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intRoduction
Immune checkpoint inhibitors (ICI) blocking cytotoxic 

T-lymphocyte antigen 4 (CTLA-4), programmed cell death 1 
(PD-1), and PD-L1 have revolutionized treatments of many 
cancers. However, responses to approved ICI agents occur in 
a minority of tumors, and ICI resistance remains a barrier to 
optimal clinical benefit. CTLA-4 was the first immune check-
point described (1–3). It negatively regulates T-cell activation 
by modulating costimulatory signals within the immuno-
logic synapse between antigen-presenting cells (APC) and T 
cells. During T-cell priming, CTLA-4 is upregulated on T cells 
to outcompete binding of costimulatory CD28 to CD80 and 
CD86, thereby impairing T-cell activation (4, 5). Furthermore, 
CTLA-4 is highly expressed on regulatory T cells (Treg) and 
modulates their suppressive functions (6).

In mouse tumor models, anti–CTLA-4 (αCTLA-4) boosts 
tumor-reactive T-cell activation and selectively eliminates 
CTLA-4–expressing intratumoral Tregs (7, 8) that impair 

antitumor immunity through mechanisms attributed to 
αCTLA-4 antibody interactions with Fcγ receptors (FcγR) on 
intratumoral effector cells. Consequently, the first approved 
αCTLA-4 antibody ipilimumab was developed with an un-
modified IgG1 Fc region (9), as efficacy in mouse tumor mod-
els was partially dependent on Fc-mediated Treg depletion (8). 
However, this effect in humans remains controversial (10). In 
contrast to ipilimumab, tremelimumab, another approved 
αCTLA-4 antibody, was developed with an IgG2 Fc region 
to minimize effector functions (11, 12). This difference has 
further drawn into question the relevance of Treg depletion 
for the clinical activity of αCTLA-4, at least in patients with 
melanoma. We previously showed that αCTLA-4 enhances 
T-cell priming through an FcγR-dependent mechanism, inde-
pendent of Treg depletion (13).

Clinically, the efficacy of antibodies dependent on Fc–FcγR 
coengagement can be shaped by differential binding affinities 
associated with FCGR2A (FcγRIIA) and FCGR3A (FcγRIIIA) 
polymorphisms (14). In the context of αCTLA-4 therapy, ipili-
mumab-treated patients with high neoantigen burden and the 
germline high-affinity FcγRIIIA allele [valine (V)158] variant 
exhibited a significant survival advantage over patients car-
rying the low-affinity FCGR3A allele [phenylalanine (F)158] 
variant (15). Furthermore, patient responses correlated with 
higher baseline circulating FcγRIIIA-expressing nonclassical 
monocytes (16) and intratumoral FcγRIIIA-expressing macro-
phages (17). Given the association between αCTLA-4 clinical 
response and FcγR coengagement, we developed boten-
silimab, an Fc-enhanced multifunctional αCTLA-4 antibody 
designed to improve FcγR-mediated effector functions. Here, 
we show that Fc-enhanced αCTLA-4 antibodies leverage novel 
FcγR-dependent mechanisms to remodel both innate and 

Conventional immune checkpoint inhibitors (ICI) targeting cytotoxic T-lymphocyte 
antigen 4 (CTLA-4) elicit durable survival but primarily in patients with immune- 

inflamed tumors. Although the mechanisms underlying response to anti–CTLA-4 remain poorly under-
stood, Fc-gamma receptor (FcγR) IIIA coengagement seems critical for activity, potentially explaining 
the modest clinical benefits of approved anti–CTLA-4 antibodies. We demonstrate that anti–CTLA-4 
engineered for enhanced FcγR affinity leverages FcγR-dependent mechanisms to potentiate T-cell 
responsiveness, reduce intratumoral regulatory T cells, and enhance antigen-presenting cell activation. 
Fc-enhanced anti–CTLA-4 promoted superior efficacy in mouse models and remodeled innate and 
adaptive immunity versus conventional anti–CTLA-4. These findings extend to patients treated 
with botensilimab, an Fc-enhanced anti–CTLA-4 antibody, with clinical activity across multiple poorly 
immunogenic and ICI treatment–refractory cancers. Efficacy was independent of tumor neoantigen 
burden or FCGR3A genotype. However, FCGR2A and FCGR3A expression emerged as potential re-
sponse biomarkers. These data highlight the therapeutic potential of Fc-enhanced anti–CTLA-4 anti-
bodies in cancers unresponsive to conventional ICI therapy.

SIgnIFICAnCE: This study reveals that Fc-enhanced anti–CTLA-4 harnesses novel mechanisms to 
overcome the limitations of conventional anti–CTLA-4, effectively treating poorly immunogenic 
and treatment-refractory cancers. Our findings support the development of a new class of immuno- 
oncology agents, capable of extending clinical benefit to patients with cancers resistant to current 
immunotherapies.
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adaptive immunity and promote superior antitumor immu-
nity compared with conventional αCTLA-4. These findings 
extend to humans treated with botensilimab, with clinical ac-
tivity across multiple treatment-refractory cancers, including 
those that progressed on prior ICI therapy (18–20).

Results
Fc-Enhanced αCTLA-4 Remodels the Lymphoid 
and Myeloid Immune Compartments in the Tumor 
Microenvironment

Previous studies have demonstrated that murine αCTLA-4 
activity depends on coengaging FcγR-dependent mechanisms 
to promote T-cell priming, Treg depletion, and myeloid acti-
vation (8, 13, 15, 21). We assessed whether an Fc-engineered 
murine IgG2b (mIgG2b) αCTLA-4 antibody, with enhanced 
FcγR binding (Supplementary Fig. S1A–S1F) through muta-
tions at serine 239, alanine 330, and isoleucine 332 [S239D/
A330L/I332E (DLE); αCTLA-4DLE; ref. 22], promotes superior 
eradication of established tumors and remodels the tumor 
microenvironment (TME) versus a conventional Fc-competent 
mIgG2b mouse αCTLA-4 antibody, both recognizing the 
same CTLA-4 epitope. An mIgG2b Fc region was selected for 
its functional comparability with human IgG1, based on the 
activating-to-inhibitory FcγR binding ratio (Supplementary 
Fig. S1G and S1H; Supplementary Tables S1 and S2), previ-
ously shown to predict effector activity in vivo (23). In con-
trast, the murine IgG2a (mIgG2a) Fc region demonstrated 
comparably stronger binding to murine FcγRs (Supplemen-
tary Fig. S1I and S1J) and a higher activating-to-inhibitory 
FcγR binding ratio (Supplementary Table S1) compared with 
the corresponding human IgG1 αCTLA-4 (Supplementary 
Table S2), making it less suitable to be used as a murine sur-
rogate of a conventional IgG1 αCTLA-4 antibody.

In CT26 and MC38 models of colorectal cancer exhibiting 
microsatellite stability (MSS) or microsatellite instability, re-
spectively, and the EMT6 model of triple-negative breast can-
cer, αCTLA-4DLE promoted superior complete and long-term 
antitumor responses versus αCTLA-4 (Fig. 1A–C; Supplemen-
tary Fig. S2A–S2D). All mice experiencing complete CT26 re-
gression resisted CT26 rechallenge regardless of antibody 
format (Supplementary Fig. S2E). Notably, αCTLA-4DLE efficacy 
was associated with significant intratumoral FOXP3+ Treg re-
duction up to 10 days posttreatment and increased the CD8/
Treg ratio (Fig. 1D; Supplementary Fig. S3A) without affect-
ing splenic Tregs (Fig. 1E; Supplementary Fig. S3B). CTLA-4 
blockade with a conventional immunoglobulin format can 
remodel the intratumoral T-cell repertoire favorably but with 
limited antitumor activity (24, 25). In contrast, αCTLA-4DLE 
significantly increased peripheral T-cell receptor (TCR) clon-
ality (Fig. 1F) and induced expansion of T cells in the periph-
ery (Fig. 1G), and specifically tumor-associated T-cell clones 
(Fig. 1H), as determined by TCR sequencing of blood and tu-
mor specimens. In addition, αCTLA-4DLE but not αCTLA-4 
treatment induced a peripherally expanded and systemic anti-

tumor T-cell response, as evidenced by an increased presence 
of AH1-specific (26) T-cell clones in blood after treatment 
(Fig. 1I). The improved antitumor immunity by αCTLA-4DLE 
correlated with increased intratumoral PD-1−CD8+ T effector 

(Teff) cells (Fig. 1J), Ki-67+CD8+ Teff cells (Supplementary 
Fig. S3C), granzyme B+ CD8+ Teff cells (Supplementary 
Fig. S3D), and CD62L−PD−1−Slamf7+CX3CR1−CD8+ mem-
ory precursor effector cell (MPEC) prevalence (Fig. 1K; Sup-
plementary Fig. S3E). Multiplex immunofluorescence further 
showed augmented CD3+, CD4+, and CD8+ T-cell prevalence 
9 days after αCTLA-4DLE versus αCTLA-4 and controls (Sup-
plementary Fig. S3F).

We further confirmed our findings in mice challenged with 
staphylococcal enterotoxin B (SEB), eliciting a SEB-specific 
Vβ8+ TCR T-cell response (27). Consistent with tumor chal-
lenge data, αCTLA-4DLE increased Vβ8+ CD8+, CD8+ Teff, 
MPEC, and Ki-67+ and granzyme B+ CD8+ T-cell prevalence 
(Supplementary Fig. S4A–S4E) and reduced Tregs (Sup-
plementary Fig. S4F), whereas αCTLA-4 induced no such 
changes. The expansion of T cells induced by αCTLA-4DLE 
was restricted to the Vβ8+ TCR repertoire of effector T cells, 
with no significant change in the nonspecific Vβ2+ T cells 
(Supplementary Fig. S4A–S4E). These data are consistent 
with our prior work demonstrating FcγR coengagement de-
pendence for αCTLA-4–induced expansion and effector func-
tion of antigen-specific T cells (13).

Notably, the immune remodeling induced by αCTLA-4DLE 
was not limited to T cells. In CT26 tumor–bearing mice 
treated with αCTLA-4DLE, intratumoral CD103+ and XCR1+ 
type 1 conventional dendritic cells (cDC1) were also activated 
by αCTLA-4DLE but not αCTLA-4 (Fig. 1L). Upregulation of 
CD40 on cDC1 by αCTLA-4DLE (Fig. 1L) is consistent with im-
proved T-cell priming, which is in line with recent work demon-
strating that coengagement of immunoreceptor tyrosine-based 
activation motif–containing FcγRs by αCTLA-4 and subse-
quent downstream activation drives myeloid cells toward an 
activated, proinflammatory state (21).

Superior antitumor efficacy from αCTLA-4DLE versus 
αCTLA-4 was independent of bioavailability (Supplementary 
Fig. S5A and S5B). Although αCTLA-4 showed slightly higher 
maximum concentration exposure and half-life (Supplemen-
tary Fig. S5C), these attributes did not improve activity.  
Together, these results suggest that αCTLA-4DLE leverages 
novel FcγR-dependent mechanisms to induce antitumor im-
munity that correlates with improved cross-priming cDC1 ac-
tivation, antigen-experienced CD8+ effector T-cell expansion, 
and reduced intratumoral Tregs.

Fc-Enhanced αCTLA-4 Improves Efficacy of 
Distinct Treatments

In a poorly immunogenic and aggressive syngeneic 
LSL-KrasG12D;Trp53R172H;Pdx-Cre (KPC) pancreatic tumor model 
comprised of both epithelial cancer cells and cancer-associated 
fibroblasts that mimics advanced refractory human pancreatic 
ductal adenocarcinoma (28), αCTLA-4DLE monotherapy per-
formed comparably with or better than chemotherapy (clini-
cally relevant gemcitabine, nab-paclitaxel, and cisplatin) and 
controlled 7 of 10 tumors when combined with chemother-
apy (Supplementary Fig. S6A).

In immunotherapy-resistant B16F1.OVA melanoma cells, 
the combination of αCTLA-4DLE with αPD-1 [approved in 
melanoma (29)] and ovalbumin/TRP2 vaccine formulated 
with QS-21 and cytosine phosphoguanine adjuvants to 
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Figure 1.  αCTLA-4DLE promotes superior antitumor immunity in tumor-bearing mouse models. Tumor growth in BALB/C mice bearing (A) subcutaneous 
CT26 tumors (n = 10 mice/group), (B) C57BL/6 mice bearing MC38 tumors (n = 9–10 mice/group), and (C) orthotopic EMT6 breast tumors (n = 10 mice/
group) treated intraperitoneally with indicated antibodies. Fractions to the right of curves in A–C are CR over total tumor number. D, FOXP3+ Tregs relative 
to vehicle (dashed line) and tumor CD8+ Teff to Treg ratio, and (E) fold-change splenic FOXP3+ Tregs relative to isotype 72 hours posttreatment (n = 5  
mice/time point) in CT26-bearing BALB/C mice treated with indicated antibodies. F, Changes in blood TCR Simpson clonality index, (g) expanded TCR 
clones in blood from pre- to posttreatment, (H) number of newly expanded tumor-associated T-cell clonotypes, and (I) total frequency of tumor-specific 
AH1 TCR clones in blood pretreatment (pre-tx) vs. posttreatment (post-tx) in CT26-bearing BALB/C mice (n = 9–10 mice/group) treated with indicated 
antibodies on days 0, 3, and 6. Pretreatment Blood samples and blood and tumor collected 11 days after initial dose. J, Percent intratumoral CD8+ Teff and 
(K) CD8+ MPECs by flow cytometry 10 days posttreatment in CT26-bearing BALB/C mice (n = 5 mice/group). L, CD40 mean fluorescence intensity (MFI) of 
intratumoral CD103+ or XCR1+ type 1 cDC1 in CT26-bearing BALB/C mice (n = 5/group) treated once with indicated antibodies. Tumors evaluated by flow 
cytometry 7 days posttreatment. Data represented as mean ± SEM (A–D) and mean ± SD (E and J–L). In box plots, center line, median; box limits, 25th and 
75th percentile; whiskers, minimum and maximum values. Data analyzed by mixed-effects models with matched data (A–C) or two-way ANOVA (D and I) 
followed by the Tukey multiple comparisons test or one-way ANOVA followed by the Kruskal–Wallis test with Dunn correction (E–H and J–L).
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improve antigen-specific T-cell priming (30, 31) significantly 
improved overall survival (OS) versus either therapy alone 
(Supplementary Fig. S6B). Furthermore, αCTLA-4DLE and 
αPD-1 combined with OT-1 transgenic CD8+ T cells recogniz-
ing ovalbumin significantly improved OS versus individual 
treatments (Supplementary Fig. S6C). Together, these stud-
ies highlight the broad potential of Fc-enhanced αCTLA-4 to 
improve antitumor immunity in poorly immunogenic and 
treatment-resistant tumors through diverse combinatorial 
strategies.

Botensilimab Is Fc-Engineered for Enhanced FcγR 
Coengagement and Signaling

Conventional αCTLA-4 antibodies like ipilimumab were 
developed with an IgG1 Fc region, as antitumor activity in 
mouse models was partially dependent on Fc-mediated mech-
anisms (8, 32). However, these mechanisms have not been 
definitively shown in humans. To determine if αCTLA-4DLE–
enhanced immune activity translated to humans, we designed 
botensilimab, a fully human IgG1 αCTLA-4 engineered with 
the same DLE mutations as mouse αCTLA-4DLE to improve 
FcγR-dependent functions versus wild-type (WT) human 
IgG1 αCTLA-4 (parental IgG1). Notably, Fc mutations of 
botensilimab did not affect its binding affinity to CTLA-4 nor 
its blockade of CTLA-4–ligand interactions (Supplementary 
Fig. S7). Botensilimab, the corresponding IgG1-WT, and ipili-
mumab demonstrated comparably high binding affinity with  
recombinant human CTLA-4-His and CTLA-4-Fc proteins 
(Supplementary Fig. S7A–S7C). Botensilimab did not bind to 
related CD28 family members, including B- and T-lymphocyte  
attenuator (BTLA), inducible T-cell costimulator (ICOS), CD28, 
or PD-1 (Supplementary Fig. S7D), indicative of expected 
CTLA-4 selectivity. Furthermore, botensilimab and IgG1-WT 
αCTLA-4 demonstrated comparable and complete CTLA-4 
ligand blockade (Supplementary Fig. S7E) and CD28 path-
way activation (Supplementary Fig. S7F and S7G). Although 
botensilimab, ipilimumab, and tremelimumab are distinct 
mAbs, they bind to similar epitopes on CTLA-4 (Supplemen-
tary Table S3), which significantly overlap with the binding 
site for the natural B7 ligands (33), consistent with these an-
tibodies being complete blockers of CTLA-4–B7 ligand inter-
actions (34–36).

FcγRIIIA is critical for IgG1-WT αCTLA-4 activity, in-
cluding ipilimumab (13, 15). Consistent with IgG antibody 
Fc-binding properties (15, 37), botensilimab demonstrated 
superior binding to cells expressing human FcγRIIIA ver-
sus IgG1-WT αCTLA-4 (Fig. 2A). Remarkably, botensilimab 
demonstrated superior binding to both high- (V158) and 
low-affinity (F158) FcγRIIIA variants (Supplementary Fig. 
S8A) compared with IgG1-WT αCTLA-4 (Fig. 2A), ipilimumab 
(Supplementary Fig. S8B), or tremelimumab (Supplementary 
Fig. S8C). The enhanced FcγRIIIA binding by botensilimab 
correlated with potent and superior FcγRIIIA signaling in 
high- (V158) and low-affinity (F158) FcγRIIIA variants versus 
IgG1-WT αCTLA-4 (Fig. 2B) or ipilimumab (Supplementary 
Fig. S8D and S8E). These data differentiate botensilimab ver-
sus first-generation αCTLA-4 in engaging and eliciting Fcγ−
RIIIA signaling, even in cells expressing low-affinity FcγRIIIA, 
suggesting that botensilimab could benefit a broader patient 

population versus conventional αCTLA-4 therapy. Addition-
ally, both botensilimab and IgG1-WT αCTLA-4 showed po-
tent FcγRIIA signaling, but botensilimab generated greater 
maximal signals (Supplementary Fig. S8F and S8G). Boten-
silimab also exhibited improved binding to cell-expressed hu-
man FcγRIIB (Supplementary Fig. S8H) and FcγRIIA R/R 131 
(Supplementary Fig. S8I) versus IgG1-WT αCTLA-4, whereas 
binding to FcγRIIA H/H 131 (Supplementary Fig. S8J) and 
FcγRI (Supplementary Fig. S8K) was comparable.

Despite enhanced Fc-effector function, botensilimab demon-
strated significantly reduced binding to C1q, the recog-
nition molecule of the classical complement system, versus 
IgG1-WT αCTLA-4 (Supplementary Fig. S8L). Consequently, 
botensilimab did not promote complement-dependent cy-
totoxicity against CTLA-4–expressing cells, unlike IgG1-WT 
αCTLA-4 (Supplementary Fig. S8M). Lack of botensilimab 
complement binding and complement-dependent cytotoxic-
ity is consistent with the Fc A330L point mutation that abro-
gates C1q binding (22), suggesting that botensilimab could 
avoid some immune-related adverse events (AE) such as com-
plement-mediated hypophysitis associated with conventional 
αCTLA-4, including ipilimumab (38).

Botensilimab Enhances FcγR-Dependent T-cell 
Response

We previously established that FcγRIIIA coengagement on 
APCs by αCTLA-4 improves the T-cell−APC immune synapse, 
further enhancing TCR signaling strength and duration (13). 
To model the T-cell−APC immune synapse (Fig. 2C), human 
peripheral blood mononuclear cell (PBMC) cultures were 
stimulated with staphylococcal enterotoxin A (SEA) supe-
rantigen to cross-link APC MHC class II and a specific Vβ 
subset of TCRs to promote CD28 and CD86 coengagement 
within the immune synapse (39). Here, botensilimab was 
superior to IgG1-WT αCTLA-4 in inducing IL2 secretion 
(Fig. 2D). Notably, botensilimab enhanced T-cell respon-
siveness independent of FcγRIIIA genotype and induced ro-
bust IL2 secretion using APCs expressing only low-affinity 
FcγRIIIA, whereas IgG1-WT αCTLA-4 induced only weak 
responses, consistent with its lower FcγRIIIA binding affin-
ity. Moreover, botensilimab, but not IgG1-WT αCTLA-4, sig-
nificantly reduced immune-suppressive IL10, soluble CD25, 
and TGFβ1 from SEA-stimulated PBMCs (Fig. 2E). Together, 
these data further support that FcγR coengagement by 
αCTLA-4 antibodies plays a critical role in driving T-cell re-
sponsiveness and suggest that αCTLA-4 with enhanced FcγR 
binding can improve therapeutic efficacy.

Botensilimab Reduces the Frequency of Tregs
Although αCTLA-4 can deplete intratumoral Tregs (15, 32) 

and reduce Treg stability (40) in mouse models, the impact 
of ipilimumab on human Tregs in the clinic remains unset-
tled (10). In SEA-stimulated human PBMCs, botensilimab 
significantly reduced CD3+CD4+CD25+FOXP3+ Treg expan-
sion (Fig. 2F) and maintained significantly higher conven-
tional CD3+CD4+CD25−FOXP3− cell prevalence compared with 
IgG1-WT αCTLA-4 and isotype control (Supplementary Fig. 
S9A). Interestingly, the reduced prevalence of Tregs in boten-
silimab-treated, SEA-stimulated cultures was not attributed 
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to depletion. Cultures treated with botensilimab 96 hours 
after SEA stimulation did not show a reduction in Tregs 
(Supplementary Fig. S9B), despite the presence of FcγRIIIA 
(CD16+)-expressing NK cells (Supplementary Fig. S9C) and 
high CTLA-4 expression in Tregs versus CD4+ non-Tregs 
or CD8+ T cells in culture (Supplementary Fig. S9D–S9F). 
This suggests that the presence of effector cells capable of 
depletion is insufficient to reduce Treg numbers and/or 
CTLA-4 is inadequately expressed on the cell surface on Tregs 
in this assay. Instead, the reduced Treg expansion is consis-
tent with reduced TGFβ1 secretion in botensilimab-treated 
PBMC cultures.

To assess antibody-dependent cellular cytotoxicity, we co-
cultured primary human CD4+FOXP3+ Tregs or conventional 
CD4+ T cells with FcγRIIIA (V158)-expressing NK-92 cells and 
observed that botensilimab killed Tregs significantly better 
than IgG1-WT αCTLA-4 (Fig. 2G), consistent with improved 
intratumoral CD8+ effector T-cell/Treg ratios observed in 
αCTLA-4DLE–treated mice (Fig. 1D; Supplementary Fig. S3B). 
In contrast, botensilimab and IgG1-WT αCTLA-4 minimally 
affected conventional CD4+FOXP3− T cells (Fig. 2H), consis-
tent with their lower cell surface CTLA-4 expression (41).

Botensilimab Activates Myeloid Cells
In superantigen-stimulated human PBMCs treated with 

botensilimab, we further analyzed the non–T-cell fraction 
(Fig. 3A; Supplementary Fig. S10A and S10B) and observed  
a significant increase in the frequency of CD16− NK cells  
(Fig. 3B), B cells (Fig. 3C), NK T cells (NKT; Fig. 3D), dendritic 
cells (DC; Fig. 3E), and monocytes (Fig. 3F). Interestingly, 
CD16+ NK cells did not change (Fig. 3G), suggesting that bo-
tensilimab preferentially expanded cytokine-producing regu-
latory NK cells that could affect T-cell polarization (42) rather 
than cytotoxic CD16+ NK effector cells.

Prior studies in tumor-bearing mouse models demon-
strated that FcγR coengagement by αCTLA-4 can promote 
myeloid activation and type I IFN signaling (21), similar to 
αCTLA-4DLE enhancing intratumoral DC activation (Fig. 1L).  
However, translation to humans has not been previously  
established. Botensilimab significantly increased activated 
CD40− and human leukocyte antigen (HLA)-DR-expressing 
and CD86-expressing CD16+CD11c+ myeloid cells (Fig. 3H), 
consistent with its improved FcγRIIIA binding and signal 
induction (Fig. 2A and B). Notably, botensilimab-induced 
myeloid activation was independent of FcγRIIIA allele sta-
tus, as similar increases in activated CD16+CD11c+ myeloid 
cell frequency were observed in donors homozygous for the 
low-affinity FcγRIIIA (F/F 158; Supplementary Fig. S10C). 
Although conventional IgG1 αCTLA-4 (Fig. 2A and B) and 
ipilimumab (Supplementary Fig. S8F, S8H, and S8I) en-
gage FcγRIIIA, we did not observe significantly increased 
CD16+CD11c+ myeloid cell activation in donors expressing 
high-affinity (V/F 158; Fig. 3H) or low-affinity (F/F 158; Sup-
plementary Fig. S10C) FcγRIIIA after treatment with conven-
tional IgG1 αCTLA-4. Notably, the increased frequency of 
activated CD11c+ myeloid cells by botensilimab was specific 
to the CD16+ subset, as no significant changes were observed 
in the activated CD16−CD11c+ myeloid cell subset (Fig. 3I; 
Supplementary Fig. S10D). Together, these data suggest that 

enhanced FcγRIIIA signaling by botensilimab is important 
for potentiating T-cell and myeloid-cell activation, consistent 
with our previous reports that blockade of FcγRIIIA, but not 
other FcγRs, impairs T-cell responsiveness by αCTLA-4 (13).

Pharmacokinetics and Toxicity of Botensilimab in 
Cynomolgus Monkeys

To inform dose selection and safety monitoring strategies 
for clinical trials, the pharmacokinetics (PK), immunogenic-
ity, and toxicology profiles of botensilimab were evaluated 
in nonhuman primates. Groups of male (n = 16) and female 
(n = 16) cynomolgus monkeys were administered weekly in-
travenous botensilimab at 5, 25, or 75 mg/kg/dose for up 
to 13 weeks followed by a 4-week recovery period to assess re-
versibility, persistence, or delayed occurrence of toxic effects. 
There were no botensilimab-related changes observed in food 
consumption, ophthalmic examinations, ECG, blood pressure, 
heart rate, respiration, neurologic examinations, hematology, 
coagulation, urinalyses, gross evaluation, or organ weight. 
Mortality occurred in one male at 75 mg/kg/dose that was eu-
thanized because of poor clinical signs. Based on anatomic pa-
thology findings, morbidity was attributed primarily to acute 
systemic inflammation and organ damage, characterized by 
perivascular/vascular infiltrates and neutrophilic infiltration 
in multiple organs, including the aorta, prostate, liver, and 
spleen. A high titer of antidrug antibodies was also observed. 
Botensilimab-related decreases in body weight (up to 11.6% 
and 21.3% for mid- and high-dose groups, respectively) were 
observed in males and females at ≥25 mg/kg/dose versus con-
trol. All other animals survived until necropsy. Histopathologic 
findings were observed in multiple organs in a dose-dependent 
manner (Supplementary Table S4). Botensilimab-related mi-
croscopic changes were observed in the blood vessels lining the 
periphery or within the parenchyma of numerous organs that 
were considered adverse but were reversible.

A noncompartmental analysis showed dose-proportional 
PK. Systemic exposure (AUC0–last and Cmax) to botensilimab 
increased dose-proportionally from 5 to 75 mg/kg in both 
sexes on days 1 and 85. After single (day 1) or repeated (day 85) 
intravenous administration of botensilimab to male and fe-
male monkeys, the median time to reach maximum concen-
tration (Tmax) values for botensilimab was between 0.3 and 
1.2 hours after the start of injection. The median half-life (T1/2)  
values for botensilimab ranged from 100.3 to 214.7 hours.  
Antidrug antibodies (ADA) were detected in a subset of  
animals, and the concentration–time points believed to be 
impacted by ADA were excluded from the noncompartmen-
tal assessment. Serum PK parameter estimates are shown in 
Supplementary Table S5. Under the conditions of this study, 
the highest nonseverely toxic dose was 25 mg/kg weekly, 
which is at least 48 times greater than the extrapolated human  
equivalent dosage of 1 mg/kg every 6 weeks reported to demon-
strate antitumor activity in humans (43).

Botensilimab Effectively Treats Multiple Human 
Cancers

We have previously reported clinical results from an on-
going expanded phase I trial (NCT03860272) evaluating the 
safety and efficacy of botensilimab alone or combined with 
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balstilimab [αPD-1 (functionally comparable to nivolumab); 
refs. 43, 44]. The results described herein focus on a subset of 
211 patients with advanced solid cancers from this study with 
available biomarker data treated at any dose and schedule in-
cluding botensilimab monotherapy and in combination with 
balstilimab, enrolled between April 1, 2019, and March 27, 
2023 (Supplementary Fig. S11; baseline demographics and 
disease characteristics, Supplementary Table S6). The median 
patient age was 59 years (range, 19–83 years), with 57% female 
and 43% male. Seventy-eight (37%) patients had an Eastern 
Cooperative Oncology Group (ECOG) performance status of 
0, and 133 (63%) patients had a performance status of 1. The 
population was heavily pretreated with a median of 3 (range, 
1–16) prior lines of therapy. Of the 211 patients, 63 (29%) had 
received prior PD-(L)1 inhibitors, 7 of whom also received 
prior CTLA-4 inhibition. In the dose-escalation portion of the 

study (3 + 3 design), patients with advanced solid tumors were 
treated with botensilimab monotherapy at dose levels starting 
at 0.1 mg/kg and escalating up to 3 mg/kg, administered in-
travenously every 3 weeks or every 6 weeks, or in combination 
with balstilimab 3 mg/kg administered intravenously every 
2 weeks, for up to 2 years as previously described by Bullock 
and colleagues (43). Together with clinical efficacy and safety 
data, the optimal efficacious dosage of botensilimab when 
combined with balstilimab was determined to be 1 to 2 mg/
kg every 6 weeks (43).

Botensilimab alone or combined with balstilimab elic-
ited clinical activity across multiple cancer types, including  
immunotherapy-resistant and refractory tumors (18–20), 
such as metastatic MSS colorectal cancer (43), recurrent  
platinum-refractory/resistant ovarian carcinoma, αPD-(L)1–
relapsed/refractory non–small cell lung cancer (18), various 
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Figure 3.  Botensilimab enhances the frequency of activated myeloid, NK, B, and NKT cells. A, Global t-distributed stochastic neighbor embedding 
(t-SNE) maps of total live immune cells (CD45+) after stimulation with SEA in the presence of 5 μg/mL botensilimab, parental IgG1, or IgG1DLE isotype. 
PBMC from five FcγRIIIA V/F 158 heterozygote healthy donors were used. Six phenotypically distinct clusters identified by individual phenotypic markers 
by flow cytometry within concatenated total live immune cells analyzed. Log2 fold changes in (B) CD16− NK, (C) B, (D) NKT, (E) DC, (F) monocyte, and (g) 
CD16+ NK cell counts in each immune cell cluster between samples treated with botensilimab and parental IgG1, compared with IgG1DLE isotype (n = 5/
group; data are paired). H, Activated CD16+CD11c+ (I) and CD16−CD11c+ myeloid cell frequency determined by CD40, HLA-DR, and CD86 expression by 
flow cytometry. Representative data from an FcγRIIIA V/F 158 heterozygote donor. Data are represented as mean ± SEM (H and I). Data analyzed with a 
two-tailed paired t test (B–g) or one-way ANOVA followed by a Tukey multiple comparisons test (H and I).
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sarcomas (18), and ICI-relapsed/refractory melanoma includ-
ing patients relapsed/refractory to conventional CTLA-4 in-
hibition (Supplementary Table S7; Supplementary Table S8; 
Fig. 4). Confirmed objective responses were observed in 28 
of the 211 patients all with solid tumor treated at any dose 
level or regimen with available biomarker data [13.3%; 95% 
confidence interval (CI), 9.0–18.6], including two complete 
responses (CR). Additionally, 81 patients (38.4%) experienced 
stable disease (SD; ≥6 weeks), resulting in a disease control 
rate (DCR), defined as a best response of SD or better of  
51.7% (95% CI, 44.7–58.6) for at least 6 weeks, 38.9% (95% CI, 
32.2–45.8) for 12 weeks or more, and 19.9% (95% CI, 14.7–25.9) 
for 24 weeks or more (Supplementary Table S7). The median 
duration of response was not reached.

Remarkably, responses were also observed in patients who 
had progressed on prior αPD-(L)1 or conventional αCTLA-4 
therapies (Supplementary Table S7; Fig. 4A and B), with con-
firmed objective responses in 10 of 63 patients with available 
biomarker data (15.9%; 95% CI, 7.9–27.3), including one CR. 
Additionally, 28 patients (44.4%) had SD, resulting in a 60.3% 
DCR (95% CI, 47.2–72.4) at 6 weeks or more, 42.9% DCR  
(95% CI, 30.5–56.0) at 12 weeks or more, and 27.0% DCR  
(95% CI, 16.6–39.7) at 24 weeks or more (Supplementary  
Table S7). Notably, among the seven patients who received 
prior αCTLA-4 therapy, five had metastatic melanoma and 
were previously treated with ipilimumab. Of these five pa-
tients, two demonstrated a confirmed partial response (PR) 
and one achieved SD to botensilimab or botensilimab in com-
bination with balstilimab (Fig. 4B). Similarly, in ICI-naïve 
patients, 18 of 148 patients (12.2%; 95% CI, 7.4–18.5) showed 
confirmed objective responses and a DCR of 37.2% (95% CI, 
29.4–45.5) for 12 weeks or more (Supplementary Table S7; 
Fig. 4C). The combination of botensilimab and balstilimab 
elicited deeper responses and DCR versus botensilimab 
monotherapy (Supplementary Table S7). This is particularly 
noteworthy, as responses occurred in patients refractory to 
prior αPD-(L)1 and in tumor types that historically exhibited 
limited responses to conventional ICI therapy (Supplemen-
tary Table S8). Consistent with our preclinical data demon-
strating αCTLA-4DLE efficacy in immunotherapy-resistant 
tumors, these data suggest that botensilimab modifies the 
molecular characteristics of the TME of these poorly immu-
nogenic and ICI-refractory tumors to enhance responsiveness 
to subsequent T cell–targeting immunotherapies.

Botensilimab Avoids Complement-Mediated 
Toxicity

The clinical safety profile of botensilimab, both as monother-
apy and in combination with balstilimab, has been reported 
previously (43). A summary of grade 3 or higher treatment- 
related AEs is summarized in Supplementary Table S9. The 
most common grade 3 or greater treatment-related AE was 
“diarrhea/colitis,” which comprised the preferred terms 
diarrhea, colitis, and enteritis. While acknowledging the lim-
itations of cross-trial comparisons, the safety profile is gen-
erally consistent with other approved αCTLA-4 therapies, 
depending on dose and schedule (9, 45). However, a notable 
exception is the absence of hypophysitis in patients treated 
with botensilimab monotherapy (Supplementary Table S9), 

which is an immune-related AE sometimes associated with 
ipilimumab (46) and thought to be partially mediated by 
complement activation (38). This suggests that botensilimab 
avoids some of the limitations associated with conventional 
αCTLA-4 therapy, consistent with the A330L point mutation 
in botensilimab that precludes complement binding. Interest-
ingly, only one patient treated with the combination of bo-
tensilimab and balstilimab experienced hypophysitis, which 
may be attributed to αPD-1 therapy (47). However, continued 
monitoring of hypophysitis incidence in larger patient co-
horts treated with botensilimab is warranted to confirm these 
findings.

Botensilimab Enhances Peripheral T-cell Activation
ICOS, HLA-DR, and IFNγ with increased CD4+ T-cell ex-

pression serve as pharmacodynamic markers of ipilimumab 
activity (48, 49). However, clinical responses remain limited to 
inflamed tumors like melanoma (50). To assess the pharma-
codynamic effects of botensilimab, we performed flow cytom-
etry analysis of peripheral blood (Supplementary Fig. S12),  
which revealed markers of T-cell activation following treat-
ment. Although total CD4+ or CD8+ peripheral T cells re-
mained unchanged with botensilimab monotherapy (Supple-
mentary Fig. S13A), we observed significant dose-dependent 
increases in peripheral ICOS+ T-cell frequency, including 
conventional CD4+ (Supplementary Fig. S13B and S13C), 
CD4+ effector (Fig. 5A), CD4+ central memory, CD4+ effec-
tor memory, and CD45RA+ effector memory (Supplemen-
tary Fig. S13D) T cells 7 days posttreatment. Botensilimab 
also increased frequency and mean fluorescence intensity 
of HLA-DR–expressing CD4+ T cells, including central and 
effector memory T cells (Supplementary Fig. S13E–S13G), 
and effector T cells (Fig. 5B) and frequency of Ki-67+ CD4+ 
and CD8+ T-cell subsets (Fig. 5C; Supplementary Fig. S13H 
and S13I). Additionally, botensilimab increased PD-1+ CD4+ 
effector T-cell frequency (Supplementary Fig. S13J). Con-
sistent with peripheral T-cell activation, botensilimab dose- 
dependently increased serum IFNγ (Fig. 5D; Supplementary 
Fig. S13K and S13L). Furthermore, given that active re-
shaping of the peripheral TCR repertoire is a key pharma-
codynamic αCTLA-4 effect, associated with clinical efficacy  
(24, 51), we sequenced the CDR3 TCRβ chains in T cells 
from patient pretreatment blood and 3 to 4 weeks after bo-
tensilimab treatment. Consistent with enhanced TCR clon-
ality and de novo expansion in tumor-bearing mouse models 
and peripheral T-cell activation in patients, botensilimab 
increased existing (Fig. 5E) and newly expanded T-cell clo-
notypes (Fig. 5F and G) in some patients; however, the small 
number or abundance of the newly expanded clones did not 
significantly impact the overall clonality (Supplementary 
Fig. S13M).

Botensilimab Remodels the TME of Refractory 
Tumors

We further assessed the ability of botensilimab mono-
therapy or combination with balstilimab to remodel the 
TME favorably in patients with poorly immunogenic and 
ICI-refractory tumors. Consistent with enhanced Fc-effector 
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function, cell type enrichment analysis of bulk RNA sequenc-
ing (RNA-seq) from botensilimab-treated patients showed 
significant intratumoral Treg reduction (Fig. 5H) with a cor-
responding increase in conventional CD4+ and CD8+ T cells 
but no change in intratumoral macrophages. In line with 
these observations, chromogenic IHC of pretreatment and 
on-treatment tumor biopsies (Supplementary Fig. S14A–
S14D) after botensilimab monotherapy or botensilimab 
plus balstilimab showed reduced FOXP3+ intratumoral Tregs 
with corresponding increased CD8+ T cells (Supplementary 
Fig. S14E–S14G). However, in contrast to that previously re-
ported for ipilimumab (52), botensilimab did not impact the 
frequency of peripheral Tregs (Fig. 5I). These findings are 
consistent with αCTLA-4DLE–treated mouse tumor models 
(Fig. 1D, J, and K; Supplementary Fig. S3) and further differ-
entiate the pharmacodynamic effects of botensilimab from 
those of ipilimumab (10).

Notably, the increased CD8+ T cells and reduced intratu-
moral Tregs correlated with significantly increased chemo-
kine gene expression (CXCL9, CXCL10, and CCL5; Fig. 5J) 
and increased IFNG and T-cell inflamed signatures (Fig. 5K)  
associated with αPD-1 (pembrolizumab) response in patients 
with melanoma and head and neck squamous cell carci-
noma (53). In superantigen-stimulation assays using PBMCs 
poorly responsive to αPD-1, we found that botensilimab 

alone strongly potentiated T-cell activation and, more nota-
bly, showed superior combination activity with αPD-1 versus 
IgG1-WT αCTLA-4 (Fig. 5L). Together, these data underscore 
that botensilimab enhances immune cell signatures and fa-
vorably remodels the TME in tumors refractory to conven-
tional immunotherapy.

Botensilimab Efficacy Is Independent of CD16V158F 
and neoantigen Burden

High neoantigen burden (54, 55) and FCGR3A (CD16)-
V158F SNPs (15) are predictive markers of clinical response 
to ipilimumab in patients with advanced melanoma. How-
ever, botensilimab alone or botensilimab plus balstilimab 
was effectively independent of neoantigen burden (Fig. 6A; 
Supplementary Fig. S15A and S15B) or FCGR3AV158F allele 
status (Fig. 6B; Supplementary Fig. S15C and S15D), across 
multiple tumor types, including ICI-refractory tumors. 
These data are consistent with botensilimab engaging both 
the high- and low-affinity FcγRIIIA variants with higher 
affinity and potency versus conventional αCTLA-4 (Fig. 2A 
and B; Supplementary Fig. S8A) and with the murine boten-
silimab surrogate αCTLA-4DLE, promoting antitumor activ-
ity in poorly immunogenic tumor models (Supplementary 
Fig. S6).
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Figure 4.  Clinical response to botensilimab 
monotherapy and combination with balstilimab in 
patients with advanced solid cancers. Waterfall plot 
of maximal percentage change from baseline in sum 
of tumor target lesion diameters for patients treated 
with botensilimab monotherapy or in combination with 
balstilimab (A) who progressed on prior ICI [αPD-(L)1 
and/or αCTLA-4] therapy (n = 53), (B) received prior 
αCTLA-4 therapy [ipilimumab, QL1706 (a mixture  
of αPD-1 IgG4 and αCTLA-4 IgG1; δ) or ALPN-202  
(a dual PD-L1/CTLA-4 blocker and CD28 costimulator; 
ϕ; n = 7], or (C) received no prior ICI therapy (n = 135). 
Only patients treated with 1, 2, 3 mg/kg, or 150 mg of 
botensilimab monotherapy (red bar) or in combination 
with 3 mg/kg or 450 mg balstilimab (blue bar) are 
shown. Tumor reduction was assessed according to  
RECIST 1.1 criteria. Lower dotted line demarcates 
tumor reduction of 30%. * Indicates confirmed re-
sponses as of March 27, 2023.
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Figure 5.  Botensilimab enhances activated T-cell prevalence, reduces intratumoral Tregs, and upregulates genes associated with T cell–inflamed tumors 
in patients with advanced solid cancers. A–g, Pretreatment (pre-tx) and on-treatment (on-tx) blood samples from patients treated with 1 or 2 mg/kg bo-
tensilimab monotherapy. PBMC analyzed by flow cytometry for the (A) frequency of ICOS+ and (B) HLA-DR mean fluorescence intensity (MFI) on CD4+ Teff 
(CXCR3+) and (C) frequency of Ki-67+ CD4 and CD8 effector memory (Tem, CD45RO+CCR7−) T-cell subsets (n = 28; on-tx: 7 days after first dose).  
D, Plasma IFNγ in pre- and on-tx samples (n = 23; on-tx: 24 hours after first dose). Number of (E) expanded vs. contracted and (F) newly expanded vs. lost T-cell 
clonotypes in pre-tx vs. on-tx blood by differential abundance analysis between baseline (pre-tx; cycle 1 day 1) and 3–4 weeks postdose (n = 15; pre-tx: cycle 
1 day 1; on-tx: 3–4 weeks after first dose). P values compare expanded vs. contracted T-cell clonotypes in E and F. g, T-cell clonotype abundance in two repre-
sentative patients treated with 0.1 or 2 mg/kg botensilimab every 3 weeks. CDR3 sequencing of human TCRβ chains performed using immunoSEQ. H, Intratu-
moral cell type enrichment scores calculated using xCell for Tregs, CD4+ non-Tregs, CD8+ T cells, and macrophages as determined from RNA-seq of pre-tx and 
on-tx tumor biopsies from patients treated with 1 or 2 mg/kg botensilimab monotherapy every 3 or 6 weeks ± balstilimab every 2 weeks (n = 26; on-tx: cycle 2 
day 1 for every 6-week cohort, or cycle 3 day 1 for every 3-week cohort). I, Percent peripheral Treg (CD4+, CD127low/−, CD25+) subsets (n = 28; on-tx: 7 days  
after first dose) analyzed by flow cytometry from patients treated with 1 or 2 mg/kg botensilimab monotherapy. J, Intratumoral CXCL9 and CXCL10 and 
CCL5 gene expression and (K) IFNγ and T cell–inflamed gene expression signatures (53) as determined from RNA-seq of pre-tx and on-tx tumor biop-
sies (n = 26). L, IL2 secretion from SEA-stimulated PBMC from FcγRIIIA heterozygote V/F 158 and FcγRIIIA homozygote F/F 158 donors treated with 
botensilimab, parental IgG1, or IgG1DLE isotype, alone ± αPD-1 (balstilimab). Paired data points with group mean (A–D and H–K) or mean ± SEM (L). 
Data analyzed with the two-tailed Wilcoxon matched-paired t test (A–F and H–K) or two-way ANOVA with the Tukey multiple comparisons test (L).
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Figure 6.  Clinical response to botensilimab is independent of neoantigen burden or FcγR polymorphism in patients with advanced solid cancers. Clinical 
benefit by (A) tumor neoantigen burden (TNB) at pretreatment and (B) FCGR3A genotype in patients treated with botensilimab monotherapy (TNB: n = 35; 
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(E) FCGR3A, and (F) FCGR2B gene expression in pretreatment tumor biopsies. g, Intratumoral cell type fractions from pretreatment tumor biopsies by 
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FCgR Expression Predicts Response to Botensilimab
As Fc:FcγR coengagement is critical for αCTLA-4 activity 

(13, 15, 16), we hypothesized that botensilimab efficacy would 
be associated with activating FcγR expression. Notably, pa-
tients with CR or PR to botensilimab monotherapy or plus 
balstilimab had significantly higher FCGR2A and FCGR3A gene 
expression versus patients progressing on therapy, whereas 
FCGR2B gene expression did not predict efficacy (Fig. 6C). 
Higher mean FCGR2A (Fig. 6D) and FCGR3A (Fig. 6E), but 
not FCGR2B (Fig. 6F), gene expression correlated with better 
OS. In contrast, analysis of publicly available datasets (56–58), 
albeit from studies of patients with metastatic melanoma, 
revealed that FCGR2A and FCGR3A gene expression did not 
correlate with OS or response to αPD-1 (nivolumab or pem-
brolizumab) monotherapy (Supplementary Fig. S16A–S16D), 
αCTLA-4 (ipilimumab) monotherapy (Supplementary Fig. 
S16E), or the combination of αPD-1 and αCTLA-4 (Supple-
mentary Fig. S16F and S16G). Collectively, these findings 
align with botensilimab’s enhanced FcγR binding and under-
score the significance of Fc:FcγR coengagement for αCTLA-4 
efficacy, including botensilimab. Moreover, these data imply 
that FCGR2A and FCGR3A could be predictive response bio-
markers to botensilimab, warranting further investigation.

Although higher FCGR2A and FCGR3A expression could 
indicate greater tumor immune infiltration, such as with 
FcγRIIIA+ macrophages/monocytes associated with ipilim-
umab response (15, 16), response to botensilimab as mono-
therapy or in combination with balstilimab was independent 
of higher intratumoral macrophages, monocytes, or myeloid 
DC populations inferred from gene expression analyses  
(Fig. 6G; Supplementary Fig. S17A). However, higher FCGR2A 
(z-score ≥ 0; Supplementary Fig. S17B–S17E) and FCGR3A 
(z-score ≥ 0.5; Supplementary Fig. S17F–S17I) expression 
associated with improved survival, correlated with increased 
myeloid cells in the TME, suggesting that increased FCGR2A 
and FCGR3A gene expression in responders is partially de-
pendent on myeloid cell infiltration. Consistent with their 
expression on myeloid cells, FCGR2A and FCGR3A expres-
sion showed a strong positive correlation (Supplementary  
Fig. S17J). However, neither gene’s expression correlated 
significantly with CD8+ T-cell enrichment scores (Supple-
mentary Fig. S17K and S17L). Furthermore, unlike patients 
treated with conventional αCTLA-4 and/or αPD-1 (50, 59),  
response to botensilimab monotherapy or combination ther-
apy was independent of baseline CD8+ and conventional 
CD4+ T-cell infiltration inferred from gene expression data 
(Fig. 6G; Supplementary Fig. S17A), further distinguishing 
the pharmacologic activity of botensilimab from ipilimumab. 
Moreover, in a much larger patient population, OS was inde-
pendent of PD-L1 positivity (combined positive score cutoff 
of 1; Fig. 6H).

Exploratory transcriptomic profiling of responders to bo-
tensilimab monotherapy or combination therapy showed sig-
nificant enrichment in genes associated with immune-related 
pathways such as WARS, GZMB, PRF1, and LAYN, chemokines 
such as CXCL9, CXCL10, CXCL11, and CCL5, immune signal-
ing pathways such as STAT1, and semaphorins SEMA3A/D 
versus progressors (Fig. 6I). By contrast, genes associated with 
complement, immune proteases, leukocyte differentiation, 

and metabolism were enriched in progressors (Fig. 6I). Fur-
thermore, using Kyoto Encyclopedia of Genes and Genomes 
pathway analyses, immune-related pathways such as T-cell 
receptor and JAK/STAT signaling, chemokine signaling, 
cytokine–cytokine receptor interaction, and those mediated 
by FcγR-expressing cell subsets such as antigen processing and 
presentation, FcγR-mediated phagocytosis, NK cell–mediated 
cytotoxicity, and Toll-like receptor signaling were signifi-
cantly enriched in responders (Fig. 6J), supporting transcrip-
tomic data. Further confirmation in larger randomized trials 
is required.

discussion
Durable long-term survival is a hallmark of successful 

αCTLA-4 therapy. However, despite remarkable efficacy 
in mouse models, patient tumor response rates to conven-
tional αCTLA-4 are relatively low and limited largely to 
immune-inflamed tumors (60). Although mechanisms for 
human αCTLA-4 response remain poorly characterized and 
controversial, recent evidence suggests that FcγR coengage-
ment is a major contributor (13, 15, 21) and could explain 
the modest efficacy of conventional αCTLA-4. Furthermore, a 
recent study highlighted that ipilimumab modifies immune 
gene signatures predicting αPD-1 response in patients with 
advanced melanoma (56). However, given the low conventional 
ICI efficacy in colder tumors like MSS colorectal cancer (61), 
ipilimumab’s ability to favorably remodel the TME may be 
limited to immunologically active tumors like melanoma (56).

Here, we show that αCTLA-4 antibodies engineered for 
enhanced binding to activating FcγRs leverage novel FcγR- 
dependent mechanisms to potentiate T-cell responsiveness, 
reduce intratumoral Treg content, and enhance APC activa-
tion, independent of the FcγR genotype. We observed potent 
efficacy and favorable TME remodeling in distinct mouse 
models versus conventional αCTLA-4 and further demon-
strated that these effects translate to patients treated with 
botensilimab across multiple treatment-refractory cancers in-
cluding those that progressed on prior αPD-(L)1 or αCTLA-4 
therapy (18).

Although efficacy studies in tumor-bearing mouse mod-
els suggested that αCTLA-4 activity was partly dependent 
on Fc-mediated intratumoral Treg depletion (8, 32), those 
studies utilized mouse IgG2a backbones that poorly predict 
human IgG1 performance and might not represent human 
conventional IgG1 αCTLA-4 effects. These findings have in-
creased interest in developing Fc-enhanced αCTLA-4. We used 
the mouse IgG2b Fc backbone as a surrogate for conventional 
IgG1 αCTLA-4 and demonstrated suboptimal tumor control 
versus mouse Fc-enhanced αCTLA-4, αCTLA-4DLE. Notably, 
αCTLA-4DLE, but not WT-IgG2b αCTLA-4, promoted deeper 
responses across multiple tumor models, associated with fa-
vorable TME remodeling, including reduced Tregs, increased 
MPECs, and activated cDC1.

We previously reported that the ability of αCTLA-4 to 
enhance T-cell responsiveness independent of Treg depletion 
depended on APC-expressed FcγRIIIA coengagement (13), 
suggesting that CTLA-4 blockade alone was insufficient 
for optimal T-cell activation. Concordant with the kinetic 
segregation model of TCR signaling (62), we propose that 
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αCTLA-4 with increased FcγRIIIA affinity, for example, bo-
tensilimab, enhances CTLA-4 blockade and T-cell activation 
by improving T-cell:APC immune synapse quality and pro-
longing the dwell time between CTLA-4–expressing T cells 
and FcγR-expressing APCs versus IgG1 αCTLA-4 (13).

In patients with metastatic melanoma, higher FcγRIIIA+ 
macrophage frequency (17) or FCGR3A polymorphisms with 
increased IgG1 binding capacity (15) correlate with improved 
OS in response to ipilimumab. Such data suggested Treg de-
pletion, an unproven mechanism in humans (10). Our data 
demonstrate that conventional IgG1 αCTLA-4 depletes human 
Tregs poorly, even in the presence of high-affinity FcγRIIIA- 
expressing NK cells. In contrast, botensilimab mediates ro-
bust CTLA-4–expressing Treg killing and intratumoral Treg 
reduction in patients. Furthermore, botensilimab, but not 
conventional αCTLA-4, reduced Treg expansion in vitro, 
consistent with reduced TGFβ1 secretion, suggesting that 
Fc-enhanced anti–human CTLA-4 reduces Treg stability, cor-
roborating with observations from mouse models (40). Instead  
of Treg modulation, our data suggest that suboptimal re-
sponses to conventional αCTLA-4 in patients expressing 
low-affinity FcγRIIIA could be attributed to poor T-cell activa-
tion. By comparison, botensilimab promoted robust T-cell ac-
tivation independent of FCGR3A polymorphism, consistent 
with improved high- and low-affinity FcγRIIIA binding, and 
clinical responses independent of FCGR3A status, further dis-
tinguishing it from ipilimumab. Whether neoantigen burden 
predicts botensilimab efficacy requires further study.

Beyond T-cell modulation, myeloid cell FcγR coengage-
ment by αCTLA-4 mouse IgG2a and signaling downstream 
of FcγR activation enhance myeloid activation and antitumor 
immunity in mice (21). We demonstrated that these Fc-depen-
dent mechanisms effectively translate to humans, but only 
with Fc-enhanced, not with conventional αCTLA-4. Notably, 
botensilimab-induced myeloid activation was limited to Fcγ−
RIIIA-expressing myeloid cells. Prior mouse studies demon-
strated that the myeloid compartment effects stemmed from 
direct FcγR coengagement, not Treg depletion, further high-
lighting a Treg-independent mechanism for αCTLA-4 efficacy 
(21). Increased monocyte, B cell, NK cell, and NKT cell prev-
alence, unique to botensilimab versus IgG1-WT αCTLA-4, 
further supports enhanced FcγR engagement in shaping the 
immune response. However, the full functional significance 
remains to be elucidated.

Botensilimab also induced intratumoral gene expression 
of cytotoxic T cell–recruiting cytokines predictive of ICI ef-
ficacy in patients (63). Although major sources of CXCL9 
and CXCL10 are tumor-resident macrophages (63), we did 
not observe any changes in macrophage levels after boten-
silimab treatment, suggesting that the increase may be due to 
FcγRIIIA+ macrophage activation. A retrospective analysis of 
patients with metastatic melanoma treated with αPD-1 plus 
αCTLA-4 revealed a correlation between response and higher 
FcγRIIIA+ macrophage density and elevated CXCL9, CXCL10, 
and CXCL11 gene expression (17). However, the specific 
chemokine source remains undefined. Notably, botensilimab 
also induced expression of IFNG and T-cell inflamed signa-
tures previously described as predictive of αPD-1 response 
(53), further underscoring its ability to remodel the TME to 
be more responsive to PD-1 blockade.

Although predictive biomarkers of human αCTLA-4 re-
sponse are emerging, botensilimab response seems indepen-
dent of known response signatures for ipilimumab alone or 
ipilimumab plus αPD-1, including tumor neoantigen burden 
(55), FCGR3A allele status (15), and intratumoral CD8+ T-cell 
infiltration (59). However, we observed strong correlations 
between intratumoral FCGR2A and FCGR3A gene expression 
and OS, consistent with the importance of FcγR coengage-
ment. Additional studies of FcγRIIA+ and FcγRIIIA+ immune 
cell subsets are required.

This study has some limitations. The transcriptomic cor-
relates are exploratory and lack a control group and robust 
sample size. We could not correlate pharmacodynamic re-
sponses with clinical outcomes because of limited post-
treatment biopsy availability. Validation is needed in larger 
randomized trials to determine if these results represent pre-
dictive versus prognostic biomarkers. Although this study 
highlights novel and clinically relevant activity of boten-
silimab across many tumor types, direct comparison of im-
mune correlates and response biomarkers for conventional 
αCTLA-4 is difficult as these data are largely acquired from 
melanoma cases. A limitation of the clinical data including 
safety and efficacy reported in this article is the inclusion of 
only patients with available biomarker data. This selection in-
troduces a potential bias, resulting in findings that may not 
be generalizable to all patients in the trial. Additionally, con-
firmation of response rates across individual tumor types is 
pending evaluation of the full trial cohort.

In summary, we provide compelling preclinical and clini-
cal evidence that enhancing FcγR engagement is a promising 
strategy to expand the clinical benefit of αCTLA-4 therapy 
and overcome some of the limitations of conventional ICI. 
These findings reveal an actionable pathway to improve treat-
ment outcomes and extend survival to patient populations 
historically unresponsive to conventional ICI.

Methods
Cell Lines

The CT26 colorectal carcinoma and EMT6 mammary carcino-
ma cell lines were obtained from ATCC and maintained in RPMI 
1640 supplemented with 10% heat-inactivated FBS and 1% each 
of penicillin and streptomycin (pen/strep). The MC38 cell line 
(64) was maintained in DMEM supplemented with 10% FBS and 
1% each of pen/strep, L-glutamine, nonessential amino acids,  
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, and sodium 
pyruvate. B16F1.OVA (65) was maintained in RPMI supplement-
ed with 10% FBS and 1% each of pen/strep and L-glutamine. All 
cell lines were kept in an incubator at 37°C and 5% CO2. Chinese 
hamster ovary (CHO) cells genetically engineered to express hu-
man FcγRI, FcγRIIA H/H131, FcγRIIA R/R131, FcγRIIB, FcγRIIIA 
F/F158, or FcγRIIIA V/V 158 and CHO cells expressing recombi-
nant mouse FcγRI, FcγRIIB, FcγRIII, or FcγRIV were obtained from  
Collection de Cultures de Microorganismes, Institut Pasteur (37). 
Jurkat cells engineered to express human FcγRIIA (H/H 131), Fcγ−
RIIA (R/R 131), FcγRIIIA (V/V 158), or FcγRIIIA (F/F 158) with an 
NFAT-dependent firefly luciferase reporter gene were obtained 
from Promega. CHO cells engineered to express human CTLA-4  
(GenScript) were cultured in F12K medium supplemented with 
10% heat-inactivated FBS. Jurkat cells engineered to express human 
CTLA-4 (Jurkat-CTLA-4) at the cell surface were generated by trans-
duction of intracellular domain–truncated CTLA-4 as described (66). 
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Jurkat-CTLA-4 cells were cultured in RPMI 1640 supplemented with 
10% heat-inactivated FBS. All cell lines were kept in an incubator at 
37°C and 5% CO2. All cell lines were routinely tested for the presence 
of Mycoplasma.

Antibodies
Botensilimab (Fc-enhanced fully human anti–CTLA-4; IgG1κ), 

an unmodified IgG1κ variant of botensilimab (parental IgG1), and 
balstilimab (anti–PD-1; IgG4) were discovered using a proprietary 
mammalian display technology, Retrocyte Display (67), and pro-
duced using recombinant DNA technology in a CHO mammalian 
cell expression system. Botensilimab is engineered with amino acid 
substitutions DLE in the Fc region (22). The full sequence of bo-
tensilimab (68) and balstilimab (69) are publicly available. Ipilim-
umab was obtained from Myoderm (now Myonex). Human IgG1κ, 
IgG1DLE, and IgG4 and mouse IgG2bDLE variants of an antibody 
(VRC01) selective for the CD4-binding site of the HIV type 1 en-
velope protein, for which the sequence is also publicly available 
(RRID: AB_2491019), were used as isotype control antibodies. All 
Fc variants were produced in-house. The sequences of the variable 
regions of the heavy and light chains of αCTLA-4 clone 9D9 (RRID: 
AB_10949609) were used to generate surrogate antibodies with the 
constant regions of mouse IgG2a (mIgG2a) and mIgG2b and mu-
tated variants with amino acid substitutions S245D/S336L/I338E 
(mIgG2aDLE and mIgG2bDLE; Fc-enhanced) or N297A (mIgG2aN297A;  
Fc-silent). InVivoPlus grade isotype control (clone MPC-11, mIgG2b) 
and mouse reactive anti–PD-1 (RMP1-14; Rat IgG2a, κ) were ob-
tained from Bio X Cell.

Clinical Trial Design
The C-800-01 study (NCT03860272) is an open-label, phase I, 

multicenter study evaluating the safety, tolerability, PK, and phar-
macodynamic profiles of botensilimab alone or in combination 
with anti–PD-1 (balstilimab) in patients with advanced solid tu-
mors. Patients were enrolled at 14 sites across the United States. 
The study initially followed a 3 + 3 dose-escalation design and 
subsequently expanded to include separate indication and dose 
cohorts. Botensilimab was given every 3 or 6 weeks, starting at a 
dose level 0.1 up to 3 mg/kg, administered intravenously for up to 
2 years, or in combination with balstilimab 3 mg/kg every 2 weeks 
administered intravenously for up to 2 years, or the combination 
of botensilimab 150 mg every 6 weeks with balstilimab 450 mg 
every 3 weeks for up to 2 years. All patients included in the clinical 
trial were subjected to written informed consent and consented 
prior to study enrollment. Select indication cohorts are still open 
for enrollment in the C-800-01 study.

Study Oversight
The C-800-01 study and collection and use of patient tumor and 

blood samples were conducted in compliance with the Declaration 
of Helsinki and International Conference on Harmonization Guide-
lines for Good Clinical Practice and were approved by the institutional 
review board (IRB) at each participating site: The Angeles Clinic and 
Research Institute, a Cedars-Sinai Affiliate; Beth Israel Deaconess Med-
ical Center; City of Hope Comprehensive Cancer Center; Columbia 
University Medical Center; Dana-Farber Cancer Institute; Honor-
Health Research & Innovation Institute; MD Anderson Cancer Cen-
ter; Memorial Sloan Kettering Cancer Center; Providence Portland 
Cancer Center; Saint John’s Cancer Institute; University of Colora-
do; University of Miami Sylvester Comprehensive Cancer Center; 
University of Southern California Norris Comprehensive Cancer 
Center; and The University of Texas Health Science Center at San 
Antonio. All patients provided written informed consent prior to 
study enrollment.

Patient Characteristics
This article includes assessment of blood and tumor samples 

from patients with advanced solid tumors treated with 0.1, 0.3, 1, or 
2 mg/kg botensilimab monotherapy every 3 weeks or every 6 weeks, 
or the combination of botensilimab with 3 mg/kg balstilimab every  
2 weeks, or the combination of 150 mg botensilimab every 6 weeks 
with 450 mg balstilimab every 3 weeks, as part of an ongoing clin-
ical trial sponsored by Agenus Inc (ClinicalTrials.gov Identifier: 
NCT03860272; Supplementary Fig. S11). All patient biospecimens 
were collected and used in compliance with the Agenus Inc C-800-
01 study protocol, the Declaration of Helsinki, and International 
Conference on Harmonization Guidelines for Good Clinical Practice, 
with approval from institutional review boards at all sites and written 
informed consent obtained from all patients. Key inclusion criteria 
include patients ages 18 years or older with measurable disease per 
RECIST 1.1 and an ECOG performance status of 0 or 1 with adequate 
end-organ function. Prior ICI [anti–PD-(L)1 or anti–CTLA-4] was 
permitted. Patients must have had a confirmed diagnosis of meta-
static or a locally advanced solid tumor for which no standard ther-
apy was available or for which standard therapies previously failed. 
Key exclusion criteria include prior immune-related adverse events 
[aside from grade 1 or 2 rash per Common Terminology Criteria for 
Adverse Events (CTCAE) v.5] that required steroids for more than  
7 days, steroids, or other immunosuppression within 1 week of 
starting study treatment and active or prior autoimmune disease 
requiring systemic treatment within 2 years with disease-modifying 
agents or steroids. Prior brain metastases were allowed if treated 
and off steroids for 10 days. Baseline demographics and tumor 
types are shown in Supplementary Table S6.

Clinical Endpoints
For biomarker analyses, clinical benefit was defined as patients 

who had a confirmed CR, PR, or SD for ≥12 weeks per RECIST 1.1. 
Imaging was performed every 6 weeks (±3 days) from the first treat-
ment dose. Safety was assessed by evaluating AEs graded according 
to the NCI CTCAE version 5.0, vital signs (blood pressure, heart rate, 
and temperature); physical examinations; 12-lead electrocardiogram; 
ECOG performance status; and clinical laboratory assessments. 
AEs were coded according to the Medical Dictionary for Regulatory 
Activities. The severity of AEs was graded using NCI CTCAE.

Mouse In Vivo Tumor Studies
C57BL/6 and BALB/C mice were purchased from The Jackson Lab-

oratory. KPC mice were obtained from the NCI Mouse Repository. 
Procedures involving animals were reviewed and approved by the In-
stitutional Animal Care and Use Committee (IACUC) of Agenus Inc 
following the guidance of the Public Health Services (PHS) Policy or 
The Translational Genomics Research Institute and conform to the 
relevant regulatory standards.

For CT26 and MC38 tumor studies, 5 × 104 cells and 1 × 105 cells, 
respectively, were suspended in 100 μL PBS and injected subcutane-
ously in the flank. Following engraftment, mice were randomized and 
treated via intraperitoneal administration with a single dose (10 or 
100 µg) of mouse anti–CTLA-4 (mIgG2b or mIgG2bDLE) or isotype 
control antibodies as indicated, 7 (MC38) or 9 (CT26) days after tu-
mor inoculation. Average tumor volume at the time of treatment was 
63 mm3 (Fig. 1A), 120 mm3 (Fig. 1D–H; Supplementary Fig. S2D), 
125 mm3 (Fig. 1I–L), or 61 mm3 (Supplementary Fig. S2B) for CT26 
and 82 mm3 (Fig. 1B) or 73 mm3 (Supplementary Fig. S3B–S3F)  
for MC38 models. Mice cured of CT26 tumors were rechallenged 
with 1 × 106 CT26 cells tumors in the contralateral flank 180 days 
after initial tumor implantation and compared with concurrent 
tumor growth in CT26-naïve control mice to assess tumor-specific 
immunity. For pharmacodynamic studies in the CT26 and MC38 
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models, the tumor, spleen, and blood were collected posttreatment 
at the time points detailed in the figure legends and processed as pre-
viously described (13). For EMT6 tumor studies, 2 × 105 cells were 
suspended in 50 μL PBS and injected in the fourth mammary fat 
pad with 50% Matrigel. Following engraftment (mean tumor size: 
62 mm3), mice were randomized and treated via intraperitoneal ad-
ministration with three weekly doses of 100 μg mouse anti–CTLA-4 
(mIgG2b or mIgG2bDLE) or isotype control antibodies starting 5 days 
after tumor inoculation. Differences in the proportion of complete 
responders versus nonresponders were assessed using the χ2 test on a 
2 × 2 contingency table.

For pancreatic ductal adenocarcinoma models, murine pancreatic  
tumors were harvested from tumor-bearing KPC (NCI Mouse Re-
pository) mice, minced using surgical scissors into small pieces, sus-
pended in DMEM, mixed with Matrigel, and injected subcutaneously 
into the flanks of C57BL/6 mice. Treatment with chemotherapy was 
initiated when tumors reached ∼100 mm3 and was repeated 4 days 
later. Chemotherapy-treated mice received intraperitoneal adminis-
tration of gemcitabine (70 mg/kg) and cisplatin (4 mg/kg) and in-
travenous administration of nab-paclitaxel (25 mg/kg). Therapeutic 
or isotype antibodies were administered intraperitoneally at 100 μg 
(αCTLA-4DLE) twice a week (treatment days were days 1, 4, 8, 11, 15, 
and 18 with day 1 being the first day of chemotherapy treatment).

For models of subcutaneous melanoma used to evaluate combi-
nation with cancer vaccines, 5 × 104 B16F1.OVA cells, suspended in 
100 μL PBS, were injected subcutaneously in C57BL/6 mice. Three 
days after tumor implantation, mice were vaccinated subcutaneously  
with a recombinant heat shock protein 70-peptide complex com-
prising synthetic long ovalbumin and melanoma-associated antigen 
TRP2 epitopes in QS-21 saponin and cytosine phosphoguanine adju-
vants. Vaccination was administered on days 3, 8, and 13. Mice treated 
with immune checkpoint blockade (ICB) therapy, received intraperi-
toneal administration of Fc-enhanced anti–CTLA-4 (mIgG2bDLE; 50 μg)  
weekly beginning on day 3 for 3 weeks (treatment days: days 3, 8, and 
13) and anti–PD-1 (200 μg) biweekly beginning on day 3 for 2 weeks 
(treatment days: day 3, 6, 10, and 13). Survival was determined based 
on tumor volume (>2,000 mm3 considered death), body weight (>20% 
loss considered death), or due to animal incapacitation or morbidity.

For models involving adoptive cell therapy, 1.5 × 105 B16F1.OVA 
cells, suspended in 100 μL PBS, were injected subcutaneously into the 
flank of CD90.1 C57BL/6 transgenic mice. OT-1–specific transgenic 
CD8+ T cells harvested from OT-1 mice (purchased from The Jackson  
Laboratory) and expanded with IL2 for 5 days were administered 
intravenously 8 days after tumor implantation. Mice treated with 
immune checkpoint blockade therapy received intraperitoneal ad-
ministration of Fc-enhanced anti–CTLA-4 (mIgG2bDLE; 50 μg) weekly 
beginning on day 3 for 3 weeks and anti–PD-1 (200 μg) biweekly be-
ginning on day 3 for 3 weeks.

For graphical considerations, in graphs that show mean tumor 
growth, a value of 2,000 mm3 was given to tumors of mice in which 
tumors exceed 2,000 mm3 (mice are euthanized when tumors reach 
2,000 mm3); a mean is plotted if the group has at least one mouse 
alive. For statistical analysis, all individual values up to the day in 
which all groups have at least one mouse alive, and when showing 
individual values, are included. In all experiments, tumors were mea-
sured twice weekly using Vernier calipers and volumes calculated 
using the formula length × width2 × 0.52 (CT26, MC38, and B16.F1 
models) or length × width2 × 0.5 (EMT6).

Mouse In Vivo SEB Superantigen Studies
C57BL/6 mice were injected once intraperitoneally with 150 μg 

SEB superantigen (Toxin Technologies) and 100 μg mouse anti–
CTLA-4 (mIgG2b or mIgG2bDLE) or corresponding isotype control 
antibodies as previously described (13). Blood was collected 6 days 
posttreatment and analyzed by flow cytometry as described (13, 27). 

All the procedures related to animal handling, care, and treatment in 
this study were performed according to guidelines approved by the 
IACUC of Agenus Inc following the guidance of the PHS Policy.

PK of Mouse Anti–CTLA-4 Antibodies
BALB/C mice were treated intraperitoneally with a dose of 10, 30, 

or 100 µg of anti–CTLA-4 (mIgG2b or mIgG2bDLE) antibodies. Anti-
bodies were administered to groups of four mice per dose cohort per 
collection schedule. Blood was collected by submandibular venous 
puncture in K2EDTA-coated tubes at 5 minutes and 1, 3, 6, 9, 24, 48, 
72, 96, 168 (7 days), 336 (14 days), and 504 hours (21 days) after 
antibody administration to prepare plasma for analysis. All the pro-
cedures related to animal handling, care, and treatment in this study 
were performed according to guidelines approved by the IACUC of 
Agenus Inc following the guidance of the PHS Policy.

Anti–CTLA-4 antibody concentrations were measured using a 
bespoke ELISA. Recombinant mouse CTLA-4-His (2 µg/mL) immo-
bilized on an ELISA plate was incubated with a dose range (5.6 × 
10−7–0.10 µg/mL) of soluble anti–CTLA-4 antibodies. Sample plates 
were washed 5 times and antibody binding detected using a second-
ary peroxidase-conjugated AffiniPure goat anti–mouse IgG (H+L) 
antibody, activated by the addition of tetramethylbenzidine (TMB) 
substrate, and the resulting optical density measured at 450 nm 
using an EnVision Multimode plate reader (PerkinElmer). A non-
compartmental analysis was performed using Phoenix WinNonlin 
64 version 8.3.3.33 (Certara, Inc.).

Binding Kinetics by Surface Plasmon Resonance
Affinity of botensilimab to human CTLA-4 was determined using a 

Biacore T200 instrument (Cytiva) equipped with a CM5 sensor chip. 
Botensilimab was immobilized on the CM5 sensor chip by amine 
coupling chemistry. To collect kinetic binding data, increasing con-
centrations ranging from 0.9 to 30 nmol/L of recombinant human 
CTLA-4 His-tagged (Sino Biological) or Fc-fusion (ACROBiosystems) 
were injected over the flow cells at a flow rate of 30 μL/minute and at 
a temperature of 25°C. The complex was allowed to associate for 180 
seconds and dissociate for 600 seconds. Binding affinities to FcγRs 
were determined using a Biacore T200 or a Biacore 8K+ instrument 
(Cytiva). A CM5 chip was immobilized with an anti-His antibody 
(Invitrogen), and the different His-tagged human FcγRIIB, FcγRIIIA 
F158, and V158 and mouse FcγRIIB and FcγRIV captured on the chip. 
For binding to FcγRIIIA, botensilimab and the parental IgG1 were 
injected over the flow cells at concentrations ranging from 0.9 to 60 
nmol/L. Ipilimumab and tremelimumab were injected over the flow 
cells at concentrations ranging from 0.94 to 60 nmol/L (FcγRIIIA 
V158) and from 7.81 to 8 µmol/L (FcγRIIIA F158). For binding to Fcγ−
RIIB, botensilimab and the parental IgG1 were injected over the flow 
cells at concentrations ranging from 15.6 to 1 µmol/L, ipilimumab at 
concentrations ranging from 7.81 nmol/L to 8 µmol/L, and tremeli-
mumab at concentrations ranging from 120 nmol/L to 8 µmol/L.

For binding to mouse FcγRIV, αCTLA-4 mouse antibodies (mIgG2a, 
mIgG2bDLE, and mIgG2b) were injected at concentrations ranging 
from 1.88 to 60 nmol/L. For binding to mouse FcγRIIB, antibod-
ies were injected at concentrations ranging from 125 nmol/L to  
8 µmol/L. The antibodies were injected at a flow rate of 30 or 50 μL/
minute at a temperature of 25°C. The chip surface was regenerated 
after each cycle with 10 mmol/L glycine pH 2.0. Binding kinetics or 
steady state analyses were carried out using Biacore Insight Evalua-
tion software (Cytiva 4.0.8.20368) or Biacore T200 Evaluation soft-
ware (GE Healthcare version 3.1).

Binding Specificity by ELISA
To demonstrate specificity of botensilimab for CTLA-4, binding to 

CTLA-4 and related CD28 family proteins CD28, ICOS, BTLA, and 
PD-1 was evaluated by ELISA. Recombinant CD28 family member 
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proteins were immobilized to an assay plate overnight at 4°C, blocked 
with StartingBlock Blocking Buffer (Thermo Fisher Scientific) for  
15 minutes, and incubated with a dose range (1.37–1,000 ng/mL) of 
botensilimab or Fc-enhanced isotype control (IgG1DLE) antibody for 
1 hour. Binding was detected using a human IgGκ light chain sec-
ondary antibody linked to horseradish peroxidase (HRP) and visual-
ized with 3,3′,5,5′-TMB substrate. Absorbance data were collected at  
450 nm using an EnVision Multimode plate reader (PerkinElmer).

Cell-Based Ligand Blocking Assay
To assess CTLA-4 ligand binding, CD80-Fc and CD86-Fc proteins 

(R&D Systems) were conjugated to Alexa Fluor 647 (AF647) dye (Invi-
trogen) using the AF647 labeling kit (Life Technologies), as per man-
ufacturer’s instructions. CHO cells, genetically engineered to stably 
express human CTLA-4 at the cell surface (GenScript), were incubated 
with a dose range of botensilimab, an unmodified IgG1 variant of 
botensilimab (parental IgG1), or corresponding isotype control anti-
bodies (human IgG1 and human IgG1DLE) antibodies for 30 minutes 
at 4°C. Cells were washed and subsequently incubated with AF647 
fluorescently labeled CD80-Fc or CD86-Fc proteins for 30 minutes 
at 4°C. Following incubation, CD80-Fc and CD86-Fc binding was ana-
lyzed by flow cytometry. A CTLA-4 ligand blocking bioassay (Promega) 
was used to further characterize the potential of the anti–CTLA-4 
antibodies to block CTLA-4–ligand interactions and promote T-cell 
receptor and CD28 activation independent of FcγR coengagement. 
In this system, a human Jurkat T-cell line engineered to constitutively 
express cell-surface CTLA-4, together with a luciferase reporter gene 
under the control of a native IL2 promoter (IL2-luc) which responds 
to TCR and CD28 activation, was treated with titrated concentra-
tions of botensilimab, parental IgG1, or corresponding isotype con-
trol antibodies (human IgG1 and human IgG1DLE), together with Raji 
B cells that endogenously expressed CD80 and CD86, and a plasma 
membrane–expressed anti–CD3 mAb fragment to trigger TCR acti-
vation. Following a 6-hour incubation, luciferase activity was deter-
mined using a Bio-Glo Luciferase Assay System (Promega).

Fc–FcγR Cellular Binding
To assess mouse Fc–FcγR binding, CHO cell lines genetically en-

gineered to express mouse FcγRI, FcγRIIB, FcγRIII, and FcγRIV were 
incubated with titrated concentrations of mIgG2a, mIgG2aDLE, mIgG2b, 
mIgG2bDLE, and mIgG2bN297A variants of αCTLA-4 (clone 9D9) an-
tibodies for 1 hour at 4°C. Antibody binding was detected using an 
excess of AF647-conjugated F(ab′)2 fragment of goat anti–mouse 
Fab/F(ab′)2 IgGs (Jackson ImmunoResearch) and analyzed by flow 
cytometry. Median fluorescent intensity values were used to visualize 
the binding.

To evaluate human Fc–Fcγ receptor binding, CHO cell lines ge-
netically engineered to express human FcγRI, FcγRII-R/R 131, Fcγ−
RII-H/H 131, FcγRIIB, FcγRIIIA-V/V 158, and FcγRIIIA-F/F158 were 
incubated with titrated concentrations of botensilimab, an IgG1 
variant of botensilimab (parental IgG1), ipilimumab, or an isotype 
IgG1.N297A (aglycosylated) negative control antibody cross-linked 
with an equimolar concentration of anti–light chain F(ab′)2 fragment 
(Jackson ImmunoResearch). Following a 1-hour incubation, binding 
of the antibodies was detected by flow cytometry using a R-PE–
conjugated goat anti–human IgG Fcγ fragment–specific secondary 
antibody (Jackson ImmunoResearch).

FcγR Signaling Assay
CTLA-4–expressing Jurkat cells (Promega) or CTLA-4–expressing 

CHO cells (GenScript) were incubated with increasing concentra-
tions of botensilimab, an unmodified IgG1 variant of botensilimab 
(parental IgG1), or corresponding isotype control (human IgG1  
and human IgG1DLE) antibodies. Effector Jurkat cells engineered 

to express FcγRIIA H/H131, FcγRIIA R/R131, FcγRIIIA F/F158, or 
FcγRIIIA V/V 158 with an NFAT-dependent firefly luciferase reporter 
gene (Promega) were added at an effector-to-target cell ratio of 2.5:1. 
Following a 20-hour incubation at 37°C, NFAT-luciferase activity 
was determined using a Bio-Glo Luciferase Assay System (Promega) 
and an EnVision Multimode plate reader (PerkinElmer).

PK, Toxicity, and Immunogenicity of Botensilimab in 
Cynomolgus Macaques

In a 13-week toxicity study, cynomolgus monkeys (n = 16/sex; 4 dose 
groups) were injected once weekly for up to 13 weeks by intravenous 
injection with 0 (formulation buffer, vehicle), 5, 25, and 75 mg/kg/ 
dose botensilimab and following a 4-week recovery period. Dosing 
levels were based on the results from a 4-week toxicity study, in 
which the indicated no observed adverse effect level was identified as 
30 mg/kg. Animals were approximately 4 to 10 years of age and with 
body weights ranging from 3.6 to 7.4 kg in males and 2.4 to 6.4 kg in 
females at dosing initiation. A complete dosing-phase necropsy was 
conducted on day 92 and a recovery-phase necropsy conducted on 
day 120. Criteria for evaluation included viability (morbidity/mortality), 
clinical observations, body weight, food consumption, ophthalmic 
examinations, safety pharmacology (ECG, blood pressure, heart rate, 
respiration, and neurologic examinations), clinical pathology (hema-
tology, serum chemistry, coagulation, and urinalyses), immunogenicity, 
gross (necropsy) evaluation, organ weight, histopathologic evaluation, 
and toxicokinetic analysis.

Blood samples for hematology, clinical chemistry, and coagulation 
were collected in K2EDTA tubes, plain tubes with separating gel, and 
sodium citrate tubes, respectively. The samples were chilled, mixed 
gently, and centrifuged following blood collections. The resultant 
plasma was frozen immediately over dry ice and stored in a freezer 
set to maintain −80°C. Serum samples were prepared from blood col-
lected at predose and 5 and 15 minutes and 1, 4, 8, 24, 36, 48, 72, 96, 
and 144 hours postdose on study days 1 and 85. The samples were  
analyzed for drug concentrations using a validated immunoassay 
analytic procedure (dynamic range = 30–1,000 ng/mL). A noncom-
partmental model was performed using Certara WinNonlin. A three- 
tiered process was used to detect, confirm, and titer antibodies 
against botensilimab (ADA) using a validated analytic method. 
Serum samples were prepared from blood collected predose on study 
days 1, 29, and 85. The assay method utilized an electrochemilumi-
nescent bridging immunoassay. In brief, samples were diluted 1 to 
50 with acetic acid followed by neutralization by tris base before the 
addition of a mixture of biotinylated- and ruthenylated-AGEN1181. 
A streptavidin-coated plate was used to capture immune complexes 
prior to wash and addition of read buffer. The concentration of bo-
tensilimab for the confirmatory assay was set at 2 µg/mL.

The 13-week toxicity study was performed at WuXi AppTec Co., 
Ltd. in accordance with IACUC guidelines, adhered to the US FDA 
Good Laboratory Practice Regulations 21 CFR 58, animal care welfare 
regulations and guidelines set forth by the Association for Assessment 
and Accreditation of Laboratory Animal Care (AAALAC) Internation-
al, the Guide for the Care and Use of Laboratory Animals of the Na-
tional Research Council (2011), and the People’s Republic of China, 
Ministry of Science and Technology, “Regulations for the Adminis-
tration of Affairs Concerning Experimental Animals” 2017.

Human Subjects and Samples
Human whole blood was obtained from healthy, consenting, and 

anonymized adult volunteers through Research Blood Components, 
LLC and PBMC isolated by density centrifugation using Ficoll-Paque 
Plus (Thermo Fisher Scientific). All blood collection followed Amer-
ican Association of Blood Banks guidelines and was approved by the 
New England Independent Review Board (120160613). Blood samples 
from patients with cancer were obtained after they provided consent 
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on IRB-approved protocols. Pre- and posttreatment blood samples 
from patients with advanced solid cancer (n = 37) treated with 0.1, 
0.3, 1, or 2 mg/kg botensilimab monotherapy every 3 weeks or every 
6 weeks (NCT03860272) were obtained by venipuncture. All patients 
provided written informed consent. Blood samples were subjected 
to PBMC isolation using a lymphoprep density gradient centrifuga-
tion in SepMate tubes and cells cryopreserved until sample testing. 
On-treatment PBMCs were collected 7 days after treatment.

Pretreatment and on-treatment plasma was prepared from blood 
collected from patients with advanced solid cancer (n = 32) treated 
with 0.1, 0.3, 1, or 2 mg/kg botensilimab monotherapy every 3 weeks 
or every 6 weeks. All patients provided written informed consent. 
Blood for plasma was collected in NaHep collection tube and pro-
cessed immediately at the clinical sites. On-treatment plasma was 
collected 24 hours after treatment. Plasma aliquots were stored at 
−80°C until testing. IFNγ cytokine levels in plasma were tested us-
ing the Meso Scale Discovery V-PLEX Plus Proinflammatory Panel 1 
electrochemiluminescence assay (K15049G) performed by Precision 
for Medicine.

FcγR Genotyping
For nonclinical assays, genomic DNA was extracted from human 

PBMC samples using the QIAamp DNA blood mini kit (Qiagen) and 
the concentrations measured using the NanoDrop ND-1000 spectro-
photometer (Thermo Fisher Scientific). FCGR2A and FCGR3A poly-
morphisms were identified by PCR, using custom-designed primers 
for FCGR2A (forward primer: CCCTTGGAATCTATCCTTACA; re-
verse primer: GACTACCTATTACCTGGGA) and FCGR3A (forward 
primer: GTTCAAGGAGGAAGACCC; reverse primer: CTTGAGT-
GATGGTGATGTTCA). The PCR products were checked by electro-
phoresis using a 1.5% agarose gel containing 0.5 μg/μL ethidium 
bromide (Sigma-Aldrich) and FcγR genotyping confirmed by Sanger 
sequencing of PCR products using standard approaches. Sequence 
traces were assembled and analyzed to identify genomic alterations 
using the Benchling software package (Benchling).

For clinical samples, genomic DNA was isolated from blood us-
ing QIAamp DNA Midi Kit (including proteinase K, RNase, and lysis 
steps) and subjected to TaqMan genotyping. A measure of 25 ng of 
genomic DNA was amplified using a ProFlex PCR System with two 
TaqMan genotyping assays designed by Q2S|EA Genomics to detect 
SNPs rs1801274 (FCGR2A) and rs396991 (FCGR3A). All patients 
provided written informed consent. Data acquisition and initial 
calls were performed using the ViiA 7 or QuantStudio instrument 
(Thermo Fisher Scientific). Each run included control samples with 
known genotypes representing all three genotypes (AA, AB, and BB) 
for the SNPs of interest and a no template control (NTC) lacking the 
DNA template. Cluster plots were visually examined to ensure that 
the results for control samples within each plate clustered as expect-
ed and that test sample genotype results were segregated into clearly 
defined clusters. Clinical specimens (and control samples) were run 
in technical duplicates. For FCGR3A, if either or both PCR replicates 
had an undetermined or discordant result, the genotype was tested 
using PCR amplification and Sanger sequencing using FCGR3A- 
specific primers designed by Q2S|EA Genomics. Blood samples from 
patients with cancer were obtained after they provided consent on 
IRB-approved protocols.

Primary T Cell and APC Coculture Stimulation Assays
Human PBMCs, isolated from healthy donor whole blood, were 

cultured at 1 × 105 cells/well in 96-well round bottom tissue culture 
plates (Corning). Cells were stimulated with 10 ng/mL of superanti-
gen SEA peptide (Toxin Technology, Inc.) and treated with titrated 
or fixed concentrations of soluble botensilimab, an IgG1 variant of 
botensilimab (parental IgG1), or isotype control (IgG1DLE) antibodies 
alone or in combination with a fixed dose of anti–PD-1 (balstilimab) 

or an IgG4 isotype control antibody. After 4 days, IL2, IL10, soluble 
CD25, and TGFβ1 levels in culture supernatants were analyzed us-
ing a bead-based luminescent amplification assay (AlphaLISA, Perki-
nElmer) or Luminex bead array (R&D Systems). The frequencies of 
Tregs and non-Tregs were assessed longitudinally at 12, 24, 48, 72, 
and 96 hours by flow cytometry from cultures treated with 10 ng/mL 
of SEA peptide and 5 µg/mL of the indicated antibodies. To evaluate 
the potential for Treg depletion in SEA-stimulated cultures, antibod-
ies were added 96 hours post-SEA stimulation, and Treg frequencies 
were assessed 24 hours later. Tregs were defined as viable CD45+ CD3+ 
CD4+ CD25+ FOXP3+ cells, whereas non-Tregs were defined as viable 
CD45+ CD3+ CD4+ CD25− cells. The frequencies of CD16− and CD16+ 
NK cells (CD3− CD56+), B cells (CD3−, CD19+), NKT cells (CD3+ 
CD56+), DC (CD3− CD19− CD14− CD11c+ HLA-DR+), and monocytes 
(CD3− CD19− CD14+ HLA-DR+) from five SEA-stimulated, FcγRIIIA 
V/F 158 healthy donors at 96 hours were assessed by flow cytome-
try. Expression of CD40, HLA-DR, and CD86 was assessed on CD16+ 
CD11c+ and CD16− CD11c+ myeloid cells by flow cytometry.

Treg Depletion Assay
Tregs (CD4+ CD127low CD25+) and non-Tregs (CD4+ CD25−) were 

isolated from human healthy donor PBMCs using the EasySep Hu-
man CD4+ CD127low CD25+ Regulatory T Cell Isolation Kit as per 
the manufacturer’s protocol (STEMCELL Technologies). T-cell iden-
tity was confirmed with FOXP3 expression and FOXP3 epigenetic 
methylation pattern. Tregs were expanded for 11 days in X-VIVO 15 
Media supplemented with 5% human AB serum (Gemini), 100 ng/mL 
rapamycin (Sigma), ImmunoCult Human CD3/CD28 T Cell Activa-
tor (STEMCELL Technologies), and 100 ng/mL human IL2 (R&D 
Systems). CD4+ non-Tregs were expanded for 11 days in X-VIVO 15 
Media supplemented with 20 ng/mL human IL2 and human CD3/
CD28 (ImmunoCult). T cells were stained with CellTrace Far Red  
and CellEvent Caspase-3/7 Green kits as per the manufacturer’s pro-
tocol (Thermo Fisher Scientific) and cocultured with NK-92 cells 
engineered to express FcγRIIIA (34) at an effector cell:target cell 
ratio of 1:1.3, with 10,000 T cells and 13,000 NK-92 cells per well. Cells 
were treated with 10 µg/mL of botensilimab, an IgG1 variant of bo-
tensilimab (parental IgG1), Fc-engineered isotype control antibody 
(IgG1DLE), or IgG1 isotype control antibodies for 16 hours at 37°C 
in 5% CO2. Antibody-dependent cellular cytotoxicity of T cells was 
captured using a high-content confocal microscope (ImageXpress 
Micro, Molecular Devices). Images were taken every 30 minutes for 
16 hours, analyzed using MetaXpress image analysis software (Mo-
lecular Devices).

C1q Binding
C1q binding to botensilimab and an IgG1 variant of botensilimab 

(parental IgG1) was determined using ELISA. Plates were coated with 
increasing concentrations of the indicated anti–CTLA-4 antibod-
ies followed by the complement component C1q (2 μg/mL). Bound 
C1q to the antibodies was detected using a biotinylated anti-C1q 
antibody, streptavidin–HRP, and the chromogen 3,3′,5,5′-TMB, and 
absorbance at 450 nm measured using an EnVision Multimode plate 
reader (PerkinElmer).

Complement-Dependent Cytotoxicity Assay
Jurkat-CTLA-4 cells were incubated with 20% normal human se-

rum derived from three healthy donors, as a source of complement, 
and 10 μg/mL of botensilimab, an IgG1 variant of botensilimab  
(parental IgG1), or no antibody (PBS buffer) for 4 hours at 37°C and 
5% CO2. As a positive control for confirming active complement, Raji 
cells endogenously expressing CD20 were incubated with normal hu-
man serum and 10 μg/mL of anti-CD20 antibody Rituxan. Cell viabil-
ity was assessed postincubation by staining with 7-amino-actinomycin 
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viability dye. Following a 10-minute incubation at 4°C, cell viability 
was assessed by flow cytometry to measure antibody-mediated com-
plement-dependent cytotoxicity activity.

Whole-Exome Sequencing and Bulk RNA-seq
Genomic DNA and RNA from formalin-fixed, paraffin-embed-

ded, tumor-containing tissue sections and matched blood samples 
were isolated and subjected to whole-exome paired-end sequencing 
and RNA-seq using the Personalis ImmunoID NeXT platform. All 
patients provided written informed consent. DNA/RNA extraction, 
library preparation, NovaSeq sequencing and data analysis were per-
formed at Personalis, demonstrating accuracy and precision of their 
experimental protocols, with a sensitivity of 99% for single-nucleotide 
variants (3% false-positive rate) and 94% for indels (3% false-positive 
rate). The coverage was 150× for germline control blood samples 
and 300× for tumor samples. Somatic variants were called from the  
exome reads and the reference human genome using hs37d5 and 
Burrows–Wheeler Aligner and STAR alignment tools, and variants 
were called using MuTect, Verdict, and FusionCatcher. Neoantigen 
burden was defined as peptides/Mb that originate from tumor-specific 
nonsynonymous somatic variants (single-nucleotide variants and 
indels) with predicted HLA binding affinity <500 nmol/L (based on 
NetMHCpan prediction). FCGR2A, FCGR2B, and FCGR3A gene ex-
pression was assessed from pretreatment biopsies by RNA-seq from 
patients with advanced solid cancers treated with 1, 2, or 3 mg/kg 
botensilimab monotherapy (n = 12) or in combination with bals-
tilimab (n = 38). Survival analysis was performed using Kaplan–Meier  
estimate with the clinical data cutoff on March 27, 2023. OS was cen-
sored at the last contact date unless a death was reported for a patient 
prior to the data cutoff date. The log-rank test was used to compare 
OS between groups with high (z-score > 0) and low (z-score ≤ 0) 
FCGR2A, FCGR2B, and FCGR3A gene expression. HR with associated 
two-sided CI was calculated using a Cox proportional hazards regres-
sion model, with a level of gene expression as a single covariate. IFNγ 
gene signature (53), T cell–inflamed gene signature (53), and CXCL9 
and CXCL10, and CCL5 gene expression by RNA-seq were assessed 
from paired pretreatment and on-treatment tumor biopsies from  
patients with advanced solid cancers and treated intravenously with 
0.3, 1, or 2 mg/kg botensilimab every 3 weeks or every 6 weeks in com-
bination with 3 mg/kg balstilimab every 2 weeks. On-treatment biop-
sies were taken on cycle 2 day 1 for the every 6 weeks cohort or cycle 
3 day 1 for the every 3 weeks cohort. A mean z-score was calculated 
from log2-scaled transcripts per million expression counts. To predict 
cell types from bulk RNA-seq expression data, cell-type enrichment 
analysis by xCell was performed as previously described (70). An R 
package for running xCell is available as an open-source code in a  
GitHub repository (https://github.com/dviraran/xCell). The RNA-seq 
expression counts (transcripts per million) were supplied to the model 
as a gene by sample matrix and the resulting predictions compared 
across pretreatment and on-treatment sample time points. For differ-
ential gene expression analysis, genes with <10 counts in >90% samples 
were filtered out. DESeq2 in R compared 13 responders (CR + PR) with 
29 nonresponders (PD) with normal log2FC shrinkage. Gene set en-
richment analysis employed the R library “fgsea” using C2-CP:KEGG 
signatures from the Broad Institute’s MSigDB. Signatures were cu-
rated postenrichment to eliminate duplicates and highlight statisti-
cally significant pathways (immune related) that were relevant to 
this study. The Benjamini–Hochberg method was used to adjust P 
values for both differential gene expression and gene set enrichment 
analysis. Tumor and blood samples from patients with cancer were 
obtained after they provided consent on IRB-approved protocols.

Additionally, we analyzed four published melanoma datasets in 
which pretreatment biopsy samples were subjected to RNA-seq to in-
vestigate the relationship between FCGR gene expression and response 
to ICI therapy. The datasets included Gide and colleagues (BioProject 

accession number PRJEB23709), Hugo and colleagues (BioProject 
accession number PRJNA312948), CheckMate 067 (BioProject ac-
cession number PRJNA923698), and CheckMate 064 (BioProject 
accession number PRJNA92369) cohorts. Raw data were processed 
with the nf-core rnaseq pipeline (doi: 10.5281/zenodo.1400710) 
using default parameters (71). In these studies, patients with meta-
static melanoma were treated with αPD-1 therapy (pembrolizumab 
or nivolumab), αCTLA-4 therapy (ipilimumab), or the combination 
αPD-1 and αCTLA-4 therapies. Responders were defined as patients 
with a RECIST response of CR, PR, or SD of greater than 6 months 
with no progression and nonresponders as progressive disease or SD 
for less than or equal to 6 months before disease progression.

TCR Sequencing
TCR repertoire analysis on blood and tumor samples from CT26 

tumor–bearing Balb/C mice treated intraperitoneally with 100 μg of 
Fc-enhanced anti–CTLA-4 (Clone 9D9, mIgG2bDLE), anti–CTLA-4 
(Clone 9D9, IgG2b), or isotype control (clone MPC-11, mIgG2b) was 
performed by Adaptive Biotechnologies. This study was performed 
according to guidelines approved by the IACUC of Agenus Inc follow-
ing the guidance of the PHS Policy. Briefly, when tumors reached an  
average volume of 130 mm3 (10 days postimplantation), mice were 
treated with the indicated antibodies 3 times a week for 1 week. 
Blood (100 μL) was collected prior to the first antibody treatment in 
a standard EDTA tube, frozen, and stored at −80°C. All animals were 
euthanized 11 days after first dose, and tumor and blood collected. 
Pretreatment blood and posttreatment blood and tumor samples were 
submitted for sequencing of the CDR3 regions of mouse TCRβ chains 
(immunoSEQ mouse TCRβ assay) by Adaptive Biotechnologies.

For TCR sequencing of clinical samples, genomic DNA from blood 
PBMCs was isolated from patients treated with 0.1, 1, or 2 mg/kg bo-
tensilimab every 3 weeks or every 6 weeks pretreatment (cycle 1 day 1)  
and 3 to 4 weeks postdose. All patients provided written informed 
consent. Blood samples from patients with cancer were obtained after 
they provided consent on IRB-approved protocols. Samples were sub-
jected to high-throughput sequencing of the CDR3 variable chain of 
the TCR gene using the multiplex PCR-based Adaptive immunoSEQ 
platform and Adaptive immunoSEQ analysis pipeline. Downstream 
TCR sequencing analyses were performed using the identified pro-
ductive TCRβ CDR3 amino acid sequence (referred to as “clonotype”) 
and included a number of unique clonotypes, their counts, and fre-
quencies, Simpson clonality index, and differential abundance of 
T-cell clones between pre and posttreatment blood.

When indicated, samples were downsampled to allow for comparison. 
Differential abundance analysis was performed using an exact binomi-
al test, and abundance (clonotype frequency) change was considered 
significant (expanded or contracted clonotype) if P value adjusted by 
the Benjamini–Hochberg method was lower or equal to 0.01. Only 
clones with a count >5 was included in this analysis. When determin-
ing the number of tumor-associated T-cell clonotypes that expanded 
peripherally in CT26 tumor–bearing mice, only TCRs that expanded 
in blood and were present in tumors posttreatment were included. 
Lastly, a previously published TCR CDR3β signature of AH1-specific  
T-cell clones was used to determine the frequency of AH1-specific  
(tumor-specific) clones in pre- and posttreatment blood samples (72).

Flow Cytometry
A detailed list of the flow cytometry antibodies used can be found 

in Supplementary Table S10. Cell surface and intracellular (FOXP3) 
flow cytometry analyses of both mouse and human samples were 
performed as previously described (13). Briefly, cells were stained with 
the indicated mAbs in flow buffer (PBS-BSA 0.5%, for all cell surface 
antigens) or permeabilization buffer (eBioscience FoxP3/Transcription  
Factor Staining Buffer Set for all intracellular antigens) for a mini-
mum of 45 minutes on ice. The gating strategy used for tumor-bearing  
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mouse studies is as follows: for the assessment of CD40 on CD103+ 
and XCR+ cDC1 cells, cDC1 cells were defined as viable CD45+ CD3− 
Nkp46− CD19− Ly6C− MHC-II+ CD11c+ cells; Tregs were defined as via-
ble CD45+ CD19− F4/80− CD11b− Ly-6G− CD4+ CD8− CD25+ FOXP3+ 
cells; CD8 Teff cells were defined as viable CD45+ CD19− F4/80− 
CD11b− Ly-6G− CD4− CD8+ CD62L− PD-1− cells; and CD8 MPECs 
were defined as viable CD45+ CD19− F4/80− CD11b− Ly-6G− CD4− 
CD8+ CD62L− PD-1− Slamf7+ CX3CR1− cells. The gating strategy 
used for SEB-reactive CD8 T-cell subsets in mouse studies is as 
follows: CD8 T cells were defined as viable CD8+ Vβ8+ cells; Teff 
cells were defined as viable CD8+ Vβ8+ CD44+ CD62L−; and MPECs 
were defined as viable CD8+ Vβ8+ CD44+ CD62L− PD-1− Slamf7+ 
CX3CR1− cells. Nonspecific T-cell subsets were defined as viable 
cells expressing CD8 and Vβ2 markers.

All cytometric analysis was conducted on a BD Symphony instru-
ment (BD Biosciences) or LSRFortessa instrument (BD Biosciences). 
Flow cytometry data were analyzed using FlowJo v.10.8.2 software 
(Tree Star LLC) with plug-ins for T-distributed stochastic neighbor 
embedding. For SEA-stimulated human PBMC assays, t-distributed 
stochastic neighbor embedding analysis was performed in 1,008,000 
live CD45+ cells using equal sampling cell numbers among trip-
licate samples from seven SEA-stimulated healthy donors treated 
with 10 μg/mL of botensilimab, parental IgG1, or isotype control 
(IgG1DLE) antibodies for 4 days, with 3,000 iterations, a perplexity 
of 30, and learning rate (eta) of 70560 (73). The gating strategy used 
for T-cell subsets from SEA-stimulated PBMC cultures is summa-
rized in Supplementary Fig. S9F. CD8 T cells were defined as viable 
CD45+ CD3+ CD8+ cells. Tregs were defined as viable CD45+ CD3+ 
CD4+ CD25+ FOXP3+ cells, whereas non-Tregs were defined as viable 
CD45+ CD3+ CD4+ CD25− FoxP3− cells. NK cells were defined as via-
ble CD45+ CD3− CD19− CD14− CD56+ cells.

For clinical samples from patients treated with botensilimab 
monotherapy, PBMCs were thawed, stained with Zombie Yellow 
Fixable Viability Dye (BioLegend) for 20 minutes at 4°C, and subse-
quently preincubated for 10 minutes at 4°C with 1% human serum 
(Sigma-Aldrich) to block Fc receptors. Cells were then incubated for 
25 minutes at 4°C with 20 µg/mL of balstilimab (anti–PD-1, Agenus 
Inc) antibody, washed, and incubated for 25 minutes at 4°C with 
10 µg/mL of biotin α-IgG4 antibody (Life Technologies). A second 
step of Fc receptor blocking was performed for 10 minutes at 4°C 
and cells stained for 20 minutes at 4°C with a combination of ap-
propriately titrated antibodies directed against CD3 (UCHT1, Bio-
Legend), CD4 (RPA-T4, BioLegend), CD45RO (UCHL1, BioLegend), 
CCR7 (G043H7, BioLegend), CXCR3 (G025H7, BioLegend), CXCR5 
(J252D4, BioLegend), HLA-DR (L243, BioLegend), CD8 (RPA-T8, BD 
Bioscience), ICOS (DX29, BD Bioscience), Ki-67 (Clone B56, BD Bio-
sciences), and streptavidin (BioLegend). Subsequently, the cells were 
fixed and acquired on a BD LSRFortessa cytometer (BD Biosciences) 
at Precision For Medicine. All patients provided written informed 
consent. Data were analyzed using FlowJo v.10.8.2 software (Tree 
Star LLC). For gating, T cells were defined as single viable CD3+ lym-
phocytes. CD4 and CD8 T cells were defined as CD4+ CD8− T cells 
and CD4− CD8+ T cells, respectively. For the CD4 T-cell subset, naïve, 
central memory, effector memory, and terminally differentiated ef-
fector memory CD4+ T cells were defined as CCR7+ CD45RO−, CCR7+ 
CD45RO+, CCR7− CD45RO+, and CCR7− CD45RO− cells. Tregs were 
defined as CD127low/− CD25+. The gating strategy is summarized in 
Supplementary Fig. S12.

IHC and Immunofluorescent Staining
CD8, FOXP3, and CD68 chromogenic triplex IHC staining was 

performed on 4-μm formalin-fixed, paraffin-embedded tissue sec-
tions on pretreatment and on-treatment biopsies from patients 
with advanced solid cancer and treated with 2 mg/kg botensilimab 
every 3 weeks monotherapy (n = 5 patients), 1 mg/kg botensilimab 

every 6 weeks in combination with 3 mg/kg balstilimab every 2 weeks 
(n = 3), or 2 mg/kg botensilimab every 6 weeks in combination with  
3 mg/kg balstilimab every 2 weeks (n = 5) using Ventana Discovery 
Ultra Autostainer (Roche Diagnostics) according to the manufac-
turer’s instructions. All patients provided written informed con-
sent. On-treatment biopsies were taken on cycle 2 day 1 for the every  
6 weeks cohort or cycle 3 day 1 for the every 3 weeks cohort. Briefly, 
slides were baked for 1 hour at 60°C and deparaffinized followed by 
heat-induced epitope retrieval in Ventana Ultra Cell Conditioning 
Solution 1 (pH 8.0; Cat. # 950-224) at 90°C for 64 minutes. The slides 
were stained with primary antibodies listed in Supplementary Table 
S10 in the following sequence: CD68 (ready to use) → CD8 (ready 
to use) → FoxP3 (working concentration 1.5 μg/mL). OmniMap  
anti-Ms HRP (Roche/Ventana) and OmniMap anti-Rb HRP (Roche/
Ventana) multimer secondary reagents or DISCOVERY anti-Rb 
(Roche/Ventana) and DISCOVERY anti-NP (Roche/Ventana) hapten 
secondary reagents were used together with DISCOVERY Chromo-
gen kits (Roche/Ventana) for the detection of primary antibodies. 
Heat denaturation (100°C, 8 minutes) in ULTRA CC2 buffer (Roche/
Ventana) was performed prior to CD8 and FOXP3 staining to remove 
antibodies deposited in the previous cycles. Hematoxylin (Roche/
Ventana) and bluing reagent (Roche/Ventana) were used for coun-
terstaining. Stained slides were scanned using an Aperio AT Turbo 
brightfield scanner and reviewed by a certified pathologist. Quanti-
tative image analysis was performed using Halo (v3.6.4134.166) plat-
form with a DenseNet (v2) algorithm. Areas identified as necrotic 
and irrelevant to the tumor, alongside regions affected by staining 
artifacts, and tissue folds were excluded from the analysis. Hematox-
ylin and eosin (H&E)–stained slides from serial sections were used to 
improve tissue annotation.

PD-L1 protein expression was evaluated in pretreatment biopsy 
specimens from patients with advanced colorectal cancer (n = 87), 
ovarian cancer (n = 19), and sarcoma (n = 23), using PD-L1 IHC 28-8 
pharmDx qualitative IHC assay (Dako/Agilent, Cat. # SK005) accord-
ing to the manufacturer’s instructions. All patients provided written 
informed consent. H&E staining was performed prior to the PD-L1 
detection, and tumor presence was examined by a certified patholo-
gist. Tissue samples with <100 tumor cells per slide were considered 
nonevaluable. PD-L1 expression in all evaluable samples was assessed 
by tumor proportion score, combined proportional score (CPS), and 
%PD-L1+ immune cell scoring. Tumor nonrelevant areas (normal and 
necrotic tissues) and tissue and staining artefacts were excluded from 
the analysis. Tumor proportion score was calculated as a number of 
PD-L1+ tumor cells of total tumor cells. %PD-L1+ immune cell was 
calculated as the percentage of PD-L1+ immune cells of total immune 
cells. CPS score was calculated using the following formula:

100

1

CPS

Number of PDL postive tumor cells, lymphocytes and macrophages

Total number of viable tumor cells

=

 
∗  
 

Mouse tumors were embedded in FSC 22 Frozen Section Media 
(Leica Biosystems) and freshly frozen on dry ice/ethanol slurry. The 
embedded tumors were sectioned at 10 μm and transferred either on 
the superfrost glass slides (Thermo Fisher Scientific) for the histology 
and eosin staining or glass coverslips (22 × 22 mm, Electron Micros-
copy) for the PhenoCycler multiplex staining using the Leica CM3050 
S cryostat (Leica Biosystems). Coverslips were handled using Dumont 
coverslip forceps (Fine Science Tools) throughout the staining pro-
cess. Mouse tumors were obtained from studies performed according 
to guidelines approved by the IACUC of Agenus Inc following the 
guidance of the PHS Policy.

Multiplex immunofluorescence was performed as previously de-
scribed using the Akoya Biosciences CODEX platform (74). Briefly, 
10-μm fresh frozen tissue sections were thawed at room temperature 
for 15 minutes and fixed with acetone for 10 minutes followed by  
3× washing with hydration buffer. The sections were further fixed 
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for another 10 minutes using 1.6% paraformaldehyde followed by  
3× washing in the hydration buffer. Sections were then equilibrated 
in the staining buffer for 30 minutes. The coverslip was then stained 
with an antibody cocktail of the antibodies (CD3, CD4, and CD8; 
Supplementary Table S11) to a volume of 200 μL at 1:200 dilution 
overnight at 4°C in a sealed humidity chamber. After multiple washes 
with staining buffer, fixation steps were performed using 1.6% para-
formaldehyde, 100% methanol, and fixation kit provided by Akoya 
Biosciences followed by 3× PBS washing. Then, the coverslip was trans-
ferred to the storage buffer. The reporter plate was designed using the 
fluorescent dyes which were also conjugated with the complimentary 
barcodes to match with the barcodes in the primary antibodies. Im-
aging was performed using a Keyence BZ-X800 inverted fluorescence 
microscope equipped with a 20× Plan Apo λ NA 0.75 objective (Nikon), 
an Akoya CODEX microfluidics instrument, and CODEX instrument 
manager v1.29.3.6 (Akoya Biosciences). Light exposure times and the 
arrangement of cycles are outlined in Supplementary Table S11. At the 
conclusion of the CODEX multicycle reaction, images were processed 
using CODEX Processor v1.7.0.6. H&E staining was performed on the 
corresponding serial sections, and images were acquired in brightfield 
mode using a Keyence BZ-X800 microscope. H&E staining slides were 
reviewed by a board-certified pathologist (Julie Feldstein, MD) to 
confirm the tumor content and any other pathologic changes.

Statistics
Statistical analyses were done using Prism 10.0 (GraphPad Software) 

and P values calculated using one-way ANOVA, two-way ANOVA, a 
Students t test, Mann–Whitney test, or Fishers exact test where indi-
cated. For the purpose of multiple comparison adjustment, P values 
were adjusted based on the underlying statistical test as indicated in 
the figure legends and text elsewhere. Briefly, for mixed-effects model 
and two-way ANOVAs, the Tukey or Šídák multiple comparisons test 
was used. For one-way ANOVAs, the Tukey multiple comparisons or 
Kruskal–Wallis test with Dunn or Benjamini, Krieger, and Yekutieli 
correction was used. For pairwise comparisons of two groups, a Stu-
dents’ t, Mann–Whitney, or Wilcoxon test was used. Survival analysis 
was done using Kaplan–Meier estimate with the clinical data cutoff 
of March 27, 2023. OS was censored at the last contact date unless 
a death was reported for a patient prior to the data cutoff date. The  
log-rank test was used to compare OS between groups with high 
(z-score > 0) and low (z-score ≤ 0) FCGR2A, FCGR2B, and FCGR3A 
gene expression and PD-L1 positivity by IHC using a CPS cutoff of 1. 
HRs with associated two-sided CIs were calculated using a Cox pro-
portional hazards regression model, with a level of gene expression as 
a single covariate. All P values were two-sided with a level of signifi-
cance set at P < 0.05. Comparisons of the proportion of patients were 
assessed in a 2 × 2 contingency table and using a Fisher exact test.

For clinical outcomes from the C-800-01 study (NCT03860272), 
data were evaluated as observed and presented, with no imputation 
method for missing values unless otherwise specified. Descriptive sta-
tistics were used in general to summarize trial results, including means, 
medians, ranges, and measures of variability. Qualitative variables were 
summarized by counts and percentages. The objective response rate 
(ORR) per investigator assessment was evaluated over the entire trial 
period according to RECIST 1.1. For a best overall response of a PR or 
CR, confirmation of the response was required. DCR was defined as a 
best response of a confirmed CR or PR or SD ≥6, 12, or 24 weeks.

Data Availability
RNA-seq data from patient tumor samples has been deposited to 

the Database of Genotypes and Phenotypes, under accession number 
phs003704.v1.p1. Deidentified individual participant clinical data, 
whole-exome sequencing data, and bulk RNA-seq data that under-
lie the results reported in this article are available for transfer upon 
request for academic use and within the limitations of the provided 

informed consent. Interested investigators can obtain and certify the 
data transfer agreement and submit requests to the principal investi-
gator (D. Chand). Investigators who consent to the terms of the data 
transfer agreement, including, but not limited to, the use of these 
data only for research purposes, and to protect the confidentiality of 
the data and limit the possibility of identification of participants in 
any way whatsoever for the duration of the agreement, will be granted 
access. The raw DNA TCR sequence data have been deposited into  
the immuneACCESS project repository of the Adaptive Biotechnolo-
gies database (https://clients.adaptivebiotech.com/pub/delepine-
2023-nm). The remaining data presented in the article are available 
within the article, Supplementary Information, and data files. No 
custom code has been used to produce data for this article.
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