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Introduction
Immune checkpoint inhibition (CPI) has demonstrated promising 
results in both preclinical models (1, 2) and in the clinic (3). Yet sev-
eral issues remain and severely hinder the clinical benefits, includ-
ing the fact that only a small proportion of patients respond to these 
therapies, while some others might develop treatment-associated 
organ toxicities (4).Of the types of CPI, cytotoxic T lymphocyte–
associated antigen-4 (CTLA4) demonstrated potent antitumor 
effects and has been approved by the FDA as a therapy in advanced 
melanoma patients. Despite the promising clinical outcomes, in a 

recent phase III trial, 28% of melanoma patients receiving ipilim-
umab (anti-CTLA4) developed grade 3 and grade 4 immune-relat-
ed adverse events (irAEs) presenting as multiorgan toxicities (5). 
Therefore, there exists an urgent need to develop strategies that can 
reduce toxicity while maintaining the antitumor effects from CPI.

Several mechanisms have been linked to CTLA4 blockade–
mediated toxicities. Blocking of CTLA4 signaling with an antago-
nist can potentially activate T cell clones that react to self-antigens, 
resulting in autoimmune disease–like symptoms (6–8). In addi-
tion to conventional T cells, Tregs also express high amounts of 
CTLA4 (9). The binding of blocking Abs to CTLA4 can potentially 
deplete Tregs through antibody-dependent cellular cytotoxicity 
(ADCC) (10). Systemic depletion of tissue-resident Tregs impedes 
peripheral tolerance, making patients more prone to developing 
irAEs after anti-CTLA4 treatments. Therefore, we hypothesized 
that developing a strategy to limit systemic exposure of CTLA4 
blockade while depleting tumor-infiltrating Tregs can potentially 
maintain antitumor activity without the risk of irAEs.

To achieve this, we engineered a class of anti-CTLA4 Ab that is 
preferentially released within the tumor microenvironment, which 
we named CTLA4 dual variable domain Ig (anti-CTLA4 DVD). The 
anti-CTLA4 DVD is designed to have the inner CTLA4-binding 
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treatments (Figure 1, D–F). It has also been shown that patients 
who develop irAEs after anti-CTLA4 administration possessed 
elevated TNF-α levels (12). Likewise, we observed a similar pat-
tern in our model in which mice receiving anti-CTLA4 treatments 
had significantly increased TNF-α production from donor CD4+ T 
cells (Figure 1, G and H). Overall, our data indicate that adoptive 
transfer of CD4+ T cells from WT mice into recipient Rag1–/– mice 
can closely mimic the characteristics of anti-CTLA4–mediated 
multiorgan toxicities seen in the clinic.

Engineering a tumor-conditional anti-CTLA4 Ab. Systemic 
administration of CTLA4 blockade can potentially activate auto-
reactive T cell clones that target self-antigens and result in multi-
organ toxicities (8). Previously, it has been shown that limiting the 
effects of CTLA4 blockade within the tumor microenvironment 
can potentially reduce such toxicities (13). We sought to build an 
engineered CTLA4 blockade that maintains antitumor activity, 
but also to limit its systemic exposure. To achieve that, we created 
DVD Ig, which is a tetravalent bispecific Ab-like molecule con-
taining an Fc region and 2 pairs of variable domains joined in tan-
dem by a short flexible linker (Figure 2A). In some DVDs, the out-
er variable domain (OD) could potentially interfere with ligand 
binding of the inner variable domains (ID) through steric hin-
drance, so we sought to solve this problem with a cleavable linker. 
We proposed an ID-OD linker that could be cleaved by proteases 
within the tumor microenvironment, acting as a switch to expose 
the ID from the OD for ligand binding. We hypothesized that a 
conditional DVD composed of ODs specific for a tumor antigen 
together with a linker that is cleavable by proteases found in the 
tumor could be used to reduce the systemic toxicity associated 
with CTLA4-neutralizing Abs.

To test this hypothesis, we designed a tumor-targeting con-
ditional DVD that could be used to treat the TRAMP-C2 prostate 
cancer model in mice. We have previously shown that established 
(150 mm3) TRAMP-C2 tumors are rejected following treatment 
with the CTLA4-neutralizing Ab (14). Therefore, we chose the 
variable domains from the CTLA4-blocking Ab to serve as the IDs 
for the tumor-targeted conditional DVD. Additionally, TRAMP 
tumors express high levels of the murine homologue of the tumor 
antigen PSCA, so a mouse PSCA-specific mAb (10E8 clone) was 
generated to target the tumor as the OD of the conditional DVD 
(herein referred to as anti-CTLA4 DVD) (Figure 2A). Further-
more, TRAMP-C2 tumors expressed high levels of the MT-SP1 
(Figure 2B) (15). Therefore, a DVD linker containing the sequence 
LSGRSDNH should be susceptible to cleavage by MT-SP1. To 
determine whether this linker sequence could be used to activate 
anti-CTLA4 DVD at the TRAMP-C2 tumor, we designed a peptide 
probe comprising Oregon Green conjugated to the N-terminal of 
the linker peptide with a fluorescent quencher conjugated to the 
C-terminal residue (Figure 2C). Due to Förster resonance energy 
transfer–based (FRET-based) quenching, the Oregon Green dye 
would only fluoresce if it was separated from the quencher after 
cleavage of the peptide. Incubation of the peptide probe with 
recombinant MT-SP1 resulted in a dose-dependent increase in 
fluorescence (Figure 2D). We also observed an increase in fluores-
cent signal when this probe was incubated with whole cell lysate 
from TRAMP-C2 tumor cells or when the probe was incubated 
on (nonfixed) cryosections of TRAMP-C2 tumors at 37°C (Fig-

domain shielded by an outer tumor-targeting anti-prostate stem 
cell antigen (PSCA) domain. Activated membrane type- serine 
protease 1 (MT-SP1) found within the tumor microenvironment 
can cleave this shield, exposing the inner CTLA4-binding site. We 
found that this targeted release of anti-CTLA4 within tumors can 
deplete tumor Tregs, but spares tissue-resident Tregs, allowing 
the preservation of antitumor activities. Our findings demonstrate 
what we believe is a new class of tumor-conditional CTLA4 Ab and 
a platform that can potentially be applied in the clinic.

Results
Multiorgan toxicity in Rag1–/– mice after naive CD4+ T cell transfer 
and CTLA4 blockade. Cancer patients receiving ipilimumab (anti- 
CTLA4) develop severe treatment-associated toxicities, including 
colitis and hepatic or lung inflammatory response, resulting in the 
cessation of treatment. In contrast, tumor-bearing mice receiving 
anti-CTLA4 do not develop toxicities, as seen in the clinic, despite 
multiple doses (data not shown). It has been shown that patients 
who developed irAEs after anti-CTLA4 treatment tended to show 
expansion of autoreactive CD4+ T cells (11). Therefore, to mimic 
CD4-mediated toxicity by CTLA4 blockade, we engaged in adop-
tive transfer of naive CD4+ T cells (CD4+CD45RBhiCD25–) from 
WT donor mice into Rag1–/– recipient mice (Figure 1A). Similar to 
the symptoms observed in clinic, mice that received CTLA4 block-
ade presented with diarrhea and significant weight loss compared 
with mice without anti-CTLA4 treatment (Figure 1B; P < 0.0001). 
The anti-CTLA4 treatment induced typical irAEs that involved 
multiple organs (gastrointestinal [GI] tract, liver, and lung). Specif-
ically, inflammatory changes consistent with irAEs were observed, 
including colitis, hepatitis, and pneumonitis (Figure 1C). In the GI 
tract, a dense lymphocytic infiltrate was seen in the colonic muco-
sa, with associated architectural changes characterized by marked 
epithelial damage, crypt distortion, surface erosion, and transmu-
ral inflammation (Figure 1C). In the liver, marked portal inflam-
mation, with interface hepatitis, patchy steatosis, and cholestasis, 
was observed (Figure 1C). In the lung, marked peribronchial and 
perivascular lymphocytic infiltrate and focal alveolitis were found 
(Figure 1C). The anti-CTLA4–treated group also demonstrated 
significantly higher pathology scores compared with either the 
Rag1–/– control group or the naive CD4+ T cell–transferred group, 
illustrating the toxic effects mediated through CTLA4 blockade 

Figure 1. Anti-CTLA4–mediated immune-related toxicities in a murine 
model. Eight- to ten-week-old male Rag 1–/– mice (on C57BL/6j background) 
were adoptively transferred with purified CD4+CD25–CD45RBhi cells from WT 
mice. (A) Sorting strategy. (B) Body weight loss over time after treatment. 
(C) Different organs were harvested at day 45, and pathological changes 
were examined using H&E staining under a microscope. Arrows indicate 
lymphocytic infiltration and pathological changes. (D–F) Target organ 
pathological scores were evaluated by a board-certified pathologist in a sin-
gle-blind fashion. (G) Splenocytes were harvested at day 45 from different 
treatment groups, and CD4+ T cells were examined for TNF-α secretion by 
flow cytometry. (H) Percentage of TNF-α+CD4+ T cells among CD45+ cells. 
Experiments were conducted twice, and data were shown with 5 mice per 
group. Three mice from the Rag1–/– only group were used as negative con-
trol. For the TNF-α experiment, data were collected from 3 mice per group. 
Bars represent mean ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001, 1-way 
ANOVA or 2-way ANOVA with post hoc Tukey’s test.
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to CTLA4-overexpressing cell lines (Supplemental Figure 1, A–D; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI123391DS1). However, we did not observe any 
cleavage of the linkers on this DVD when it was incubated with 
recombinant MT-SP1 (data not shown). The heavy chain and light 
chain linkers used in this DVD were only 6 and 5 amino acids long, 
respectively. Therefore, we hypothesized that extending the linkers 
could improve cleavage by making the linkers more accessible to the 
protease. To evaluate this hypothesis, we made a series of PSCA/
CTLA4 DVDs (10E8/24H2) with extended heavy chain (HC) and 
light chain (LC) linker sequences (Figure 3A). Incubation of these 
DVDs with recombinant MT-SP1 showed that the length of the light 

ure 2, E and F). Together, these data indicated that a DVD linker 
designed to contain a MT-SP1 cleavage site within its sequence 
can be cleaved by proteases found in TRAMP-C2 tumors and that 
this linker sequence can be used as the basis for designing the 
anti-CTLA4 DVD.

Identification and characterization of a conditional PSCA/CTLA4 
DVD. Candidate anti-CTLA4 DVD screens were conducted to iden-
tify the variable domain and linker combinations with reduced ID 
binding. We subsequently identified a candidate DVD that bound to 
PSCA-overexpressing cells with the same affinity as the 10E8 clone 
mAb. The shielded Ab also had a significant reduction in binding to 
CTLA4-overexpressing cells and did not inhibit the binding of B7-2 

Figure 2. Engineered CTLA4 blockade with bispecific DVD Ig design. (A) Diagram illustrating DVD technology. The anti-CTLA4 DVD is composed of 1 outer 
domain (antigen-specific binding site) and 1 inner domain (CTLA4-binding site). The outer domain and inner domain are connected by cleavable linkers. 
(B) Immunohistochemistry of MT-SP1 expression in a TRAMP-C2 tumor section. Original magnification: ×200. (C) Illustration of the fluorescent peptide 
probes used to evaluate the cleavage of linker peptides. (D) Fluorescent peptide probes containing the conditional DVD cleavable linker sequence were 
incubated with recombinant MT-SP1 to demonstrate cleavage under different concentrations. Cleavage was also achieved through cocultures of probes 
with TRAMP-C2 tumor lysate (E) and in tumor sections (F). Representative figures from each in vitro experiment are shown. Each in vitro experiment was 
conducted 3 times independently. Original magnification: ×400.
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Figure 3. Protease-cleavable linkers can act as a switch to convert the specificity of a DVD from a tumor antigen to a therapeutic target. A panel of 
DVDs was made to identify the optimal linker for conditional activation. All DVDs had identical ODs (anti-PSCA) and IDs (anti-CTLA4), but used different 
linkers. (A) Schematic showing the linker sequences used to optimize cleavage by MT-SP1. (B) Reducing SDS-PAGE of DVDs before and after incubation 
with MT-SP1. CTL indicates DVD made with linkers lacking the MT-SP1 cleavage site (LSGSDN/SGSDN). Asterisk indicates candidate DVD (5037) with 
optimal linker lengths that was advanced for further testing. (C and D) After incubation with MT-SP1, intact DVDs or cleaved DVDs were incubated with 
HEK293 cells overexpressing PSCA (C) or CTLA4 (D) and specific bindings were detected by secondary labeling and FACS. (E) Intact or cleaved DVDs were 
incubated with HEK293 cells overexpressing CTLA4 in the presence of CD86, and specific binding of CD86 to the cells was detected by flow cytometry. 
Each in vitro experiment was conducted 3 times independently. A representative figure from each in vitro experiment is shown. (F) Mice were implanted 
with s.c. TRAMP-C2 tumors and injected with either anti-CTLA4 or anti-CTLA4 DVD. The representative figure from each treatment arm demonstrates the 
biodistribution of anti-CTLA4 and anti-CTLA4 DVD at 48 hours by PET/CT. The upper portion is the transverse plane of the CT scan. The highlight portion 
is the tumor. The lower panel is the coronal plane of the CT scan. (G) Quantification of PET/CT tissue distribution of anti-CTLA4 and anti-CTLA4 DVD at 48 
hours. Data were conducted with 2 independent experiments. Each treatment arm was collected from 8 mice per group for the anti-CTLA4–treated group 
and 4 mice per group for the anti-CTLA4 DVD–treated group. Bars represent mean ± SEM. *P < 0.05, 2 tailed Student’s t test.
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chain linker strongly affected the ability of MT-SP1 to cleave the 
DVD. Partial cleavage of the LC linker was only seen after exten-
sion by at least 2 amino acids, and full cleavage required extension 
by 3 amino acids (Figure 3B and the uncut gel found in Supplemental 
Figure 2). In contrast, cleavage of the HC linker could be achieved 
by addition of only a single amino acid, and this was the case for all 
designs containing an extended HC linker. Based on these data, we 
selected a DVD containing a 7–amino acid HC linker and an 8–amino 
acid LC linker for further evaluation. We found that this DVD is able 
to bind to PSCA-overexpressing cell lines identically to the parental 
10E8 mAb and that this binding was completely lost after the DVD 
was incubated with MT-SP1 (Figure 3C). Additionally, incubation of 
the DVD with MT-SP1 allowed for anti-CTLA4 binding to reach the 
same level as the original anti-CTLA4 Ab (24H2 clone) (Figure 3D). 
The activation of the PSCA/CTLA4 DVD by cleavage from MT-SP1 
increased the CTLA4-neutralizing activity of the molecule by 25-fold 
compared with the intact form (Figure 3E). Together, these data led 
us to select a candidate PSCA/CTLA4 DVD version of the engineered 
anti-CTLA4 Ab (anti-CTLA4 DVD) with the following structure: a 
mouse IgG2a backbone with ODs derived from 10E8, IDs derived 
from 24H2, a 7–amino acid HC linker, and an 8–amino acid LC linker.

Bispecific engineered CTLA4 blockade enhanced tumor-specific tar-
geting and retention. To compare the biodistribution of anti-CTLA4 
and anti-CTLA4 DVD in vivo, the Abs were conjugated to the che-
lator desferrioxamine B (DFO) via solvent-exposed ε amino groups 

on lysine side chains. The DFO-conjugated Abs were coupled to 
89Zr using previously reported conditions (16). Evaluating the bio-
distribution of 89Zr-anti-CTLA4 in intact male C57BL6/j mice with 
s.c. TRAMP-C2 injection by PET/CT showed that the radiotracer 
accumulated in the tumor over 8 to 72 hours, while the radiotrac-
er retention in the blood generally declined over 8 to 72 hours, as 
expected (Supplemental Figure 3). The tumor-to-muscle ratio was 
approximately 6:1 at 48 hours after injection. Moreover, the activ-
ity detected in the bone was low at all time points (e.g., 2.57% ± 
0.4% ID/g at 48 hours after injection), underscoring the stability of 
the radiotracer in vivo. Tumor uptake of 89Zr-anti-CTLA4 was also 
significantly reduced by heat denaturing the construct prior to i.v. 
injection, demonstrating that the accumulation of 89Zr-anti-CTLA4 
in the TRAMP-C2 tumors is likely due to specific receptor binding 
(Supplemental Figure 4). Next, we compared the biodistribution of 
89Zr-anti-CTLA4 and 89Zr-anti-CTLA4 DVD in mice bearing s.c. 
TRAMP-C2 tumors. At 48 hours after injection, the tumor uptake of 
89Zr-anti-CTLA4 DVD was approximately 1.6-fold higher than what 
was observed for 89Zr-anti-CTLA4 (Figure 3, F and G; P < 0.05).  
Overall, our data indicate that localization of the engineered anti- 
CTLA4 DVD within the tumor microenvironment is significantly 
higher when compared with that of the original anti-CTLA4 Ab.

Reduced toxicity in vivo with anti-CTLA4 DVD. In order to 
test the toxicity associated with the anti-CTLA4 DVD Ab, we 
performed the adoptive transfer of naive CD4+ T cells (CD4+ 

Figure 4. Anti-CTLA4 DVD reduced treatment-associated toxicity in mice. Eight- to ten-week-old male Rag1–/– mice (on a C57BL/6j background) were 
adoptively transferred with purified CD4+CD25–CD45RBhi cells from WT mice. Recipient mice were then treated with either anti-CTLA4, anti-CTLA4 DVD, or 
isotype control. (A) Percentage of body weight lost among different treatment groups. (B) Mice were harvested at day 28, and multiorgan pathology was 
examined among different treatment groups. Arrows represent lymphocytic infiltration in the tissues. Experiments were conducted twice, and data shown 
are from 5 mice per group. Bars represent mean ± SEM. **P < 0.01, 2-way ANOVA with post hoc Tukey’s test.
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CD45RBhiCD25–) into Rag1–/– recipient mice and treated those 
mice with either parental anti-CTLA4 or anti-CTLA4 DVD Ab. 
As can be seen in patients with irAEs (17), we saw signs of lethargy 
and diarrhea, correlating with previously observed clinical symp-
toms, accompanied by body weight loss over time in mice that 
received anti-CTLA4 (Figure 4A). In contrast, mice that received 
anti-CTLA4 DVD did not exhibit signs of body weight loss over 
time, showing a significant improvement compared with the orig-
inal anti-CTLA4 treatment (Figure 4A; P < 0.01). The irAEs asso-
ciated with ipilimumab treatment also presented with multiorgan 
pathogenesis. Inflammatory hepatitis has been reported in approx-
imately 2%–5 % of the patients who received CTLA4 blockade (18, 
19). In our anti-CTLA4–treated mice, we also observed multifocal 
lymphocytic infiltration in the parenchymal hepatic tissue and 
around the portal area, which was similar to what is seen in patients 
(20). Moreover, the lymphocyte infiltrations were accompanied by 
mild tissue destruction. In contrast, mice treated with anti-CTLA4 
DVD had intact hepatic architecture, with only scarce amounts 
of lymphocytes present in the liver (Figure 4B; liver section). Pul-
monary toxicity has also been reported in patients receiving ipili-
mumab treatments (21, 22). In our study, we also observed anti- 
CTLA4–mediated lung toxicities associated with perivascular and 
peribronchial lymphocyte aggregates leading to bronchiolitis and 
pneumonitis. This pathological change, however, was reduced in 
mice receiving anti-CTLA4 DVD (Figure 4B; lung section). Endo-
crinopathies associated with CPI (23, 24) were also observed, with 
multifocal tissue destruction in the pancreas after anti-CTLA4 
treatments in our murine model. This tissue destruction was ame-
liorated in mice treated with anti-CTLA4 DVD (Figure 4B; pancre-
as section). Additionally, anti-CTLA4 treatment induced marked 
diffuse lymphocytic infiltration, with tissue destruction in the 
GI tract, but the pathological changes were reduced in mice that 
received anti-CTLA4 DVD (Figure 4B; GI tract section). Overall, 
our data demonstrated that mice receiving anti-CTLA4 exhibited 
multiorgan toxicities similar to the irAEs observed in the clinic and 
that, by administering anti- CTLA4 DVD, such unwanted patholog-
ical changes can be avoided.

Maintenance of tissue Tregs with anti-CTLA4 DVD. The effica-
cy of anti-CTLA4 in murine tumor models requires activation of 
effector T cells and ADCC activity against Foxp3+ Tregs to medi-
ate antitumor activity (25), yet preservation of Tregs in peripher-
al tissues can prevent development of irAEs (26). To investigate 
the Treg population, immunohistochemistry was performed. 
We found that there were higher percentages of Foxp3+ cells sur-
rounding the glandular epithelium of the GI tract in the negative 
control and anti-CTLA4 DVD–treated groups compared with 
the anti- CTLA4–treated group, reflecting significantly degraded 
Tregs in the GI tract in this latter treatment group (Figure 5A). 
To further evaluate the ability of anti-CTLA4 DVD in limiting 
systemic depletion of Tregs, we utilized a T cell–mediated colitis 
model (27). In this model, the transfer of naive CD4+CD45RBhi 
T cells from BALB/c into SCID mice induces colitis that can be 
prevented by cotransfer of CD4+CD45RBlo cells due to the pres-
ence of Tregs from the latter population (28, 29). Endoscopic 
evaluation of the recipient mice at day 35 after adoptive transfer 
showed that the majority of animals receiving naive T cells alone 
(CD4+CD45RBhi) developed severe colitis with an average murine 

endoscopic disease activity index (MEDAI) score of 9 (see Meth-
ods). In contrast, the cotransfer of CD4+CD45RBlo cells prevented 
colitis development (Figure 5, B and C). However, the protective 
effects of CD4+CD45RBlo cells were completely abrogated with 
biweekly treatments of anti-CTLA4 for the first 3 weeks following 
cotransfer. This change was due to the depletion of CTLA4+ cells 
by ADCC, since treatment of an anti-CTLA4 Ab with a mutated Fc 
region (anti-CTLA4 DANA; 24H2 clone) that lacks Fc binding did 
not lead to disease (Figure 5C). Yet when the cotransferred mice 
were treated with anti-CTLA4 DVD, 60% of the mice were pro-
tected from the development of colitis, while all of the mice in the 
anti-CTLA4 treatment group succumbed to colitis. Next, we exam-
ined the Treg population and found that the anti-CTLA4–treated 
group had significantly reduced tissue-resident Tregs compared 
with the isotype group (Figure 5D; P < 0.05), while anti-CTLA4 
DANA or anti-CTLA4 DVD treatments preserved Tregs. Taken 
together, these data demonstrate that shielding the CTLA4 ID in 
the tumor-conditional DVD is an effective approach for limiting 
systemic immune activation from CTLA4 blockade and avoiding 
ADCC-mediated Treg depletion in peripheral tissues.

Upregulation of ICOS on circulating T cells can be a clinically 
relevant biomarker of immune activation in patients treated with 
anti-CTLA4 (30). To investigate the ability of anti-CTLA4 DVD to 
limit systemic immune activation in vivo, we used flow cytometry 
to examine ICOS expression in mice treated with anti-CTLA4 or 
anti-CTLA4 DVD (Figure 5E). Administration of anti-CTLA4 Ab 
to WT mice resulted in a dose-dependent upregulation of ICOS 
on both splenic CD8+ and CD4+ T cells (Figure 5, F and G). At 
the highest dose, anti-CTLA4 Ab resulted in more than 40% of 
ICOS expression on CD4+ T cells as opposed to more than 12% 
in the anti-CTLA4 DVD–treated group. A similar trend was also 
observed in CD8+ T cell subsets. Overall, our data demonstrated 
that the inner domain conditional silencing in the DVD design is 
sufficient to prevent systemic T cell activation.

Anti-CTLA4 DVD preserved antitumor activity compared with 
CTLA4 blockade. Although prevention of systemic Treg depletion 
is important for preventing multiorgan toxicities, Treg depletion 
in tumors is essential for triggering antitumor immunity in murine 
models (10). Additionally, the therapeutic effect of anti-CTLA4 
has also been demonstrated in the CD4+ effector T cell compart-
ment within the tumor microenvironment (25). To further examine 
the details of the immunological changes in tumor-bearing mice 
treated with anti-CTLA4 and anti-CTLA4 DVD, we utilized the 
TRAMP-C2 tumor model expressing PSCA, which can be targeted 
by the antigen-binding site of the ODs of the Ab (Figure 6A). Mice 
were implanted with TRAMP-C2 tumors and treated with differ-
ent CTLA4 blockades. Both anti-CTLA4 and anti-CTLA4 DVD 
significantly inhibited tumor growth compared with either PSCA 
alone or isotype control (Figure 6, B and C). Also, mice treated with 
anti-CTLA4 or anti-CTLA4 DVD exhibited prolonged survival in 
the TRAMP-C2 tumor challenge experiment (Figure 6D). In the 
dose-response experiment, both anti-CTLA4 and anti-CTLA4 
DVD demonstrated similar tumor inhibitory effects in TRAMP-C2–
bearing mice (Supplemental Figure 5, A and B). To further investi-
gate the immune landscape within the tumor microenvironment, 
tumors were harvested from checkpoint inhibitor–treated mice 
and analyzed by flow cytometry (Figure 7A). We found that anti- 
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Discussion
irAEs have emerged as a major barrier that limits the adminis-
tration of CPI, including the number of doses that a patient can 
receive. In a recent phase III trial, grade 3/4 irAEs occurred in 28% 
of the patients who received ipilimumab treatment (anti-CTLA4). 
When anti-CTLA4 is combined with anti–PD-1 Abs, the frequen-
cy of irAEs can rise to around 60% (5). As a result, there is an 
increasing need to monitor and manage irAEs found in the clinic. 
In this study, we created an “antigen-specific” CTLA4 blockade 
that is locally released in the tumor microenvironment, thus min-
imizing systemic exposure. We found that limiting the exposures 
of CTLA4 blockade can preferentially deplete tumor Tregs and 
enhance infiltration of antigen-specific T cells while preventing 
systemic activation of CD4+ or CD8+ T cell subsets. Compared 
with the original CTLA4 blockade, mice treated with this new Ab 
did not exhibit symptoms associated with treatment toxicities in 
organs, including the liver, GI tract, lung, and pancreas. Addi-
tionally, this new class of tumor-conditional anti-CTLA4 provid-
ed antitumor immunities similar to those found with the original 
CTLA4 blockade. Hence, the format of antigen-binding anti-CT-
LA4 DVD provides a potential clinical application with strong anti-
tumor efficacy and reduced risks of irAEs.

Several mechanisms have been linked to CTLA4-mediat-
ed toxicities (32). During naive T cell activation, the expression 
of CTLA4 protein on the cell surface is upregulated and directly 
competes with the CD28 protein in binding with the CD80 and 
CD86 molecules (31). The inhibitory signals from CTLA4 can also 
prevent the activation of self-reactive T cells by attenuating T cell 
signaling (33). Additionally, systemic exposure of anti- CTLA4 
in patients leads to an expansion of T cell receptor clonality that 
is associated with clinical symptoms of irAEs (11). Therefore, 
to prevent multiorgan toxicities, limiting the systemic exposure 
of CTLA4 blockade may be beneficial. Recent studies have also 
shown that localized administration of CTLA4 blockade in tumors 
was sufficient in preserving antitumor effects, illustrating that 
limiting systemic exposure does not affect the efficacy of CTLA4 
blockade (13, 34). Based on these studies, we developed an “anti-
gen-specific” CTLA4 blockade that can be systemically delivered 
without triggering toxicities, making it a potential clinical plat-
form for targeting different arrays of tumor antigens.

Foxp3+ Tregs are one of the major cell types required for main-
taining tolerance and are known for high expression of surface 
CTLA4 (35). In preclinical models, administration of anti-CTLA4 
successfully controlled tumor growth (36) and depleted Tregs via 
Fc-dependent ADCC activity (10). However, systemic abroga-
tion of Tregs mediated by the CTLA4 blockade can also induce 
hyperproliferation of lymphocytes that manifest into multiorgan 
autoimmune disease–like symptoms, including pneumonitis, 
insulitis, and gastritis (37). Therefore, limiting CTLA4 blockade 
to the tumor microenvironment could be essential in exerting 
potent antitumor effects while maintaining peripheral tolerance. 
Our approach relies on 2 components to localize anti-CTLA4 to 
the tumor site. First, the DVD OD binds to a tumor-associated 
antigen, leading to the preferential accumulation of the Ab at the 
tumor site. Second, we utilized the tumor-associated expression 
of the protease MT-SP1. Upon engagement with the enzyme, 
the outer shield was cleaved, releasing the inner domain of the 

CTLA4 increased the density of tumor-infiltrating CD4+ T cells 
compared with anti-PSCA or isotype control treatments (Figure 
7B). Both anti-CTLA4 and anti-CTLA4 DVD successfully increased 
ICOS expression in effector CD4+ T cells (Figure 7C) while deplet-
ing tumor-infiltrating Tregs compared with isotype control or anti-
PSCA alone (Figure 7D). Treatment with both classes of CTLA4 
blockades also induced higher amounts of tumor-infiltrating CD8+ 
T cell subsets than the control group (Figure 7E; P < 0.01 and P < 
0.05, respectively), and those CD8+ T cells had higher expression 
of CD25 (Figure 7F; P < 0.01 and P < 0.05, respectively) and Ki-67 
(Figure 7G; P < 0.01) compared with isotype-treated mice, indicat-
ing their highly activated status and proliferative capabilities. Spas-1 
represents an immunodominant epitope in the TRAMP-C2 tumor 
model (14). Here, we found that mice treated with anti-CTLA4 DVD 
had significantly increased frequency of tumor-infiltrating CD8+ T 
cells that recognize Spas-1 compared with either the PSCA-alone 
group (P < 0.01) or the isotype-treated group (Figure 7H; P < 0.05).

The CTLA4 costimulation pathway is also involved in early 
T cell activation in peripheral lymphoid organs (31). To further 
investigate the systemic antitumor immune responses of different 
CTLA4 blockades, spleen and draining lymph nodes were harvest-
ed after treatments and analyzed by flow cytometry (Supplemen-
tal Figure 6A). In draining lymph nodes, anti-CTLA4 significantly 
induced higher amounts of total CD4+ T cells and ICOS expression 
compared with anti-CTLA4 DVD, anti-PSCA, or isotype control 
(Supplemental Figure 6, B–D). Similarly, CD8+ and Spas-1–reac-
tive CD8+ T cells were also increased in the anti-CTLA4–treated 
group, but not in the anti-CTLA4 DVD, anti-PSCA, or isotype con-
trol groups (Supplemental Figure 6, E and F). Similar trends were 
also observed in the spleen. While anti-CTLA4 induced higher 
amounts of CD4+ and CD8+ T cells systemically, the numbers 
were significantly reduced in the anti-CTLA4 DVD group, par-
ticularly with the CD8+ T subset (Supplemental Figure 6, G–K). 
Overall, these data supported the notion that the CTLA4 neutral-
izing activity of the PSCA/CTLA4 DVD is conditionally inhibited 
to prevent systemic immune activation in lymphoid organs, while 
maintaining antitumor activity by localized depletion of Tregs and 
increased CD8+ T cells within the tumor (Figure 8).

Figure 5. Colitis induction following treatment with anti-CTLA4, but not 
with anti-CTLA4 DVD. (A) Foxp3 IHC staining was performed on GI tract 
tissue sections from mice receiving different Abs. Arrows indicate Foxp3+ 
cells. Experiments were conducted twice with 6 mice per group, and the 
representative figure from each treatment arm was shown. (B–D) Recipient 
C.B17 SCID mice were i.p. injected with 5 × 105 purified CD4+CD45RBhi cells 
with or without 2.5 × 105 CD4+CD45RBlo cells, and administered the indicated 
treatments at 200 μg per dose twice per week for 3 weeks. At day 35, all 
mice were evaluated by endoscopy and scored for colitis. Data were collected 
from 1 experiment with 10–15 mice per treatment arm. (B) Representative 
endoscopy images of a single mouse from each group. (C) Graphic represen-
tation of endoscopy scores at day 35. Red dots indicate animals from which 
colons were further analyzed for percentage of Foxp3+ cells among CD4+ cells 
in D. (E–G) Healthy C57BL/6j mice were injected with either anti-CTLA4 or 
anti-CTLA4 DVD. (E) Flow-gating strategy of spleen samples. (F) Percentage 
of CD44+ICOS+ in CD4+ T cell subsets. (G) Percentage of CD44+ICOS+ in CD8+ T 
cell subsets. For parts E–G, experiments were conducted twice, and the repre-
sentative data from 1 experiment was from 4 mice per group. Bars represent 
mean or mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, 
1-way ANOVA with post hoc Tukey’s test.
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shown by the 9H10 and 24H2 clones, which are better at deplet-
ing Tregs through ADCC compared with the UC-10 clone of anti- 
CTLA4 Ab (44). In our study, the antitumor activity of the CTLA4 
DVD blockade was built upon the mouse IgG2a isotype (24H2 
clone), in which the therapeutic activity partially relied on the Fcγ 
receptor for intratumoral Treg depletion via ADCC. However, the 
lack of a human equivalent ADCC-competent isotype may limit 
such an approach in the clinic (43). By using humanized Fc recep-
tor transgenic mice, one can potentially bridge the gap between 
preclinical Ab development and the clinical CTLA4 blockade by 
accounting for the Fc-binding difference between species in future 
studies (45). As the therapeutic response of ipilimumab is associ-
ated with the high affinity of FcγR polymorphism (46) and ADCC 
requires natural killer cells and myeloid cells (47), enhancement of 
Fc-binding capability in treating “inflamed” tumors can potential-
ly be more suitable for such engineered tumor-targeting CTLA4 
blockades. Thus, our current approach provides a useful ratio-
nale for dissociating immune toxicities from antitumor activities, 
but caution must be taken into consideration when choosing an 
ADCC-competent isotype and treating inflamed tumors in the 
clinic. Finally, the potential immunogenicity of the engineered 
DVD will also need to be examined.

CTLA4-binding site. We found that this approach of CTLA4 
Ab design is able to preferentially deplete only tumor-infiltrat-
ing Tregs while preserving the Tregs in peripheral tissues, thus 
avoiding irAEs. Importantly, splenic T cell expansion/activation 
associated with anti-CTLA4 in our tumor model is spared with 
anti-CTLA4 DVD treatment, suggesting that escape of tumor- 
activated Abs is minimal in this model. While we observed a 
potent antitumor activity from the anti-CTLA4 DVD treatment, 
the therapeutic efficacy may also be contributed by the outer 
PSCA-targeting domain, as the previous report has demonstrated 
the tumor- inhibitory effects of anti-PSCA (38).

During Ab development, the selection of Ig configuration is 
crucial in determining the efficacy of the Ab through its Fc recep-
tor activity (39, 40). Ipilimumab is an IgG1-based CTLA4 block-
ade and has been shown to mediate Treg depletion ex vivo via 
FcγRIIIA (41). However, Treg depletion in cancer patients with 
ipilimumab has rarely been observed, and the clinical activities 
associated with ipilimumab are more prone to alter conventional 
CD4+ T cells (11, 42, 43). This is in contrast with murine studies, in 
which antitumor effects of CTLA4 blockade are mainly mediated 
by reducing Tregs within tumors (10). Different clones of CTLA4 
blockade in mice have distinct capabilities in Treg depletion, as 

Figure 6. Anti-CTLA4 DVD preserves antitumor activity. (A) C57BL/6j male mice were implanted with TRAMP-C2 tumors at day 0 (D0), and tumors were 
allowed to grow for 40 days. Mice were randomized into different treatment groups before Ab injection and then received different treatments at days 40, 
43, 46, and 49. (B and C) Tumor growth from different treatment groups over time. (D) Survival curve of different treatment groups. Data were conducted 
with 2 independent experiments. Each treatment arm was collected from 7 mice per group. Bars represent mean ± SEM. *P < 0.05; **P < 0.01; ****P < 
0.0001, 2-way ANOVA with post hoc Tukey’s test.
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with anti-CTLA4 usage in the clinic, this engineered anti- 
CTLA4 DVD Ab provides powerful insights for designing the 
next generation of CPI to achieve more promising clinical out-
comes for future patients.

In summary, we reported a class of anti-CTLA4 Ab whose 
pharmacology acts in a “tumor targeted” way by enhancing 
antitumor activities while minimizing potential toxicities. 
With the increasing concerns of high-grade toxicity associated  

Figure 7. Immune landscape within tumors after different CTLA4 blockades. C57BL/6j male mice were implanted with TRAMP-C2 tumors at day 0, and 
tumors were allowed to grow for 40 days. Mice were randomized into different treatment groups and received different treatments at days 40, 43, 46, and 
49. Tissues were harvested at day 52 and analyzed by flow cytometry. (A) Tumors were harvested from each treatment group and analyzed for different 
immune subsets by flow cytometry. (B) Total numbers of CD4+ T cells per tumor weight. CD4+ T cells were pregated on live CD45+CD3+CD8– T cells. (C) 
Percentage of ICOS expression among CD4+Foxp3– T cells. (D) Percentage of CD4+Foxp3+ among CD3+ cells. (E) Total number of infiltrating CD8+ T cells per 
tumor weight. (F) Total numbers of CD8+CD25+ T cells per tumor weight. (G) Percentage of Ki-67 among CD3+CD8+ T cells. (H) Percentage of Spas-1–reactive 
CD8+ T cells among CD3+ cells. Two independent experiments were conducted. Data were shown as 5 mice per group from 1 representative experiment. Bars 
represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA with post hoc Tukey’s test.
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mice were sacrificed and spleens were harvested for analysis by FACS. 
For T cell transfer colitis, untouched CD4+ T cells were purified from the 
spleens of BALB/c mice by negative immunomagnetic selection (Stem 
Cell Technologies) and further fractionated into CD4+CD45RBhi and 
CD4+CD45RBlo subsets by FACS. Colitis was induced by i.p. injection of 5 
× 105 CD4+CD45RBhi cells into C.B17 SCID mice. Some animals received 
a 2:1 mixture of CD4+CD45RBhi and CD4+CD45RBlo cells. Recipient mice 
received i.p. injections of isotype Ab, anti-CTLA4, anti-CTLA4 DANA, or 
anti-CTLA4 DVD twice a week for 3 weeks after adoptive transfer. All 
animals were evaluated by endoscopy at days 21 and 35 and scored for 
colitis using the MEDAI. The scoring system was based on changes in the 
vascular patterns, granularity of the mucosal surface, and the presence 
of exudates. Images of the colon were captured at 3, 2 and 1 cm from the 
anal verge. Each image was scored based on 3 parameters: Exudate (0 
= normal, 1 = <50% area covered, 2 = >50% of area covered), Vascular 
Changes (0 = normal, 1 = vessels disconnected/small vessels not visible, 
2 = large vessels not visible/ starburst pattern, 3 = surface bleeding) and 
Mucosal Granularity (0 = normal, 1 = slight cobblestone appearance, 2 = 
pronounced and extensive cobblestone appearance, 3 = mucosal protru-
sion, reduced lumen size). All scores were added together to obtain the 
Sum Score (maximum score = 24). On day 36, all animals were sacrificed, 
and tissues were collected from 5 animals per group for analysis by FACS.

In vitro assessment of tumor matriptase activity and selection of anti-CT-
LA4 DVD Abs. Immunohistochemistry was performed for protease 
expression on TRAMP-C2 tumor sections. Fluorescent peptide probes 
containing the conditional DVD cleavable linker sequence were incubat-
ed with recombinant MT-SP1 at room temperature overnight. The fluo-
rescent probes were tested in either TRAMP-C2 tumor lysate or tumor 
sections. To test the cleavage, SDS-PAGE was performed before or after 
coincubation of DVD Igs with MT-SP1 at a 1:10 dilution (w/w) overnight 
at room temperature. A DVD Ig made with linkers lacking the MT-SP1 
cleavage site (LSGSDN/SGSDN) was used as control. To test the PSCA or 

Methods
Generation of anti-CTLA4 Abs. The mouse anti-CTLA4 Ab (clone 24H2) 
and anti-CTLA4 DVD (clone 24H2) and anti-PSCA Ab (clone 10E8) 
were generated by AbbVie. The cDNA of variable domain from HC 
and LC of the 2 hybridoma clones was amplified by RACE PCR using Ig 
constant region–specific primers. The variable domains were converted 
and expressed as rat anti-mouse IgG2a chimeric Abs and used for subse-
quent studies as controls for the DVD Ig derived from them. DVD Ig con-
structs were generated as described previously (48, 49). Briefly, the VH 
and VL sequences of the PSCA Ab as outer domains and the VH and VL 
sequences of the CTLA4 Ab as inner domains were linked with a cleav-
able linker (LSGRSDNH or optimized linker) and expressed with mouse 
IgG2a heavy chain and κ light chain domains. FACS was used to charac-
terize the DVD Ig binding to PSCA or CTLA4 overexpressing HEK293.

Murine toxicity model by CTLA4 blockade. Eight- to ten-week-old male 
WT C57BL/6j and Rag 1–/– mice (on C57BL/6j background) were purchased  
from Jackson Laboratory for the following mouse experiments. Spleno-
cytes from WT mice were harvested and processed into single-cell suspen-
sion. Purified CD4+ T cells were then isolated by magnetic beads accord-
ing to the manufacturer’s protocol (Miltenyi Biotec, catalog 130-104-454). 
The CD4+ T cells were subsequently sorted on a CD25–CD45RBhi popu-
lation by FACSAria, as indicated in the manuscript. After sorting, cells 
were checked for purity and viability. Each recipient mouse received 5 × 
105 purified CD4+CD25–CD45RBhi cells i.p. Anti-CTLA4 (24H2 clone), 
anti-CTLA4 DVD, anti-PSCA, and isotype control treatments were given 
i.p. from day 0 and repeated every 3 days at a dose of 200 μg per mouse. 
Starting from day 12, Abs were given at a maintenance dose of 100 μg 
per mouse every 5 days. In the meantime, mice were monitored for body 
weight loss and clinical symptoms (diarrhea or lethargy) twice a week.

To evaluate T cell responses after CPI, 6- to 10-week-old male 
C57BL/6 mice were dosed once every 3 days for a period of 9 days by 
i.p. injection of Abs in PBS. Two days following the last dose, treated 

Figure 8. Diagram of 
engineered anti-CTLA4 
DVD blockade in vivo. The 
engineered Ab consists of an 
outer domain and an inner 
domain. During systemic cir-
culation, the CTLA4-binding 
site is shielded by the outer 
PSCA-binding domain. The 
anti-PSCA can then guide the 
Ab and accumulate into the 
tumor microenvironment, 
where the protease can 
cleave the linker and expose 
the inner CTLA4-binding 
site. The anti-CTLA4 DVD 
can then deplete Treg cells 
and activate effector T cells 
within tumors to achieve 
antitumor activities.
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Images were visualized using an Olympus Vanox AHBS3 microscope with 
an Olympus SPlan Apo ×20/0.70 NA objective (Olympus). A diagnostic 
instrument spot RT color digital camera utilizing Spot software, version 
4.0.2, was used to acquire the images (Diagnostic Instruments). Immu-
nohistochemistry was performed as described below. Tumor tissues 
were fixed in 4% paraformaldehyde, processed, embedded in paraffin, 
then cut into 5 μm thick sections. For immunohistochemistry, paraffin 
sections were blocked with 3% hydrogen peroxide solution (MilliporeSig-
ma, catalog H1009), vector streptavidin/biotin (Vector Laboratories, 
catalog SP-2002), and CAS-Block protein block (Thermo Fisher, catalog 
008120), then stained with Foxp3 Ab (eBioscience, catalog 14-5773-82).

Radiolabeling of Abs. Anti-CTLA4 and anti-CTLA4 DVD (2 mg) was 
diluted in 1 ml of PBS, and the pH was adjusted to 9.0 with 0.1 M sodi-
um bicarbonate buffer. In addition, 10 μl of p-Isothiocyanatobenzyl- 
desferrioxamine (Df-Bz-NCS) was added to the Ab solution. After 
40 minutes at 37°C, the reaction mixture was purified with a PD-10 
column using a gentisic acid mobile phase (5 mg/ml of gentisic acid 
in 0.25 M sodium acetate, pH 5.4-5.6). The pH of the eluted DFO Ab 
solution was adjusted to 7.0 and stored at –20°C until time of use.

A solution of 89Zr-oxalic acid (2 mCi in 3 μl) was diluted with 190 μl 
of 1M oxalic acid (Aqueous), and the pH of the solution was adjusted to 
pH 7.1–7.3 with 2 M Na2CO3 (100 μl). After 3 minutes, 0.30 ml of 0.5 M 
HEPES, 0.5 mg of DFO Ab (pH = 7), and 0.7 ml of 0.5 M HEPES were 
added consecutively into the reaction vial. After incubation for 120 min-
utes at room temperature, the reaction progress was determined by iTLC 
using a 20 mM citric acid (pH 4.9–5.1) mobile phase. The reaction con-
version was consistently greater than 90%. 89Zr-labeled Ab was purified 
from starting material using a PD-10 column and a gentisic acid mobile 
phase (5 mg/ml of gentisic acid in 0.25 M sodium acetate, pH 5.4–5.6). 
The 89Zr-labeled Ab solution was adjusted to pH 7.0 prior to i.v. injection. 
The purity of the 89Zr-labeled Ab was consistently greater than 99%.

Small animal PET/CT and biodistribution studies. Tumor-bearing 
mice (n = 4–5 per treatment arm) received approximately 200 μCi of 
89Zr-anti-CTLA4 in 100 μl volume i.v. using a custom mouse tail vein 
catheter with a 28-gauge needle and 100–150 mm–long polyethylene 
microtubing (0.28 mm inner diameter, 0.64 mm outer diameter, Sci-
entific Commodities Inc.). For control studies, the 89Zr-anti-CTLA4 
construct was heat denatured in PBS (aq.) for 10 minutes at 95°C. The 
mice were imaged on a dedicated small animal PET/CT scanner (Inve-
on, Siemens Healthcare). At the indicated time points after injection, 
animals were scanned for 40 minutes for PET and for 10 minutes for 
CT. The coregistration between PET and CT images was obtained 
using the rigid transformation matrix from the manufacturer-provided 
scanner calibration procedure, since the geometry between PET and 
CT remained constant for each PET/CT scan using the combined PET/
CT scanner. Animals were anesthetized during the imaging study with 
isoflurane at 2% concentration mixed with medical grade oxygen.

An ordered subsets expectation maximization (OS-EM) algorithm 
provided by the manufacturer was used for PET reconstruction. This 
resulted in 128 × 128 × 159 matrices with a voxel size of 0.776 × 0.776 
× 0.796 mm3. The CT image was created using a conebeam Feldkamp 
reconstruction algorithm (COBRA) provided by Exxim Computing 
Corp. The matrix size of the reconstructed CT images was 512 × 512 
× 662, with an isotropic voxel size of 0.191 × 0.191 × 0.191 mm3. The 
photon attenuation correction was performed for PET reconstruction 
using the coregistered CT-based attenuation map to ensure the quan-
titative accuracy of the reconstructed PET data.

CTLA4 binding, DVD Igs were incubated with MT-SP1 and added to an 
HEK293 cell line that overexpressed either PSCA or CTLA4. The specific 
binding was detected by FACS. To further detect blocking activity, intact 
or cleaved DVD Ig were incubated with HEK293 cells overexpressing 
CTLA4 in the presence of B7.2.Fc that was conjugated with Alexa Fluor 
488, and specific binding of B7.2.Fc to the cells was detected by FACS.

In vivo evaluation of antitumor activity by different CTLA4 blockades.  
Eight- to ten-week-old control male C57BL/6j mice were purchased from 
Jackson Laboratory and used in these experiments. The TRAMP-C2 can-
cer cells were injected s.c. on the right flank at a dosage of 1 × 106 cells per 
mouse on day 0. The tumors were allowed to grow for 30–45 days prior 
to treatment, and then mice with tumor volumes within 50–200 mm3 
were randomized into different groups before starting treatment. The 
average tumor sizes among different treatment groups were checked 
and ensured to be similar before treatment. Mice were then treated with 
different anti-CTLA4 Abs (24H2 clone), anti-PSCA, or isotype control 
every 3 days for a total of 3 doses after randomization. Tumors were mea-
sured twice a week. Tumor volume was defined as follows: tumor vol-
ume (mm3) = L (length) × W (width) × W/2. More specifically, the longer 
diameter was defined as length, and the shorter diameter was defined as 
width. All mice were maintained at the UCSF vivarium.

Tissue preparation for flow cytometry. Spleens were surgically removed 
with sterilized surgical equipment and crushed with the blunt end of a 10 
ml syringe on petri dishes containing 5 ml of PBS. The resulting pieces of 
spleen were then crushed through a 70 μm filter into a 50 ml conical tube 
with more PBS. The spleen mixture was centrifuged at 450 g for 5 minutes 
at 4°C and then resuspended in 5 ml red blood cell lysis solution (Santa 
Cruz Biotechnology Inc.; catalog sc-296258) on ice for 5 minutes. The 
reaction was stopped with the addition of 30 ml PBS. After washing, cells 
were reconstituted for counting by Vi-CELL (Beckman Coulter). Drain-
ing lymph nodes were extracted with sterilized surgical equipment and 
crushed between the frosted surfaces of super-frosted microscope slides 
into wells containing PBS. Cell mixtures were then filtered through a 70 
μm filter into 15 ml conical tubes. Cells were then washed and counted. 
Tumors were removed from mice with sterile surgical instruments, fol-
lowed by sectioning for paraformaldehyde fixation or flow cytometry 
analysis. Tumor tissues for flow analysis were kept moist with 1 ml colla-
genase IV digest media (DMEM + 10% FCS + 1% penicillin/streptomycin 
+ collagenase IV + DNase) and minced with scalpel blades. Tumor cell 
mixtures were then transferred into 15 ml conical tubes and filled with an 
additional 9 ml of collagenase digest media. Tumor samples were subse-
quently placed on a 37°C shaker for an hour of digestion. Samples were 
then filtered through a 100 μm filter into a 50 ml conical tube and washed 
with PBS before centrifugation. Finally, tumor cell pellets were resus-
pended and counted before subsequent Ab staining for flow cytometry.

Abs and flow staining. Single-cell suspensions (1 million cells/well) 
were first incubated with Fc Block (BD Biosciences — Pharmingen) for 
10 minutes, then coincubated with Abs for 20 minutes at 4°C, followed 
by washing with staining buffer (PBS + 1% FBS). Foxp3 and intracellular 
staining were performed using an eBioscience Intracellular Kit (catalog 
00-5523-00) according to the manufacturer’s protocol. Flow cytometry 
was performed on X-50 (BD) and data analyzed by FlowJo software (Tree-
Star). A detailed list of flow Abs can be found in Supplemental Table 1.

Histology and immunohistochemistry. Tissues harvested from mice 
were placed in 4% formalin, followed by 70% alcohol before embedding. 
Tissues were then embedded in paraffin, sectioned, and stained with 
H&E. Tissue sections were evaluated by a board-certified pathologist. 
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