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ABSTRACT
Background  Immune checkpoint blockade (ICB) can 
induce antitumor efficacy but also induces immune-
related adverse events. Systemically administered ICB can 
activate immune cells throughout the host. Conditionally 
active ICB with proteolytically cleaved masking domains 
can potentially reduce the adverse events seen with anti-
cytotoxic T-lymphocyte associated protein 4 (CTLA-4) 
antibody.
Methods  We examined how different formats of a 
conditionally activated dual variable domain IgG (DVD) that 
binds CTLA-4 and the tumor-associated antigen prostate 
stem cell antigen (PSCA) can lead to efficacy in syngeneic 
subcutaneous and metastatic murine tumor models. 
We also defined the capacity of these DVDs to modulate 
immune responses by multiparameter flow cytometry.
Results  Conditionally active DVDs can uncouple 
antitumor efficacy from toxicity. A fully cleavable construct 
(symmetric DVD, sDVD), which can be released from the 
target tumor cells, showed superior antitumor efficacy 
compared with asymmetric DVD, which retains its 
tumor antigen binding. The sDVD elicited the highest 
tumor-antigen-specific T-cell responses detected in 
tumors and tumor-draining lymph nodes, as well as 
presenting the highest rate of intratumoral and splenic 
“non-exhausted” antigen-specific CD8 T cells. SDVD also 
induced the highest degrees of T-cell memory and self-
renewal potential. These effects were dependent on PSCA 
expression by the tumors.
Conclusions  These findings support the notion that ICB 
modulation of antitumor immunity away from the tumor 
cells is critically important for optimal antitumor immunity. 
The bispecific sDVD antibody design may enable improved 
systemic antitumor responses than traditional ICB in both 
primary tumors and metastases.

BACKGROUND
Immune checkpoint inhibition has revolu-
tionized cancer treatment by stimulating 
endogenous antitumor T cells. However, 
immune-related adverse events (irAEs) 
represent a significant hurdle and are most 
pronounced with cytotoxic T-lymphocyte 
associated protein 4 (CTLA-4) blockade alone 
or in combination with other immunothera-
pies.1 2 These span to many organs—notably 

the gastrointestinal (GI) tract, skin and 
kidneys—and can be life-threatening, 
implying the interruption of the cancer 
therapy or the incorporation of immunoin-
hibitory treatments that dampen the effect 
of anticancer immune checkpoint blockade 
(ICB). In a recent clinical trial in patients with 
prostate cancer treated with ICB, one-third of 
them presented grade 3–4 treatment-related 
adverse events.3 In the case of ipilimumab, 
a successful anti-CTLA-4 (aCTLA-4) anti-
body, the majority of patients (>70%) present 
some degree of dose-dependent irAE.4 In 
some malignancies, local administration 
might alleviate these events at the expense of 
notable technical challenges.5 6 We previously 
demonstrated that antitumor efficacy could 
be uncoupled from immune-related damage 
in non-tumoral tissues by the conditionally 
activated dual variable domain (DVD) bispe-
cific antibodies, where masking domains 
blocking aCTLA-4 binding are cleaved by 
membrane type-serine protease 1 or matrip-
tase (MT-SP1), which is overexpressed in the 
tumor microenvironment (TME).7 In this 
study, we examined whether confining the 
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unmasked aCTLA-4 to the TME had an impact on anti-
tumor immunity. We studied two architectures of prostate 
stem cell antigen-(PSCA) targeted CTLA-4 antibodies: a 
symmetric DVD (sDVD), where the heavy and light chain 
linkers of both anti-PSCA domains are cleaved releasing 
a functionalized aCTLA-4 antibody that can diffuse away, 
and an asymmetric DVD antibody (aDVD), where only 
the heavy chain linker is cleavable in each anti-PSCA 
domain, leading to an aCTLA-4 antibody that remains 
tethered to target cells after activation. DVD molecules 
present a slight increase in molecular weight of around 
1.3-fold compared with native aCTLA-4, but their binding 
and pharmacodynamic properties remain at compa-
rable levels to native aCTLA-4.7 We validated the safety 
of linker cleavage and primary target binding of these 
molecules in unleashing aCTLA-4 activity with relevant 
uncleavable DVD (unDVD) and irrelevantly tetanus-toxin 
targeted DVD (ttDVD) controls. We also show that sDVD 
is able to optimally control PSCA+ prostate TRAMP-C2 
and colorectal MC38 tumor growth without compro-
mising safety and, surprisingly, induce protective systemic 
immune effects that do not entail unwanted immune 
overaction, while having isotype-comparable effects in 
PSCA− tumors. Our findings demonstrate the importance 
of regional exposure to ICB in improving clinical efficacy 
while limiting adverse events.

RESULTS
Conditionally activated DVDs uncouple efficacy from body 
weight loss in localized tumors
To study whether tumor localization of ICB impacts anti-
tumor efficacy, we compared an aDVD antibody that 
would remain constitutively tethered to the target PSCA+ 
cells with a fully cleavable sDVD antibody (sDVD) in the 
syngeneic PSCA+ TRAMP-C2 murine prostate tumor 
model (figure  1A–B). In these experiments, we also 
tested the importance of tumor targeting and activation 
with an aCTLA-4 DVD targeting tetanus toxoid (ttDVD, a 
molecule we consider non-targeted in mice), a DVD with 
uncleavable scrambled linkers (unDVD), and the native 
aCTLA-4 antibody (figure 1C). The sDVD had nearly iden-
tical antitumor activity and survival rates compared with 
native aCTLA-4 (average 565 and 634 mm3, both with 37% 
survival by day 120 post-enrollment, respectively), while the 
tethered aDVD treatment trended toward inferior tumor 
growth control and survival (figure 1D–E). No treatment-
induced weight loss was observed with any DVD construct, 
while aCTLA-4 induced moderate weight loss by day 18 
after treatment, at a time when tumor volumes would not 
confound body weight measurements (figure 1F). While 
we confirmed previously reported increased CD8+ infil-
tration in DVD-treated tumors, increased effector CD8+ 
T-cell frequencies were also observed in tumor-draining 
lymph nodes (TDLN) of these mice, suggesting ongoing 
T-cell expansion following systemic antitumor responses 
(figure 1G). Across experiments, sDVD treatment led to 
40% tumor-free animal rates, on par with native aCTLA-4, 

while aDVD only showed a 25% overall tumor-free rate. 
These results underscore the combination of systemic 
availability with conditional activation as features for 
optimal ICB responses. sDVD uncouples efficacy from 
irAEs in disseminated tumors

Next, we examined the efficacy of DVDs against dissem-
inated tumors as a model of metastasis. We used murine 
MC38 cells either transduced with murine PSCA or with 
an empty vector (EV) (figure 2A–B, online supplemental 
figure 2). Tumor cells were injected intravenously and 
treatment was initiated 7 days later with sDVD or aCTLA-4 
(online supplemental figure 2). Tumor growth was then 
monitored by in vivo bioluminescence (figure  2A–B). 
sDVD induced significant antitumor activity against 
PSCA+ MC38 at a similar magnitude as aCTLA-4, but 
without causing weight loss (figure 2C–F, online supple-
mental figure 2). We analyzed the GI tract of mice 
harboring PSCA+ tumors as a clinically relevant organ 
where ICB-related adverse events occur in responding 
patients, and found a nominal trend for higher total 
CD4+ T counts as well as higher expression of tumor 
necrosis factor-α in aCTLA-4-treated mice compared 
with the other groups (figure 2G–H and online supple-
mental figure 2). Macroscopic examination of mice 
during these experiments revealed a higher occurrence 
of events decreasing body conditioning score in aCTLA-4-
treated animals such as hair loss, squinted eyes or affected 
mobility, as well as rare cases of dermatitis or anal inflam-
mation (n=1) not observed in the other treatment groups 
(online supplemental figure 2). Unlike aCTLA-4, sDVD 
was not efficacious in PSCA− MC38 tumors, confirming 
the requirement for tumor antigen targeting to optimally 
activate the conditional DVD. sDVD enhances immune 
responses in disseminated tumors

We then defined the treatment-induced immune 
response within the lung metastasis. At day 15 post-
tumor injection, sDVD treatment induced the highest 
CD8+ infiltration in PSCA+ lung tumors, nearly doubling 
that seen for aCTLA-4 in either PSCA− or PSCA+ tumors 
(figure 3A). sDVD treatment depleted regulatory FoxP3+ 
CD4+ T cells (regulatory T cell (Treg)) in lungs implanted 
with PSCA+ tumors, consistent with known Treg-depleting 
effects of native aCTLA-4 antibodies (3) (figure 3B). We 
found increases in effector memory CD44+CD62L− T 
cells in the three responding groups (figure  3C). In 
terms of tumor antigen-reactive CD8+ T cells, we found 
that sDVD treatment led to superior induction of CD8+ 
ADPGK-reactive T cells8 in PSCA+ tumors, again doubling 
the frequency of these cells compared with aCTLA-4 
treatment (figure  3D–E), consistent with the localized 
TRAMP-C2 model. Again, the effect of antitumor T-cell 
induction required PSCA expression with the sDVD, but 
not with aCTLA-4. Apdgk-reactive T cells from sDVD-
treated tumors showed the highest levels of perforin 
and Ki67 expression (figure  3F and G). sDVD treat-
ment induced comparable levels to aCTLA-4 treatment 
of PD-1+ TCF-1+ progenitor exhausted T cells (Tpex) 
(figure 3H). We also interrogated the exhaustion status of 
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Figure 1  DVD anti-CTLA-4 shows specific, safe antitumor efficacy in murine subcutaneous PSCA+ tumors. (A) Antibodies used 
in subcutaneous tumor experiments. In DVD antibodies (untargeted: ttDVD; uncleavable: unDVD; symmetric: sDVD; asymmetric: 
aDVD), tissue specificity is conferred by murine PSCA targeting in the outer variable domain. On tumor-induced upregulation 
of matriptase (MT-SP1), the linkers between both variable domains are cleaved and the CTLA-4-targeting inner variable 
domains are exposed and functional. (B) Uncleaved and matriptase-cleaved sDVD and aDVD resolved in 4–12% gradient SDS-
PAGE gel. Briefly, 20 µg of each antibody were incubated overnight in the presence of 5 µL (2.5 µg) recombinant matriptase at 
room temperature. 3 µg of lysate were loaded onto SDS-PAGE gels and protein content was detected by SafeBlue staining. 
(C) Experiment design for the assessment of the antitumor efficacy of the DVD anti-CTLA-4 antibodies. 1 million mouse 
prostate TRAMP-C2 tumor cells were implanted on the right flanks of C57BL/6J mice (n=5–8). When tumors reached 150 mm3 
(day 0), mice were enrolled into treatment groups, and injected intraperitoneally with antibodies on days 3, 6 and 9. Tumor 
growth was monitored twice weekly. (D) Tumor volume curves for mice (n=7–8 per group) from n=1 of three experiments 
in (C). *p<0.05 sDVD versus: isotype, unDVD; #, p<0.05 aDVD versus: isotype, unDVD; Φ, p<0.05 sDVD, aCTLA-4 versus 
ttDVD. One-way analysis of variance applying Kruskal-Wallis test was used for all shown p values. Error bars represent SEM. 
(E) Kaplan-Meier survival curves for mice (n=7–8 per group) from n=1 of three experiments in (C). *p<0.05 aCTLA-4, sDVD and 
aDVD versus rest by log-rank Mantel-Cox test. (F) Percentage of body weight variation for mice (n=7–8 per group) from n=1 of 
three experiments in (C). Error bars represent SEM. *p<0.05 aCTLA-4 versus isotype, aDVD; # p<0.05 aCTLA-4 versus isotype, 
unDVD, sDVD and aDVD. (G) Total gated CD45+ CD3+ CD8+ T-cell counts from lymph nodes of mice (n=4 from n=1 of three 
experiments) involved in (C) by flow cytometry. aCTLA-4, anti-cytotoxic T-lymphocyte associated protein 4; DVD, dual variable 
domain; HC, heavy chain; LC, light chain; MW, molecular weight; PSCA, prostate stem cell antigen; SDS-PAGE: Sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis; VH: variable domain of the heavy chain; VL, variable domain of the light 
chain; ttDVD, tetanus-toxin targeted DVD.
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Figure 2  PSCA-targeted anti-CTLA-4 shows specific antitumor efficacy in systemic PSCA+ tumors. (A) Experiment summary 
for characterization of PSCA+ MC38 cells. Briefly, luciferase-expressing empty vector (EV) PSCA− or PSCA+ MC38 cells were 
injected intravenously in C57BL/6J mice (n=5 per group). Treatment was administered intraperitoneally on days 7, 10 and 13 
after implantation. Tumor growth was monitored by in vivo luminescence quantification twice a week. (B) Murine PSCA (mPSCA) 
expression on Luc-MC38 cell lines by western blot. (C) In vivo bioluminescence quantification of luciferase-expressing MC38 
cells in mice (n=4) from n=1 of two experiments described in (A) on day 21 after tumor cell injection, shown as average photon 
radiance. (D) Representative individual whole-body images of mice from n=2 experiments involved in (A) on days 7, 14, 21 
and 30 after systemic tumor implantation, colored by tumor luminescence intensity. Red circles are regions of interest (ROIs) 
considered for bioluminescence quantification with Living Image Software. Total photon counts are shown above ROIs. Mouse 
drawings with crossed eyes represent the percentage of deceased mice for each group (20% each). (E) Kaplan-Meier survival 
curves for mice (n=10) involved in (A) (n=2 experiments). *p<0.05 versus EV isotype, EV sDVD, EV unDVD, mPSCA isotype, 
mPSCA unDVD by log-rank Mantel-Cox test. (F) Percentage of body weight variation for mice (n=10) involved in (A) (n=2 
experiments). Error bars represent SEM. *p<0.05 EV aCTLA-4, PSCA aCTLA-4 versus rest; # p<0.05 EV aCTLA-4 versus EV 
sDVD, PSCA isotype by one-way analysis of variance. (G) GI tracts from animals (n=3) harboring PSCA+tumors from n=1 
experiment were stained for CD4. For each experimental group, a representative ROI is shown on top, and DAB+ (CD4+) counts 
below. (H) Mean fluorescence intensity offset histograms of TNF-α in GI-derived CD4+T cells from PSCA+challenged mice by 
flow cytometry. aCTLA-4, anti-cytotoxic T-lymphocyte associated protein 4; DVD, dual variable domain; GI, gastrointestinal; 
mPSCA, murine prostate stem cell antigen; PE, phycoerythrin; sDVD, symmetric DVD; TNF, tumor necrosis factor; unDVD, 
uncleavable DVD.
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Figure 3  PSCA-targeted DVD anti-CTLA-4 induces antigen-specific responses and improved T-cell fitness in systemically 
implanted PSCA+ tumors. (A) Percentage of CD8+ T cells within the immune CD45+ compartment from flow cytometry data 
from lung tumors of mice (n=3) harvested on day 15 after tumor injection. As in the rest of the figure, representative data from 
n=1 of two experiments is shown. (B) Percentage of intratumoral FoxP3+ cells within gated CD4+ T cells. (C) Percentage of 
intratumoral CD44+ CD62L− cells within gated CD8+ T cells. (D) Percentage of intratumoral MC38 antigen-specific ADPGK-
reactive CD8+ T cells. (E) Representative flow cytometry pseudocolor dot plots showing MC38 antigen ADPGK reactivity 
in gated CD8+ T cells from mouse lung tumors. Shown values are percentages within all CD8+. (F) MFI of effector molecule 
perforin (PRF1) in intratumoral ADPGK+ CD8+ T cells. (G) MFI of proliferation marker Ki67 in gated intratumoral ADPGK+ 
CD8+ T cells. (H) Percentage of PD-1+ TCF1+ cells in gated intratumoral ADPGK+ T cells. (I) Part-of-whole pie charts showing 
mean percentages of cells expressing 0, any given 1, any combination of 2, or 3 exhaustion markers PD-1, LAG-3, TIM3 in 
intratumoral ADPGK+ CD8+ T cells, as assessed by Boolean gating from flow cytometry data. Right, percentage of intratumoral 
PD-1+ TIM3+ LAG-3+ in ADPGK+ CD8+ T cells. aCTLA-4, anti-cytotoxic T-lymphocyte associated protein 4; DVD, dual variable 
domain; EV, empty vector; LAG-3, lymphocyte-activation gene 3; MFI, mean fluorescence intensity; PD-1, programmed 
cell death protein 1; PSCA, prostate stem cell antigen; sDVD, symmetric DVD; unDVD, uncleavable DVD; TIM3, T-cell 
immunoglobulin and mucin-domain containing-3.
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ADPGK-reactive CD8+ T cells by quantifying simultaneous 
expression of PD-1, TIM3, and LAG-3. Correlating again 
with response rates, the percentage of PD-1− TIM3− LAG-
3− (triple-negative) T cells was highest in sDVD treatment 
from PSCA+ tumors (11%) and both aCTLA-4-treated 
groups (9%), whereas PD-1+ TIM3+ LAG-3+ T cells were 
lowest in these groups (figure 3I and online supplemental 
table 1). Notably, these differences in phenotype on the 
ADPGK-reactive T cells were absent with sDVD treatment 
in PSCA− tumors. Altogether, these findings confirm the 
improved T-cell fitness resulting from treatment with 
sDVD.

sDVD modulates systemic immunity
To characterize systemic effects of the DVD aCTLA-4 
therapy, we also examined T-cell responses in the spleen 
and TDLNs of treated mice. While overall circulating 
CD4+ T-cell frequencies were unchanged in treated mice 
(figure 4A) and no significant differences were found in 
the weight of either organ (online supplemental figure 
4), we observed a moderate decrease in circulating Tregs, 
combined with significantly increased CD44+CD62L− 
effector memory CD4+ T cells in mice harboring PSCA+ 
tumors treated with sDVD (figure  4B–C). Similarly, 
although overall CD8+ frequencies remained unaltered 
in all experimental groups (figure 4D), there was a signif-
icant increase in the frequency of circulating ADPGK-
reactive CD8+ T cells (0.6–1% of CD8+ T cells) in mice 
treated with aCTLA-4, as well as in spleens from mice 
harboring PSCA+ tumors treated with sDVD (figure 4E–F), 
consistent with a systemic expansion of tumor-reactive 
T cells. These circulating tumor antigen-specific T cells 
showed significantly higher levels of perforin and Ki67, in 
line with increased cytolytic and proliferative capability, 
respectively (figure  4G–H). We also found increased 
frequencies of circulating PD-1+TCF1+ Tpex ADPGK-
reactive T cells in mice harboring PSCA+ tumors treated 
with sDVD (up to 19.7%) and aCTLA-4 (up to 20.6%) 
(figure  4I). ADPGK-reactive CD8 T cells expressing 
at least one marker of T-cell exhaustion were enriched 
in mice harboring PSCA+ tumors treated with sDVD 
compared with PSCA− tumors, suggesting antigen speci-
ficity, while PD-1− TIM3− LAG-3− cells were highest (46%) 
in spleens from sDVD-treated, PSCA+ tumor-challenged 
mice among all responding groups. Parallel trends were 
observed for aCTLA-4-treated mice in both tumor types, 
with significant differences observed in this group against 
non-responding unDVD-treated PSCA+ tumor-challenged 
mice. Terminally exhausted T cells simultaneously 
expressing PD-1, LAG-3 and TIM3 were not observed 
in circulation in any experimental group (figure 4J and 
online supplemental table 1). Finally, ADPGK-reactive 
T-cell frequencies were highest in TDLNs from mice 
harboring PSCA+ tumors treated with sDVD, accounting 
for up to 8.3% of all CD8 T cells, while sDVD treatment 
did not have detectable expansion in TDLNs from mice 
harboring PSCA− tumors. In contrast, treatment with 
aCTLA-4 led to significantly elevated ADPGK-reactive 

frequencies in TDLNs regardless of PSCA expression 
(figure  4K–M). Altogether, these findings underscore 
how conditional DVDs can restrict immunomodulation in 
an antigen-specific fashion, allowing for effective systemic 
antitumor responses at comparable levels to traditional 
ICB without eliciting unwanted toxicities.

DISCUSSION
Systemic delivery of ICB is associated with systemic 
immune activation and toxicities.1 9 10 In order to circum-
vent this, some have proposed intratumoral or peritu-
moral delivery of minimal doses of aCTLA-4 both in 
preclinical and clinical cancer settings.5 11–16 While intra-
tumoral administration of immunotherapies reduces 
drug dosage considerably and has been shown to induce 
antitumor responses, these often are local and may be 
of limited utility in the metastatic setting.17 Neverthe-
less, systemic immune responses have been shown to 
be critical for effective antitumor activity on treatment 
with ICB,18–20 which motivates the development of engi-
neered immunotherapies that are systemically deliv-
ered but conditionally activated in the TME.21 22 We 
have previously demonstrated the safety of DVD-based 
aCTLA-4 therapy7; however, the critical features of these 
molecules are yet to be defined. In this study, we find 
that confining the aCTLA-4 activity to the tumor cells 
with the constitutively tethered aDVD may compromise 
the efficacy and immune responses induced, indicating 
that CTLA-4 blockade beyond the TME also plays an 
important role, both in localized and disseminated tumor 
models. Another intriguing observation is the depen-
dence of the DVD tumor antigen targeting domain: we 
saw no antitumor activity against PSCA− tumors. Most of 
the ongoing conditionally activated immunotherapies 
in the clinic do not have a targeting domain and yet are 
activated by proteases in the TME of solid tumors, as in 
the primary or metastatic castration-resistant prostate 
cancer trial NCT05519449, or the NCT05479812 and 
NCT06462794 trials targeting multiple tumor types. With 
our DVD, PSCA binding may enhance protease access 
to the cleavage domains, perhaps through greater dwell 
time in the TME or conformational change, which could 
be examined in future work. Nevertheless, DVDs enable 
an additional level of tumor specificity.

While sDVD induces Treg depletion seen with conven-
tional aCTLA-4 antibody treatment,23 24 our study shows a 
significant boost of tumor antigen-reactive CD8+ T cells8 
that possess improved immune fitness as reflected by 
their elevated expression of cytolytic perforin, increased 
proliferation, and reduced expression of exhaustion 
markers. These data underscore the synergistic dual 
effect—Treg depletion and antigen-responsive T-cell rein-
vigoration—of aCTLA-4 therapy suggested by others.25 
Moreover, we also saw an increased PD-1+ TCF-1+ Tpex, 
thought to be drivers of antitumor T-cell renewal on ICB 
treatment.26 27 Our analysis of lymphoid organs revealed 
a systemic marker of response to ICB in the form of 
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Figure 4  Symmetric DVD induces systemic immune responses. (A) Percentage of CD4+ T cells within the immune CD45+ 
compartment from flow cytometry data from spleens of mice (n=3) harvested on day 15 after tumor injection. As in the rest of 
the figure, representative data from n=1 of two experiments is shown. (B) Percentage of FoxP3+ cells within gated CD4+ T cells. 
(C) Percentage of CD44+ CD62L− cells within gated CD4+ T cells. (D) Percentage of splenic CD8+ T cells within the immune 
CD45+ compartment. (E) Percentage of splenic MC38 antigen-specific ADPGK-reactive CD8+ T cells. Shown p values obtained 
by one-way analysis of variance adjusted for multiple comparisons; *p<0.05 versus rest. (F) Representative flow cytometry 
pseudocolor dot plots showing MC38 antigen ADPGK reactivity in gated CD8+ T cells from mouse spleens. Shown values are 
percentages within all CD8+. (G) MFI of effector molecule perforin (PRF1) in gated splenic ADPGK+ CD8+ T cells. *p<0.05 versus 
rest. (H) MFI of proliferation marker Ki67 in gated splenic ADPGK+ CD8+ T cells. *p<0.05 versus rest. (I) Percentage of PD-1+ 
TCF1+ cells in gated splenic ADPGK+ CD8+ T cells. *p<0.05 versus rest. (J) Part-of-whole pie charts showing mean percentages 
of cells expressing 0, any given 1, any combination of 2, or 3 exhaustion markers PD-1, LAG-3, TIM3 in splenic ADPGK+ CD8+ 
T cells, as assessed by Boolean gating from flow cytometry data. Right, percentage of splenic PD-1− TIM3− LAG-3− in ADPGK+ 
CD8+ T cells. (K) Percentage of CD8+ T cells within the immune CD45+ compartment in mouse tumor-draining lymph nodes 
(TDLNs). (L) Percentage of MC38 antigen-specific ADPGK-reactive CD8+ T cells in TDLNs. (M) Representative flow cytometry 
pseudocolor dotplots showing MC38 antigen ADPGK reactivity in gated CD8+ T cells from mouse TDLNs. Shown values are 
percentages within all CD8+. aCTLA-4, anti-cytotoxic T-lymphocyte associated protein 4; DVD, dual variable domain; EV, empty 
vector; LAG-3, lymphocyte-activation gene 3; MFI, mean fluorescence intensity; PD-1, programmed cell death protein 1; PSCA, 
prostate stem cell antigen; sDVD, symmetric DVD; unDVD, uncleavable DVD; TIM3, T-cell immunoglobulin and mucin-domain 
containing-3.
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increased non-exhausted (TIM3− LAG−3−) splenic and 
lymph node ADPGK+ CD8+ T-cell frequencies that main-
tained their cytotoxic, proliferative and antigen experi-
ence features, suggesting readiness against disseminated 
disease. While overall responses at the cellular and 
proteomic level were not immensely different between 
sDVD and regular aCTLA-4, the lack of toxicity combined 
with the improved survival on DVD treatment suggest a 
more optimal availability of therapeutic molecules from 
a tissue-specific treatment such as DVD, which would be 
critical to ascertain in future studies. These findings not 
only confirm the specificity and safety of the DVD tech-
nology, but also pose tissue-activatable ICB leading to 
systemic responses like the ones elicited by sDVD as advan-
tageous compared with toxic, indiscriminate systemic 
ICB (aCTLA-4), or more invasive, sometimes impractical 
intratumorally delivered ICB. More studies focusing on 
pharmacodynamics and potential loss of functional mole-
cules in the latter could reveal exploitable avenues to 
improve cancer immunotherapy mediated by checkpoint 
inhibition.

Our study has some limitations. First, while we were able 
to characterize immune responses on DVD treatment in 
PSCA− and PSCA+ versions of the same tumor model, 
additional systemically implanted tumor types—ideally 
with endogenous expression levels of the target antigen—
would validate the antitumor advantage of DVD in physio-
logically relevant levels of antigen, as well as its associated 
expansion of other antigen-specific T-cell responses. 
While we studied the prostate subcutaneous TRAMP-C2, 
which expresses endogenous levels of PSCA, this tumor 
line did not generate tumors on systemic implantation. 
While we previously demonstrated the safety of the DVD 
platform in relevant preclinical models,7 further compre-
hensive pharmacodynamic and bioavailability character-
ization of sDVD, aDVD and native aCTLA-4 alongside 
multiorgan pathological analysis could help expand our 
understanding of the uncoupling of toxicity and efficacy 
observed in this study, which was limited to body weight 
monitoring and statistically constrained analysis of the 
GI in mice challenged with PSCA+ tumors. Finally, addi-
tional studies could examine whether heterogeneous 
expression of the DVD target antigen (PSCA in this case) 
represents a potential mechanism of immune escape. If 
ICB is able to enlist the endogenous T-cell repertoire to 
target heterogeneous tumors, this may not be an issue. 
This would broaden the potential pool of targeting anti-
gens for DVD-based antibodies.

Overall, the fully cleavable sDVD aCTLA-4 antibody 
described in this study was able to promote antigen-
specific T-cell expansion, effector and self-renewing 
tumor-infiltrating T-cell phenotypes, as well as to improve 
outcomes in mice harboring metastatic MC38 tumors 
without showing safety concerns. Our findings demon-
strate the importance of not just targeting an immu-
notherapy to the TME but also having some regional 
exposure, presumably including the tumor training 
lymph nodes, where we now appreciate ICB responses 

that are Tpex-resided.19 This leakiness will need to be 
considered in developing future bispecific or conditional 
immunotherapies.

METHODS
Anti-CTLA-4 antibodies
The mouse aCTLA-4 (clone 24H2) and all DVD antibodies 
were generated by AbbVie (Chicago, USA) as described 
previously.7 Briefly, the mouse symmetric aCTLA-4 DVD 
antibody (sDVD) contains MT-SP1-cleavable linkers at 
either side of the Fab fragment, whereas the aDVD anti-
body contains those linkers only in one of its variable 
chains. The untargeted DVD antibody (ttDVD) targets 
Tetanus toxin instead of murine PSCA and contains 
MT-SP1-cleavable linkers. The unDVD antibody targets 
murine PSCA and contains scrambled linkers uncleavable 
by MT-SP1.

Matriptase cleavage and SDS-PAGE
Degree of cleavage of DVD antibodies sDVD and aDVD 
was assessed by overnight incubation of 20 µg of each in 
the presence of 5 µL recombinant Matriptase (3946-SEB-
010, BioTechne) at room temperature. Then, 3 µg lysates 
were prepared in NuPAGE LDS Sample Buffer (NP0007, 
Invitrogen), loaded onto 4–12% Bis-Tris NuPAGE gels 
(NP0322BOX, Invitrogen) and gel electrophoresis was 
run in MOPS buffer (NP0001, Invitrogen), after which 
protein content was stained with SimplyBlue SafeStain 
(LC6065, Invitrogen) following the manufacturer’s 
protocol. 3 µg uncleaved sDVD and aDVD were added 
in parallel to the Sodium Dodecyl Sulfate Polyacrylamide 
Gel Electrophoresis (SDS-PAGE) gels. SeeBlue Protein 
Ladder (LC5925, Invitrogen) was run for molecular 
weight reference.

Animal studies, cell lines and in vivo imaging
8–10-week-old male WT C57BL/6J mice (000664, 
Jackson) were used in mouse experiments described in 
this study. All experiments performed were reviewed 
and approved by the Institutional Animal Care and Use 
Committee (IACUC) at University of California, San Fran-
cisco (UCSF) under protocol number AN202446. For in 
vivo tumor studies, 1 million murine prostate adenocarci-
noma TRAMP-C2 cells were injected subcutaneously on 
the right flank of mice (n=5–8 per group). For systemic 
tumor experiments, 5×105 murine colorectal carcinoma 
MC38 cells (CVCL_B288) were injected intravenously 
through the tail vein of each animal (n=5 per group) on 
day 0. On day 7 after implantation, animals were fully 
randomized into groups and treated intraperitoneally 
(i.p.) on days 3, 6 and 9 with isotype IgG2a/k control, 
aCTLA-4 (clone 24H2, AbbVie), control or functional 
DVD antibodies (AbbVie). In subcutaneous implantation 
studies, tumors were measured twice a week with a digital 
caliper (Fisher). Tumor volume was obtained with the 
formula V=L(length)×W(width)×W×π/6, where L was the 
higher measure, and W was the lower measure. Endpoint 
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was set at 2,000 mm3. In systemic implantation studies, 
tumor progression was monitored using an IVIS Spec-
trum in vivo imaging device (Xenogen) until day 25, after 
which survival was monitored. Endpoint was set at Body 
Condition Scoring of ≤2. Briefly, animals were injected 
i.p. with 0.2 mL of Dulbecco's Phosphate Buffered Saline 
(DPBS) containing 3 mg D-Luciferin (88294, Thermo) 
and were imaged after a 3 min incubation. Images were 
processed and bioluminescence radiance was quanti-
fied using the Living Image Software, V.4.7.4.20726. All 
mice were maintained at the UCSF vivarium at all times 
and received food and water ad libitum. Experiment 
performers were not blinded to experimental conditions, 
but randomization was done on a “per animal” basis, and 
not “per cage”.

Generation of Luc-MC38 cells expressing murine PSCA
Luciferase-expressing mouse colorectal adenocarcinoma 
MC38 cells were kindly provided by Jeff Bluestone (UCSF, 
San Francisco, USA). For the generation of the Luc-
MC38-PSCA cell line, an insert containing the murine 
PSCA complementary DNA sequence 5’-A T G A A G A C 
C G T C T T C T T T C T C C T G C T G G C C A C C T A 
C T T A G C C C T G C A T C C A G G T G C T G C T C T 
G C A G T G C T A T T C A T G C A C A G C A C A G A T 
G A A C A A C A G A G A C T G T C T G A A T G T A C A 
G A A C T G C A G C C T G G A C C A G C A C A G T T G 
C T T T A C A T C G C G C A T C C G G G C C A T T G G 
A C T C G T G A C A G T T A T C A G T A A G G G C T G 
C A G C T C A C A G T G T G A G G A T G A C T C G G A 
G A A C T A C T A T T T G G G C A A G A A G A A C A T 
C A C G T G C T G C T A C T C T G A C C T G T G C A A 
T G T C A A C G G G G C C C A C A C C C T G A A G C C 
A C C C A C C A C C C T G G G G C T G C T G A C C G T 
G C T C T G C A G C C T G T T G C T G T G G G G C T 
C C A G C C G T C T G T A G −3’ and flanked by 5’ XhoI 

(CTCGAG) and 3’ SacII (CCGCGG) sites was cloned 
after restriction enzyme digestion for 2 hours at 37°C 
into the MSCV2.3 vector, a modified version of MSCV 
2.2-IRES2-EGFP (obtained from Lewis Lanier at UCSF, 
San Francisco, USA). HEK293T cells were transfected 
with MSCV2.3, along with the Gag/Pol and VSV-G retro-
viral vector system, in the presence of Lipofectamine 3000 
(L3000001, Invitrogen). After 48 hours, HEK293T super-
natants containing empty or PSCA—MSCV2.3 retroviral 
particles were obtained and mixed with 1×105 Luc-MC38 
cells. Cells were seeded into 6-well plates and incubated 
at 37°C for 72 hours. CFP+ cells were then sorted by flow 
cytometry, expanded and viably frozen. Luc-MC38-PSCA 
cells were validated by insert PCR amplification and 
analysis at TapeStation 4150 (Agilent) and by Sanger 
sequencing through GeneWiz (Azenta). Primers used for 
validation were CMVF 5’-TGTACGGTGGGAGGTCTA-3’ 
and IRESR 5’- GACAAACGCACACCGGCCT-3’.

Western blot
Murine PSCA expression was assessed by protein western 
blot in parental and transfected cells used in animal 
studies. Cell culture extracts from TRAMP-C2, Luc-MC38, 
Luc-MC38-EV and Luc-MC38-mPSCA were quantified for 
protein content with the Pierce BCA Assay Kit (23225, 
Thermo). Protein lysates (25 µg protein) were loaded 
onto pre-made MiniProtean TGX 7.5% PA gels (456–
1023, Bio-Rad) and run by electrophoresis. Semi-dry 
transfer onto a Polyvinylidene fluoride or polyvinylidene 
difluoride (PVDF) membrane was then performed on a 
Transblot SD unit (170-3940, Bio-Rad). Membranes were 
blocked and then incubated overnight at 1:1,000 with anti-
mouse PSCA (17171-1-AP, Proteintech) or 1:10,000 anti-
vinculin (AB129002, Abcam) as loading control in TBS-T 
(170–6435, Bio-Rad). After three rounds of washing, 
membranes were incubated with 1:2,000 secondary HRP 

Table 1  Antibodies used in flow cytometry

Marker Conjugation Vendor Catalog # Clone

CD45 PB BioLegend 103126 30-F11

CD8α BUV805 BD 612898 53–6.7

CD4 BV711 BioLegend 100447 GK1.5

CD3 BUV395 BD 563565 145–2 C11

PD-1 PE-Dazzle594 BioLegend 109115 RMP1-30

H-2Db ADPGK ASMTNMELM PE MBL TB-5113–1 N/A

PRF1 APC BioLegend 154303 S16009A

Ki-67 BV480 BD 566109 B56

FoxP3 PE-Cy7 LT 25-5773-80 FJK-16s

TCF-1 A488 BD 567018 S33-966

TIM3 PerCP-Cy5.5 BioLegend 134012 B8.2C12

LAG-3 BV785 BioLegend 125219 C9B7W

CD44 BV650 BioLegend 103049 IM7

CD62L BV570 BioLegend 104433 MEL-14

TNF-α PE BioLegend 506305 MP6-XT22
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antibody (AB205718, Abcam). After a short incubation 
with SuperSignal West Pico PLUS Chemiluminescent 
substrate (34577, Thermo), membranes were imaged 
with a Chemidoc XRS+ (Bio-Rad). Images were initially 
processed with Image Lab (Bio-Rad) and later prepared 
for publication with ImageJ (Fiji).

Tissue processing
Lungs, spleens, mediastinal TDLNs from all groups 
and GI tracts from mice harboring PSCA+ tumors were 
surgically removed from mice (n=3 per group) with ster-
ilized equipment on day 15 after tumor implantation. 
Lungs were perfused with phosphate-buffered saline 
(PBS) and mechanically dissociated with scalpel blades. 
GI tracts from the n=1 experiment were flushed and 
washed entirely with PBS to remove inner content and 
separated into two pieces, one for flow cytometry and one 
for immunohistochemistry (IHC), which was rolled and 
placed onto a cassette. For IHC experiments, 5 μm-thick 
paraffin-embedded slides were prepared from harvested 
GI tracts. Tissue slides were dehydrated in a battery of 
incubations in xylene, 100%, 95%, 70% and 50% ethanol. 
Dehydrated slides were submitted for CD4 staining 
(AB183685, Abcam) to the UCSF Histology&Biomarker 
Core at Mt Zion (San Francisco). Full-slide images and 
representative regions of interest (ROIs) were obtained 
with ImageScope (Aperio) and further processed with 
StrataQuest V.5.0 to quantify 3, 3’-diaminobenzidine posi-
tive counts (n=5 ROI/mouse). For flow cytometry exper-
iments, lungs and GI tracts were digested to single-cell 
suspensions by incubation for 1 hour at 37°C in tumor 
digestion media containing Dulbecco's Modified Eagle 
Medium (DMEM), 10% Fetal Bovine Serum (FBS), 2 mg/
mL Collagenase IV (C5138, Sigma-Aldrich) and DNAse 
I (D5025, Sigma-Aldrich). Spleens and lymph nodes 
were mechanically dissociated on ice. Tissue lysates were 
filtered through a 100 µm filter into 50 mL conical tubes 
and filled with cold PBS, followed by centrifugation at 
450 g for 5 min at 4°C. Supernatants were discarded and 
pellets from lungs and spleens were resuspended in 5 mL 
ACK Lysing Buffer (118-156-101, Quality Biological), 
mixed well and kept on ice for 5 min. Lysis was stopped by 
filling the tubes with cold PBS. Samples were centrifuged 
again and finally resuspended in 1 mL cold PBS. Viable 
cells for downstream use for all tissues were counted 
in a Vi-CELL cell counter (Beckman Coulter) at a 1:60 
dilution.

Flow cytometry
Single cell suspensions were first incubated with 1:100 
Zombie NIR (L34976, Life Technologies) for 10 min 
in the dark at room temperature. After a washing step, 
samples were incubated with 1:100 H-2D(b) Mouse ASMT-
NMELM ADPGK PE-conjugated tetramer (TB-5113-1, 
MBL) for 30 min at room temperature. After washing, 
surface staining including 1:50 Fc Block (70-0161-
U500, Tonbo Biosciences) was performed for 30 min 
on ice. Cells were fixed using the eBioscience FoxP3 kit 

(00-5523-00, Life Technologies) and intracellular staining 
was added to samples for 30 min on ice before final wash 
with Fluorescence-Activated Cell Sorting (FACS) buffer 
(PBS containing 2% FBS and 1 mM EDTA). Samples were 
run on an LSRFortessa X-50 (Becton Dickinson). Data 
was analyzed by FlowJo V.10.7 (TreeStar). A detailed list 
of all antibodies used for flow cytometry can be found in 
table 1.

Data analysis and statistics
All statistical analyses were performed with GraphPad 
Prism V.9 and V.10. All data were tested for normality. 
For single parameter comparisons involving more than 
two groups from flow cytometry or bioluminescence, 
one-way analysis of variance (ANOVA) tests adjusted 
for Tukey’s multiple comparisons were applied in data 
passing normality, while Kruskal-Wallis tests adjusted 
for Dunn’s multiple comparisons were applied for non-
parametric data. For Kaplan-Meier survival curve compar-
isons, log-rank Mantel-Cox tests were applied. For body 
weight curve comparisons, two-way ANOVA adjusted for 
Dunn’s multiple comparisons was applied. For Kaplan-
Meier survival curve comparisons, log-rank Mantel-Cox 
tests were applied. A p value of 0.05 or less was considered 
statistically significant. Unless stated otherwise, error bars 
in plots represent SD and horizontal black bars represent 
means. Unless stated otherwise, representative data from 
n=1 of three (subcutaneous) or n=1 of two (systemic) 
experiments are shown in figure panels. A minimum of 
three biological replicates were run in all comparisons. 
All supporting values for data shown in this manuscript 
are available at online supplemental file 3.
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