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Abstract

Chimeric antigen receptor (CAR) T expansion has been linked to anti-tumor response in relapsed/refractory large B-cell 
lymphoma both in clinical trials and smaller real-world studies. Here, we present the largest multicenter real-world anal-
ysis to date, evaluating 262 patients treated with tisagenlecleucel or axicabtagene ciloleucel in second or subsequent re-
lapse. Our findings underscore the complementary roles of multiparameter flow cytometry and droplet digital polymerase 
chain reaction in monitoring CAR T cells. While droplet digital polymerase chain reaction accurately quantifies transgene 
copies, multiparameter flow cytometry provides critical phenotypic details, revealing CAR T-cell subpopulations that are 
associated with its efficacy. Consistent with prior studies, we confirm the association of CAR T expansion with response 
rates, progression-free survival, and toxicities. However, we reveal that expansion alone does not ensure efficacy. Elevated 
markers of systemic inflammation, such as ferritin and C-reactive protein, are linked to poorer outcomes despite robust 
expansion. These markers correlate with reduced cytotoxic CD8+ T cells with central memory features among in vivo ex-
panded CAR T-cell populations, with similar associations observed in manufactured and leukapheresis products. Impor-
tantly, patients with high baseline inflammation who achieved significant expansion demonstrated progression-free surviv-
al outcomes comparable to those with limited expansion, highlighting the negative impact of inflammation on CAR T-cell 
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Introduction

Clinical response to CD19-directed T-cell therapy in re-
lapsed/refractory (R/R) large B-cell lymphoma (LBCL) is 
strongly linked to its in vivo expansion and persistence 
as demonstrated in clinical trials.1-4 This underscores the 
importance of monitoring circulating chimeric antigen 
receptor (CAR) T cells in peripheral blood (PB) and tumor 
tissues during clinical follow-up.
Despite the established significance of CAR T expansion, 
its clinical relevance in real-world settings has been ex-
plored primarily in monocentric studies with small patient 
cohorts.5-7 Multicenter studies assessing the efficacy of 
CD19-directed CAR T-cell therapy have been conducted 
worldwide,8-16 but systematic longitudinal data on in vivo 
CAR T expansion remain scarce. This gap is partly attrib-
utable to the absence of standardized methods for CAR 
T-cell monitoring,17 which hampers efforts to correlate CAR 
T-cell kinetics with clinical outcomes and toxicity profiles.
Additionally, although expansion kinetics have been shown 
to correlate with CAR T-product characteristics, pre-treat-
ment tumor burden and systemic inflammation,5,18 the 
precise interplay of these factors on circulating CAR T 
expansion remains unclear.19

In our study, we discuss how the current monitoring meth-
odologies, namely multiparameter flow cytometry (MFC) 
and droplet digital polymerase chain reaction (ddPCR), 
provide complementary yet distinct information useful for 
optimizing CAR T-cell therapy. Furthermore, we perform 
real-world correlative studies on CAR T expansion kinetics 
in a multicenter cohort of 262 patients, and investigate the 
relevance of CAR T subpopulations in mediating its ther-
apeutic efficacy. Importantly, we also examine the role of 
inflammatory markers on CAR T expansion to understand 
its possible impact on CAR T activity.

Methods

CART SIE is an ongoing multicenter prospective observa-
tional study coordinated by the Fondazione IRCCS Istituto 
Nazionale dei Tumori, Milan, Italy, conducted across 21 
Italian hematology centers (clinicaltrials gov. Identifier: 
NCT06339255).
For this analysis, 262 LBCL patients were selected from 
the CART SIE cohort based on the availability of biological 
samples and paired clinical data as shown (Online Supple-
mentary Figure S1). Patients received either tisagenlecleucel 

(tisa-cel) or axicabtagene ciloleucel (axi-cel) as standard 
of care across 12 participating Italian centers, between 
December 2019 and May 2024. All patients received fluda-
rabine/cyclophosphamide lymphodepletion, according to 
clinical practice.
Response to treatment was assessed at day 90 post-in-
fusion using the Lugano 2014 classification.20 Patients 
achieving complete response (CR) or partial response (PR) 
were classified as responders (RE). Patients with stable 
disease (SD), progressive disease (PD), or those who died 
due to progression were considered non-responders (NR).
Biological samples were centralized at the Hematology 
Division of the Fondazione IRCCS Istituto Nazionale dei 
Tumori (Milan, Italy), where the study was conducted. This 
study was approved by the local ethics committee (INT 
180/19) and by the institutional review boards at each site 
(clinicaltrials gov. Identifier: NCT06339255), and adhered to 
the Declaration of Helsinki. Written informed consent was 
obtained from all participants.
CAR T enumeration was performed by MFC and an in house 
ddPCR and real time quantitative PCR (RT-qPCR) method 
(see the Online Supplementary Appendix for details; Online 
Supplementary Figures S2 and S5-8; Online Supplementary 
Table S3).
Additional methods including immunophenotyping of T cells 
and CAR T cells, genomic DNA and cell-free DNA extraction, 
enzyme-linked immunosorbent assays  and statistical anal-
yses, are reported in the Online Supplementary Appendix.

Results

CAR T expansion dynamics
The pharmacokinetic profiles of CAR T cells were studied 
in 262 R/R LBCL patients, enrolled in the CART SIE study. 
Detailed patient characteristics and clinical outcomes are 
summarized in Online Supplementary Table S1. Patients 
received either tisa-cel or axi-cel as standard of care in 
second or subsequent relapse. Patient characteristics were 
representative of the broader LBCL cohort of the CAR T 
SIE study (Online Supplementary Table S2).
Circulating CAR T cells were monitored using MFC until CAR 
T were no longer detectable. The peak of CAR T expansion 
occurred within the first month after infusion and median 
time to maximal expansion (Tmax) was day 10. Median CAR 
T count at day 10 post-infusion (C10) was 21.03 c/µL (range, 
0-932.19), at peak expansion (Cmax) was 35.55 c/µL (range, 
0-1,626.8), and the median cumulative CAR T level within 

efficacy. Interestingly, ferritin and C-reactive protein levels were similar among responding patients, regardless of differ-
ences in CAR T expansion. Collectively, our findings indicate that systemic inflammation is associated with the phenotypic 
quality of T and CAR T cells. While functional validation is warranted, these results underscore the need to address inflam-
matory pathways to improve treatment outcomes.
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the first month (AUC0-30) was 79.49 (range, 0-1,964) (Online 
Supplementary Figure S3). No CAR T cells were detected 
in one patient at any time point post infusion. Given the 
strong correlations among kinetic parameters (P<0.0001; 
Online Supplementary Figure S4), cumulative CAR T levels 
within the first month (AUC0-30) were prioritized for subse-
quent analyses. This approach provided a comprehensive 
assessment of CAR T dynamics, accommodating patients 
with fewer available time points for monitoring.
CAR T dynamics were also monitored using a molecular 
ddPCR method capable of detecting the CAR transgene in 
both tisa-cel and axi-cel (Online Supplementary Appendix; 
Online Supplementary Table S3; Online Supplementary Fig-
ures S5-8). We found strong correlations between phar-
macokinetic parameters (P<0.0001; Online Supplementary 
Figure S9) and between MFC and ddPCR (P<0.0001; N=114; 
Figure 1; Online Supplementary Figure S10). This validated the 
utility of both techniques for monitoring CAR T expansion. 
Nonetheless, ddPCR was particularly useful for assessing 
CAR T presence in low-cellularity samples where MFC was 
impractical or unsuitable. These included bone marrow 
samples, tumor biopsies, ascites and plasmatic cell-free 
DNA. CAR copy levels were detected in all specimen types 
(Online Supplementary Table S4) and were highly variable 
across samples (range, 0-2.79E+04 copies/μg DNA), demon-
strating significant CAR T trafficking to various local sites.
We then analyzed the CAR T content of infusion product 
leftovers (N=30) using both MFC and ddPCR. Consistent 
with our previous findings,5 flow cytometry revealed that 
axi-cel products contained a higher percentage of CAR+ 
cells among CD3+ and among CD45+ populations (Figure 
2A, B). Similarly, ddPCR showed that axi-cel infusion prod-
ucts were over ten-times enriched also in CAR copies/μg 
DNA compared to tisa-cel (5.2E+05 vs. 0.66E+05 copies/
μg DNA respectively; P<0.01) (Figure 2C). Of note, when we 
calculated the transduction efficiency of T lymphocytes 
by integrating MFC and ddPCR data, to estimate the CAR 
vector copy number (VCN) per CAR T cell, we discovered 
that VCN was significantly higher in axi-cel (5.7 copies per 
CAR T cell; range, 3.2-9.8) compared to tisa-cel (2.8 copies 
per CAR T-cell; range, 1.8-4.9; P<0.0001; Figure 2D). These 
findings suggest that while molecular assays are relevant 
to assess CAR T bio-distribution, they may overestimate 
CAR T counts relative to flow cytometry due to differences 
in VCN.

Correlation of CAR T expansion with clinical parameters 
and toxicities
We assessed the relationship between CAR T expansion 
kinetics using MFC data, and a range of baseline clinical 
parameters, including age, sex, histology, stage, Eastern 
Cooperative Oncology Group (ECOG) performance status, 
International Prognostic Index (IPI), bulky disease, extranodal 
involvement, prior lines of therapy and history of autologous 
stem cell transplantation (ASCT). Among these, a significant 

association was observed only with prior ASCT. Patients 
with a history of ASCT exhibited higher cumulative CAR T 
levels within the first month (AUC0-30) compared to those 
without ASCT (median AUC0-30: 136.8 vs. 72.85; P<0.05; Online 
Supplementary Figure S11A-J). Importantly, no significant 

Figure 1. CAR T expansion monitoring by multiparameter flow 
cytometry and droplet digital polymerase chain reaction. Lon-
gitudinal chimeric antigen receptor (CAR) T expansion kinetics 
assessed by both (A) multiparameter flow cytometry (MFC) and 
(B) droplet digital polymerase chain reaction (ddPCR) at the 
indicated time points, on peripheral blood (PB) samples from 
20 lymphoma patients. (C) Scatter dot plots showing the Spear-
man correlation between CAR T enumerations performed by 
MFC and ddPCR (N=114 paired samples).
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differences in CAR T expansion were found between axi-cel 
and tisa-cel products (Online Supplementary Figure S11K). 
Furthermore, expansion did not correlate with response to 
bridging therapy, disease status (relapsed vs. refractory) or 
the LBCL subtype (Online Supplementary Figure S11L-0). 
Next, we explored the relationship between CAR T expan-
sion and infusion-related toxicities. Higher CAR T expan-
sion rates were associated with cytokine release syndrome 
(CRS) occurrence across all grades (Online Supplementary 
Figure S12A, B), and univariable logistic models confirmed 
this (Online Supplementary Table S5). On the other hand, 
no significant differences in CAR T expansion were found 
in patients experiencing immune effector cell-associated 
neurotoxicity syndrome (ICANS) (Online Supplementary 
Figure S12C, D), but univariable models suggested that all 
kinetic parameters were predictive of ICANS (Online Sup-
plementary Table S6).
To evaluate the potential impact of CAR T expansion on 
hematological toxicities, we analyzed cytopenias at vari-
ous time points. Early assessment at day 30 post-infusion 
revealed that thrombocytopenia, especially severe throm-
bocytopenia (grade ≥3), but not anemia, leukopenia, or 
neutropenia, was significantly associated with higher CAR 
T expansion (P<0.05; Online Supplementary Figure S13A-E). 
By day 90, however, CAR T expansion no longer showed a 
significant impact on cytopenias (Online Supplementary 
Figure S13F-I).
Together, these findings confirm that immune cell acti-
vation driven by CAR T expansion plays a key role in the 
development of infusion-related toxicities. However, the 
impact of CAR T expansion on hematotoxicities seems to 
be limited to early thrombocytopenia, with no detectable 
long-term effects.

CAR T expansion and its association with day 90 
response and progression-free survival
We identified a significant association of CAR T expan-
sion with treatment response at day 90. Responders (RE) 
demonstrated higher CAR T-cell levels compared to non-re-
sponders (NR) across kinetic parameters (median C10: 26.68 
CAR T/µL vs. 14.16 CAR T/µL for RE and NR [P<0.05]; median 
Cmax: 43 CAR T/µL vs. 23.94 CAR T/µL for RE and NR [P<0.01]; 
median AUC0-30: 105.2 vs. 55.76 for RE and NR [P<0.01]); (On-
line Supplementary Figures 3A and S14A-F), confirmed by 
univariable logistic models (Online Supplementary Table S7).
To investigate the prognostic impact of CAR T expansion, 
patients were classified into “expanders” and “poor ex-
panders” based on median values of C10, Cmax, and AUC0-30. 
Expanders exhibited significantly longer progression-free 
survival (PFS) compared to poor expanders (C10: median 
PFS not reached vs. 135 days; P<0.05; Cmax: median PFS not 
reached vs. 135 days; P<0.01; AUC0-30: median PFS 561 vs. 
168 days; P<0.05) (Figure 3B; Online Supplementary Figure 
S14G-H). Accordingly, univariable Cox models showed a 
strong association of Cmax and AUC0-30 with PFS whereas 

C10 was not predictive (Online Supplementary Table S8). Of 
note, none of these kinetic parameters were able to predict 
overall survival (Online Supplementary Table S9).
To determine the independent contribution of CAR T ex-
pansion to clinical outcomes, we performed multivariable 
analyses using clinical parameters identified from univari-
able models (Online Supplementary Tables S10 and S11). 
These analyses confirmed that CAR T expansion signifi-
cantly influenced the day 90 response (P=0.0017), along 
with pre-infusion ferritin levels (P=0.0149), CAR T product 
type (P=0.0431), and age (P=0.0217) (Figure 3C). Similarly, 
CAR T expansion was a predictor of PFS (P=0.002), togeth-
er with pre-infusion lactate dehydrogenase (LDH) levels 
(P=0.0002) (Figure 3D).

Figure 2. Study of tisa-cel and axi-cel infusion products using 
multiparameter flow cytometry and droplet digital polymerase 
chain reaction. Dot plots showing the differences in the per-
centage of chimeric antigen receptor-positive (CAR+) cells among 
(A) CD3+ and (B) CD45+ cells between tisagenlecleucel (tisa-cel) 
or axicabtagene ciloleucel (axi-cel) infusion products (N=30). (C) 
Dot plot showing the difference in CAR copy number/µg DNA 
between tisa-cel or axi-cel infusion products (N=30). (D) Dot 
plot showing the difference in CAR copy number/CAR T cell 
between tisa-cel and axi-cel infusion products (N=30). The cal-
culation was performed as described in the Online Supplemen-
tary Methods. P values were calculated applying the Mann-Whit-
ney test; ****P<0.0001. MFC: multiparameter flow cytometry; 
ddPCR: droplet digital polymerase chain reaction.
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Figure 3. CAR T expansion significantly impacts day 90 response and progression-free survival. (A) Magnitude of chimeric antigen 
receptor (CAR) T expansion within the first month after infusion (AUC0-30) in responders (RE) and non-responders (NR) by day 90 
(N=235). Exact median values are reported. P value was calculated applying the Mann-Whitney test; **P<0.01. (B) Kaplan-Meier 
curve showing progression-free survival (PFS) according to CAR T expansion (N=262). Patients were dichotomized into strong and 
poor expanders based on the AUC0-30. Comparisons were made applying the log-rank test. (C) Forest plot reporting the results of 
a multivariable logistic model assessing potential clinical and biological risk factors for response at day 90 (N=160). (D) Forest 
plot showing results of multivariate Cox regression model assessing potential clinical and biological risk factors for progression-free 
survival (PFS) (N=147). CRP: C reactive protein; LDH: lactate dehydrogenase; ASCT: autologous stem cell transplantation; HGBCL: 
high grade B-cell lymphoma; DLBCL: diffuse large B-cell lymphoma; PMBCL: primary mediastinal B-cell lymphoma; OR: odds 
ratio; HR: hazard ratio; NA: not applicable.
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Moreover, to understand the association between expan-
sion and outcomes among CAR T products, we estimated 
logistic and Cox regression models with an interaction term 
between CAR T product and expansion. For overall response 
rate (ORR), the odds ratio (OR) for the effect of expansion 
was comparable between axi-cel (OR=1.67) and tisa-cel 
(OR=2.35), and the interaction term was not statistically 
significant. A similar pattern was observed for PFS (hazard 
ratio [HR] in axi-cel =0.68; HR in tisa-cel =0.63), again with 
a non-significant interaction term, thus suggesting that 
the expansion effect were similar across the two products 
(Online Supplementary Tables S12 and S13).
Taken together, these data confirm the clinical relevance 
of CAR T expansion as a critical determinant of treatment 
response and PFS in a large multicenter, real-world setting, 
irrespective of the product.

Differences in T-cell composition as predictors of CAR 
T-cell in vivo expansion and efficacy
To analyze the effect of T-cell phenotypes on CAR T ex-
pansion, we examined circulating CAR-positive (CAR+) 
and CAR-negative (CAR-) CD4+ and CD8+ T cells during 
the expansion period. Expanders showed higher levels of 
CAR+CD8+ cells at days 7, 10, 14, and peak expansion, with 
an increase in CAR+CD8+ central memory T cells (TCM) and 
a decrease in exhausted CAR+CD8+ T cells (PD1+LAG3+-

TIM3+) at peak expansion (Online Supplementary Figure 
S15). The CAR+CD4/CD8 ratio was lower in expanders at 
all time points but significantly differed only at day 10 
and peak expansion (Online Supplementary Figure S16). 
In contrast, no major differences were observed in the 
CAR- population except for higher CAR-CD8+ levels in 
expanders at day 7 (Online Supplementary Figure S17). 
These results suggest that CD8+ cytotoxic T cells are key 
to robust CAR T expansion.
To account for product-specific differences among the 
composition of expanding CAR T cells, we also compared 
the frequencies of CAR+ subpopulations among axi-cel 
and tisa-cel products on the peak day of expansion. Im-
portantly, we observed higher levels of CAR+CD4+ T cells 
(P=0.0007) and lower CAR+CD4/CD8 ratio (P=0.02) in axi-
cel patients, as well as higher frequencies of CAR+CD8+ 
TCM (P=0.0113) in tisa-cel patients (Online Supplementary 
Figure S18A-C). However, none of these compositional 
differences correlated with response or survival (data not 
shown). Moreover, since expansion was not affected by 
the CAR T product, all consequent analyses assessing the 
effects of CAR T phenotypes on expansion and outcomes 
were performed on both products combined.
Next, we evaluated whether T-cell phenotypes in leftover 
cells from infusion bags influenced expansion. While 
CAR+CD4+ and CAR+CD8+ levels did not differ significantly 
between strong and poor expanders (data not shown), 
CD8+ CAR T-cell levels and CAR+CD4/CD8 ratios in infusion 
products correlated with their levels at peak expansion 

(Spearman r=0.3270 and r=0.3452, respectively; P<0.01). 
Notably, higher CAR+CD8+ levels and lower CAR+CD4/CD8 
ratios in infusion products were linked to better day 90 
response and PFS (Online Supplementary Figure S19). 
These findings underscore the role of infusion product 
composition in driving clinical outcomes and expansion.
Lastly, we investigated T-cell composition in leukapher-
esis products. While no significant differences in CD4+ 
or CD8+ levels between strong and poor expanders were 
detected (data not shown), CAR+CD8+ T-cell levels and 
CAR+CD4/CD8 ratios in infusion products correlated with 
CD8+ T-cell levels and CD4/CD8 ratios in leukapheresis 
products (Spearman r=0.3829 and r=0.3733; P<0.01). Higher 
CD8+ levels and lower CD4/CD8 ratios in leukapheresis 
were associated with enhanced day 90 response but not 
PFS (Online Supplementary Figure S20).
Together, these findings suggest that the phenotype of T 
cells in leukapheresis and infusion products has a more 
direct link to clinical response compared to their role in 
driving expansion, and highlight the importance of T-cell 
functional quality over mere expansion.

Patients expanding CAR T cells but not experiencing a 
disease response are characterized by high levels of 
inflammatory markers
While CAR T expansion is generally associated with favor-
able clinical outcomes, it cannot be considered a definitive 
predictive biomarker at the individual patient level. In fact, 
some patients exhibit robust CAR T expansion without 
achieving a disease response, while others show limited 
expansion but experience durable responses (Figure 3).
To investigate these discrepancies, we analyzed clinical 
and biological features at infusion, categorizing patients 
into expanders who responded by day 90 (exp-RE, N=77, 
29.4%) and expanders who did not respond (defined as 
expanders-non responders [exp-NR], N=42, 16%). No 
significant differences were observed between the two 
groups in terms of lymphocyte and monocyte counts in 
PB, disease status at infusion, the occurrence of CRS, or 
the percentage of CD8+ central memory CAR T cells in 
infusion products5,21 and at peak expansion (Online Sup-
plementary Figure S21).
Nonetheless, compared to exp-RE patients, exp-NR pa-
tients displayed significantly higher pre-infusion levels 
of inflammatory markers, including ferritin (median 943 
ng/mL [exp-NR] vs. 362 ng/mL [exp-RE]; P<0.0001)] and 
C-reactive protein (CRP) (median 17 mg/L [exp-NR] vs. 7 
mg/L [exp-RE]; P=0.0002)], as well as LDH (median nor-
malized LDH 0.97 [exp-NR] vs. 0.68 [exp-RE]; P=0.0022] 
(Figure 4A-C). Notably, ferritin, CRP, and LDH levels were 
comparable among responding patients, regardless of 
differences in CAR T expansion (Online Supplementary 
Figure S22). Elevated ferritin and CRP levels persisted 
in exp-NR patients during the first month post infusion 
with significantly higher cumulative levels median AUC0-
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30 ferritin: 4,888 versus 15,536 for exp-RE and exp-NR 
(P=0.0002); median AUC0-30 CRP: 196.3 versus 439.8 for 
exp-RE and exp-NR (P=0.0008) (Figure 4D, E).
Univariable models fitted in the expanders group con-
firmed that LDH, ferritin and CRP levels significantly 
impacted day 90 response (LDH: OR=0.44; 95% confi-
dence interval [CI]: 0.22-0.88; P=0.0483; ferritin: OR=0.37; 
95% CI: 0.15-0.9; P=0.0007; CRP: OR=0.36; 95% CI: 0.16-
0.81; P=0.00053) and PFS (LDH: HR=1.56; 95% CI: 1-2.43; 
P=0.0262; ferritin: HR=1.3; 95% CI: 0.77–2.21; P=0.00001; 
CRP: HR=2; 95% CI: 1.25-3.2; P=0.0006). Bivariable mod-
els revealed that ferritin had a more pronounced nega-
tive impact on survival in strong expanders than in poor 
expanders (PFS interaction P=0.0342; OS interaction 
P=0.0454), while CRP effect differed among strong and 
poor expanders primarily on disease response (inter-
action P=0.0685). LDH levels did not show significant 
differences between strong and poor expanders (Online 
Supplementary Tables S14-16). Multivariable analyses in 
the strong expanders subgroup confirmed the roles of 
ferritin and CRP as independent predictors of outcomes, 
including both day 90 response (ferritin: OR=0.47; 95% 
CI: 0.30-0.76; P=0.002; CRP: OR=0.66; 95% CI: 0.45-0.96; 
P=0.0302) (Online Supplementary Figure S23) and PFS 
(ferritin: HR=1.2, 95% CI: 1.04-1.38; P=0.0107; CRP: HR=3.44; 
95% CI: 1.74-6.79; P=0.0017) (Figure 4F).
The negative impact of inflammation on the outcome of 
expander patients was further investigated by assessing the 
pre-infusion levels of different cytokines. Significantly higher 
levels of interleukin (IL)-6, IL-10 and IL-18 were detected 
in exp-NR while no differences were observed in IL-11, IL-
1β, TNF-α, IFN-γ and TGF-β levels (Online Supplementary 
Figure S24). Of note, a moderate but significant correlation 
was found among IL-6, IL-10, IL-18 and pre-infusion ferritin 
and CRP levels (Online Supplementary Table S17).
Finally, when pre-infusion ferritin and CRP levels were 
combined with expansion data, the shortest PFS was 
observed in expanders with both markers above the me-
dian (median PFS: not reached for exp-low ferritin/low 
CRP vs. 135 days for exp-high ferritin/high CRP; P=0.0012). 
Notably, this subgroup displayed a median PFS equivalent 
to poor expanders (Figure 4G), indicating that expansion 
alone does not implicate a lymphoma response.

Persistent inflammation from leukapheresis to infusion 
correlates with more differentiated T-cell subsets and 
inferior outcomes
We next sought to examine the association of inflammatory 
markers with the phenotypic features of T-cell and CAR 
T-cell subtypes. Patients whose ferritin and CRP levels 
exceeded the median at the time of infusion (406 ng/mL 
and 9 mg/L, respectively), exhibited reduced percentages 
of CAR+CD8+ TCM, in both, infusion products and at peak 
expansion (P<0.05) (Figure 5A, B). Notably, ferritin and 
CRP levels at leukapheresis were correlated with those 
measured prior to infusion in our patient cohort (ferritin: 
Spearman r=0.7163; P<0.0001; CRP: Spearman r=0.5135; 
P<0.0001; Online Supplementary Figure S25A, B). Consistent 
with this observation, we identified lower frequencies of 
immature T-cell populations (T-stem cell memory (TSCM), 
CD45RO-CD197+CD62L+CD95+; P<0.05) also in leukaphere-
sis products (Figure 5C). A similar pattern emerged when 
specifically analyzing patients with ferritin levels above 
the median (437 ng/L) measured around the time of leu-
kapheresis (+/-7 days; Figure 5D), but not with high CRP 
levels. These discrepancies might reflect the less robust 
correlation between CRP values at LK and infusion (Online 
Supplementary Figure S25B) as CRP is a more dynamic 
acute-phase reactant susceptible to short-term chang-
es. In contrast, ferritin remains more stable and tends to 
mirror persistent inflammatory states and disease burden, 
potentially accounting for its more consistent association 
with T-cell phenotypes across all time points.
The correlation of high ferritin and CRP across time points 
in our study indicates that bridging therapy could not 
reverse the inflammatory state in a significant subset of 
patients. Additionally, given that immature T-cell phe-
notypes have been shown to augment the therapeutic 
potential of CAR T cells,22 the consistent presence of 
more mature T-cell populations during CAR T-cell therapy, 
supports the notion that inflammation may contribute to 
suboptimal responses, potentially skewing T cells into 
less effective states.  
This is further substantiated by the observation that a me-
dian PFS as short as 83 days was observed in patients dis-
playing high ferritin/CRP and CAR+CD8+ cells depleted infusion 
products (percentages below the median) prior to therapy. 

Figure 4. Patients expanding CAR T cells but not responding to therapy are characterized by high levels of inflammatory mark-
ers. Graphs showing pre infusion values of (A) ferritin (N=107), (B) C-reactive protein (CRP) (N=110) and (C) normalized lactate 
dehydrogenase (LDH) (N=94) in expanders who responded (exp-RE) and expanders who did not respond by day 90 (exp-NR). 
LDH levels were divided by the respective upper limit of normal (ULN), to generate normalized ratios. Ratios >1 correspond to 
LDH levels higher than ULN. Graphs showing cumulative levels of (D) ferritin and (E) CRP within the first months after infusion 
(AUC0-30, N=52). In (A-E), exact median values are reported. P values were calculated applying the Mann-Whitney test; **P<0.01; 
***P<0.001; ****P<0.0001. (F) Forest plot reporting the results of a multivariable Cox model assessing potential risk factors for 
progression-free survival (PFS) in expander patients (N=72). (G) Kaplan-Meier curve showing PFS according to chimeric antigen 
receptor (CAR) T expansion and pre infusion levels of ferritin and CRP (N=205). Patients were dichotomized into strong and poor 
expanders based on the median AUC0-30. High ferritin/CRP: patients with both ferritin and CRP levels higher than the median (406 
ng/mL and 9 mg/L, respectively); low ferritin/CRP: patients with both ferritin and CRP levels lower than the median. Comparisons 
were made applying the log-rank test. HR: hazard ratio.
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In contrast, the median PFS was not reached for patients 
with low ferritin/CRP and CAR+CD8+ percentages above the 
median (P=0.0063) (Figure 5E). Interestingly, although inflam-
mation and CAR T phenotypes at infusion influenced survival 
probabilities, when patients were stratified by inflammato-
ry-marker levels, responders (RE) and non-responders (NR) 
showed similar frequencies of both CD8⁺ and CD4⁺ T cells 
in their infusion product and likewise in their leukapheresis 
products (Online Supplementary Figures S26-27).
These collective findings underscore that systemic inflam-
mation often persists after bridging therapy and may com-
promise T-cell quality and, consequently, CAR T-cell efficacy.

Discussion

This multicenter, real-world study represents the largest 
cohort published to date analyzing in vivo CAR T expansion, 
providing a comprehensive evaluation of CAR T-cell moni-
toring, immunophenotypic characterization, and the impact 
of systemic inflammation on clinical outcomes in patients 
with second or subsequent relapsed/refractory LBCL.
Consistent with prior clinical trial results, our findings 
confirm in a large real-world cohort that CAR T expansion 
strongly correlated with day-90 response and PFS1-7,23 with 
no major differences between axi-cel and tisa-cel treated 

Figure 5. High levels of inflammatory 
markers impact T-cell composition 
in infusion products, at peak expan-
sion and in leukapheresis. Levels of 
chimeric antigen receptor-positive 
(CAR+)CD8+ T central memory (TCM) 
cells in infusion products (IP) (N=49) 
based on inflammatory markers at 
infusion (A), CAR+CD8+ TCM cells at 
peak expansion (Cmax, N=25) based on 
inflammatory markers at infusion (B), 
CD8+ T-stem cell memory (TSCM) cells 
in leukapheresis (LK) products (N=40) 
based on inflammatory markers at 
infusion (C), CD8+ TSCM cells in LK 
products (N=40) based on ferritin lev-
els at leukapheresis (D). Patients were 
dichotomized based on ferritin and 
C-reactive protein (CRP) values before 
infusion. High ferritin/CRP: patients 
with both ferritin and CRP levels high-
er than the median (406 ng/mL and 
9 mg/L, respectively); low ferritin/
CRP: patients with both ferritin and 
CRP levels lower than the median for 
(A-C). In (D) patients were dichoto-
mized based on ferritin values (437 
ng/L) measured around the time of 
leukapheresis (+/-7 days). In (A-D) 
exact median values are reported. P 
values were calculated applying the 
Mann–Whitney test; *P<0.05. (E) Ka-
plan-Meier curve showing progres-
sion-free survival (PFS) according to 
the levels of CAR+CD8+ in infusion 
products (IP) and pre-infusion levels 
of ferritin and CRP (N=205). High fer-
ritin/CRP: patients with both ferritin 
and CRP levels higher than the me-
dian; low ferritin/CRP: patients with 
both ferritin and CRP levels lower than 
the median. High CAR+CD8+ in IP: 
CAR+CD8+ levels in IP higher than the 
median; low CAR+CD8+ in IP: CAR+CD8+ 
levels in IP lower than the median. 
Comparisons were made applying the 
log-rank test.

A B

C D

E
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patients. Although strong expanders exhibited lower CD4/
CD8 ratios, higher frequencies of cytotoxic CAR+CD8+ T 
cells with central-memory features, and fewer exhausted 
CAR+CD8+ T cells (PD1, LAG3, TIM3) post-infusion, none of 
these subpopulations alone determined outcome. Rather, 
in line with recently published findings,18,22,24-27 the pheno-
typic composition of the infusion and leukapheresis prod-
ucts, characterized by higher CD8+CAR+ T-cell and T-cell 
frequencies, respectively and lower CAR T and T CD4/CD8 
ratios, respectively, were both found to be correlated with 
favorable responses.
Our findings underscore the importance of integrating com-
plementary monitoring methodologies in clinical practice. 
Of note, while ddPCR which is commonly used to assess 
CAR T expansion in clinical studies,2,4,28-30 providing robust 
quantification of CAR transgene copies, only flow cytometry 
enables detailed immunophenotyping, identifying viable 
subpopulations and phenotypic markers.31,32 Remarkably, our 
study reveals that product-specific differences in vector 
copy numbers (VCN) complicate direct expansion metric 
comparisons. However, ddPCR can be helpful for studying 
CAR T cells in low-cellularity samples or unconventional 
tissues, sample types such as bone marrow, tumor biop-
sies, and cell-free DNA thus providing information on CAR T 
trafficking, demonstrating the distinct yet synergistic roles 
of MFC and molecular approaches in CAR T-cell monitoring.
A key novel finding of this study is the detrimental impact of 
systemic inflammation on CAR T-cell efficacy. In particular, 
we show that elevated ferritin and CRP levels, persisting 
post-infusion, were associated with poor outcomes despite 
robust CAR T expansion. Moreover, these inflammatory 
biomarkers emerged as independent predictors of out-
comes after adjusting for disease-related risk factors in 
multivariable models. Importantly, median PFS of patients 
expanding CAR T cells with high baseline CRP and ferritin 
levels was short and comparable to that of poor expanders. 
Overall, these results suggest that systemic inflammation 
as a factor complements, rather than merely reflecting 
traditional disease-risk features.
Prior studies, including those by Locke et al.,18 have linked 
elevated ferritin levels to reduced expansion normalized 
to tumor burden and non-response. Our findings extend 
this by revealing that systemic inflammation impairs CAR 
T-cell phenotypic quality, as evidenced by lower cytotoxic 
CD8+ T cells with T central memory characteristics. The 
elevated levels of IL-6, IL-10 and IL-18 along with ferritin 
and CRP, in patients expanding CAR T but not responding, 
and the significant correlations among IL-6, IL-10, IL-18 
and pre-infusion ferritin and CRP levels, support the no-
tion that this inflammation-driven suppression may, in 
part, be mediated by myeloid-derived cytokines whose 
role has been recently highlighted by us and others.21,33 In 
addition to creating a hostile immune environment, these 
soluble mediators compromise the phenotypic quality of 
T cells, including those expressing CAR, thereby impairing 

CAR T-cell functionality. Although our results are based 
on correlative analysis and functional validations are still 
required, in vitro and in vivo studies reporting the role of 
IL-6, IL-10 and IL-18 in suppressing T-cell functions34-41 
further support these findings.
Understanding how systemic and local inflammation shape 
T-cell states is critical for improving long-term therapeutic 
outcomes of CAR T-cell therapy. Addressing systemic in-
flammation offers a promising avenue for enhancing CAR 
T-cell therapy outcomes. Strategies such as IL-6 block-
ade, ferritin-lowering therapies, or CRP modulation could 
mitigate inflammation’s negative effects. Although limit-
ed, current evidence does not suggest a benefit on CAR T 
expansion and efficacy from prophylactic IL-6 blockade;42 
however, an optimized timing of these interventions - before 
leukapheresis to improve the quality of collected T cells 
or post-infusion to protect expanding CAR T cells - may 
further enhance therapeutic efficacy.
In conclusion, CAR T-cell therapy efficacy depends not only 
on robust expansion but also on the phenotypic quality of 
CAR T cells and the systemic inflammatory state. Address-
ing inflammation and optimizing T-cell quality represent 
actionable strategies for improving clinical outcomes. Fu-
ture studies should explore the mechanistic links between 
inflammation, T-cell cytotoxicity, and persistence, while 
testing targeted anti-inflammatory interventions to refine 
treatment strategies.
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