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Abstract 

The clinical application of chimeric antigen receptor (CAR) T cell therapy in solid tumors remains limited 

due to significant safety concerns, particularly “on-target, off-tumor” toxicity and cytokine release syndrome 

(CRS). Here, we describe a class of CARs that employ disulfide-directed multicyclic peptides (DDMPs) as 

compact antigen-recognition domains targeting the tumor-associated antigens HER2 and TROP2. DDMP-

based CAR T cells exhibited antigen density-dependent cytotoxicity in vitro and in vivo, efficiently 

eliminating cells with high antigen expression while sparing cells with low antigen levels, thereby mitigating 

on-target, off-tumor toxicity. In addition, DDMP-based CAR T cells secreted markedly lower levels of pro-

inflammatory cytokines upon targeted killing, reducing the CRS risk. Mechanistic analyses revealed that 

this favorable combination of restrained cytokine release and density-gated killing is associated with 

distinct T cell signaling pathway engagement and reduced cell avidity relative to conventional single-chain 

variable fragment (scFv)-based CAR T cells. Collectively, these findings establish DDMP-based CARs as 

a promising framework for engineering safer, yet efficacious, CAR T therapies for solid tumors.  
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Introduction 

Cancers are a major global health burden and unmet clinical need. Recently, chimeric antigen receptor 

(CAR) T cell therapy (Fig. 1a) has shown promising results in hematological malignancies.1 The 

conventional CAR T manufacturing process involves genetically modifying T cells of the patient to express 

CARs, which contain antigen recognition, transmembrane, costimulatory, and signaling domains (Fig. 1b). 

The antigen recognition domains are normally single-chain variable fragment (scFv) molecules derived 

from antibodies targeting specific tumor-associated antigens (TAAs). Upon antigen binding, signal 

transduction is induced, and the CAR T cells are activated to exhibit tumor-specific killing. Although CAR 

T therapy has been successful for some hematologic cancers, its efficacy in solid tumors is still limited.2 

A significant obstacle to CAR T therapy for solid tumors is "on-target, off-tumor" toxicity (Fig. 1a), which 

arises due to the expression of TAAs in both tumor and normal tissues. 3 Unlike hematological CAR T 

therapies targeting B-cell specific CD19 or BCMA, which do not pose lethal risks to humans upon B-cell 

depletion,4 CAR T cells targeting TAAs in solid tumors can inadvertently damage vital healthy tissues, 

resulting in severe toxicity. For example, a clinical trial of HER2-CAR T resulted in fatal pulmonary toxicity 

and patient death due to recognition of HER2 expressed in lung tissue.5  

 

 

Figure 1. Development of DDMP-based CARs. (a) Schematic of autologous CAR T therapy, highlighting potential on-target, off-

tumor toxicity caused by CAR T cells attacking normal cells expressing low levels of the target TAA. Cytokine release syndrome 

(CRS), a major adverse effect, results from excessive cytokine secretion upon CAR T activation. (b) Structure of conventional 

CARs, featuring an extracellular scFv domain for antigen recognition. (c) Common disulfide-directing motifs used in constructing 

DDMPs, including CXC, CPPC, and CPXXC, which preferentially form two disulfide bonds with matching motifs. (d) Ribbon 

diagrams comparing the size of a typical scFv and a DDMP (PDB: 7YRW) at identical scale. 

 

Furthermore, cytokine release syndrome (CRS) is another common adverse effect of CAR T therapy. This 

potentially life-threatening condition is triggered by rapid activation and proliferation of CAR T cells, which 

release large amounts of pro-inflammatory cytokines such as GM-CSF, IFNγ, and TNFα.6 These cytokines, 

in turn, activate macrophages and other immune cells. Among the mediators, IL6 produced by activated 

macrophages acts as a central amplifier of systemic inflammation, driving fever, hypotension, and, in 

severe cases, multi-organ failure.7 Continuous monitoring of IL6 levels is therefore an integral part of CRS 

management. Nevertheless, CRS remains one of the most critical toxicities associated with CAR T-cell 

therapy, with severe cases occurring in up to 47% of patients,7 and its treatment continues to impose a 

substantial burden on clinical resources. 
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To address these safety concerns, different strategies have been developed. One approach is to tune CAR 

affinity for the target antigen from very high (e.g., KD < 1 nM) to a more moderate range (e.g., KD = 10 – 

100 nM), thereby improving discrimination between tumor cells with high antigen density and normal cells 

with physiological expression.8-10 This concept is intuitively straightforward, and a recent analysis 

correlated moderate affinity combined with fast on/off kinetics with improved clinical responses to CAR T 

therapy in solid tumors.11 In contrast, attenuating cytokine secretion while preserving cytotoxicity is more 

challenging, as both are direct consequences of CAR T activation and there is not yet a clear, generalizable 

relationship between individual CAR design elements and these functional readouts.12 As a result, 

extensive engineering is required, with no guarantee of success. Other safety-improvement strategies, 

including on-switch CARs, inhibitory CARs, suicide genes, and synthetic Notch receptors,13 can add layers 

of control over CAR T activity but require additional genetic modules, complicating manufacturing and 

quality control. More recently, effective CAR T cells based on alternative antigen-recognition modules, 

rather than conventional scFvs, have demonstrated that the binding domain can be exploited to fine-tune 

CAR T function.14-16 

Peptides are promising antigen recognition modules due to their small molecular size, high structural 

diversity, and wide design flexibility. Multicyclic peptides, stabilized through covalent bonds, are particularly 

appealing.17 These peptides possess enhanced structural rigidity and metabolic stability compared to their 

linear and monocyclic counterparts. They can also bind challenging targets with antibody-like specificity 

and affinity.18 Disulfide-directed multicyclic peptides (DDMPs) represent a novel class of such peptides, 

engineered using motifs that promote specific disulfide pairing (e.g., CXC, CPPC or CPXXC motif, where 

C = Cys, P = Pro, X = any; Fig. 1c and 1d)19 or enhance folding efficiency.20 DDMPs enable the creation 

of diverse, structurally stable peptide libraries that can be subjected to directed evolution via mRNA, phage, 

or yeast display technologies.21-23 These peptides have demonstrated potent protein-binding capabilities 

and are tolerant to extensive sequence manipulations, making them suitable for ligand and drug discovery. 

Here, we describe the design and characterization of three DDMP-based CARs targeting the clinically 

relevant TAAs HER2 and TROP2, which are frequently overexpressed across solid tumors. Across multiple 

in vitro and in vivo models, DDMP-based CAR T cells retained robust antitumor activity while displaying 

pronounced antigen density-dependent cytotoxicity, efficiently clearing antigen-overexpressing cells but 

sparing those with low antigen levels, thereby attenuating on-target, off-tumor toxicity. Moreover, DDMP-

CAR T cells produced substantially lower amounts of pro-inflammatory cytokines upon target engagement, 

consistent with a reduced propensity for CRS. Mechanistic studies further revealed that these functional 

advantages are associated with altered T cell signaling and cell avidity, distinguishing DDMPs from 

conventional scFv scaffolds in terms of downstream programming. Collectively, our work illustrates how 

chemical innovation in protein binder design can drive advances in biomedical applications. Specifically, 

we establish DDMPs as a compact and structurally robust extracellular recognition module for CAR 

engineering and highlight DDMP-based CARs as a promising platform for developing safer yet effective T 

cell therapies against solid tumors. 

 

Results 
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Figure 2. Construction of an effective, HER2-targeting DDMP-CAR. (a) Diagram of HER2(DDMP)-CAR variants and their 

functional analysis via NFAT activation in Jurkat-NFAT cells. Differences from CAR1 are highlighted in yellow. IgG4-Fc includes 

L235E and N297Q mutations to minimize FcγR binding.24 For functional analysis, the candidate construct was expressed in Jurkat-

NFAT reporter cells, which were incubated with SK-OV-3 target cells overexpressing the cognate antigen HER2. Activation was 

quantified via expression of the NFAT-dependent GFP reporter gene. CAR expression was assessed via the V5 tag (Fig. S2a). 

Representative NFAT activation histograms by flow cytometry are shown in Fig. S2b. (b) Target antigen profiling. Flow cytometry 

histograms of cell-surface HER2 on A549 and SK-OV-3 stained with α-HER2 antibody. X-axis: HER2 fluorescence intensity; Y-

axis: cell count. Quantitative HER2 levels for all cell lines used in evaluating HER2-CAR T (including A549 and SK-OV-3) are 

summarized in Fig. S1. (c) In vitro cytotoxicity. Killing of A549 or SK-OV-3 cells by CAR T cells. Effector and target cells were co-

cultured at the ratio of 1:20 for four days, followed by flow cytometry analysis. See Fig. S3 for representative histograms. CAR 
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expression in T cells (CD3+) is shown in Fig. S3a. Gating strategy to distinguish tumor cells (GFP+) and T cells (CD3+) is shown 

in Fig. S3b. (d) Cytokine release. IL2, IFNγ, and TNFα in supernatants after 24-hour co-culture of CAR T cells with A549 or SK-

OV-3 at the ratio of 2:1, quantified by ELISA. (e) In vivo efficacy of HER2(DDMP)-CAR T cells in a SK-OV-3-luc xenograft model. 

Representative bioluminescence images and caliper-measured tumor volume are shown. An illustration of the experimental design 

timeline is shown on the left. Female NCG mice were subcutaneously (s.c.) engrafted with SK-OV-3-luc-GFP cells. Maximum and 

minimum bioluminescence values are shown at the top and bottom of the scale bars. Individual mice data of tumor signal, tumor 

volume and body weight are shown in Fig. S4.  

Construction of multicyclic peptide-based, HER2-targeted CAR 

We previously identified a DDMP binder to human HER2 extracellular domain.25 This HER2(DDMP) 

displays fast on/off binding kinetics with moderate affinity (KD ~ 60 nM), which was proposed to be a 

desirable characteristic for CAR T against solid tumors.11 We first designed seven HER2(DDMP)-CAR 

constructs based on the literature.16, 26-28 These constructs share a conserved antigen recognition motif 

(i.e., the HER2-binding DDMP), a V5 tag for quantifying CAR expression and cytosolic CD3ζ sequence for 

signaling (Fig. 2a). The constructs differ in the linker (full-length or truncated IgG4-Fc, CD8 hinge, CD28 

hinge or GSGSGS hexapeptide), transmembrane domain (derived from CD8 or CD28), or costimulatory 

domain (derived from CD28 or 4-1BB).  

We screened the CAR function in human CD4+ Jurkat T cell line. Cells were engineered with NFAT 

response elements controlling GFP expression, enabling T cell activation to be visualized via 

fluorescence.29 The Jurkat-NFAT reporter cells were transduced with lentivirus encoding different CAR 

constructs. Cells were then incubated with SK-OV-3, an ovarian cancer cell line overexpressing HER2 

(Fig. 2b and S1). All HER2(DDMP)-CARs, except CAR4 with a GSGSGS hexapeptide linker, could 

activate NFAT signaling upon co-culture with SK-OV-3 cells yielding green fluorescent Jurkat-NFAT 

reporter cells, indicating functionality of the corresponding constructs (Fig. 2a and S2). We then evaluated 

the in vitro tumor killing by co-culturing CAR T cell variants with tumor cells expressing low or high density 

of HER2 at an effector-to-tumor (E:T) ratio of 1:20 in long-term assays.28 Human T cells isolated from 

healthy donors were transduced with lentiviruses encoding HER2(DDMP)-CAR (Fig. S3a). The variants 

with the linker sequence of full-length IgG4-Fc (CAR1), CD28 hinge (CAR5) or CD8 hinge (CAR6 & CAR7) 

demonstrated potent and comparable cytotoxicity against HER2high SK-OV-3 cells but not against HER2low 

A549 cells (Fig. 2c and S3b). The HER2-specific cytotoxicity was evident by both diminishing tumor cell 

and expanding T cell populations. These CAR T cells also produced cytokines IL2, IFNγ and TNFα upon 

co-culture with SK-OV-3 (Fig. 2d). The level of cytokines broadly follows the order of CAR7 (CD8h-BBz) > 

CAR6 (CD8h-28z) > CAR5 (CD28h-28z) > CAR1 (IgG4-Fc-28z). On the other hand, negligible cytokines 

were secreted by CAR2 and CAR3 lacking in vitro cytotoxicity against HER2high SK-OV-3 cells. In addition, 

no cytokine was detected for any CAR T constructs co-cultured with HER2low A549 cells.  

We next investigated the in vivo therapeutic activity of these HER2(DDMP)-CAR variants. Female 

immunodeficient NCG mice were subcutaneously engrafted with 2 × 106 SK-OV-3 cells. Three days later, 

the mice were subjected to adoptive transfer of 5 × 105 CAR T cells by intravenous injection (Fig. 2e). 

Untransduced T cells were used as the negative control, and we found that T cells expressing 

HER2(DDMP)-CAR5/6/7 effectively controlled tumor growth, as evidenced by diminished signal in 

bioluminescence images and reduced caliper-measured tumor volume in the plots (Fig. 2e and S4). Based 

on the residual luminescence and tumor volume, HER2(DDMP)-CAR6 demonstrated the highest in vivo 

efficacy and was chosen for subsequent comparison with conventional CAR based on single-chain 

variable fragment (scFv) for antigen recognition. 
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Figure 3. Elucidation of the HER2(DDMP) binding epitope. (a) Schematic presentation of different HER2 constructs and their 

ability to activate HER2(DDMP)-CAR Jurkat-NFAT cells. Jurkat-NFAT cells were transduced with a lentivirus encoding 

HER2(DDMP)-CAR1 and then incubated with HEK293T cells overexpressing different HER2 variants. Activation was quantified 

via expression of a NFAT-dependent GFP reporter gene. See Fig. S5 for representative histograms by flow cytometry. (b) 

Sequence alignment of ECD IV between human HER2 (509-652, UniProt: P04626) and mouse HER2 (510-653, UniProt: P70424). 

Residues potentially critical for HER2(DDMP) binding are highlighted in yellow. (c) Structure of human HER2 ECD in complex 

with trastuzumab Fab (PDB: 1N8Z). ECD I-III are shown in “cartoon” presentation, and ECD IV is shown in “surface” presentation. 

Residues potentially critical for HER2(DDMP) binding are shown in yellow and labeled in the box below with side chains in “stick” 

presentation. Trastuzumab Fab is colored in pink and shown in “mesh” presentation. hHER2: human HER2; mHER2: mouse 

HER2; chHER2: chimeric HER2; SP: signal peptide; ECD: extracellular domain; TM: transmembrane domain. 

Elucidation of the multicyclic peptide binding epitope on HER2 

Conventional scFv-based CAR could elicit different in vitro and in vivo activities depending on their binding 

epitope of the target antigen.26, 30 To compare the functional differences between DDMP- and scFv-based 

CARs, it would be ideal to use binders to an identical epitope. Since the epitope of HER2(DDMP) was 

unknown, we first elucidated its binding site. We found that Jurkat-NFAT cells expressing HER2(DDMP)-

CAR could be activated upon incubation with HEK293T cells overexpressing human HER2 (hHER2) but 

not mouse HER2 (mHER2, Fig. 3a and S5), indicating species-specific binding. Since extracellular domain 

(ECD) of HER2 can be divided into four subdomains (I-IV),31 we then generated chimeric HER2 constructs 

containing either mHER2 ECD I (chHER2a), mHER2 ECD I-II (chHER2b) or mHER2 ECD I-III (chHER2c), 

followed by hHER2. We found HEK293T overexpressing any of these constructs could activate 

HER2(DDMP)-CAR Jurkat-NFAT cells, indicating binding of HER2(DDMP) to hHER2 ECD IV. Further 

analysis indicated the involvement of hHER2 L547/Q548 (chHER2d-e) and P579/V585 (chHER2f-h) in 

interaction with HER2(DDMP). Indeed, chHER2 containing hHER2(547-585) was able to activate 

HER2(DDMP)-CAR Jurkat-NFAT cells. Within this sequence, 10 amino acid residues are different between 

hHER2 and mHER2 (Fig. 3b), and this region is proximal to the trastuzumab binding site (Fig. 3c). 
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Attempts to generate a model of hHER2 and HER2(DDMP) using AlphaFold2 was unsuccessful as none 

of the generated models showed the involvement of L547/Q548/P579/V585 to HER2(DDMP).32-33 

 

 

Figure 4. In vitro evaluation of DDMP- and scFv-based HER2-CAR constructs. (a) CAR constructs and affinities. Domain 

architecture of the HER2-CAR constructs and their equilibrium dissociation constants (KD) for human HER2. The HER2(DDMP) 

construct (moderate affinity) is compared with two trastuzumab-derived scFv CARs (high-affinity scFv and moderate-affinity scFv′). 

(b) Target antigen profiling. Flow cytometry histograms of cell-surface HER2 on MCF7, OE19, and N87 cells stained with α-HER2 

antibody. X-axis: HER2 fluorescence intensity; Y-axis: cell count. Quantitative HER2 levels for all cell lines used in evaluating 

HER2-CAR T (including A549 and SK-OV-3) are summarized in Fig. S1. (c) In vitro cytotoxicity. Killing of A549, MCF7, OE19, 

N87, and SK-OV-3 cells by CAR T cells. Effector and target cells were co-cultured at the ratio of 1:20 for four days, followed by 

flow cytometry analysis. See Fig. S6 for representative histograms. (d) Cell avidity by z-Movi as fractional binding at 1000 pN. 

Adhesion strength of T cells to A549, MCF7 or OE19 monolayers was quantified using z-Movi acoustic force spectroscopy. Full 

binding profiles are shown in Fig. S7. (e) Target antigen density versus avidity.34 HER2 levels (x-axis) are represented by the 

median fluorescence intensity from flow cytometry data (see Fig. S1). Trendlines represent the best-fit model for each construct 

(exponential for DDMP, logarithmic for scFv). (f) Cytokine release. IL2, IFNγ, TNFα, and GM-CSF in supernatants after 18-hour 

co-culture of CAR T cells with OE19, N87, or SK-OV-3 at the ratio of 2:1, quantified by ELISA. 
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Trastuzumab, which originated from the murine monoclonal antibody 4D5, is widely used in HER2-targeted 

therapies.35 This antibody binds to human HER2 ECD IV 36 and is in clinical use for treatment of HER2-

positive breast or gastric cancer. The scFv of trastuzumab has also been used to construct HER2-targeted 

CAR by different groups.37-41 Since both HER2(DDMP) and trastuzumab bind to hHER2 ECD IV, we then 

evaluated the functional difference between HER2(DDMP)-CAR and HER2(scFv)-CAR based on 

trastuzumab. 

HER2(DDMP)-CAR T cells exhibit reduced on-target, off-tumor cytotoxicity and cytokine secretion  

For comparative studies, we constructed HER2(scFv)-CAR6, which replaces the HER2-targeting 

multicyclic peptide in HER2(DDMP)-CAR6 with trastuzumab scFv. Since trastuzumab scFv binds much 

tighter to hHER2 (KD < 1 nM),37 we also included a scFv variant with comparable affinity (KD = 68 nM)42 to 

HER2(DDMP) to construct HER2(scFv′)-CAR6 (Fig. 4a). 

We first evaluated the in vitro cytotoxicity of the three CAR variants. All constructs displayed potent and 

comparable killing against HER2high OE19, N87 and SK-OV-3 cells (Fig. 4b and S6), which are derived 

from esophageal, gastric, and ovarian cancers, respectively. However, the two scFv constructs also 

showed statistically significant cytotoxicity against HER2low A549 and HER2moderate MCF7 cells, in contrast 

to T cells expressing HER2(DDMP)-CAR6. Activity against HER2low A549 or HER2moderate MCF7 cells was 

also evident based on CAR T proliferation, which was most pronounced for the high-affinity HER2(scFv)-

CAR6.  

To investigate the basis of these differences, we measured the avidity of CAR T cells toward targets 

expressing varying levels of HER2. Avidity has emerged as a key biomarker of CAR T efficacy, often 

correlating more strongly with therapeutic function than conventional in vitro assays.43 Overall, avidity 

trends mirrored cytotoxicity profiles (Fig. 4d and S7). Notably, against HER2low A549 cells, HER2(DDMP)-

CAR6 T cells exhibited no statistically significant increase in avidity compared to untransduced T cells, 

whereas both HER2(scFv)-CAR6 and HER2(scFv′)-CAR6 T cells showed significantly higher avidity. In 

contrast, against HER2high OE19 cells, all CAR constructs demonstrated markedly elevated avidity relative 

to untransduced T cells, with no statistically significant differences between the CAR variants. These data 

indicate that HER2(DDMP)-CAR6 follows a threshold-like, “cooperative” avidity profile (Fig. 4e): it shows 

minimal binding to cells with low or moderate HER2 expression (A549 and MCF7), but avidity increases 

sharply once HER2 density exceeds a certain level, as in OE19. In this regime, stable CAR–target 

engagement is favored only when antigen density is sufficiently high to support multivalent or sustained 

interactions, thereby promoting selective recognition of highly HER2-positive tumor cells while limiting 

engagement of normal cells with low HER2 expression. In contrast, HER2(scFv)-CAR6 and HER2(scFv′)-

CAR6 exhibit a more gradual, “logarithmic” avidity curve, with substantial increases in binding already 

evident at modest elevations in HER2 expression, enhancing cytotoxic potential but reducing antigen-

density selectivity. Together, these findings support avidity as a key mechanistic determinant of the density-

gated cytotoxicity observed for DDMP-based HER2-CAR T cells. 
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Figure 5. In vivo evaluation of DDMP- and scFv-based HER2-CAR T cells. (a) Study schematics. Timeline of xenograft 

establishment, and CAR T cell infusion. (b-d) Subcutaneous xenograft models. Male immunodeficient NCG mice were 

subcutaneously (s.c.) engrafted with 1×105 OE19-luc-GFP (b), N87-luc-GFP (c) or A549-luc-GFP (d) cells. On day 3 (D3), mice 

received 4×106 CAR T cells or untransduced T cells (negative control) via intravenous (i.v.) infusion. Representative 

bioluminescence images are shown with intensity scales set to 5×105 – 1×108 for (b), 5×106 – 1×109 for (c), and 6×105 – 1×108 

for (d). (e) Caliper-measured tumor volume of individual mice in (b-d). Corresponding quantitative tumor signal (total flux) and 

body weight for individual mice are shown in Figs. S9-S11.  
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We next assessed cytokine release after co-culture with HER2high OE19, N87 and SK-OV-3 cells. 

Interestingly, HER2(DDMP)-CAR6 T cells secreted substantially lower levels of IL2, IFNγ, TNFα and GM-

CSF than T cells expressing either the high-affinity HER2(scFv)-CAR6 or the comparable affinity 

HER2(scFv′)-CAR6 (Fig. 4f). This reduction was consistent across different E:T ratios (E = effector, i.e., 

CAR T cells; T = target, i.e., OE19 in this experiment) and occurred despite comparable in vitro cytotoxicity 

among the three constructs (Fig. S8), indicating that the DDMP-CAR preserves tumor killing while 

attenuating pro-inflammatory cytokine production. Among these cytokines, GM-CSF drives granulocyte 

and macrophage proliferation and activation,44-45 whereas IFNγ and TNFα further promote macrophage 

activation.46-47 In the setting of CAR T therapy, IL6 released by activated macrophages is the key driver of 

CRS-associated toxicities.6 Thus, lowering upstream cytokines such as GM-CSF, IFNγ and TNFα is 

expected to limit macrophage activation and mitigate CRS risk at its source. 

For in vivo efficacy (Fig. 5), HER2(DDMP)-CAR6 achieved tumor control comparable to the high-affinity 

HER2(scFv)-CAR6 against HER2high OE19 (Fig. 5b and S9) and N87 (Fig. 5c and S10) xenografts, as 

evidenced by reductions in both bioluminescent signal and caliper-measured tumor volume. In contrast, 

HER2(scFv)-CAR6 also markedly suppressed HER2low A549 tumors, whereas HER2(DDMP)-CAR6 

spared these cells (Fig. 5d and S11). Together, these findings support a superior safety profile for 

HER2(DDMP) in CAR design, preserving antitumor activity at high antigen density while minimizing on-

target, off-tumor activity and the attendant risk of cytokine-driven toxicities. 

TROP2(DDMP)-CAR T cells induce less cytokine secretion  

To assess the broader applicability of the DDMP-based CAR strategy, we turned to trophoblast cell-surface 

antigen 2 (TROP2), another frequently overexpressed TAA.48-49 Our prior investigation showed that 

TROP2(DDMP*)-CAR6 T cells (Fig. 6a) selectively lysed TROP2-overexpressing cells while minimizing 

cytokine secretion and sparing cells with low TROP2 expression.20 To further dissect scaffold effects, we 

selected another DDMP binder with a distinct backbone and affinity (Table 1) to generate TROP2(DDMP)-

CAR7, and constructed an affinity-matched TROP2(scFv)-CAR7 based on the clinically approved TROP2-

specific antibody drug conjugate sacituzumab govitecan. 

In vitro cytotoxicity was assessed by co-culturing CAR T cells (Fig. S12) with parental A549 or A549-

TROP2 (engineered to overexpress TROP2) at E:T = 1:5 in long-term assays (Fig. 6b). All constructs 

mediated robust and comparable killing of A549-TROP2, with negligible activity against TROP2-negative 

A549 cells (Fig. 6c and S13). While both TROP2(DDMP)-CAR7 and TROP2(scFv)-CAR7 elicited 

cytokines only upon engagement with A549-TROP2, TROP2(DDMP)-CAR7 secreted substantially lower 

levels of IL2, IFNγ, TNFα, and GM-CSF than the scFv counterpart (Fig. 6d). Importantly, all constructs 

showed comparable in vivo antitumor efficacy against subcutaneous A549-TROP2 xenografts (Fig. 6e and 

Fig. S14), indicating a scaffold and target-independent DDMP-CAR phenotype that preserves potency 

while attenuating pro-inflammatory cytokine production. 
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Figure 6. Comparison of DDMP- and scFv-based TROP2-CAR. (a) CAR constructs and affinities. Domain architecture of the 

TROP2-CAR constructs and their equilibrium dissociation constants (KD) for human TROP2. (b) Target antigen profiling. Flow 

cytometry histograms of cell-surface TROP2 on A549-luc-GFP and A549-TROP2-luc-GFP stained with α-TROP2 antibody. X-axis: 

TROP2 fluorescence intensity; Y-axis: cell count. (c) In vitro cytotoxicity. Killing of TROP2low A549-luc-GFP or TROP2high A549-

TROP2-luc-GFP by CAR T cells. Effector and target cells were co-cultured at the ratio of 1:5 for four days, followed by flow 

cytometry for quantitative analysis. See Fig. S13 for representative histograms. (d) Cytokine release. IL2, IFNγ, TNFα, and GM-

CSF in supernatants after 18-hour co-culture of CAR T cells with TROP2low A549-luc-GFP or TROP2high A549-TROP2-luc-GFP at 

the ratio of 2:1 for 18 h, quantified by ELISA. (e) In vivo efficacy of TROP2-CAR T cells in an A549-TROP2-luc-GFP xenograft 

model. Representative bioluminescence images and caliper-measured tumor volume are shown. An illustration of the 

experimental design timeline is shown on the top. Male NCG mice were subcutaneously (s.c.) engrafted with the tumor cells. 

Individual mice data of tumor signal, tumor volume and body weight are shown in Fig. S14. 
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Transcriptional differences between DDMP- and scFv-based CARs 

To gain a more comprehensive view of the phenotypic differences between DDMP- and scFv-based CAR 

T cells, we performed bulk RNA-seq on CAR T cells prepared from three independent donors (Fig. 7a). 

HER2- and TROP2-CAR T cells were stimulated with OE19 and A549-TROP2 cells, respectively, before 

mRNA isolation and sequencing. Principal component analysis (PCA) separated CAR T cells from 

untransduced controls (Fig. 7b) and, in pairwise comparisons, further resolved DDMP and scFv cohorts 

into distinct clusters (Fig. 7c). Consistently, the heatmap of the top 100 differentially expressed genes 

(DEGs) showed a clear distinction between untransduced, DDMP-based CAR, and scFv-based CAR T 

cells (Fig. 7d). 

Pathway analysis revealed divergent signaling programs (Fig. S15). DDMP-based CAR T cells displayed 

reduced expression of pro-inflammatory cytokine genes (Fig. S15c), in line with their attenuated cytokine 

secretion (Fig. 4f and 6d), and increased expression of proliferation-associated genes, suggesting 

enhanced expansion and persistence potential (Fig. S15d). They also exhibited unique patterns across 

gene sets linked to T-cell dysfunction, inhibitory receptors, effector differentiation, and metabolic pathways 

(Fig. S15e). Notably, transcriptional signatures favored a more naïve/memory-like state in DDMP-based 

CAR T cells, an attribute associated with durable antitumor responses (Fig. S15e). 

T cell activation engages the NFAT, RAS/MAPK, JNK/c-Jun and NF-κB pathways, all of which contribute 

to the transcription of cytokine genes. We therefore performed gene set enrichment analysis (GSEA) to 

assess pathway-level differences between DDMP and scFv cohorts. Among the 50 hallmark gene sets, 

only “KRAS signaling up” and “TNF signaling via NF-κB” directly relate to T cell activation. Accordingly, we 

also analyzed NFAT, NF-κB and c-Jun sets from the legacy transcription factor targets (TFT). These sets 

comprise genes induced by specific pathways or transcription factors. Overall, relative to scFv-based 

CARs, DDMP-based CARs showed negative enrichment of NFAT, RAS, and NF-κB responsive transcripts, 

but not c-Jun (Fig. 7e). Pairwise comparisons confirmed a consistent and significant reduction in NF-κB 

responsive transcripts across DDMP constructs. However, KRAS differences reached significance only for 

HER2(DDMP)-CAR6 and TROP2(DDMP*)-CAR6, and NFAT for TROP2(DDMP*)-CAR6 (Fig. S16–S19). 

As expected, both CAR types showed upregulation versus untransduced T cells across these modules, 

consistent with T cell activation upon antigen encounter. Together, these data indicate that attenuated NF-

κB transcriptional output is the predominant driver of the reduced cytokine program in DDMP-CAR T cells, 

with construct-dependent contributions from KRAS and NFAT pathways. 

Overall, the transcriptomic profiles of DDMP-based CAR T cells are characterized by dampened cytokine 

programs, enhanced proliferative signatures, preservation of memory features, and selective down-

modulation of NF-κB responsive transcripts, supporting DDMP as a promising scaffold for engineering 

safer, equally effective CAR T therapies against solid tumors. 
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Figure 7. Transcriptomic profiling of DDMP- and scFv-CAR T cells after antigen stimulation. (a) Legend of HER2- and 

TROP2-targeting CAR constructs used in RNA-seq. Cells were stimulated with OE19 or A549-TROP2 cells for 18 hours at E:T = 

2:1. (b-c) Principal component analysis (PCA) of stimulated CAR T cells. (d) Heatmap of top 100 differentially expressed genes 

(DEGs) of untransduced T cells (left), DDMP-based CAR T cells (middle) and scFv-based CAR T cells (right) after antigen 

stimulation. (e) Gene set enrichment analysis (GSEA) comparing DDMP- versus scFv-based CAR T cells. Shown are the Hallmark 

gene sets HALLMARK_KRAS_SIGNALING_UP (genes up-regulated by KRAS activation) and HALLMARK_TNFA_SIGNALING_ 

VIA_NFKB (genes regulated by NF-κB in response to TNF), together with NF-κB and NFAT transcription factor target gene sets 

from the C3:TFT legacy collection. See Fig. S16–S19 for pairwise comparisons.  
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Discussion 

Considerable safety concerns, notably on-target, off-tumor toxicity and CRS, remain critical barriers to 

effective CAR T therapy for solid tumors. A generalizable strategy to mitigate both issues concurrently in 

conventional scFv-based CARs is still lacking.8-13 In addition, the therapeutic profile of scFv-CARs can be 

compromised by the intrinsic instability and aggregation propensity of certain scFv sequences.50-52 

Motivated by these challenges and by emerging evidence that alternative antigen-recognition modules can 

successfully tune CAR function,14-16 we turned to DDMPs as a chemically distinct and compact class of 

binding domains for next-generation CAR design. 

DDMPs represent a versatile molecular recognition scaffold, in which disulfide-directing motifs promote 

defined oxidative folding into multicyclic peptides with high sequence adaptability.19-20 DDMP-based 

ligands have been developed against multiple cell-surface proteins, including EphA2, FGFR1, HER2, 

HER3, ROR1, and TROP2.25, 53-54 Building on this chemical scaffold, we explored three DDMPs, 

HER2(DDMP), TROP2(DDMP) and TROP2(DDMP*), as CAR antigen-recognition domains. These 

sequences, identified by phage display, exhibit good in vitro oxidative folding efficiency (i.e., 68%, 46% 

and 65%, respectively). The presence of chaperones and protein quality control machinery in mammalian 

cells is expected to further favor the presentation of the correctly folded structure on the cell surface. 

Structurally, DDMPs exhibit high conformational stability and significant resistance to enzymatic 

degradation, while their low molecular weight (<5 kDa) minimizes the genetic footprint, leaving additional 

design space on viral vectors for auxiliary elements, further boosting CAR T efficacy.  

 

Table 1. Binding kinetics and affinity of the antigen-recognition elements used in this study. 

 DDMP backbone kon (105 M-1 s-1) koff (10-4 s-1) KD (nM) Ref 

HER2(DDMP) CPX2CX3CX5CX7CPX2C 6.36 383 60 25 

HER2(scFv) not applicable 2.14 1.22 0.52 42 

HER2(scFv′) not applicable 1.60 154 68 42 

TROP2(DDMP) CPPCX5CX5CX5CPPC 6.21 6.11 0.98 55 

TROP2(DDMP*) CXPX3PCXPX3PCCX2PCPX8CXCC 14.1 99.0 7.0 20 

TROP2(scFv) not applicable 1.02 0.821 0.81 56 

 

Kinetic analysis highlights additional advantages of the DDMP scaffold. The three DDMPs used here have 

distinct backbones (Table 1) but share similar association rate constants (kon, ~ 6 – 14 × 106 M-1 s-1) and 

differ primarily in dissociation rate (koff, ~ 6 – 400 × 10-4 M-1 s-1), yielding affinities (KD = koff / kon) spanning 

1 – 60 nM. In all cases, DDMPs exhibit faster association and dissociation than their scFv counterparts. A 

recent clinical analysis suggests that CAR T cells with moderate affinity and fast on/off kinetics are 

associated with improved outcomes in solid tumors.11 Consistent with this, CAR T cells based on the 

moderate-affinity HER2(DDMP) and TROP2(DDMP*) showed clear density-gated cytotoxicity in vitro, 

efficiently eliminating antigen-overexpressing targets while largely sparing cells with low antigen 

expression, in contrast to the broader killing profile of scFv-based CARs. This antigen-density dependence 

is recapitulated in xenograft models for HER2(DDMP)-CAR (Fig. 5). Avidity measurements by z-Movi 
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provide a mechanistic explanation: HER2(DDMP)-CAR T cells display relatively low functional avidity for 

HER2low/moderate cells (A549 and MCF7 in Fig. 4d), with no statistically significant difference between them 

(p = 0.205), but markedly higher avidity for HER2high targets. In contrast, scFv-based HER2-CAR T cells 

maintain stronger binding even at low or moderate HER2 density. Together, these kinetic and avidity 

properties provide a mechanistic basis for the density-gated cytotoxicity of DDMP-based CARs and 

support their potential to reduce on-target, off-tumor toxicities. 

Across constructs, DDMP- and scFv-based CARs exhibited broadly comparable surface expression and 

transduction efficiency, as quantified by flow cytometry, typically within an approximate two-fold range (Fig. 

S6 and S12). Except for the avidity and RNA-seq analyses, where CAR-expressing T cells were first 

isolated and then used for measurement, all other assays used the CAR-positive ratio to calculate the total 

T cell number required to achieve a defined CAR T cell dose. Although samples with lower CAR-positive 

ratios contained more untransduced T cells, these cells showed negligible cytotoxicity and cytokine 

secretion in our assays. It is therefore unlikely that differences in transduction efficiency or expression level 

are the primary drivers of the phenotypic differences observed between DDMP- and scFv-based CAR T 

cells. 

Interestingly, DDMP-based CAR T cells produced significantly lower levels of pro-inflammatory cytokines 

IL2, IFNγ, TNFα and GM-CSF than their scFv-based counterparts, a finding supported by both ELISA and 

RNA-seq data. GSEA revealed that this attenuated cytokine profile was associated with negative 

enrichment of NF-κB-, NFAT- and KRAS-responsive gene sets in DDMP-based CAR T cells relative to the 

scFv cohort, with the most consistent differences observed in the NF-κB pathway. This implies that the 

blunted cytokine output of DDMP-CARs is underpinned by reduced activation of these key signaling 

pathways. Importantly, while IL2 is required for T cell expansion, its overabundance can cause exhaustion. 

DDMP-based CAR T cells appear to strike a more favorable balance. This is characterized by moderate 

IL2 secretion, upregulation of proliferation genes (e.g., MKI67, TOP2A), and the preservation of naïve and 

memory phenotypic signatures. These traits are collectively associated with sustained antitumor 

responses. 

Traditionally, IFNγ and TNFα production by CAR T cells is viewed as beneficial because these cytokines 

contribute to tumor cell killing. However, they also activate other immune cells and can amplify 

inflammatory cascades. Excessive release of IFNγ, TNFα and GM-CSF can ultimately drive CRS, a severe 

toxicity characterized by systemic inflammation and multi-organ dysfunction. Clinically, CRS risk is 

primarily assessed by measuring IL6, which is produced mainly by activated macrophages rather than T 

cells. Our in vitro assays contained only human T cells and tumor cells, and the immunodeficient NCG 

mice used for in vivo studies possess only defective macrophages. IL6 is therefore not an informative 

readout in these systems. Instead, we focused on T cell–derived cytokines GM-CSF, IFNγ and TNFα, 

which drive macrophage proliferation and/or activation and thereby initiate the IL6 amplification loop.44-47 

Notably, GM-CSF inhibition has been shown to reduce CRS and neuroinflammation while enhancing CAR 

T cell function.45 Consistent with this biology, the markedly reduced secretion of GM-CSF, IFNγ and TNFα 

by DDMP-CAR T cells provides a mechanistic basis for lower CRS liability, aligning pathway-level GSEA, 

cytokine profiles, and functional readouts to support an improved safety profile without loss of antitumor 

efficacy. 

The performance of scFv-based CAR T cells is also shaped by non-binding domains, including spacer, 

transmembrane, costimulatory and signaling regions. We observed similar architecture-dependence for 

DDMP-based CARs (Fig. 1). For example, constructs incorporating truncated IgG4-Fc variants or a short 

GSGSGS hexapeptide spacer failed to elicit in vitro cytotoxicity, and variations in spacer, transmembrane 
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and costimulatory modules modulated cytokine secretion upon exposure to antigen-overexpressing tumor 

cells. Importantly, we did not observe a simple correlation between in vitro parameters and in vivo efficacy. 

These findings emphasize that DDMP-CAR performance emerges from an interplay between the binding 

domain and CAR architecture, and they underscore the need for systematic sequence optimization and in 

vivo validation. Establishing standardized design principles will facilitate streamlined development and 

implementation of DDMP-based CAR T therapies against diverse tumor targets. 

In conclusion, DDMP-based CAR constructs address key safety limitations of conventional CAR T 

therapies for solid tumors by combining antigen density-dependent cytotoxicity with attenuated pro-

inflammatory cytokine profiles, thereby reducing on-target, off-tumor toxicity and CRS risk while 

maintaining potent antitumor activity. These results position DDMP-CARs as a promising platform for next-

generation CAR T design and highlight DDMPs as a chemically innovative, versatile scaffold for 

engineering safer yet effective targeted immunotherapies. 
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