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Lymphocyte	activation	gene-3	(LAG-3)	is	a	cell-surface	molecule	with	diverse	biologic	effects	on	T	cell	func-
tion.	We	recently	showed	that	LAG-3	signaling	is	important	in	CD4+	regulatory	T	cell	suppression	of	autoim-
mune	responses.	Here,	we	demonstrate	that	LAG-3	maintains	tolerance	to	self	and	tumor	antigens	via	direct	
effects	on	CD8+	T	cells	using	2	murine	systems.	Naive	CD8+	T	cells	express	low	levels	of	LAG-3,	and	expression	
increases	upon	antigen	stimulation.	Our	data	show	increased	levels	of	LAG-3	protein	on	antigen-specific	CD8+	
T	cells	within	antigen-expressing	organs	or	tumors.	In	vivo	antibody	blockade	of	LAG-3	or	genetic	ablation	of	
the	Lag-3	gene	resulted	in	increased	accumulation	and	effector	function	of	antigen-specific	CD8+	T	cells	within	
organs	and	tumors	that	express	their	cognate	antigen.	Most	notably,	combining	LAG-3	blockade	with	specific	
antitumor	vaccination	resulted	in	a	significant	increase	in	activated	CD8+	T	cells	in	the	tumor	and	disruption	
of	the	tumor	parenchyma.	A	major	component	of	this	effect	was	CD4	independent	and	required	LAG-3	expres-
sion	by	CD8+	T	cells.	Taken	together,	these	data	demonstrate	a	direct	role	for	LAG-3	on	CD8+	T	cells	and	sug-
gest	that	LAG-3	blockade	may	be	a	potential	cancer	treatment.

Introduction
T cell effector  function and tolerance are controlled through 
multiple signaling pathways regulated by interactions with anti-
gen-presenting cells. T cell proliferation and effector function are 
positively regulated by various members of the B7 family inter-
acting with costimulatory receptors as well as certain TNF family 
members and cytokines (1–4).

Negative regulation of CD4+ and CD8+ cell activation is controlled 
in part by cytotoxic lymphocyte antigen–4:B7 (CTLA-4:B7) (5) and 
PD-1:PD-L1 interactions (6, 7). Both CTLA-4 and PD-1 knockout 
mice develop systemic autoimmunity, although the phenotypes are 
qualitatively and quantitatively quite different (8–10). CTLA-4 plays 
an important role in the negative regulation of CD4 responses, but 
its direct role in CD8+ T cell regulation is less clear. CTLA-4 plays little 
apparent role in regulating responses of naive T cells (11); however, 
Gajewski and colleagues have reported evidence that CTLA-4 nega-
tively regulates responses in primed CD8+ T cells (12). PD-1 appears 
to play an important role in both early decisions related to periph-
eral CD8+ T cell tolerance (13, 14) and downregulating responses of 
primed and chronically antigen-stimulated CD8+ T cells (15, 16). In 
vitro data suggest that a combined program of costimulatory signals 
(i.e., lack of CD28 plus PD-1 signaling) results in both the generation 
and maintenance of CD8+ T cell tolerance (17).

Among the many molecules shown to qualitatively and quan-
titatively regulate T cell function, lymphocyte activation gene-3 
(LAG-3) has garnered significant recent interest. LAG-3 is a CD4 

homolog originally cloned in 1990 (18). The gene for LAG-3 lies 
adjacent to the gene for CD4 on human chromosome 12 (12p13) 
and is approximately 20% identical to the CD4 gene. LAG-3 is 
expressed on B cells, NK cells, tumor-infiltrating lymphocytes, 
and a subset of T cells (19). Recently, we showed that LAG-3 was 
relatively overexpressed on transgenic T cells rendered anergic in 
vivo by encounter with cognate self antigen (20). In this system, 
tolerized T cells displayed regulatory function both in vitro and 
in vivo, and in vitro regulatory activity was blocked with a LAG-3– 
specific monoclonal antibody. By transducing naive CD4+ T cells 
with a full-length LAG-3 construct, we could confer in vitro regulato-
ry activity. Interestingly, LAG-3 signaling may play a role in LAG-3– 
mediated regulatory function. Transfection of a LAG-3 construct 
lacking the unique KIEELE signaling motif was not sufficient to 
mediate regulatory activity. Recent studies in humans have demon-
strated selectively increased LAG-3 expression on tumor-infiltrat-
ing FoxP3+ regulatory T cells (21).

Naive CD8+ T cells express low levels of LAG-3; however, expres-
sion dramatically increases in response to antigen stimulation 
(22). Observations using LAG-3–/– mice demonstrate that CD8+ T 
cells undergo enhanced homeostatic proliferation in vivo if LAG-3  
is absent (23). Similarly, in response to Sendai virus infection, 
CD8+ T cells expand several-fold more in LAG-3–/– mice than in 
wild-type mice (24). Studies using human PBMCs also suggest a 
negative regulatory role for LAG-3, as LAG-3 antibody blockade 
combined with superantigen stimulation results in increased pro-
liferation of CD4+ and CD8+ T cells compared with superantigen 
alone (25). A direct role for LAG-3 on CD8+ function has not yet 
been evaluated, nor has the role of LAG-3 on antigen-specific CD8+ 
T cell responses to tumor and self antigens been described.

Here, we utilized mouse strains that express influenza HA as 
a self antigen (C3-HAhi) or as a tumor/tissue antigen (ProHA × 
TRAMP) and wild-type or LAG-3–/– HA-specific CD8+ (clone 4) 
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cells to determine whether LAG-3 plays a role in CD8+ T cell toler-
ance. Our studies demonstrate an important role for LAG-3 in the 
regulation of T cell tolerance to both self and tumor antigens and 
demonstrate what we believe is a novel cell-intrinsic role for LAG-3  
directly expressed by antigen-specific CD8+ T cells at the site of 
antigen expression. Overall, this study further defines LAG-3 as a 
promising target for enhancing cancer immunotherapy.

Results
LAG-3 blockade enhances T cell proliferation and effector function in a self-
tolerance model. C3-HA mice express influenza HA as a self anti-
gen predominantly on epithelial cells within multiple tissues, and 
expression is highest in the pulmonary epithelia (26). Transfer of 
TCR transgenic HA-specific CD4+ cells into C3-HA mice results in 
the generation of tolerance, with the CD4+ cells unable to prolifer-
ate or produce IFN-γ or IL-2 after an ex vivo stimulation with HA 

peptide (27). The C3-HA self-tolerance model also allowed us to 
identify LAG-3 as a protein present at high levels on Tregs (20). 
Expression and function of LAG-3 on CD8+ T cells has not, to our 
knowledge, been previously studied using in vivo models of toler-
ance. Using the C3-HA self-tolerance model, we therefore analyzed 
the ability of HA-specific CD8+ T cells (clone 4) to expand and pro-
duce cytokines in the presence and absence of LAG-3.

We first addressed the relative expression levels of LAG-3 on 
clone 4 CD8+ cells after transfer into C3-HA mice. While naive 
CD8+ T cells do not express LAG-3, in vitro stimulation of clone 4 
CD8+ cells with APCs plus HA peptide resulted in positive LAG-3  
staining after 1 day in culture, with expression increasing over time 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI31184DS1). Using real-time PCR, 
we quantitated the levels of LAG-3 mRNA from clone 4 CD8+ T 
cells transferred into C3-HA mice. As demonstrated previously (20), 

Figure 1
LAG-3 blockade enhances the accu-
mulation of HA-specific CD8+ cells in a 
model of self tolerance. We transferred 
106 LAG-3+/+ or LAG-3–/–CD8+Thy1.1+ 
clone 4 CD8+ cells into Thy1.2+C3-
HAhigh mice. Mice receiving antibody 
were given 0.2 mg αLAG-3 i.p. at the 
time of transfer and 3 days later. At indi-
cated time points after transfer, single-
cell suspensions were made from lungs 
and analyzed for LAG-3 expression and 
function. (A) CD8+ and Thy1.1+ were 
gated to determine expression of LAG-3 
on CD8+ T cells taken directly from lungs 
of C3-HA mice. Both surface expression 
(left) and intracellular staining (middle 
and right) were performed for LAG-3 
expression. Endogenous (endo) CD8 
populations within lungs were also 
assessed. Blue lines, LAG-3; red lines, 
rat IgG1 isotype; black lines, LAG-3–/– 
cells. Max, maximum. (B) Lungs from 
C3-HA mice were analyzed 7 days after 
transfer for percentage of CD8+Thy1.1+ 
cells by staining for Thy1.1 (C). Clo-
notypic cells from B were analyzed for 
division by dilution of CFSE and IFN-γ 
production by intracellular staining after 
stimulation in vitro in the presence of 
HA peptide plus monensin for 5 hours. 
SSC-H, side scatter. (D and E) Absolute 
numbers of clonotypic and IFN-γ+ clono-
typic cells/lung after αLAG-3 treatment 
or transfer of LAG-3–/– clone 4 cells. The 
mean from 3 mice per group is shown. 
Each experiment was performed 3 times 
with data from 1 representative experi-
ment shown.
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Figure 2
LAG-3 blockade enhances the 
accumulation of clone 4 CD8+ 
effectors within HA-producing 
prostates of ProHA × TRAMP 
mice. (A) In vivo expression of 
LAG-3 on clonotypic CD8+ T 
cells. We transferred 2 × 106 
Thy1.1+ clone 4 CD8+ cells 
into VV-HA–injected ProHA 
× TRAMP mice. Seven days 
later, prostates were harvested 
and single-cell suspensions 
were gated on CD8+ and 
Thy1.1+ cells and analyzed 
for expression of LAG-3. Both 
surface (left) and intracellular 
staining (middle and right) 
were performed for detection 
of LAG-3. Blue line, LAG-3; 
red line, rat IgG1 isotype; black 
line, LAG-3–/– cells. (B) αLAG-3  
enhances the accumulation of 
clonotypic cells in prostates. 
We transferred 106 LAG-3+/+ 
or LAG-3–/–CD8+Thy1.1+ clone 
4 CD8+ cells into ProHA × 
TRAMP mice. Mice were given 
VV-HA, VV-HA plus αLAG-3, or 
nothing at the time of transfer. 
Mice receiving αLAG-3 were 
given another dose 3 days 
later. Seven days after trans-
fer, prostates and livers were 
collected and homogenized, 
and single-cell suspensions 
were analyzed for IFN-γ by 
intracellular staining after stim-
ulation in vitro in the presence 
of HA peptide plus monensin 
for 5 hours. Prostates were 
analyzed for (B) percentage 
of CD8+Thy1.1+ and (C) per-
centage of IFN-γ+ clonotypic 
cells. Absolute numbers of 
pooled prostates to determine 
(D) prostate-derived clonotypic 
cells and (E) IFN-γ+ clonotypic 
cells are shown. Error bars are 
absent because pooling was 
necessary to count CD8+ cells 
from prostate tissue. The results 
are representative of at least 4 
experiments. (F) Enhanced 
accumulation of clone 4 CD8+ 
cells using αLAG-3 is specific 
for organs expressing cognate 
antigen. Livers from ProHA × 
TRAMP mice do not express 
the HA antigen (data not 
shown) and fail to attract and 
promote division of HA-specific 
CD8+ T cells. Data from 1 of at 
least 3 individual experiments 
are shown. PerCP, peridinin 
chlorophyll protein.
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HA-specific CD4+ cells transferred into C3-HA mice have increased 
LAG-3 expression compared with HA-specific CD4+ cells transferred 
into immunized nontransgenic mice (Supplemental Figure 2).  
Clone 4 CD8+ cells transferred into C3-HA mice had a similar 
amount of LAG-3 mRNA as 6.5 cells  transferred  into C3-HA;  
however, clone 4 cells from immunized nontransgenic mice had 
higher levels of LAG-3 message than CD4+ cells transferred into 
immunized nontransgenic mice (Supplemental Figure 2), suggest-
ing LAG-3 may be expressed at higher levels on activated CD8+ 
cells than on activated CD4+ cells. In vivo expression of LAG-3 pro-
tein was assessed at multiple time points after adoptive transfer 
of 106 naive clone 4 CD8+ cells or clone 4 CD8+LAG-3–/– cells into 
C3-HA mice using flow cytometry. Clone 4 CD8+LAG-3–/– cells 
isolated from the lungs or lymph nodes did not express LAG-3 
as expected (data not shown). However, wild-type clone 4 CD8+ 
cells directly isolated from the lungs (Figure 1A) and lung drain-
ing lymph nodes (data not shown) were positive for LAG-3 shortly 
after T cell transfer.

We next determined whether HA-specific CD8+ cells expand or 
produce IFN-γ after transfer into the C3-HA mouse and whether 
these processes are modulated by LAG-3. Lungs from C3-HA mice 
adoptively transferred with 106 clone 4 CD8+ cells were harvested 
7 days after transfer, and cells were stimulated ex vivo. Wild-type 
clonotypic CD8+ cells failed to expand to appreciable levels in vivo 
(Figure 1B). Function of CD8+ cells was measured by intracellular 
staining of IFN-γ, and approximately 50% of wild-type clone 4 CD8+ 
cells isolated from lungs were IFN-γ producing (Figure 1C). Thus, 

in this model of tolerance, HA-specific CD8+ cells are still capable 
of functional responses 7 days after transfer, as opposed to HA-spe-
cific CD4+ cells that are fully tolerized 4 days after transfer (27).

We next treated mice with an αLAG-3 antibody to determine 
whether any differences in clone 4 CD8+ cell expansion could be 
detected in vivo. As described previously, the monoclonal αLAG-3  
antibody does not lead to deletion of LAG-3–expressing T cells 
(20) and is thought to function by blocking LAG-3 interactions 
with MHC class II (28). C3-HA mice were adoptively transferred 
with clone 4 CD8+ cells and given αLAG-3 injections at the time 
of transfer and 3 days later, with lungs being harvested on day 7. 
In contrast to untreated C3-HA mice, clone 4 CD8+ cells expanded 
significantly in lungs of mice treated with αLAG-3 (Figure 1B), and 
their IFN-γ production was greatly enhanced (Figure 1C). While 
the αLAG-3 antibody has been thought to block LAG-3 function, 
it is also possible that LAG-3 expression on CD8+ T cells is stimu-
latory and that the antibody acts as an agonist. Another question 
is whether the enhanced CD8+ accumulation and function upon 
in vivo αLAG-3 antibody treatment reflect functional effects on 
CD8+ T cells or are completely secondary to effects on endogenous 
CD4+ T cells (or other cells). In order to resolve these questions, 
we crossed the clone 4 TCR transgenic mice onto a LAG-3–/– back-
ground. Similar to wild-type clone 4 CD8+ cells transferred into 
αLAG-3–treated mice, clone 4 LAG-3–/– mice expanded and pro-
duced large amounts of IFN-γ (Figure 1, B and C). Cells from lungs 
were counted, and absolute numbers of clone 4 cells (Figure 1D) 
and IFN-γ–producing clone 4 cells (Figure 1E) were calculated. The 

Figure 3
Visualization of clone 4 cells within 
prostates and tumor growth inhibi-
tion after αLAG-3 treatment. We 
transferred 106 Thy1.1+ clone 4 
CD8+ cells into 12- to 15-week-
old Thy1.2+ ProHA × TRAMP 
mice. Mice received VV-HA with 
or without αLAG-3 on the same 
day as the cell transfers. Mice 
receiving αLAG-3 were reinjected 
with αLAG-3 3 days after transfer. 
Seven days after cell transfers, 
mice were sacrificed. Prostates 
from each group (control, αLAG-3, 
VV-HA, and VV-HA/αLAG-3) were 
pooled and subsequently split into 
2 groups: one for frozen sections 
(A and B) and the other for flow 
cytometry analysis (C). Few pros-
tate-infiltrating lymphocytes were 
seen in nontreated or αLAG-3– 
treated mice. H&E and Thy1.1 
immunofluorescence revealed 
lymphocytic infiltration after VV-HA 
and VV-HA/αLAG-3 treatment with 
disrupted architecture and Thy1.1 
cells invading the prostatic lumen 
only after VV-HA/αLAG-3 treat-
ment. For Thy1.1 staining, no vis-
ible cells were present in control or 
αLAG-3 samples (data not shown). 
Original magnification, ×200.
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absolute number of cells mirrors the percentage of clonotypic cells 
found within the lungs of mice treated with αLAG-3. Overall, these 
results support the hypothesis that LAG-3 plays a direct inhibitory 
role on CD8+ T cells in the setting of self tolerance.

LAG-3 blockade enhances the number and effector function of spe-
cific CD8+ T cells in mice with HA-expressing tumors. Since LAG-3 
blockade was able to allow expansion of HA-specific CD8+ cells 
within the lungs of C3-HA mice, we next addressed whether the 
same would be true in a tumor-tolerizing environment. In many 
model systems, naturally arising autochthonous tumors induce 
tolerance among tumor-specific T cells, possibly utilizing mech-
anisms similar to those of peripheral self tolerance. We utilized 
ProHA × TRAMP mice that express HA as a prostate tumor–spe-
cific antigen in mature male mice. As previously described, Pro-
HA × TRAMP mice express both SV40 T antigen and HA in a 
prostate-restricted manner under the prostate-specific probasin 
promoter (29). HA-specific CD4+ T cells adoptively transferred 
into these tumor-bearing mice become functionally tolerant 
(29). Similar to the C3-HA mice, we adoptively transferred clone 
4 CD8+ T cells into mature 14- to 16-week-old tumor-bearing 
ProHA × TRAMP mice. ProHA × TRAMP at 14 to 16 weeks mice 
typically have moderately well-differentiated tumors that are 
either nonmetastatic or that have metastasized locally to the 
draining lymph nodes (30). In contrast to the C3-HA mice, very 
few clone 4 CD8+ T cells were observed in untreated animals 7 
days after T cell transfer (Figure 2B). However, significant effects 
of LAG-3 manipulation were observed on CD8+ T cells in the 
context of antigen-specific vaccination. ProHA × TRAMP mice 
were vaccinated with Vaccinia virus–HA (VV-HA) in combina-
tion with either LAG-3–blocking antibody or isotype control. 
Seven days after adoptive transfer, organs were harvested for 
analysis of CD8+ T cell accumulation as well as for T cell func-
tion analyzed via intracellular IFN-γ staining. We first addressed 

whether clone 4 CD8+ cells were capable of LAG-3 expression in 
ProHA × TRAMP mice. Based on intracellular staining, clone 4 
cells harvested from prostate tissue expressed LAG-3 (Figure 2A). 
LAG-3 surface staining on clone 4 CD8+ cells from prostate tis-
sue was not as apparent as LAG-3 staining from lungs of C3-HA 
mice (Figure 1A). This may be due to the presence of multiple 
proteases found within prostate tissue. LAG-3 is also cleaved at 
the cell surface by metalloproteinases, contributing to its down-
regulation (31). VV-HA vaccination of ProHA × TRAMP mice 
that were adoptively transferred with clone 4 CD8+ cells resulted 
in an accumulation of CD8+ T cells in the prostate gland. These 
cells divided and produced IFN-γ in the tumor-bearing prostate 
glands (Figure 2, B and C) but failed to provide any detectable 
antitumor effect (see below). Prostates from ProHA × TRAMP 
animals treated with αLAG-3 alone did not accumulate clone 
4 CD8+ cells and looked similar to those of untreated animals 
(data  not  shown).  Combining  HA-specific  vaccination  with 
αLAG-3 blockade resulted in a significantly increased frequency 
of IFN-γ–producing HA-specific CD8+ T cells in the prostate 
glands of ProHA × TRAMP mice (Figure 2, B and C).

Absolute  numbers  of  prostate-derived  clone  4  CD8+  cells  
(Figure 2D) and IFN-γ–producing clone 4 CD8+ cells (Figure 2E) 
were calculated by pooling prostates and demonstrated a signifi-
cantly higher number of cells after combined VV-HA/αLAG-3 
treatment as compared with VV-HA alone. To confirm the anti-
body blockade data, clone 4 CD8+LAG-3–/– cells were adoptively 
transferred into VV-HA–treated ProHA × TRAMP mice. Seven 
days after transfer, prostates were harvested and single-cell sus-
pensions stimulated in vitro. These results indicate that LAG-3–/–

CD8+ cells are able to accumulate in prostates similarly to clone 4 
CD8+ cells treated with αLAG-3 plus VV-HA (Figure 2, B and C).

We addressed whether the increased CD8+ T cell accumulation 
noted in ProHA × TRAMP mice vaccinated in the presence of 
LAG-3–blocking antibody was specific for the prostate, where 
HA is expressed. As expected, CD8+ T cells activated by vacci-
nation showed slightly increased trafficking to non–antigen 
expressing organs (Figure 2F). However, LAG-3 blockade did not 
result in further increased accumulation of clonotypic CD8+ T 
cells in the liver, lungs, or spleen (Figure 2F), organs that do not 
express HA in the ProHA × TRAMP mice (29). Accumulation 
of HA-specific clone 4 CD8+ cells only occurred in HA-bearing 
prostates (Figure 2F). These data show that combining LAG-3 
blockade with vaccination does not result in nonspecific accu-
mulation of clonotypic CD8+ T cells; rather, CD8+ T cells accu-
mulate at sites of antigen expression.

Visualization of clone 4 CD8+ cells within prostate tissue after LAG-3 
blockade. To determine the anatomical localization of the clone 
4 CD8+ T cells that accumulate in ProHA × TRAMP prostates 

Figure 4
Cellular mechanism of αLAG-3 is independent of CD4+ cells but 
dependent on CD8+ in ProHA × TRAMP prostate tissue. Intact or 
GK1.5-treated ProHA × TRAMP mice were injected with VV-HA or VV-
HA/αLAG-3 as described and injected with 106 (A and B) clone 4 CD8+ 
or (C) LAG-3–/– clone 4 CD8+ cells i.v. Mice treated with GK1.5 were 
bled 1 day before transfer to confirm CD4 depletion. Seven days after 
cells were transferred, prostates were harvested and single-cell sus-
pensions were prepared as described. Flow cytometry was performed 
on cells using CD8+ and Thy1.1 antibodies to quantitate percentage of 
clonotypic cells. Results are representative of 3 experiments.



research article

3388	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 11      November 2007

after  treatment with αLAG-3, we performed histological and 
immunohistochemical analysis of the prostate glands of mice 
treated with αLAG-3 in the presence or absence of vaccination. For 
these studies, animals were harvested 7 days after adoptive CD8+ 
T cell transfer, with one lobe harvested for histological analysis 
(Figure 3, A and B) and the other lobe used for the flow cytomet-
ric analyses as in Figure 2. H&E-stained sections from nontreated 
and αLAG-3–treated mice were similar, showing an absence of 
lymphocytic infiltration, an intact stroma, and no obvious dis-
ruption of the glandular epithelium (Figure 3A). Vaccine-treated 
mice showed moderate lymphocytic infiltration, and the glandular 
epithelium remained grossly intact (Figure 3A). Mice vaccinated 
in the presence of LAG-3 blockade showed lymphocytic infiltra-
tion as well, but in contrast to mice that received vaccine alone, a 
cellular infiltrate was observed within the lumen of many of the 
glandular structures (Figure 3A). In addition, mice treated with 
the vaccine in combination with LAG-3 blockade showed signifi-
cant disruption of the glandular epithelial cell layer (Figure 3A). 
To determine whether the lymphocytic infiltrate was composed 
of  adoptively  transferred  or  endogenous  cells,  we  performed 
immunofluorescence staining for the congenic marker Thy1.1, 
which marks transferred clone 4 T cells (Figure 3B). In untreated 
or αLAG-3–treated ProHA × TRAMP mice there was no observable 

infiltration of Thy1.1+ clone 4 CD8+ cells (data not shown). In mice 
treated with vaccine alone, prostate-specific CD8+ T cells accu-
mulated at the epithelial cell layer but did not penetrate into the 
glandular lumen (Figure 3B). However, when vaccination was per-
formed in conjunction with LAG-3 blockade, these clonotypic HA-
specific CD8+ T cells infiltrated into the luminal space (Figure 3B).  
Flow cytometry of prostates from these experiments supported 
the histological data (Figure 3C). Thus, vaccination of ProHA × 
TRAMP mice in the presence of LAG-3 blockade increased effec-
tor CD8+ T cell accumulation in the prostate gland and resulted 
in anatomical disruption of glandular architecture. Similarly, in 
C3-HA mice adoptively transferred with clone 4 wild-type CD8+ 
cells or LAG-3–/–CD8+ T cells, accumulation of lymphocytes could 
be visualized in the alveolar space, with more LAG-3–/– cells present 
than wild-type (Supplemental Figure 3).

CD4+ T cells are not required for LAG-3–blocking antibody function. 
Our data using LAG-3–/– clone 4 CD8+ T cells suggested a cell-
intrinsic effect of LAG-3 on CD8+ T cells (Figures 1 and 2). To fur-
ther assess whether LAG-3 played a direct role on CD8+ T cells, we 
asked whether CD4+ cells were necessary for the increased accu-
mulation of clone 4 CD8+ cells in ProHA × TRAMP prostates after 
treatment with αLAG-3 and VV-HA. This was accomplished by 
depleting ProHA × TRAMP mice of CD4+ T cells using the CD4+-

Figure 5
Self- and tumor-tolerized endog-
enous CTLs regain effector function 
in vivo after treatment with VV-HA/
αLAG-3. (A) C3-HA and (B) ProHA 
× TRAMP mice were given 0.2 mg 
αLAG-3 i.p. on days 0 and 3 and 106 
PFUs of VV-HA i.p. on day 1. Mice 
received target cells i.v. consisting 
of a 1:1 mixture of B10.D2 spleno-
cytes loaded with either HA peptide 
plus 5 mM CFSE or 0.5 mM CFSE 
only on day 6. Eighteen hours after 
target transfer, spleens were har-
vested for flow cytometry. Histo-
grams under each graph represent 
1 of 5 individual mice from 1 experi-
ment. Data represent 1 experiment 
with each being repeated at least 2 
times. *P = 0.0378; **P = 0.0171. In 
vivo CTL assays were performed as 
above with the addition of groups 
that were transferred with target 
cells 21 days after immunization with 
VV-HA or VV-HA plus αLAG-3 (C 
and D). (E) Seven-week-old ProHA 
× TRAMP mice were injected with 
αLAG-3, VV-HA, or VV-HA/αLAG-3 
or left untreated (n = 15 mice/group). 
Eight weeks later, dorsal prostate 
lobes were harvested and H&E sec-
tions prepared. Slides were graded 
on a scale from 0–5 as described in 
Methods in a double-blinded fash-
ion by 2 surgical pathologists. PT, 
ProHA × TRAMP.
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depleting GK1.5 antibody. Once more than 95% CD4+ depletion 
was confirmed (data not shown), clone 4 CD8+ T cells were adop-
tively transferred and animals treated with either vaccination or 
the combination of vaccination and αLAG-3. As described above, 
the combination of LAG-3 blockade and vaccination resulted 
in increased accumulation of CD8+ T cells in the prostate gland  
(Figure 4A). LAG-3 blockade also increased T cell accumulation 
in the prostate gland of CD4+-depleted animals (Figure 4B), sup-
porting a CD8+ T cell–intrinsic function. However, LAG-3–/– clone 
4 CD8+ T cells showed no differences in organ-specific accumula-
tion when treated with αLAG-3–blocking antibody in combination 
with vaccination (Figure 4C). Taken together, these data provide 
substantial evidence that, in this system, LAG-3 plays a direct role 
on CD8+ T cells independent of its role on CD4+ cells.

LAG-3 blockade restores the CTL activity of endogenous CD8+ T cells. 
Since we observed an increase in IFN-γ–producing antigen-spe-
cific CD8+ T cells in both C3-HA mice (Figure 1) and ProHA × 
TRAMP mice (Figure 2) treated with αLAG-3 antibodies, we next 
sought to determine whether the cytolytic function of endoge-
nous CD8+ T cells could be enhanced by αLAG-3 treatment. To 
test this, we utilized an in vivo CTL assay (32) to measure the 
ability of endogenous CD8+ cells to lyse adoptively transferred 
targets loaded with HA class I peptide. Nontransgenic B10.D2 
mice responded to vaccination with 20% lysis of HA-loaded tar-
gets when normalized to nonvaccinated B10.D2 mice. As previ-
ously described, C3-HA mice are tolerant to HA (33). Indeed, vac-
cination of these mice failed to elicit a significant in vivo CTL 
response (Figure 5A). However, when these mice were vaccinated 
in the presence of LAG-3–blocking antibody, CTL tolerance was 
significantly mitigated; approximately 30% specific  lysis was 
observed. We next determined whether LAG-3 blockade could 
affect CTL tolerance to a tumor/tissue-restricted antigen in the 
ProHA × TRAMP mice. Similar to C3-HA mice, vaccination of 
ProHA × TRAMP mice failed to elicit a significant CTL response 
in vivo (Figure 5B). However, vaccination in the context of LAG-3  
blockade significantly reversed this functional tolerance, with 
approximately 45% specific target lysis noted.

In order to evaluate the durability of the combined VV-HA/
αLAG-3 treatment, we examined CTL function of endogenous, 
tolerized  CD8+  cells  from  C3-HA  (Figure  5C)  and  ProHA  × 
TRAMP (Figure 5D) mice at 7 days and 21 days after VV-HA treat-
ment with or without αLAG-3. Dramatically, 21 days after VV-HA  
plus αLAG-3 treatment, endogenous CTL function decreased 
precipitously  compared  with  7  days  after  VV-HA  treatment, 
although there was still detectable lysis of target cells. These 
results were repeatable in both our self-tolerance and tumor-
tolerance models. Overall, this intriguing finding suggests that 
reversal of LAG-3–dependent CD8+ inhibition is short-lived. This 
has important translational implications, namely that repeated 
injections of αLAG-3 might be necessary to achieve sustained 
cellular  activation.  Thus,  LAG-3  blockade  mitigated  endog-
enous CTL tolerance to HA regardless of whether this protein 
was widely expressed as a self antigen or expressed in a narrower 
tumor/tissue-specific manner.

Treatment with αLAG-3–blocking antibody delays outgrowth of autoch-
thonous ProHA × TRAMP tumors. ProHA × TRAMP mice develop 
prostatic intraepithelial neoplasia (PIN) at approximately 10 
weeks of age due to the expression of SV40 T antigen under con-
trol of the probasin promoter (29). Over the next several weeks, 
mice develop progressive adenocarcinoma with a mean mortality 

of 35 weeks on the B10.D2 background. Since endogenous, toler-
ized CD8+ T cells regain functional activity when animals are vac-
cinated in combination with LAG-3 blockade (Figure 5, B and D), 
we determined whether early intervention with this combination 
could delay the outgrowth of endogenous tumors. Young (7–9 
weeks) ProHA × TRAMP mice were vaccinated in either the pres-
ence or absence of LAG-3–blocking antibody. Eight weeks after 
treatment (when mice were approximately 16 weeks of age) dorsal 
prostate glands were harvested and H&E sections obtained. Two 
surgical pathologists scored these sections in a blinded manner. 
As shown in Figure 5E, combined treatment resulted in a statisti-
cally significant reduction of tumor grade. Surprisingly, LAG-3 
treatment alone also resulted in grade reduction, although to a 
lesser degree than that seen with the combination regimen. Over-
all, these data suggest that the reversal of CTL functional toler-
ance mediated by LAG-3 blockade can delay tumor progression 
in vivo, a significant finding in this autochthonous tumor model 
in which every cell is persistently driven to a malignant state 
via expression of SV40 T antigen. Interestingly, we also found 
increased LAG-3 expression in human prostate-infiltrating CD8+ 
T cells as compared with CD8+ T cells isolated from peripheral 
blood (Supplemental Figure 4).

Discussion
LAG-3, an Ig superfamily member, negatively regulates murine 
T cell activation (28, 34) and homeostasis (23). While previous 
data provide abundant evidence for LAG-3 in regulating these 
pathways, the intrinsic function of LAG-3 on CD8+ T cells has not 
been established. Here, we utilized HA-specific TCR transgenic 
CD8+ T cells (clone 4) to examine the role of LAG-3 in tolerance 
to self- and tumor-restricted antigen. In the self-antigen system, 
clone 4 CD8+ T cells were adoptively transferred to mice that 
highly expressed HA in multiple epithelial organs (C3-HA). In the 
tumor-antigen setting, we utilized mice that expressed HA in con-
junction with spontaneously evolving prostate tumors (ProHA 
× TRAMP). Remarkably, we found that combined VV-HA and 
αLAG-3 treatment reversed antigen-specific CTL unresponsive-
ness and significantly increased the accumulation of tumor-spe-
cific effector CTLs at the sites of antigen. Similar findings using 
LAG-3–/– clone 4 CD8+ T cells support the notion that LAG-3 plays 
a direct inhibitory role on CD8+ T cells and that the αLAG-3 anti-
body functions as an antagonist. Clone 4 CD8+ cells have a high 
affinity for the HA antigen (35) and thus may not fairly represent 
the repertoire of tumor-associated antigen-specific T cells present 
in the endogenous T cell pool, such as have been isolated from 
patients with prostate cancer and stimulated to become reacti-
vated against their cognate antigen (36, 37). However, the results 
of our in vivo CTL assay in both C3-HA and ProHA × TRAMP 
mice demonstrate the capacity of αLAG-3 antibodies to reverse 
tolerance in the endogenous T cell pool, since no TCR transgenic 
T cells were transferred for those experiments.

T cells are essential for the control of tumor development and 
progression (38); however, multiple mechanisms, both tumor 
derived and host derived, can impair tumor-specific immune 
responses (39). Tumor-specific CD8+ T cells are exquisitely sen-
sitive to such mechanisms, including Treg-dependent suppres-
sion mediated through TGF-β (40–42). Therefore, overcoming 
the inhibitory pressure on tumor-specific CD8+ cells mediated 
by Tregs and tumors may allow successful elimination of estab-
lished tumors. Several costimulatory molecules, including PD-1 
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(43) and possibly CTLA-4 (12), negatively regulate the expan-
sion and effector function of activated CTLs. Our results are 
indeed somewhat analogous to those observed when function 
of chronically exhausted CD8+ T cells was restored after treat-
ment with PD-L1 blockade (16).  In this model,  lymphocytic 
choriomeningitis virus–specific (LCMV-specific) CD8+ T cells 
from chronically infected LCMV mice are unable to proliferate, 
produce effector cytokines, lyse LCMV-infected cells, or control 
viral load. However, in vivo blockade of PD-1:PD-L1 interactions 
reverses the functionally impaired CD8+ T cells, resulting in a 
decreased viral load. Overall, these results suggest that costimu-
latory blockade can significantly affect the functional character-
istics of CD8+ T cells.

ProHA × TRAMP mice express HA as a tumor-associated antigen 
only within the prostate tissue of male mice (29). In this autoch-
thonous tumor model, adoptively transferred clone 4 CD8+ cells 
do not traffic to the prostates, nor are they present in significant 
numbers in the lymphoid organs after 7 days (Figure 2). Interest-
ingly, expression of LAG-3 on clone 4 CD8+ cells within prostates of 
VV-HA–treated mice was limited to intracellular stores (Figure 2A);  
however, treatment with αLAG-3 robustly increased the frequency 
of clonotypic cells (Figure 2B). This situation is similar to that of 
CTLA-4, where surface expression on lymphocytes can be difficult 
to detect while intracellular protein is clearly evident. In keeping 
with the highly selective expression of HA in ProHA × TRAMP 
mice, it does not appear as if the HA-specific T cells are thymically 
deleted in these animals, since crossing clone 4 TCR transgenic 
mice to ProHA × TRAMP mice results in similar numbers of clone 
4 CD8+ cells in the double transgenic as in the single TCR trans-
genic as late as 30 weeks (data not shown). Treatment of ProHA × 
TRAMP mice adoptively transferred with clone 4 CD8+ cells with 
VV-HA, however, results in the expansion of effector clone 4 CD8+ 
cells within the prostate tissue. Similar to other findings (44), we 
observed that after VV-HA treatment, clone 4 CD8+ cells were 
present within the prostate epithelia; however, there did not seem 
to be an associated tissue disruption or cell death. This suggests 
that clone 4 CD8+ cells accumulate within the transformed pros-
tate epithelium but fail to eradicate tumor cells. These data are 
consistent with previous experiments suggesting that CD8+ cells 
can home and proliferate within tumor sites but fail to perform 
cytolytic function (40, 41). Interestingly,  injection of αLAG-3  
along with VV-HA led to an enhanced accumulation of effector 
clone 4 CD8+ T cells within the prostate tissue. Similar results 
were obtained using clone 4 CD8+LAG-3–/– T cells plus VV-HA. 
Indeed, the histology and immunohistochemistry of prostate tis-
sue from VV-HA plus αLAG-3–treated mice was strikingly differ-
ent from that of VV-HA–treated prostates. After treatment with 
αLAG-3 plus VV-HA, clone 4 CD8+ cells were found within the 
lumen of the prostates and the stroma of the glands was disrupt-
ed. These results suggest that not only does LAG-3 blockade allow 
clone 4 CD8+ T cells to accumulate at higher numbers within the 
prostates but also that the CTLs are functionally competent. 
Since LAG-3 negatively regulates T cell homeostasis (23), it is 
possible that blockade of LAG-3 function allows the expansion of 
adoptively transferred clone 4 CD8+ cells in an antigen-indepen-
dent fashion. However, clone 4 CD8+ cells accumulated only in 
prostate tissue and not in liver tissue after either VV-HA or VV-HA  
plus  αLAG-3  treatments,  demonstrating  that  the  enhanced 
effect was specific to tissues expressing the cognate antigen. 
These results suggest that LAG-3 blockade allows accumulation 

of antigen-specific CD8+ cells only where antigen is present and 
does not promote antigen-independent homeostatic expansion 
of the transferred cells.

Since endogenous tumor-specific CTL function was restored in 
VV-HA plus αLAG-3–treated mice, we wished to determine wheth-
er this combined treatment affected tumor incidence in ProHA × 
TRAMP mice. We chose a treatment scheme that would expand 
and activate HA-specific T cells before the onset of tumorigene-
sis, thus allowing for the generation of tumor-specific memory T 
cells in the absence of malignancy. This treatment scheme did not 
involve further boosting of T cell immunity after the initial prim-
ing. Interestingly, our results indicate a slight, yet significant effect 
of tumor progression after treatment with αLAG-3 or VV-HA plus 
αLAG-3 compared with untreated control mice based on the grad-
ing of histological sections of dorsal prostate tissue. Further exper-
iments utilizing prime boosts, greater doses, and more sustained 
treatment with αLAG-3 are being performed to determine whether 
ProHA × TRAMP tumors can be further abrogated.

The reversal of CD8+ functional unresponsiveness by LAG-3 
blockade may be the result of several mechanisms. We previ-
ously demonstrated LAG-3 expression on CD4+CD25+ Tregs and 
have shown that antibody blockade of LAG-3 results in impaired 
function of these Tregs in vivo (20). It is therefore plausible that 
αLAG-3 treatment is inhibiting function of Tregs, thus allow-
ing CTL function. Tregs (CD4+CD25+FoxP3+) have been shown 
to influence CD8+ T cell effector function in vivo (40, 45). In 
addition, we previously showed that LAG-3–expressing CD4+ T 
cells could mediate regulatory function in vivo and in vitro (20). 
No detectable differences in Treg frequencies or absolute num-
ber were noted in any of these treatment groups, nor did LAG-3 
effect expression of FoxP3 within CD8+ cells (data not shown), 
though our previous studies showed that LAG-3 blockade miti-
gates Treg function. The findings in this study, that antibody 
treatment altered the  local accumulation of antigen-specific 
CD8+ T cells in CD4+-depleted animals, demonstrate that in the 
ProHA × TRAMP system, LAG-3 blockade affects CD8+ T cell 
function in part by a mechanism independent of conventional 
CD4+ Tregs. Further studies will be necessary to dissect the dif-
ferential roles of LAG-3 on CD4+ vs. CD8+ T cells as well as the 
molecular mechanism of negative regulation mediated by LAG-3. 
Clearly, the demonstration of its inhibitory role on both CD4+ 
(18) and CD8+ T cells (this manuscript) demonstrates a broad 
regulatory function for LAG-3.

Tumor-associated antigen–based vaccines are becoming wide-
ly accepted as a unique and powerful method for the treatment 
of many types of cancers (46). Moderate success in generating 
robust long-lasting tumor-specific CD8+ T cell responses has been 
achieved albeit with varying degrees of success demonstrating sig-
nificant alterations in time to disease progression (47–49). Here, 
we have demonstrated a reversal of functionally unresponsive 
antigen-specific CD8+ T cells in murine models of self and tumor 
tolerance after combined treatment with a viral vaccine and anti-
body-mediated LAG-3 blockade. The durability of the αLAG-3 
treatment seems short-lived (Figure 5, C and D); therefore multiple 
doses over time may be required to sustain CD8+ T cell function. 
Overall, we show for what we believe is the first time a direct role 
for LAG-3 on CD8+ T cells in models of self and tumor tolerance. 
From a clinical perspective, LAG-3 has previously been shown to 
be upregulated on tumor-infiltrating CD8+ T cells isolated from 
multiple human tumor types (50). We show here that this applies 
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to prostate cancer as well (Supplemental Figure 4). Taken together, 
these results suggest that LAG-3 may be a promising target for 
promoting tumor immunity.

Methods
Mice, cell lines, antibodies, and vaccines. Recipient mice (B10.D2 [Thy1.2+, H-2d]),  
were obtained from The Jackson Laboratory. C3-HA (C3-HAhi; Thy1.2+, HA 
expression on multiple tissues) and ProHA × TRAMP (Thy1.2+; HA and  
SV-40 expression is prostate specific) mice on the B10.D2 background were 
described previously (29). Donor mice (clone 4 TCR transgenic [Thy1.1+, Kd; 
HA-specific]) mice were provided by L. Sherman (The Scripps Research Insti-
tute, La Jolla, California, USA). C57BL/6 LAG-3–/– mice and the αLAG-3– 
producing hybridoma (C9B7w) were kind gifts from D. Vignali (St. Jude 
Children’s Research Hospital, Memphis, Tennessee, USA). LAG-3–/– mice 
were crossed with B10.D2 clone 4 mice for at least 10 generations. Animal 
care and experimental procedures were performed under pathogen-free con-
ditions under a specific animal protocol reviewed by and approved by the 
Institutional Animal Care and Use Committee of Johns Hopkins University. 
Recombinant vaccinia virus expressing wild-type HA protein (VV-HA) was 
used in vaccination strategies and was created as described previously (29).

In vivo CTL assay. As previously described (32), splenocytes from non-
transgenic B10.D2 mice were isolated and split into 2 groups. Group 1 
was left untreated, while group 2 was loaded with synthetic immunodomi-
nant HA class I peptide (IYSTVASSL) at a concentration of 10 μg/ml, then 
washed 3 times, counted, and resuspended. Group 1 cells were then labeled 
as CFSElo and group 2 as CFSEhi by incubation with 0.25 mM or 2.5 mM 
CFSE, respectively. After labeling, cells were thoroughly washed with HBSS 
and counted. An equal number of HA-loaded CFSEhi and unloaded CFSElo 
target cells were combined and administered by tail-vein injection. Eigh-
teen hours after target cell transfer, splenocytes from recipient mice were 
analyzed by FACS, and the relative cell numbers in CFSEhi versus CFSElo 
peaks were determined to quantify percentage of specific lysis. Representa-
tive examples of acquired data are shown in Figure 5A.

Adoptive transfers. For adoptive transfer experiments, clone 4 mice were 
sacrificed via CO2 asphyxiation. Spleens and lymph nodes were collected 
and homogenized, and red blood cells were lysed. CD8+ T cells were puri-
fied using Miltenyi magnetically labeled beads (Miltenyi Biotec) according 
to the manufacturer’s protocol. For some experiments, purified cells were 
labeled for 8 minutes with CFSE (Invitrogen) by adding 0.5 μl of 5 mM 
stock per 1 ml cells. After labeling, cells were washed twice and resuspended 
with HBSS for i.v. injections. Typically, 106 cells were injected per mouse in 
0.2 ml HBSS by tail-vein injection.

GK1.5 treatment. For CD4+ depletion experiments, mice were treated 
with GK1.5 ascites (kindly provided by E. Jaffee, Johns Hopkins Univer-
sity) 3 and 5 days prior to adoptive transfer with clone 4 CD8+ or clone 4 
CD8+LAG-3–/– cells. To assess CD4+ status, tail blood was taken 1 day prior 
to adoptive transfer. In all cases, mice had more than 95% CD4 depletion 
prior to transfer and at the time of organ harvests.

Quantification of HA-specific CD8+ T cell responses. On day 7 after adoptive 
transfer, recipient mice were sacrificed via CO2 asphyxiation. The spleen, 
axillary lymph nodes, and prostate-draining lymph nodes were dissected, 
dissociated, and washed (26). To obtain tumor- or tissue-infiltrating lym-
phocytes, mice were surgically exsanguinated (51), and the lungs and pros-
tate glands were microdissected (52). Tissues were mechanically disrupted 
and incubated for 1 hour at 37°C with CTL media containing the enzyme 
liberase (Roche Applied Science) at a final concentration of 35 μg/ml. Lym-
phocytes were isolated from the digestion product using Ficoll-Hypaque 
gradient centrifugation. For FACS analysis, 106 lymphocytes from the 
spleen or the lymph nodes, or 106 prostate-infiltrating lymphocytes were 
stained using anti-Thy1.1 antibody and anti-CD8 antibody (BD Bioscienc-

es — Pharmingen). Cells were analyzed using a FACSCalibur system (BD). 
Lymphocytes from prostate samples generally have lower expression of CD8 
compared with CD8+ cells taken from other sites. This effect may be due to 
treatment of cells with Liberase as well as the presence of various proteases 
found within prostate tissue. Intracellular staining for LAG-3 or IFN-γ was 
performed as previously described (13). In brief, 106 lymphocytes were incu-
bated with synthetic immunodominant HA class I peptide (IYSTVASSL) 
and 5 μg/ml monensin for 5 hours in vitro. Cells were stained with cell-
surface antibodies, fixed, and permeabilized using Cytofix/Cytoperm Plus 
Kit (BD Biosciences — Pharmingen), followed by staining with anti–LAG-3, 
anti–IFN-γ (BD Biosciences — Pharmingen), or anti–FoxP3 (eBiosciences).

Pathology and immunohistochemistry.  To  evaluate  potential  glandu-
lar architecture disruption induced by LAG-3 blockade, dorsal lobes 
were harvested as described above and frozen in OCT (Sakura). Serial 
unstained and H&E sections from the dorsal prostate lobes were then 
cut. Two surgical pathologists evaluated H&E sections for glandular dis-
ruption in a double-blinded manner. Prostate histology was scored on 
a scale of 0–5 as follows: 0, no benign tissue; 1, PIN without cribriform 
formation; 2, PIN plus cribriform formations; 3, intraductal carcinoma; 
4, moderately differentiated carcinoma; 5, poorly differentiated carci-
noma/small cell carcinoma.

For  immunohistochemistry of Thy1.1, unstained slides were fixed 
in 75% acetone/25% ethanol for 5 minutes. Dry slides were washed 3× 
in PBS, followed by a 30-minute incubation with Image-iT FX signal 
enhancer (Molecular Probes). Slides were washed in PBS and blocked 
with Avidin/Biotin Block (Vector Laboratories). Slides were then incu-
bated with αThy1.1-biotin for 45 minutes, washed, then incubated with 
Alexa Fluor 488 Streptavidin for 30 minutes. Slides were then imaged on 
a fluorescent microscope.

Isolation of human prostatic CD8+ cells. Needle aspirates were obtained from 
the peripheral zone of the prostate within 1 hour after radical prostatec-
tomy using a 20G 1½ needle and 5-cc syringe and collected into RPMI 1640 
medium. Cells were spun down, resuspended in 1 ml of Dynal Buffer 1 
(Invitrogen), and strained through a 100-μm strainer. CD8+ T cells were 
positively isolated using a Dynal CD8 Positive Isolation Kit (Invitrogen) 
according to the manufacturer’s recommended protocol, including mag-
netic bead detachment. Cells were then resuspended in 1 ml 1× stain-
ing buffer. Cells were stained with anti-CD8, anti-CD3 (BD Biosciences 
— Pharmingen), and anti–LAG-3 (Alexis Biochemicals).

Statistics. P values were calculated using 2-tailed Student’s t test, as imple-
mented in the Prism 4.0 package (GraphPad Software).
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