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of the durable antitumor activity

of CD5 CAR-T cells
Jeong-Hoon Jeong, 1 Yu Ri Seo, 1 Seung Rok Yu, 1 Hyo Bhin Lee, 1 Hyeong Ji Lee, 1 Hyeon Jeong Cho, 1 
Hyung Cheol Kim, 1 and Young-Ho Lee 1

1 Curocell Inc., Daejeon 34002, Republic of Korea

T cell fratricide in T cell antigen-targeted chimeric antigen re-
ceptor (CAR)-T cell therapies remains a critical barrier to 
achieving optimal antitumor efficacy. To address this chal-
lenge, we explored modulation of antigen-binding affinity as 
a simple yet effective strategy to mitigate fratricide. To this 
end, we aimed to develop low-affinity CD5-specific CAR-T 
cells and to test the hypothesis that low-affinity CD5 CAR-T 
cells can evade T cell fratricide, thereby alleviating T cell 
exhaustion and enhancing sustained antitumor activity. Our 
results demonstrate that CD5 CAR-T cells engineered with 
low-affinity monoclonal antibodies exhibit significantly 
reduced fratricide and diminished T cell exhaustion in the 
infusion product compared to high-affinity counterparts 
such as the standard H65 and A2 clones, which is assumed 
to correlate with improved long-term antitumor responses. 
These findings establish antigen-binding affinity modulation 
as a promising alternative to extensive gene editing 
approaches, potentially simplifying CD5 CAR-T cell 
manufacturing while improving therapeutic outcomes.

INTRODUCTION

T cell lymphomas, including T cell acute lymphoblastic leukemia 
(T-ALL) and peripheral T cell lymphoma, continue to represent 
a significant therapeutic challenge due to their aggressive clinical 
behavior and suboptimal response to conventional chemother-
apies. 1,2 Standard regimens often result in high relapse rates and 
poor long-term survival, underscoring the urgent need for innova-
tive therapeutic approaches. Targeted agents such as mogamulizu-
mab and brentuximab vedotin have shown some efficacy, but their 
impact is limited by resistance, toxicities, and restricted applica-
bility to specific patient subgroups. 3–6 In recent years, adoptive 
immunotherapy—particularly chimeric antigen receptor (CAR)-T 
cell therapy—has emerged as a promising modality for achieving 
favorable clinical outcomes in the treatment of T cell malig-
nancies. 7,8 However, the application of CAR-T cells in T cell malig-
nancies is uniquely hindered by tumor contamination and CAR-T 
cell fratricide. 9–11 CAR-T cell fratricide occurs when CAR-T cells 
attack each other due to shared T cell antigens, including CD5, 
CD7, and CD30, leading to premature CAR-T cell exhaustion

and ultimately compromising therapeutic efficacy. 12–15 Thus, for 
CAR-T therapies targeting T cell antigens, it is critical to adopt 
strategies that mitigate fratricide.

To address these limitations, recent efforts have primarily focused on 
using CRISPR-Cas9 gene editing to eliminate T cell antigen expres-
sion and thereby prevent T cell fratricide. 12,14,16,17 While knockout 
strategies can be effective, they require extensive genetic modifica-
tions that complicate the manufacturing process and may inadver-
tently affect T cell functions. Moreover, CRISPR-Cas9-induced chro-
mosomal abnormalities, notably chromosome loss, pose safety 
concerns for engineered T cell therapies. 18–20 While base editing of-
fers a less mutation-prone alternative, 21 we sought to avoid CAR-T 
fratricide by tuning antigen-binding affinity, thereby eliminating 
the need for additional genetic modifications altogether.

It is well established that the affinity of the antigen-binding 
domain in CAR-T cells can influence T cell activation and subse-
quent antitumor responses. 22,23 Traditionally, high-affinity anti-
gen-binding domains have been favored due to their ability to 
induce robust activation and detect low levels of antigen, as exem-
plified by the FMC63 monoclonal antibody used in CD19 CAR-T 
cells (KD = 0.32 nM). 24–26 However, excessively high-affinity in-
teractions with target antigens—especially when the target is 
also expressed on normal T cells—may lead to adverse outcomes 
such as tonic signaling, chronic activation, and CAR downregula-
tion via trogocytosis, ultimately contributing to T cell exhaustion 
and reduced therapeutic efficacy. 27 These limitations have promp-
ted growing interest in low-affinity CARs, which have demon-
strated improved persistence and reduced dysfunction in preclin-
ical models targeting antigens such as CD19 and CD229. 24,28 

These findings suggest that modulating antigen-binding affinity 
could be a broadly applicable strategy to optimize CAR-T cell 
performance.
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Here, we hypothesized that lowering the antigen-binding affinity 
of CD5 CAR-T cells could mitigate fratricide and reduce T cell 
exhaustion, ultimately enhancing antitumor efficacy. To test 
this hypothesis, we screened human anti-CD5 monoclonal anti-
bodies with varying affinities and evaluated their effects on 
CAR-T cell exhaustion, fratricide, and therapeutic efficacy. Addi-
tionally, to minimize the influence of other scFv-intrinsic proper-
ties, we fine-tuned CAR affinity through alanine scanning 
and random mutagenesis of the scFv complementarity-deter-
mining regions (CDRs) and assessed the resulting exhaustion 
and fratricide levels. Our findings demonstrate that antigen-bind-
ing affinity critically influences fratricide and exhaustion in 
CD5 CAR-T cells, suggesting affinity modulation as a simpler 
alternative to gene editing for fratricide prevention—potentially 
streamlining CAR-T manufacturing and improving therapeutic 
efficacy.

RESULTS

Characterization of novel human CD5-specific monoclonal 

antibodies and generation of CD5-specific CAR-T cells

To elucidate the effect of antigen-binding affinity on fratricide and 
exhaustion in T cell antigen-targeting CAR-T cells, we first screened 
novel human monoclonal antibodies specific for CD5. Using phage 
display, we successfully found and identified four novel human 
monoclonal antibodies specific for CD5 with the distinct amino 
acid sequence of their heavy chain CDRs.

Subsequently, to evaluate antigen specificity, we first assessed CD5 
expression across multiple cell lines by flow cytometry (Figure 1A), 
followed by cellular-binding assays using recombinant anti-CD5 
scFvs (Figure 1B). While all scFvs bound to recombinant human 
CD5 (rhCD5), their ability to recognize cell surface CD5 varied 
considerably. Specifically, the H65 clone, representative anti-CD5
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Figure 1. Generation and characterization of CD5 CAR-T cells with distinct binding affinities

(A) CD5 expression levels of various cell lines, including T cell leukemia cell line (Jurkat), as assessed by flow cytometry. Data are presented as mean ± SD from technical 

replicates (n = 3). (B) Binding of recombinant anti-CD5 scFvs to CD5-positive and CD5-negative cell lines as measured by flow cytometry. Gray indicates the isotype control. 

Numbers represent geometric mean fluorescence intensity (gMFI). Data are presented as mean ± SD from technical replicates (n = 3). (C) Affinity properties of anti-CD5 scFvs 

as determined by biolayer interferometry using Octet system. H65 scFv was used as a positive control scFv. KD, equilibrium dissociation constant; K a , association rate 

constant; K dis (1/s), dissociation rate constant. Full X 2 , sum of squared deviations; values near zero indicate a good curve fit. Full R 2 , coefficient of determination; values near 

1.0 indicate a good curve fit. R 2 < 0.98 or X 2 > 3 was considered unreliable. (D) Schematic illustration of a lentiviral vector encoding anti-CD5 CAR constructs with Myc tag. 

Colors denote scFv origin: red for H65, green for A2, purple for C7, orange for F8, and black for D9. (E) Surface CAR expression of each K562-CAR cell line was analyzed with 

anti-Myc-tag antibody and recombinant human CD5 (rhCD5). Data are presented as mean ± SD from technical replicates (n = 3). (F) Surface CAR expression of each CAR-T 

cell product was assessed by anti-Myc-tag antibody and rhCD5 binding on day 3 after cell seeding. Data are presented as mean ± SD from multiple donors (n = 3). Statistical 

analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test for (A, B, and E) and a linear mixed-effects model with donor as a random effect 

followed by Tukey’s test for (F).
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antibody, 8 and our novel A2 clone exhibited strong binding to Jurkat 
and Nalm-6-CD5 cells, both of which express CD5, but showed no 
binding to Raji and parental Nalm-6 cells, lacking CD5 expression. 
In contrast, clones C7, F8, and D9 retained specificity for CD5 but 
displayed markedly weaker binding to cell-surface CD5.

We further quantified the binding affinity (K D ) of each antibody 
clone using a biolayer interferometry (BLI) (Figure 1C). The affin-
ities ranged from 0.99 to 15.7 nM, with H65 and A2 clones exhibiting 
higher binding affinities than C7, F8, and D9. More specifically, 
while the association constants (K a ) were comparable across all anti-
bodies, the dissociation constants (K dis ) of C7 and D9 were signifi-
cantly lower than those of H65 and A2. These results indicate a close 
correlation between the binding profiles observed in cellular-binding 
assays and the measured antibody affinities.

Next, we engineered second-generation CAR constructs incorpo-
rating the 4-1BB co-stimulatory domain for each clone 
(Figure 1D). To ensure clinical relevance, we included the H65-based 
CAR (H65-BBz) as a high-affinity benchmark, representing the cur-
rent clinical-stage CD5 CAR-T therapy. 8 We first confirmed that the 
CARs derived from each clone were stably expressed and preserved 
the inherent antigen-binding affinities in CD5-negative K562 cells 
(Figure 1E). Furthermore, CAR-T cells were generated using all

five CAR constructs, each exhibiting their antigen-binding inten-
sities (Figure 1F). In summary, these results demonstrate the success-
ful development of a panel of CAR-T cells with varying binding af-
finities, providing a robust model to investigate the impact of 
antigen-binding strength on the phenotype and function of T cell an-
tigen-targeting CAR-T cells.

Low-affinity CD5 CAR-T cells exhibit a less fratricidal and 

exhausted phenotype

To investigate the impact of CAR affinity on fratricide and exhaus-
tion in CD5 CAR-T cells, we first evaluated the fratricidal phenotype 
during manufacturing by assessing cell viability, cell expansion, cyto-
kine secretion, and activation status. Our results showed that, 
following CAR transduction, a marked increase in cell death and 
cytokine secretion was observed beginning on day 3, indicative of 
the onset of fratricide (Figures 2A and 2B). These were especially 
prominent in CD5 CAR-T cells generated using high-affinity clones 
(H65 and A2 CAR-T cells), which showed significantly elevated 
levels of both cell death and proinflammatory cytokine production 
compared to those generated with low-affinity clones (C7, F8, and 
D9 CAR-T cells). Furthermore, on day 10, when CAR-T cell 
manufacturing was completed, H65 and A2 CAR-T cells remained 
highly activated (Figure 2C) and the number of T cells obtained 
(Figure 2D) was lower compared to the other CAR-T cell products.
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Figure 2. Low-affinity CD5 CAR-T cells exhibit reduced fratricide and exhaustion phenotypes

(A) Viability of CAR-T cells measured on day 3 after cell seeding. Data are presented as mean ± SD from multiple donors (n = 3). (B) Culture supernatants were collected on day 

3 after cell seeding. IFN-γ and TNF-α levels secreted by CAR -T cells were measured by cytometric bead array. Data are presented as mean ± SD from multiple donors (n = 3).

(C) CD69 expression level of CAR-T cells on day 10 after seeding. Fluorescence intensity was quantified by flow cytometry. Data are presented as mean ± SD from multiple 

donors (n = 3). (D) Total T cell number harvested on day 10 after cell seeding. Data are presented as mean ± SD from multiple donors (n = 3). (E) Expression levels of PD-1 and 

LAG-3 (surface markers), and TOX (intracellular marker) in CAR-T cells on day 10 after seeding. Surface markers were analyzed by flow cytometry, and TOX expression was 

assessed via intracellular staining following fixation and permeabilization. Data are presented as mean ± SD from multiple donors (n = 3). All statistical significance was 

assessed using a linear mixed-effects model with donor as a random effect and Tukey’s test.
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Taken together, these findings indicate that H65 and A2 CAR-T cells 
undergo substantially higher levels of fratricide than their low-affin-
ity counterparts. We next evaluated the expression of exhaustion-
associated markers such as PD-1, LAG-3, and TOX and found that 
low-affinity CAR-T cells demonstrated a less-exhausted phenotype 
compared to their high-affinity counterparts (Figure 2E). In sum-
mary, these data suggest that the affinity of the antigen-binding 
domain can influence the strength of CAR signaling, thereby pro-
moting a more fratricidal and exhausted CAR-T cell phenotype.

CAR affinity controls fratricide and exhaustion CD5 CAR-T cells

Each anti-CD5 scFv exhibits distinct properties, including structural 
stability and binding epitope, which may influence the extent of frat-
ricide when used in CAR-T cell manufacturing and potentially 
confound interpretation. To address this, we generated A2 and C7 
variants with altered binding affinity using site-directed and random 

mutagenesis, respectively, to rigorously investigate the impact of af-
finity on fratricide and exhaustion in CD5 CAR-T cells.

We first performed alanine scanning of the A2 clone by substituting 
each amino acid in the heavy chain CDR3 region with alanine, gener-
ating nine A2 CAR variants (Figure S1A), which were transduced 
into K562 cells (Figure S1B). To identify variants with the weakest 
antigen-binding strength, we assessed their binding to recombinant 
human CD5 (rhCD5) and selected the three variants with the lowest 
binding levels—D1A, W2A, and Y4A—compared to the wild-type 
(Figure S1C). Their antigen specificity and binding properties of an-
tibodies were also determined through a cellular binding assay 
(Figure 3A). We further quantified the binding affinity (K D ) of 
each variant (Figure 3B). The D1A and W2A variants exhibited K D 
values of 30.9 and 7.67 nM, respectively, both of which were lower 
than that of the A2 wild-type. Y4A showed binding that was too 
weak to be reliably quantified.

We next examined phenotypic changes in CD5 CAR-T cells express-
ing these variants. Compared to A2 wild-type CAR5 cells, both W2A 
and Y4A CAR5 cells exhibited reduced cell death and decreased 
cytokine secretion during culture (Figures 3C and 3D). Additionally, 
total T cell yield was higher, and the activation state was significantly 
lower in these variants at day 10 (Figures 3E and 3F). Expression of 
exhaustion-associated markers was also markedly decreased in W2A 
and Y4A CAR5 cells (Figure 3G). In serial rechallenge assays at an 
effector-to-target (E:T) ratio of 3:1, low-affinity CAR-T cells (C7 
and Y4A) sustained their proliferative capacity (Figure 3H) while 
achieving effective tumor control (Figure S2). These cells maintained 
low expression of exhaustion markers during manufacturing 
(Figure 3G), preserving their functional fitness. In contrast, high-af-
finity A2 CAR-T cells, which exhibited elevated exhaustion markers 
during manufacturing (Figure 3G), showed diminished expansion 
upon rechallenge (Figures 3H and S2).

To complement this approach, we introduced random mutations into 
the heavy chain CDR3 region of the C7 clone, exhibiting weak affinity 
to CD5 and performed biopanning to isolate higher-affinity variants.

This strategy yielded the S6E (ES) and S6E/S7E (EE) clones, both of 
which displayed increased binding affinities compared to the C7 
wild-type (Figures 4A and 4B). We generated CAR5 constructs incor-
porating C7 variants (S6E CAR5 and S6E/S7E CAR5) and evaluated 
their phenotype. S6E CAR5 and S6E/S7E CAR5 showed significantly 
increased cell death and cytokine secretion (Figures 4C and 4D) as 
well as higher activation and reduced T cells yields at day 10 
(Figures 4E and 4F). In addition, both variants showed increased 
expression of exhaustion-associated markers, including immune 
checkpoint receptors and TOX (Figure 4G), and their proliferative ca-
pacity upon repeated antigen stimulation was markedly diminished 
(Figures 4H and S2).

These results indicate that the affinity-enhanced C7 variants exhibit 
increased fratricide and exhaustion compared to the C7 wild-
type CAR5.

Collectively, these complementary models—affinity attenuation of 
A2 and enhancement of C7—demonstrate that CAR antigen-bind-
ing affinity is a critical determinant of fratricide and exhaustion in 
CD5 CAR-T cells.

Low-affinity CD5 CAR-T cells exhibit enhanced antitumor 

activity and prolonged in vivo persistence

To elucidate the impact of antigen-binding affinity of CD5-targeting 
CARs on their functional capacity, we first performed in vitro cyto-
toxicity assays using several CD5-positive T cell lines (Jurkat, 
HUT78, PRMI8402, and CCRF-CEM) that represent a spectrum of 
CD5 antigen densities (Figure S3). High-affinity CAR-T cells 
(A2 and H65 CAR5) exhibited significantly greater cytotoxicity 
and interferon (IFN)-γ secretion than their counterparts (C7, F8, 
and D9 CAR5) (Figures 5A, 5B, and S4).

Notably, while low-affinity clones exhibited minimal cytokine pro-
duction against endogenous T cell lines at standard ratios, we inves-
tigated whether they retained the functional capacity to respond to 
stronger antigenic stimulation. To validate their functional integrity, 
we challenged these CAR-T cells with Nalm6-CD5 cells, which ex-
press approximately 25-fold higher CD5 levels than Jurkat cells 
(Figure 1A). Against this high antigen-density target, C7 CAR5 
demonstrated robust and significant secretion of both IFN-γ and tu-
mor necrosis factor (TNF)-α (Figure S5). These results demonstrate 
that low-affinity CARs retain intrinsic capacity for antigen-specific 
activation, which is effectively triggered once the antigenic stimulus 
surpasses their specific activation threshold.

Next, we evaluated antitumor efficacy in a T-ALL xenograft model. 
Given that antigen density is a critical determinant of CAR-T effi-
cacy, we prioritized Jurkat cells as the primary in vivo model. This 
selection ensured a rigorous assessment of physiological CD5 levels, 
as Jurkat cells exhibit the lowest antigen expression among the tested 
T cell cancer lines (Figure S3). Accordingly, NOG mice were intrave-
nously engrafted with firefly luciferase-expressing Jurkat cells, fol-
lowed by CAR-T infusion on day 7. Tumor progression was
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monitored weekly for 26 days using bioluminescence imaging. Low-
affinity CAR-T groups demonstrated superior tumor control 
compared to high-affinity CAR-T groups (Figure 5C). In contrast, 
mice treated with high-affinity CAR-T cells showed earlier loss of tu-
mor control.

To determine whether the observed differences in antitumor ac-
tivity between the two groups were associated with in vivo expan-

sion, we quantified circulating CAR-T cells on days 3, 7, 15, 
and 21 post-infusion. C7 CAR5 cells exhibited robust expansion, 
peaking at levels approximately 22.7-fold higher than A2 
CAR5 cells, and persisted in the blood for up to 3 weeks. In 
contrast, A2 CAR5 showed minimal expansion across all 
time points. (Figure 5D). Consistent with these observations, 
mice treated with C7 CAR5 exhibited improved survival 
(Figure 5E).
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Figure 3. Affinity-tuned A2 variants provide functional evidence that antigen-binding affinity plays a key role in regulating fratricide and T cell exhaustion 

(A) Binding level of recombinant anti-CD5 scFvs to CD5-positive and CD5-negative cell lines, as measured by flow cytometry. Data are presented as mean ± SD from 

technical replicates (n = 3). (B) Affinity properties of anti-CD5 scFvs as determined by biolayer interferometry using Octet system. A2 scFv was used as controls. (For 

definitions of K D , K a , K dis , and curve fit parameters, refer to Figure 1 legend.) (C) Viability of CAR-T cells measured on day 3 after cell seeding. Data are presented as mean ± 

SD from multiple donors (n = 3). (D) Culture supernatants were collected on day 3 to assess IFN-γ and TNF-α secretion, measured using cytometric bead array. Data are 

presented as mean ± SD from technical replicates (n = 3). (E) Total T cell number harvested on day 10 after cell seeding. Data are presented as mean ± SD from multiple 

donors (n = 3). (F) CD69 expression levels in CAR-T cells on day 10 after cell seeding, measured by surface staining and flow cytometry. Data are presented as mean ± SD 

from multiple donors (n = 3). (G) Expression levels of PD-1 and LAG-3 (surface markers) and TOX (intracellular) in CAR-T cells on day 10 after seeding. Surface markers were 

analyzed by flow cytometry, and TOX expression was assessed via intracellular staining. Data are presented as mean ± SD from multiple donors (n = 3). (H) 3 × 10 5 Myc + 

CAR-T cells were co-cultured with 1 × 10 5 Jurkat cells every 3–4 days for repeated antigen stimulation. Expansion of Myc + CAR-T cells was measured weekly by flow 

cytometry. Data are presented as mean ± SD from technical replicates (n = 3). Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparisons 

test for (A, D, and H) and a linear mixed-effects model with donor as a random effect followed by Tukey’s test for (C–G).
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In summary, our findings demonstrate that the antigen-binding af-
finity of CAR5 critically influences the in vivo antitumor efficacy of 
CD5-targeting CAR-T cells.

Allogeneic CD5 CAR γδ T cells with low-affinity exhibit enhanced 

antitumor responses

The significant concern of tumor contamination by patient-derived 
T cells underscores the necessity for developing allogeneic, blast-free

CAR-T therapies for T cell lymphoma. Healthy donor-derived γδ 
T cells are particularly attractive candidates for allogeneic CAR-T 
therapy due to their inherently blast-free nature and minimal risk 
of inducing graft-versus-host disease (GvHD). They also represent 
a T cell subset with lower baseline CD5 expression compared to αβ 
T cells 29,30 (Figure S6), a feature that may further reduce the risk 
of fratricide. With this rationale, we developed an anti-CD5 γδ 
CAR-T cell (γδCAR5) and evaluated whether modulating the
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Figure 4. High-affinity C7 variant-based CAR5 exhibited increased levels of both fratricide and T cell exhaustion compared to the C7 wild-type CAR5

(A) Binding level recombinant anti-CD5 scFvs to CD5-positive and CD5-negative cell lines, as measured by flow cytometry. Data are presented as pooled mean ± SD from 

technical replicates (n = 3). (B) Affinity properties of anti-CD5 scFvs as determined by biolayer interferometry using Octet system. C7 scFv was used as controls. (For 

definitions of K D , K a , K dis , and curve fit parameters, refer to Figure 1 legend.) (C) Viability of CAR-T cells measured on day 3 after cell seeding. Data are presented as mean ± 

SD from multiple donors (n = 3). (D) Culture supernatants were collected on day 3 to assess IFN-γ and TNF-α secretion, measured using cytometric bead array. Data are 

presented as mean ± SD from technical replicates (n = 3). (E) Total T cell number harvested on day 10 after cell seeding. Data are presented as mean ± SD from multiple 

donors (n = 3). (F) CD69 expression levels in CAR-T cells on day 10 after cell seeding, measured by surface staining and flow cytometry. Data are presented as mean ± SD 

from multiple donors (n = 3). (G) Expression levels of PD-1 and LAG-3 (surface markers) and TOX (intracellular) in CAR-T cells on day 10 after seeding. Surface markers were 

analyzed by flow cytometry, and TOX expression was assessed via intracellular staining. Data are presented as mean ± SD from multiple donors (n = 3). (H) 3 × 10 5 Myc + 

CAR-T cells were co-cultured with 1 × 10 5 Jurkat cells every 3–4 days for repeated antigen stimulation. Expansion of Myc + CAR-T cells was measured weekly by flow 

cytometry. Data are presented as mean ± SD from technical replicates (n = 3). Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparisons 

test for (A, D, and H) and a linear mixed-effects model with donor as a random effect followed by Tukey’s test for (C–G).
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antigen-binding affinity of CD5-targeting CARs could enhance its 
antitumor activity.

To generate γδCAR5, we transduced Vγ9Vδ2-enriched T cells with 
either A2 CAR5 or C7 CAR5 (Figure 6A). We first confirmed that 
over 90% of the γδCAR5 cells expressed the Vδ2 TCR, indicating 
successful enrichment of Vγ9Vδ2 T cells (Figure 6B). Both A2 
CAR5 and C7 CAR5 were robustly expressed on the surface of γδ 
T cells (Figure 6C). Next, we assessed whether the affinity of CAR5 
influences T cell fratricide and exhaustion in γδCAR5 cells. Consis-
tent with our findings in αβCAR5, C7 γδCAR5 cells exhibited signif-
icantly lower cytokine secretion and CD69 expression (Figure 6D). 
Additionally, the percentages of LAG-3 + cells, TIM-3 + cells, and 
TOX expression were lower in C7 γδCAR5, indicating reduced 
expression of exhaustion-associated markers (Figure 6E).

We then evaluated antitumor efficacy in xenograft model of T-ALL. 
Firefly luciferase-expressing Jurkat cells were intravenously en-
grafted into NOG mice, followed by infusion of CAR-T cells on 
day 7. As expected, C7 γδCAR5 cells demonstrated superior anti-
tumor activity compared to A2 γδCAR5 cells (Figure 6F). Moreover, 
C7 γδCAR5 cells expanded more robustly in vivo, peaking at day 3 at 
a level approximately 3-fold higher than A2 γδCAR5 cells 
(Figure 6G). This enhanced expansion ultimately translated into pro-
longed survival in the C7 γδCAR5 group (Figure 6H).

In summary, our results demonstrate that modulating antigen-bind-
ing avidity enhances the antitumor activity of allogeneic γδ CAR-T 
cells against T cell malignancies, implying that avidity tuning repre-
sents a universal and broadly applicable strategy for optimizing the 
efficacy of all engineered immune cell therapies targeting T cells.
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Figure 5. Low-affinity CAR-T cells demonstrate superior in vivo antitumor activity despite reduced immediate cytotoxicity

(A) CAR-T cells were co-cultured with ZsGreen-expressing T cell lymphoma cell lines (Jurkat, HUT78, RPMI8402, and CCRF-CEM) at a 1:1 E:T ratio. GFP intensity was 

measured every 4 h using the IncuCyte S3 live-cell imaging system. Relative total integrated GFP intensity was calculated as [GFP intensity at each time point ÷ GFP intensity 

at 4 h] × 100. Data are presented as mean ± SD from technical replicates (n = 3). (B) IFN-γ and TNF-α levels secreted by CD5 CAR-T cells co-cultured with T cell malignancy-

derived cell lines for 3 days at a 1:1 E:T ratio. Data are presented as mean ± SD from technical replicates (n = 3). (C) NOG mice were intravenously injected with 1 × 10 6 Jurkat-

GL cells. 7 days later, 1 × 10 6 CAR-T cells were administered intravenously. Tumor burden was monitored by bioluminescence imaging using the IVIS Lumina system. Data 

represent n = 5 for both NTD and CAR5 groups. (D) NOG mice were intravenously injected with 1 × 10 6 Jurkat-GL cells. 7 days later, 4 × 10 6 CAR-T cells were administered. 

CAR-T cell kinetics in peripheral blood was assessed by flow cytometry with Absolute Counting Beads. Data represent n = 3 for NTD and n = 7 for CAR5 groups. (E) Kaplan-

Meier survival curves for mice described in (D). Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparisons test for (B and D) and log rank 

(Mantel-Cox) test for (E).
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DISCUSSION

This study demonstrates that modulating antigen-binding affinity in 
CD5-specific CAR-T cells significantly influences fratricide, T cell 
exhaustion, and therapeutic efficacy. Importantly, low-affinity CD5

CAR-T cells exhibited reduced fratricidal activity and attenuated 
exhaustion, ultimately resulting in improved and sustained anti-
tumor responses. These findings suggest that tuning CAR affinity 
may serve as a viable and gene editing-free alternative to

A B C
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Figure 6. Low-affinity anti-CD5 CAR enhances functional persistence and antitumor activity in γδ CAR5 cells

(A) Schematic overview of the generation process for γδ CAR-T cells (B) Proportion of Vδ2-positive cells among γδ T cells after CAR transduction, as assessed by flow 

cytometry. Data are presented as mean ± SD from multiple donors (n = 3). (C) Percentage of CAR-expressing cells within the γδ T cell population on day 10, determined by 

staining with anti-Myc antibody. Data are presented as mean ± SD from multiple donors (n = 3). (D) IFN-γ and TNF-α levels secreted by CAR-T on day 3 of culture, measured 

by cytometric bead array. CD69 surface expression was analyzed by flow cytometry on day 10. Data are presented as mean ± SD from multiple donors (n = 3). (E) Expression 

levels of LAG-3 and TIM-3 (surface markers) and TOX (intracellular marker) in γδ CAR-T cells on day 10. TOX expression was assessed by intracellular staining after fixation/ 

permeabilization. Data are presented as mean ± SD from multiple donors (n = 2). (F) NOG mice were intravenously injected with 1 × 10 6 Jurkat-GL cells. 7 days later, 4 × 10 6 

CAR-T cells were administered intravenously. Tumor burden was monitored by bioluminescence imaging using the IVIS Lumina system. Data are represented as mean ± SD 

(n = 3 for NTD and n = 7 for CAR5). (G) CAR-T cell kinetics in peripheral blood was analyzed in (F) by flow cytometry with Absolute Counting Beads. Data are represented as 

mean ± SD (n = 3 for NTD and n = 7 for CAR5). (H) Kaplan-Meier survival curves for mice described in (F). Statistical analyses were performed using one-way ANOVA with 

Tukey’s multiple comparisons test for (F), a linear mixed-effects model with donor as a random effect followed by Tukey’s test for (B–E and G), and log rank (Mantel-Cox) 

test for (H).
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conventional strategies for optimizing CAR-T cell function. 31,32 

Notably, although the intrinsic affinity difference between variants 
was only approximately 2-fold, this modest shift translated into 
distinct functional outcomes in vivo. While the high-affinity 
CAR-T cells eventually led to disease relapse driven by exhaustion, 
the low-affinity counterparts achieved durable complete remission. 
We attribute this substantial therapeutic divergence to the transition 
of monovalent affinity into multivalent functional avidity within the 
immunological synapse. Thus, our study provides a proof of concept 
that incremental affinity tuning is sufficient to optimize CD5 CAR-T 
cell efficacy.

To mechanistically dissect this relationship, we performed both site-
directed and random mutagenesis to generate CAR variants with a 
broad range of binding affinities. These variants confirmed that an-
tigen-binding strength directly regulates the extent of fratricide and 
exhaustion. Specifically, low-affinity CARs derived from the high-af-
finity A2 clone exhibited reduced T cell dysfunction, while high-af-
finity variants of the low-affinity C7 clone exhibited enhanced fratri-
cide and exhaustion. These data underscore the pivotal role of 
affinity in shaping the phenotypic fate and therapeutic fitness of 
CAR-T cells.

In particular, low-affinity CD5 CAR-T cells exhibited minimal frat-
ricide and expressed lower levels of exhaustion-associated markers, 
yet achieved superior long-term tumor control in vivo. This 
stands in stark contrast to high-affinity CARs, including the clin-
ical-stage H65 clone utilized in the MAGENTA clinical trial 
(NCT03081910). 8 While recent clinical data confirmed the safety 
of H65-based CAR-T, the complete remission rate remained at 
approximately 22% (2/9 patients) in relapsed/refractory T cell lym-
phoma, highlighting a need for improved durability. By achieving 
durable remission in a stringent model where the H65 CAR5 showed 
limited efficacy, our findings demonstrate that affinity tuning signif-
icantly enhances in vivo persistence and efficacy compared to this 
high-affinity benchmark.

This striking discrepancy between potent in vitro cytotoxicity and 
limited in vivo persistence in high-affinity CARs, such as H65, is 
likely attributable to the duration and context of CAR stimulation. 
Short-term in vitro assays primarily measure acute cytotoxic re-
sponses associated with baseline activation, whereas prolonged anti-
gen exposure in vivo results in sustained CAR signaling, leading to 
T cell exhaustion. These findings suggest that the temporal dynamics 
of antigen engagement critically influence CAR-T cell function and 
therapeutic outcomes and highlight the importance of aligning 
CAR affinity with the physiological context of T cell malignancies.

Importantly, the therapeutic benefits of affinity modulation were 
preserved in an allogeneic setting using γδ T cells. Owing to their 
lack of alloreactivity and reduced risk of GvHD, γδ T cells offer an 
attractive off-the-shelf platform for treating T cell malignancies. 33 

We showed that γδ CAR-T cells incorporating low-affinity CD5 
CARs exhibited diminished exhaustion and improved in vivo persis-

tence compared to their high-affinity counterparts, translating to su-
perior antitumor efficacy. These findings reinforce the generaliz-
ability of affinity tuning across CAR platforms and establish it as a 
broadly applicable design principle for next-generation cellular 
immunotherapies.

Prior studies have suggested that CARs with faster off-rates can limit 
prolonged immune synapse formation and excessive CAR 
signaling. 25,34 In this context, the relatively faster off-rate (higher 
K off ) of the C7 scFv might have contributed to preserving T cell func-
tionality. Furthermore, we recognize that antigen downregulation 
represents a potential escape mechanism, particularly for low-affin-
ity CAR-T cells that may require higher antigen density for activa-
tion. Conversely, however, excessively high affinity can also drive im-
mune escape through trogocytosis, a process where CAR-T cells strip 
antigen from tumor cells, leading to reversible antigen loss. 27 By 
identifying an optimal affinity window, our strategy aims to mini-
mize such antigen escape and subsequent immune evasion while 
maintaining sufficient potency. Future studies utilizing heteroge-
neous tumor models will be essential to validate this balance.

Despite these encouraging results, several limitations of our study 
warrant consideration. Our functional validations primarily utilized 
the Jurkat cell model, and the current lack of primary T cell or pa-
tient-derived xenograft models may limit the immediate translat-
ability of these findings. Nevertheless, although the precise epitopes 
recognized by A2 and C7 were not formally mapped, the use of both 
clones across a broad range of binding affinities enabled us to inter-
rogate the role of avidity in modulating fratricide and exhaustion. 
While epitope-dependent effects cannot be entirely ruled out, the 
consistency of phenotypic trends across multiple affinity variants 
within each scFv clone strengthens our conclusion that avidity is 
the dominant factor. Nevertheless, as epitope location is known to 
influence CAR signaling dynamics and immunological synapse for-
mation, 35,36 future studies incorporating precise epitope mapping 
will be instrumental in further delineating the relative contributions 
of affinity and epitope specificity.

Looking forward, systematic mapping of optimal affinity ranges 
across diverse antigen-CAR pairings—including additional targets, 
costimulatory domains, and CAR architectures—will be essential 
to establish the generalizability of this strategy and may help define 
a “Goldilocks zone” that balances activation, persistence, and safety. 
Moreover, integrating affinity-tuned CARs with additional armoring 
strategies, such as the incorporation of cytokines or inhibitory mod-
ules, may further potentiate antitumor efficacy and functional persis-
tence. Ultimately, incorporating these insights into clinically scalable 
CAR-T manufacturing platforms and evaluating their performance 
in translational and immune-competent models will be key steps to-
ward advancing affinity-tuned CAR-T therapies into clinical 
application.

In conclusion, this study provides compelling evidence that antigen-
binding affinity is a critical and tunable determinant of CAR-T cell
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function. By modulating CAR affinity, we demonstrate an effective 
strategy to reduce fratricide and exhaustion while enhancing thera-
peutic efficacy, without the need for complex genetic manipulation. 
These findings offer a conceptual and practical framework for the 
development of next-generation CAR-T cells tailored for T cell ma-
lignancies, based on simplified and broadly applicable engineering 
principles.

MATERIALS AND METHODS

Screening for human CD5-specific antibody

Antibody screening and production were obtained from 

YntoAb, Inc. (Seongnam-si, Gyeonggi-do, Republic of Korea). 
During biopanning, a human phage display library (YntoAb, 
Republic of Korea) was used to generate anti-CD5 antibody. 
Briefly, recombinant human CD5 protein (ACROBiosystems, 
USA; Cat#CD5-H52H58) was immobilized as the target antigen 
and incubated with the scFv-displaying phages. Bound phages 
were recovered and amplified in E. coli, and the biopanning 
process was repeated for three rounds. Enriched phage clones 
were screened for CD5 binding by ELISA. CD5-specific binders 
were subcloned into scFv-Fc expression vectors and expressed in 
E. coli, and the resulting periplasmic extracts were incubated 
with CD5-expressing cell lines to identify clones with cell-sur-
face CD5-binding activity.

To generate higher-affinity variants of the low-affinity C7 clone, 
random mutations were introduced into the heavy-chain CDR3 re-
gion and a mutant scFv phage library was constructed. CD5-binding 
clones were enriched through three additional rounds of biopanning, 
and their enriched scFv sequences were identified via next-genera-
tion sequencing. For affinity attenuation of the high-affinity A2 
clone, alanine-scanning mutagenesis was performed by individually 
substituting each residue in the CDR-H3 with alanine. K562 cells ex-
pressing mutant scFv-based CAR were incubated with rhCD5, and 
clones with reduced binding compared to wild-type scFv-based 
CAR were selected.

Plasmid construction

To construct the lentiviral transfer plasmid encoding the CD5-spe-
cific CAR, each scFv (H65, A2, C7, F8, D9, C7-S6E, C7-S6E/S7E, 
A2-D1A, A2-W2A, and A2-Y4A) was fused to the Myc tag, the 
CD8α spacer and transmembrane domains, the 4-1BB (CD137) cos-
timulatory domain, and the CD3ζ signaling domain and cloned into 
a lentiviral transfer plasmid. 37

To construct the lentiviral transfer plasmid encoding the CD5 (CD5-
P2A-eGFP), the human CD5 sequence (GenBank: NM_014207.4) 
was synthesized and then inserted between the EF1α promoter and 
the P2A sequence of the pLV-EF1α-P2A-eGFP plasmid. Lentiviral 
transfer plasmids encoding either ZsGreen or firefly luciferase-green 
fluorescent protein (ffluc/GFP; GL) were constructed by synthesizing 
and inserting between the EF1α promoter and the WPRE element of 
the lentiviral vector.

Antibody affinity measurement

All scFv-binding affinity measurements were conducted at 
Y-Biologics (Republic of Korea). The sequences of anti-CD5 scFvs 
were cloned into an N293F expression vector containing an mIgG2a 
Fc tag. Each plasmid was transfected into HEK293F cells, and recom-
binant scFv proteins were purified using size-exclusion chromatog-
raphy. Binding kinetics was measured using the Octet RH96 (Sarto-
rius, Germany) according to the manufacturer’s instructions. Briefly, 
recombinant anti-CD5 scFv-mIgG2a Fc fusion proteins were immo-
bilized onto anti-mouse IgG Fc capture biosensors as ligands and 
binding was assessed using recombinant human CD5 extracellular 
domain protein (ACROBiosystems, USA; catalog no. CD5-
H52H58) as analyte. Data were analyzed using Octet BLI Analysis 
Software v.12.2.

Cell lines and culture conditions

Jurkat, Nalm-6, Raji, K562, RPMI8402, CCRF-CEM, and HEK293T 
cells were purchased from the American Type Culture Collection 
(ATCC). HUT78, H9, HH, MJ cells were generously provided by 
Prof. Won Seok Kim (Samsung Medical Center, Seoul, Republic of 
Korea). K562 cells were transduced with lentiviral vectors encoding 
anti-CD5 CARs to generate K562 cells stably expressing individual 
CAR constructs. Jurkat cells were transduced to express GFP-Fluc 
(GL) or ZsGreen to generate Jurkat-GL and Jurkat-ZsGreen cells. 
Nalm-6 cells were transduced to express human CD5 (GenBank: 
NM_014207.3) generating Nalm-6-CD5 cells. HUT78, RPMI8402, 
and CCRF-CEM cells were transduced to express ZsGreen, gener-
ating HUT78-ZsGreen, RPMI8402-ZsGreen, and CCRF-CEM-
ZsGreen cells, respectively. Jurkat, Nalm-6, Raji, K562, RPMI8402, 
and CCRF-CEM cells were cultured in RPMI-1640 medium (Gibco, 
USA) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS, Gibco, USA), 2 mM L-glutamine (Gibco, USA), 0.1 mM 

non-essential amino acids (Gibco, USA), 1 mM sodium pyruvate 
(Gibco, USA), and 1% penicillin/streptomycin (Gibco, USA) in a hu-
midified incubator with a 5% CO 2 at 37 ◦ C. HEK293T cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 
USA) supplemented with 10% heat-inactivated FBS, 2 mM 

L-glutamine, 0.1 mM non-essential amino acids, 1 mM sodium py-
ruvate, and 1% penicillin/streptomycin.

Generation of human CAR-T cells

Peripheral blood mononuclear cells (PBMCs) were obtained from 

healthy adult donors at the Seoul National University Hospital 
(SNUH, Seoul, Republic of Korea).

HEK293T cells were seeded at 7 × 10 6 cells per 100-mm dish coated 
with poly-D-lysine, 2 days prior to transduction. After 24 h, cells 
were co-transfected with 5.35 μg lentiviral transfer plasmid, 
0.93 μg pCURO-ENV3 (VSV-G envelope), 2.06 μg pCURO-PKG6 
(Rev), and 2.06 μg pCURO-PKG3 (Gag/Pol), using jetOPTIMUS 
(Polyplus-transfection, France) according to the manufacturer’s in-
structions. Lentiviral supernatants were harvested 24 h post-trans-
fection, removed of cell debris by centrifugation at 1,600 rpm for 
5 min, and immediately used to transduce T cells.
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For αβ CAR-T cells, CD4 + or CD8 + T cells were positively selected 
from PBMCs using a MACS sorting system (Miltenyi Biotec, Ger-
many; catalog no. 130-091-051) and activated for 48 h with 
TransAct (Miltenyi Biotec, Germany). For γδ CAR-T cells, αβ 
TCR + cells were depleted from PBMCs using MACS to enrich γδ 
T cells (Miltenyi Biotec, Germany; catalog no. 130-091-051). The en-
riched γδ T cells were activated for 48 h with 5 μM zoledronate (Sa-
myang Biopharm, Republic of Korea) and 1,000 IU/mL interleukin 
(IL)-2 (BMI Korea, Republic of Korea).

For αβ CAR-T cell culture, cells were maintained in AIM-V medium 

(Gibco, USA) supplemented with 5% Immune Cell SR (Gibco, USA), 
100 IU/mL recombinant human IL-2 (BMI Korea, Republic of Ko-
rea), and 1% penicillin/streptomycin (Gibco, USA). For γδ CAR-T 
cell culture, 4Cell Nutri-T GMP Medium (Sartorius, Germany) sup-
plemented with 5% Immune Cell SR, 100 IU/mL IL-2, and 1% peni-
cillin/streptomycin was used as the γδ T cell culture medium.

Activated αβ and γδ T cells were transduced with lentiviral superna-
tants in the presence of 12 μg/mL protamine sulfate (Sigma-Aldrich, 
USA). For αβ T cells, transduction was performed once via centrifu-
gation at 1,000 × g for 90 min at 32 ◦ C, followed by incubation at 
37 ◦ C. The next day was designated as day 0. For γδ T cells, transduc-
tion was performed twice: the first via centrifugation at 1,000 × g for 
30 min at 32 ◦ C, followed by a second transduction 24 h later. The day 
after the second transduction was designated as day 0. Following 
transduction, both αβ and γδ T cells were cultured in their respective 
culture media supplemented with 100 IU/mL IL-2. Fresh culture me-
dium was added on days 3 and 7.

Flow cytometry

Flow cytometry was performed on a FACSVerse instrument (BD 
Biosciences, USA), and data were analyzed with FlowJo software 
(Tree Star, USA). For surface staining, 2 × 10 5 cells were stained 
with fluorophore-conjugated antibodies diluted in 100 μL of fluores-
cence-activated cell sorting (FACS) buffer (1% BSA in DPBS) for 
15 min at 25 ◦ C in the dark. Cells were washed with 2 mL of FACS 
buffer, resuspended, and analyzed. For intracellular staining of 
TOX, 5 × 10 5 cells were fixed and permeabilized using 1 mL of 
Fixation/Permeabilization solution (Miltenyi Biotec, Germany) for 
30 min at 4 ◦ C, washed with 2 mL of Permeabilization buffer, and 
then stained with the appropriate antibody. CAR expression was de-
tected using either AF647-conjugated anti-Myc-tag antibody (clone 
9B11, Cell Signaling Technology) or biotinylated recombinant hu-
man CD5 (ACROBiosystems, USA) followed by AF647-conjugated 
streptavidin (BioLegend, USA). For detection of cell surface-bound 
anti-CD5 recombinant scFv, 2 × 10 5 cells were incubated with 
10 ng of mIgG2a-Fc-tagged anti-CD5 scFv protein (Y-Biologics, Re-
public of Korea), washed, and subsequently stained with AF647-con-
jugated anti-mIgG2a antibody (clone RMG2a-62, BioLegend). The 
following antibodies were used: BioLegend, CD5-PE (clone 
UCHT2), CD69-PE (clone FN50), LAG3-FITC (Clone 7H2C65), 
mIgG2a-AF647 (clone RMG2a-62), and streptavidin-AF647; BD 
Biosciences, CD4-V500 (clone RPA-T4), CD8-V450 (clone RPA-

T8), αβ TCR-PE (clone IP26), and γδ TCR-BV421 (clone 11F2); 
Thermo Fisher Scientific, PD-1-PE (clone J105) and CD27-PE (clone 
O323); Miltenyi Biotec, TOX-APC (clone REA473), Vδ1-PE-Cy7 
(clone REA173), and Vδ2-V500 (clone 123R3); Cell Signaling Tech-
nology, Myc-AF647 or PE (clone 9B11).

Repeated antigen stimulation

3 × 10 5 CAR-T cells were co-cultured with Jurkat cells at a 3:1 E:T 
ratio (defined as co-culture day 0). Thereafter, 1 × 10 5 Jurkat cells 
were added twice weekly from co-culture day 3. On days 7, 14, 21, 
and 28, absolute numbers of CAR-T cells were quantified using 
anti-Myc-tag antibody staining and CountBright Absolute Counting 
Beads (Thermo Fisher Scientific, USA) according to the manufac-
turer’s instructions. Changes in CAR-T cell numbers over time 
were calculated by dividing the absolute counts on days 14, 21, 
and 28 by the count measured on day 7. Absolute numbers of Jurkat 
cells were quantified based on the CAR-negative cell population on 
days 0, 7, 14, 21, and 28.

Cytotoxicity assay

To evaluate the cytotoxic activity of CAR-T cells, 1 × 10 4 target cells 
were co-cultured with CAR-T cells at 10:1, 3:1, or 1:1 E:T ratios in 
200 μL of complete T cell medium without IL-2 in 96-well flat-bot-
tom plates for up to 72 h. Each condition was tested in triplicate 
wells. GFP fluorescence intensity was measured every 4 h using the 
IncuCyte S3 Live-Cell Analysis System (Sartorius, Germany). Total 
integrated GFP intensity per well was used as a quantitative measure 
of viable target cells. Values of total integrated GFP intensity were 
normalized to the GFP intensity of the starting point.

In vivo xenograft models

All animal procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Curocell, Inc. and conducted 
in accordance with national and institutional guidelines. NOG mice 
(6–8 weeks old) were purchased from KOATECH (Republic of 
Korea). Mice were intravenously injected via the tail vein with
1 × 10 6 Jurkat-GL cells, followed 7 days later by tail vein injection 
of the indicated dose of CAR-T cells. Tumor burden was assessed 
by bioluminescence imaging following intraperitoneal injection 
of luciferin (PerkinElmer, USA) according to the manufacturer’s in-
structions, using the IVIS Lumina X5 imaging system (PerkinElmer, 
USA). Bioluminescence signals were quantified using the Living 
Image software (PerkinElmer, USA). Tumor growth was moni-
tored weekly. Absolute counts of CAR-T cells in peripheral blood 
were determined on days 0, 3, 7, 15, and 21 post-infusion using 
CountBright Absolute Counting Beads (Thermo Fisher Scientific, 
USA) according to the manufacturer’s instructions.

Quantitation of cytokine levels

Culture supernatants were collected on days 3, 7, and 10 during 
CAR-T cell expansion and stored at − 80 ◦ C. In a separate experi-
ment, supernatants were harvested 72 h after in vitro cytotoxicity as-
says and stored at − 80 ◦ C. Cytokine levels of IFN-γ and TNF-α in su-
pernatant were quantified by cytometric bead array using the CBA
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Human Soluble Protein Master Buffer Kit, Human IFN-γ Flex Set 
and Human TNF-α Flex Set (BD Bioscience, USA) according to 
the manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10 
(GraphPad Software, Inc., USA) and R (v.4.5.2; R Foundation for 
Statistical Computing, Austria) with RStudio (Posit Software, Inc., 
USA). For experiments consisting of technical replicates only, statis-
tical comparisons were conducted using one-way ANOVA. For ex-
periments performed with multiple donors, group comparisons 
were assessed using a linear mixed-effects model with CAR construct 
as a fixed effect and donor as a random effect (random intercept). 
Post hoc multiple comparisons were performed using Tukey’s test. 
Survival curves were estimated using the Kaplan-Meier method, 
and statistical significance was assessed using the log rank 
(Mantel-Cox) test. A p value <0.05 was considered statistically 
significant.
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