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Ipilimumab, a monoclonal antibody that recognizes cytotoxic T
lymphocyte antigen (CTLA)-4, was the first approved “check-
point”-blocking anticancer therapy. In mouse tumor models, the
response to antibodies against CTLA-4 depends entirely on expres-
sion of the Fcγ receptor (FcγR), which may facilitate antibody-
dependent cellular phagocytosis, but the contribution of simple
CTLA-4 blockade remains unknown. To understand the role of
CTLA-4 blockade in the complete absence of Fc-dependent func-
tions, we developed H11, a high-affinity alpaca heavy chain-only
antibody fragment (VHH) against CTLA-4. The VHH H11 lacks an Fc
portion, binds monovalently to CTLA-4, and inhibits interactions
between CTLA-4 and its ligand by occluding the ligand-binding
motif on CTLA-4 as shown crystallographically. We used H11 to
visualize CTLA-4 expression in vivo using whole-animal immuno-
PET, finding that surface-accessible CTLA-4 is largely confined to
the tumor microenvironment. Despite this, H11-mediated CTLA-
4 blockade has minimal effects on antitumor responses. Installa-
tion of the murine IgG2a constant region on H11 dramatically en-
hances its antitumor response. Coadministration of the monovalent
H11 VHH blocks the efficacy of a full-sized therapeutic antibody. We
were thus able to demonstrate that CTLA-4–binding antibodies re-
quire an Fc domain for antitumor effect.
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Immunotherapy has become standard treatment for a range of
human malignancies, showing outcomes that include long-

term remissions (1–5). Ipilimumab, a monoclonal antibody that
recognizes cytotoxic T lymphocyte antigen (CTLA)-4, was the
first approved antitumor immunotherapy to target a regulatory
“checkpoint” receptor (3, 5). However, ipilimumab is less ef-
fective and more narrow in the spectrum of tumors it targets
compared with antibodies to the regulatory receptor pro-
grammed death (PD)-1 or its ligand PD-L1 (1–3, 6). Their
mechanism of action includes (re)activation of cytotoxic T cells
that recognize neoantigens, but the details that link antibody
binding to downstream T cell-mediated antitumor responses
are not completely understood, particularly for CTLA-4–tar-
geted therapies (7, 8).
As others have noted, expression of CTLA-4 and other in-

hibitory receptors on tumor infiltrating lymphocytes, particularly
CD8 T cells, correlates with response to immunotherapy in pa-
tients with melanoma, but monitoring these markers requires
surgical intervention (6). Developing noninvasive mechanisms to
track the interaction between the immune system and tumors,
including the expression of regulatory receptors, is thus of po-
tential clinical value. Immuno-PET offers exquisite sensitivity
and specificity for targets that are accessible via the bloodstream.
Several groups have used this technique in mice to track other
immune cell markers, but monitoring of CTLA-4 expression has
not been reported to our knowledge (9–11).
CTLA-4 is a member of the IgV domain superfamily, and

serves as a coinhibitory receptor expressed on regulatory T cells

(Tregs) and activated CD4+ and CD8+ T cells (12, 13). It com-
petes with CD28 for binding to B7-1 (CD80) and B7-2 (CD86).
CTLA-4 expression is associated with diminished T cell activa-
tion in vitro, although CTLA-4 does not deliver its own in-
hibitory signal and may instead function through disruption of
the B7–CD28 axis (12, 13). CTLA-4 is predominantly seques-
tered in the endosomes of resting cells, and aggregates at the cell
membrane during T cell receptor engagement, with recycling
from the cell surface (14). CTLA-4 deficiency in mice—or hap-
loinsufficiency in humans—is associated with severe autoim-
mune disease; treatment with anti–CTLA-4 antibodies induces
many of these same manifestations in patients (15–19). In mu-
rine models, specific loss of CTLA-4 in the Treg lineage phe-
nocopies CTLA-4 deficiency, and is associated with decreased
peripheral Tregs function (20). However, induced loss of CTLA-
4 in adult animals does not cause overt autoimmunity (21).
Mouse models of antitumor immunity predicted the thera-

peutic potential of anti–CTLA-4 monoclonal antibody therapy
(22). In the B16 melanoma model, anti–CTLA-4 antibodies can
cure most mice when used in combination with an antitumor
vaccine (22, 23). The response to this treatment depends entirely

Significance

Ipilimumab, an antibody that recognizes cytotoxic T lympho-
cyte antigen (CTLA)-4, was the first approved “checkpoint”-
blocking anticancer therapy. In mice, the response to anti-
bodies against CTLA-4 depends entirely on expression of the
Fcγ receptor. We developed H11, an alpaca heavy chain-only
antibody fragment against CTLA-4 that lacks an Fc portion and
inhibits interactions between CTLA-4 and its ligand. By using
H11 to visualize CTLA-4 expression in the whole animal, we
found that accessible CTLA-4 is largely confined to the tumor;
however, H11 treatment has minimal effects on antitumor re-
sponses. Installing the murine IgG2a constant region on H11 greatly
enhances antitumor response. We were thus able to dissociate
CTLA-4 blockade from CTLA-4–dependent receptor engagement
as an explanation for the antitumor effect.

Author contributions: J.R.I., R.W., S.C.A., S.K.D., H.L.P., and M.D. designed research; J.R.I.,
O.S.B., M.R., L.A., S.G., E.F., A.A.F., J.B.B., C.L.G., S.C., C.E., T.B., E.J.K., S.K.D., and M.D.
performed research; J.R.I., O.S.B., M.R., L.A., S.G., E.F., A.A.F., J.B.B., C.L.G., S.C., C.E., T.B.,
E.J.K., R.W., S.C.A., S.K.D., H.L.P., and M.D. analyzed data; and J.R.I., H.L.P., and M.D.
wrote the paper.

Reviewers: J.B.A.G.H., Netherlands Cancer Institute; and K.D.W., Massachusetts Institute
of Technology.

The authors declare no conflict of interest.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.wwpdb.org (PDB ID code 5ESM).
1To whom correspondence may be addressed. Email: hidde.ploegh@childrens.harvard.
edu or mldougan@partners.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1801524115/-/DCSupplemental.

Published online March 26, 2018.

3912–3917 | PNAS | April 10, 2018 | vol. 115 | no. 15 www.pnas.org/cgi/doi/10.1073/pnas.1801524115

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1801524115&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.wwpdb.org
mailto:hidde.ploegh@childrens.harvard.edu
mailto:hidde.ploegh@childrens.harvard.edu
mailto:mldougan@partners.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801524115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1801524115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1801524115


on expression of the Fcγ receptor (FcγR), which may facilitate
antibody-dependent cellular phagocytosis by tumor-associated
macrophages (23, 24). A decrease in intratumoral Tregs corre-
lates positively with therapeutic efficacy in B16 melanoma, with
FcγRIV−/− mice showing tumor outgrowth and maintenance of
intratumoral Tregs after CTLA-4 antibody treatment (23). In
mouse models of colon cancer, exchange of the anti–CTLA-
4 antibody to the IgG1 Fc domain or to an IgG1 variant mutated
to prevent FcγR-binding abrogates the antitumor effect (25).
The precise role of CTLA-4 blockade in the therapeutic effect

of CTLA-4–binding antibodies nonetheless remains unclear.
FcγR-deficient mice may differ fromWT animals in other critical
aspects of the antitumor response, which may be particularly
relevant in the setting of the vaccination models used. Alter-
ations in FcγR binding may also affect tissue penetration or re-
tention of CTLA-4 antibodies, and account for changes in
therapeutic efficacy. There is no obvious explanation why
intratumoral Tregs would be preferentially targeted by anti–
CTLA-4 antibodies while leaving peripheral Tregs intact. Such
tissue specificity is not seen for other depleting antibodies.
Higher expression of CTLA-4 on tumor-associated Tregs and
increased numbers of FcγRIV-positive tumor-associated mac-
rophages have both been proposed as mechanisms underlying
the tumor specificity of Treg depletion, although neither mech-
anism can be considered rigorously established (23–25). Clari-
fying this issue in a mouse model may help determine whether
similar mechanisms apply to ipilimumab-treated patients.
To address this, we developed H11, a high-affinity alpaca

heavy chain-only antibody fragment (VHH) against CTLA-4
(26).The H11 VHH lacks an Fc portion, binds monovalently to
CTLA-4, and is more potent than a full-sized anti-mouse CTLA-
4 monoclonal antibody at blocking CTLA-4 interactions with its
ligand. We show the mechanism of this blocking activity at
atomic resolution. By imaging live mice, we find that a radiola-
beled form of H11 localizes specifically to the tumor. Even so,
CTLA-4 blockade by H11 has minimal effects on antitumor re-
sponses. Conjugation of the anti–CTLA-4 VHH to the murine
IgG2a constant region dramatically enhances the antitumor re-
sponse, and coadministration of H11 as a monomer blocks the
efficacy of a full-sized antibody. We were thus able to show that
simple CTLA-4 blockade was insufficient to induce substantial
antitumor effects in the absence of Fc-dependent activity.

Results
Generation of the αCTLA-4 VHH H11. To generate a VHH against
CTLA-4, we immunized an alpaca with recombinant mouse
CTLA-4 extracellular domain (ECD) fused to an Fc domain, and
constructed a phage display library from the immunized animal
following previously described methods (Fig. S1A) (10, 27).
Panning of the library against recombinant mCTLA-4 ECD-Fc
identified a clone termed H11, which bound CTLA-4 with high
affinity. H11 was expressed in high yield as a soluble protein in
Escherichia coli (Fig. S1 B–D). Specificity of H11 for recombi-
nant mouse CTLA-4 was determined by immunoblot (Fig. 1A)
and in a plate-binding assay, showing binding with a Kd in the low
nanomolar range (Fig. 1B). H11 did not recognize several other
Fc fusion proteins, such as other IgV domain-containing immune
receptors including B7-1 and CD28, nor did it recognize human
CTLA-4 ECD (Fig. 1C and Fig. S1 E and F) (13). H11 bound to
CTLA-4 in permeabilized spleen cells, showing preferential
staining of CD3+CD4+CD25+ T cells, as has been reported for
conventional anti–CTLA-4 antibodies (20, 21). This staining was
specific for CTLA-4, as H11 did not bind to cells from animals in
which CTLA-4 had been conditionally deleted (Fig. 1D) (21).

H11 Blocks CTLA-4 Interactions with Its Ligands. To date, no struc-
tures of anti–CTLA-4 antibodies in complex with mouse CTLA-
4 are available, although the crystal structure of ipilimumab
bound to human CTLA-4 was recently reported (28). We crys-
tallized and determined the structure of H11 in complex with the
mCTLA-4 ECD at 2.18-Å resolution (Fig. 1E and Table S1).

H11 binds to a conformational epitope on the mCTLA-4 surface,
near the 97MYPPPY102 motif, which is essential for interaction
with the B7-1 (CD80) and B7-2 (CD86) ligands (Fig. 1E) (13,
28). Comparison of corresponding mouse CTLA-4 residues in
Protein Data Bank (PDB) entries 5E5M and 5E56 reveals sub-
stantial rearrangement of the CTLA-4 BC loop (residues
Ser24 to Glu31) to accommodate insertion of the H11 loop
(residues Thr100 to Thr103). In particular, CTLA-4 Thr29 ro-
tates toward the hydrophobic core, whereas Asp30 flips outward

Fig. 1. H11 recognizes CTLA-4. (A, Top) H11 immunoblot against His-tagged
murine PD-L1 (mPD-L1) and mCTLA-4. “2nd only” refers to staining with
secondary antibody alone. (A, Bottom) Corresponding anti-His immunoblots
as loading controls. (B and C) Biotinylated H11 or VHH control (CTR) were
incubated with plate-bound mCTLA-4-Fc (B) or recombinant Fc fusion pro-
teins as indicated (C). Binding was detected by using streptavidin-HRP and
tetramethylbenzidine (TMB). Data are normalized to the maximum signal (B)
or represented as OD. Error bars show SD. (D) Flow cytometry on splenic
populations as indicated from WT and CTLA-4 (inducibly) deleted (KO) mice
using H11 or αCTLA-4 antibody as indicated. (E, Left) Ribbon drawing of the
CTLA-4:H11 complex (PDB ID code 5ESM). CTLA-4 is in blue; H11 is in yellow.
(E, Middle) Overall structure of CTLA-4:B7-2 complex (PDB ID code 1I85).
CTLA-4 is in blue; B7-2 is in red. (E, Right) Surface rendering of CTLA-
4 binding partners highlighting the steric clash between H11 and B7-
2 binding sites (residues from H11 within 4.5-Å distance of B7-2, and vice
versa, are colored red). (F) B7-1-Fc was incubated with plate-bound CTLA-4-Fc in
the presence of H11, αCTLA-4, or VHH control (CTR). Binding was detected by
using a biotinylated polyclonal antibody against B7-1 and streptavidin-HRP de-
veloped with TMB. Error bars show SD. (G) CD4+ T cells were isolated from the
spleen by positive selection using magnetic beads and stimulated with plate-
bound αCD3 and B7-1-Fc for 96 h in the presence of VHH or antibody as in-
dicated. Secreted IL-2 levels were measured by ELISA. (H) Activated OT-I cells
were cultured with IFN-γ–treated B16-ova cells in the presence of H11 or control
VHH at the indicated concentrations. Cell viability was determined using Cell-
TiterGlo and normalized to untreated cells. (G and H) Error bars show SEM. A–D
and F–H represent at least three independent experiments. ns, nonsignificant.
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to form a hydrogen bond with H11 Tyr39. Large shifts are also
observed for CTLA-4 His27 (∼6 Å) and Asn28 (∼8.5 Å), which
form polar interactions with H11 Ala35 backbone NH and
Lys99 side-chain NZ, respectively. Additionally, the CTLA-4 C′C″
loop (Thr53 to Thr57) is displaced as a rigid body by ∼1.5 Å,
whereas the DE loop remains almost completely unchanged. Col-
lectively, these shifts create a pocket suitable for binding of
H11 Gly101 and Leu102. The H11 strand containing Ser33 to
Tyr39 is positioned above the CTLA-4 BC loop, whereas the
connected H11 strands containing Trp49 to Ser56 and Ser57 to
Thr61 contact the proline-rich stretch (residues 99–101) and Phe103
on the B7 recognition surface of CTLA-4. Local structural align-
ment of the MYPPPY loops in the CTLA-4 complexes formed
with H11, B7-1, and B7-2 reveals that residues involved in B7-
ligand recognition do not exhibit appreciable reorganization upon
H11 engagement.
H11 and the B7 ligands share overlapping binding sites on the

CTLA-4 surface in the vicinity of the MYPPPY loop; H11 is
therefore predicted to sterically interfere with association of the
B7s with CTLA-4 (Fig. 1E). Calculations (29) estimate the
overlap volume between H11 and B7-2, positioned on CTLA-
4 in their respective binding poses, to be ∼830 Å3. We confirmed
disruption of receptor-ligand binding by H11 in plate-binding
assays with immobilized CTLA-4 and soluble B7-1-Fc. The in-
clusion of H11 prevented B7-1-Fc binding with ∼100-fold greater
potency than the commonly used anti-mouse CTLA-4 antibody
9H10 (Fig. 1F) (22). Consistent with its ability to disrupt CTLA-
4 interactions with the B7s, H11 enhanced cytokine production
from αCD3/B7-1 stimulated CD4 T cells in vitro (Fig. 1G) and
modestly enhanced cytotoxicity of activated OT-I T cells against
B16-ovalbumin (B16-ova) (Fig. 1H).

In Vivo Surface Expression of CTLA-4 Is Confined to the Tumor Microen-
vironment. To test whether H11 could bind CTLA-4 in vivo, we
generated an H11 construct that contained a C-terminal LPETG
sortase motif. This allowed the installation of 18F or 89Zr for
immuno-PET in accordance with methods we have used to image
a variety of immune receptors (9, 10, 30). Immuno-PET with 18F-
H11 showed no signal above background in WT mice (Fig. 2A),
but showed weak staining of injected B16 tumors, likely through
binding of activated T cells or Tregs in the tumor microenviron-
ment (Fig. 2B). Staining of the organs of elimination is luminal
and common to many VHH-based imaging reagents (10). The
signal was further enhanced by conjugation of H11 to a 20-kD
PEG moiety (H11-PEG20), which can substantially improve the
signal-to-noise ratio in VHH-based immuno-PET (Fig. 2C)

(11). Zr 89-labeled H11-PEG clearly delineated s.c.-injected
B16 melanoma as well as an accompanying GM-CSF–secreting
autologous irradiated tumor vaccine (GVAX; Fig. 2C) (31). Con-
sistent with the high affinity of H11 for CTLA-4, these images
were obtained despite the presence of circulating full-sized
anti–CTLA-4 antibodies (9H10) used therapeutically in these
animals and with the imaging reagent at a far lower dose,
though we did not experimentally establish that the anti–CTLA-4
antibodies were saturating.
Mice imaged with H11-PEG showed no difference in overall

survival compared with control animals imaged with an unrelated
VHH (Fig. 2D). This shows the safety of using CTLA-4 imaging
even in a setting in which CTLA-4 is targeted therapeutically.
These images thus show the distribution of surface-expressed
CTLA-4 in a naïve and in a live tumor-bearing host in a syngeneic
setting (32). We find that CTLA-4 is accessible on the surface of
target cells within the tumor microenvironment, but is otherwise
largely inaccessible or present at levels undetectable by PET
elsewhere in the body, including lymphatic tissue.

CTLA-4 Blockade Alone Does Not Promote Antitumor Responses.
CTLA-4–blocking antibodies were first shown to have antitu-
mor efficacy against B16 melanoma in a tumor vaccination
model using GVAX (22). When delivered prophylactically,
GVAX provides potent, tumor-specific immunity sufficient to
prevent engraftment of live B16 cells (31). When used concur-
rently with a tumor challenge, GVAX initiates antitumor re-
sponses that fail to slow tumor growth, but that can dramatically
enhance other immune therapies, including combination therapy
with anti–CTLA-4 antibodies, to achieve a cure (22, 33–35). B16
GVAX is thus a preclinical model for the interaction between the
immune system and melanoma in humans, in which endogenous
immune responses are common, but often insufficient to control
tumor growth in the absence of additional immunotherapy (1).
Despite its potency in vitro, the combination of H11 with

GVAX had minimal efficacy in vivo compared with the full-sized
anti–CTLA-4 antibody 9H10 (Fig. 3A). VHHs have a short cir-
culatory t1/2—although their tissue t1/2 can be considerably longer—
which may create a pharmacokinetic barrier that precludes ef-
fective treatment with H11 (9, 27). However, a failure to reach
the tumor in adequate concentrations does not account for the
observed lack of efficacy in vivo. Inducing possible cross-linking
of CTLA-4 by dimerization [(H11)2; Fig. S2 A–E] or extension of
the t1/2 through dimerization or the addition of a PEG moiety
(H11PEG) had no appreciable effect on efficacy (Fig. 3 A and B).
Moreover, administration of H11 strongly reduced therapeutic

Fig. 2. In vivo imaging of CTLA-4 distribution by immuno-PET. PET-CT images of a naïve C57BL/6 WT mouse (A) or a mouse bearing a B16F10 melanoma (B)
imaged with 18F-H11. (A and B, Left) Three-dimensional projection images overlaying the PET signal and the corresponding CT. (Upper Right) Transverse PET-
CT overlays. (A, Bottom Right) Transverse PET-CT overlay of the abdomen capturing the organs of elimination: kidney (kd), intestines (int), gallbladder (gb),
and urinary bladder (bl). (B, Lower Right) Transverse CT only. (A and B) Images are all window-leveled to the same intensity. (C) C57BL/6 WT mouse inoculated
with B16 melanoma and treated with a combination of a tumor vaccine (GVAX) and anti-CTLA-4 (clone 9H10). After 10 d of treatment, mice were imaged
with 89Zr-H11-PEG. The tumor (B16) and the vaccination site (GVAX) are marked. Three-dimensional projection image (Left) and transverse PET-CT overlays
(Top Right) as in A and B. (Bottom Right) Standardized uptake values (SUVs) for 89Zr-H11-PEG imaged mice for tumor, GVAX, and two different muscle sites
normalized to the average muscle signal. (D) Survival curve for mice imaged with 89Zr-H11-PEG compared with 89Zr-VHH-PEG control (n = 10). Results rep-
resent at least two independent experiments.
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efficacy of 9H10, showing that H11 can readily reach its site of
action and compete with the full-sized antibody in vivo (Fig. 3C).
The response to anti–CTLA-4 is correlated with a relative de-
crease in Tregs in the tumor microenvironment, a function linked
to FcγR engagement (23–25, 36). Consequently, H11, which lacks
an Fc domain, may be unable to induce the relative reduction
in Tregs caused by full-sized antibodies that target CTLA-4.
Indeed, intratumoral Tregs were not affected by treatment with
H11, in contrast to treatment with the anti–CTLA-4 antibody
9H10 (Fig. 3 D and E). Blocking B7-1 engagement by CTLA-
4 is thus of minor protective value, consistent with a primary
role for Fc-dependent depletion of Tregs in the therapeutic
response to anti–CTLA-4 in vivo (23–25, 36). Even highly po-
tent CTLA-4 blockade is insufficient alone to achieve optimal
antitumor effect.

High-Affinity H11–IgG2a Conjugate Enhances Antitumor Immunity.To
test the hypothesis that FcγR engagement is an essential com-
ponent of the efficacy of anti–CTLA-4–based therapy, we con-
jugated H11 to murine IgG2a through genetic fusion or through
a sortase-mediated protein ligation (Fig. 4 A and B and Fig. S2 F
and G) (37). We used mammalian cells to produce both Fc fu-
sion conjugates, which retained their binding affinity for CTLA-
4 in vitro (Fig. 4C and Figs. S2 H, J, and K). Treatment of
B16 melanoma by coadministration of the genetic H11 IgG2a
fusion (H11–IgG2a) and GVAX led to a relative reduction in
Tregs in the tumor microenvironment, comparable to what was
achieved by treatment with the monoclonal antibody 9H10 (Fig.
4 D and E). This relative reduction correlated with a trend to-
ward increased T cells, with H11–IgG2a showing a significant
relative expansion (P < 0.03) of CD4 T cells compared with the
full-sized 9H10 antibody (Fig. 4 F and G). No changes in cellular
composition were observed in the spleen or the draining lymph
node (Fig. S3). In contrast to treatment with the H11 VHH, the
H11–IgG2a construct outperformed the monoclonal antibody
when administrated at the same molar concentration, showing
comparably high overall survival but a more rapid response to
treatment, with more animals being fully tumor-free at the end of
the experiment (Fig. 4H). The H11 Fc IgG2a sortase-mediated
fusion (H11–GGG–Fc), which has an altered hinge region,
showed considerably weaker in vivo activity (Fig. S2I). The im-
proved antitumor effects of H11–IgG2a may be the result of a
combination of higher potency, as demonstrated by in vitro
binding assays, and its smaller size (∼70 kDa for the H11–IgG2a
fusion, compared with ∼150 kDa for 9H10), which should fa-
vor tissue penetration, although the differences may also be
attributable to the specific Fc sequence, which was a fully murinized
IgG2a compared with the Syrian Hamster IgG sequence
of 9H10.
The crystal structure of H11 bound to CTLA-4 predicts that a

critical binding contact is made through VHH framework re-
gions. To test this structural prediction, we mutated a key frame-
work contact on H11 to generate a low-affinity fusion construct.
Mutant (m) H11–IgG2a demonstrated weak affinity for CTLA-4

Fig. 3. H11 has minimal antitumor activity in vivo. (A) C57BL/6 mice were
inoculated with 5 × 105 B16 cells and vaccinated with 5 × 105 GM-CSF–se-
creting B16 cells (GVAX) on day 0. Mice were treated daily with 200 μg VHH
control (CTR), H11, or H11 dimer [(H11)2] or every other day with 200 μg
anti–CTLA-4 (αCTLA-4) antibodies, clone 9H10. (Left) Tumor size as measured
by precision calipers. Error bars show SEM. Curves terminated when >50% of
the group had been euthanized. (Right) Survival curve comparing treatment
groups. Animals were euthanized when tumor reached 125 mm2. Control
(n = 28), H11 (n = 20), H112 (n = 5), αCTLA-4 (n = 5). (B and C) Survival curves

for mice inoculated with B16 and vaccinated as in A on day 0. (B) Mice were
treated with 200 μg H11 daily or three times weekly with H11PEG or αCTLA-
4 given at equimolar doses. (C) Starting on day 1, mice were left untreated
or were treated daily with 200 μg H11, three times weekly with 200 μg
αCTLA-4, or with a combination of the two treatments. (B and C) n = 5 for all
groups. Results represent at least two independent experiments. (D and E)
Mice were inoculated with B16 and vaccinated as in A on day 0. Mice were
treated daily with VHH control (CTR) or H11 or three times weekly with
αCTLA-4 antibodies starting on day 1. On day 10, mice were euthanized and
tumor-infiltrating leukocytes (TILs) were isolated from resected tumors, or
lymphocytes were isolated from the draining lymph node and analyzed by
flow cytometry using the indicated antibodies. (D) Flow cytometry plots. (E)
Quantification of data from D including multiple animals. ns, nonsignificant.
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in vitro and substantially reduced antitumor efficacy in vivo, with
all treated tumors ultimately progressing (Fig. S4).

Discussion
We generated a VHH that binds murine CTLA-4 with high af-
finity and blocks interactions between CTLA-4 and its ligand at
lower concentrations than the widely used full-sized anti–CTLA-
4 antibody 9H10. We crystallized the H11 VHH in complex with
CTLA-4, providing a structural basis for its blocking activity
in vitro. Despite its high affinity and CTLA-4–blocking proper-
ties in vitro, H11 VHH has minimal efficacy in vivo when ad-
ministered as a monomeric antibody fragment. The short circulatory
t1/2 of VHHs poses a challenge to their therapeutic use (9, 27).
Nonetheless, the lack of in vivo efficacy was clearly not the result
of a failure to engage CTLA-4 in the tumor microenvironment.
H11 VHH accumulates within the tumor, as seen by immuno-
PET, yet we saw no enhanced antitumor activity by prolonging
serum t1/2 through PEGylation, or by dimerization of H11. The
observation that VHHH11 outcompetes the monoclonal antibody
in a therapeutic setting when coadministered with 9H10 and in-
hibits 9H10 activity is strong support for H11 efficiently reaching
its in vivo target. This coadministration experiment demonstrates
that blockade of CTLA-4, in the absence of FcγR engagement,
has a dominant-negative effect.
Increasing evidence indicates a central role for FcγR in mu-

rine models. Responses to antibodies that target GITR or
OX40 depend on their interactions with FcγRs, as does an IL-2–
Fc fusion construct (24, 38). Modulation of FcγR interactions
dramatically enhances the efficacy of anti-CD25 antibodies
in vivo (39). In contrast, PD-1–blocking antibodies may be re-
moved from their targets by FcγR binding, reducing efficacy
(40). In several murine models of CTLA-4 blockade, Fc-FcγR
interactions appear to be of central importance. Loss of FcγRIV
renders CTLA-4 blockade inert in the B16F10 GVAX model,
even though this finding does not exclude a necessary role for
FcγRIV in the antitumor response that is not directly related to
binding the therapeutic antibody. Exchange of the Fc domain on
anti–CTLA-4 for one that has low affinity for FcγRs similarly

diminishes the therapeutic activity of CTLA-4 blockade in two
murine models of colon cancer (25). In neither mouse model was
delivery of the altered antibodies to the tumor microenviron-
ment assessed, opening up the possibility that FcγR-dependent
antibody retention or trafficking into the tumor could contribute
to, if not account for, the observed loss of activity. Our findings
now support the conclusions of both of these earlier studies.
Whether the dominant role for FcγRs observed in mice is rep-

licated in human patients treated with the analogous antibodies
remains unclear (41). An increased CD8-to-Treg ratio has been
associated with therapeutic responses in patients (35, 42), and the
anti–CTLA-4 antibody ipilimumab can deplete human Tregs
in vitro (35). Patients treated with ipilimumab do not definitively
show Treg depletion, but this may relate to the difficulty of sam-
pling adequately to draw an unambiguous conclusion (41, 43).
The efficacy of H11-based anti–CTLA-4 therapy is restored

through its attachment to the Fc portion of murine IgG2a. This
results in a modified chimeric antibody more potent in vivo than
the conventional anti-mouse CTLA-4 antibody 9H10. Alteration
of the FcγR-binding hinge region or the antigen-binding domain
of the antibody strongly reduced therapeutic efficacy. These re-
sults support a model in which anti–CTLA-4 serves to decorate
targeted cells with Fc domains, and that delivery of the Fc to the
CTLA-4–expressing cell is responsible for therapeutic efficacy
(23–25, 36). The most likely target in this model is the Treg,
given its level of expression of CTLA-4, and the probability that
binding to an Fc domain would lead to loss of the targeted cell,
as we and others have observed in the microenvironment of
treated tumors (23, 25).
We also provide high-resolution in vivo imaging of CTLA-

4 distribution in a syngeneic setting by using immuno-PET and
18F- and 89Zr-functionalized versions of VHHs, as we have used
successfully to image other immune receptors (11). Even though
endogenous expression of CTLA-4 is low, its visualization by
PET was helped by several properties of VHHs that yield im-
proved resolution compared with full-sized antibodies. VHHs
are small (∼15 kDa) and readily penetrate tissue (26). With their
short circulatory t1/2, VHHs are rapidly cleared from the

Fig. 4. H11 fusion to IgG2a restores therapeutic efficacy. (A) Schematic representation of H11–IgG2a. (B) H11–IgG2a size-exclusion chromatogram (Top) and
Coomassie-stained SDS/PAGE (Bottom). (C) Biotinylated H11, H11–IgG2a, or VHH-Fc control (CTR-Fc) were incubated with plate-bound mCTLA-4-Fc (Left) or
mB7-1-Fc (Right). Binding was detected and analyzed as in Fig. 1B. (D–G) Mice were inoculated with B16 and vaccinated as in Fig. 3A on day 0. Mice were
treated daily with 100 μg H11 or twice weekly with 100 μg H11–IgG2a or 200 μg αCTLA-4 antibodies or were left untreated, starting on day 1. On day 11, mice
were euthanized and TILs were isolated from resected tumors and analyzed by flow cytometry. (D) Flow-cytometry plots using the indicated antibodies. (E)
Quantification of data from D including multiple animals. (F and G) Quantification of CD8+ TILs (F) and CD4+ TILs (G). (H) Mice were inoculated with B16, vaccinated,
and treated as in D–G. (Left) Tumor growth curves; (Right) Overall survival (*P < 0.05). Results represent at least two independent experiments. Tx, treatment.
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circulation, improving the signal-to-background ratio (44). That
H11-based imaging does not block 9H10’s effect on survival is
likely attributable to the small absolute amounts of H11 used for
immuno-PET and the limited exposure in single time-point im-
aging. Given established methods to label VHHs for use in PET
and the ready availability of PET imaging in the clinic, this method,
if properly developed further for use in patients, may be useful to
quantify intratumoral Tregs noninvasively (SI Discussion) (43).
Anti–CTLA-4 therapy in patients is associated with diverse,

severe inflammatory toxicities, including a life-threatening colitis
in a substantial fraction of patients (2, 4, 5, 19). At present, these
toxicities are treated with broad immunosuppression, which
nearly always includes high-dose systemic steroids. These may
diminish optimal antitumor T cell responses, and corticosteroids
are not always effective. H11 can partially outcompete full-sized
anti–CTLA-4 antibodies for binding to CTLA-4, but the absence
of an Fc portion reduces downstream effector function. An anti–
CTLA-4 VHH may thus be useful for treatment reversal in pa-
tients with life-threatening anti–CTLA-4–induced side effects
that are steroid refractory, although this would likely block
treatment effects in the tumor microenvironment as well.

Methods
All animals were maintained according to protocols approved by the Mas-
sachusetts Institute of Technology (MIT) Committee on Animal Care or the

Dana–Farber Cancer Institute (DFCI) Institutional Animal Care and Use
Committee. Methods for expression of VHH fusion proteins followed stan-
dard procedures as described previously (37). Immunological assays and
in vivo tumor experiments followed procedures described elsewhere (37).
Details of all experiments are provided in SI Methods.
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