CD69 (H1.2F3), CD80 (16-10A1), CD86 (PO3), CD103 (2E7), CD107a 
(1D4B), galectin-9 (RG9-35), Thy1.2 (30-H12), CD69 (H1.2.F3), TCR 
Vβ8.1/2 (MR5-2), IFN-γ (XMG1.2), Helios (22F6), I-A/I-E (M5/114.15.2), 
PD-1 (RMP1-30), PD-L1 (10F.9G2), PD-L2 (TY25), TIM-3 (B8.2C12), TNF 
(MP6-XT22) (all from Biolegend), TCR Vβ8.3 (1B3.3; BD Biosciences — 
Pharmingen), Foxp3 (FJK-16s; eBioscience), granzyme B (GB12; Caltag).

In vitro generation of HA-CTLs. Single-cell suspensions from spleens and 
LNs of CL4 mice were pulsed with 10 μM HA515–523 peptide for 1 hour at 
37°C, then cultured with 10 ng/ml murine rIL-12 for the first 2 days and 20 
ng/ml murine rIL-2 (both cytokines from R&D Systems) for the following  
5 days. For imaging experiments, HA-CTLs were transduced twice with either 
pMSCV-H2B-mRFP1 or pMSCV-tdTomato on days 1 and 2 after activation.

Enrichment of HA-Tregs. Single-cell suspensions from spleens and LNs of 
TCR-HA×pgk-HA mice were enriched for CD4+CD25+ T cells to >90% purity 
by negative immunomagnetic selection against CD8, B220, DX5, Ter119, 
and CD11b, followed by positive selection for CD25 expression (CD4+ 
CD25+ Regulatory T Cell Isolation Kit; Miltenyi Biotec). This population 
typically consists of 30%–40% of cells expressing CD25 and the HA-specific 
TCR TCR-HA, revealed by the clonotypic antibody 6.5. Alternatively, 99.8% 
pure HA-Treg populations were obtained by CD4+ cell enrichment followed 
by fluorescence-activated cell sorting of CD4+CD25+6.5hi cells. Transfer of 
enriched and pure populations in numbers that contained comparable 
numbers of CD4+CD25+6.5hi cells (3 × 105 and 1 × 105, respectively) gave 
similar results in all aspects of the HA-Treg response investigated.

In vitro suppression assay. Enriched HA-Tregs and naive, CFSE-labeled  
(1 μM, 15 min) CL4 T cells were mixed at different ratios, and a constant 

motile Tregs to spread their regulatory activity more effectively in a 
larger volume of tumor tissue than if they formed more stable con-
tacts. CTLs subsequently activated by such Treg-preconditioned 
DCs that had lost their costimulatory capacity showed enhanced 
coinduction of PD-1 and TIM-3, which may directly render them 
dysfunctional, or make them more susceptible to the induction 
of dysfunction through continued stimulation in a low CD80/86 
context, where coinhibitory signals cannot be balanced by costim-
ulatory signals (60). Interestingly, tumor-associated macrophages 
from human cancer patients also induce PD-1 and TIM-3 expres-
sion in autologous T cells (61), which suggests that this property 
is not limited to DCs.

A shared requirement for local Ag recognition by CTLs and 
Tregs in tumor tissue is in agreement with a scenario in which 
both cell types simultaneously or sequentially interact with the 
same APCs presenting their cognate Ags. These Ags may not need 
to be derived from the same cellular source, as in the present exper-
imental system, but could for instance be tumor cell–expressed 
Ags in the case of CTLs, and self-Ags derived either from tumor 
cells or other sources in the case of Tregs. These Ags could still be 
presented jointly to both T cell types by the same APCs. A 3-cell 
model evoked by these considerations, in which an APC serves as a 
functional cellular bridge between Tregs and CTLs, is reminiscent 
of the interplay among Ag-presenting DCs, CD4+ helper T cells, 
and CD8+ cytotoxic T cells during the inductive phase of T cell 
responses (62). Given that several intravital microscopy studies, 
including the present one, have so far failed to generate evidence 
for direct, physical Treg interactions with Teffs during ongoing 
immune regulation in LNs (38, 63), such a 3-cell model has con-
ceptual appeal, since it does not require direct Treg-CTL contact. 
This local functional interplay could also extend to CD4+ Teffs, 
which are likely subjected to similar mechanisms of Treg-mediated 
control in the tumor environment (64, 65).

It will be interesting to investigate the role of CD4+ Teffs in shap-
ing CTL responses at effector sites. Apart from their CTL-inde-
pendent effector functions, and in addition to facilitating CTL 
recruitment (1, 66), CD4+ Teffs might also support CTL responses 
in direct antagonism to Tregs, by locally enhancing APC function 
(67). This implies that specialized APCs at effector sites may serve 
as local information hubs to integrate and relay immunostimula-
tory and immunoregulatory information among different classes 
of adaptive immune cells. Once identified, such effector site APCs 
may provide interesting targets for efforts to manipulate immune 
responses locally in a wide range of disease states where either 
improved or reduced immune effector function is desirable, with 
no or minimal systemic immune modulation. In the case of anti-
tumor responses, this would require APCs with the ability to cross-
present tumor Ags to CTLs, and our current efforts are aimed at 
further characterizing these APCs and their interactions with vari-
ous T cell populations in tumor tissue.

Methods
Mice. CL4 mice express a transgenic TCR specific for H-2Kd/HA515–523 (25). 
TCR-HA mice express a transgenic TCR specific for I-Ed/HA107–119 (68). 
TCR-HA mice were crossed to pgk-HA transgenic mice, which express HA 
of influenza strain PR8 under the control of the phosphoglycerate kinase 
promotor (21). CL4 and TCR-HA×pgk-HA mice were crossed to either 
DPE-EGFP or T-Red transgenic mice expressing EGFP or DsRed2 in all 
T cells under control of a modified CD4 promoter (63). Thy1.1+ BALB/c 
mice were originally obtained from P. Allen (Washington University,  
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10 minutes for analysis by flow cytometry after additional surface staining 
for CD107a, Thy1, CD8, and CD4 on ice.

Ex vivo CTL cytokine production assay. Tumor single-cell suspensions were 
prepared as described above, and TNF and IFN-γ production was triggered 
for 4 hours by coculture with 1 μM HA515–523 peptide–loaded BALB/c sple-
nocytes, in the presence of brefeldin A during the last hour, followed by 
intracellular staining. Alternatively, for analyses of polyclonal CTLs, tumor 
single-cell suspensions were added for 4 hours to plates coated with anti-
CD3ε antibodies, as described for the degranulation assay.

Histological analysis of T cell infiltration of tumors. Tumor samples were incubat-
ed in periodate-lysine-paraformaldehyde fixative overnight at 4°C, followed 
by successive dehydration in 10%, 20%, and 30% sucrose solution before freez-
ing in OCT compound and preparation of 80-μm slices. Sections were directly 
analyzed without further staining. Signals detected in channel 1 (640–680 
nm) were defined as autofluorescence and subtracted from other channels. 
From each tumor, multiple fields of view (614 × 614 μm) were randomly cho-
sen at the stroma-parenchyma border zone, and 30- to 50-μm-thick volumes 
were recorded on a Prairie Technologies Ultima IV multiphoton microscope 
using an Olympus ×20/NA 0.95 water immersion objective lens.

MP-IVM. DSFCs were installed on mice as previously described (36, 72). 
1–2 days later, mice were implanted with 2 aliquots of 106 H2B-Cerulean–
expressing tumor cells each: one injected into the s.c. tissue exposed by the 
DSFC, the other s.c. into the scruff of the neck, in order to ensure continu-
ally robust lymphatic drainage of tumor tissue.

For visualization of HA-Tregs, mice were injected with 3–5 × 105 GFP+ 
HA-Tregs on the same day of tumor implantation. To visualize HA-CTLs,  
5 × 106 H2B-mRFP1– or tdTomato-expressing CTLs were injected into 
mice 7 days after tumor implantation. Tumor blood vessels were visualized 
by injection of 150 kDa TRITC-dextran or nonextravasating QDots655 
(Molecular Probes). TRITC-dextran injection also led to labeling of phago-
cytic cells in tumor stroma and parenchyma.

Multiphoton excitation was obtained through DeepSee and MaiTai 
Ti:sapphire lasers (Newport/Spectra-Physics) tuned to 850 and 980 nm 
to excite all fluorescent probes used. Stacks of 11–12 square optical sec-
tions with 4- to 5-μm z spacing were acquired on an Ultima multiphoton 
microscope (Prairie Technologies) every 15–30 seconds to provide image 
volumes 40–55 μm in depth and 614 μm in width. Emitted fluorescence 
was detected through 460/50, 525/50, 595/50, and 660/40 band-pass fil-
ters and nondescanned detectors to generate 4-color images. Sequences of 
image stacks were transformed into volume-rendered time-lapse movies 
with Imaris software (Bitplane).

Cell motility analysis. Previously described parameters of cell motility (73) 
as well as the arrest coefficient (defined as the fraction of time an individual 
cell is immobilized; 4 μm/min threshold), were computed from Imaris-
generated xyzt data using scripts written for MATLAB (Mathworks). To 
identify track segments characterized by low average speed (i.e., arrests), we 
computed the 3D instantaneous velocity moving average (7-point window) 
for all data points of individual cell tracks. An arrest was defined as a track 
segment characterized by averaged velocity below 4 μm/min for ≥2 minutes.

Statistics. Data were analyzed using Prism4 (GraphPad Software Inc.), and 
results were expressed as mean ± SEM for biological replicates and mean ± SD 
for technical replicates. 2-tailed Student’s t test was used for comparisons of  
2 groups, and ANOVA for comparison of 3 or more groups. A P value less 
than 0.05 was considered significant.

Study approval. All experiments described herein were approved by the 
IACUC of Massachusetts General Hospital.
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