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Long-standing goals of cancer immunotherapy are to activate cytotoxic antitumor T cells across a range of affini-
ties for tumor antigens while suppressing regulatory T cells. Computational protein design has enabled the pre-
cise tailoring of proteins to meet specific needs. Here, we report a de novo designed IL-21 mimic, 21h10, with high 
stability and signaling potency in humans and mice. In murine and ex vivo human organotypic tumor models, 
21h10 showed robust antitumor activity, with more prolonged signaling and stronger antitumor activity than na-
tive IL-21. 21h10 induced pancreatitis that could be mitigated by TNF blockade without compromising antitumor 
efficacy. Although antidrug antibodies to 21h10 formed, they were not neutralizing. 21h10 induced highly cyto-
toxic T cells with a range of affinities, robustly expanding intratumoral low-affinity cytotoxic T cells and driving 
high expression of IFN-γ and granzyme B compared with native IL-21, while increasing the frequency of IFN-γ+ 
T helper 1 cells and reducing regulatory T cells. The full human-mouse cross-reactivity, high stability and potency, 
and low-affinity antitumor responses support the translational potential of 21h10.

INTRODUCTION
Interleukin-21 (IL-21) plays a key role in the differentiation of effec-
tor T cells (1–4), T follicular helper (TFH) cells (5), B cells (6, 7), 
natural killer (NK) cells (3), macrophages (8), and dendritic cells 
(9, 10). IL-21 promotes the proliferation and survival of CD8 T cells 

and the generation of memory CD8 T cells (10–13). In addition, IL-
21 enhances the effector functions of CD8 T cells (10, 14) and coop-
erates with IL-15 to further promote the expansion of these cells (4). 
Multiple murine tumor models and early-stage clinical trials (15, 16) 
of recombinant IL-21 have been completed in several types of can-
cer, including melanoma (17–22), renal cell carcinoma (21–23), 
ovarian cancer (24), and non-Hodgkin’s lymphoma (25), both as a 
single agent and in combination with immune checkpoint inhibitors 
and cancer vaccines. These trials showed some evidence of efficacy, 
although less than contemporaneous trials of immune checkpoint 
inhibitors. IL-21 was also shown to be more effective than IL-2 
when premelanosome protein (PMEL)–1 T cell receptor (TCR) 
transgenic CD8 T cells were cultured in vitro with cytokines before 
adoptive transfer into B16F10 melanoma-bearing mice (26). Al-
though the initial clinical testing of IL-21–based cancer immuno-
therapies has been encouraging, the precise effect of IL-21 on 
antitumor responses remains incompletely understood. In addition, 
IL-21 has low stability, resulting in suboptimal pharmacokinetic 
properties, and the limited antitumor activity of human IL-21 
(hIL-21) in mice has complicated the use of animal models to pre-
dict the toxicity and activity of candidate IL-21 therapeutics in hu-
mans (27–31).

Inspired by previous success in designing de novo IL-2 mimics 
for cancer immunotherapy (32, 33), we reasoned that a de novo pro-
tein mimic of IL-21 with augmented stability that potently induces 
signaling in both humans and mice could overcome the limitations 
of native IL-21. We set out to use computational protein design to 
create IL-21 mimics with improved therapeutic properties. We de-
veloped 21h10, which is highly stable in vivo, shows efficacy against 
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multiple murine models of cancer, and activates human T cells, in-
cluding tumor-infiltrating lymphocytes, from patients with refrac-
tory melanoma.

RESULTS
Computational protein design of an IL-21 mimic
IL-21 signals by inducing heterodimerization of the IL-21 receptor 
(IL-21R) with the common cytokine receptor γ chain (γc), leading to 
the activation of Janus kinase 1 (JAK1) and JAK3, which are associ-
ated with the IL-21R and γc intracellular domains, respectively. This 
signaling results in the phosphorylation and activation of signal 
transducers and activators of transcription (STAT) transcription 
factors (34). Native IL-21 makes extensive interfaces with both re-
ceptor subunits (Fig. 1A) involving largely helical secondary struc-
tures, but the “backside” of IL-21 contains two long loops that we 
reasoned might reduce the stability of the molecule. Traditional pro-
tein engineering approaches that use directed evolution to identify 
small numbers of sequence changes are not able to replace extended 
structural segments such as these poorly ordered regions. Instead, 
we sought to construct mimics that retain the receptor-interacting 
interfaces, but with a more well-ordered and less protease-susceptible 
overall structure. Because the structure of the full complex was not 
initially available, we began from the hIL-21/human IL-21R (hIL-
21/hIL-21R) complex structure (35) and docked the human γc (hγc) 
from the human IL-2 complex structure (36) on the hIL-21/hIL-21R 
complex structure. We then generated helical protein scaffolds with 
regions that superimpose perfectly on the receptor-interacting seg-
ments of native IL-21, but with improved interhelix packing, short 
connecting loops, and minimal unstructured regions.

Wild-type hIL-21 consists of four helices, with helix A (the first 
helix from the N terminus) and helix C (the third helix) interacting 
with hIL-21R and helix D (the fourth helix) interacting with hγc 
(36, 37). Helix B (the second helix) and helix C are not long enough 
to form ideal intramolecular interactions and intermolecular con-
tacts with the receptor chains, so we replaced the two long unstruc-
tured regions between helix A/helix B and helix C/helix D by 
extending helix B and helix C. We sampled different helical bundle 
“up-down-up-down” topologies by testing different connectivities 
between the helices; these differ from the “up-up-down-down” to-
pology of native IL-21 and allow more ideal helical packing and loop 
geometries. Sequences were designed for these backbones in the 
context of hIL-21R using Rosetta, retaining the residues interacting 
with hIL-21R and anticipated to interact with hγc. We stochastically 
generated designs with these properties using Rosetta helical sam-
pling and loop-building methodology and selected for experimental 
characterization to validate their folding to the designed structure 
(fig. S1A).

An IL-21 mimic, 21h10, binds to human and murine IL-21Rs
We obtained synthetic genes for the selected designs and assessed 
binding to hIL-21R using yeast surface display. Four designs bound 
hIL-21R, but none bound to hγc in the presence of hIL-21R (fig. S1B 
and table S1); this was not unexpected because of the unknown (at 
the time) hγc structure, which was not incorporated in the design 
stage. From a mutagenesis library around the tightest binder, 21d26, 
we identified a variant, 21JC15, that binds hγc weakly in an hIL-21R– 
dependent manner and murine γc (mγc) in a murine IL-21R (mIL-
21R)–dependent manner (table S1). Further interface optimization 

guided by site-saturation mutagenesis and combinatorial library 
screening (fig. S1C) resulted in 21h10 with high affinity for both the 
human and murine IL-21R complexes (Fig.  1B and tables  S1 and 
S2). 21h10 is shorter than hIL-21 (102 versus 131 amino acids) with 
sequence identity only in the conserved interface regions (38, 39). 
21h10 was expressed at high levels in Escherichia coli and monodis-
perse in size exclusion chromatography (Fig. 1C) and has a helical 
circular dichroism (CD) structure consistent with the design model. 
CD melting experiments revealed that 21h10 has high thermal sta-
bility, with a melting temperature (Tm) around 75°C (Fig. 1D).

Copurification of 21h10 with the hIL-21R extracellular domain, 
followed by mixing this complex with the extracellular domain of 
hγc (amino acids 33 to 232), resulted in the growth of crystals that 
diffracted anisotropically with resolution between 2.3 and 3.4 Å 
(fig. S2 and table S3). The solution of the structure by molecular re-
placement revealed the structure of 21h10 in complex with hIL-21R 
and hγc to be a Y-shaped receptor assembly similar to the wild-type 
hIL-21 complex (37). 21h10 binds to hIL-21R at site I through heli-
ces 2 and 3, burying a surface area of 870 Å2, and it binds to hγc at 
site IIa through helix 4, burying a surface area of 423 Å2 (Fig. 1E and 
table  S4). The key molecular contacts mediating receptor interac-
tion are strongly conserved. At the site I interface, 21h10 interacts 
with hIL-21R through hydrogen bonds at residues K39, R46, R59, 
R63, and R65 and salt bridges at residues R42, R46, R53, and D69 
(table S4). These side chains of 21h10 are nearly identically posi-
tioned to the corresponding side chains in hIL-21 despite different 
molecular topology (Fig.  1F). Similarly, at the site IIa interface, 
21h10 binds to hγc through sparse hydrogen bonding at residues S92 
and Q95 on helix 4 (table S4). These two residues are precisely con-
served in helix D of hIL-21 (Fig. 1F), reflecting the ability of de novo 
protein design to reproduce important molecular interactions in a 
protein-protein interface accurately.

21h10 potently induces STAT phosphorylation and effector 
CD8 T cell differentiation
Upon receptor binding, native IL-21 mediates downstream signal-
ing by phosphorylating STAT1 and STAT3 in T cells (40). Whereas 
hIL-21 showed low cross-reactivity in murine cells (fig. S3A and ta-
ble S5), 21h10 treatment in vitro led to phosphorylation of STAT1 
and STAT3 with potency equivalent to native hIL-21 and mIL-21 
in both human and murine CD8 T cells, CD4 T cells, and B cells 
(Fig. 2A, fig. S3B, and table S6).

Native IL-21 promotes effector CD8 T cell differentiation in hu-
man CD8 T cells ex vivo (3, 41) and contributes to effector T cell 
(CD44+CD62L−) generation in vivo (42). To investigate the effects 
of 21h10 on gene expression and effector CD8 T cell differentiation, 
we cultured murine CD8 T cells in medium containing serum with 
100 pM, 1 nM, 10 nM, and 100 nM mIL-21 or 21h10 and analyzed 
gene expression by RNA sequencing. 21h10 increased expression of 
effector molecules (Tbx21, Prdm1, Prf1, and Gzmb) while reducing 
the expression of the genes associated with a resting state (Tcf7 and 
Sell) as compared with mIL-21 at 100 pM and 1 nM. 21h10 (100 pM) 
elicited a gene expression profile similar to that of 1 nM mIL-21 
(Fig. 2B and fig. S3C); gene expression patterns were similar but not 
identical at higher doses (fig. S3D). 21h10 elicited similar or higher 
IL-21R and granzyme B protein expression levels in human and murine 
CD8 T cells compared with hIL-21 and mIL-21, respectively (fig. S4A), 
and proliferation of murine CD8 T cells at 1 nM and 100 pM 21h10 was 
enhanced compared with mIL-21 (fig. S4, B to C). 21h10 promoted 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of W

ashington on N
ovem

ber 03, 2025



Chun et al., Sci. Immunol. 10, eadx1582 (2025)     26 September 2025

S c i e n c e  I m m u n o l o g y  |  R e s e a rc  h  Ar  t i c l e

3 of 15

γγ

γ

γ

γ

γ

γ

A C

D

B

E

F

Fig. 1. A computationally designed IL-21 mimic recapitulates receptor interactions of native IL-21 with superior stability and human/murine cross-reactivity. 
(A) An optimized IL-21 mimic, 21h10, was designed by recapitulating the helical bundle structure of the native hIL-21. Unstructured regions in the hIL-21 were removed, 
and short helices were extended to accommodate improved intramolecular packing. Some of the interface residues are conserved from the native hIL-21 for the design 
of initial hits. Other residues from the de novo scaffolds are further optimized, as shown. The top panel is a top view of hIL-21 in complex with hIL-21R/hγc (PDB ID: 8ENT). 
The residues that were conserved during the initial design of the IL-21 mimic are colored in gray. The bottom panel is a top view of 21h10 in complex with hIL-21R/hγc 
(PDB ID: 9E2T) with the residues that were optimized colored in yellow. (B) Association and dissociation of 21h10 to human and mIL-21R and γc show concentration-
dependent binding curves of 21h10. Black dotted lines show curve fits of raw data using the mass transport model. (C) Size exclusion chromatography of 21h10 using 
Superdex 75 10/300 GL column. (D) Wavelength scan from 200 to 250 nm for measuring α-helical secondary structure. Wavelength scan at 222 nm from 25° to 95°C for 
measuring thermal stability. (E) Crystal structure of 21h10 in complex with hIL-21R and hγc (PDB ID: 9E2T). (F) 21h10 conserves key molecular interactions in the site I in-
terface (left) and site IIa interface (right) observed in the structure of the hIL-21 receptor complex (PDB ID: 8ENT).
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Fig. 2. 21h10 shows enhanced STAT signaling, gene expression, cellular phenotypes, and in vivo antitumor activity. (A) Human and murine CD8 T cells were 
treated with native IL-21 and 21h10 for 20 min (human, n = 2; murine, n = 3). (B) Genes related to cellular signaling and phenotype are compared for expression levels 
between murine CD8 T cells treated with PBS, mIL-21, or 21h10 at 100 pM or 1 nM (n = 2). Scale in log2 fold change. * and ** indicate memory-related and effector-related 
genes, respectively. After 24-hour treatment with the cytokines, cells were harvested for RNA-seq. (C) Percentage of murine IFN-γ+ CD8 T cells upon treating with PBS, 
mIL-21, or 21h10 at 1 nM. Significance was determined using one-way ANOVA with Tukey’s correction. (D) Granzyme B expression of LCMV-specific CD8 T cells from pe-
ripheral blood mononuclear cells (PBMCs) and splenocytes was measured 7 days after infection from LCMV-inoculated mice and daily injections of PBS, mIL-21 (2.5 μg), 
or 21h10 (2.5 μg) for 7 days. Significance was determined using lognormal one-way ANOVA with Tukey’s multiple comparison test. (E) Computational model of 21AT36 
with mutated residues highlighted in red. γc is illustrated to show the position of the removed γc interface. (F) Western blot for STAT and pSTAT with vehicle (PBS), mIL-21, 
21h10, and 21AT36 in TRP1high CD8 T cells. Representative of two experiments. (G) MC38-bearing mice were treated daily with PBS, 21AT36, 21h10, or anti–PD-1 for 14 days. 
Representative of three experiments. Significance was determined using Brown-Forsythe and Welch one-way ANOVA with Dunnett’s correction using AUC values for each 
mouse versus PBS group. (H) Mice were inoculated with MC38 and treated with PBS, mIL-21, 10-fold dose mIL-21, and 21h10. Significance was determined using Brown-
Forsythe and Welch ANOVA with Dunnett’s correction using AUC values for each mouse. (I) Western blot for STAT3 and pSTAT3 in the spleens of mice treated with vehicle 
(PBS), mIL-21, and 21h10. Molecular weights of the bands are identical to those in (F). Representative of two experiments. (J) Normalized pSTAT3/STAT3 in spleens of 
treated mice over 24 hours from (I). (K) MC38 rechallenge of MC38 survivor mice from previous 21h10 or anti–PD-1 treatment. Significance was determined in Kaplan-
Meier survival curves using Mantel-Cox log-rank tests comparing each group with the naive controls. MFI, mean fluorescence intensity.
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maximal differentiation of murine CD8 T cells into CD44+CD62L− 
effector T cells at 1 nM, whereas mIL-21 showed a similar effect at 
100 nM (fig. S4D) accompanied by a robust increase in the secre-
tion of interferon-γ (IFN-γ) at 1 nM (Fig. 2C). In mice infected with 
lymphocytic choriomeningitis virus (LCMV), daily intraperitoneal 
injection of 2.5 μg of 21h10 for 7 days induced granzyme B expres-
sion in virus-specific CD8 T cells in the peripheral blood and spleen 
harvested on day 7, whereas mIL-21 had minimal effects (Fig. 2D). 
Thus, 21h10 enhances effector CD8 T cell differentiation both in vitro 
and in vivo.

21h10 has potent antitumor activity in murine and human 
organotypic tumor models
Using ProteinMPNN (43), we redesigned the γc interface on helix 
H4 of 21h10 to abolish its receptor affinity, resulting in an antago-
nist, 21AT36, which binds to IL-21R but not γc (Fig. 2E, fig. S5A, and 
table S1). Whereas mIL-21 and 21h10 induced phosphorylation of 
STAT1, STAT3, and STAT5, 21AT36 did not induce STAT phos-
phorylation in murine CD8 T cells (Fig. 2F and fig. S5B). In mice 
bearing subcutaneous MC38 adenocarcinoma tumors (44), daily 
intraperitoneal treatment with 15 μg of 21h10 led to rapid tumor 
regression, similar to programmed cell death protein (PD)–1 block-
ade, whereas an equimolar dose of 21AT36, as expected, did not show 
antitumor activity (Fig. 2G and fig. S6A).

21h10 exhibited enhanced antitumor activity in the MC38 mod-
el compared with native IL-21 despite similar activity in cell culture, 
outperforming both a molar equivalent and a 10-fold molar excess 
of native IL-21 (Fig. 2H and fig. S7, A and B). We hypothesized that 
this increased activity was due to the enhanced stability of 21h10, 
resulting in resistance to serum proteases, longer receptor occupan-
cy time, and prolonged in vivo signaling. To test this, we treated 
mice with a single intravenous dose of native mIL-21 or 21h10 and 
measured phosphorylated STAT3 (pSTAT3) in splenocytes over 
time. Despite similar initial levels of cytokine-induced pSTAT3, na-
tive mIL-21–induced pSTAT3 decreased rapidly with time, whereas 
21h10-induced pSTAT3 declined more slowly and remained detect-
able at 24 hours after injection (Fig. 2, I to J). 21h10 also retained 
greater in vitro activity after incubation with murine serum com-
pared with native mIL-21 (fig. S8A), consistent with the stronger 
phenotypic effects and slower binding reduction of 21h10 compared 
with native mIL-21 during prolonged in vitro incubation in serum-
containing medium (figs. S4 and S8B).

The improved in vivo activity of 21h10 was not due to off-target 
binding, given that MC38 challenge in Il21r−/− mice showed no ef-
ficacy (fig. S6B). 21h10 treatment induced immune memory in mice 
that cleared MC38 tumors, given that animals rechallenged with 
MC38 tumors were protected. Memory responses were dependent 
on CD8 T cells, because protection was lost upon CD8 and CD8/
CD4 T cell depletion, but not in animals depleted of CD4 T cells 
alone (Fig. 2K). In vitro, murine chimeric antigen receptor (CAR) 
T cells targeting human CD19 (hCD19) generated in the presence of 
21h10 exhibited enhanced cell expansion and cytotoxicity against 
B16 melanoma cells engineered to express hCD19, with increased 
expression of CD25, granzyme B, and Bcl2 (fig. S9, A to C), a shift 
in cellular metabolism to a high metabolic state, and rapid elimina-
tion of MC38 adenocarcinoma when subjected to multiple rounds 
of tumor injection (fig. S9, D to F).

To determine the generalizability of our findings in MC38 
adenocarcinoma, we assessed 21h10 in a less immunogenic tumor 

model. B16F10 is a model of poorly immunogenic melanoma known 
to respond to various immunotherapies, including cytokine ther-
apies (32, 33). Responses to B16F10 can be augmented through the 
transfer of tumor-specific CD8 T cells that recognize the tyrosinase-
related protein 1 (TRP1) self-antigen with high or low affinity 
(TRP1high and TRP1low T cells, respectively), although these cells 
are insufficient to cause tumor regression on their own (45). Trans-
ferring TRP1high and TRP1low T cells models an oligoclonal T cell 
response to a tumor-associated self-antigen, analogous to what is 
observed in immunogenic human melanoma. We adoptively trans-
ferred TRP1high/low T cells and treated B16F10 melanoma-bearing 
mice with phosphate-buffered saline (PBS), mIL-21, or 21h10. mIL-
21 treatment delayed tumor growth compared with PBS; however, 
as we observed for MC38, 21h10 treatment exhibited more robust 
tumor regression, with several long-term surviving animals (Fig. 3A 
and fig. S10A). Moreover, 21h10 synergized with adoptive cell trans-
fer of TRP1high/low cells, as compared with no adoptive transfer, and 
21h10 had stronger antitumor activity than was observed for the 
IL-2/IL-15 mimic Neo-2/15 (Fig.  3, B to C) (32,  33). Strikingly, 
21h10 treatment combined with adoptive T cell transfer resulted in 
complete tumor regression in 2 of the 13 animals (fig. S10, B to C). 
We found similarly enhanced B16F10 antitumor responses when 
21h10 was combined with the antimelanoma antibody TA99 
(fig. S11A) (32, 33). Ex vivo treatment of TRP1high/low T cells with 
21h10 for 2 days before transfer into B16F10-bearing mice only 
modestly decreased tumor growth (fig. S11B), suggesting that sus-
tained signaling in the tumor microenvironment may be important 
for optimal antitumor (46, 47) actions of 21h10.

To determine whether 21h10 had activity against human tumors, 
we used the patient-derived organotypic tumor spheroid (PDOTS) 
model (48, 49). PDOTS, unlike organoids, are fresh tumor explants 
with an intact immune compartment for ex vivo profiling of the im-
munotherapy response in human tumors (48). PDOTS were derived 
from patients with advanced melanoma, with the majority of sam-
ples from patients who progressed on standard-of-care checkpoint 
blockade (n =  11 and n =  9 clinically resistant; table  S7). 21h10 
demonstrated activity against these resistant tumors, outperforming 
immune checkpoint blockade (ICB) antibodies (Fig. 3, D to G). 
These results indicate that human melanoma refractory to ICB con-
tains T cells capable of being productively activated by 21h10.

21h10 induces nonneutralizing antidrug antibodies and 
toxicity that can be mitigated by TNF blockade
We next characterized the immunogenicity and tolerability of 21h10 
in mice. Antidrug antibodies were detected in 5 of 30 mice treated 
with 21h10 in antitumor experiments, with low-titer antibodies 
to 21h10 detectable at a 1:100 dilution at a concentration two SDs 
above the mean of the PBS controls. No anti-21h10 antibodies were 
detected in mIL-21–treated or Rag2−/− controls (Fig. 4A), consistent 
with the low sequence homology between native mIL-21 and 21h10. 
Repeated cycles of dosing consisting of 9 days of 21h10 followed by 
at least 9 days of rest led to progressively higher incidence of anti-
drug antibodies detectable at 1:1000 dilution of serum (Fig.  4B). 
Mice with high titer antibodies did not develop injection site reac-
tions or anaphylaxis, and all mice regained weight after each cycle of 
21h10 dosing. Anti-21h10 antibodies did not appear to neutralize 
21h10 given that 21h10 retained activity in these animals upon sub-
sequent treatment for MC38 tumors. Mice that developed none, 
low-, or high-titer antibodies were able to subsequently respond to 
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Fig. 3. 21h10 improves antitumor efficacy in in vivo B16F10 murine melanoma and ex vivo human PDOTS models. (A) Naïve CD8 TRP1high/low melanoma-specific T 
cells (5 × 105 cells) were adoptively transferred to mice before B16F10 inoculation. Cytokine therapy began on day 5 and continued every day until the end of treatment 
(dashed line). Figure created with BioRender. (B) Tumor volume in mice that received no prior T cell adoptive transfer before cytokine therapy. (C) Same as (B), but with 
adoptive transfer of naïve CD8 TRP1high/low T cells. For (A) to (C), significance was determined using Brown-Forsythe and Welch one-way ANOVA with Dunnett’s correction 
using AUC values for each mouse versus PBS group. Significance was determined in Kaplan-Meier survival curves with Bonferroni-corrected Mantel-Cox log-rank tests. 
(D) Scheme of PDOTS preparation. Figure created with BioRender. (E) Microscopy-based viability assessment of ex vivo human melanoma PDOTS after treatment with ICB 
(anti–PD-1, pembrolizumab, or anti–PD-1 + anti–LAG-3), 21h10, or untreated control, showing aggregated data of 11 PDOTS with three technical repeats for each. Sig-
nificance was determined using one-way ANOVA with Tukey’s correction. (F) Viability assessment in (E) presented on a per-patient basis. The lower dashed line indicates 
tumor response (more than 30% reduction from control). The top dashed line indicates tumor growth (more than 20% elevation from control). (G) Representative images 
and viability assessment of the best responder PDOTS to 21h10 [patient 10407 in (F)]. Significance was determined using one-way ANOVA with Tukey’s correction. PI-dead 
cells in red and Hoechst-nuclei in blue. IP, intraperitoneal.
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21h10 treatment in the MC38 model, showing no correlation be-
tween antitumor activity and the level of anti-21h10 antibodies 
generated (Fig. 4C). Furthermore, the antitumor response against 
MC38 was not dependent on B cells, given that μMT mice, which 
lack B cells, showed responses to 21h10 that were equivalent to those 
of wild-type animals (Fig. 4D).

Although mice could tolerate 21h10 for 2 weeks of treatment, 
most animals exhibited weight loss with longer dosing. This toxicity 
did not require NK cells, because it was not attenuated by treatment 
with NK cell–depleting antibodies (Fig. 5A and fig. S12A). In con-
trast, Rag2−/− mice, which lack T and B cells, and Rag2−/− Il2rg−/− 
mice, which additionally lack NK cells and other innate lymphoid 
cells, were protected from 21h10 toxicity (Fig. 5A and fig. S12A), im-
plicating adaptive immunity in 21h10 toxicity. To evaluate whether a 
cytokine produced by adaptive immune cells may be causing toxicity, 
we measured serum cytokines in 21h10-treated WT mice and Rag2−/− 
mice. Several cytokines were elevated in WT mice compared with 
Rag2−/− controls treated with 21h10 (Fig. 5, B and C), including TNF, 
which is known to contribute to immune-related toxicities in humans 

(50). When we coadministered an antibody that blocks TNF with 
21h10, weight loss was mitigated, indicating that TNF plays an im-
portant role in 21h10 toxicity (Fig. 5D). The histological examination 
of mice treated with 21h10 revealed that most organs were normal 
(fig. S12B). We further evaluated serum creatinine, liver transami-
nases, and lung histology, which appeared similar to that in PBS-
injected control mice (fig. S13). However, the exocrine pancreas was 
strikingly inflamed, with more than half of the pancreas area consist-
ing of pancreatitis after 14 days of administration of 21h10 in WT 
but not in Rag2−/− mice (Fig. 5, E and F). Coadministration of TNF 
blockade greatly mitigated the development of pancreatitis, as shown 
by prevention of acinar-to-ductal metaplasia and lymphocytic infil-
tration (Fig. 5F). By multiple criteria, including histology, immuno-
histochemistry for tissue amylase, and serum amylase activity over 
time, TNF blockade reduced pancreatitis development from 21h10, 
making this a reasonable strategy for toxicity prevention (Fig. 5G). In 
the B16F10 melanoma model, the blockade of TNF did not impair 
the antitumor activity of 21h10, supporting successful prevention of 
toxicity and preservation of antitumor efficacy (Fig. 5H).

A B

C D

Fig. 4. 21h10 treatment elicits antidrug antibodies in mice. (A) Antidrug antibody titers were measured from day 21 sera of wild-type (WT) and Rag2−/− mice treated 
with PBS, 21h10 (15 μg), or mIL-21 (14.9 μg). (B) Antidrug antibody titers are measured from the sera of WT mice treated with multiple dosing cycles of 21h10 or PBS. Mice 
received daily 21h10 (15 μg) treatment for 9 days followed by at least 9 days of rest per cycle. Dashed lines indicate one or two SDs above the mean of the PBS controls 
and were used to define low-titer (one to two SDs above the mean, light red) and high-titer (greater than two SDs above the mean, dark red) serum samples. Significance 
was determined using Mann-Whitney test and reported when 21h10 was greater than the negative control. (C) Mice with various titer levels of anti-21h10 antibodies were 
inoculated with MC38 tumors. Starting on day 6, mice were treated with 21h10 or PBS daily for 17 days. Significance was determined using one-way ANOVA with Dunn’s 
multiple comparisons correction using AUC values for each mouse versus the PBS group. (D) Antitumor activity of 21h10 in MC38 was compared in WT and μMT mice. 
Significance was determined using Brown-Forsythe and Welch one-way ANOVA with Dunnett’s correction using AUC values for each mouse versus the PBS group.
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Fig. 5. Toxicity of 21h10 is alleviated by TNF blockade. (A) WT, Rag2−/−, or Rag2−/− Il2rg−/− mice were treated with PBS or 21h10 daily and isotype or anti-NK1.1–depleting 
antibodies every 3 days. Mice were euthanized when weight loss exceeded 20% of the initial starting weight. Significance was determined in Kaplan-Meier survival curves 
with Bonferroni-corrected Mantel-Cox log-rank tests. (B) Serum cytokine levels of various cytokines after 21h10 treatment in WT mice in comparison with Rag2−/− mice. 
Bars in gray are nonsignificant compared with Rag2−/− mice. Adjusted P values were calculated from Wilcoxon tests with Bonferroni correction. (C) Serum TNF level was 
measured in C57BL/6 and Rag2−/− mice treated with PBS or 21h10. Significance was determined using one-way ANOVA with Šidák’s correction. (D) Body weight change 
plot in isotype- and anti-TNF antibody–treated mice that received 21h10 treatment. Significance was determined using Mann-Whitney test of net AUC values for each 
mouse. (E) Percent area of pancreatitis in 21h10-treated Rag2−/− and C57BL/6 mice with isotype- or anti-TNF antibody treatments. Significance was determined using 
Brown-Forsythe and Welch ANOVA with Dunnett’s correction. (F) Pancreas histology of mice treated with PBS, 21h10 + isotype antibody, or 21h10 + anti-TNF antibody on 
days 7, 14, and 21 from treatment initiation. Hematoxylin and eosin (H&E) and amylase stainings are shown on indicated days. (G) Serum amylase level was measured in 
WT mice treated with PBS + isotype antibody, 21h10 + isotype antibody, PBS + anti-TNF antibody, or 21h10 + anti-TNF antibody and in Rag2−/− mice treated with PBS or 
21h10. Significance was determined using Brown-Forsythe and Welch ANOVA with Dunnett’s correction using AUC values for each mouse. (H) Antitumor activity com-
parison on B16F10 melanoma between PBS + isotype antibody–, 21h10 + isotype antibody–, PBS + anti-TNF antibody–, and 21h10 + anti-TNF antibody–treated groups. 
Data are representative of two or three experiments. Significance was determined using Brown-Forsythe and Welch ANOVA with Dunnett’s correction using AUC values 
for each mouse versus PBS + isotype group. G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; EPO, erythropoi-
etin; VEGF, vascular endothelial growth factor; LIF, leukemia inhibitory factor; LIX, lipopolysaccharide-induced CXC chemokine; MDC, monocyte-derived chemokine; 
M-CSF, macrophage colony-stimulating factor; MCP1, monocyte chemoattractant protein 1; MIG, monokine induced by gamma interferon; KC, keratinocyte-derived 
chemokine; RANTES, regulated on activation, normal T cell expressed and secreted; TARC, thymus and activation regulated chemokine.
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21h10 expands tumor cytotoxic T cells and reduces Treg 
cell infiltration
IL-21 has diverse roles within the immune system depending on the 
responding cells and the context in which it is produced (10). To 
understand the mechanism of action of 21h10, we performed single-
cell RNA sequencing (scRNAseq) on CD45+ enriched cells from 
B16F10 melanoma tumors 14 days after tumor inoculation, compar-
ing mice treated with PBS, Neo-2/15, mIL-21, and 21h10 in addition 
to adoptively transferred TRP1high/low CD8 T cells. Using unbiased 
clustering, we identified populations of T cells, multiple monocyte/
macrophage populations, dendritic cells, and smaller clusters of B 
cells, NK cells, granulocytes, melanoma cells, and fibroblasts (Fig. 6A 
and fig. S14A) in each treatment group (Fig. 6B). All T cell clusters 
were expanded in mice treated with Neo-2/15 (Fig. 6, B and C), con-
sistent with the known effects of IL-2 and IL-2 mimics on T cell 
proliferation and survival (51). Conversely, 21h10, mIL-21, and PBS 
had modest effects on the relative proportion of T cells within the 
tumor microenvironment (Fig. 6, B and C). The T cell expansion ob-
served with Neo-2/15 was primarily among CD8 T cells, consistent 
with preferential expansion of CD8 T cells compared with CD4 T 
cells by IL-2 (Fig. 6D and fig. S15A) (52). Similar to total T cells, 
TRP1-specific T cells, particularly low-affinity TRP1low cells, ex-
panded with Neo-2/15 (Fig. 6E). Although 21h10 treatment did not 
expand total CD8 T cells, tumor-specific low-affinity TRP1low cells 
accumulated in 21h10-treated tumors (Fig. 6E), consistent with stud-
ies showing that low-affinity T cell expansion can be greater than 
that of their high-affinity counterparts (53). Native mIL-21 did not 
expand TRP1high or TRP1low T cells (Fig. 6E).

The high antitumor activity of 21h10 is notable, given the modest 
effect on T cell expansion. T cell subclustering identified two naïve 
T cell populations expressing Tcf7, a migratory cluster (Itga4 and 
Themis), activated CD8 T cells (Ccl5 and Gzmk), highly activated 
CD8 T cells expressing multiple immune checkpoint receptors 
(Havcr2 and Lag3) and effector molecules (Gzmb and Ifng), a prolif-
erative cluster (Mki67 and Birc5) and CD4 T cells (Cd4 and Cd40lg), 
regulatory T (Treg) cells (Foxp3 and Ctla4), and γδ T cell clusters 
(Fig.  6F and fig.  S14B). T cell expansion by Neo-2/15 mainly oc-
curred in the migratory and cycling clusters, but 21h10 had a great-
er effect on highly activated CD8 T cells. No significant increases in 
specific T cell populations were observed with mIL-21. Neo-2/15 
primarily affected pathways involved in cell growth and prolifera-
tion, whereas mIL-21 showed a similar, albeit weaker effect com-
pared with PBS. 21h10 treatment was associated with IFN-γ/IFN-α 
response genes and growth pathways (fig.  S14C) in all immune 
populations identified, including the myeloid and T cell clusters 
(Fig. 6G). 21h10 expanded the most activated CD8 T cells and in-
creased Ifng and Gzmb gene expression in most T cell subclusters 
(Fig. 6H), including the transferred melanoma-specific CD8 T cells 
(Fig. 6I). Correspondingly, IFN-γ and granzyme B levels were in-
creased in both endogenous and transferred T cells from 21h10-treated 
animals, as compared with PBS controls (Fig. 6J and fig. S15B). In-
creases in Gzmb and Prf1 were also observed in NK cells from mice 
treated with 21h10, although total NK cell frequencies were similar 
between PBS and 21h10 groups (fig. S14, D and E).

There were fewer tumor-infiltrating CD4 T cells than CD8 T cells, 
as shown by both flow cytometry and scRNAseq (Fig. 6, C and D). We 
subclustered the CD4 T cells in our scRNAseq data and identified four 
populations: naïve CD4, cycling CD4 T cells, Treg cells, and T helper 1 

(TH1) cells expressing Ifng mRNA (Fig. 6K and fig. S14F). The Ifng+ 
TH1 cells preferentially expanded in response to 21h10 as compared 
with the other treatments and had higher levels of IL-21R, analogous 
to what we observed with CD8 T cells (Fig. 6, K and L, and figs. S15C 
and S16). Our scRNAseq analysis also suggested that 21h10 decreased 
Treg cells, which we confirmed by flow cytometry using Foxp3–green 
fluorescent protein (GFP) reporter mice (Fig. 6M). Thus, 21h10 treat-
ment robustly activates STAT1 and STAT3 in T cells in the tumor mi-
croenvironment, and this is accompanied by a shift toward highly 
activated, IFN-γ– and granzyme-B–producing, antimelanoma CD8 T 
cells and a relative increase in TH1 cells and decrease in Treg cells.

DISCUSSION
Cytokine-based therapies for cancer have historically had limited ef-
ficacy and high toxicity (54–56). Here, we show that a computation-
ally designed mimic of IL-21 with improved stability can have 
potent antitumor activity, both as a monotherapy and in combina-
tion with adoptive T cell therapies. 21h10 expanded highly activated 
effector CD8 T cells in the tumor microenvironment, with the effect 
most pronounced for CD8 T cells with known tumor reactivity. In 
contrast, the IL-2/IL-15 mimic Neo-2/15 expanded multiple T cell 
populations without a preferential effect on the differentiation of ef-
fector cells, providing a possible mechanistic explanation for the dif-
ference in antitumor activity between these two cytokine mimics. 
Antitumor T cell responses can display a range of receptor affinities, 
with low-affinity responses typically seen when a self-antigen is tar-
geted (57, 58). Using scRNA-seq, we found that CD8 T cells recog-
nizing the melanoma self-antigen TRP1 with a range of affinities 
were expanded by 21h10, but strikingly, low-affinity TRP1-specific 
T cells were preferentially increased, indicating that 21h10 selec-
tively amplified lower affinity antitumor T cells. By contrast, pro-
grammed cell death protein 1 (PD-1) blockade immunotherapies 
appear to act on high-affinity neoantigen-reactive clonotypes (59), 
and immunotherapies that can augment a broader spectrum of TCR 
affinities are currently lacking. Low-affinity T cells often fail to re-
ceive a signal strong enough to overcome the TCR signaling thresh-
old (60) and thus are frequently unable to contribute to antitumor 
immunity (45). By expanding the TRP1low population, 21h10 broad-
ens the repertoire of the antitumor immune response, potentially 
explaining the efficacy observed in ex  vivo cultures of immuno
therapy-resistant human melanoma. 21h10 also decreased the Treg 
cell population while inducing an effector phenotype on CD8 T 
cells. Although IL-21 has important roles in B cell differentiation, 
class switching, and NK cell activation, neither B nor NK cells were 
significantly altered in our in vivo tumor models.

Although we chose 21h10 for its ability to mimic IL-21 signaling 
in vitro, the resulting de novo protein exhibited substantially supe-
rior performance in vivo. 21h10 has increased serum stability com-
pared with native mIL-21, leading to sustained potency in vivo. The 
increase in the duration of signaling in vivo leads to enhanced phe-
notypic changes and, ultimately, improved antitumor responses. 
These improvements highlight the robustness of de novo protein 
design approaches for developing therapeutic candidates with im-
proved properties. The full human/murine cross-reactivity and en-
gineerability of 21h10 should make it straightforward to generate 
targeted and conditionally active versions (33) to mitigate toxicity 
and target activity to the tumor microenvironment.
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Fig. 6. 21h10 treatment results in expanded antitumor T cells with enhanced effector phenotype. (A) Mice were treated as in Fig. 3 (A and C), but on day 15 of tumor 
growth, tumors were processed for scRNAseq. Ten (PBS, 21h10) or five (Neo-2/15, mIL-21) mice per group were collected, and individual tumors were labeled with hashtag 
antibodies before pooling tumors from each group and sequencing. UMAP of all samples are combined. (B) scRNAseq cluster composition average across treatment 
groups. (C) T cells in each scRNAseq sample from (B). Different colors for each bar indicate individual mice from each group. Significance was determined using one-way 
ANOVA with Dunnett’s multiple comparisons. (D) Flow cytometry quantification of CD8 T cell infiltration. Significance was determined using one-way ANOVA with Dunnett’s 
multiple comparisons. (E) TRP1high and TRP1low melanoma antigen-specific cells captured by sequencing. Significance compared with the PBS group was determined 
using two-way ANOVA with Dunnett’s multiple comparisons. (F) T cells were subclustered from all samples from (A). The average T cell subcluster composition across 
treatment groups is shown on the right. Significance compared with the PBS group was determined using two-way ANOVA with Dunnett’s multiple comparisons. (G) IFN-γ 
response score total UMAP from (A) based on scaled and summed Hallmark IFN-γ response genes for each cell. (H) Heatmap from pseudo-bulk differential gene expres-
sion analysis across T cell subclusters. Significant differences compared with the PBS groups. (I) Similar to (H), but for TRP1 cells only; values from individual mice are 
shown. Adjusted P values displayed versus PBS samples. (J) Flow cytometry quantification of CD8 IFN-γ/granzyme B levels in endogenous or transferred CD8 TRP1high/low 
T cells. (K) CD4 T cell subclustering UMAP and cluster composition. Significance compared with the PBS group was determined using two-way ANOVA with Dunnett’s 
multiple comparisons. (L) Flow cytometry of IFN-γ+ CD4 T cells. (M) Quantification and representative flow cytometry plots of Foxp3-GFP Treg cells. Significance was deter-
mined using one-way ANOVA with Dunnett’s multiple comparisons for flow cytometry quantification and scRNA-seq total T cell comparison. DESeq2 was used to identify 
differentially expressed genes from scRNA-seq using the Wald test. For all dot plots with error bars, dots indicate individual mice, and bars indicate SEM.
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Limitations to clinical development of 21h10 include toxicity, a 
concern for any systemically delivered cytokine, and immunogenic-
ity, a concern for any de novo protein intended to be administered 
more than once. We used 21h10 as an example to address both of 
these broader issues. Toxicity appeared to be associated with a spe-
cific organ (the pancreas) and mediated by TNF, which could be 
prevented by TNF blockade, a therapy commonly used for treat-
ment of immune-related adverse events (61). Use of a two-drug 
regimen could be clinically challenging; thus, the further design of 
21h10 might include fusion with targeting domains to avoid accu-
mulation in the pancreas or fusion with a designed protein that 
blocks TNF signaling. Immunization with 21h10 led to formation of 
antidrug antibodies, but they were not neutralizing and did not at-
tenuate the therapeutic efficacy of 21h10 in our models. Similarly, 
antidrug antibodies to the designed cytokine Neo-2/15 were rare 
and did not attenuate efficacy, as we previously reported (32). We 
hypothesize that either the immunodominant epitopes for these two 
examples of cytokine mimics are not located in the receptor binding 
interface or that the high affinity of 21h10 for its receptor allows bind-
ing even in the presence of a bound antibody. Although the placement 
of the immunodominant epitopes or affinity of the elicited antibodies 
appears to have fortuitously worked in our favor, efforts to inten-
tionally redirect antidrug antibodies away from receptor binding 
interfaces may be important in the design of future cytokine mimics.

In summary, we have developed a potent IL-21 mimic with activ-
ity on both human and murine cells that exhibits robust antitumor 
activity in multiple tumor models. 21h10 has antitumor activity as a 
monotherapy, synergizes with adoptive cell therapy in a B16F10 
melanoma model, and is curative in a highly immunogenic MC38 
adenocarcinoma model. 21h10 causes pancreatitis in mice, but it is 
mitigated by TNF blockade. The activity of 21h10 in human refrac-
tory melanoma PDOTS and its superiority to clinically approved 
ICB treatments suggest the potential for clinical translation to 
treat tumors unresponsive to checkpoint blockade and other exist-
ing therapies.

MATERIALS AND METHODS
Study design
This study aimed to evaluate the stability, signaling activity, immuno-
genicity, toxicity, and antitumor efficacy of 21h10, a computationally 
designed de novo mimic of IL-21, in both murine models and ex vivo 
human tumor explants. The study involved in vitro biochemical and 
signaling assays, murine tumor models (MC38 and B16F10), adoptive 
T cell transfer, CAR T cells, PDOTS, and scRNA-seq to characterize 
immune responses. Sample sizes were determined on the basis of 
prior experiments and effect size expectations in similar models, 
although formal power calculations were not performed. No animals 
or data points were excluded unless pre-established technical failure 
criteria (e.g., injection errors and lack of tumor engraftment) were met.

Randomization was performed for animal studies where mice 
were randomly assigned to treatment groups once tumors reached 
comparable sizes. Human tumor explants were allocated on the ba-
sis of tissue availability, and the researchers were not blinded to the 
treatment conditions. Blinding was implemented for outcome assess-
ments where feasible, including for tumor measurements, immuno-
histochemistry, and histological scoring of toxicity. Experiments 
were conducted in multiple independent biological replicates: Tumor 
treatment studies were repeated at least twice with 5 to 10 animals 

per group, and PDOTS experiments were performed using 11 pa-
tient samples, with two or three biological replicates for each. Flow 
cytometry, RNA-seq, and scRNA-seq experiments were conducted 
with independent replicates from separate tissue preparations or do-
nors. Specific details on replicates and statistical methods are pro-
vided in the respective figure legends and data file S1.

Computational design of de novo IL-21 mimic
The crystal structure of hIL-21 with hIL-21R [Protein Data Bank 
(PDB): 3TGX] was used to design the mimics of native IL-21. The 
PyRosetta script with PDBInfoLabel metadata implementation gen-
erated IL-21–like scaffolds (32) in code S1. The residues from the 
hIL-21 are designated to be fixed during scaffold generation and in-
terface residue design in code S2. The nonfixed residues were de-
signed using Rosetta FastDesign and relaxed using Rosetta FastRelax 
with the “beta_nov16” score function. Designs (185) were filtered 
with Rosetta score metrics: packstat of > 0.6, score_per_residue of 
< −2.3, and sspred of > 0.8.

Crystallization, data collection, and refinement
hIL-21R and hγc were expressed, purified, and deglycosylated as 
previously described (37). hγc was mixed with 21h10/hIL-21R com-
plex at an equimolar ratio, concentrated to 10 mg/ml, and treated 
with carboxypeptidase A and B. Crystals of the 21h10 complex were 
grown by sitting drop vapor diffusion in 0.2 M potassium thiocya-
nate, 0.1 M bis-tris propane (pH 6.5); 20% (w/v) polyethylene glycol, 
molecular weight 3350; and crystals were harvested as previously 
described. Diffraction data were collected at Stanford Synchrotron 
Radiation Laboratory beamline 12-2. Data were indexed, integrated, 
and scaled to 2.3-Å resolution using XDS (62). Because of anisot-
ropy in the crystal diffraction, a pseudoellipsoidal diffraction limit 
was applied using Staraniso (63). The protein structure was solved 
using an approach similar to the solution of the native ternary struc-
ture (37) using molecular replacement in Phaser (64) based on 
models derived from the hIL-21/hIL-21R complex (PDB: 3TGX) 
(35) and a hγc complex (PDB: 7S2R) (65). The solution yielded an 
asymmetric unit containing four copies of 21h10, four copies of hIL-
21R, and two copies of hγc. Coot (66) and Phenix (67) were used to 
rebuild and refine the structure, and refinement was performed with 
noncrystallographic symmetry restraints. Crystallography data col-
lection and refinement statistics are presented in table S3. The final 
21h10/hIL-21/hIL-21R structure has been deposited in the RCSB 
protein data bank with accession code PDB ID: 9E2T. SBGrid (68) 
was used to install and configure all crystallographic software. The 
analysis of interfaces was conducted using Protein Interfaces, Sur-
faces and Assemblies (PISA) (table S4) (69). Structure-related fig-
ures were generated using UCSF ChimeraX (70).

STAT phosphorylation assay in T cells
All experiments involving mice at NHLBI were performed using pro-
tocols approved by the NHLBI Animal Care and Use Committee and 
followed National Institutes of Health (NIH) guidelines for the use 
of animals in intramural research. Purified murine CD4 and CD8 T 
cells were preactivated with plate-bound anti-murine CD3 (2 μg/ml; 
clone 145-2C11, Bio X Cell, catalog no. BE0001-1) and soluble anti-
murine CD28 (1 μg/ml; clone 37.51, Bio X Cell, catalog no. BE0015-1) 
and cultured in complete RPMI medium for 48 hours at 37°C. Human 
CD4 and CD8 T cells were isolated from the buffy coats of healthy 
human volunteers obtained from NIH Blood Bank. Purified human 
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CD4 and CD8 T cells were activated by plate-bound anti-human CD3 
(2 μg/ml; clone UCHT1 (Leu-4) (T3), Bio X Cell, catalog no. BE0231) 
and soluble anti-human CD28 (1 μg/ml; clone 9.3, Bio X Cell, catalog 
no. BE0248) and cultured in complete RPMI medium for 48 hours at 
37°C. For B cells, see Supplementary Materials and Methods for details.

After 48 hours of culture, the preactivated cells were rested over-
night in a complete medium and restimulated with native IL-21 and 
IL-21 mimics at different concentrations (from 10 fM to 1 μM) for 
20 min, respectively. Cells were then fixed, permeabilized, and stained 
with AF488-phosphoSTAT1 (1:100; BD Biosciences, catalog no. 612
596) and AF647-phosphoSTAT3 (1:100; BD Biosciences, catalog no. 
651008) for flow cytometry. Cells were analyzed using a BD LSR 
Fortessa X-20 Cell Analyzer flow cytometer (BD Biosciences).

RNA-seq analysis
The libraries were indexed using barcodes and sequenced on an 
Illumina NovaSeq platform with SP 100-cycle kits, achieving a se-
quencing depth of more than 45 million reads per sample. Sequenced 
reads were obtained with the Illumina CASAVA pipeline and mapped 
to the murine genome (mm10/GRCm38) using TopHat 2.0.11. Raw 
counts that fell on exons of each gene were calculated and normal-
ized by using RPKM (reads per kilobase per million mapped reads). 
Differentially expressed genes were identified with the R Biocon-
ductor package “edgeR,” and expression heatmaps were generated 
with the R package “pheatmap.”

Syngeneic murine tumor model experiments
All animal protocols were approved by the Dana-Farber Cancer In-
stitute Committee on Animal Care (protocol 14-019 and 14-037) 
and are in compliance with the NIH/NCI ethical guidelines for 
tumor-bearing animals. On day 0, 6- to 8-week-old female C57BL/6J 
mice (the Jackson Laboratory, catalog no. 000664) were inoculated 
with 80 to 90% confluent tumor cells (cell line is indicated per ex-
periment). Starting on days 3 to 5, mice were treated daily with the 
listed test items, and 21h10 was injected daily following each regi-
men indicated per experiment. Mice were monitored for survival, 
weight change, and symptoms of toxicity, including pallor, notice-
able weight loss, and fatigue. Mice were euthanized if they lost 20% 
of body weight or their tumors ulcerated or reached 2000 mm3 in 
volume (measured with a ruler, volume calculated by multiplication 
of length, height, and width), which is the maximal permitted tumor 
size for these studies. For all in vivo murine tumor experiments, 
mice were randomized after transfer of TRP1 cells and after inocula-
tion of tumors, before starting drug treatment. Mice that did not 
have palpable tumors at the time of first drug dosing were excluded 
from the experiment. Mice whose tumors ulcerated before reaching 
500 mm3 were also excluded. Investigators were not blinded. Sample 
size determination was not performed.

PDOTS preparation and microfluidic device culture
Organotypic spheroids were generated from samples of patients 
with melanoma at Massachusetts General Hospital. Samples were 
collected and analyzed according to Dana-Farber/Harvard Cancer 
Center Institutional Review Board (IRB)–approved protocols (IRB 
protocol: 11-181). Written informed consent was obtained from all 
patients. PDOTS were generated as previously described (48, 71, 72). 
Tumors were minced finely with scalples. Minced tumors were re-
suspended in full Dulbecco’s modified Eagle’s medium. Cells were 
filtered through 100-μm cell strainer, followed by 40-μm cell strainer 

to obtain three size-based fractions: S1 (>100 μm), S2 (40 to 100 μm), 
and S3 (<40 μm). The S2 and S3 fractions were washed off the fil-
ters with fresh complete medium and rested in ultralow attachment 
plates (Corning, 3471) in the incubator until device loading. The S1 
fraction was washed off using a complete medium supplemented 
with collagenase type IV (100 U/ml; Life Technologies, 17104019) 
and 15 mM Hepes (Gibco, 1560-080), followed by incubation at 
37°C for 15 to 30  min. Collagen digestion was quenched with an 
equal volume of medium, and the suspension was subsequently re-
filtered to S1, S2, and S3 fractions. S1 was washed off this time with 
complete medium. Last, the S2 fraction was pelleted and embedded 
in type I rat tail collagen (Corning, 354236) at 2.5 mg/ml, prepared 
with 10× PBS containing phenol red (Sigma-Aldrich, 114537-
5g). PDOTS was treated with ICB [pembrolizumab (250 μg/ml) or 
nivolumab (240 μg/ml) + relatlimab (80 μg/ml) (opdualag, obtained 
from MGH pharmacy waste)] human recombinant IL-21 at 1 μM or 
left untreated.

PDOTS viability assessment
PDOTS staining and viability analysis was done as previously de-
scribed (48,  71). Image analysis was performed using the NIS-
Elements AR software. Live/dead quantification was determined by 
measuring the total cell area of acridine orange (live cells), propidi-
um iodide (PI; dead cells), and Hoechst (total cells). Live cell counts 
were defined as the total area of the acridine orange channel or as 
the Hoechst (total cell counts) minus the PI (dead) area. Percent 
change and log2-fold change (L2FC) values were calculated from the 
live cells in each condition relative to the control.

scRNA-seq preparation
Tumors were collected from mice as described previously (73). For 
each tumor from a treatment group, a different TotalSeqC hashing 
antibody (mouse Hashtags 1-5, BioLegend) was incubated with 2 μl 
of antibody/million cells in PBS (with 2% fetal bovine serum) for 
20 min at 4°C. About 4000 cells per tumor were pooled across each 
treatment group (five hashtags per treatment group) and loaded 
onto a 10X Chromium Controller with a Single Cell K Chip (PN-
2000182) using the Chromium Next GEM Single Cell 5′ GEM Kit 
v2 reagents and beads (PN-1000244 and PN-1000264). Samples were 
sequenced at a depth of 50,000 read pairs per cell.

scRNA-seq preprocessing
The Mus musculus genome fasta and general transfer format (GTF) 
annotation files were downloaded from the Ensembl database (re-
lease 108). CellRanger (v7.0.0) “mkgtf ” was used to filter the GTF 
file using the defaults from 10x Genomics. A custom reference was 
generated by first appending the sequences for the TRP1high/low rear-
ranged α/β TCR chains (45) to the M. musculus fasta file, adding 
TRP1 TCR annotations to the filtered GTF file, and last using these 
two new files as inputs for CellRanger “mkref ” to build the refer-
ence. Cellranger “count” was used to align reads to this new refer-
ence (Gene Expression) and hashtag antibody sequences (antibody 
capture). The unfiltered CellRanger count matrices were imported 
into R using the Seurat (v4.3.0) package. The DropletUtils (v1.18.1) 
package “emptyDrops” function was used to exclude potential empty 
droplets from the count matrix (74) using a cutoff of false discovery 
rate < 0.01. Hashtag reads were used to demultiplex samples with 
the Seurat “HTODemux” function using a kmeans function with 
“nstarts = 30” and a 99% positive quantile threshold.
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scRNA-seq clustering
Each filtered, demultiplexed sample was log-normalized, and 2000 
variable features were identified and used to find 3000 integration fea-
tures to combine samples to minimize batch effects (75). The newly 
integrated dataset was scaled, and a principal components analysis 
was performed, from which the top 25 PCs were used for uniform 
manifold approximation and projection (UMAP) generation. From 
the 25 PCs, a shared nearest neighbor graph was constructed (k = 20 
neighbors), and clusters were classified by the Louvain algorithm. 
The “FindAllMarkers” function was used to find the top cluster-
defining genes, and these gene lists were used to assign cell types.

Differential gene expression analysis
Across each T cell subcluster, we performed a pseudo-bulk method 
of differential gene expression analysis (76, 77). Each mouse within 
a treatment group was treated as a replicate, and count matrices were 
summed across genes for each subcluster per mouse. Using the DE-
Seq2 (v1.38.3) package (78) and pseudo-bulk gene expression val-
ues, differentially expressed genes were identified across treatment 
groups and subclusters. For gene changes in TRP1-specific T cells, 
cells classified as either TRP1high or TRP1low cells were subset, and 
counts across each gene were summed for each mouse for pseudo-
bulk analysis using DESeq2. For Gene Set Enrichment Analysis 
(GSEA), fold changes within the T cell subset object were calculated 
with the Seurat “FoldChange” function, comparing each specified 
treatment group. Fold changes were used with the fgsea (v1.24.0) 
package along with the Molecular Signatures (v7.2) Hallmark gene 
signatures (79) for GSEA.

Statistical analysis
Statistical comparisons were made using GraphPad Prism 10 
(GraphPad Software) or R (v4.2.2), and details are reported in data 
file S1. Parametric comparisons of normally distributed values were 
performed using one-way or two-way analysis of variance (ANOVA) 
with appropriate corrections for multiple comparisons, including 
Tukey’s, Dunnett’s, and Šidák corrections, as specified. In cases of 
unequal variances, Brown-Forsythe and Welch ANOVA tests were 
used with Dunnett’s multiple comparisons correction. For survival 
analyses, significance was determined using Bonferroni-adjusted 
Mantel-Cox log-rank tests. Where applicable, Mann-Whitney 
U tests were used for nonparametric unpaired comparisons, and 
Wilcoxon signed-rank tests with Bonferroni correction were ap-
plied to paired data. Area under the curve (AUC) values per mouse 
were used in some group comparisons. For gene expression and en-
richment analyses, DESeq2 Wald tests and the fgsea R package were 
used using an adjusted P value cutoff of 0.05. z scores were com-
puted by subtracting the row mean from each value and dividing by 
the row standard deviation. All statistical tests were two-tailed, and 
adjustments for multiple comparisons were made where appropri-
ate. All error bars are SEM. Data were considered significant when 
P ≤ 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
(or P values displayed).
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