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Introduction
T cells stably endowed with a genetically encoded chimeric anti-
gen receptor (CAR) targeting CD19 have shown clinical responses 
in refractory B-lineage leukemias and lymphomas. The potential 
for durable remissions has motivated the development of CARs 
targeting antigens other than CD19 for the treatment of hemato-
logical and nonhematological malignancies (1–3). While research 
on engineered T cells has focused on attributes that are common to 

the entire population of manufactured cells, such as tumor antigen 
discovery and immunoreceptor design (1, 4, 5), characterization of 
metrics of individual CAR T cells that define their functional poten-
tial, and thus clinical benefit, has not been adequately investigated.

Because of inter- and intratumor heterogeneity, technologies 
that aggregate T cell biology are unable to accurately capture the 
complexities of a T cell product with defined and desired char-
acteristics. For example, it is widely accepted that less-differen-
tiated cells have increased proliferative capacity and improved 
persistence, but individual cells vary in their persistence and func-
tional potential (6–8). Correlative profiling of clinical infusion 
products (IPs) from responders and nonresponders to CAR T cell 
therapy has shown that products with less-differentiated, naive/
memory-like T cells are enriched in complete responders, whereas 
signatures associated with T cell exhaustion (functional impair-
ment) are enriched in nonresponders (9–13). While these results 
have advanced the field of CAR T cell biology, these studies do 
not directly profile the dynamic interactions between T cells and 
tumors and hence cannot identify the precise molecular interac-
tions necessary for optimal antitumor function of CAR T cells.

Results
We utilized time-lapse imaging microscopy in nanowell grids 
(TIMING) (14–16) to quantify the dynamic interactions between 
CAR T cells and tumor cells that lead to multifunctional T cell 
responses. We profiled IPs from 5 axicabtagene ciloleucel products 
(axi-cel; 19-28z CAR T cells [CD19-specific CAR construct with 
a CD8α spacer and CD28 and CD3-ζ endodomains]) comprising  
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with multiple tumor cells, 3 functional definitions were utilized: 
single killer cells, which killed only 1 tumor cell at an effector/
target (E:T) ratio of 1:2–5; serial killer cells, which eliminated at 
least 2 tumor cells at an E:T ratio of 1:2–5; and monofunctional 
cells, which did not lyse targets, but only secreted IFN-γ. We con-
firmed that 2 observations were consistent with the clinical IPs. 
First, T cells that only secreted IFN-γ (monofunctional) exhibit-
ed the longest conjugation duration of all functional (killing and/
or IFN-γ secretion) T cells. These differences were dominated 
by the presence of a subpopulation of T cells within the IFN-γ 
monofunctional cells that remained conjugated to the tumor cell 
for the entire period of observation (Figure 1G). Second, for both 
single killers and serial killers, tContact was significantly lower than 
tDeath, demonstrating that T cell detachment preceded tumor-cell 
apoptosis (Figure 1H). Serial killer T cells had a lower duration of 
conjugation to tumor cells in comparison with monokiller T cells, 
independent of IFN-γ secretion (Supplemental Figure 4, A and B). 
Collectively, these results were similar to that in the IP T cells and 
showed that serial killer T cells rapidly terminate synapses with 
tumor cells, whereas nonkiller T cells stay attached to tumor cells, 
leading to sustained IFN-γ secretion.

We next confirmed that individual killer CAR T cells (both 
single and serial killers) had higher out-of-contact migration in 
comparison with nonkiller T cells (Figure 1I). Across the different 
functional subsets of T cells, as defined above, there was an asso-
ciation between decreasing out-of-contact migration and decreas-
ing multifunctionality (Supplemental Figure 5). These observa-
tions were also consistent when measuring in-contact migration 
during conjugation with the tumor cell, wherein multifunctional 
cells and specifically serial killers had higher migration in compar-
ison with the nonfunctional cells (Supplemental Figure 6, A and 
B). In aggregate, these results demonstrate that migratory T cells 
are multifunctional cells capable of killing and serial killing.

To gain an understanding of the mechanism linking migration 
and function, we integrated dynamic single-cell profiling with tran-
scriptional profiling. We set up a TIMING assay with CAR T cells 
without the confounding influence of tumor cells so that we could 
identify biomarkers of intrinsic T cell migration. Single migratory or 
nonmigratory T cells were retrieved (Figure 2A and Supplemental 
Videos 2 and 3), and we performed direct quantitative PCR–based 
(qPCR-based) amplification, since it has higher sensitivity than 
single-cell RNA-Seq (scRNA-Seq) (20). Six genes were upregulated 
in migratory T cells: CXCR3 and IL18R1 (chemokine and cytokine 
receptors), LAG3, CD244, CD58, and CD2 (inhibition/activation 
receptors) (Figure 2B). Notably, the expression of CAR, FASLG, 
and GZMB was no different between the 2 subsets of T cells (Sup-
plemental Figure 7, A–C). PRF1 showed a trend toward increased 
expression in the migratory T cells in comparison with the nonmi-
gratory T cells, consistent with their increased cytotoxicity, but this 
was not significant (Supplemental Figure 7D). Building upon our 
recent report (20), these results suggest that the differences in kill-
ing capacity between CAR T cells cannot be explained by differenc-
es in the abundance of the transcripts of key cytotoxic molecules.

To investigate the relationship between the expression of these 
differentially expressed genes and cellular migration, we comput-
ed pairwise correlation coefficients (Figure 2C). All 7 genes contin-
ued to demonstrate a significant correlation to cellular migration, 

predominantly CD8+ T cells (54.5%–87.2 %) and memory cells 
(67.1%–82.3%) (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI159402DS1). CAR T cells as effectors, NALM-6 tumor cells 
as targets, and prefunctionalized beads coated with IFN-γ cap-
ture antibody as cytokine sensors were loaded sequentially onto a 
nanowell grid array, and the kinetics of killing and end-point cyto-
kine secretion from the same cells was monitored using TIMING 
(Figure 1, A and B, and Supplemental Video 1). We chose to track 
IFN-γ because of the known impact of CAR T cell–derived IFN-γ 
in shaping the susceptibility of tumors, enabling endogenous host 
immunity, and the potential for toxicity (17–19).

We classified the cells using trained convolution neural net-
works (CNNs) and performed cell segmentation and tracking using 
machine learning algorithms (Figure 1A). To define the kinetics of 
interaction between individual T cells and tumor cells that lead to 
subsequent killing, 2 interaction parameters, tContact (cumulative 
duration of conjugation between the first contact to target death) 
and tDeath (time between first contact and target apoptosis), were 
computed (Figure 1C and Supplemental Table 1 [glossary]). The 
frequency of multifunctional T cells exhibiting both killing and 
IFN-γ secretion was higher than that of cells that only secreted 
IFN-γ (monofunction) (Supplemental Figure 2). Furthermore, 
we observed that T cells that only secreted IFN-γ (monofunction) 
exhibited the longest conjugation duration of all functional (killing 
and/or IFN-γ secretion) T cells (Figure 1D). Second, for all killer T 
cells, tContact was significantly lower than tDeath, demonstrating that 
T cell detachment preceded tumor cell apoptosis (Figure 1E). Col-
lectively, these results profiling IPs showed that multifunctional T 
cells rapidly terminate synapses with tumor cells, whereas nonkill-
er T cells stay attached to tumor cells, leading to IFN-γ secretion 
without termination of the synapse.

We next investigated whether directional migration (direction 
of movement is maintained for at least 1 cell diameter, hereafter 
migration; Supplemental Video 2) can be associated with the effi-
cient exploration of multiple tumor cells, leading to multifunc-
tionality. T cells were classified into T cells migrating “out-of-con-
tact” with tumor cells and “in-contact,” resulting in conjugation 
between T cells and tumor cells. Individual killer CAR T cells had 
higher out-of-contact migration in comparison with nonkiller T 
cells (Figure 1F). These observations were also consistent when 
measuring in-contact migration during conjugation with the 
tumor cell, wherein multifunctional cells had higher migration in 
comparison with nonfunctional cells (Supplemental Figure 3).

Unlike the small numbers of IP T cells available for profiling, 
19-28z CAR T cells manufactured from healthy donors can be 
assayed in larger numbers. We next profiled 2 preclinical 19-28z 
CAR T cell products (>95% CAR+CD8+), specifically focusing on 
serial killing (20). We identified 1178 nanowells of interest popu-
lated with a single live T cell, 2 to 5 NALM-6 tumor cells, and 1 or 
more beads. Since every T cell within this subset was incubated 
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Figure 1. Dynamic single-cell profiling of the multifunctionality of CAR T cell IPs. (A) Schematic overview of the dynamic profiling and image analysis workflow 
of CAR T cell multifunctionality using TIMING. We evaluated the interaction between CAR T cells and NALM-6 cells as tumor cells on arrays of nanowells using 
TIMING. (B) A representative example of a multifunctional 19-28z T cell that participated in killing and secreted IFN-γ. TIMING is utilized to quantify T cell–intrinsic 
behavior such as directional migration and the kinetics of the interaction, leading to induction of apoptosis within tumor cells. After the TIMING assay, the IFN-γ 
molecules captured onto the beads during TIMING are revealed by using appropriate fluorescently labeled antibodies. Time is displayed as hours and minutes. 
Scale bar: 20 μm. (C) Schematic description of kinetic parameters measured in TIMING experiments. tSeek, time taken for the effector cell to conjugate to the 
tumor cell. (D and G) Cumulative contact duration between effector and tumor cells leading to different functional outcomes. Effector cells that only secrete IFN-γ 
(monofunctional) exhibited longer contact duration compared with cytolytic cells with or without IFN-γ secretion. Data are aggregated from profiling all 5 IPs. HD, 
healthy donor. (E and H) Comparative assessments of tContact and tDeath for all killer 19-28z T cells. (F and I) Out-of-contact migration of the different functional sub-
sets of 19-28z T cells. All data in D–F correspond to E:T of 1:1 and are aggregated from profiling all 5 IPs (1589 T cells). All data in G–I correspond to an E:T of 1:2–5 (to 
evaluate serial killing) (1178 T cells). Each violin plot represents a minimum of 80 single cells. All P values for all multiple comparisons were computed using Krus-
kal-Wallis nonparametric tests and pairwise comparisons using a Mann-Whitney U test. Black bars represent the median, and the dotted lines denote quartiles.
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higher expression of both proteins in comparison with nonmigra-
tory cells within the same CAR T cell populations (Figure 2E), and 
these results suggest that CD2 can function as a phenotypic bio-
marker for migratory T cells.

To explore the significance of the interaction of these receptors 
during interaction with tumor cells, we blocked either CD58 (on 
NALM-6 targets) or CD2/CD244 (on CAR T cells). We did not block 
CD48, since leukemic cell lines, including NALM-6, do not express 
this protein(21). We observed that IFN-γ secretion was significantly 

and CD2 transcripts were significantly correlated to all the other 
genes tested (Figure 2C). CD2 and CD244 are members of the CD2 
family of proteins and interact with the partner proteins CD58 and 
CD48 either on other T cells (homotypic) or tumor cells (heterotyp-
ic). We quantified the basal migration of CAR T cells in the absence 
of tumor cells by TIMING and then quantified a posteriori the cell 
surface abundance of CD2 and CD244 by fluorescent immunos-
taining and microscopy (Figure 2D). Comparison of median fluo-
rescence intensity showed that migratory cells had a significantly 

Figure 2. Biomarkers of directional T cell migration revealed by paired functional and single-cell transcriptional profiling. (A) Representative examples 
of high and low migration cell tracks during the 3-hour TIMING experiment. The x and y coordinates are shown in microns relative to the initial cell position 
set to the origin. Color map represents the aspect ratio of cell polarization with red denoting circular cells and increasing shades of green and blue denoting 
elongated cells. (B) Violin plots illustrating genes differentially expressed between the high- and low-migration 19-28z T cells. Genes that are differentially 
expressed at a FDR q < 0.1 are shown. For each group, data were derived from a minimum of 30 single cells. (C) Correlogram illustrating the pairwise cor-
relation coefficients of the transcripts that are significantly linearly correlated with migration. The size of the circle reflects the strength of the correlation, 
and only the significant correlations (P < 0.05) are shown. (D) A representative example of a migratory T cell tracked using TIMING that was subsequently 
labeled immunofluorescently with the antibody directed against CD2. Scale bars: 10 μm. (E) The differential expression of proteins associated with increased 
migration of T cells, as determined by immunofluorescent microscopy. For each group, data were derived from a minimum of 200 single cells. P values were 
computed using Mann-Whitney U tests.
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patients with ongoing CR at day 90 compared with those with PD 
(100 versus 7.5) (Figure 4B). After a median follow-up of 12 months 
(95% CI, 6–18 months), 18 (46%) patients had either progressed 
and/or died, and median progression-free survival (mPFS) was 14 
months (95% CI, 8–20 months). A significantly shorter mPFS was 
observed when comparing patients with elevated pretreatment 
CD58 expression, defined as H score of 80 or more (determined by 
a receiver operating characteristic [ROC] curve corresponding to a 
specificity of 0.94), with those with lower expression (26 months 
versus 5 months, P = 2 × 10–2) (Figure 4C). Collectively, these results 
demonstrate the importance of pretreatment CD58 expression as a 
predictive biomarker of response to CAR T cells.

Discussion
Our data illustrate the impact of directly studying dynamic inter-
actions between T cells and tumor cells in enabling clinically rel-
evant discoveries. Our study of the multifunctionality of CAR T 
cells showed that at the single-cell level, nonkiller, IFN-γ–secret-
ing cells have extended periods of conjugation with tumor cells. 
The existence of a subpopulation of CAR T cells that remain con-
tinuously conjugated to tumor cells due to lack of killing and lead-
ing to IFN-γ secretion suggests a hypothesis for CAR engineering. 
Since the functional affinity of the CAR is the primary determinant 
of the duration of conjugation between the T cell and the tumor 
cell, engineering CAR designs with altered binding kinetics should 
identify CARs with preserved multifunctionality but decreased 
IFN-γ secretion. This is clinically relevant, since chronic IFN-γ 
secretion is known to be associated with neurotoxicity after CAR 
T cell infusions (23). Indeed, altered CAR designs with lower affin-
ity for CD19 or humanized CARs with a CD8α hinge have shown 
robust clinical responses with only minimal serum IFN-γ and asso-
ciated neurotoxicity (24, 25).

The integrated transcriptional, phenotypic, and functional 
single-cell data demonstrated a correlation between CD2 (LFA-2) 
and CD58 (LFA-3) and directional migration. Although the posi-
tive significance of CD2 is highlighted from pan-cancer studies, 
it was inferred to merely reflect the presence of infiltrating lym-
phocytes (26, 27). Our combined functional, transcriptional, and 
phenotypic data advance the role of CD2-CD58 interactions at the 
single-cell level and are complementary to independent cell-cell 
interaction mechanistic studies probing the genes/proteins essen-
tial for cancer immunotherapy using CRISPR-Cas9 screens that 
mimic loss-of-function mutations involved in resistance to these 
therapies or in CRISPR-Cas9 screens that identify molecules 
essential for cytokine secretion (28, 29).

The CD2-CD58 interaction can influence each of the steps 
that determine the efficacy of infused T cells: migration, func-
tion, and survival. T cells after infusion need to traffic to the site 
of the tumor. CD58 is one of the T cell costimulatory molecules 
expressed by endothelial cells (ECs), and the CD2-CD58 interac-
tion between T cells and ECs can facilitate recruitment of the cir-
culating T cells to the site of the tumor (30). Once the T cells traf-
fic to the tumor microenvironment, they are likely to encounter 
tumor cells expressing inhibitory molecules such as programmed 
death-ligand 1 (PD-L1). Within this context, in vitro studies sup-
port the concept that while programmed cell death protein 1 
(PD-1) engagement on T cells can cancel costimulation by CD28, 

reduced upon blocking either CD2 or CD58, but not CD244 (Sup-
plemental Figure 8A). Next, we performed flow cytometry assays 
and confirmed that the number of degranulating CAR T cells was 
also reduced upon blocking CD58 on tumor cells (Supplemental 
Figure 8B). To understand the clinical implications of these results, 
we sought to investigate whether CD58 expression can affect 
killing mediated by CAR T cells in diffuse large B cell lymphoma 
(DLBCL). Accordingly, we expressed CD58 (long isoform) in the 
HBL-1 DLBCL cell line that lacks CD58 expression (Figure 3, A and 
B). We tested healthy donor–derived 19-28z and 19-41BBz CAR T 
cells (Figure 3C and Supplemental Figure 9) against parental HBL-
1 (CD58–) and HBL-1–CD58+ cells using TIMING. Flow cytometric 
analyses confirmed that both sets of T cells had high expression of 
CD2 (Figure 3C). For both 19-28z and 19-41BBz CAR T cells, we 
observed higher killing against HBL-1–CD58+ cells in comparison 
with the parental HBL-1 cells (Figure 3D and Supplemental Videos 
4 and 5). Kinetically, this was associated with a shorter duration of 
synapse formation prior to killing, and this ability to form efficient 
cytolytic synapses is consistent with the recently published mech-
anism of CD2 ligation in amplifying antigen-mediated primary 
signaling (Figure 3E) (22). In aggregate, these results show that 
the interaction between CD2 (T cells) and CD58 (tumor cells) pro-
motes optimal antitumor cytolytic functionality.

We next sought to quantify the impact of CD2 and CD58 
expression in patients with B cell malignancy (large B cell lympho-
ma [LBCL]) treated with standard-of-care axi-cel (a 19-28z CAR T 
cell product). CD2 and CD58 expression in the IP were quantified 
by scRNA-Seq (Gene Expression Omnibus [GEO] GSE151511) on 
CAR T cells (11). Consistent with our preclinical data, the majority 
of CD3+CAR+ T cells (either CD4 or CD8) for both patients achiev-
ing complete remission (CR) (59%–94%) and those with progres-
sive disease (PD) (74%–98 %) were CD2+, and there was no sig-
nificant difference between the groups (Supplemental Figure 10, 
A and B). Similarly, there was no significant difference between 
the CR and PD groups in terms of CD58 expression (Supplemen-
tal Figure 11, A and B). In both CD8+CAR+ and CD4+CAR+ T cells, 
the expression of CD2 was higher in the more differentiated T 
cell subsets (effector memory T cells [TEM cells] and effector  
memory cells reexpressing CD45RA [TEMRA cells]) com-
pared with central memory T cells (TCM cells) and naive T cells 
(TN cells) (Supplemental Figure 12A). CD58 expression, on the  
other hand, increased with T cell differentiation from TN through 
TEM cells; however, TEMRA cells expressed the lowest levels  
of CD58 (Supplemental Figure 12B).

Next, we assessed CD58 expression in tumor cells by chromo-
genic IHC in 39 patients with relapsed or refractory LBCL treated 
with standard-of-care axi-cel for whom pretreatment tissue biopsy 
was available. The baseline clinical characteristics of the patients 
are described in Supplemental Table 2. We observed a complete 
lack of expression in 12 (31%) cases (Figure 4A; H score = 0). In the 
remaining 27 (69%) patients, IHC for CD58 showed high intensity 
with diffuse membranous and cytoplasmatic staining, with a medi-
an H score of 110 (range, 5–300) (Figure 4A).

Twenty-one (54%) patients showed CR on PET-CT scan per-
formed on day 90, whereas 18 (46%) were either primary refrac-
tory or relapsed/progressed by day 90 after initial response on day 
30 (PD). A significantly higher median H score was observed in 
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costimulation by CD2 is less sensitive to PD-1 inhibition (31). 
Not surprisingly, CD8+ tumor-infiltrating lymphocytes (TILs) in 
human cancers are characterized by a quantitatively lower expres-
sion of CD2, and CD2 mRNA levels in these cells are negatively 

correlated with exhaustion (22). Independently, it has been shown 
that CD2 can activate T cells without leading to exhaustion, as 
indicated by the lack of induction of inhibitory receptors, includ-
ing PD-1 (32). T cells are also sensitive to activation-induced cell 

Figure 3. CD58 expression on DLBCL cells enables multifunctionality of CAR T cells. (A) The DLBCL cell line HBL-1 is deficient in CD58 expression due to homo-
zygous deletion of the CD58 loci. The long form of CD58 was lentivirally transduced into HBL-1 cell lines. (B) Flow cytometric assays demonstrating the relative 
expression of CD19 and CD58 on HBL-1 and HBL-1–CD58+ cell lines. (C) Design of the CAR constructs and CD2 expression in 19-28z and 19-41BBz CAR T cells.  
(D) T cell–mediated killing of HBL-1 and HBL-1–CD58+ cells evaluated using TIMING (E:T 1:1–2). For each group, data were derived from a minimum of 150 single 
CAR T cells. P values were computed using 2-tailed Fisher’s exact test. Representative micrographs illustrating monokilling of HBL-1 cells and serial killing of 
HBL-1-CD58+ cells are shown. Time is displayed as hours and minutes. Scale bar: 20 μm. (E) Kinetic differences in the nature of interaction between CAR T cells 
and HBL-1 and HBL-1–CD58+ cells evaluated using TIMING (E:T 1:1). For each group, data were derived from a minimum of 150 individual CAR T cells. P values were 
computed using Mann-Whitney U test. Representative micrographs illustrating the duration of contact before killing between a 19-28z T cell and HBL-1 cell, and a 
19-28z T cell and HBL-1–CD58+ cell. Time is displayed as hours and minutes. Scale bars: 20 μm. Black bars represent the median, and dotted lines denote quartiles.
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death (AICD), principally mediated by the ligation of Fas/Fas-L. 
The binding of CD58 to CD2 on activated T cells protects these 
T cells from AICD by blocking Fas/Fas-L upregulation, leading to 
survival and sustained antitumor efficacy (33, 34).

From a clinical perspective, the loss of CD58 has been asso-
ciated with relapse and immune escape in hematological cancers 
and thus has broader impact beyond just CAR T cell therapy, as we 
have outlined here (35–37). Immune checkpoint blockade (ICB) 
therapies have had unprecedented clinical success across diverse 
cancer types (38). Yet the majority of patients are resistant to ICB 
therapy, and understanding mechanisms of resistance is an ongoing 
clinical need. scRNA-Seq of melanoma patient tumor ecosystems 
identified a baseline gene signature that included downregulation 
of CD58 as associated with T cell exclusion (cold tumors) and intrin-
sic resistance to ICB therapy (39). Independently, expression levels 
of CD58 mRNA were significantly lower in melanoma patients that 
failed ICB therapy compared with treatment-naive patients (40). 
Mechanistic studies with expanded TILs have demonstrated that 
CD58-knockout melanoma cells are less susceptible to killing by 
TILs and NK cells, which is similar to our observations with CAR T 

cells (40). Bispecific T cell engagers (BiTE) redirect cyto-
lytic function of T cells toward cancer cells and are being 
tested clinically against multiple solid tumors (41). Preclin-
ical data from animal models support that loss of CD58 
led to significantly decreased BiTE-mediated cytotoxicity 
and consequently antitumor efficacy (42). Both in the con-
text of ICB and BiTE, it is clear that costimulation through 
CD28 and CD2 can function through nonoverlapping and 
synergistic mechanisms (42–44). The loss of CD58 expres-
sion within the tumors enables escape and resistance to 
immune cell attack, leading to treatment failures.

A recent conference abstract reporting on patients with 
DLBCL treated with axi-cel showed that tumor CD58 car-
ried defects in 24% of the evaluated subjects (45). These 
defects were associated with a drastically reduced durabil-
ity of response to axi-cel. Coexpression of CD2 in trans but 
not cis, relative to the CAR, restored the functional capa-
bility of CAR T cells when CD58 was disabled. In addition 
to corroborating our evidence presented here, these results 
suggest that the CD2-CD58 findings can be investigated 
along several paths. From a diagnostic perspective, patients 
can be stratified based on CD58 expression and monitored 
to determine whether escape from adoptive cell thera-
py is accompanied by the expansion of CD58-negative 
tumor cells (46, 47). From a CAR therapeutic perspective, 
incorporation of CD2 expression with functional signaling 
would be predicted to facilitate antitumor responses inde-
pendently of CD58 on DLBCL (48). Therapeutic strategies 
to restore CD58 expression in tumors with downregulat-
ed CD58 expression (but not genetic loss) provide a path 
for directly improving clinical outcomes for ICB-resistant 
tumors, BiTE treatment, and treatment with expanded 
TILs for cell therapies. Drugs such as the immunomod-
ulatory drug lenalidomide or inhibitors of the epigenetic 
modulator EZH2 are promising leads, since they have been 
shown to restore CD58 expression in cancer cells (49, 50).

Methods
Cell lines. Human pre–B cell leukemic line NALM-6 cells (ATCC) were 
cultured in T cell medium (RPMI plus 10% FBS) and used as CD19+ 
target cells. The HBL-1 DLBCL cell line expressing CD58 was prepared 
as described previously (35). Parental HBL-1 and HBL-1–CD58+ were 
cultured in IMDM plus 10% FBS.

Manufacture of CAR T cells. We generated CAR T cells as previ-
ously described (20). Briefly, we activated PBMCs using OKT3 and 
anti-CD28 antibodies for 48 hours. Next, we transduced the activat-
ed T cells with retroviral particles of either CD19R-CD28 or CD19R-
4-1BB CAR in RetroNectin-coated 24-well plates (Takara Bio). The 
CAR T cells were supplemented with cytokines IL-7 and IL-15. On day  
10, we validated the CAR expression with a homemade anti-CAR  
antibody (51) using flow cytometry. All in vitro studies were performed 
on 10-day-old CAR T cells.

Bead preparation: coating beads with the primary capture antibody. 
Goat anti-mouse IgG-Fc beads (1 μL, ~2.3 × 105 beads, Thermo Fisher 
Scientific) in solution were washed with 10 μL of PBS and resuspend-
ed in 19.6 μL PBS (~0.05% solids). Mouse anti-human IFN-γ (Mabtech, 
clone 1-D1K) was then added to beads at a final concentration of 10 to 

Figure 4. Prognostic role of pretreatment CD58 expression by IHC in patients with 
relapsed refractory LBCL treated with axi-cel. (A) CD58 expression by IHC in tissue 
samples collected before treatment with standard-of-care axi-cel. Left panels (nega-
tive case): IHC for CD58 shows diffuse negativity of the lymphoma cells with positive 
internal control (bars show the depth of magnification). Right panels (positive  
cases): IHC for CD58 shows diffuse cytoplasmic and membranous stain with strong 
intensity in all lymphoma cells (bars show the depth of magnification). (B) CD58 H 
score according to day 90 response to standard-of-care axi-cel. Bars represent the 
median. CR, n = 21; PD, n = 18. P value was computed using Mann-Whitney U test.  
(C) PFS after standard-of-care axi-cel according to pretreatment CD58 H score (cut-
off = 80). N, number. PFS was calculated using Kaplan-Meier estimates and was 
compared between subgroups using the log-rank test.
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live cells with high and low migration. The cells were individually col-
lected using an automated micromanipulating system (CellCelector, 
ALS) and deposited in nuclease-free microtubes containing 5 μL of 
2× CellsDirect Buffer and RNase Inhibitor (Invitrogen). Single-cell 
reverse-transcription qPCR (RT-qPCR) was then performed using the 
protocol ADP41 developed by Fluidigm. Ninety-two cells (48 migra-
tory and 44 nonmigratory) were assayed along with bulk samples of 
10 and 100 cells and with no-cell and no-RT controls. The panel of 
95 genes included genes relevant to T cell activation, signaling, and 
gene regulation and was designed and manufactured by Fluidigm 
D3 AssayDesign (20). Data analysis and processing were performed 
exactly as described recently (20).

Flow cytometry–based phenotyping, cytokine secretion, and cytotox-
icity assay. For phenotyping, CAR T cells were stained using a panel 
of human-specific antibodies as follows: CD107a (clone H4A3), CD2 
(clone RPA-2.10), CD58 (clone 1C3), CD244 (clone 2-69), CD62L 
(clone DREG-56), CD45RA (clone HI100), CD45RO (clone UCHL1), 
CD95 (clone DX2), CD3 (clone SK7), CD27 (clone L128, MT271), CD28 
(clone L293), CD25 (clone M-A251), CD127 (clone HIL-7R-M21), 
KLRG1 (clone 2F1/KLRG1), and CD57 (clone NK-1) (all from BioLeg-
end). CD4 (catalog OKT4), CD8 (catalog RPA-T8), CD69 (catalog 
FN50), and CCR7 (catalog G043H7) were from BioLegend. The anti-
CAR scFv was made in house (53). To confirm CD58 expression on 
HBL-1 cells, they were stained with human-specific antibodies CD58 
(clone 1C3) and CD19 (clone HIB19) from BD Biosciences. To assay 
cytotoxicity of the cells at the population level, NALM-6 target cells 
were stained with PKH26 and cocultured with T cells in triplicate con-
ditions at different T cell–to–target cell ratios, with 100,000 T cells 
per well. Fluorescently labeled anti-CD107a antibodies together with 
GolgiStop (BD Biosciences) at 0.7 μL/mL was added to the coculture 
to stain for degranulating cells. After the assay, cells were washed and 
stained with Zombie Aqua (BioLegend) antibodies against CD4, CD8, 
CD3, and CD69, then analyzed by flow cytometry. To measure cytokine 
release in the supernatants of the cocultures, IFN-γ and TNF-α were 
quantified using the MultiCyt QBeads Human PlexScreen (Intellicyt) 
following the manufacturer’s protocol. For the blocking experiments, 
CAR T cells were incubated for 24 hours in flat-bottom 96-well plates 
that were precoated overnight with 10 μg/mL of purified anti-CD244 
(clone C1.7, BioLegend), CD2 (clone LT2, Miltenyi), or anti-CD58 
(clone 1C3, BD Biosciences) and rinsed once with complete culture 
medium before performance of the functional assay.

TIMING and confocal microscopy. CAR T cells were seeded onto 
nanowell arrays and the migration of the cells monitored using TIM-
ING. At the end of 2 hours, the cells on the chip were washed carefully 3 
times with cold PBS–5% FBS (4°C). Fluorescently conjugated monoclo-
nal antibodies against CD2 (clone RPA-2.10, BioLegend), CD244 (clone 
2-69, BioLegend), or CD58 (clone 1C3, BioLegend) were added to the 
chip, incubated for 30 minutes at 4oC, washed, and imaged on a Nikon 
Ellipse TE confocal microscope fitted with a ×60 0.95NA objective.

Patient selection and response assessment. All patients with relapsed 
or refractory LBCL treated with standard-of-care axi-cel at MD Ander-
son Cancer Center between 01/2018 and 04/2020 were included. The 
data cut-off for follow-up was on 10/20/2020. Response status was 
determined by the Lugano 2014 classification (54). Pretreatment tissue 
biopsies were collected for 21 patients who achieved CR after CAR T 
cell therapy and for 21 patients who were primary refractory to CAR T 
cell therapy (3 showed crush artifacts and could not be analyzed).

40 μg/mL and incubated for 30 minutes at room temperature, followed 
by washing and resuspension in 100 μL PBS.

Nanowell array fabrication and cell preparation. We fabricated 
nanowell arrays for interrogation of effector functions at a single-cell 
level as described previously (52). Approximately 1 million effector 
cells and target cells were both spun down at 400g for 5 minutes, fol-
lowed by labeling with 1 μM PKH67 and PKH26 fluorescent dyes (Sig-
ma-Aldrich), respectively, according to the manufacturer’s protocol. 
Excess unbound dyes were then washed away, and cells were resus-
pended at approximately 2 million cells/mL concentration in complete 
cell-culture media (RPMI plus 10% FBS).

TIMING assays for the multiplex study of effector cytolytic pheno-
types and IFN-γ secretion. We loaded capture antibody-coated beads 
and labeled effector and target cells sequentially onto nanowell arrays. 
Next, detection solution containing annexin V–Alexa Fluor 647 (annex-
in V–AF647) (Life Technologies) (for detection of target apoptosis) 
was prepared by adding 50 μL of stock solution to 2.5 mL of complete 
cell-culture media without phenol red. We imaged the nanowell arrays 
for 6 hours at an interval of 5 minutes using a LEICA/ZEISS fluorescent 
microscope utilizing a ×20 0.80 NA objective and a scientific CMOS 
camera (Orca Flash 4.0, version 2). At the end of the time-lapse acqui-
sition, biotinylated mouse anti-human IFN-γ antibody (Mabtech, clone 
7-B6-1) was added to 2.5 mL cell media at 1:1000 dilution. We subse-
quently incubated the array for 30 minutes, followed by washing and 
incubation with 5–10 μg/mL streptavidin conjugated to either R-phy-
coerythrin (PE) or AF647 (BioLegend). We imaged the entire chip to 
determine the intensity of the PE/AF647 signal on the microbeads, and 
the 2 data sets were matched using custom informatics algorithms (51).

Image processing, cell segmentation, cell tracking, data analytics, and 
functional annotation. Image analysis and cell segmentation/tracking 
were performed as described previously (16). The pipeline of image 
processing and cell segmentation ends with statistical data analysis 
based on the tabular spatiotemporal measurement data generated by 
the automated segmentation and cell-tracking algorithms. Within all 
nanowells that contained a single effector and 1 to 5 tumor cells, we 
identified nanowells in which the effector formed a conjugate (stable 
contact between effector cell and target cell lasting > 5 minutes). These 
nanowells containing effectors and targets with conjugation set the 
baseline for all our observations. We then partitioned these nanowells 
based on the functionalities of the cells, as follows: (a) multifunctional 
cells: T cells that participated in serial killing (regardless of IFN-γ secre-
tion) or T cells that killed exactly 1 target cell and secreted IFN-γ; (b) 
monofunctional cells: T cells that performed only killing but no IFN-γ 
secretion or T cells that only secreted IFN-γ but did not kill; (c) nonkill-
er T cells: T cells that did not kill any tumor cells despite evidence of 
conjugation; and (d) nonfunctional cells: T cells that did not kill any 
tumor cells and did not secrete IFN-γ despite evidence of conjugation.

A size-exclusion filter based on maximum pixel areas was used to 
effectively differentiate cells from beads (beads were much smaller 
than cells). Where specified, cell tracks were represented using MAT-
LAB, version 9.1 (Mathworks Inc.).

Gene expression profiling. PKH67-stained CD8+ T cells were loaded 
on a nanowell array, immersed with annexin V–AF647 containing phe-
nol red–free complete cell-culture medium, and imaged for 3 hours 
using TIMING exactly as described above. After carefully washing the 
cells on the chip 3 times with cold PBS (4°C), cells were kept at 4°C until 
retrieval. Time-lapse sequences were manually analyzed to identify  
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made in Inkscape, version 1.1. Student’s t tests were 2-tailed, ANOVA 
tests were 1-way, and P < 0.05 was considered significant.

Study approval. All work outlined in this report was performed 
according to protocols approved by the Institutional Review Boards at 
the University of Houston and the University of Texas MD Anderson 
Cancer Center and conducted in accordance with the principles of the 
Declaration of Helsinki.

Author contributions
GR, SSN, LJNC, HS, and NV designed the study. NV, GR, SSN, PS, 
AR, MF, and LJNC prepared the manuscript. GR, IL, JTA, INB, HS, 
PS, AM, MLMP, LMS, AR, and MF performed experiments. JTA, GR, 
NV, IL, PS, MLMP, LMS, AR, and MF analyzed data. HS, LJNC, SSN, 
FV, AB, MM, and DH provided patient samples. All authors edited and 
approved the manuscript.

Acknowledgments
This publication was supported by the NIH (R01GM143243, P30 
CA016672); the Cancer Prevention & Research Institute of Tex-
as (CPRIT) (RP180466); a Melanoma Research Alliance (MRA) 
Established Investigator Award to NV (509800), the National 
Science Foundation (NSF) (1705464); Congressionally Directed 
Medical Research Programs (CDMRP) (CA160591); the Owens 
Foundation (to NV); The University of Texas MD Anderson Can-
cer Center B-Cell Lymphoma Moonshot (to SSN); CRISPR Thera-
peutics; and the Geron Corp. (FV). We would like to acknowledge 
the MD Anderson Cancer Center Flow Cytometry and Cellular 
Imaging Core Facility for FACS sorting (NCI P30CA16672), the 
University of Houston Seq-N-Edit Core for RNA-Seq, Intel for 
the loan of the computing cluster, and the University of Houston 
Center for Advanced Computing and Data Systems (CACDS) for 
high-performance computing facilities. We thank Riccardo Dal-
la-Favera for sharing the HBL-1 cell lines.

Address correspondence to: Navin Varadarajan, William A. Brook-
shire Department of Chemical and Biomolecular Engineering, Uni-
versity of Houston, Houston, Texas 77204, USA. Email: nvaradar@
central.uh.edu.

CD58 validation, staining, and analysis. Tissue sections of 4 μm 
thickness were prepared from formalin-fixed, paraffin-embedded 
(FFPE) lymph node and extranodal tissues and stained using Leica 
Bond RX automated stainer (Leica Biosystems). The antigen retrieval 
was performed with Bond ER Solution #1 (Leica Biosystems) equiva-
lent to citrate buffer, pH 6.0 for 20 minutes at 100°C. Primary anti-
body against CD58 (CD58/LFA-3 goat polyclonal, R&D Systems) 
was used with a concentration of 1:100 (2 μg/ml) and incubated for 
15 minutes at room temperature. The antibody was detected using the 
Bond Polymer Refine Detection Kit (Leica Biosystems) with diamino-
benzidine (DAB) as the chromogen. All the slides were counterstained 
with hematoxylin, dehydrated, and coverslipped. Tonsils were used 
as external positive controls, and reactive immune cells were used as 
an internal control. CD58 expression was restricted mainly to neo-
plastic cells. Each case was analyzed using standard microscopy by 3  
pathologists (blinded to response data), and the percentage (10% 
increments) and intensity (mild, moderate, and intense) of tumor  
cells staining were evaluated. The data were recorded using the H 
score system: (H score = [(% mild intensity × 1) + (% moderate intensi-
ty × 2) + (% intense intensity × 3)]).

The difference in a continuous variable between patient groups 
was evaluated by the Mann-Whitney U test. PFS was defined as the 
time from the start of axi-cel infusion to the progression of disease, 
death, or last follow-up (whichever occurred first). PFS was calculat-
ed using Kaplan-Meier estimates and was compared between sub-
groups using the log-rank test. ROC analysis was used to identify the  
optimal CD58 H score for survival analysis (H score = 80, specifici-
ty of 0.94). P < 0.05 (2 tailed) was considered statistically signifi-
cant. Statistical analyses were completed using SPSS 24 (IBM) and  
Prism, version 8 (GraphPad).

CD2 and CD58 expression in patients with B cell malignancy (LBCL). 
Analysis was performed on scRNA-Seq (GEO GSE151511) of CAR T 
cells (11). Gene expression tables were uploaded into R (version 4.0) 
for processing using Seurat Package (version 4.0) (55). Following the 
standard workflow of the Seurat, we ended up with 30,000 CD3+CAR+ 
T cells from 22 patients (9 CR and 13 PD).

Statistics. Statistical analysis and plotting the data were performed 
in GraphPad Prism, version 8, and R, version 4.0. Schematics were 

 1. Jackson HJ, et al. Driving CAR T-cells forward. 
Nat Rev Clin Oncol. 2016;13(6):370–383.

 2. June CH, et al. Adoptive cellular therapy: 
a race to the finish line. Sci Transl Med. 
2015;7(280):280ps7.

 3. Park JH, et al. CD19-targeted CAR T-cell 
therapeutics for hematologic malignancies: 
interpreting clinical outcomes to date. Blood. 
2016;127(26):3312–3320.

 4. Maus MV, June CH. Making better chimeric anti-
gen receptors for adoptive T-cell therapy. Clin 
Cancer Res. 2016;22(8):1875–1884.

 5. Sadelain M, et al. Therapeutic T cell engineering. 
Nature. 2017;545(7655):423–431.

 6. Sabatino M, et al. Generation of clinical-grade 
CD19-specific CAR-modified CD8+ memory 
stem cells for the treatment of human B-cell 
malignancies. Blood. 2016;128(4):519–528.

 7. Singh N, et al. Early memory phenotypes drive T 
cell proliferation in patients with pediatric malig-

nancies. Sci Transl Med. 2016;8(320):320ra3.
 8. Klebanoff CA, et al. Determinants of successful 

CD8+ T-cell adoptive immunotherapy for large 
established tumors in mice. Clin Cancer Res. 
2011;17(16):5343–5352.

 9. Fraietta JA, et al. Determinants of response and 
resistance to CD19 chimeric antigen receptor 
(CAR) T cell therapy of chronic lymphocytic leu-
kemia. Nat Med. 2018;24(5):563–571.

 10. Sheih A, et al. Clonal kinetics and single-cell tran-
scriptional profiling of CAR-T cells in patients 
undergoing CD19 CAR-T immunotherapy. Nat 
Commun. 2020;11(1):219.

 11. Deng Q, et al. Characteristics of anti-CD19 CAR 
T cell infusion products associated with efficacy 
and toxicity in patients with large B cell lympho-
mas. Nat Med. 2020;26(12):1878–1887.

 12. Chen GM, et al. Integrative bulk and single-cell 
profiling of pre-manufacture T-cell popula-
tions reveals factors mediating long-term per-

sistence of CAR T-cell therapy. Cancer Discov. 
2021;11(9):2186–2199.

 13. Rossi J, et al. Preinfusion polyfunctional anti-
CD19 chimeric antigen receptor T cells are 
associated with clinical outcomes in NHL. Blood. 
2018;132(8):804–814.

 14. Liadi I, et al. Individual motile CD4(+) T cells can 
participate in efficient multikilling through con-
jugation to multiple tumor cells. Cancer Immunol 
Res. 2015;3(5):473–482.

 15. Ritthipichai K, et al. Multifaceted role of BTLA in the 
control of CD8+ T-cell fate after antigen encounter. 
Clin Cancer Res. 2017;23(20):6151–6164.

 16. Romain G, et al. Antibody Fc engineering 
improves frequency and promotes kinetic boost-
ing of serial killing mediated by NK cells. Blood. 
2014;124(22):3241–3249.

 17. Larson RC, et al. CAR T cell killing requires the 
IFNγR pathway in solid but not liquid tumours. 
Nature. 2022;604(7906):563–570.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2022;132(17):e159402  https://doi.org/10.1172/JCI1594021 0

 18. Alizadeh D, et al. IFNγ is critical for CAR T 
cell-mediated myeloid activation and induc-
tion of endogenous immunity. Cancer Discov. 
2021;11(9):2248–2265.

 19. Bailey SR, et al. Blockade or deletion of IFNgamma 
reduces macrophage activation without compro-
mising CAR T-cell function in hematologic malig-
nancies. Blood Cancer Discov. 2022;3(2):136–153.

 20. Bandey IN, et al. Designed improvement to 
T-cell immunotherapy by multidimensional 
single cell profiling. J Immunother Cancer. 
2021;9(3):e001877.

 21. Arredouani MS, et al. Analysis of host gene expres-
sion changes reveals distinct roles for the cytoplas-
mic domain of the Epstein-Barr virus receptor/
CD21 in B-cell maturation, activation, and initiation 
of virus infection. J Virol. 2014;88(10):5559–5577.

 22. Demetriou P, et al. A dynamic CD2-rich compart-
ment at the outer edge of the immunological syn-
apse boosts and integrates signals. Nat Immunol. 
2020;21(10):1232–1243.

 23. Wang M, et al. KTE-X19 CAR T-cell therapy in 
relapsed or refractory mantle-cell lymphoma. N Engl 
J Med. 2020;382(14):1331–1342.

 24. Brudno JN, et al. Safety and feasibility of anti-
CD19 CAR T cells with fully human binding 
domains in patients with B-cell lymphoma. Nat 
Med. 2020;26(2):270–280.

 25. Ghorashian S, et al. Enhanced CAR T cell expan-
sion and prolonged persistence in pediatric 
patients with ALL treated with a low-affinity 
CD19 CAR. Nat Med. 2019;25(9):1408–1414.

 26. Gentles AJ, et al. The prognostic landscape 
of genes and infiltrating immune cells across 
human cancers. Nat Med. 2015;21(8):938–945.

 27. Oelkrug C, Ramage JM. Enhancement of T cell 
recruitment and infiltration into tumours. Clin Exp 
Immunol. 2014;178(1):1–8.

 28. Patel SJ, et al. Identification of essential 
genes for cancer immunotherapy. Nature. 
2017;548(7669):537–542.

 29. Schmidt R, et al. CRISPR activation and 
interference screens decode stimulation 
responses in primary human T cells. Science. 
2022;375(6580):eabj4008.

 30. van Kooyk Y, et al. Enhancement of LFA-1-me-

diated cell adhesion by triggering through 
CD2 or CD3 on T lymphocytes. Nature. 
1989;342(6251):811–813.

 31. Correa K, Dustin ML. Locked and loaded: strong 
TCR signaling primes anti-PD-1 therapy. Trends 
Immunol. 2021;42(12):1066–1068.

 32. McKinney EF, et al. T-cell exhaustion, co-stimu-
lation and clinical outcome in autoimmunity and 
infection. Nature. 2015;523(7562):612–616.

 33. Dhein J, et al. Autocrine T-cell suicide 
mediated by APO-1/(Fas/CD95). Nature. 
1995;373(6513):438–441.

 34. Daniel PT, et al. CD95/Fas-triggered apoptosis of 
activated T lymphocytes is prevented by dendrit-
ic cells through a CD58-dependent mechanism. 
Exp Hematol. 1999;27(9):1402–1408.

 35. Challa-Malladi M, et al. Combined genetic inac-
tivation of β2-Microglobulin and CD58 reveals 
frequent escape from immune recognition in 
diffuse large B cell lymphoma. Cancer Cell. 
2011;20(6):728–740.

 36. Abdul Razak FR, et al. CD58 mutations are 
common in Hodgkin lymphoma cell lines and 
loss of CD58 expression in tumor cells occurs in 
Hodgkin lymphoma patients who relapse. Genes 
Immun. 2016;17(6):363–366.

 37. Cao Y, et al. Mutations or copy number losses of 
CD58 and TP53 genes in diffuse large B cell lym-
phoma are independent unfavorable prognostic 
factors. Oncotarget. 2016;7(50):83294–83307.

 38. Ribas A, Wolchok JD. Cancer immunother-
apy using checkpoint blockade. Science. 
2018;359(6382):1350–1355.

 39. Jerby-Arnon L, et al. A cancer cell program pro-
motes T cell exclusion and resistance to check-
point blockade. Cell. 2018;175(4):984–997.

 40. Frangieh CJ, et al. Multimodal pooled Perturb-
CITE-seq screens in patient models define mech-
anisms of cancer immune evasion. Nat Genet. 
2021;53(3):332–341.

 41. Goebeler ME, Bargou RC. T cell-engaging ther-
apies - BiTEs and beyond. Nat Rev Clin Oncol. 
2020;17(7):418–434.

 42. Shen Y, et al. Cancer cell-intrinsic resistance 
to BiTE therapy is mediated by loss of CD58 
costimulation and modulation of the extrin-

sic apoptotic pathway. J Immunother Cancer. 
2022;10(3):e004348.

 43. Green JM, et al. Coordinate regulation of T 
cell activation by CD2 and CD28. J Immunol. 
2000;164(7):3591–3595.

 44. Skanland SS, et al. T-cell co-stimulation 
through the CD2 and CD28 co-receptors 
induces distinct signalling responses. Biochem J. 
2014;460(3):399–410.

 45. Majzner RG, et al. CD58 aberrations limit durable 
responses to CD19 CAR in large B cell lymphoma 
patients treated with axicabtagene ciloleucel but 
can be overcome through novel CAR engineer-
ing. Blood. 2020;136(suppl 1):53–54.

 46. Abramson JS, et al. Anti-CD19 CAR T cells in 
CNS diffuse large-B-cell lymphoma. N Engl J 
Med. 2017;377(8):783–784.

 47. Brudno JN, Kochenderfer JN. Chimeric antigen 
receptor T-cell therapies for lymphoma. Nat Rev 
Clin Oncol. 2017;15(1):31–46.

 48. Cheadle EJ, et al. Ligation of the CD2 co-stimu-
latory receptor enhances IL-2 production from 
first-generation chimeric antigen receptor T 
cells. Gene Ther. 2012;19(11):1114–1120.

 49. Gribben JG, et al. Mechanisms of action of lena-
lidomide in B-cell non-hodgkin lymphoma. J Clin 
Oncol. 2015;33(25):2803–2811.

 50. Otsuka Y, et al. EZH2 inhibitors restore epigeneti-
cally silenced CD58 expression in B-cell lympho-
mas. Mol Immunol. 2020;119:35–45.

 51. Fathi M, et al. Single-cell cloning of breast cancer 
cells secreting specific subsets of extracellular 
vesicles. Cancers (Basel). 2021;13(17):4397.

 52. Liadi I, et al. Quantitative high-throughput sin-
gle-cell cytotoxicity assay for T cells. J Vis Exp. 
2013;(72):e50058.

 53. Jena B, et al. Chimeric antigen receptor 
(CAR)-specific monoclonal antibody to detect 
CD19-specific T cells in clinical trials. PLoS One. 
2013;8(3):e57838.

 54. Cheson, BD, et al. Recommendations for initial 
evaluation, staging, and response assessment of 
Hodgkin and non-Hodgkin lymphoma: the Lugano 
classification. J Clin Oncol. 2014;32(27):3059–3067.

 55. Hao Y, et al. Integrated analysis of multimodal 
single-cell data. Cell. 2021;184(13):3573–3587.


