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Abstract In vitro, engagement of GITR on Treg cells by
the agonistic anti-GITR mAb, DTA-1, appears to abrogate
their suppressive function. The consequence of in vivo
engagement of GITR by DTA-1 is, however, less clear. In
this study, we show that Treg cells isolated from DTA-1-
treated mice were as potent as those from untreated mice in
suppressing conventional CD4 T cells in vitro, indicating that
in vivo GITR ligation does not disable Treg cells. Treatment
of Foxp3/GFP knock-in mice with DTA-1 led to a selective
reduction of circulating Treg cells, suggesting that DTA-1 is
a depleting mAb which preferentially targets Treg cells. In
tumour-bearing mice, DTA-1-mediated depletion of Treg
cells was most marked in tumours but not in tumour-draining
lymph node. These features were conWrmed in an adoptive
transfer model using tumour antigen-speciWc Treg cells.
Interestingly, Treg cells detected in tumour tissues expressed
much higher levels of GITR than those in tumour-draining
lymph nodes, indicating that the eYciency of depletion might
be correlated with the level of GITR expression. Finally, in
vivo labelling of GITR in naive or tumour-bearing mice
demonstrated that Treg cells constitutively expressed higher
levels of GITR than conventional T cells, independent of
location and activation state, consistent with the preferential
in vivo depletion of Tregs by DTA-1. Thus, depletion of

Treg cells represents a previously unrecognised in vivo activ-
ity of DTA-1 which has important implications for the appli-
cation of anti-GITR antibodies in cancer immunotherapy.
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Abbreviations
dLN Tumour-draining lymph node
pLN Peripheral LN
nTreg Natural CD4+CD25+Foxp3+ regulatory T cells
Mar Marilyn mice
PBL Peripheral blood lymphocytes
MFI Mean Xorescence intensity
Foxp3/GFP Foxp3/GFP knock-in mice

Introduction

Glucocorticoid-induced tumour necrosis factor receptor
(GITR), a member of the tumour necrosis factor receptor
(TNFR) family is expressed on T lymphocytes with the pri-
mary function of protection from activation-induced cell death
[1–3]. Under steady state conditions, CD4+CD25+Foxp3+ reg-
ulatory (Treg) cells constitutively express higher levels of
GITR than conventional CD4 and CD8 T cells [4, 5]. The out-
come of GITR signalling on Treg cells appears to be functional
inactivation (i.e, neutralisation of inhibitory function) [4–6],
whereas ligation of GITR on conventional T cells provides a
co-stimulatory signal promoting activation [7–11].

Since ligation of GITR by DTA-1, an agonistic anti-GITR
mAb, disables Treg whilst co-stimulating conventional
T cells [12, 13], DTA-1 is an attractive reagent for enhancing
T cell immunity against tumour cells [14–18]. Although the
eVectiveness of DTA-1 in cancer immunotherapy is well
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established, the mechanisms of action of DTA-1 are compli-
cated by following factors. Firstly, the assumption that DTA-
1 disarms Treg cells is based largely, if not exclusively, on in
vitro data [4, 5], however, this conclusion has been chal-
lenged by a subsequent investigation [11]. Using co-cultures
of Treg and conventional CD4 T cells from WT and GITR-
deWcient mice, Shevach and colleagues showed that GITR
engagement on CD25¡ve but not CD25+ve T cells is required
for neutralising suppression, and the action of DTA-1 is to
confer on CD25¡ T cells resistance to CD25+ve Treg-medi-
ated inhibition, rather than by direct inactivation of Treg cells
[11, 12]. Secondly, T cell behaviour in vivo cannot always be
predicated on in vitro analysis, and few studies have
addressed the impact of DTA-1 on Treg cells in vivo [19].
Inactivation [4, 15, 19], expansion [16] and depletion of Treg
cells [20] are three possible outcomes of GITR ligation by
DTA-1 on Treg cells. Although it has been proposed [12]
and indicated [20] that DTA-1 depletes Tregs in vivo, a for-
mal demonstration has not been made. Thirdly, expression of
GITR on Treg has been largely, if not exclusively, investi-
gated in vitro by comparing the pattern of expression before
and after activation [4, 5, 11, 21]. In vivo, there is competi-
tion between target cells to bind injected antibody eVectively
lowering the number of molecules bound, in comparison
with in vitro studies where an excess of conjugated antibody
is used. Evaluation of GITR expression in real time is vital to
understand the in vivo mechanisms of DTA-1 action.

To investigate in vivo GITR expression and determine
whether DTA-1 selectively targets Treg cells for depletion,
several strategies were adopted including the use of Foxp3/
GFP knock-in mice [22] and adoptive transfer of tumour-
antigen speciWc Treg cells [23]. Furthermore, a staining
protocol enabling in vivo evaluation of GITR expression
was developed.

Materials and methods

Mice

Thy1.2 C57BL/6 (B6) and CBA mice were purchased from
Harlan Olac (Bicester, UK), and bred in the Central Biolog-
ical Services Unit at Hammersmith Campus, Imperial College
London. TCR-transgenic Marilyn [23] and Foxp3/GFP
knock-in [22] mice were kindly provided by Dr. O Lantz
and Dr. B Malissen, respectively. Marilyn mice used in this
study were Thy1.1+ and Rag2+/¡.

Tumour cell line, inoculation and measurement 
of tumour growth

MB49 is a chemically induced murine bladder carcinoma
derived from a B6 male mouse [24]. MB49 cells were

maintained in RPMI 1640 Medium (Gibco, UK) supple-
mented with 10% FCS, 10 mM HEPES, penicillin (100 IU/
ml) and streptomycin (100 �g/ml), 5 £ 10¡5 M 2-ME and
2 mM L-glutamine. 5 £ 105 MB49 cells were injected sub-
cutaneously on the right Xank of B6 and Foxp3/GFP knock-
in mice. Tumour growth was measured every other day and
recorded as longest dimension £ shortest dimension in
millimetres squared (mm2).

mAbs and treatment

DTA-1 is rat IgG2b mAb speciWc for mouse GITR [4].
GL-113 is rat IgG1 recognising �-galactosidase [25], and
PC61 is rat IgG1 against mouse CD25 [26]. mAbs were
partially puriWed from hybridoma culture supernatants by
precipitation in 50% ammonium sulphate, and were further
puriWed using protein G column. mAb treatment was
conducted by intraperitoneal (i.p.) injection.

PuriWcation of Treg and conventional CD4 T cells

To purify HY-speciWc Treg cells, spleen and pooled LN cells
from Rag2+/¡ Marilyn females (Thy1.1) were incubated with
anti-B220- and anti-CD8-Dynalbeads (Invitrogen, UK). After
depletion of B and CD8 cells, the remaining cells were
stained with anti-V�6FITC, anti-CD25PE and anti-CD4PE/Cy5

before sorting for CD4+CD25+V�6+ cells (HY-speciWc Treg
cells). To isolate polyclonal Treg and conventional CD4
T cells from B6 mice, similar procedure was used except that
anti-V�6FITC was omitted. FACS sorted CD4+CD25+ and
CD4+CD25¡ cells were used as polyclonal Treg and conven-
tional CD4 cells, respectively.

In vitro suppression assay

This was conducted as described previously [27]. In brief,
conventional CD4 T cells, alone or mixed with Treg cells at
various ratios, were stimulated with anti-CD3 mAb in the
presence of accessory cells (irradiated T cell-depleted B6
spleen cells) in round-bottomed 96-well plates for 3 days.
Thymidine was added to each well for the last 12 h and pro-
liferation was measured by thymidine uptake.

Adoptive T cell transfer

FACS-sorted Marilyn Treg cells (Thy1.1+) were adoptively
transferred to Thy1.2+ B6 female recipients by intravenous
(i.v.) injection (1 £ 105 /mouse).

FACS analysis

To detect donor cells (Thy1.1 Marilyn Treg) in recipient
mice (Thy1.2 B6), the cells from MB49 and its draining
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lymph node were stained with anti-V�6PE, anti-Thy1.1PercP

and anti-CD4APC. Donor cells were identiWed by co-expres-
sion of Thy1.1 and V�6. To measure the percentage of
T cell subsets in MB49, the cells from MB49 tissues were
stained with anti-CD4PercP and anti-CD8APC, or anti-
CD4APC before intracellular anti-Foxp3FITC staining. Treg cells
in Foxp3/GFP mice were identiWed by co-expression of
CD4 and GFP.

In vivo GITR staining

This was conducted by i.v. injection of Foxp3/GFP mice
with 5 �g of PE-conjugated DTA-1. GITR expression in
T cell subsets was analysed by FACS after CD4 and CD8
staining, but without a further staining of GITR.

Statistical analysis

This was performed using a two-sided Student’s t test and
GraphPad Prism software (version 3.02).

Results

Rejection of established MB49 tumours by a single dose 
of DTA-1 treatment

Although administration of DTA-1 alone is suYcient to
reject some types of experimental tumours (Meth A and
Colon 26 [15]), such a treatment appears to be less eVective
for other tumours (B16 and RENCA [15, 16]) unless an
additional manipulation such as DNA vaccination [17] is
included, suggesting that eYciency of DTA-1 therapy is
dependent on the characteristics of transplantable tumour.
Thus, the starting point of this investigation was to assess
the susceptibility of MB49 tumours (murine bladder carci-
noma naturally expressing HY) [24] to DTA-1 therapy.

Like other tumour cell lines such as B16 and RENCA [16],
MB49 does not express GITR (not shown). On day 0, a
total of 11 B6 females were subcutaneously inoculated with
5 £ 105 MB49 cells, at day 8, 6 randomly chosen mice
were given 50 �g of DTA-1 by i.p. injection and the
remaining 5 mice were not. Growth of MB49 tumours in
the untreated group was very aggressive reaching a volume
>100 mm2 by day 17 (Fig. 1a). In contrast, DTA-1 was
very eVective in treating established MB49 tumours with
100% rejection rate (Fig. 1b). A control rat IgG (GL-113)

Fig. 1 DTA-1 is highly eVective in treating established tumours. a, b
A single injection of DTA-1 results in the regression of established
MB49 tumours. A total of 11 B6 female mice were s.c. inoculated with
5 £ 105 MB49 cells. 8 days later, the mice were randomly divided into
two groups: one group (B, n = 6) was treated with 50 �g of DTA-1
mAb by i.p. injection and the other group was not (A, n = 5). The
growth of MB49 tumours was monitored by measuring tumour size
every other day. One representative of three independent experiments
is shown. c–f Regression of MB49 is correlated with increased
accumulation of tumour-inWltrating CD4 and CD8 T cells but
decreased accumulation of Treg cells. Untreated and DTA-1-treated
mice (3 mice/group) were prepared as described in A and B. At day 15,
MB49 tumours isolated from untreated (C and E) and DTA-1-treated
mice (D and F) were stained with anti-CD4PerCP and anti-CD8APC

(C and D), or anti-CD4PerCP followed by intracellular staining with
anti-Foxp3FITC (E and F). Percentage of CD4+, CD8+, or CD4+Foxp3+

cells in MB49 from individual mice in each group is shown as mean §
SEM. One representative of two independent experiments is shown

�
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[25] showed no eVect on MB49 growth (not shown). When
the proportion of inWltrating T cell populations (CD4+,
CD8+ and Foxp3+CD4+) within the MB49 tumours of
untreated (Fig. 1c, e) and DTA-1 treated groups (Fig. 1d, f)
was compared, we found that DTA-1 treatment was associ-
ated with an increased accumulation of CD4 and CD8 T
cells but a reduction of Treg cells. Therefore, MB49 can be
added to a list of tumours which can be rejected by DTA-1.
Given, MB49 tumours are very aggressive and resistant to
HY vaccination [28], complete rejection of established
tumours following a single dose of DTA-1 administration is
very encouraging.

Treg cells puriWed from DTA-1-treated mice 
are competent suppressive cells

In vitro, DTA-1-mediated GITR signalling on Treg cells
abrogates their suppressive activities [4, 5]. As T cell
behaviour in vivo cannot be predicated on the in vitro
behaviour of T cell co-cultures, we evaluated the inhibitory
capacities of Treg cells isolated ex vivo from either
untreated or DTA-1-treated mice 1 day after mAb adminis-
tration. In a standard in vitro suppression assay, Treg cells
from DTA-1-treated mice were as potent as those from
untreated mice in inhibiting conventional CD4 T cells
(from untreated mice) in response to anti-CD3 stimulation
(Fig. 2). Likewise, Treg cells from GL-113-treated mice
showed similar suppressive activity to those from untreated

or DTA-1-treated mice (not shown). Thus, in vivo GITR
signalling on Treg cells does not lead to their functional
inactivation. This observation is consistent with another
report [16].

DTA-1 treatment in vivo leads to a partial depletion 
of Treg cells

Although early studies indicated that DTA-1 (rat IgG2b) is
a non-depleting mAb for Treg cells [4, 15, 19], we repeat-
edly observed a signiWcant reduction (up to 40%) of circu-
lating CD4+CD25+ cells in B6 mice following a single
injection of DTA-1, raising the possibility that DTA-1 is a
depleting mAb in vivo. To provide a conclusive demonstra-
tion, we used Foxp3/GFP knock-in mice in which Treg and
non-Treg cells can be reliably distinguished by GFP
expression [22]. 3 days after DTA-1 treatment, the propor-
tion of CD4+GFP+ cells in PBL decreased from 0.89%
(untreated) to 0.63% (representing a 30% reduction,
p < 0.05), whereas that of the CD4+GFP¡ population of
cells remained unchanged (from 15.3 to 15.1%, left and
middle panels of Fig. 3a). However, in the depletion of
Treg cells, DTA-1 was less eYcient than PC61, a widely
used anti-CD25 depleting mAb [26] which resulted in a
52% reduction of circulating Treg cells (right panel of
Fig. 3a). The proportion of Treg and non-Treg in the PBL
of Foxp3/GFP mice did not change following GL-113 treat-
ment (not shown).

Next, we examined whether DTA-1 treatment would
deplete polyclonal Treg cells in tumour-bearing mice. Two
groups of Foxp3/GFP knock-in mice were injected s.c. with
MB49 cells at day ¡8, one group was given DTA-1 at day
0 and the other was not. 3 days after DTA-1 administration,
each MB49 tumour and its draining LN (dLN) were ana-
lysed for the presence of CD4+GFP+ cells. Following i.p.
injection of DTA-1, there was a 44% (reduced from 0.9 to
0.5%, p < 0.05) and 28% (from 3.12 to 2.24%) decrease of
Treg cells in MB49 tumours and dLN, respectively
(Fig. 3b). Treatment of MB49-bearing mice with GL-113
failed to alter the pattern of Treg accumulation in MB49 or
dLN (not shown). Data shown in Fig. 3b indicate that
DTA-1 depletes tumour-resident Treg cells. However,
DTA-1 treatment also increases the proportion of tumour-
inWltrating eVector T cells (Fig. 1c, d), the decrease of Treg
cells might reXect an increase in another cell population.
We therefore compared the absolute number of tumour-
inWltrated Treg cells from untreated and DTA-1-treated
mice. As shown in Fig. 3c, there was a signiWcant reduction
of tumour-resident Treg cells following DTA-1 treatment,
strongly suggesting that DTA-1 can preferentially deplete
tumour-inWltrating Treg cells.

To investigate whether the results obtained from the
measurement of polyclonal Tregs in tumour-bearing mice

Fig. 2 Treg cells isolated from DTA-1 treated mice are competent
suppressive cells in vitro. Two groups of B6 mice (3 mice/group) were
untreated or treated with anti-GITR by i.p. injection of 50 �g of DTA-
1. 24 h later, Treg (CD4+CD25+) and conventional CD4 T cells
(CD4+CD25¡) were puriWed from pooled LN and spleen cells of each
group by FACS sorting. Conventional CD4 T cells (1 £ 105/well)
from the untreated group were cultured with anti-CD3 (0.05 �g/ml)
and accessory cells (T cell-depleted and irradiated B6 spleen cells,
2 £ 105/well) in the absence (open triangles) or presence of various
numbers (two time serial diluted from 1 £ 105/well to 780 /well) of
nTregs from either untreated (open squares) or DTA-1-treated group
mice (open circles) in 96-round bottomed plates for 3 days. Thymi-
dine (0.5 �Ci/well) was added to each well for the last 12 h. One
representative of two independent experiments is shown
123
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would be applicable to monoclonal Treg cells, we
adoptively transferred HY-speciWc Treg cells
(Thy1.1+CD4+V�6+CD25+ cells sorted from Rag2+/¡ Mari-
lyn females) to four groups of Thy1.2 B6 mice which were
injected with MB49 cells (G2 and G4) or not (G1 and G3)
on the same day of Treg cell transfer, and given DTA-1 (G3
and G4) or not (G1 and G2) on day 8 (Fig. 3d). The impact
of DTA-1 treatment on monoclonal Treg cells was deter-
mined by comparing the proportion of donor cells in MB49
and dLN between G2 and G4. DTA-1 treatment led to 95%
reduction in the accumulation of Marilyn Treg cells in the
MB49 tumour (decreased from 0.0957% in G2 to 0.0048%
in G4, p < 0.001) (Fig. 3d), whereas depletion in tumour
dLN was less marked (0.0024 vs. 0.0018%). However, GL-
113 treatment did not inXuence Marilyn Treg cells in
response to MB49 tumours (not shown).

In the same experiment, we also measured the changes
in proportions of host Treg cells (Thy1.1¡CD4+Foxp3+) in
tumour tissues with or without DTA-1 treatment (S-Fig. 1).

Fig. 3 DTA-1 is a depleting mAb in vivo. a A single injection of
DTA-1 mAb leads to a reduction of the percentage of circulating
CD4+Foxp3+ cells. Three groups of Foxp3/GFP knock-in mice (4
mice/group) were untreated or treated with 25 �g of DTA-1 or PC61
by i.p. injection. 3 days later, peripheral blood lymphocyte (PBL)
samples were collected from individual mice in each group and stained
with anti-CD4PE. Percentage of CD4+GFP– and CD4+GFP+ cells in
PBL is shown as mean § SEM. One representative of three indepen-
dent experiments is shown. b DTA-1 preferentially depletes tumour-
resident Treg cells. Two groups of Foxp3/GFP knock-in mice (4 mice/
group) were s.c. inoculated with 5 £ 105 MB49 cells on day ¡8. The
mice were untreated or treated with 50 �g of DTA-1 by i.p. injection
on day 0. 3 days later, dLN and MB49 tumours from individual mice
in each group were stained with anti-CD4PerCP. Percentage of
GFP+CD4+ cells is shown as mean § SEM. One representative of two
independent experiments is shown. c The number of tumour-resident
Treg cells was profoundly reduced following DTA-1 treatment. Two
groups of Foxp3/GFP knock-in mice (4 mice/group) were s.c. inocu-
lated with 5 £ 105 MB49 cells on day ¡8. The mice were untreated or
treated with 50 �g of DTA-1 by i.p. injection on day 0. 3 days later,
MB49 tumours from individual mice in each group were stained with
anti-CD4PerCP. The absolute tumour-inWltrated Treg cell numbers were
determined by total tumour cells £ % of small lymphocyte gate £ %
of CD4+GFP+ cells within gated tumour-inWltrated lymphocyte (TIL).
d Accumulation of adoptively transferred HY-speciWc Treg cells in
MB49 tumours is profoundly impaired following DTA-1 treatment.
HY-speciWc Treg cells (Thy1.1+) were adoptively transferred to four
groups of Thy1.2+ B6 females (4 mice/group) by i.v. injection
(1 £ 105/mouse). On the same day, the mice in G2 and G4 were inoc-
ulated s.c. with MB49 cells (5 £ 105/mouse) and the mice in G1 and
G3 were not. On day 8, the mice in G3 and G4 were treated with 50 �g
of DTA-1 by i.p. injection, and the mice in G1 and G2 were not. On
day 11, dLN (pLN for G1 and G3) and MB49 tumours from individual
mice in each group were stained with anti-V�6PE, anti-Thy1.1PerCP and
anti-CD4APC followed by intracellular staining of anti-Foxp3FITC.
Percentage of Treg cells of donor origin (Thy1.1+V�6+) is shown as
mean § SEM. One representative of two independent experiments is
shown. e Tumour-inWltrating Treg cells express higher levels of GITR
than those in dLN. Foxp3/GFP knock-in mice (n = 4) were s.c. injected
with 5 £ 105 MB49 cells on day 0. 8 days later, MB49 and dLN cells
from individual mice were stained with anti-GITRPE and anti-
CD4PercP. The MFI of GITR by gated GFP+GITR+ cells in dLN and
MB49 is shown as mean § SEM. One representative of four indepen-
dent experiments is shown

�
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Comparing the proportion of host Treg cells within the
MB49 tumours between G2 and G4 revealed that a single
injection of DTA-1 resulted in 38% reduction of recipient
tumour-resident Treg cells (0.993–0.575%, p < 0.05). Thus,
the results shown in Fig. 3b using Foxp3/GFP knock-in
mice were reproducible using WT B6 mice.

Figure 3b–d shows that depletion of polyclonal or mono-
clonal Treg cells by DTA-1 is more extensive in tumours
than in the dLN. We speculated that the environment of a
growing MB49 tumour might preferentially increase GITR
expression on tumour-inWltrating Treg cells, rendering
them more susceptible to depletion. To test this, Foxp3/
GFP mice were inoculated with MB49 cells, and 8 days
later the expression of GITR by Treg cells in the MB49
tumour was compared with those in dLN. As shown in
Fig. 3e, there was a 4.5-fold increase in GITR expression
on MB49-inWltrating Treg cells (MFI 545 § 27 tumour
draining LN, MFI 2475 § 124 tumour; p < 0.05), which is
likely to increase sensitivity to DTA-1-induced depletion.

Treg cells are primary cellular targets of DTA-1 in vivo

In vitro staining of PBL from Foxp3/GFP knock-in mice
with anti-GITRPE, anti-CD4PerCP and anti-CD8APC clearly
demonstrated that Treg cells expressed higher levels of
GITR than conventional CD4 and CD8 cells (top of
Fig. 4a).

Whether GITR expression in vivo is similar to that
seen in vitro is unclear. We therefore performed a pilot
experiment to test the feasibility of “in vivo” staining.
CBA mice were injected i.v. with 20 �g of anti-CD4PE,
and PBL samples collected at various time points were
stained with anti-CD3FITC in vitro, before analysing for
CD4+CD3+ cells. Cells co-expressing CD4 and CD3 were
detectable as early as 18 min after injection, and were still
present after 22 h, by which time CD4 molecules were
down-regulated, presumably due to antibody-mediated
internalisation (S-Fig. 2B).

Having veriWed this in vivo staining protocol, we applied
it to determine the cellular targets of DTA-1. Foxp3/GFP
mice were injected i.v. with 5 �g of DTA-1PE, and 15 h
later the PBL samples were stained with anti-CD4PercP and
anti-CD8APC to allow identiWcation of Foxp3/GFP positive
from Foxp3/GFP negative cells in each population. MFI of
GITR by Treg cells was threefold higher than that of con-
ventional CD4 and CD8 T cells (bottom panel of Fig. 5a),
indicating that in vivo, DTA-1 antibodies primarily bind to
Treg cells which have abundant surface GITR molecules
compared with non-Treg cells (top panels of Fig. 4a).

Although Treg cells rather than conventional T cells are
the primary targets of DTA-1 under normal conditions, it is
not known whether this would be found in tumour-bearing
mice. To address this question, we injected 5 �g of DTA-1PE

into Foxp3/GFP mice inoculated with MB49 cells 8 days
previously. 6 h later, we analysed GITR expression by
CD4+GFP+, CD4+GFP¡ or CD8+GFP¡ subsets in spleen,
dLN and MB49 tumours (Fig. 4b). Several observations
can be made. Firstly, Treg cells within MB49 tumours
displayed a 2.1-fold higher GITR expression than those in
dLN, thus conWrming the in vitro staining results shown in
Fig. 3d. Secondly, like Treg cells, conventional CD4 and
CD8 T cells present in the MB49 tumour also showed
higher MFI of GITR than those in dLN. This observation
indicates that either the tumour microenvironment can
induce and maintain GITR expression on inWltrating T cell
subsets or those T cells with higher GITR expression are
able to preferentially migrate into the tumour. Finally,
GITR expression by Treg cells was consistently higher than
that by conventional CD4 or CD8 T cells, regardless of tis-
sue of origin, suggesting that Treg cells constitutively
express higher levels of GITR in vivo.

As shown in Fig. 4b, splenic Treg cells appear to express
higher GITR than tumour-resident Treg cells (223 vs. 184
of MFI), raising the possibility that splenic Treg might be
the primary target of DTA-1. To explore this, we compared
changes of Treg cells in spleen and tumour after DTA-1
treatment. A moderate decrease of splenic Treg cell number
in MB49-bearing mice was observed following DTA-1
therapy (Fig. 4c), however, the reduction of tumour-resi-
dent Treg cells was more signiWcant in the same experiment
(Fig. 3c). This disparity may be related to the experimental
conditions including antibody dose (5 vs. 50 �g) and dura-
tion of treatment (6 vs. 72 h). In addition, we speculate that
i.v. delivered DTA-1PE mAb might reach the spleen before
entering tumour tissue. Moreover, some mAb will be con-
sumed within the spleen by binding to GITR-expressing
cells, thus reducing the amount of mAb available for entry
into other tissues. Thus, the local concentration of mAb in
the spleen is likely to be higher than that in tumour, as a
result, Treg cells in the spleen show higher GITR expres-
sion than those in the tumours.

DTA-1 but not PC61 therapy can control established 
MB49 tumours

If DTA-1 can deplete Treg cells in vivo, it would be of
interest to compare DTA-1 with PC61, a standard anti-
CD25 depleting mAb. A single injection of PC61 was very
eVective in treating MB49 tumours when administered to
B6 females 2 days before MB49 inoculation [Fig. 5a, 100%
(5/5) tumour-free mice]. However, the same treatment pro-
tocol using DTA-1 had limited impact on tumour growth
[Fig. 5B, 20% (1/5) tumour-free mice]. This diVerence
could be explained by our observations showing PC61 was
more potent than DTA-1 in depleting Treg in vivo
(Fig. 3a). On the other hand, DTA-1 treatment was very
123
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Fig. 4 Treg cells constitutively 
express higher levels of GITR 
than conventional CD4 T cells in 
vivo. a Treg cells are primary 
targets of DTA-1. Top panels, 
the PBL from a group of Foxp3/
GFP knock-in mice (n = 3) were 
stained with anti-GITRPE, anti-
CD4PerCP and anti-CD8APC. The 
expression of GITR by 
GFP+CD4+, GFP¡CD4+ and 
GFP¡CD8+ T cells from individ-
ual mice was presented as histo-
grams. MFI of GITR is shown as 
mean § SEM. Bottom panels, a 
group of Foxp3/GFP knock-in 
mice were given 5 �g of anti-
GITRPE (clone DTA-1) by i.v. 
injection. 15 h later, the PBL 
from individual mice were 
stained with anti-CD4PerCP and 
anti-CD8APC. MFI of GITR by 
GFP+CD4+, GFP¡CD4+ and 
GFP¡CD8+ T cells is presented 
as mean § SEM. One represen-
tative of three independent 
experiments is shown. 
b Tumour-inWltrating Treg, CD4 
and CD8 T cells express higher 
levels of GITR than those in 
dLN. A group of Foxp3/GFP 
knock-in mice (n = 4) were s.c. 
inoculated with MB49 cells 
(5 £ 105/mouse) 8 days previ-
ously. On day 0, the mice were 
i.v. injected with 5 �g of 
DTA-1PE. 6 h later, spleen, dLN 
and MB49 tumour cells from 
individual mice were stained 
with anti-CD4PerCP and anti-
CD8APC. MFI of GITR by 
GFP+CD4+, GFP¡CD4+ and 
GFP¡CD8+ T cells is presented 
as mean § SEM. One represen-
tative of two independent exper-
iments is shown. c The number 
of splenic Treg cells was moder-
ately reduced following DTA-1 
treatment. Two groups of Foxp3/
GFP knock-in mice (4 mice/
group) were s.c. inoculated with 
5 £ 105 MB49 cells on day ¡8. 
The mice were untreated or 
treated with 50 �g of DTA-1 by 
i.p. injection on day 0. 3 days 
later, MB49 tumours from indi-
vidual mice in each group were 
stained with anti-CD4PerCP. The 
absolute spleen-resident Treg 
cell numbers were determined 
by total spleen cells £ % of lym-
phocyte gate £ % of CD4+GFP+ 
cells within gated lymphocytes
123



1374 Cancer Immunol Immunother (2010) 59:1367–1377
eYcient at rejecting established MB49 tumours [Figs. 1b,
5c, 100% (6/6) tumour-free mice] whereas PC61 therapy
had no eVect (Fig. 5d, 0% tumour-free mice). We speculate
that CD25-expressing anti-MB49 eVector T cells were
depleted by PC61 treatment. In support of this, we were
able to show that anti-tumour activity by DTA-1 was com-
pletely lost if PC61 was co-injected with DTA-1 on day 8
(Fig. 5e, 0% tumour-free mice). Since DTA-1 leads to par-
tial Treg depletion and timing of DTA-1 administration is
the key factor determining the outcome of cancer therapy,
we conclude that Treg depletion is one mechanism but
cannot be regarded as the only one responsible for cancer
therapy by DTA-1, other mechanisms such as co-stimula-
tion of T cells might be in operation.

Discussion

CD4+CD25+ cells isolated from mice given DTA-1 24 h
previously were found to be functional Treg cells with
similar suppressive activity as those from untreated mice
(Fig. 2), suggesting that in vivo GITR signalling does not
disable Treg cells. This conclusion is in line with a report
showing that Treg cells puriWed from either rat IgG-treated
or DTA-1-treated mice are equally eYcient in suppressing
allo-MLR [16]. However, only a single ratio of Treg to
responder (1:1) was tested in MLR [16], whereas our assay
covered a wide range of ratio from 1:1 to 1:128. Since
maximum Treg depletion occurred 3 days after DTA-1
administration (Fig. 3a), Tregs were isolated at 24 h after
DTA-1 treatment allowing suYcient time for GITR binding
and signal transduction (Fig. 4).

As injected DTA-1 mAb preferentially binds to Treg
cells (Fig. 4b) but does not inactivate them (Fig. 2), we
consider that depletion of Treg cells is an alternative conse-
quence of GITR binding. In support of this, DTA-1 is
IgG2b, an isotype shared by a large panel of in vivo deplet-
ing mAb with speciWcity for CD4 (GK1.5 and YTS 191),
CD8 (YTS169 and 2.43) and Thy1.2 (30H12). Although

Fig. 5 Comparison of DTA-1 and PC61 for their anti-MB49 activities
in vivo. a, b. Two groups of B6 female mice (5 mice/group) were
treated with 50 �g of PC61 (A) or DTA-1 mAb (B) by i.p. injection.
2 days later, all mice were s.c. inoculated with 5 £ 105 MB49 cells.
The growth of MB49 tumours was monitored by measuring tumour
size every other day. c–e A total of 16 B6 female mice were s.c. inoc-
ulated with 5 £ 105 MB49 cells. 8 days later, the mice were randomly
divided into three groups: group one (C, n = 6) was treated with 50 �g
of DTA-1 mAb by i.p. injection, group two (D, n = 5) was treated with
50 �g of PC61 mAb by i.p. injection, and group three (E, n = 5) was
treated with 50 �g of DTA-1 and 50 �g of PC61 by i.p. injection. The
growth of MB49 tumours was monitored by measuring tumour size
every other day

�
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DTA-1 has been proposed [12] and indicated [20] to
deplete GITR expressing-Treg cells in vivo, a formal
demonstration is lacking. In this study we provide evidence
showing that DTA-1 is a depleting mAb causing a moder-
ate but signiWcant reduction of endogenous polyclonal
Tregs in tumour-free (Fig. 3a) and tumour-bearing Foxp3/
GFP knock-in mice (Fig. 3b, c). The most remarkable Treg
depletion following DTA-1 treatment is illustrated in adop-
tive transfer experiments using HY-speciWc Treg cells
(Fig. 3d). Importantly, the reduction of donor Treg cells is
more complete in MB49 tissue than dLN (Fig. 3d) and
correlates with the level of GITR expression by Treg cells
in these two tissues (Fig. 3e).

Discrepancies between our data and other studies [15]
regarding the depleting potential of DTA-1 may reXect
diVerences between mouse strains (BALB/c vs. B6) and the
cells used for analysis (spleen cells vs. PBL) and the use of
diVerent markers (CD25 vs. Foxp3) to identify Treg cells. It
becomes increasingly clear that not all CD25+ are Treg
cells and not all Treg cells are necessarily CD25+ [29].

Why DTA-1 can only induce a partial Treg depletion in
B6 mice is unclear. One reason is likely to be the nature of
this particular clone. In this respect, it would be of interest
to compare DTA-1 with other anti-GITR clones of IgG2b
isotype for eYciency of Treg depletion. In addition, the
current treatment regime might be suboptimal, given a sin-
gle i.p. injection with 50 �g of mAb. Furthermore, Treg
cells are composed of distinct subsets which might display
diVerent sensitivity to DTA-1-triggered depletion.

Another key element determining eYciency of depletion
is the level of expression of the target molecule on the cell
surface. There is a clear link between the degree of deple-
tion and the level of GITR expression. Firstly, Treg cells
constitutively express higher levels of GITR than conven-
tional CD4 T cells under steady-state conditions (Fig. 4a).
Thus DTA-1 seems to selectively target Treg but spare the
conventional CD4 T cells (Fig. 3a). The degree of Treg
depletion following DTA-1 treatment is moderate in naïve
mice, which is perhaps due to relatively low target mole-
cule expression. Secondly, GITR expression on Treg cells
is itself variable with the highest level observed on tumour-
resident Tregs and lower levels seen on Treg cells from
tumour-draining LN (Fig. 3e). Thus, Treg cells in tumour
but not those in the dLN are likely to be depleted in the
presence of DTA-1 in vivo (Fig. 3b, c). These observations
could explain why the percentage of tumour-resident Treg
cells but not those within dLN were signiWcantly reduced
following DTA-1 administration, as reported [15] and
shown in Fig. 1. Finally, timing of DTA-1 treatment deter-
mining the eYciency of cancer therapy (Fig. 5) [15, 17], as
mAb given on day 8 after tumour inoculation is more eVec-
tive than that on day 1. A potential interpretation for this
observation is that Treg cells in the tumour reach the peak

of GITR expression on day 8 (Figs. 3e, 4b), perhaps mak-
ing them optimally sensitive to DTA-1-mediated depletion
(Fig. 3c, d). Like GITR, other Treg-related molecules
including CD103, ICOS, PDL1 and OX40 were found to be
up-regulated preferentially by Treg cells detected in MB49
mass, compared with those in dLN (data not shown). These
results are consistent with two recent reports showing that
vast majority of tumour-inWltrating Treg cells are OX40high

[30] and GITRhigh [31]. However, this comparison was
made with splenic Treg cells from tumour-free naive mice
[30] rather than Treg cells from dLN of tumour-bearing
mice. In this respect, our data are more informative as
GITR expression was assessed on both MB49 tumour-inWl-
trating Treg cells and those in the tumour dLN.

An alternative interpretation for the reduction of Treg
cells (95% reduction, from 0.48 to 0.02%) in tumour tissue
following DTA-1 treatment is altered Treg migration. If
this hypothesis is correct, one would expect that reduced
Treg representation in tumour mass should correlate with
increased Treg accumulation in other lymphoid tissues such
as dLN and ndLN. However, we observed that the
decreased proportion of adoptively transferred Marilyn
Treg cells was also evident, but to a less extent, in dLN
(64% reduction, from 0.28 to 0.10%) and ndLN (40%
reduction, from 0.15 to 0.09%) (S-Fig. 3A), making this
explanation unlikely. In addition, the reduction of donor
Treg cells in dLN was also evident when absolute cell num-
ber was compared between untreated and DTA-1-treated
groups (S-Fig. 3B). Nevertheless, LN and tumour tissues
are diVerent microenvironments with distinct structures and
capacity to recruit Treg cells. The contributions of deple-
tion and altered migration to the reduced accumulation of
Tregs in tumour tissues following DTA-1 therapy needs
further investigation.

Treg cells promote tumour progression by suppressing
anti-tumour immunity via diVerent mechanisms [32, 33].
Treg cells are recruited into the tumour mass because they
not only recognise tumour-associated antigens but also nor-
mal self-antigens released from the tumour [34]. In addi-
tion, tumours are able to induce a subset of DC to produce
TGF� [35] or IDO [36], which trigger endogenous Treg
cell expansion and activation. Although the initiation of
Treg activation requires TCR engagement, once activated,
Treg cells can inhibit T cell responses non-speciWcally via
bystander suppression, thus the action of Treg cells can be
both antigen speciWc and non-speciWc [37]. In vivo Treg
cells can target various populations such as CD8 T cells,
APC and innate immune cells including NKT and NK cells
via cell-to-cell contact (using CTLA-4 or membrane bound
TGF�) or production of inhibitory cytokines such as TGF�
and IL10 [37]. Treg cells prevent CD8 T cells from
diVerentiation into cytolytic eVector cells in vivo without
aVecting their proliferation or IFN� production [38, 39].
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In addition, Treg cells can exhibit their suppression in the
tumour microenvironment. For example, tumour-inWltrat-
ing Treg cells can kill anti-tumour eVector cells such as
CD8 and NK cells locally by releasing granzyme B and
perforin [40].

We have not explored the mechanisms of Treg depletion
by DTA-1 in great detail. Both expression of FcR and com-
plement by the host appear to be required for optimal Ab-
mediated depletion. It has been diYcult to determine the
relative contributions of T cell costimulation and Treg
depetion by DTA-1. In this regard, it would be of interest to
compare between DTA-1 and the soluble GITR-L for their
eVects, as the latter can only deliver co-stimulatory signals
without the involvement of Treg depletion. Also, 2F8 [41],
is another agonist anti-GITR mAb which is unable to
deplete or disable Treg cells in vivo, presumably because of
the isotype (rat IgG2a). It has been demonstrated recently
that 2F8 treatment signiWcantly accelerates the onset of dia-
betes in NOD mice by promoting T cell activation without
aVecting Treg cells [41].

It has been well documented that T cell costimulation by
DTA-1 is another key mechanism for cancer immunother-
apy [7–11]. We observed that in vivo, GITR signalling
enhanced allo-recognition by conventional CD4 T cells,
and ampliWed anti-MB49 responses by adoptively trans-
ferred Marilyn CD4 T cells (manuscript in preparation). In
this study, we also veriWed whether successful cancer
immunotherapy using DTA-1 could be extended to the
aggressive HY+H2b+ MB49 tumour. Given HY vaccination
fails to control MB49 growth [28], a complete regression of
established MB49 tumours following a single DTA-1
administration is very impressive. As reported [15] and
shown in Fig. 1, the proportion of Treg cells in rejecting
tumour tissues is dramatically reduced, which appears to be
a direct consequence of depletion. Intra-tumour injection of
DTA-1 [15] or depleting anti-CD4 mAb [42] results in
regression of established tumours, highlighting the impact
of local removal of Treg cells on therapeutic outcome.

The current study has two implications. Firstly, the con-
sequence of an in vivo therapeutic antibody treatment can
be down-regulation (7D4, anti-CD25), blockade or func-
tional inactivation (YTS 177, non-depleting anti-CD4), co-
stimulation (37.51, anti-CD28) or depletion of the target T
cell population. Apart from antibody speciWcity and iso-
type, outcome depends on cellular targets, expression level
of targeted molecules, tissue distribution and modulation
under physiological or pathological circumstances. The
results of antibody therapy need to be carefully interpreted,
as for example, a putative blocking antibody (MR1, anti-
CD40L) shown in earlier studies [43], was found to be
depleting by a subsequent investigation [44]. Secondly, for
the identiWcation of the cellular targets of an antibody and
investigation of their expression pattern under diVerent

conditions, “in vivo” staining by injection of conjugated
antibodies has the advantage of allowing expression to be
monitored in real time.
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