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ABSTRACT 

Chimeric antigen receptor (CAR) T-cell therapy has become a key treatment for blood cancers thanks to its strong 

capacity to identify and destroy malignant cells. Evaluating the performance of these immune cells at the 

individual level is essential for optimizing diagnostic and therapeutic outcomes. There is a pressing need for a 

versatile, rapid, high-throughput, and comprehensive system to assess immune cell efficacy. In this work, the 

killing ability, expansion capacity, and long-term survival of TIM3/CD28-engineered CD19 CAR-T cells were 

compared against standard CD19 CAR-T cells using advanced, high-throughput graphene oxide quantum dot 

(GOQD)-based single-cell microfluidic devices. Comprehensive profiles of secreted factors, therapeutic 

performance across varying effector-to-target ratios, spatial distribution effects on immune activity, and cellular 

subpopulation characterization were analyzed to clarify the enhanced immunotherapy potential of the modified 

cells. TIM3/CD28-modified CD19 CAR-T cells demonstrated superior tumor-killing activity and sustained strong 

therapeutic responses even under low effector-to-target ratios and at greater distances. The TIM3/CD28 

modification also improved localized targeting precision. Notably, these engineered cells displayed more 

pronounced and stable Th1/Th2-like persistent and highly cytotoxic subpopulations, supporting more tailored 

therapeutic strategies. In summary, this approach offers a broadly applicable method for assessing existing CAR-

T designs and testing novel CAR-based treatments moving forward. 
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Introduction 

The remarkable clinical success of CAR-T cell therapy against advanced hematologic malignancies has 

transformed cancer care by providing curative possibilities for patients with relapsed or refractory disease [1, 2]. 

Precise single-cell functional assessment plays a critical role in ensuring treatment accuracy and effectiveness. 

While CD19-targeted CAR-T cells have been thoroughly investigated [2-5], treatment failure or disease 

recurrence can still occur in some patients, often accompanied by off-target toxicities [3, 4]. These limitations 

stem from insufficient long-term persistence of the CAR-T cells [6], tumor cell resistance [2, 7], and treatment-

related complications such as cytokine release syndrome (CRS) and neurotoxicity [8, 9]. 

Incorporation of costimulatory domains has shown that 4-1BB-containing CARs tend to promote greater 

durability compared with CD28-containing designs [4, 10], whereas CD28 domains drive stronger immediate 

effector responses [11, 12]. Advances in genetic engineering have enabled the development of multi-antigen 
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recognition strategies, such as dual-targeting CD19-CD22, CD19-CD20, or CD19-CD123 CARs, to overcome 

antigen-loss relapse [13-15]. However, balanced reactivity against each antigen remains crucial, as preferential 

targeting of one antigen does not fully resolve recurrence driven by antigen-negative variants [16]. 

Combining CAR-T therapy with immune checkpoint blockade offers synergistic benefits for enhancing anti-tumor 

potency and longevity—for instance, integrating costimulatory signals with PD-1 inhibition [17]. TIM3 ligands 

are widely present on lymphoma cell surfaces [18-20], and incorporating TIM3/CD28 reversal receptors can 

redirect inhibitory signals into stimulatory ones, thereby reducing immune evasion and boosting CAR-T 

effectiveness. 

Validating these approaches, refining CAR-T performance, and enabling personalized regimens require robust 

functional and safety evaluation of CAR-T products. Yet, the high response rates and limited non-responder 

populations in leukemia patients complicate the establishment of comprehensive response parameters [21]. While 

many studies have examined CAR-T cells through genetic profiling [22, 23], secreted proteins provide more 

immediate, rapid, and reliable indicators of function, given the variability inherent in gene expression and protein 

synthesis. Bulk supernatant analyses have been common [18], but they overlook substantial cellular heterogeneity 

and lose valuable single-cell insights [24]. 

Furthermore, the extended in vitro manufacturing period for CAR-T cells can be life-threatening for some patients 

who deteriorate before infusion [3, 4]. Evidence indicates that effective doses can be quite low, though optimal 

dosing varies by patient condition [25]. Post-infusion expansion is important [3, 26], yet at initial infusion CAR-

T cells are vastly outnumbered by target cells [4]. This leads to distinct in vivo interaction patterns—distant non-

contact and close-contact modes—that produce different secretory profiles (termed spatial effects). These spatial 

dynamics have not been adequately studied in existing models. Patient-specific evaluation, multi-cytokine-based 

T-cell subset classification, and identification of optimal CAR-T characteristics for different individuals are also 

needed [27]. 

To address these gaps, TIM3/CD28-modified CD19 CAR-T cells were generated by introducing TIM3/CD28 

reversal receptors onto the CD19 CAR backbone, converting inhibitory TIM3 signals from lymphoma cells into 

CD28-mediated co-stimulation [18]. These modified cells exhibit enhanced immune functionality through 

reversal of inhibition into activation. To rigorously characterize their performance, we developed a precise single-

cell functional evaluation platform. Using 15-plex secreted factor profiling on GOQD-based microfluidic chips, 

we assessed overall secretion patterns, efficacy at different effector-to-target ratios, and spatial immune effects 

for both TIM3/CD28-modified and standard CD19 CAR-T cells against lymphoma targets. For the first time, up 

to 15 secretory differences under varied contact modes (spatial effects) were efficiently measured in vitro. Results 

revealed that TIM3/CD28-modified CD19 CAR-T cells preserve Th1- and Th2-like responses while gaining 

improved persistence, proliferative capacity, and cytotoxicity. Notably, they maintained effectiveness at lower 

concentrations and greater distances. Clinically, this could reduce required CAR-T cell doses, shorten 

manufacturing timelines, lower costs, and decrease toxicity risks. 

Subsequent subpopulation profiling distinguished Th1-dominant, Th2-dominant, sustained killer, transient killer, 

and hyper-secretory groups, enabling better matching of CAR-T products to patient needs. Crucially, the platform 

is extensible to functional testing of diverse CAR constructs, offering a valuable framework for future innovative 

CAR development. 

Materials and Methods  

Microfluidic chip design and fabrication 

Two distinct microfluidic chip designs were developed for cell printing and antibody barcode deposition. Prior to 

fabrication, the intended patterns were converted into masks and patterned onto silicon wafers via 

photolithography. Identical photolithography and etching conditions were applied to create the silicon masters for 

both chips. A positive photoresist (AZ6130) was spin-coated onto a clean silicon wafer to achieve a 2 μm layer 

thickness. Following pre-baking, the wafers were aligned with the respective chrome masks and exposed to UV 

light. After development and post-exposure baking, the patterned silicon wafers underwent dry etching to form 

microchambers and microchannels with a depth of 24 μm. The residual photoresist was subsequently stripped 

from the patterned silicon masters to enable repeated use in PDMS chip production. 

Cell culture 
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Raji and Namalwa cells were maintained in RPMI 1640 medium containing 10% fetal bovine serum. Unmodified 

T cells, CD19 CAR-T cells, and TIM3/CD28-modified CD19 CAR-T cells were cultured in TexMACS GMP 

medium supplemented with 10% fetal bovine serum and 50 IU/mL IL-2. All cultures were incubated at 37°C in a 

5% CO₂ atmosphere. All CAR-T cells used in the experiments were derived from the same donor T cell source. 

Construction of the chain 

The CD19 CAR construct comprised a single-chain variable fragment specific for CD19, an IgG4 Fc spacer, a 

CD8 transmembrane domain, a 4-1BB endodomain, and the CD3ζ signaling chain of the T cell receptor. These 

elements were cloned into the pCDH-CMV-MCS-EF1-CopGFP lentiviral backbone (RRID: Addgene_99730) to 

produce the 19BBZ vector, with the resulting cells designated as CD19 CAR-T. A second lentiviral construct was 

created encoding the same 19BBZ CAR along with a TIM3/CD28 chimeric switch receptor fusion protein. A T2A 

ribosomal skipping sequence was inserted between the CAR and the TIM3/CD28 fusion to generate the modified 

vector, and the transduced cells were termed TIM3/CD28-modified CD19 CAR-T. 

GOQD self-assembly modification 

The PDMS microchamber chip and the antibody-coated glass slide underwent oxygen plasma treatment for 5 

minutes. They were then submerged in 3-aminopropyl trimethoxysilane (APTES, Sigma–Aldrich) solution for 45 

minutes, followed by immersion in a GOQD suspension for 45 minutes after sonication. Finally, the surfaces were 

cleaned again using ultrasonication. 

Antibody barcode microprinting 

The PDMS microfluidic chip, featuring parallel microchannels for antibody barcode deposition, was reversibly 

bonded to the GOQD-functionalized glass substrates. Individual capture antibodies (2 μL per channel) were 

introduced into the microchannel inlets. A vacuum pump was applied at the opposite outlet to draw the antibodies 

through, enabling precise microprinting. After printing, the PDMS layer was detached from the glass slide, 

yielding the completed factor-detection chip. Prior to experiments, the chip was blocked with 3% BSA to 

minimize non-specific binding of secreted factors. All antibodies employed in this work were anti-human 

antibodies. 

Hybrid single-cell printing 

CAR-T effector cells were first centrifuged at 1000 rpm for 4 minutes, then combined with target cells at a 1:1 

ratio. The mixture was incubated for 4 hours and resuspended in 50 μL of medium at a density of 106 cells/mL. 

This cell suspension was printed onto the GOQD-modified microchamber array chip using an S-shaped printing 

path, sequentially covering each column of the array. Immediately afterward, the factor-detection chip was placed 

onto the microchamber chip, taking care to prevent bubble formation during alignment. The assembled chips were 

secured with a clamp and incubated in a cell culture incubator for 1 hour. This allowed CAR-T cells (labeled with 

carboxyfluorescein succinimidyl ester dye) and target cells (labeled with deep red cell proliferation dye) to settle 

and interact naturally within each microchamber. Fluorescence microscopy was then used to image and record 

the positions and counts of CAR-T and target cells in every microchamber. The assembly was subsequently 

returned to the incubator for further culture. 

Secreted immune factor detection 

Following 16 hours of incubation, the chip assembly was removed from the incubator. The factor-detection chip 

was carefully separated in 3% BSA solution and rinsed with 1% BSA. A cocktail of biotinylated detection 

antibodies (0.25 μg/mL for each antibody) was applied to the factor-detection chip and incubated for 45 minutes. 

The chip was then washed with 1% BSA solution. Next, 300 μL of 1:100 diluted APC-conjugated streptavidin 

was added and incubated for 30 minutes. Finally, the chip underwent thorough washing with PBS and water. 

Data and statistical analysis 

Fluorescence signals from the detection factors were acquired using the 635 nm laser channel on a GenePix 4400A 

Scanner. Cell images were captured via the brightfield, 532 nm, and 635 nm channels on a Nikon fluorescence 

microscope to identify cell locations and quantities. Image analysis was performed with GenePix Pro 

(RRID:SCR_010969) and Nikon (RRID:SCR_021068) software. The microcavity array images were first aligned, 
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after which the fluorescence intensity values for each band in every microchamber were extracted. Factor 

concentrations were determined quantitatively using the linear standard curve relationship. 

Raw fluorescence data for each secreted factor were averaged, background-subtracted, converted to 

concentrations via the quantitative formula, and log-transformed for downstream analysis. Background signals 

were computed as the average fluorescence intensity from blank microchambers (N > 50). In total, 5268 CAR-T-

containing microchambers were analyzed (NTIM3/CD28-modified CD19 CAR-T = 2856; NCD19 CAR-T = 

2412). Background correction, statistical calculations, and subpopulation grouping of CAR-T cells were 

conducted using Excel (RRID:SCR_017294) and Python (RRID:SCR_008394). Figures were produced with 

Origin (RRID:SCR_014212), with complete statistical details included in the figure legends. 

Results and Discussion 

High-throughput multi-performance systematic evaluation platform for CD19 CAR-T and TIM3/CD28-modified 

CD19 CAR-T immune single cells 

Comprehensive single-cell assessment of CAR-T function necessitates analysis of secretion profiles under varying 

effector-to-target ratios and spatial conditions, followed by subpopulation classification to guide personalized 

therapy. Our platform integrates a GOQD-based single-cell microarray chip with a multi-factor detection chip. It 

enables systematic evaluation of CAR-T immune functions through overall secreted factor analysis, ratio-

dependent effects, spatial interaction impacts, and subset profiling. High-density GOQD bio-affinity 

microchambers isolate cells from external interference while preserving viability [28]. The single-cell array is 

paired with the barcode detection chip such that each microchamber aligns with a complete antibody barcode 

array, allowing specific capture of secreted factors. 

Traditional PLL-coated glass substrates often struggle with uniformity, long-term stability, and detection linearity 

[29]. In contrast, GOQD-modified substrates provide superior consistency, stability, and low background noise; 

this is their first application to CAR-T single-cell evaluation. 

Prior to assembly, viable CAR-T cells and target cells are mixed at defined ratios. A hybrid single-cell printing 

approach then creates high-density mixed arrays with varied effector-target compositions according to Poisson 

statistics (Figure 1a). Upon pairing and sealing the chips, cells can migrate freely within their isolated 

microchambers, naturally generating diverse effector-target ratios and spatial configurations. 

The multiplexed barcode array for CAR-T evaluation (Figure 1b) is organized into six functional categories 

covering key immune activities: cytotoxicity [30], effector functions [31], regulation [32, 33], chemotaxis [34], 

stimulation [35], and inflammation [36, 37]. These barcodes are microprinted using a dedicated secreted factor 

detection chip. Cytotoxic markers (e.g., GZMB and Perforin) directly mediate tumor cell destruction. Effector 

molecules (IFN-γ, TNF-α, IL-2) drive Th1-type responses. Regulatory factors, particularly IL-4, promote Th2 

activity and can modulate anti-tumor immunity. Chemokines (MCP-1, MIP-1α) control immune cell trafficking. 

Stimulatory factors indicate activation levels, where excessive signaling may contribute to CRS. Inflammatory 

mediators trigger broader inflammatory and autoimmune cascades. 

 
 

a) b) 
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c) 

  

d) e) 

 
f) 

Figure 1. Schematic illustration of a high-throughput single-cell chip platform designed for comprehensive 

and precise functional assessment of CAR-T cells. 

(a) Secreted factors released by CAR-T cells upon interaction with target cells within the cell array chip, 

captured and detected via an antibody barcode chip. (b) The 15-plex barcoded antibody array covering key 

cytokine categories: cytotoxic, effector, regulatory, chemokine, stimulatory, and inflammatory. (c) 

Comprehensive functional profiling of TIM3/CD28-modified CD19 CAR-T cells versus standard CD19 

CAR-T cells, with the six immune function domains separated by red dashed lines. (d) Microchamber-based 

screening across varying effector-to-target and target-to-effector ratios. (e) Spatial analysis of functional 

performance for TIM3/CD28-modified CD19 CAR-T and CD19 CAR-T cells, highlighting their distinctive 

receptor patterns. (f) Subpopulation profiling of CAR-T cells. 

The performance of the newly engineered TIM3/CD28-modified CD19 CAR-T cells was primarily assessed 

relative to conventional CD19 CAR-T cells. These modified cells incorporate TIM3/CD28 reversal receptors onto 

the CD19 CAR-T backbone, enabling the conversion of TIM3-mediated inhibitory signals into CD28-driven 

stimulatory signals. For a thorough functional evaluation, quantitative formulas were initially applied to compare 

the six core immune functions of both CAR-T variants when exposed to identical target cells (Figure 1c). In 

contrast to conventional ELISA and flow cytometry techniques, this platform achieves greater detection 

throughput through multiplexed channels that avoid spectral overlap, along with enhanced sensitivity stemming 

from the elevated antibody density and reduced background noise provided by GOQDs. Given the variable CAR-

T to target cell ratios observed across patients, the platform further examined CAR-T efficacy under different 

effector-target ratios in a simulated microenvironment (Figure 1d). Moreover, accounting for the intricate spatial 

arrangements between effector and target cells in physiological settings, the study conducted detailed assessments 

of CAR-T functionality at varying local and distal distances (Figure 1e). Crucially, immune profiles of distinct 

potential subpopulations were characterized through multi-condition screening and expression analysis of CAR-

T cells (Figure 1f). This approach uncovered numerous spatial and subpopulation features undetectable by 

traditional gene expression, bulk culture supernatant, or serum-based analyses [23, 38, 39]. The technique is rapid, 

holistic, and highly accurate, offering unique advantages and supporting tailored therapeutic strategies. In vivo 

mouse tumor treatment experiments with CAR-T cells were performed in prior research [18]. The current study 

focuses on in vitro evaluation of the secretory microenvironment between CAR-T and target cells using a single-

cell platform. 

Comprehensive secretory factor profiling of single CD19 CAR-T and TIM3/CD28-modified CD19 CAR-T cells 

To compare the overall functional capacity of the two CAR-T types, TIM3/CD28-modified CD19 CAR-T and 

standard CD19 CAR-T cells were co-printed with Namalwa target cells at equal ratios. Secretion data were then 

collected from individual CAR-T and target cell microchambers across the entire array. The secretion factor 
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heatmap for TIM3/CD28-modified CD19 CAR-T cells interacting with Namalwa tumor cells is presented in 

Figure 2a, with the matching cell distribution map in Figure 2b. Additionally, TIM3/CD28-modified CD19 

CAR-T cells were tested against Raji tumor cells to examine their activity toward alternative targets. Unmodified 

T cells served as negative controls. The six major immune functions (cytotoxic, effector, regulatory, chemokine, 

stimulatory, and inflammatory) were quantified using calibrated formulas based on fluorescence intensities from 

15 recombinant factors across a 10-fold concentration series. Relative to standard CD19 CAR-T cells, the 

TIM3/CD28 switch receptor-engineered cells exhibited elevated secretion of Granzyme B (GZMB), IFN-γ, TNF-

α, IL-2, IL-4, GM-CSF, IL-8, and others (Figure 2c). To investigate responses against different targets, expression 

profiles of TIM3/CD28-modified CD19 CAR-T cells directed at Namalwa versus Raji tumor cells were also 

compared. Cytotoxic, effector, regulatory, and inflammatory factor levels were largely comparable, whereas 

chemokine expression increased and stimulatory factor expression decreased when targeting Raji cells. Notably, 

GZMB, a potent cytotoxic mediator, underscores the enhanced direct tumor-killing potential of TIM3/CD28-

modified CD19 CAR-T cells. TNF-α contributes to sustained killing effects [40, 41], while IL-2 serves as a critical 

proliferation driver [31, 42]. The modified cells displayed 3–4-fold higher TNF-α and IL-2 levels than standard 

CD19 CAR-T cells (Figure 2d), analyzed across four quadrants. The upper-right quadrant revealed that TNF-α+ 

IL-2+ double-positive cells comprised 85.4%, indicating superior proliferative capacity and prolonged tumor-

killing activity in the TIM3/CD28-modified CD19 CAR-T population. 

  
a) b) 

  
c) d) 

  

e) f) 

 
 

g) h) 

Figure 2. Superior antitumor activity of TIM3/CD28-modified CD19 CAR-T cells demonstrated through 

global immune function assessment. 

(a) Heatmap depicting secreted factors from TIM3/CD28-modified CD19 CAR-T cells interacting with 

Namalwa tumor cells. (b) Fluorescence image showing TIM3/CD28-modified CD19 CAR-T cells and 
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Namalwa cells within microchambers, where effector cells appear green and target cells appear red. (c) 

Quantitative comparison of immune factor levels between TIM3/CD28-modified CD19 CAR-T and standard 

CD19 CAR-T cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Mann-Whitney U test. (d) Kernel 

density plots for the proliferation cytokine IL-2 and the sustained-killing cytokine TNF-α in both CAR-T 

populations, with red indicating TIM3/CD28-modified CD19 CAR-T and green indicating CD19 CAR-T. (e) 

Secretion heatmap for TIM3/CD28-modified CD19 CAR-T cells. (f) Correlation matrix of secreted factors 

from TIM3/CD28-modified CD19 CAR-T cells. (g) Secretion heatmap for CD19 CAR-T cells. (h) 

Correlation matrix of secreted factors from CD19 CAR-T cells. 

 

TIM3/CD28-modified CD19 CAR-T cells displayed robust engagement in Th1-type immune responses, 

generating elevated levels of Th1-associated effector molecules such as IFN-γ, TNF-α, and IL-2 [43, 44]. Given 

that TIM3 functions as a negative regulator of antitumor immunity and is upregulated in activated CD4+ Th1-like 

CAR-T cells [45], the incorporation of TIM3/CD28 reversal receptors likely promotes enhanced Th1 effector 

production in these cells. Research indicates that balanced Th1/Th2 functionality is essential for achieving durable 

clinical remissions in patients [22]. Consequently, the combined secretion of Th1 effectors may serve as a marker 

for prolonged CAR-T cell persistence. The modified cells also showed strong activity in Th2-like processes, with 

increased production of Th2-related drivers and the effector IL-4, which further supports their longevity. As a co-

stimulatory signal, CD28 contributes to chemokine generation [46, 47], and elevated MIP-1α expression was 

observed in the CART-28 variant compared with standard CD19 CAR-T. Upon activation, TIM3/CD28-modified 

CD19 CAR-T cells upregulated potentially hazardous cytokines including GM-CSF and IL-8. While IL-6 and 

MCP-1 were not detected under in vitro conditions, such factors could contribute to side effects like cytokine 

release syndrome (CRS) and neurotoxicity in vivo. Although overall levels of additional cytokines such as IL-10, 

MCP-1, IL-6, IL-17, and IL-1β remained modest, the heatmaps (Figures 2e and 2g) revealed the presence of 

highly secreting subpopulations in both TIM3/CD28-modified CD19 CAR-T and standard CD19 CAR-T groups. 

Following co-culture and heatmap clustering, the populations segregated primarily into high-multi-cytokine 

secreting TIM3/CD28-modified CD19 CAR-T cells and low-secreting CD19 CAR-T cells. Likewise, when 

combining data from TIM3/CD28-modified CD19 CAR-T cells targeting Namalwa and Raji cells, heatmap 

analysis identified two distinct clusters driven by key secreted molecules such as MCP-1. These cytokines 

exhibited intricate interrelationships (Figures 2f and 2h). In TIM3/CD28-modified CD19 CAR-T cells, strong 

correlations existed among IFN-γ, TNF-α, IL-2, IL-4, and GM-CSF, particularly among Th1 effectors. In standard 

CD19 CAR-T cells, notable correlations were observed between perforin, IL-2, IL-4, and IL-10, suggesting 

potential synergistic interactions. 

The underlying mechanisms of these complex correlations warrant further investigation from multiple angles. In 

summary, relative to standard CD19 CAR-T cells, the TIM3/CD28 modification enables higher secretion of 

GZMB, IFN-γ, TNF-α, IL-2, IL-4, and related factors in the engineered cells. This results in amplified 

cytotoxicity, enhanced proliferative potential, and extended responsiveness to antigen stimulation, culminating in 

improved overall antitumor efficacy. Nevertheless, the same TIM3/CD28-modified CD19 CAR-T cells also 

produced greater amounts of potentially risky stimulatory cytokines such as GM-CSF and IL-8 compared with 

standard CD19 CAR-T cells, which could trigger adverse events including CRS and neurotoxicity upon in vivo 

administration. 

Assessment of therapeutic efficacy under varying effector-to-target ratios for single CD19 CAR-T and 

TIM3/CD28-modified CD19 CAR-T cells 

Analysis of CAR-T cell performance across different effector-to-target (E:T) ratios holds critical importance, as 

immunotherapy involves dynamic phases of proliferation and apoptosis [48, 49] that generate heterogeneous E:T 

microenvironments in vivo. Precise pre-infusion evaluation of optimal dosing in vitro is necessary to maximize 

therapeutic outcomes for diverse CAR-T products, reduce production timelines, and enable individualized care. 

Additional screening of microchambers containing varied E:T ratios was conducted to rigorously assess cellular 

functions (Figure 3a). Optimized hybrid single-cell printing was achieved using a 1:1 mixture of red- and green-

labeled cells, facilitating the generation of thousands of 1:1 effector-target microchambers. Following equal-ratio 

mixing and compartmentalization, the two CAR-T variants displayed distinct proportions of multi-effector (>2:1) 

and multi-target (>2:1) microchambers (Figure 3b). Compared with TIM3/CD28-modified CD19 CAR-T cells, 

the proportion of multi-effector microchambers (high CAR-T density) in standard CD19 CAR-T decreased by 
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4%, while the proportion of multi-target microchambers (low CAR-T density) increased by 5%. This shift arises 

from differential tumor-killing potency during the pre-mixing activation phase. The stronger tumoricidal activity 

of TIM3/CD28-modified CD19 CAR-T cells leads to higher multi-effector ratios and lower multi-target ratios. 

The modest magnitude of change is attributable to the 4-hour pre-mixing period prior to single-cell printing onto 

the chips. Cytotoxicity was subsequently compared by measuring GZMB concentrations after 16 hours at various 

E:T ratios for both CAR-T types against Namalwa cells. Results confirmed that TIM3/CD28-modified CD19 

CAR-T cells possessed superior tumor-killing capacity over standard CD19 CAR-T cells. These single-cell 

findings align closely with bulk population cytotoxicity data obtained via LDH assays at different E:T ratios in 

earlier studies [18]. 

  

a) b) 

 
c) 

Figure 3. TIM3/CD28 reversal receptors allow TIM3/CD28-modified CD19 CAR-T cells to sustain robust 

therapeutic performance across both low and high effector-to-target ratios. 

(a) Representative images of microchambers containing varying effector-to-target ratios; target cells are 

labeled red and effector cells are labeled green. (b) Distribution of microchambers for the two CAR-T 

variants across different effector-to-target ratios (central values in circles indicate the percentage of chambers 

where the dominant cell type exceeds the minority cell type by more than twofold). (c) Quantitative trends in 

secretion of key immune factors (GZMB, IFN-γ, TNF-α, IL-2, IL-4, and GM-CSF) within microchambers of 

TIM3/CD28-modified CD19 CAR-T and standard CD19 CAR-T cells at different effector-to-target ratios. 

Data are shown as individual values (scatter points), median (horizontal line), interquartile range (box), and 

mean (red dot), with trends linked by red dashed lines. Statistical comparisons for every effector-target ratio 

condition were made against chambers containing only target or only effector cells (0:1). *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001; two-tailed Student's t test. 

 

To elucidate the mechanisms underlying these observations, secretion levels of several critical cytokines (GZMB, 

IFN-γ, TNF-α, IL-2, IL-4, and GM-CSF) were quantitatively examined across the range of effector-to-target ratios 

for both cell types (Figure 3c). In chambers containing solely target cells (E:T = 0:1), virtually no effector 
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molecules were measurable. As the number of CAR-T cells progressively rose from 1 to 5 while paired with single 

target cells, immune factor secretion increased correspondingly. For TIM3/CD28-modified CD19 CAR-T cells, 

GZMB secretion rose in proportion to cell number, but IFN-γ, TNF-α, IL-2, IL-4, and GM-CSF showed 

disproportionately larger increases (10–100-fold) relative to the modest 5-fold rise in cell count. In contrast, 

standard CD19 CAR-T cells performed less effectively, with factor increases generally below 10-fold. Certain 

cytokines, such as IFN-γ and IL-2, exhibited minimal or flat responses that lagged behind the cell number increase; 

at the 1:1 ratio, their concentrations were 1–2 times lower than those observed in TIM3/CD28-modified cells. 

These patterns demonstrate that TIM3/CD28-modified CD19 CAR-T cells possess superior proliferative and 

cytotoxic capabilities compared with standard CD19 CAR-T cells under both balanced (1:1) and high effector 

(>1:1) concentrations. Furthermore, in chambers with only effector cells (T:E = 0:1), limited effector molecules 

were detected due to prior activation during the 4-hour pre-mixing step. Standard CD19 CAR-T cells displayed a 

declining secretion trend as target cell numbers increased from 1 to 5 with single effector cells. Encouragingly, 

TIM3/CD28-modified CD19 CAR-T cells maintained relatively stable output for most factors except IL-2; the 

remaining five cytokines exhibited exponential rises that even exceeded the multi-effector secretion levels of 

standard CD19 CAR-T cells. Consequently, even at low concentrations (<1:1) that may occur in vivo, 

TIM3/CD28-modified CD19 CAR-T cells retain strong proliferative and tumor-killing capacities. This enables 

effective therapeutic activity even with minimal in vitro expansion. The fundamental cause lies in the TIM3/CD28 

receptors’ ability to convert inhibitory signals into activating ones. Standard CD19 CAR-T cells receive inhibitory 

inputs from TIM3 ligands, whereas the modified version receives stimulatory signals from the same ligands. This 

fundamental divergence leads to higher proportions of multi-effector microchambers and reduced multi-target 

microchambers for the TIM3/CD28-modified variant. 

TIM3/CD28-modified CD19 CAR-T cells achieve superior therapeutic outcomes compared with standard CD19 

CAR-T cells at very low cell densities and display consistent proliferative capacity as their numbers increase. 

Once effector numbers surpass target cells, the modified cells can drive exponential gains in efficacy. By 

comparison, standard CD19 CAR-T cells require expansion to at least a 1:1 effector-to-target ratio or higher to 

enhance performance, yet their functional gains remain sub-proportional to the quantitative increase. In summary, 

TIM3/CD28-engineered CD19 CAR-T cells demonstrate outstanding cytotoxicity at both low and high densities. 

This enables them to preserve effective immune activity throughout all phases—from initial infusion to treatment 

completion—thereby enhancing the durability of CAR-T immunotherapy. 

Assessment of spatial influences on therapeutic efficacy for single CD19 CAR-T and TIM3/CD28-modified CD19 

CAR-T cells 

Evaluating CAR-T cell function under spatial constraints is equally critical, since CAR molecules must physically 

engage ligands on target cells to trigger immune activation. However, the in vivo microenvironment is highly 

dynamic and heterogeneous, with limited initial CAR-T cell numbers after infusion. This frequently leads to 

remote spatial interactions that have not been adequately characterized. Although individual TIM3/CD28-

modified CD19 CAR-T cells demonstrate potent activity even at low densities, the role of spatial positioning in 

vivo requires careful examination. Because both effector and target cells are smaller than the microchamber 

dimensions, they can migrate freely within the sealed compartments. Following single-cell printing and a 1-hour 

incubation period, the relative positions of effector and target cells were documented. Real-time imaging 

distinguished “local” states, where effector cell receptors directly contact target cell ligands, from “remote” states, 

where the cells remain separated. These two spatial configurations were screened and analyzed in 1:1 effector-to-

target microchambers (Figure 4a). Statistical evaluation of approximately 1000 microchambers revealed differing 

distributions of the two spatial states between the CAR-T variants. TIM3/CD28-modified CD19 CAR-T cells 

exhibited 18% more local contacts than standard CD19 CAR-T cells, indicating a greater tendency for targeted 

interactions following TIM3/CD28 engineering (Figure 4b). Quantitative radar plots of secreted factors under the 

two spatial conditions for both CAR-T types are shown in Figures 4c and 4e. 
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Figure 4. TIM3/CD28 reversal receptors improve local engagement and remote bystander therapeutic 

activity of TIM3/CD28-modified CD19 CAR-T cells. 

(a) Representative images illustrating local contact and remote non-contact spatial configurations, with target 

cells labeled red and effector cells labeled green. (b) Distribution of 1:1 effector-to-target microchambers for 

the two CAR-T types under the different spatial conditions. (c) 15-plex secreted factor radar charts for 

TIM3/CD28-modified CD19 CAR-T cells in the two spatial states. (d) Quantitative comparison of eight 

immune factors showing significant differences between spatial conditions in TIM3/CD28-modified CD19 

CAR-T cells. Data are displayed as individual values (scatter), median (line), quartiles (box), and mean (red 

dot), connected by red dashed lines. Sample sizes (N) correspond to those in (B). All statistical tests in this 

panel compare each spatial condition against the remote spatial condition. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001; two-tailed Student's t test. (E) 15-plex secreted factor radar charts for CD19 CAR-T 

cells under the two spatial states. (F) Quantitative comparison of eight immune factors showing significant 

differences between spatial conditions in CD19 CAR-T cells. Sample sizes (N) correspond to those in (B). 

All statistical tests follow the same approach as in (D). 

Comparison of secretion profiles between the two CAR-T populations revealed that TIM3/CD28-modified CD19 

CAR-T cells exhibit broad expansion of factor release following local contact. Most molecules—including the 

cytotoxic mediator GZMB, Th1 effectors IFN-γ, TNF-α and IL-2, the Th2 cytokine IL-4, the chemokine MIP-1α, 

and the stimulatory factors GM-CSF and IL-8—showed increases approaching or exceeding tenfold. In contrast, 

local contact in standard CD19 CAR-T cells produced only modest elevations in TNF-α, MIP-1α, and GM-CSF, 

with the overall secretion pattern remaining largely stable and certain factors such as GZMB even displaying 

reduced output. These results indicate that the TIM3/CD28 receptor effectively transforms inhibitory inputs into 

stimulatory signals, driving substantially higher release of functional cytokines upon direct contact in the modified 

cells and thereby conferring stronger immune activation. 
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Notably, TIM3/CD28-modified CD19 CAR-T cells maintained robust secretion even in the absence of direct 

contact. This suggests alternative activation mechanisms within the surrounding microenvironment when physical 

interaction with target cells is absent. Relative to standard CD19 CAR-T cells, the modified cells secreted higher 

amounts of the direct killer GZMB, Th1 effectors IFN-γ, TNF-α and IL-2, while producing lower levels of the 

stimulatory cytokine GM-CSF during remote, non-contact activation. This profile enhances killing capacity, 

proliferation potential, and persistence while diminishing the risk of indirect toxic side effects at distant sites that 

commonly arise under low cell-density conditions. Although GM-CSF and IL-8 levels decreased in remote non-

contact scenarios, both activated TIM3/CD28-modified CD19 CAR-T and standard CD19 CAR-T cells still 

released cytokines capable of contributing to CRS and neurotoxicity. Importantly, this represents a manageable 

drawback of the TIM3/CD28-modified CD19 CAR-T design that does not preclude favorable clinical translation 

in the future. 

To highlight these distinctions more precisely, eight key differentially regulated factors—GZMB, IFN-γ, TNF-α, 

IL-2, IL-4, MIP-1α, GM-CSF, and IL-8—were subjected to detailed statistical analysis (Figures 4d and 4f). 

TIM3/CD28-modified CD19 CAR-T cells demonstrated enhanced therapeutic potential after local contact, 

whereas standard CD19 CAR-T cells (CART-19) displayed neutral or inhibitory responses characterized by 

unchanged or decreased secretion. Although non-contact conditions also diminished some functional outputs in 

the modified cells, their performance in the remote state still surpassed that of contact-activated standard CD19 

CAR-T cells. These findings offer a novel framework and approach for assessing the immune functionality of 

CAR-T cells engineered with other innovative receptors using microfluidic platforms, with particular emphasis 

on spatial dynamics. 

Investigation of Th1/Th2-balanced, long-persisting, and high-potency killer CAR-T subpopulations integrating 

effector-target ratios and spatial influences 

CD19 CAR-T therapy achieves high response rates in both pediatric and adult patients with B-cell acute 

lymphoblastic leukemia (B-ALL). Although approximately 90% of patients reach remission, over 50% fail to 

sustain long-term disease control and remain at risk of relapse [50-52]. Additionally, variable CD4/CD8 ratios 

within CAR-T products [53, 54] contribute to heterogeneous subpopulations, complicating functional assessment 

and making patient-tailored manufacturing both time-intensive and costly. Therefore, robust secreted-factor-based 

criteria for subpopulation evaluation are urgently required to better predict treatment durability and effectiveness. 

While flow cytometry enables rapid phenotypic analysis, it captures only endpoint cellular properties [55] and 

does not reflect the dynamic responses of CAR-T cells following target cell engagement. Spectral overlap further 

restricts its multiplexing capacity for multifunctional profiling [56]. Prior research has linked Th1 activity to 

improved cell longevity, emphasized the importance of Th2 function for sustained remission, and shown that co-

existence of Th1 and Th2 activities correlates with durable responses, whereas Th2 deficiency is commonly 

associated with CD19-positive relapse [22, 43, 57]. 

To identify distinctive subpopulations suitable for personalized applications, the study accounted for the 

multifaceted conditions present in vivo by evaluating subgroups under varying effector-target ratios and spatial 

configurations. A K-means t-SNE clustering approach [58] was applied to categorize CAR-T subpopulations, 

with the K value initially set to three times the number of highly expressed factors and iteratively reduced until 

no redundant clusters remained [28]. The two CAR-T types—TIM3/CD28-modified CD19 CAR-T and standard 

CD19 CAR-T—were collectively partitioned into 26 subpopulations based on their 15-plex secretion profiles 

(Figure 5a). Subpopulation proportions are displayed in Figure 5b. Expression distributions for the six major 

immune function categories within each subpopulation are illustrated via violin plots in Figure 5c, while inter-

subpopulation relationships appear in the left dendrogram of the hierarchical clustering tree. All standard CD19 

CAR-T cells clustered within the weak immune function branch (green), which also included the low-expression 

subgroups 1, 5, and 6 from TIM3/CD28-modified CD19 CAR-T cells. Notably, no standard CD19 CAR-T 

subpopulations fell into the strong immune function branch (blue). Raji-targeted modified CAR-T cells resolved 

into 13 subpopulations, many displaying strong immune function alongside weaker clusters such as subgroup-7. 

Their RadViz secretion profiles are characterized by unique molecular signatures. Unmodified T cells separated 

into five subpopulations, with subgroup-2 comprising 89.6% of cells and showing essentially no cytokine 

secretion. 
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Figure 5. TIM3/CD28-modified CD19 CAR-T cells exhibited a greater presence of coexisting Th1 and Th2 

long-term persistent and highly effective killer subpopulations compared to standard CD19 CAR-T cells. 

(a) Identified subpopulations within TIM3/CD28-modified CD19 CAR-T and CD19 CAR-T cells, with 

cluster sizes (N) noted as in panel (D). (b) Relative proportions of the various subpopulations in both types of 

CAR-T cells. (c) Violin plots displaying the immune functional profiles of subpopulations, along with 

hierarchical clustering for classification of TIM3/CD28-modified CD19 CAR-T (indicated in blue) and CD19 

CAR-T (indicated in green). (d) Examination of positive secretory profiles in TIM3/CD28-modified CD19 

CAR-T and CD19 CAR-T cells, including counts of different immune secretion categories, effector-to-target 

ratios, and spatial interaction patterns across all subpopulations. Visualizations in panels (A, C, D) were 

generated using Python. 

Additionally, in-depth analysis was performed on the results for each subpopulation of the two CAR-T variants 

targeting the same antigen (Namalwa cells). A minimum expression threshold of 10 pg/mL was applied to classify 

each immune factor as positive (e.g., IL-2+) or negative (e.g., IL-2-). This threshold was used across categories 

of immune functions, including cytotoxic, effector, regulatory, chemokine, stimulatory, and inflammatory 

responses. Subpopulations of TIM3/CD28-modified CD19 CAR-T and CD19 CAR-T cells were arranged from 

left to right based on the total number of positively expressed immune factors (Figure 5d). 

Notably, the weakly functional subpopulations (1, 4, and 5) of TIM3/CD28-modified CD19 CAR-T ranked at the 

lower end among its own groups. In contrast, among the weakly functional CD19 CAR-T subpopulations, only 

two (subgroups 4 and 5) expressed more than eight immune factors, whereas nine such subgroups were observed 

in TIM3/CD28-modified CD19 CAR-T cells. As previously noted, Th1-type responses can substantially enhance 
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CAR-T cell survival and persistence, typically involving high secretion of effector molecules such as IFN-γ, TNF-

α, and IL-2 [43, 44]. Every subpopulation of TIM3/CD28-modified CD19 CAR-T cells showed positive 

expression of at least two Th1 effectors, while only subgroup 11 (4.3%) of CD19 CAR-T cells demonstrated a 

robust Th1 response. Furthermore, despite the presence of several low-secretion subgroups (1, 5, and 6) in 

TIM3/CD28-modified CD19 CAR-T cells, these still expressed critical factors including the cytotoxic molecule 

GZMB and effector cytokines TNF-α and IL-2. Such expression supports strong direct and sustained killing 

capacity as well as proliferative potential. The lack of excessive stimulatory and inflammatory factors in these 

cells may also help lower the risk of cytokine release syndrome (CRS). 

Th2-type responses can additionally promote CAR-T cell persistence, with IL-4 serving as a key marker [59]. 

Except for the weak subgroups 1, 5, and 6, nearly all TIM3/CD28-modified CD19 CAR-T subpopulations 

expressed IL-4, whereas only subgroups 4 and 5 in CD19 CAR-T cells did so. Moreover, TIM3/CD28-modified 

CD19 CAR-T cells lacked many of the severely immune-deficient subpopulations seen in CD19 CAR-T cells, 

where the dominant groups displayed clear functional impairment. Perforin-deficient cells were identified in both 

CAR-T types. Overexpression of the stimulatory pro-inflammatory factor IL-8 occurred in perforin-deficient 

TIM3/CD28-modified CD19 CAR-T subgroup 2 and CD19 CAR-T subgroup 10. 

Statistical evaluation of the diversity of immune secretion types, along with effector-target ratios and spatial 

configurations across subpopulations, aligned with the patterns described. Blue-green bubbles denote the two 

CAR-T cell types, with bubble size reflecting subpopulation scale. Yellow-red bubbles indicate the proportions 

of single versus 2–5 multiple CAR-T cells engaging a single target cell. Purple-pink bubbles represent the 

proportions of remote versus local spatial interaction modes within each subpopulation (Figure 5d). It was evident 

that most multi-positive immune subpopulations featured higher proportions of multi-cell engagements and local 

contact spatial patterns, indicating cooperative cellular effects. Th1-dominant subpopulations particularly showed 

elevated rates of local contact. Even in CD19 CAR-T cells, a limited number of subgroups (11, 8, and 10) 

displayed this trait, associated with strengthened Th1 activity. The TIM3/CD28 modification appeared to mitigate 

contact inhibition, increasing the proportion of local contacts in TIM3/CD28-modified CD19 CAR-T cells and 

thereby enhancing multi-cellular immune performance. 

Overall, among TIM3/CD28-modified CD19 CAR-T cells: 2.0% belonged to the super-secreting subgroup 10; 

25.8% represented direct-killing cells with coexisting Th1/Th2 responses; subgroups 4, 7, 8, 9, 12, 13, and 14 

(17.6%) showed durable Th1/Th2 coexistence; subgroups 2 and 3 (8.7%) and subgroup 11 (11%) corresponded 

to durable Th2 responses; and 45.9% fell into weakly Th1 but lower-toxicity subgroups 1, 5, and 6. For CD19 

CAR-T cells: 4.3% were in the mildly reduced killing/Th1 subgroup 11; 22.4% in subgroups 1, 3, 4, 5, and 12 

with slightly reduced killing and proliferative capacity; 10.7% in weakly Th1 but lower-toxicity subgroups 8 and 

10; and 62.7% in inhibited, largely ineffective subgroups 2, 6, 7, and 9. 

Subpopulation analysis revealed that CART-28 cells possess a distinctive Th2 subpopulation in addition to 

expanded Th1 subpopulations and long-term persistent groups combining Th1 and Th2 functions. In comparison, 

CD19 CAR-T cells contained numerous Th2-deficient subpopulations, and their Th1 subpopulations rarely co-

expressed all three major effectors at high levels. Killing potential in both CAR-T types was assessed via 

expression of cytotoxic factors GZMB and Perforin. Further assessment of effector-target ratios and spatial 

dynamics highlighted unique subpopulations, such as Th1-enriched groups that partially overcome inhibitory 

barriers and favor proximity to target cells. These precisely characterized subpopulations uncover a range of 

potential CAR-T immune subtypes, offering supporting data and diverse candidates for developing personalized 

CAR-T therapies with optimal characteristics. Nevertheless, the high expense of CAR-T products and 

requirements for individualized production mean this assessment approach has not yet achieved clinical 

implementation. 

Conclusion 

This study introduces a GOQD-enabled high-throughput single-cell microfluidic chip platform for assessing 

CAR-T cell immunotherapy performance. At the single-cell level, comprehensive profiling was conducted on 

secretory factor expression profiles, immunotherapy outcomes under varying effector-to-target ratios, spatial 

immunotherapy dynamics, and subpopulation diversity for both CD19 CAR-T and TIM3/CD28-modified CD19 

CAR-T cells. The TIM3/CD28 modification enhanced the sustained tumor-targeting capacity of the engineered 

cells. In particular, single TIM3/CD28-modified CD19 CAR-T cells maintained strong therapeutic activity even 
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in remote, non-contact spatial configurations. Overall, TIM3/CD28-modified CD19 CAR-T cells displayed a 

richer array of distinct Th1/Th2 long-persistence and potent killer subpopulations relative to unmodified CD19 

CAR-T cells. Importantly, this platform is suitable not only for evaluating these specific CAR-T combinations 

but also serves as a robust tool for functional testing of emerging CAR-based therapies moving forward. 
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