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Abstract

Limited availability of cytokines to sustain the antitumor activity of CAR T cells against solid 

tumors has emerged as a major roadblock. While numerous genetic engineering approaches are 

being explored to activate JAK/STAT cytokine signaling pathways in CAR T cells, no modular 

system exists. To overcome this limitation, we designed a leucine zipper-based chimeric cytokine 

receptor (ZipR) platform. For optimal ZipR signaling, two leucine zipper motifs were critical, 

and we successfully generated ZipRs based on common γ-chain (IL-2, IL-7, IL-21), IL-10 family 

(IL-10, IL-22), and IL-12 family (IL-12) cytokine receptors. ZipRs enabled T cells to survive 

cytokine starvation without inducing autonomous cell growth and augmented the effector function 

of CAR T cells in vitro in the setting of chronic antigen exposure as well as in preclinical solid 

tumor xenograft models. Thus, ZipRs present a modular receptor platform to provide tailored, 

intrinsic cytokine signaling for adoptively transferred immune cells.

Adoptive immunotherapy with CAR T cells has been transformative for the treatment of 

hematological malignancies, where they undergo significant expansion to kill chemotherapy 

resistant tumor cells and can persist for years after infusion1,2. In contrast, CAR T cell 

therapy for the treatment of solid tumors has been less successful3,4. Recent clinical 

trials have demonstrated improved outcomes, including complete responses, in solid tumor 

patients5–8, but responses remain limited to a subset of patients. Lack of efficacy is 

most likely multifactorial and includes a limited ability of CAR T cells to expand and 

persist post infusion. Several approaches are actively being explored to overcome this 

limitation, including the transgenic expression of cytokines. For example, investigators 

have demonstrated that transgenic expression of IL-7, IL-12, IL-15, IL-18, IL-21, or IL-23 

improves the antitumor activity of CAR T cells,9–15 and early phase clinical studies with 

IL-15 or IL-12 expressing CAR T cells are in progress16,17.

While effective, transgenic expression of cytokines can be associated with systemic 

toxicities18, and the genetically modified T cells might not express the cognate cytokine 

receptors as they undergo activation and differentiation. To overcome these limitations, 

we and others have taken advantage of naturally occurring constitutively active cytokine 

receptors or have engineered chimeric cytokine receptors to directly activate cytokine 

receptor signaling pathways in a cell-intrinsic manner19–22.

Preclinical and clinical T cell therapy studies have highlighted the requirement for cytokine 

signaling in effective antitumor responses23,24. However, at present no modular system 

exists to generate constitutively active cytokine receptors. Current approaches to activate 

cytokine signaling in engineered cell therapies are limited by expression or downregulation 

of the cognate receptor25, toxicity from activation of bystander cells18, and suboptimal 

biodistribution26. We and others posit that a synthetic biology approach to activate diverse 

cytokine signaling pathways in a cell-intrinsic manner has the potential to overcome these 
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limitations. We replaced the extracellular domains of heterodimeric cytokine receptors with 

leucine zippers and demonstrate that two leucine zipper motifs are critical for optimal JAK/

STAT activation. ZipRs based on IL-2, IL-7, IL-21, or IL-12 receptors augment CAR T cell 

antitumor activity against solid tumors in vitro and in vivo. Thus, ZipRs represent a modular 

chimeric cytokine receptor platform that can activate a broad range of cytokine signaling 

pathways in a cell-intrinsic manner to improve adoptive cell therapies.

Results

Design and functional characterization of common γ chain cytokine receptor-based 
leucine zipper receptors

To explore the feasibility of activating the STAT5 signaling pathway without exogenous 

cytokines, we generated ZipRs in which the extracellular domains of the IL-2Rγ and 

IL-2Rβ chains were replaced with one [Zip2R(1x)] or two [Zip2R(2x)] leucine zipper motifs 

(Fig. 1a,b, Supplementary Data Fig. 1a). Zip2R(1x) or Zip2R(2x) expressing primary human 

T cells were generated by retroviral transduction, and Zip2R(2x) induced significantly 

higher STAT5 phosphorylation in comparison to Zip2R(1x) (Fig. 1c). Zip2R(2x)-induced 

pSTAT5 expression was consistent when both chains were expressed in a single construct or 

separately (Supplementary Data Fig. 1b). This resulted in increased viability of Zip2R(2x) 

T cells in comparison to Zip2R(1x) or non-transduced (NT) T cells after 7 days of 

cytokine starvation (Fig. 1d). Confocal microscopy revealed that Zip2R(2x) formed larger 

clusters than Zip2R(1x) (Fig. 1e, Extended Data Fig. 1a,b). Likewise, AlphaFold27 structural 

modeling of Zip2R(1x) and Zip2R(2x) revealed that only Zip2R(2x) was able to form 

multimeric complexes through parallel and antiparallel interaction of leucine zippers (Fig. 

1f), providing a potential explanation for the observed functional differences between 

Zip2R(1x) and Zip2R(2x). To provide additional insight into the subcellular location of 

ZipRs, we performed confocal microscopy in which the SNAP/CLIP tag system was used 

to label individual chains of Zip2R(1x) or Zip2R(2x) (Extended Data Fig. 2a). Staining of 

intracellular compartments demonstrated that for Zip2R(2x), the receptor was present at the 

cell surface, and in the membrane of Lamp1+ lysosomes, and Rab11+ recycling endosomes, 

but not Rab5+ endosomes (Extended Data Fig. 2b–f). Zip2R(1x) also colocalized at the cell 

surface and in the membrane of Lamp1+ lysosomes, but not Rab11+ or Rab5+ endosomes 

(Supplementary Data Fig. 2a–e). Comparison of Zip2R(1x) and Zip2R(2x) demonstrated 

that Zip2R(2x) is more likely to be found at the cell surface or the membrane of Lamp1+ 

lysosomes (Extended Data Fig. 2g), suggesting that Zip2R(2x) accumulates at the cell 

surface and is destined for degradation or recycling following productive signaling.

Based on the functional advantage of ZipRs with 2 leucine zipper motifs we focused on this 

design going forward. As an alternative approach to activate STAT5 in T cells, we generated 

an IL-7-based ZipR [(Zip7R(2x)] for comparison. Zip7R(2x) also induced significant STAT5 

phosphorylation (Fig. 1g), and enabled T cells to survive in the absence of cytokines for 

7 days (Fig. 1h). Direct comparison of Zip2R(2x) and Zip7R(2x) revealed no difference in 

their ability to sustain T cell viability under conditions of prolonged cytokine starvation (Fig. 

1i).
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The increase in viability was mediated by JAK signaling since treatment with ruxolitinib, 

a JAK1/2 inhibitor, prevented Zip2R(2x)- and Zip7R(2x)-induced pSTAT5 expression and 

survival during cytokine starvation. (Extended Data Fig. 3a–e). STAT5 phosphorylation was 

observed in cells expressing high levels of Zip2R(2x) or Zip7R(2x) (Supplementary Data 

Fig. 3a), which could further be increased by the addition of exogenous IL-2- or IL-15 

(Supplementary Data Fig. 3b,c). Finally, Zip2R(2x) or Zip7R(2x) did not induce significant 

proliferation of T cells in vitro (Supplementary Data Fig. 3d,e) or autonomous T cell growth 

within 60 days of culture (Fig. 1j).

Zip2R and Zip7R activate distinct signaling pathways as judged by multiplexed 
phosphoproteomics

Having observed no significant functional differences between Zip2R(2x) and Zip7R(2x) 

(hereafter denoted as Zip2R and Zip7R), we performed an unbiased phosphoproteomic 

analysis of T cells expressing Zip2R or Zip7R, and NT T cells ± IL-15. IL-15 was 

chosen for comparison since it binds to the IL-2 receptor and T cells are unresponsive 

to IL-7 following ex vivo culture25. Samples were subjected to multiplexed tandem mass 

tag (TMT) and two-dimensional liquid chromatograph-tandem mass spectrometry (LC/LC-

MS/MS) phosphoproteomics. In total, we identified 31,381 unique phosphopeptides (<1% 

false discovery rate), which correspond to 23,934 unique phosphosites (pS: 18,765, pT: 

4,329, pY:840), representing 4,554 unique phosphoproteins. After additional filtering to 

remove very low abundance proteins and confirmation of concordance between biological 

replicates,4,452 phosphoproteins were used for analysis (Fig. 2a, Supplementary Data Fig. 

4a,b). Hierarchical clustering and principal component analysis (PCA) of the top 700 

differentially phosphorylated proteins revealed clustering of samples based on stimulation 

with IL-15 or expression of Zip2R or Zip7R (Fig. 2b, Supplementary Data Fig. 4c,d). 

Inference of kinase activities from phosphoproteomics (IKAP)28 identified differences in 

activation of signaling pathways mediated by IL-15 stimulation compared to Zip2R or 

Zip7R signaling (Fig. 2c). Specifically,Zip2R and Zip7R induced higher phosphorylation 

of target proteins of cyclin dependent kinases (CDKs), mitogen activated protein kinases 

(MAPKs), mammalian target of rapamycin (mTOR), p21-activated kinase 1 (PAK1), 

proviral integration site for Moloney murine leukemia virus kinase (PIM1), and protein 

kinase C alpha (PRKCA), demonstrating activation of pathways associated with cell cycle, 

metabolism, proliferation, survival, and adhesion.

We next focused on comparing specific phosphoproteins induced in NT+IL-15, Zip2R, 

and Zip7R cells, compared to NT T cells. Proteins phosphorylated by Zip2R or Zip7R 

signaling were not only involved in cytokine signaling (STAT, IL7R, IL2RG, MAPK) but 

also in diverse cellular functions including cell cycle (MKI67, CDK7, TOP1), chromatin 

and transcriptional regulation (NFAT, JUND, SIRT6, SETDB1, BRD7, BATF), cytoskeleton 

and cell adhesion (Integrins, CD44, STMN1, PECAM1), translational machinery/RNA 

processing and splicing (RPS6, NPM1) and metabolism (SLC1A4, SLC1A5, GLUD1, 

GLUT1) in CD8+ and CD4+ T cells (Fig. 2d). Further analysis of proteins differentially 

phosphorylated in Zip2R or Zip7R expressing T cells revealed distinct signaling cascades 

induced in CD4+ and CD8+ T cells, with more proteins phosphorylated by Zip2R in both 
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T cell subsets (Fig. 2e). Based on these distinct phosphorylation patterns, we decided to 

explore if either molecule would augment the effector function of CAR T cells.

Zip2R and Zip7R improve CAR T cell effector function during chronic antigen exposure in 
vitro

In order to determine if Zip2R or Zip7R enhance the effector function of CAR T cells, 

we focused on T cells expressing a functional B7-H3-CAR or a nonsignaling B7-H3-CAR 

(ΔCARs), which binds B7-H3 and contains an intracellular domain without a signaling 

moiety29. We utilized B7-H3-positive A549 and LM7 cells (A549 WT, LM7 WT), and A549 

and LM7 cells in which B7-H3 was knocked out (A549 B7-H3 KO, LM7 B7-H3 KO) as 

antigen-negative targets. B7-H3-CAR or ΔCAR T cells expressing Zip2R or Zip7R were 

generated by viral transduction (Fig. 3a,b). Zip2R or Zip7R expression did not significantly 

change the CD4:CD8 ratio, T cell subset composition (Supplementary Data Fig. 5a–d), or 

antigen-specific cytolytic activity (Fig. 3c,d, Extended Data Fig. 4a,b). Likewise, Zip2R or 

Zip7R did not change the cytokine expression profile of B7-H3-CAR T cells after a single 

exposure to A549 WT or LM7 WT cells (Fig. 3e, Extended Data Fig. 4c,d). To exclude the 

possibility that ZipRs could alter the antigen-specific activation threshold of CAR T cells, 

we stimulated CAR, CAR.Zip2R, or CAR.Zip7R T cells with increasing concentrations of 

plate-bound recombinant human B7-H3 and did not observe any differences in degranulation 

or IFNγ production (Supplementary Data Fig. 6a,b). For Zip2R we additionally confirmed 

antigen-specificity by measuring cytokine production in the presence of A549 B7-H3 KO 

and LM7 B7-H3 KO cells, and by expressing Zip2R in ΔCAR T cells (Fig. 3e, Extended 

Data Fig. 4c).

We next performed repeat stimulation assays in which CAR T cells were counted and 

stimulated with tumor cells every 7 days to evaluate their functionality during chronic 

antigen exposure. Zip2R or Zip7R increased the ability of B7-H3-CAR T cells to expand 

and kill tumor cells after repeated stimulation with A549 WT and LM7 WT cells. In 

contrast, no benefit was observed after stimulation with A549 B7-H3 KO or LM7 B7-H3 

KO cells or when ZipRs were expressed in ΔCAR T cells (Fig. 3f–k, Extended Data Fig. 4e–

j), confirming antigen specificity. Furthermore, CAR.Zip2R T cells maintained the ability to 

secrete cytokines for at least 3 stimulations (Supplementary Data Fig. 7). In contrast to B7-

H3-CAR T cells, the percentage of transduced CAR.Zip2R or CAR.Zip7R T cells enriched 

after the 2nd stimulation, and Zip2R or Zip7R also maintained CD4+ T cells (Extended 

Data Fig. 5a,b). To confirm the benefit of Zip2R or Zip7R signaling for another CAR, 

we generated functional (CAR) or nonsignaling (ΔCAR) EphA2-specific CAR T cells that 

expressed Zip2R or Zip7R (Extended Data Fig. 6a). Expression of Zip2R or Zip7R did not 

alter the CD4:CD8 ratio, the immunophenotype or the specificity of EphA2-CAR or ΔCAR 

T cells and improved the ability to EphA2-CAR T cells to expand in repeat stimulation 

assays (Extended Data Fig. 6b–e). Since EphA2- and B7-H3-CARs both contained CD28z 

signaling domains we compared the ability of Zip2Rs to improve the effector function of 

T cells expressing GPC2-CARs with a CD28z or 41BBz signaling domain and found no 

significant differences (Supplementary Data Fig. 8a–d).
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ZipRs augment CAR T cell antitumor activity in vivo

We next evaluated the antitumor activity of Zip2R or Zip7R-expressing CAR T cells in 

our established intravenous (i.v.) A549.GFP.ffLuc (B7-H3-CAR) (Fig. 4a) or subcutaneous 

(s.c.) A673 (EphA2-CAR) models (Extended Data Fig. 7a). A549.GFP.ffLuc-bearing mice 

received a single subtherapeutic dose (3x105) of B7-H3-CAR, B7-H3-CAR.Zip2R or B7-

H3-CAR.Zip7R CAR T cells, and mock treated animals served as controls. CAR.Zip2R 

T cells induced significant tumor regression for greater than 8 weeks post infusion in 

comparison to B7-H3-CAR T cell treated mice (Fig. 4b,c, Supplementary Data Fig. 9) 

and only 1 out of 10 mice died of unknown causes 4 weeks post infusion. Improved 

antitumor activity of B7-H3-CAR.Zip2R T cells was confirmed in a separate experiment 

(Supplementary Data Fig. 10a,b). EphA2-CAR.Zip2R T cells also had significantly greater 

antitumor activity than EphA2-CAR.Zip7R or EphA2-CAR T cells in the A673 model 

for one donor, resulting in a significant survival advantage (Extended Data Fig. 7b,c). 

For a 2nd donor, EphA2-CARs as well as EphA2-CAR.Zip2R T cells induced complete 

tumor remissions; however, only mice treated with EphA2-CAR.Zip2R T cells rejected a 

secondary rechallenge with EphA2-positive tumor cells more than 100 days after CAR T 

cell injection (Extended Data Fig. 7d–f).

Infusion of B7-H3-CAR.Zip7R T cells in the A549.GFP.ffLuc model was associated with 

significant toxicity, and all mice died within 2 weeks post infusion (Fig. 4b) due to T cell 

expansion within the lungs (Supplementary Data Fig. 11). Expansion was antigen-specific 

since ffLuc-expressing B7-H3-CAR.Zip7R T cells did not induce toxicity in non-tumor 

bearing mice (Extended Data Fig. 8a–d), and TRAC KO did not improve their safety profile 

(Extended Data Fig. 8e). To control CAR.Zip7R expansion and prevent toxicity in the i.v. 

A549 lung tumor model, we treated mice with ruxolitinib starting at day 7 post T cell 

injection, which significantly decreased CAR.Zip7R T cell expansion and prevented toxicity 

(Extended Data Fig. 8f–h).

To interrogate the mechanism of improved effector function of CAR.Zip2R T cells in vivo, 

we first compared the expansion of ffLuc-expressing CAR and CAR.Zip2R T cells in the 

i.v. A549 lung tumor model and found no significant differences (Supplementary Data Fig. 

12a,b). Next, we isolated lymphocytes from the lungs of mice at peak CAR T cell expansion 

and analyzed their transcriptomic profiles by single cell RNA sequencing (scRNAseq) (Fig. 

4d). Uniform manifold approximation and projection (UMAP) dimensionality reduction 

of CAR and CAR.Zip2R T cell transcriptomes denoted expanded populations of CD4, 

memory-like CD8, and effector-like CD8 CAR.Zip2R TILs and reduction of exhaustion-like 

cells (Fig. 4e,f, Supplementary Data Fig. 13). Furthermore, CAR.Zip2R T cells exhibited 

greater expression of effector molecules (GZMB, PRF1, TNF), costimulatory molecules 

(TNFSF9, TNFSF10), cytokines and chemokines (CSF2, OSM, CCL3, CCL4, XCL2), and 

the high-affinity IL-2Rα chain (IL2RA) suggesting a phenotypic state of heightened effector 

function and greater responsiveness to IL-2 (Fig. 4g). A deeper exploration of pathway 

regulation by Ingenuity Pathway Analysis30 and differentially expressed genes (DEGs) in 

CD8+ and CD4+ CAR.Zip2R T cells revealed increased signaling of cytokine receptor/JAK/

STAT pathways, upregulation of effector molecules, metabolic regulation by mTOR, and 

signaling via diverse transcription factors known to sustain effector function (Fig. 4h,i). 
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Overall, these results support the improved in vivo antitumor activity mediated by Zip2R 

which can likely be attributed to increased JAK/STAT signaling via Zip2R and maintenance 

of a functional effector state in both CD4+ and CD8+ CAR T cells in vivo.

Leucine zipper ectodomains enable the generation of ZipRs from diverse cytokine receptor 
families

To demonstrate that the leucine zipper ectodomain can be utilized to generate constitutive 

active cytokine receptors of additional common γ-chain cytokine or other cytokine family 

receptors, we generated ZipRs for the common γ-chain cytokine IL-21 (Zip21R), IL-10 

family cytokines IL-10 (Zip10R) and IL-22 (Zip22R), and IL-12 family cytokine IL-12 

(Zip12R). All ZipRs were functional as judged by STAT3 (Zip21R, Zip10R, Zip22R) or 

STAT4 (Zip12R) phosphorylation (Fig. 5a–c). We selected two ZipRs (Zip21R, Zip12R) 

for further functional analysis in CAR T cells. Expression of Zip21R did not change 

the phenotype of CAR T cells (Extended Data Fig. 9a,b), but we observed an increased 

proportion of naïve-like and central memory CAR.Zip12R T cells (Extended Data Fig. 9c–

e). Zip21R or Zip12R improved the ability of B7-H3-CAR T cells to repetitively kill A549 

cells in a repeat stimulation assay (Fig. 5d–i) without altering antigen specificity (Extended 

Data Fig. 9f,g), and extended survival of mice treated with a subtherapeutic dose of CAR T 

cells in the i.v. A549 model (Fig. 5j–n).

ZipRs endow CAR T cells with a polyfunctional effector transcription program

To broadly characterize and directly compare the transcriptomic profiles of CAR, 

CAR.Zip2R, CAR.Zip7R, and CAR.Zip12R T cells, we performed scRNAseq on 

unstimulated and chronic antigen stimulated CAR T cells that had undergone 3 weekly 

exposures to tumor cells (Fig. 6a,b). The EphA2-CAR was chosen for this comparison 

due to the ability of EphA2-CAR T cells to kill tumor cells and expand for more than 

one stimulation in vitro, in contrast to B7-H3-CAR T cells. UMAPs of unstimulated 

and stimulated samples reveal broad transcriptional changes after tumor stimulation with 

clusters representative of CD4 memory-like, CD4 effector-like, and CD8 CAR T cells (Fig. 

6c). In comparison to CAR, CAR.Zip2R, and CAR.Zip7R T cells, CAR.Zip12R T cells 

demonstrated unique clusters of CD8, CD4 effector-like, and CD4 memory-like cells.

Gene set enrichment analysis (GSEA) of CAR.ZipR CD8+ (Fig. 6d) and CD4+ (Extended 

Data Fig. 10a) T cells before and after stimulation revealed upregulation of signaling 

pathways indicative of proliferation, metabolic changes, and STAT signaling. In comparison 

to CAR, CD8+ CAR.Zip2R and CAR.Zip7R T cells expressed similar gene sets 

corresponding to enhanced cell cycle regulation and proliferation, metabolic regulation 

by mTORC1, and IL-2/STAT5 signaling before stimulation, which shifted to effector 

transcriptional programs dominated by an inflammatory response mediated by IL-6/STAT3, 

IFN, and TNFA after chronic antigen exposure. In contrast, CAR.Zip12R T cells expressed 

gene sets indicative of a mixed memory/effector state consisting of proliferation and cell 

cycle regulation, STAT5 and STAT3 signaling, and TNFA signaling via NFkB after chronic 

antigen exposure.
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A deeper analysis of differentially expressed genes revealed a unique polyfunctional effector 

memory state in CAR.Zip12R CD8+ (Fig. 6e, Supplementary Data Fig. 14a) and CD4+ 

(Extended Data Fig. 10b, Supplementary Data Fig. 14b) T cells at baseline and following 

stimulation. Zip12R induced higher expression of central memory associated markers, such 

as SELL, which is consistent with the flow cytometric analysis of B7-H3-CAR.Zip12R 

T cells (Extended Data Figure 9d,e). We also observed increased expression of effector 

molecules (GZM, PRF1, TNF, and IFNG), and transcription factors TBX21 and IRF4 with 

low expression of TOXand EOMES. Following stimulation, CD8+ CAR.Zip12R T cells 

also had lower expression of PD1 (PDCD1) and TIGIT but higher expression of LAG3, 

a gene known to be upregulated by IL-1231 (Fig. 6f). These data suggest that induction 

of IL-12 responsive genes, including IL-1032 and TBX2133, by Zip12R function to induce 

effector differentiation, as suggested by greater expression of IFNG and TNFA compared to 

unmodified CAR T cells. However, Zip12R does not fully recapitulate physiological IL-12 

signaling that induces T cell dysfunction during chronic exposure18 and may instead prevent 

exhaustion by downregulating TOX34 and sustain a population of memory-like CD8+ T 

cells, similar to the memory precursor effector cells induced by low amounts of IL-1233, via 

low-level constitutive TBX21 and STAT4 signaling.

In contrast, CD8+ CAR.Zip2R T cells expressed higher levels of IL2RA and BCL2 before 

stimulation, and after stimulation expressed higher levels of EOMES and lower levels of 

ZEB2. CD8+ CAR.Zip7R T cells also expressed high levels of IL2RA and BCL2 at baseline 

but higher levels of BATF with low ZEB2 following stimulation (Fig. 6f). This suggests 

that Zip2R and Zip7R induce expression of IL2RA and BCL2 via STAT535, which promote 

cell survival in the absence of exogenous cytokines or antigenic stimulation. Following 

stimulation however, the sustained effector function of CAR.Zip2R and CAR.Zip7R T cells 

could be explained by higher expression of EOMES36 or BATF37 and lower expression of 

ZEB2, which could prevent terminal differentiation and maintain memory T cell programs38. 

Overall, these results highlight the divergent transcriptomic profiles induced by Zip2R, 

Zip7R, and Zip12R in CAR T cells before and after chronic antigen stimulation that result in 

improved CAR T cell effector function.

Discussion

Here we describe the development of a modular leucine zipper-based receptor (ZipR) 

platform to provide cell-intrinsic cytokine signaling to CAR T cells. We demonstrate that 

ZipRs promote T cell survival and improve the effector function of CAR T cells targeting 

the solid tumor antigens B7-H3, EphA2, or GPC2 in vitro and in xenograft models.

As IL-2 receptor signaling is initiated via heterodimerization of the IL-2Rβ and IL-2Rγ 
chains during IL-2 binding, we explored the feasibility of activating the STAT5 signaling 

pathway of the IL-2 receptor without exogenous cytokines by replacing the extracellular 

domains of IL-2Rβ and IL-2Rγ with heterodimerizing leucine zipper motifs. We focused on 

a design with one [Zip2R(1x)] or two [Zip2R(2x)] pairs of leucine zippers, hypothesizing 

that one pair would activate the IL-2R pathway through heterodimerization, which would 

be enhanced by a second pair either by improved heterodimerization or formation of 

oligomeric complexes. Based on our structural modeling and confocal microscopy results, 
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we concluded that the second leucine zipper motif allows ZipR chains to form multimeric 

complexes, which is required for optimal activation of ZipR downstream signaling, 

including phosphorylation of STATs. Other investigators have shown that a single leucine 

zipper motif is sufficient to homodimerize IL-6 receptor beta or erythropoietin receptor 

chains, or heterodimerize the GM-CSF receptor chains to initiate downstream signaling39–

41. However, these studies did not explore if adding a second leucine zipper would further 

augment signaling strength. Additionally, JAK2 activation by growth hormone receptor 

homodimerization was shown to require structural repositioning of intracellular domains, 

in addition to proximity, in order to bring JAK2 into productive apposition to initiate 

downstream signaling42. Thus, it is likely that the signaling strength of ZipRs even with 

a single leucine zipper domain could be further optimized with structural modifications. 

Likewise, alternative ZipR designs could be explored by repositioning the leucine zipper 

motifs to the intracellular domain or designing fully intracellular ZipRs to modulate 

subcellular localization and downstream signaling.

Since Zip2R and Zip7R are synthetic molecules that induce STAT5 phosphorylation with 

lower signal strength compared to physiological cytokine stimulation, they may not fully 

recapitulate canonical cytokine signaling. To study the effects of ZipRs in T cells, we 

therefore performed an unbiased phosphoproteomic analysis, which revealed the activation 

of distinct signaling cascades in T cells expressing Zip2R or Zip7R compared to IL-15 

stimulated T cells. These involved diverse cellular processes including cell cycle, chromatin 

and transcriptional regulation, cytoskeleton and cell adhesion, translational machinery/RNA 

processing and splicing, and metabolism. Our findings are consistent with a previous study 

that performed a phosphoproteomic analysis of IL-2 stimulated murine CD8+ T cells43, 

and highlight that merely focusing on phosphorylation of STAT molecules as a readout of 

engineered cytokine signaling in immune cells might not be sufficient. Likewise, comparing 

the phosphoproteome of the other functional ZipRs generated in this study (Zip10R, 

Zip12R, Zip21R, Zip22R) could provide additional insights to guide the future development 

of our modular receptor platform.

Expression of Zip2R or Zip7R in T cells enabled them to survive in the absence of 

exogenous cytokines for at least 21 days without inducing autonomous cell growth. 

We believe that this is an important attribute of the developed receptors since CAR T 

cells have to traffic to and penetrate solid tumors before they are activated by antigen-

expressing tumor cells. At present it is unclear why ZipRs do not induce autonomous 

cell growth, but overall signaling strength might be a possible explanation based on our 

and other investigators experience with the transgenic expression of cytokines9,11,14,44. For 

example, while exogenous IL-15 at ng/mL concentrations induces T cell proliferation, IL-15 

expressing CAR T cells secrete significantly lower levels of IL-15 and do not proliferate 

without antigen recognition11,45. Thus, since there is a ‘baseline benefit’ of ZipRs, we posit 

that genetically modifying ZipR T cells with an inducible safety switch such as inducible 

caspase 9 (iC9)46 is preferable over activation-dependent ZipRs to alleviate potential safety 

concerns. In addition, the FDA-approved JAK1/2 inhibitor ruxolitinib presents an attractive 

option as an off-the-shelf safety switch since we demonstrate that it blocks ZipR signaling in 
vitro and prevents Zip7R toxicity in vivo.
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Significant differences were observed in the downstream pathways modulated by Zip2R and 

Zip7R, therefore we chose to explore both in CAR T cells. In our initial studies comparing 

the effector function of CAR.Zip2R or CAR.Zip7R T cells versus unmodified CAR T cells, 

we observed no significant differences after the first stimulation. However, CAR.Zip2R or 

CAR.Zip7R T cells outperformed unmodified CAR T cells in repeat stimulation assays. 

This finding is consistent with other genetic modifications of CAR T cells to enhance 

their effector function including transgenic expression of cytokines or deleting negative 

regulators11,47. While we did not observe significant differences between CAR.Zip2R or 

CAR.Zip7R T cells in vitro, CAR.Zip7R T cells induced significant toxicity due to antigen-

specific T cell proliferation at lung tumor sites but not subcutaneous tumor sites in vivo. 

The observed toxicity was not caused by altered antigen specificity or by on-target/off-tumor 

reactivity because our B7-H3 CAR does not recognize murine B7-H348. Thus, as reported 

for GD2-CAR T cells49, tumor location can contribute to observed toxicities of adoptively 

transferred T cells and careful clinical monitoring may be required for both unmodified and 

cytokine enhanced cell therapies. While additional studies are needed to provide mechanistic 

insights, we believe that the identified differences in the phosphoproteome and transcriptome 

of Zip2R and Zip7R T cells are one potential explanation.

scRNAseq profiling of CAR and CAR.Zip2R T cells from the lungs of tumor-bearing 

mice revealed expansion of CD4+, CD8+ memory-like, and CD8+ effector-like cells by 

Zip2R and a transcriptional program indicative of STAT5 signaling, cell proliferation, 

and effector function. Surprisingly, in comparison to repeat stimulation assays in vitro, 

we did not observe enhanced proliferation of CAR.Zip2R T cells in vivo. The difference 

may be due to the ON-OFF-ON stimulation in vitro that allowed partial memory to form 

and promoted enhanced proliferation of CAR.Zip2R T cells, while constant stimulation in 
vivo allowed both CAR and CAR.Zip2R T cells to expand to similar levels. Nonetheless, 

we observed significantly improved in vivo functionality of CAR.Zip2R T cells, which 

cleared solid tumors with cell doses at which unmodified CAR T cells were ineffective. 

Thus, the improved in vivo functionality of CAR.Zip2R T cells is likely due to quality, 

rather than quantity of cells. In support of this view, we observed expanded populations of 

memory and effector CD4+ and CD8+ T cells that maintained an effector state where Zip2R 

cooperated with CAR-mediated antigen recognition to induce higher levels of cytotoxic 

effector molecules, chemokines, costimulatory molecules, and transcription factors such as 

JUNB and TBX21.

Finally, we generated other ZipRs from common γ-chain cytokine receptor family (IL-21: 

Zip21R), IL-10 family (IL-10: Zip10R; IL-22: Zip22R), and IL-12 family (IL-12: Zip12R). 

All ZipRs were functional as judged by their ability to phosphorylate STAT3 (IL-21, 

IL-10, IL-22) or STAT4 (IL-12), highlighting the modular nature of the developed receptor 

platform. We demonstrated for one STAT3-phosphorylating ZipR (Zip21R) and one STAT4-

phosphorylating ZipR (Zip12R) that their expression in CAR T cells augmented effector 

function in vitro and in vivo. However, since our in vivo studies were not designed to 

perform a head-to-head comparison between STAT3, STAT4, and STAT5 phosphorylating 

ZipRs, future studies should focus on a direct comparison to identify the optimal ZipR for 

future clinical testing. Likewise, developing ZipRs that phosphorylate multiple STATs could 

have the potential to further improve CAR T cell effector function.
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To interrogate the transcriptional programs induced by Zip2R, Zip7R, and Zip12R, we 

collected unstimulated and chronic antigen stimulated CAR or CAR.ZipR T cells for 

scRNAseq analysis. At baseline, CAR.Zip2R and CAR.Zip7R upregulated genes and gene 

sets associated with cell cycle, proliferation, IL-2/STAT5 signaling, and mTORC1. These 

results are in agreement with our phosphoproteomic analysis of Zip2R and Zip7R T 

cells that showed an increase in phosphorylated proteins involved in cell cycle regulation, 

proliferation, cytokine receptor/STAT signaling, and mTOR. After tumor stimulation, 

transcriptional programs shifted to an inflammatory effector state dominated by interferon 

response and IL-6/STAT3 signaling. However, Zip12R induced a unique polyfunctional 

effector memory transcriptional program reminiscent of Mediator kinase module KO CAR 

T cells50. CAR.Zip12R T cells upregulated expression of IL-12 responsive genes (IL10, 
LAG3), memory associated molecules (SELL, LEF1), and effector molecules (TNF, IFNG, 
GZM, PRF1) while expressing lower levels of TOX and TIGIT and higher levels of TBX21 
in comparison to CAR T cells. In contrast, CAR.Zip2R and CAR.Zip7R T cells expressed 

high levels of IL2RA and BCL2 at baseline and low levels of ZEB2 after stimulation with 

higher EOMES induced by Zip2R and higher BATF induced by Zip7R, suggesting enhanced 

survival at baseline and maintenance of different effector states following stimulation. 

Together, these results suggest that diverse synthetic cytokine signaling pathways are 

beneficial to CAR T cells and that approaches to maintain CAR T cell effector states rather 

than stemness might be an alternative approach to improve adoptive cell therapy for solid 

tumors.

While not directly compared in our studies, we believe that the developed ZipR technology 

has several advantages compared to other constitutive active cytokine platforms. Membrane-

bound cytokine platforms, such as receptor-tethered IL-721, and membrane-bound IL-1851, 

IL-1552, and IL-1253 all have the advantage of providing constant cytokine signaling to 

enhance CAR T cell effector function with a lower risk of systemic toxicity. However, these 

platforms rely on surface expression of their cognate receptor to function, which could be 

downregulated following antigen stimulation or during T cell exhaustion. Constitutive active 

cytokine receptors have also been described, including an IL-7 receptor (C7R)19, which is 

being explored in early phase clinical studies. While this receptor shares the aforementioned 

benefit of ZipRs, it does not have a modular design and thus cannot be tuned to differentially 

activate JAK/STAT signaling pathways.

In conclusion, we have developed a modular chimeric cytokine receptor platform, and its 

members have the potential to improve the antitumor activity not only of CAR T cells 

but other immune effector cells that are currently being explored for the treatment of solid 

tumors.

Methods

Cell lines

The A549 (lung cancer), A673 (Ewing sarcoma), Jurkat (leukemia) cell lines were 

purchased from ATCC. The LM7 (osteosarcoma) cell line was provided by Dr. Eugenie 

Kleinerman (MD Anderson Cancer Center, Houston, TX), and the LAN-1 cell line 

by Dr. Robert Seeger (Children’s Hospital of Los Angeles, Los Angeles, CA). The 
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generation of A549 cells genetically modified to express an enhanced green fluorescent 

protein firefly luciferase molecule (A549.GFP.ffLuc), was previously described54. The 

generation of the B7-H3−/− LM7 cells (LM7 B7-H3 KO) by CRISPR-Cas9 technology 

was previously described29. We used the same approach to generate B7-H3 KO A549 

cells. Once thawed, cell lines were kept in culture for a maximum of 3 months before 

a new reference vial was thawed. Cell lines were cultured in Dulbecco’s Modified Eagle 

Medium (GE Healthcare Life Sciences HyClone Laboratories) supplemented with 10% fetal 

bovine serum (FBS; GE Healthcare Life Sciences HyClone Laboratories) and 2 mmol/L 

Glutamax (Invitrogen). Cell lines were authenticated by the ATCC human short-tandem 

repeat profiling cell authentication service and routinely checked for mycoplasma by the 

MycoAlert Mycoplasma Detection Kit (Lonza).

Generation of viral vectors

The generation of the lentiviral vectors encoding the signaling B7-H3-CAR.CD28ζ (B7-H3-

CAR), nonsignaling B7-H3-CAR (B7-H3-ΔCAR), and pSFG retroviral vector encoding the 

functional EphA2-CAR.CD28ζ (EphA2-CAR) and non-functional EphA2-CAR (EphA2-

ΔCAR) were previously described29,55. Lentiviral vectors encoding GPC2-CAR.CD28ζ, 

GPC2-CAR.41BBζ, or GPC2-ΔCAR were generated by replacing the B7-H3-specific 

scFv with the GPC2-specific CT3 scFv56 in previously published vectors encoding the 

respective B7-H3-CARs29. Lentiviral vectors were produced by the Vector Production and 

Development Laboratory (St. Jude Children’s Research Hospital). The pSFG retroviral 

vectors encoding IL-2R²(1x), IL-2R²(2x), IL-2R³(1x), IL-2R³(2x), Zip2R, Zip7R, Zip21R, 

Zip12R, Zip10R and Zip22R were generated by synthesizing gene fragments (Thermo 

Fisher Scientific) and In-Fusion cloning (Takara Bio). They consist of (i) either one or 

two leucine zipper motifs57 linked by a glycine/serine linker; (ii) 15 amino acids from the 

extracellular domain of the indicated cytokine receptor chain; (iii) the entire transmembrane 

and intracellular domain from the indicated receptor chain; (iv) a P2A sequence; and 

(v) either mRuby or mClover. For microscopy experiments, IL-2Rβ(1x), IL-2Rβ(2x), 

IL-2Rγ(1x), and IL-2Rγ(2x) were directly fused at the C-terminus to either mRuby or 

mClover by deleting the P2A sequence. Additionally, either SNAP tag [IL-2Rγ(1x) and 

IL-2Rγ(2x)] or CLIP tag [IL-2Rβ(1x) and IL-2Rβ(2x)] was directly fused to the N-terminus 

and truncated CD20 [IL-2Rγ(1x) and IL-2Rγ(2x)] or truncated CD19 [IL-2Rβ(1x) and 

IL-2Rβ(2x)] was used for detection of transduction. The sequences of the final constructs 

were verified by sequencing (Hartwell Center, St. Jude Children’s Research Hospital, which 

is supported by the National Cancer Institute under Award Number P30 CA021765) and 

are provided as supplementary data. RD114-pseudotyped retroviral particles were generated 

by transient transfection of 293T cells as previously described. Supernatants were collected 

after 48 hours, filtered, and snap-frozen.

Generation of genetically modified T cells

Human peripheral blood mononuclear cells (PBMCs) were isolated using Lymphoprep 

(Abbott Laboratories) from de-identified elutriation chambers of leukapheresis products 

obtained from St. Jude Children’s Research Hospital’s donor center. On day 0, CD4+ 

and CD8+ T cells were enriched from PBMCs by immunomagnetic separation using CD4 

and CD8 microbeads (Miltenyi, Germany), an LS column (Miltenyi), and a MidiMACS 
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separator (Miltenyi). Enriched T cells were resuspended at 1×106 cells/mL in RPMI 1640 

(GE Healthcare) supplemented with 10% FBS (GE Healthcare), 1% GlutaMAX (Thermo 

Fisher Scientific) (complete RPMI), and recombinant human cytokines IL-7 (10 ng/mL) and 

IL-15 (5 ng/mL; Biological Resources Branch, National Cancer Institute, Frederick, MD, 

USA, or PeproTech, Rocky Hill, NJ, USA) and stimulated overnight on 24-well non-tissue 

culture-treated plates that were precoated with CD3 and CD28 antibodies (Miltenyi). For 

B7-H3- and GPC2-CAR.ZipR T cell generation, transduction was performed on day 1 

by adding VSVG-pseudotyped LV particles (B7-H3-CAR, ΔCAR) at an MOI of 50, and 

protamine sulfate (4 μg/mL). 24 hours after lentiviral transduction, CAR T cells were 

transferred to retronectin-coated plates with retroviral particles for 2 to 4 days. For EphA2-

CAR.ZipR T cell generation, activated T cells were seeded on day 1 onto retronectin 

(Clontech)-coated plates with an admixture of retroviral particles encoding the EphA2-CAR 

and a ZipR. To generate CAR or ZipR T cells the same procedure was followed with the 

exception of only using the respective single viral vector. Post transduction, T cells were 

expanded in complete RPMI in the presence of IL-7 (10 ng/mL) and IL-15 (5 ng/mL) for 

7-14 days prior to performing the experiments. Non-transduced (NT) T cells were prepared 

similarly, except that no retrovirus was included in the retronectin wells. For all experiments 

with biological replicates, PBMCs from different healthy donors were used.

Fluorescence microscopy

For mRuby/mClover colocalization studies, transfected HEK293T cells were selected 

by fluorescence activated cell sorting before seeding on Poly-L-Lysine (Sigma) coated 

coverslips (Fisher Scientific). Coverslips were fixed with 4% paraformaldehyde (Electron 

microscopy sciences) before mounting onto slides using Fluoromount-G (ThermoFisher 

Scientific). For SNAP/CLIP tag imaging, coated coverslips were prepared using N1 

coverslips (Fisher Scientific: #12-545-80P), which were coated with 0.01% Poly-L-Lysine 

(Sigma) overnight at 4°C, then washed with PBS and filled with media until T cell seeding. 

200,000 T cells were plated onto precoated coverslips for 1 hour in a cell culture incubator 

(37°C/5%CO2). Cells were washed with cold PBS and fixed with 4% paraformaldehyde 

(PFA) (Electron Microscopy Sciences) for 10 minutes at room temperature. Fixed cells 

were washed twice with PBS and the remaining PFA was inactivated with blocking buffer 

(PBS-2% BSA (Sigma), 1.5M Glycine (Sigma)) for 10 min at room temperature. Cells 

were permeabilized by adding PBS 0.2% BSA and 0.05% saponin permeabilization buffer 

(Sigma) for 20 minutes at room temperature. Cells were washed twice with permeabilization 

buffer prior to primary antibody incubation. Coverslips were incubated at 4°C overnight. 

Cells were washed with permeabilization buffer and incubated with secondary antibodies for 

2 hours at room temperature. Finally, cells were washed with permeabilization buffer and 

PBS before drying for 1 hour at room temperature. Then, coverslips were mounted onto 

slides using Fluoromount-G (ThermoFisher Scientific). The following antibodies and stains 

were used: Membrite (Biotium), LAMP1 (Clone H4A3, Abcam), Rab5a (Clone 2E8B11, 

ThermoFisher Scientific), Rab11 (Clone D-3, Santa Cruz), AlexaFluor 647 Goat anti-Mouse 

IgG (ThermoFisher Scientific), CLIP-Cell 505 (New England Biolabs), and SNAP TMR 

STAR (New England Biolabs).
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Image acquisition and analysis: Images were acquired on a Zeiss Axio Observer 

with CSU-X spinning disc or Zeiss Lsm 980 Airyscan in super-resolution mode and 

the processing and analysis was performed with FIJI (ImageJ) software58. To analyze 

colocalization, the plugin JACoP59 was used. For Pearson correlation, the image threshold 

was manually adjusted using single-transfected cells, in order to set a proper background 

discrimination. To quantify the area of the colocalized spots, the same threshold used for 

colocalization was applied to every image. The generated binary mask for gamma- and 

beta-ZipRs were intersected using the Image calculator function in FIJI. All intersects were 

quantified using the Analyze particle function in FIJI. The detected spots were further 

filtered by area (2μm-20μm).

Phosphoproteome profiling by TMT-LC/LC-MS/MS

Sixteen samples with 20 million cells per sample were analyzed by phosphoproteome 

profiling analysis as described previously60. In brief, transduced T cells were CD4 or CD8 

selected using MACS LS columns (Miltenyi), starved of exogenous cytokines for 48 hours, 

then flash frozen with liquid nitrogen. IL-15 stimulated NT cells were treated with IL-15 

(5ng/mL) for 15 minutes prior to being flash frozen. The mass spectrometry analysis was 

performed by the Center of Proteomics and Metabolomics of St. Jude Children’s Research 

Hospital, partially supported by Cancer Center Support Grant (P30CA021765) from the 

National Cancer Institute and ALSAC (American Lebanese Syrian Associated Charities). 

Briefly, cells were then washed with ice cold 1X PBS and lysed in fresh lysis buffer 

(50 mM HEPES, pH 8.5, 8 M urea, 1× PhosStop Phosphatase inhibitor (Roche), 0.5% 

sodium deoxycholate). Proteins were quantified by the BCA protein assay (ThermoFisher 

Scientific) and confirmed on a short SDS gel followed by Coomassie staining with titrated 

BSA as standard. About 500 μg proteins from each sample were digested with Lys-C 

(Wako, 1:100 w/w) for 2 hours (h) at room temperature, diluted 4 times with 50 mM 

HEPES, pH 8.5, and further digested with trypsin (Promega, 1:50 w/w) overnight at room 

temperature. The resulting peptides from each sample were desalted, labeled with TMTpro 

16plex reagents (ThermoFisher Scientific), and equally pooled. The mixed TMT labeled 

peptides were desalted and applied for off-line fractionation by basic-pH reverse phase 

liquid chromatography. Peptides were separated into 41 fractions via a 1 h gradient from 

15% to 55% buffer B (buffer A: 10 mM ammonium formate, pH 8; buffer B: buffer A 

+ 95% acetonitrile) on a XBridge C18 column (3.5 μm particle size, 4.6 mm × 25 cm, 

Waters). TiO2-based phosphopeptide enrichment was then performed on each fraction. The 

phosphopeptides were reconstituted in 5% formic acid and analyzed on an Orbitrap HF mass 

spectrometer (ThermoFisher Scientific) after being separated on a 20 cm × 75 μm ID C18 

column (CoAnn Technologies) with heating at 55°C. Peptide separation was achieved by 

7-40% buffer B gradient in 2 h (buffer A: 0.2% formic acid, 3% DMSO; buffer B: buffer 

A + 65% acetonitrile). The mass spectrometer was set in DDA mode (60,000 resolution, 1 

× 106 AGC target, and 50 ms maximal ion time for MS1; top 16, 1 × 105 AGC target, 170 

ms maximal ion time, 1 m/z isolation window and 0.2 m/z offset, 32 NCE, and 10 second 

dynamic exclusion for MS2). Mass spectrometry data were processed by the hybrid JUMP 

software suites for improving sensitivity and specificity61,62. Briefly, acquired raw files were 

converted into mzXML format and searched against the Uniprot human database with static 

mass shift for TMT-tagged N-terminus and lysine (+304.2071453), dynamic mass shift for 
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serine, threonine and tyrosine (+79.96633), and the search and filtering parameters were 

applied to achieve 1% phosphopeptide FDR using the target-decoy approach. The TMT 

reporter ion intensities of each peptide-spectrum match (PSM) for identified phosphopeptide 

were used for phosphopeptide quantification60,62.

Phosphoproteomic and IKAP analysis

For phosphoproteomics analysis, we used a systems biology algorithm called NetBID2 

(data-driven Network-based Bayesian Inference of Drivers)63. First, we calculated the 

average abundance of all quantified phosphosites over corresponding proteins (total 

4,452 proteins). Further we filtered the low abundant proteins with abundance value 

in the bottom 5% in more than 90% of samples. We removed donor specific batch 

effects with “removeBatchEffect” from limma package64. To identify proteins with 

differential abundance in pairwise comparisons, we used “getDE.limma.2G” from NetBID2. 

We identified 700 proteins which were differentially abundant at p-value < 0.05 in 

pairwise comparisons, which were plotted in the global heatmap analysis using the 

package ComplexHeatmap65. Principle component analysis (PCA) and volcano plots were 

generated using NetBID2. Venn diagrams were generated using VennDiagram (https://

cran.r-project.org/web/packages/VennDiagram/).

IKAP analysis: The activity of upstream kinase was computationally inferred based on 

the phosphorylation change of downstream substrates measured from the phosphoproteome 

using NetBID260. The analysis was performed for CD4 and CD8 T cells, respectively, as 

followed: i) identify phosphopeptides that significantly changed across treatment conditions 

(ANOVA p < 0.05); ii) connect upstream kinase with downstream substrate phosphopeptides 

based on known kinase-substrate network from the PhosphoSitePlus database66. The 

mapping of phosphosites between the database and phosphopeptide was achieved by 

extracting +/− 7 amino acids surrounding the indicated phosphosite, and only kinases with at 

least five substrates available were further considered; iii) inference of kinase activity using 

IKAP, a heuristic framework for inference of kinase activity based on known substrates28. 

Since IKAP is based on a gradient descent optimization algorithm, the simulation could 

get stuck in a local minimum. To overcome this, we repeated the simulation for 10 

times, assessed the solution’s variation, and filtered kinase activity estimations that failed 

to converge to a stable solution; iv) The resulting inferred kinase activity was further 

analyzed by ANOVA (p<0.05) to identify kinases with differential activity across treatment 

conditions.

Flow Cytometry

A FACSCanto II and FACSSymphony A5 (BD Biosciences) instruments were used to 

acquire flow cytometry data, which was analyzed using FlowJo v10 (BD Biosciences). 

For surface staining, 3x105 cells were washed with and stained in PBS (Lonza) with 

1% FBS (GE Healthcare). For all experiments, matched isotypes or known negatives 

(e.g., NT T cells) served as gating controls. CAR detection was performed using F(ab’)2 

fragment-specific antibody (B7-H3 and EphA2 CAR: anti human F(ab’)2 (polyclonal, 

Jackson ImmunoResearch, West Grove, PA, USA). T cells were stained with fluorochrome-

conjugated antibodies using combinations of the following markers: CD4 (clone SK3, BD 
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Biosciences), CD8 (clone SK1, BD Biosciences), CCR7 (clone 2-L1-A, BD Biosciences), 

CD45RA (clone HI100, BD Biosciences), CD3 (clone UCHT1, BD Biosciences), and CD45 

(clone HI30, BD Biosciences). Tumor cell lines were evaluated for expression of B7-H3 

using B7-H3 antibody (clone 7-517, BD Biosciences, or clone FM276, Miltenyi).

Intracellular Staining: Intracellular staining to detect pSTAT was performed using BD 

Phosflow Protocol III. Briefly, 1x106 T cells were lysed/fixed with 1X Lyse/Fix Buffer 

(BD Biosciences) for 12 minutes at 37°C. Cells were washed with PBS + 1% FBS, then 

permeabilized with pre-chilled Perm Buffer III (BD Biosciences). Cells were then washed 

three times before staining with antibodies against pSTAT5 (clone 47, BD Biosciences), 

pSTAT3 (clone 4/P, BD Biosciences), or pSTAT4 (clone 38, BD Biosciences).

Sorting: For in vivo studies, cells were sorted on a BD FACS Aria III cell sorter (BD 

Biosciences). Cells were stained for CAR expression and mClover was used for detection of 

ZipR-transduced cells. DAPI (4’,6-diamidino-2-phenylindole, Thermo Fisher) was used as a 

viability indicator. Post sorting, cells were cultured for 48 to 72 hours in RPMI containing 

20% FBS, 25 μg/mL gentamicin (Gibco), 1X penicillin–streptomycin (Gibco), and 1.5 

μg/mL amphotericin B (Gibco) prior to in vivo studies. For the scRNAseq studies, CAR T 

cells were sorted based on CAR and mClover expression before stimulation, or based on 

CD3 and mClover expression after tumor stimulation.

Cytokine starvation and assessment of autonomous growth

To measure cell survival after 7 to 21 days of cytokine withdrawal, 1×106 cells were plated 

in 1 mL complete RPMI without cytokines in tissue culture treated 48-well plates. After 

7-21 days, cells were collected and stained for flow cytometry. To determine apoptosis, 

cells were labeled with annexin V (BD Biosciences) and eBioscience Fixable viability 

dye (Invitrogen). For experiments with ruxolitinib, cytokine starved T cells were exposed 

to indicated concentrations of ruxolinitib (Selleckchem) for 24 hours or every 48 hours 

for apoptosis assays. To assess the autonomous growth potential of ZipR T cells, 1.5x107 

Zip2R, Zip7R or NT T cells were seeded in G-REX 6-well plates (Wilson Wolf, Saint Paul, 

MN) in 30 mL complete RPMI. Limiting-diluted Jurkat cells were also seeded at 1 cell, 10 

cells, and 100 cells/well/30 mL as positive controls. Cells were resuspended and counted 

weekly.

MTS assay

A CellTiter96 AQueous One Solution Cell Proliferation Assay (Promega) was utilized to 

assess CAR T-cell cytotoxicity. In a tissue culture-treated 96-well plate, 3,000 A549 or 

20,000 LM7 cells were cocultured with serial dilutions of CAR T cells. Media only and 

tumor cells alone served as controls. Each condition was plated in technical triplicates. After 

24 hours, the media and T cells were removed by gently pipetting up and down to avoid 

disrupting adherent tumor cells. CellTiter96 AQueous One Solution Reagent (phenazine 

ethosulfate) in complete RPMI was added to each well and incubated at 37°C for 2 hours. 

The absorbance at 492 nm was measured using an Infinite 200 Pro MPlex plate reader 

(Tecan) to quantify the viable cells in each well. Percent live tumor cells were determined by 

the following formula: (sample-media only)/(tumor alone-media only) × 100.
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Repeat stimulation assay

1×106 T cells were cocultured in complete RPMI with 5×105 tumor cells in a 24-well tissue 

culture-treated plate. Cells were fed with fresh complete RPMI and split as needed. After 7 

days, T cells were harvested, counted, and replated at the same ratio with fresh tumor cells 

as long as they had killed tumor cells, as determined by microscopic inspection.

Measurement of cytokine production

Cell culture supernatant was collected 24 hours after plating T cells with tumor cells for 

analysis of cytokine production. Cytokine production was assessed by a 13-plex human 

cytokine quantification kit (Millipore Sigma). Analysis was performed using a Luminex 

FLEXMAP 3D instrument and software (Luminex Corporation).

Xenograft mouse models

All animal experiments were approved by the St. Jude Children’s Research Hospital 

Institutional Animal Care and Use Committee. Xenograft experiments were performed with 

6- to 10-week-old male and female NSG mice obtained from St. Jude Children’s Research 

Hospital NSG colony. A549 model: Mice were injected intravenously (i.v.) with 2×106 

A549.GFP.ffluc cells in sterile PBS. On day 7, mice received a single i.v. dose of 3×105 

B7-H3-CAR or B7-H3-CAR.ZipR T cells in sterile PBS. Injection of sterile PBS was used 

as a control. Tumor growth was monitored by weekly bioluminescence imaging and mice 

were euthanized when BLI measurements reached >1x1010 or when they met physical 

euthanasia criteria (significant weight loss, signs of distress), or when recommended by 

veterinary staff.

Ruxolitinib administration: Seven days post T cell injection, ruxolitinib was 

administered ad libitum in modified rodent chow (Incyte) at a dose of 60 mg/kg/day until 

day 28.

A673 model: Mice received subcutaneous (s.c.) injection of 2×106 A673 cells in Matrigel 

(Corning) in the right flank. On day 7, mice received a single i.v. dose of EphA2-CAR or T 

cells via tail vein injection. Tumor growth was measured by weekly caliper measurements. 

Mice were euthanized when they met physical euthanasia criteria (significant weight loss, 

signs of distress), when the tumor burden reached 20% of total body mass (≥4,000 mm3), or 

when recommended by veterinary staff.

Pathological examinations

Tissues were fixed in 10% neutral buffered formalin, embedded in paraffin, and sectioned 

at 5 mm, mounted on positively charged glass slides (Superfrost Plus; Thermo Fisher), 

and dried at 60°C for 20 min before dewaxing and staining with hematoxylin and 

eosin (H&E) using standard methods. For immunohistochemical staining, tissue sections 

underwent antigen retrieval in a prediluted Cell Conditioning Solution (CC1) (Ventana 

Medical Systems) for 30 min. The following primary antibodies were used: anti-CD3-H 

(1:25 dilution, Cat # CME324B; Biocare Medical); and anti-CD276 (1:200, Cat # AP1027; 

R&D Systems); and anti-NUMA1 (1:75, Cat # LS-B11047; Lifespan Biosciences). The 
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OmniMap anti-rabbit HRP kit (Ventana Medical Systems) was used to detect CD3-H, 

CD276, and NUMA1 labeling. ChromoMap DAB (Fisher Scientific) was the chromogen 

for CD3, CD276, and NUMA1. All sections were examined by a pathologist blinded to the 

experimental group assignments (author P.V.).

Bioluminescence imaging

Mice were injected intraperitoneally (i.p.) with 150 mg/kg of D-luciferin 5 to 10 minutes 

before imaging, anesthetized with isoflurane, and imaged with a Xenogen IVIS-200 imaging 

system. The photons emitted from the luciferase-expressing cells were quantified using 

Living Image software (Caliper Life Sciences). Mice were imaged at least once per 

week to track either T cells (B7-H3-CAR.Zip7R T cell experiments) or tumor burden 

(A549.GFP.ffluc).

scRNAseq sample preparation and data analysis

In vivo: 1×106 FACS purified CAR or CAR.Zip2R T cells were injected i.v. into A549 

bearing mice. At day 11 post tumor cell injection, lungs were harvested, prepared into single 

cell suspensions by mechanical and enzymatic digestion, and CAR or CAR.Zip2R T cells 

were isolated by FACS. T cells from 4 mice were pooled for analysis by scRNAseq.

In vitro: CAR or CAR.ZipR T cells were collected and FACS purified before or after 3 

stimulations with A673 tumor cells.

Library preparation: The samples were centrifuged at 2,000 rpm for 5 min, and cells 

were resuspended in PBS (Thermo Fisher Scientific) plus 0.04% BSA (Amresco) with final 

a concentration of 1x106 cells/mL and viability more than 98%. Single-cell suspensions 

were loaded onto a Chromium Controller according to their respective cell counts to 

generate 10,000 single cell gel beads in emulsion per sample. Each sample was loaded 

into a separate channel. The libraries were prepared using the Chromium Next GEM Single 

Cell 5’ v2 (Dual index) and Gel Bead Kit (10x Genomics). The cDNA was amplified (13 

cycles), after which cDNA was used for preparation of a gene expression library. The cDNA 

content of each sample and libraries were quality-checked using a high-sensitivity DNA 

chip with a 2100 Bioanalyzer (Agilent Technologies). The 5’ libraries were sequenced on 

NovaSeq (Illumina) with paired-end reads of 26 cycles for read 1 and 90 cycles for read 2. 

An average of 500,000,000 reads per samples were obtained for gene expression library (> 

50,000 reads per cell).

Data preprocessing: The Cell Ranger v7.1.0 Single-Cell software suite (10x Genomics) 

was used to process the scRNA-seq FASTQ files. The ‘cellranger count’ command was 

performed to align the raw FASTQ files to the GRCh38 human reference genome and 

summarize the data into matrices that describe gene read counts per cell. The filtered 

matrices from the Cell Ranger outputs served as input to the downstream pipeline analyses.

For gene expression sequencing, the filtered count matrices were read into the R package 

Seurat (v4.3.0)67. Within each dataset, the processing pipeline was as follows: Samples were 

merged into a single Seurat object for consistent filtering, and features detected in fewer 
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than 3 cells were removed from the dataset. Feature count and unique molecular identifier 

(UMI) count distributions were then visually inspected to determine appropriate cutoffs for 

each dataset. Cells with abnormally low features or UMI counts, or high mitochondrial 

read percentages (potentially dead or damaged cells) were removed. For profiling CAR 

T cells from the in vivo condition, a total of 1,032 cells were retained with an average 

of 22,139.58 genes per cell (UMI, median: 18,457.5; range: 512-71,727). For the in vitro 
samples, a total of 93,561 cells were retained with an average of 17,810.84 genes per cell 

(UMI, median: 13,745; range: 500-79,934). After quality control, libraries were normalized 

with NormalizeData function in Seurat R package with 1x106 as the scale factor.

Cluster annotation and data visualization: Normalized and filtered data were 

processed using the standard Seurat pipeline. After normalization, the top 2,000 variable 

genes were selected using the “vst” method in Seurat’s FindVariableFeatures function, and 

all the genes in the dataset were scaled using the ScaleData function. Principal Component 

Analysis (PCA) was then run on the variable features. The first 30 principal components 

(PCs) were used for the downstream K-Nearest Neighbors (KNN) and dimensionality 

reduction steps. Uniform Manifold Approximation and Projection (UMAP) dimensionality 

reduction was used as the visualization method, and Seurat’s FindClusters function was used 

to separate cells into unsupervised clusters, which were subsequently annotated into cell 

types. The object covering all cells was subsetted into CD4- and CD8-specific subtypes on 

the basis of expression of canonical gene markers. Specifically, CD4 and CD8 T cells were 

initially distinguished by CD4 and CD8A gene expression, then memory-like T cell subtype 

was defined using the marker gene SELL, TCF1, CCR7, LEF1, and AQP3, effector-like 

T cell subtype was defined using marker genes CX3CR1, GZMK, GZMH, CCL4, PRF1, 
GNLY, and NKG7, and exhaustion-like T cells were defined using marker genes TOX, 
PDCD1, TIM3, TIGIT, and RFS16. Curated violin plots or genes on UMAP that represent 

the expression level of genes were generated using the VlnPlot and FeaturePlot functions in 

Seurat. scRNAseq data will be deposited to the European Genome-phenome Archive (EGA) 

once the manuscript is accepted for publication.

Statistical analysis

For all experiments, the number of biological replicates and statistical analysis used 

are described in the figure legends. BLI data was log-transformed before analysis. For 

comparisons between two groups, a two-tailed t-test was used. For comparisons of three 

or more groups, analysis of variance (ANOVA) with Dunnett or Tukey post-test was 

used. Survival was assessed by the log-rank test with Bonferroni adjustment for multiple 

comparisons. Statistical analyses were conducted with GraphPad Prism software (GraphPad 

Software, San Diego, CA).
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Extended Data

Extended Data Figure 1: Zip2R colocalization analysis by confocal microscopy.
(a) Pearson correlation analysis of mRuby and mClover in HEK293T cells transfected with 

indicated constructs (N=8-37, ****p<0.0001, one-way ANOVA). (b) Representative images.
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Extended Data Figure 2: Zip2R(2x) subcellular localization and trafficking determined by 
confocal microscopy.
(a) Schematic of SNAP/CLIP tag system. (b) Representative images of Zip2R(2x) 

with endosomal markers. Scale bar = 10μm. (c-f) Representative images of Zip2R(2x) 

colocalization with (c) cell membrane, (d) Lamp1, (e) Rab11, and (f) Rab5. (g) Comparison 

of Zip2R(2x) and Zip2R(1x) colocalization with indicated subcellular markers (N=4-14, 

*p<0.05, t test).
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Extended Data Figure 3: ZipR signaling is inhibited by ruxolitinib.
(a) pSTAT5 expression in Zip2R(2x) transduced T cells treated with increasing 

concentrations of ruxolitinib. IC50 is indicated with a dashed line (N=3, mean±SD). (b) 

pSTAT5 expression in Zip2R(2x) transduced T cells at baseline or following 24-hour 

incubation with 5 μM ruxolitinib (mean±SD, ***p<0.001, paired t-test). (c) pSTAT5 

expression in Zip7R(2x) transduced T cells treated with increasing concentrations of 

ruxolitinib. IC50 is indicated with a dashed line (N=3, mean±SD). (d) pSTAT5 expression 

in Zip7R(2x) transduced T cells at baseline or following 24-hour incubation with 5 
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μM ruxolitinib (mean±SD, ***p<0.001, paired t-test). (e) Viability of untreated or 5 

μM ruxolitinib-treated T cells after 7 days of cytokine starvation (Dead : Viability dye+ 

Annexin V+; Apoptotic : Viability dye− Annexin V+; Necrotic : Viability dye+ Annexin V−; 

Live: Viability dye− Annexin V−) (N=3, mean±SD, ****p<0.0001, two-way ANOVA with 

Bonferroni’s multiple comparisons test for live T cells).

Extended Data Figure 4: ZipRs augment CAR T cell antitumor activity against LM7 
osteosarcoma without altering antigen specificity.
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(a,b) MTS assay after 24-hour co-culture of LM7 WT (left) or LM7 B7-H3 KO (right) cells 

with CAR T cells at indicated effector:target cell (E:T) ratios (N=3-4 biological replicates, 

mean±SD, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test). (c) 

Cytokine production after 24-hour co-culture of LM7 WT (left) or LM7 B7-H3 KO (right) 

cells with CAR or CAR.Zip2R T cells at a 2:1 E:T measured by multiplex analysis (N=2-3 

biological replicates, mean±SD, two-way ANOVA with Tukey’s multiple comparisons test). 

(d) Cytokine production after 24-hour co-culture of A549 WT (left) or LM7 WT (right) 

cells with CAR or CAR.Zip7R T cells at a 2:1 E:T measured by multiplex analysis (N=2 

biological replicates, mean±SD). (e) Number of stimulations in 7 day repeat stimulation 

assay with LM7 WT cells and CAR T cells at 2:1 E:T (mean±SD, *p<0.05, paired t-test). 

(f) Fold expansion of three representative donors used in repeat stimulation assays with 

LM7 WT cells. Data represented in (a). (g) Repeat stimulation assay with LM7 B7-H3 

KO cells and CAR T cells at 2:1 E:T (N=4, mean±SD). (h) Stimulations of tumor cell 

killing in 7-day repeat stimulation assay with LM7 WT cells and CAR T cells at 2:1 E:T 

(mean±SD, *p<0.05, paired t-test). (i) Fold expansion of three representative donors used in 

repeat stimulation assays with LM7 WT cells. Data represented in (d). (j) Repeat stimulation 

assay with LM7 B7-H3 KO cells and CAR T cells at 2:1 E:T (N=3 biological replicates, 

mean±SD).
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Extended Data Figure 5: Phenotypic analysis of B7-H3-CAR T cells following stimulation with 
A549 WT.
B7-H3-CAR+, CAR+Zip2R+, or CAR+Zip7R+ T cells were stimulated twice with A549 WT. 

CAR positive or CAR and ZipR positive T cells were quantified by flow cytometry pre and 

post 2nd stimulation (stim) and CD4 and CD8 positive T cells post 2nd stim (N=2 donors).

(a) Percent CAR+ or CAR+ZipR+ cells pre and post 2nd stim (ns: nonsignificant, 

***p<0.001, paired t-test). (b) Percent CD4+ (left panel) or CD8+ (right panel) cells post 2nd 

stimulation (**p<0.01, ***p<0.001, paired t-test).
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Extended Data Figure 6: Zip2R and Zip7R augment EphA2-CAR T cell antitumor activity in 
vitro.
(a) Transduction efficiency of EphA2-CAR, EphA2-CAR.Zip2R, and EphA2-CAR.Zip7R 

T cells (N=3, mean±SD). (b) Frequency of CD4+ and CD8+ T cells transduced with 

indicated constructs (N=3, mean±SD). (c) Immunophenotype of CD4+ (left) or CD8+ (right) 

T cells with indicated constructs (TN-Like: CCR7+ CD45RA+, TEM: CCR7− CD45RA−, 

TCM: CCR7+ CD45RA−, TEMRA: CCR7− CD45RA+, N=3, mean±SD). (d) Fold expansion 

of ΔCAR (left) or CAR (right) T cells stimulated with A673 cells every 7 days (N=3, 
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mean±SD). (e) Rounds of stimulation (left) and relative expansion compared to CAR (right) 

in repeat stimulation assays with A673 cells (N=3, mean±SD, **p<0.01, ****p<0.0001, 

two-way ANOVA with Tukey’s multiple comparisons test).

Extended Data Figure 7: Zip2R augments the antitumor activity of EphA2-CAR in the A673 
model.
(a) Experimental scheme of s.c. A673 model; mice received a single i.v. dose of 1×106 

CAR T cells on day 7 post tumor cell injection. (b) Tumor volume of mice treated with 

indicated constructs (N=4; donor 1). (c) Kaplan-Meier survival curve (*p<0.05, log-rank 
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test). (d) Tumor volume of mice treated with indicated constructs (N=5; donor 2). (e) Tumor 

volume following rechallenge (dashed line) with A673 WT cells on the contralateral flank 

(N=4-5; tumor rejection: CAR: 0/5; CAR.Zip2R: 2/4). (f) Kaplan Meier survival following 

rechallenge.

Extended Data Figure 8: Analysis of B7-H3-CAR.Zip7R T cell toxicity in vivo.
(a-d) Mice received a single i.v. dose of 3×105 B7-H3.CAR.Zip7R.ffLuc T cells on day 

7 post A549 cell injection; non-tumor bearing mice served as a control (N=5 per group). 
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(a) Serial bioluminescence images. (b) Quantification of bioluminescence. (c) Kaplan-Meier 

survival (N=5). (d) Representative IHC of lung in non-tumor bearing mice treated with 

CAR.Zip7R T cells at day 48 post T cell injection. (e) Kaplan-Meier survival of A549-tumor 

bearing mice post i.v. injection of 3×105 B7-H3-CAR.Zip7R control (AAVS1ko) or T cell 

receptor (TRACko) KO T cells (N=5). (f) A549 bearing mice received CAR.Zip7R.ffLuc T 

cells and on day 7 ruxolitinib was started (shaded area) in ½ of the mice (untreated: n=5; 

treated: n=5). Quantification of CAR.Zip7R.ffLuc T cell bioluminescence in untreated or 

ruxolitinib chow-treated mice. (g) Fold expansion on day 7 post start of ruxolitinb treatment 

(N=4-5, *p<0.05, Mann-Whitney U test). (h) Kaplan-Meier survival (N=4-5, **p<0.001, log 

rank test).

Extended Data Figure 9: Immunophenotype and antigen specificity of CAR.Zip21R or 
CAR.Zip12R T cells.
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(a) Frequency of CD4+ and CD8+ CAR and CAR.Zip21R T cells (N=4, mean±SD). (b) 

Immunophenotype of CD4+ (left) or CD8+ (right) T cells ((TN-Like : CCR7+ CD45RA+, 

TEM : CCR7− CD45RA−, TCM : CCR7+ CD45RA−, TEMRA : CCR7− CD45RA+, N=4, 

mean±SD). (c) Frequency of CD4+ and CD8+ CAR and CAR.Zip12R T cells (N=2-3, 

mean±SD). (d) Representative flow cytometry plots. (e) Immunophenotype of CD4+ (left) 

and CD8+ (right) T cells (N=2-3, mean±SD). (f) Transduction efficiency of ΔCAR and 

ΔCAR.Zip12R T cells (N=2, mean±SD). (g) Fold expansion of ΔCAR and ΔCAR.Zip12R T 

cells stimulated with A549 WT cells every seven days (N=2, mean ± SD).
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Extended Data Figure 10: Transcriptomic analysis of CD4+ CAR.ZipR T cells by scRNAseq.
(a) GSEA of unstimulated or stimulated CD4+ CAR and CAR.ZipR T cell populations. (b) 

Expression of memory, effector/cytotoxicity, inhibition/exhaustion, and activation markers in 

unstimulated or stimulated CD4+ CAR and CAR.ZipR T cell populations. (c) Expression of 

selected genes in unstimulated or stimulated CD4+ CAR and CAR.ZipR T cell populations 

(Wilcoxon rank sum test with Bonferroni correction; ****adjusted p value < 0.0001 and 

log2 FC > 0.5 or < −0.5).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Two leucine zipper motifs endow ZipRs with constitutive signal transduction.
(a) Schematic of IL-2 receptor-based leucine zipper receptors (Zip2R). (b) Zip2R(1x) 

and Zip2R(2x) constructs. (c) Transduction efficiency of human T cells as measured 

by mRuby [IL-2Rβ(1x), IL-2Rβ(2x)], mClover [IL-2Rγ(1x), IL-2Rγ(2x), Zip2R(2x)], or 

mRuby and mClover [Zip2R(1x)] expression (left). Phosphorylated STAT5 expression in 

transduced human T cells (right) (N=3-6 biological replicates, mean±SD, ****p<0.0001, 

one-way ANOVA with Tukey’s multiple comparisons test). (d) Viability of transduced T 

cells after 7-day cytokine starvation as determined by flow cytometry (Dead : Viability 
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dye+ Annexin V+; Apoptotic : Viability dye− Annexin V+; Necrotic : Viability dye+ 

Annexin V−; Live: Viability dye− Annexin V−) (N=3 biological replicates, mean±SD, 

**p<0.01, ****p<0.0001, two-way ANOVA with Tukey’s multiple comparisons test for 

live T cells). (e) Representative confocal microscopy images of transfected HEK293T cells 

(left). Colocalization area of mRuby and mClover (right) (N=80(L), N=89(R), *p<0.05, 

Kolmogorov-Smirnov test). (f) AlphaFold structure prediction of Zip2R(1x) and Zip2R(2x) 

as seen from the front and rotated 90 degrees. The starting residue, methionine, is shown 

as a green sphere. (g) Transduction efficiency of human T cells as measured by mClover 

expression (left). Phosphorylated STAT5 expression in transduced human T cells (right) 

(N=3-6 biological replicates, mean±SD, *p<0.05, t-test). (h) Viability of transduced T cells 

after 7-day cytokine starvation as determined by flow cytometry (Viability dye/Annexin V) 

(N=3 biological replicates, mean±SD, ****p<0.0001, two-way ANOVA with Bonferroni’s 

multiple comparisons test for live T cells). (i) Viability of transduced T cells after 14- or 21-

day cytokine starvation as determined by flow cytometry (Viability dye/Annexin V) (N=3 

biological replicates, mean±SD, ****p<0.0001, two-way ANOVA with Tukey’s multiple 

comparisons test for live T cells). (j) Autonomous cell outgrowth assay: 1, 10, or 100 Jurkat 

cells or 1.5×107 Zip2R(2x) or Zip7R(2x) transduced T cells were seeded in a G-REX cell 

culture plate and quantified weekly (N=3, *p<0.05, **p<0.01, two-way ANOVA of log 

transformed data with Dunnett’s multiple comparisons test). NT = non-transduced.
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Figure 2: Zip2R and Zip7R activate distinct signaling pathways as judged by multiplexed 
phosphoproteomics.
(a) Samples and experimental workflow of phosphoproteomic analysis. (b) Hierarchical 

clustering of top 700 differentially expressed proteins (p<0.05). (c) IKAP prediction of 

kinase activity in CD4+ (left) and CD8+ (right) cells. (d) Top upregulated proteins compared 

to NT cells in CD4+ (top) and CD8+ (bottom) cells. (e) Differentially expressed proteins in 

Zip7R versus Zip2R transduced CD4+ (top) and CD8+ (bottom) cells
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Figure 3: ZipRs improve CAR T cell effector function during chronic antigen exposure in vitro.
(a-b) Transduction efficiency of B7-H3-CAR and Zip2R (a) or Zip7R (b) in human T 

cells as measured by flow analysis for the ZipR (mClover) and CAR (anti-human F(ab’)2) 

(N=3-6, mean±SD). (c-d) MTS assay after 24-hour co-culture of A549 WT (left) or A549 

B7-H3 KO (right) cells with CAR T cells at indicated effector:target cell (E:T) ratios (N=3-4 

biological replicates, mean±SD, ****p<0.0001, two-way ANOVA with Tukey’s multiple 

comparisons test). (e) Cytokine production after 24-hour co-culture of A549 WT (left) or 

A549 B7-H3 KO (right) cells with CAR or CAR.Zip2R T cells at a 2:1 E:T measured 
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by multiplex analysis (N=2-3 biological replicates, mean±SD). (f) Stimulations of tumor 

cell killing in 7-day repeat simulation assay with A549 WT cells and CAR T cells at 

2:1 E:T ratio (N=6 biological replicates, mean±SD, ***p<0.001, paired t-test). (g) Three 

representative donors used for repeat simulation assay with A549 WT cells represented in 

(f). (h) Repeat stimulation assay with A549 B7-H3 KO cells and CAR T cells at 2:1 E:T 

(N=4, mean±SD). (i) Stimulations of tumor cell killing in 7 day repeat stimulation assay 

with A549 WT cells and CAR T cells at 2:1 E:T (N=3 biological replicates, mean±SD, 

*p<0.05, paired t-test). (j) Three representative donors used for repeat stimulation assay with 

A549 WT cells represented in (i). (k) Repeat stimulation assay with A549 B7-H3 KO cells 

and CAR T cells at 2:1 E:T (N=3, mean±SD).
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Figure 4: ZipRs augment CAR T cell antitumor activity in vivo.
(a) Experimental scheme of i.v. A549.GFP.ffLuc model; mice received a single i.v. dose of 

3×105 CAR T cells on day 7 post tumor cell injection. (b) Tumor burden in the lungs as 

determined by serial bioluminescence imaging (N=5 [tumor and CAR.Zip7R] N=10 [CAR 

and CAR.Zip2R] from two donors). (c) Quantification of tumor flux in the lungs of treated 

mice (mean±SD, *p<0.05, ****p<0.0001, two-way ANOVA of log transformed BLI data). 

(d) scRNAseq experimental scheme. (e) UMAP projection of CAR or CAR.Zip2R T cells. 

(f) Quantification of cell population frequencies. (g) Expression of cytokines, chemokines, 
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and surface effector markers. Red text indicates factors that are expressed log2FC > 0.5 

with an adjusted p value < 0.05 for CD4+ and CD8+ CAR.Zip2R compared to CAR T cells 

(Wilcoxon rank sum test with Bonferroni correction). (h) Ingenuity Pathway Analysis for 

CD8 and CD4 CAR.Zip2R T cells. (i) DEGs with log2FC > 0.5 or < −0.5 and adjusted p 

value < 0.05 in CD8+ and CD4+ T cells.
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Figure 5: Leucine zipper ectodomains enable the generation of ZipRs from diverse cytokine 
receptor families.
(a-c) Transduction efficiency (left) and pSTAT3 (a,b) or pSTAT4 (c) expression (right) 

in Zip21R (a), Zip10R or Zip22R (b), or Zip12R (c) T cells (mean±SD, **p<0.01, 

***p<0.001, paired t-test (a,c), one-way ANOVA (b)). (d) Transduction efficiency of B7-H3 

CAR and Zip21R in human T cells as measured by flow cytometry for ZipR (mClover) and 

CAR (anti-human F(ab’)2) (N=4, mean±SD). (e) Fold expansion of CAR or CAR.Zip21R 

T cells in repeat stimulation assay with A549 WT cells (N=5). (f) Stimulations of tumor 
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cell killing by CAR- or CAR.Zip21R-expressing cells in repeat stimulation assay with A549 

WT cells (mean±SD, *p<0.05, paired t-test). (g) Transduction efficiency of B7-H3-CAR and 

Zip12R in human T cells as measured by flow analysis for the ZipR (mClover) and CAR 

(anti-human F(ab’)2) (N=3, mean±SD). (h) Fold expansion of CAR or CAR.Zip12R T cells 

in repeat stimulation assay with A549 WT cells (N=3). (i) Stimulations of tumor cell killing 

by CAR- or CAR.Zip21R-expressing cells in repeat stimulation assay with A549 WT cells 

(N=3). (j) Experimental scheme of i.v. A549.GFP.ffLuc model; mice received a single i.v. 

dose of 3×105 CAR T cells on day 7 post tumor cell injection. (k) Tumor burden in the lungs 

of treated mice as determined by serial bioluminescence imaging (N=4-5). (l) Kaplan-Meier 

survival curve (N=4-5, *p<0.05, log rank test). (m) Tumor burden in the lungs of treated 

mice as determined by serial bioluminescence imaging (N=5). (n) Kaplan-Meier survival 

curve (N=5, **p<0.001, log rank test).
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Figure 6: CAR.ZipR T cells sustain effector function through memory/survival or hybrid 
memory/effector transcriptional programs.
(a) scRNAseq experimental scheme. (b) Number of cells analyzed in each sample. (c) 

UMAP projection of unstimulated or stimulated CAR or CAR.ZipR T cell populations from 

two donors. (d) GSEA of unstimulated or stimulated CD8+ CAR.ZipR T cell populations 

in comparison to CAR T cells. (e) Expression of memory, effector/cytotoxicity, inhibition/

exhaustion, and activation markers in unstimulated or stimulated CD8+ CAR and CAR.ZipR 

T cell populations. (f) Expression of selected genes in unstimulated or stimulated CD8+ 
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CAR and CAR.ZipR T cell populations (Wilcoxon rank sum test with Bonferroni correction; 

****adjusted p value < 0.0001 and log2FC > 0.5 or < −0.5).
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