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ABSTRACT 
Recent evidence revealed important interactions between clonal hematopoiesis (CH) and cellular therapies established for the treatment 
of hematologic malignancies. The impact of CH on safety, efficacy, and outcome of chimeric antigen receptor (CAR) T-cell therapy is 
currently under investigation. We analyzed 110 patients with relapsed/refractory B-cell non-Hodgkin lymphoma (n = 105) or acute lym-
phoblastic leukemia (ALL) (n = 5), treated with Axicabtagene-Ciloleucel (39%), Tisagenlecleucel (51%), or Brexucabtagene autoleucel 
(10%). Using error-corrected targeted sequencing, a high CH prevalence of 56.4% (variant allele frequency [VAF] ≥1%) at the time of CAR 
T-cell infusion was detected. The most frequently mutated gene was PPM1D followed by DNMT3A, TET2, ASXL1, and TP53. Variant 
allele frequencies were significantly lower in B and T cells compared with monocytes and granulocytes. CH did not increase the risk of 
CAR T-related toxicities. The incidences of cytokine release syndrome and immune effector-cell-associated neurotoxicity syndrome were 
similar between CHpos and CHneg patients, regardless of clone size, age, or CAR T product. Prolonged cytopenias were not associated 
with CH. Best overall response rates (ORRs) were numerically but not significantly higher in CHpos patients (ORR 76.7% versus 62.2%; P 
= 0.13). Furthermore, CH status did not predict progression-free survival or overall survival. Lastly, sequential analysis showed a modest 
VAF increase of 1.3% and acquisition of novel mutations within 100 days postinfusion. CH was frequent in large B-cell lymphoma/ALL 
patients receiving CAR T-cells but did not affect toxicity nor treatment response or outcome.

INTRODUCTION

Clonal hematopoiesis (CH) is defined by the acquisition 
of somatic mutations in hematopoietic stem cells (HSCs) and 
occurs in 20%–30% of individuals aged >60 years.1–4 Clinically, 
CH is associated with a proinflammatory phenotype of hema-
topoietic cells and their progeny, inflammatory conditions, 

and a poor outcome for patients with hematologic neoplasms 
and solid tumors.5–7 Well known for the causal relationship 
between CH, proinflammation, and cardiovascular disease is 
TET2, one of the most frequently mutated CH genes. Preclinical 
models have shown an altered function of the NLRP3/IL-1β-
inflammasome of mutated monocytes/macrophages leading to 
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accelerated development of atherosclerosis.8–10 Current data 
indicate pleiotropic effects of mutated clones in CH positive 
individuals, affecting self-renewal and differentiation, but also 
inflammatory signaling of mature blood cells.11,12 Until recently, 
the standard treatment for relapsed or refractory (r/r) aggres-
sive B-cell non-Hodgkin lymphoma (B-NHL) patients consisted 
of immunochemotherapy and consolidation high-dose che-
motherapy with autologous stem cell transplantation (ASCT) 
in eligible patients. Gibson et al showed that CH occurred in 
30% of intensively treated NHL patients and is associated 
with shorter overall survival (OS). Meanwhile, chimeric anti-
gen receptor (CAR) T-cells have been approved for first or 
later relapse/refractoriness of large B-cell lymphoma (LBCL).13 
Adoptive T-cell transfer therapy with CAR T-cells represents a 
breakthrough in the treatment of hematologic malignancies.14,15 
Although durable responses have been observed in 30%–40% 
of r/r B-NHL patients treated with CAR T-cell therapy, it is asso-
ciated with significant systemic inflammatory toxicities, such as 
cytokine release syndrome (CRS) and immune effector-cell-as-
sociated neurotoxicity syndrome (ICANS). Recently, some but 
not all studies investigating the role of CH in the setting of CAR 
T-cell therapies reported an increased risk of CRS or ICANS.16–18 
These studies suggest that CH can influence CAR T-cell biology 
and clinical outcome. In line, experimental knockdown of TET2 
provided evidence for increased efficacy of CAR T-cells harbor-
ing TET2 alterations in a patient with CLL.19

To gain further insights into the importance of CH in the con-
text of CAR T-cell therapies, we investigated CH in a cohort of 
110 r/r B-NHL or acute lymphoblastic leukemia (ALL) patients 
and studied the clonal evolution using serial patient samples up 
to 2 years after CAR T-cell infusion.

PATIENTS AND METHODS

Patients
In this retrospective cohort study from 5 German university 

hospitals, patients were included if they were ≥18 years old, 
received CAR T-cells for the treatment of r/r B-NHL (n = 105) 
or ALL (n = 5) between 03/2019 and 12/2022, and had periph-
eral blood (PB) samples available that were obtained at the 
time of CAR T-cell infusion (d0, ±10 days). Follow-up samples 
were available for 40 of 110 patients at day 100, for 12 of 110 
patients at day 200, for 11 of 110 patients 1 year, and for 6 of 
110 patients 2 years after CAR T-cell treatment.

Supportive care, toxicity management, and response assess-
ment followed institutional practices. CRS and ICANS were 
graded according to the American Society for Transplantation 
and Cellular Therapy consensus criteria.20,21

Written informed consent was obtained from all patients 
according to the Declaration of Helsinki. The study was approved 
by the Institutional Review Board of Hannover Medical School 
(9098_BO_S_2020) and of Charité – Universitätsmedizin Berlin 
(EA2_087_16).

Targeted sequencing
DNA was extracted from PB samples and subjected to an 

error-corrected targeted sequencing workflow, as published 
previously.22–24 Sequencing libraries were prepped using a com-
mercially available library preparation kit and a customized 
targeted sequencing panel (Twist BioScience, USA) containing 
45 genes recurrently mutated in CH (Suppl. Table S1). Unique 
molecular identifiers were used for error-correction (xGen 
UDI-UMI adapters by Integrated DNA Technologies, USA). 
Libraries were sequenced in paired-end mode on Illumina’s 
NovaSeq 6000 sequencing platform. Somatic variants with a 
variant allele frequency (VAF) ≥1% were identified using our 
in-house variant calling pipeline (Supplemental Methods).22,23 
Patients with 1 or more variants ≥1% were defined as CH 
positive.

Cell Sorting
PB samples from 14 patients were thawed and prepared 

for cell sorting by staining with anti-human-antibodies 
CD45-APC-Cy7 (HB-7, CAT 557833), CD3 FITC (SK7, CAT 
345763), CD19 APC (HIB19, CAT 555415), CD14-APC-Cy7 
(MΦP9, CAT 557831), CD56-PE (B159, CAT 555516) 
from BD Biosciences (Heidelberg, Germany) and CD66b-PE 
(G10F5, CAT 305106), CD34-PerCP (581, CAT 343520) from 
BioLegend (San Diego, USA). The following cell populations 
were sorted using the respective immunophenotypes: mono-
cytes (CD14+, CD3−, CD19−), B cells (CD19+, CD3−), T cells 
(CD3+, CD19−), natural killer (NK) cells (CD56+, CD3−, CD14−, 
CD19−), granulocytes (CD45+, CD66b+), and progenitor cells 
(CD34+, CD3−). Genomic DNA was extracted using a low cell 
count DNA extraction kit following the manufacture’s rec-
ommendations (NucleoSpin Tissue XS Kit, Macherey-Nagel, 
Düren, Germany).

Quantification of allelic burden in sorted cell fractions
An amplicon-based error-corrected sequencing and bioin-

formatics approach established for measurable residual disease 
was applied to detect mutations in sorted cell populations of 14 
patients, as previously described.25 We used the Illumina MiSeq 
reagent kit version 3 (600 cycles) for sequencing on the MiSeq 
sequencer, obtaining, on average, 526,161 aligned reads per 
marker with 251 bases in both forward and reverse sequencing 
directions. The limit of detection using this approach is a VAF 
of 0.01%.

Statistical analysis
Median follow-up time for survival and progression-free 

survival (PFS) was calculated according to the reverse Kaplan-
Meier method. PFS end points were disease progression, relapse, 
or death, measured from the date of CAR T-cell infusion to 
event date. OS end points, measured from the date of CAR T-cell 
infusion, were death (failure) and date of last seen (censored). 
The Kaplan-Meier method and log-rank test were used to esti-
mate PFS and OS and to compare differences between survival 
curves. For multivariate analysis, a Cox proportional hazards 
model was constructed for PFS and OS to adjust for potential 
confounding covariates. Variables with imbalanced distribution 
between groups (P < 0.2 in Fisher test) or indication for bet-
ter outcome in univariate analysis were considered. Covariates 
were tested for satisfying proportional hazards assumption. The 
OS-model was stratified for “age above versus below 60 years 
at treatment day.”

The best overall response rate (ORR) was determined in the 
first 180 days after CAR T-cell treatment, patients with lack of 
follow-up data or death before detection of progress/response 
were excluded. Comparisons of variables were performed 
using Student t test for continuous variables, Fisher exact test 
for categorical variables, and Mann-Whitney U test to com-
pare independent groups without normal distribution. In every 
calculation, only patients with complete dataset were consid-
ered. The 2-sided level of significance was set at a P-value of 
<0.05. The statistical analyses were performed with the statis-
tical software package SPSS 27.0 (IBM Corporation, Armonk, 
NY) and Microsoft excel 2010 (Microsoft Corporation, 
Redmond, WA).

RESULTS

Clinical and genetic patient characteristics
A total of 110 patients with r/r B-NHL (n = 105; 95.4%) 

fulfilling SCHOLAR-1 criteria26 or r/r ALL (n = 5; 4.5%) 
treated with commercially available CAR T-cell products in 5 
German institutions were included in this retrospective study 
(see Table  1 for patient characteristics). In our cohort, 43 
patients received Axicabtagene-Ciloleucel (Axi-cel, 39.0%), 
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56 patients Tisagenlecleucel (Tisa-cel, 50.9%), and 11 patients 
Brexucabtagene autoleucel (10.0%). Patient characteristics of 
the cohorts treated with Tisa-cel or Axi-cel were similar to those 
of the total CAR T-cohort (data not shown). The median age at 
diagnosis was 60 years and at the day of CAR T-cell infusion 62 
years. There was a male predominance (n = 77; 70.0%). LBCL 
represented the most common histology (80.0%), including dif-
fuse large B-cell lymphoma (DLBCL), not otherwise specified, 
high-grade B-cell lymphoma with MYC and BCL2 rearrange-
ments, and primary mediastinal large B-cell lymphomas accord-
ing to the 2022 revised WHO classification.27 Sixty-six percent 

of the patients had advanced stage disease (III/IV) according to 
the Ann-Arbor staging classification and were highly pretreated 
with a median of 4 prior lines of therapy (range, 2–8). Thirty-
seven patients (33.6%) underwent prior ASCT and 23.6% of 
the patients had a central nervous system involvement at any 
time point before CAR T-cell treatment (Table 1).

At the time of CAR T-cell treatment (d0, ±10 days from infu-
sion), CH with VAF ≥1% was detected in 62 of 110 patients 
(56.4%) with a VAF of 1%–5% in 35 of 110 patients (31.8%) 
and a VAF >5% in 27 of 110 patients (24.5%) (Figure  1A; 
Suppl. Table S2). Almost 20% (21/110) of our patients harbored 
at least 3 mutations (Figure 1B). The most frequently mutated 
gene at the time of CAR T-cell treatment was PPM1D (28 
mutated patients with VAF ≥1%, and 6 mutated patients with 
VAF >5%) followed by DNMT3A (26 mutated patients with 
VAF ≥1%, and 8 with VAF >5%), TET2, ASXL1, TP53, and 
CHEK2, respectively (Figure 1C). Patients with CH were sig-
nificantly older at diagnosis and at infusion of CAR T-cells and 
more often had partial or complete remission (CR) before CAR 
T-cell treatment than patients without CH. All other baseline 
characteristics were similarly distributed (Table  1). No differ-
ences between patients with low (1%–5%) or high VAF (>5%) 
CH with respect to baseline characteristics were observed 
(Suppl. Table S3). Thirty-six of all CH positive patients (58.1%) 
showed mutations in at least one DNA Damage Repair Gene 
(DDR-Group, PPM1D±TP53±CHEK2±ATM) and 39 (62.9%) 
of CH positive patients were DNMT3A±TET2±ASXL1 
(DTA) mutated. The prevalence of CH in DNMT3A, TET2, 
ASXL1, PPM1D, and TP53 was correlated with prior treat-
ment regimens constituting either high-dose chemotherapy or 
platinum-based treatment, topoisomerase II inhibitors, and anti-
metabolites. We found a strong association of PPM1D CH with 
platinum-based chemotherapy (prevalence 29% with compared 
to 0% without platinum-based treatment) (Suppl. Tables S4-S7). 
CH in TET2 and ASXL1 was more frequent in patients under-
going high-dose chemotherapy with autologous transplantation 
(Suppl. Table S8).

Next, we investigated the allelic burden of 18 different muta-
tions from 14 patients (7 DNMT3A, 3 ASXL1, 3 PPM1D, 2 
TET2, 2 CHEK2, and 1 SF3B1 mutations) in flow-sorted cell 
fractions. VAFs were significantly lower in B and T cells com-
pared with monocytes and granulocytes consistent with previ-
ous findings4,28,29 (Figure 2).

CH and risk of CAR T-related toxicities
We next analyzed the impact of CH on CAR T-associated 

toxicities. Seventy-seven of 110 patients (70.0%) developed 
CRS of any grade (I–IV), while we observed incidence of CRS 
with up to 67.7% (42/62) in the CH positive versus 72.9% 
(35/48) in the CH negative group (P = 0.68) (Figure 3A and 
Suppl. Table S9). ICANS of any grade was diagnosed in 34 
of 110 patients (30.9%). Twenty-one of 62 (33.9%) patients 
developed ICANS in the CH positive cohort and 13 of 48 cases 
(27.1%) in the CH negative group (P = 0.53) (Figure 3B; and 
Suppl. Table S9). Eight of 77 (10.4%) and 9 of 34 (26.5%) 
patients had grade ≥3 CRS and grade ≥3 ICANS. Among CRS-
patients, the fraction of severe grade ≥3 was 7.1% (3/42) in the 
CH positive and 14.3% (5/35) in the CH negative group (P = 
0.46). Within the group of patients affected by ICANS, pro-
portions with grade ≥3 were 28.6% (6/21) for CH positive and 
23.1% (3/13) for CH negative patients (P = 1.0) (Suppl. Table 
S9). The incidences of CRS and ICANS were similar between 
patients with low (1%–5%) and high VAF (>5%) CH (Suppl. 
Table S10; Suppl. Figure S1A and S1B) and comparison based 
on mutational status revealed no significant differences if the 
cohort was stratified by age at d0 (below or above 60 years) 
or specific CAR T-cell product (Suppl. Tables S11 and S12). 
Furthermore, we analyzed the toxicity outcomes in patients 
harboring DTA mutations and found no difference between 

Table 1

Patient Characteristics According to the Presence or Absence 
of Clonal Hematopoiesis

Characteristic 

A

Total Cohort

n = 110 

B

CH Negative

n = 48 

C

CH Positive

n = 62 

P-value

B vs Ca 

Age at diagnosis, y     
 � Median (range) 60 (3–79) 54 (3–79) 61 (17–76) <0.001b

Age at CAR T-cell 
treatment, y

    

 � Median (range) 62 (18–80) 58 (18–80) 65 (21–79) <0.001b

Sex     
 � Male, no. (%) 77 (70.0) 31 (65) 46 (74)  
 � Female, no. (%) 33 (30) 17 (35) 16 (26)  
Diagnosis     
 � LBCL, no. (%) 88 (80) 40 (83) 48 (77)  
 � TFL, no. (%) 6 (6) 1 (2) 5 (8)  
 � MCL, no. (%) 11 (10) 4 (8) 7 (11)  
 � ALL, no. (%) 5 (5) 3 (6) 2 (3)  
Ann-Arbor stage    0.51
 � I–II, no. (%) 28 (25) 13 (27) 15 (24)  
 � III–IV, no. (%) 72 (65.5) 28 (58) 44 (71)  
 � Missing data, no. (%) 10 (9) 7 (15) 3 (5)  
Prior lines of therapy     
 � Median (range) 4 (2–9) 4 (2–8) 4 (2–9)  
Autologous HSCT prior 
CAR T-cell treatment

   0.42

 � Yes, no. (%) 37 (33.6) 14 (29) 23 (37)  
 � No, no. (%) 73 (66) 34 (71) 39 (63)  
CNS involvement prior 
CAR T-cell treatment

   0.26

 � Yes, no. (%) 26 (23.6) 14 (29) 12 (19)  
 � No, no. (%) 84 (76) 34 (71) 50 (81)  
Remission prior CAR 
T-cell treatment
(CR/PR vs SD/PD)

   0.02

 � CR, no. (%) 10 (9) 4 (8) 6 (10)  
 � PR, no. (%) 22 (20) 4 (8) 18 (29)  
 � SD, no. (%) 14 (13) 4 (8) 10 (16)  
 � PD, no. (%) 63 (57) 35 (73) 28 (45)  
 � Missing data, no. (%) 1 (1) 1 (2) 0  
CAR T-cell product     
 � Axicabtagene- 

ciloleucel, no. (%)
43 (39.0) 19 (40) 24 (39)  

 � Tisagenlecleucel, no. (%) 56 (50.9) 25 (52) 31 (50)  
 � Brexucabtagene 

autoleucel, no. (%)
11 (10) 4 (8) 7 (11)  

aCalculated with Fisher exact test, missing data were excluded.
bCalculated with Mann-Whitney U test.
ALL = acute lymphoblastic leukaemia; CH = clonal hematopoiesis; CNS = central nervous system; 
CR = complete remission; HSCT = hematopoietic stem cell transplantation; LBCL = large B-cell 
lymphomas; MCL = mantle cell lymphoma; no = number; PD = progressive disease; PR = partial 
remission; SD = stable disease; TFL = transformed follicular lymphoma; VAF = variant allele 
frequency.
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patients with DTA-CH and without any CH mutations (Suppl. 
Table S13). Patients with available information (n = 74) were 
assessed for cytopenia at day 100 after CAR T-infusion as 
defined by leukopenia (total white blood cell [WBC] count 
<3000/µL) and/or thrombocytopenia (platelet count <100,000/
µL) and/or anemia (hemoglobin <10 g/dL). Cytopenia at day 
100 after CAR T-infusion was observed in 48 of 74 patients 

(64.9%) in the entire cohort. The incidence of cytopenia at 
day 100 was not different in CH positive patients (67.4%) 
compared with CH negative (60.7%) (Figure  3C). Also, the 
CH clone size did not affect the incidence of cytopenias (Suppl. 
Figure S1C).

CH and response to CAR T-cell therapy
We next investigated the influence of CH on CAR T-cell ther-

apy response. The best ORR in the first 6 months after treat-
ment was 70.5% for the entire cohort of complete cases (n = 
105). About 76.7% of all mutated patients (46/60) showed 
partial or CR, while CH negative patients responded in 62% 
(28/45), without statistically significant distinction between 
the 2 groups (P = 0.13) (Figure 4A). Considering specific CAR 
T-cell products, we did not observe a significant difference of 
ORR comparing the Axi-cel and Tisa-cel groups (76.2% versus 
59.6%; P = 0.13). While small patient numbers impeded thor-
ough statistical analysis of subgroups, the same numerical dif-
ferences in favor of the CH positive group were noted in both, 
patients treated with Axi-cel (n = 42, ORR CH+ 87.0% versus 
ORR CH− 63.2%; P = 0.14) and patients treated with Tisa-cel 
(n = 52, ORR CH+ 63.3% versus ORR CH− 54.5%; P = 0.58) 
(Suppl. Figure S2A).

Prognostic effect of CH in patients receiving CAR T-cells
The probability of survival at 1 year (1-y-OS) was 53% for 

CH positive patients and 55% for CH negative patients (haz-
ard ratio [HR], 0.91; confidence interval [CI], 0.51-1.61; P = 
0.74) with a median follow-up of 12.6 months. 1-y-OS with 
division of CH positive patients in low and high VAF groups 
was 50% versus 59% (P = 0.60; Figure 4B). PFS at 1 year was 

Figure 1.  CH at the time of treatment is very common among patients receiving CAR T-cell therapy. (A) Frequency of CH across the entire cohort (n = 
110) as measured by the VAF using a cutoff of 1%. (B) Distribution of the number of mutations found in patients of total cohort. Quantity of mutations stratified by 
the size of the clone considering low VAF %1–5% and high VAF >5%. (C) Number of mutated patients (y-axis) according to gene information (x-axis) at differing 
VAF groups (VAF ≥1% and VAF ≥5%). CAR = chimeric antigen receptor; CH = clonal hematopoiesis; VAF = variant allele frequency. 

Figure 2.  Cellular distribution of clonal hematopoiesis. VAFs of 18 
mutations were studied in PBMNCs and flow-sorted peripheral blood cell 
fractions (monocytes, granulocytes, B cells, T cells, CD34+ cells,and NK 
cells). PBMNCs = peripheral blood mononuclear cells; VAF = variant allele frequency. 
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35% versus 46% for CH positive versus CH negative patients 
(HR, 1.11 [CI, 0.67-1.84]; P = 0.67). 1-y-PFS with CH posi-
tive patients divided in low (1%–5%) and high VAF (>5%) CH 
revealed 28% versus 47%, furthermore (P = 0.70; Figure 4C). 
OS and PFS was also similar when the prognostic effect of CH 

was evaluated separately for PPM1D, DNMT3A, and TET2 
(Suppl. Figure S3). Furthermore, no differences in PFS and 
OS outcomes were noted when restricting to specific muta-
tion groups such as DDR (Suppl. Table S13) or DTA-mutated 
patients (Suppl. Table S14).

Figure 3.  CH and CAR T-therapy toxicity. (A, B) Histogram plots showing prevalence of CRS/ICANS (onset: filled, no onset: hatched) according to the 
absence (n = 48, green) or presence (n = 62, orange) of clonal hematopoiesis across the total cohort (n = 110, gray). (C) Histogram plots illustrating prevalence 
of cytopenias at day 100 after CAR T-cell therapy as defined by leukopenia (total WBC count <3000/µL) and/or thrombocytopenia (platelet count <100,000/
µL) and/or anemia (hemoglobin <10 g/dL) in patients with available information (n = 74) according to the presence (n = 46) or absence (n = 28) of CH with a 
VAF cutoff 1%. CAR = chimeric antigen receptor; CH = clonal hematopoiesis; CRS = cytokine release syndrome; ÍCANS = immune effector-cell-associated neurotoxicity syndrome; VAF = 
variant allele frequency. 

Figure 4.  CH and survival after treatment with CAR T- therapy. (A) Diagram demonstrating the best ORR during the first 180 days after CAR T-cell treat-
ment stratified by absence (green, n = 45) or presence (orange, n = 60) of CH with a VAF cutoff 1%, respectively. P-value was calculated with Fisher exact test. 
Patients with lack of follow-up data or death before progress/response were excluded (n = 5). (B) Kaplan-Meier curves showing overall survival of 110 patients 
undergoing CAR T-cell therapy stratified by absence (green, n = 48) or presence (orange, n = 62) of CH with a VAF cutoff 1% and stratified by the size of the 
clone considering low VAF 1%–5% (orange dashed) and high VAF >5% (orange). (C) Kaplan-Meier curves showing progression-free survival of 110 patients 
undergoing CAR T-cell therapy stratified by absence (green, n = 48) or presence (orange, n = 62) of CH with a VAF cutoff 1% and stratified by the size of the 
clone considering low VAF 1%–5% (orange dashed) and high VAF >5% (orange). P-value was calculated for (B) and (C) with log-rank test. CAR = chimeric antigen 
receptor; CH = clonal hematopoiesis; ORR = overall response rate; VAF = variant allele frequency. 
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PFS and OS in the CH positive and negative groups were 
similar when stratified by specific CAR T-cell products. After 
receiving Axi-cel by comparing CH positive versus CH nega-
tive patients, 1-y-OS was 65% versus 52% (HR, 0.76 [CI, 0.30-
1.92]; P = 0.56) and 1-y-PFS was 33% versus 43% (HR, 1.06 
[CI, 0.47-2.40]; P = 0.88). CH positive patients treated with 
Tisa-cel showed a 1-y-OS of 41% versus 55% compared with 
negative patients (HR, 1.13 [CI, 0.54-2.36]; P =0.75) and 1-y-
PFS was 34% versus 42% for CH positive versus CH negative 
patients (HR, 1.07 [CI, 0.56-2.06]; P = 0.84) (Suppl. Figure 
S2B and S2C). OS and PFS outcomes were similar when the 
impact of CH was evaluated separately in patients younger or 
older than 60 years (Suppl. Figure S4). For multivariate analysis, 
4 variables were found to be potentially predictive for better 
outcome or showed nonhomogeneous distribution among CH 
positive and negative groups (age above/below 60 years at d0, 
CH mutational status, CAR T-cell product, and remission status 
before CAR T-cell treatment). The model for OS was stratified 
by “age above versus below 60 years at treatment day.” None of 
the selected variables were an independent predictor for PFS or 
OS (Table 2).

To compare the causes of death between patients with and 
without CH, we grouped them in 4 main categories (relapse/
progression, therapy-related, infection in the absence of relapse, 
and unknown; Suppl. Figure S5A). Causes of death were simi-
larly distributed between patients with and without CH except 
infections, which were cause of death only in CH positive 
patients (Suppl. Figure S5B). Cardiovascular events were not 
recorded in our cohort during the follow-up period after CAR 
T-cell therapy. One of 110 patients developed a therapy-related 
myelodysplastic syndrome (MDS) with multilineage dysplasia 
and ring sideroblasts 723 days after CAR T-cell therapy. The 
patient carried 1 PPM1D and 1 SF3B1 mutation before CAR 
T-cell therapy. At the time of diagnosis of MDS, the patient 
gained a TET2 mutation, lost the PPM1D, and retained the 
SF3B1 mutation. The patient died 964 days after CAR T-cell 
therapy due to early DLBCL relapse after undergoing allogeneic 
HSC transplantation.

For comparability with other studies, we evaluated our data-
set using a 2% VAF cutoff for the definition of CHIP, resulting in 
a frequency of 44.5% (Suppl. Figure S6A). The incidence of CRS 
and ICANS was similar between CHIP positive and negative 
patients (Suppl. Figure S6B and S6C). Moreover, response rate, 
OS, and PFS were also similar in CHIP positive and negative 
patients (Suppl. Figure S7A-S7C).

Clonal dynamics after CAR T-cell therapy
Lastly, we investigated clonal evolution under CAR T-cell ther-

apy in patients with available samples 100 days (n = 40; 1 patient 
d75), 200 days (n = 12), 1 year (n = 11), and 2 years (n = 6, 1 patient 
d700) posttreatment. All patients with follow-up samples (n = 58) 
were screened at d0. Considering all detected gene variants, we 
found a mean VAF±SE of 3.6 ± 0.7 at baseline d0 and of 4.9 ± 0.9 
at d100 (number of mutated patients n = 30). In comparison to 
the corresponding baseline-mean at d0, we see at d200 a mean 
VAF±SE of 2.7 ± 0.7 versus 2.8 ± 0.9 at d0, at 1 year of 3.4 ± 0.9 ver-
sus 2.9 ± 0.9 at d0, and at 2 years of 5.4 ± 2.6 versus 5.2 ± 2.1 at d0.

We observed the acquisition of 3 novel mutations in 3 differ-
ent patients in TP53, STAT3, and GATA2 genes, respectively, 
within 100 days after CAR T-cell therapy. Loss of 11 mutations 
(4 PPM1D, 2 TP53, 1 CHEK2, 2 DNMT3A, 1 STAT3, and 1 
GATA2) was detected in 6 patients. Specifically, patient 1 who 
carried 12 mutations in 5 different genes prior CAR T-therapy 
(8 PPM1D, 1 TP53, 1 CHEK2, 1 TET2, and 1 ASXL1), lost 
1 CHEK2 mutation 100 days and 3 of 8 PPM1D mutations 
200 days and 2 years after therapy, respectively, developed no 
ICANS, but CRS grade III and remains alive with a PFS of 763 
days (Figure 5A).

Patient 2 carried 9 mutations in 6 different genes prior CAR 
T-therapy (3 PPM1D, 1 EZH2, 2 TET2, 1 TP53, 1 RUNX1, 
and 1 DNMT3A), gained a novel STAT3 mutation and lost 
1 PPM1D mutation 100 days after therapy. Moreover, the 
DNMT3A mutation was not detectable 1 year after therapy. The 
patient developed neither ICANS nor CRS and remains with a 
PFS of 167 days alive but with progressive disease (Figure 5B). 
In parallel with an expanding very low TP53 mutation (yellow, 
VAF <1%), patient 3 (Figure 5C) acquired a novel TP53 muta-
tion (gray) 100 days after CAR T-cell therapy, while a DNMT3A 
(red) and a third TP53 mutation (purple) remained stable over 
time. This suggests clonal independence of the expanding and 
newly acquired TP53 alterations. Patient 3 developed CRS grade 
II and ICANS grade III and remains with a PFS of 870 days alive 
in CR. Patient 4 with 6 detectable mutations in 4 different genes 
prior therapy (2 DNMT3A, 2 ASXL1, 1 PPM1D, and 1 EZH2) 
lost 1 DNMT3A mutation 100 days posttreatment, while both 
ASXL1 mutations constantly expanded over time. Specifically, 
the ASXL1 mutation K618fs (yellow) constantly expanded from 
VAF 0.81% to 8.12% and the ASXL1 mutation G646fs (green) 
from VAF 0.33% to 2.09% within 1 year. Patient 4 developed 
neither ICANS nor CRS and remains alive with a PFS of 287 
days after disease progression (Figure 5D).

Table 2

Univariate and Multivariate Analysis for OS and PFS

 

Univariate Analysisa

Multivariate Analysisa/b

n = 98

HR 95% CI P-value HR 95% CI P-value 

OS
 � CH-pos. vs CH-neg. 0.91 0.51-1.61 0.74 1.09 0.55-2.15 0.80
 � Axi-cel vs Tisa-cel 0.60 0.33-1.09 0.09 0.62 0.34-1.14 0.12
 � Remission status prior CAR T-cell treatment
SD/PD vs CR/PR

1.61 0.78-3.34 0.20 1.42 0.67-3.00 0.36

PFS
 � Age above vs below 60 y at treatment day 0.87 0.52-1.44 0.58 0.92 0.50-1.67 0.78
• � CH-pos vs CH-neg 1.11 0.67-1.83 0.68 1.18 0.65-2.12 0.59
• � Axi-cel vs Tisa-cel 0.69 0.41-1.15 0.15 0.68 0.40-1.15 0.15
 � Remission status prior CAR T-cell treatment
SD/PD vs CR/PR

1.51 0.83-2.75 0.18 1.31 0.70-2.46 0.40

Axi-cel = Axicabtagene-Ciloleucel; CAR = chimeric antigen receptor; CH = clonal hematopoiesis; CI = confidence interval; CR = complete remission; HR = hazard ratio; OS = overall survival; PD = 
progressive disease; PFS = progression-free survival; PR = partial remission; SD = stable disease; Tisa-cel = Tisagenlecleucel.
aCalculated with univariate/multivariate cox regression analysis, and only complete cases were accepted.
bFor OS-model stratified by “age above vs below 60 years at treatment day.”
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DISCUSSION

CAR T-cells emerged as an efficacious and highly promising 
modality for the treatment of hematologic malignancies such as 
NHL, ALL, and multiple myeloma (MM).15,30–32 However, CAR 
T-therapy is closely linked to inflammatory side effects, especially 
CRS and ICANS. Thus, it is conceivable that CH, which has 
also been associated with various proinflammatory conditions,12 
influences the effectiveness, side effects, and long-term outcome 
of CAR T-cell therapy. In line with this concept, some but not all 
studies investigating the role of CH in the setting of CAR T-cell 
therapies reported an increased risk of CRS or ICANS.16–18 In 
our cohort of 110 patients with r/r B-NHL or ALL, CH had 
no significant impact on CAR T-cell therapy response, occur-
rence, and severity of CRS and ICANS, hematologic recovery 
after CAR T-cell therapy, PFS, or OS. These data might appear 
conflicting on a first glance; however, all studies were of limited 
patient size precluding generalization (range, 32–154), included 
heterogeneous hematologic diseases and/or used different VAF 
cutoffs to detect CH.16–18 In our heavily pretreated cohort, the 
CH prevalence of 56% was higher but still similar to that of 
48% in a previous study of the Dana-Farber Cancer Institute 
with a mixed population of 154 patients with B-NLH or MM16 
(VAF cutoff 2%). As a consequence of prior exposure to cyto-
toxic therapies (esp. platinum derivatives), ≈45% of detected 
clonal events were observed in genes related to DNA damage 
response. PPM1D was the most frequently mutated gene, pre-
dominantly found at modest clone sizes (VAFs 1%–5%) and 
often affected by multiple mutations. Gibson et al described a 
negative prognostic effect of CHIP in lymphoma patients under-
going ASCT, which was mostly attributable to PPM1D mutated 
patients and an increased nonrelapse mortality (mostly thera-
py-related myeloid neoplasias and cardiovascular events).13 The 
different prognostic impact of CH in CAR T-cell and ASCT-
treated patients may be explained by the selection pressure in 
ASCT, but not CAR T-cell therapy, due to rapid expansion of 
hematopoiesis, but also by the shorter median follow-up in our 
study (12.6 months versus 5 years). In our study, 33.6% of all 
patients had undergone ASCT before CAR T-cell therapy, while 
27% and 22% of all patients in the studies by Miller et al and 
Saini et al, respectively, had received a prior ASCT.16,17

Little is known about how CAR T-cell therapy and the 
accompanied inflammatory stress scenario affects HSC expan-
sion. Our serial analyses revealed a certain increase of clone size 
during the initial 100 days after CAR T-cell therapy, coupled 
with the acquisition of additional mutations and a stabiliza-
tion of clone size thereafter. These data support the idea of a 
self-perpetuating circle between inflammation and preferential 
expansion of CH-mutated HSCs.33 Comparisons with previous 
studies investigating CH in the context of CAR T-cell thera-
pies revealed several similarities. In agreement with 2 previous 
studies, CH had no impact on CAR T-cell therapy response.17,18 
Although a numerically higher ORR was observed in the first 6 
months posttreatment in CH positive compared with CH nega-
tive patients, no significant differences could be found between 
the groups. In contrast, Miller et al observed a higher complete 
response rate in CH positive patients ≤60 years.16 In line with 
Teipel et al,18 we observed no significant differences in terms of 
onset or severity of CRS or ICANS between CH positive and CH 
negative patients, which applies also if stratified by clone size, 
age, or CAR T-cell product. Overall, this finding is in line with 
previously published reports, in which associations between CH 
and CAR T-cell-mediated side effects were only found in sub-
groups. For example, Saini et al found that CH mutations espe-
cially DTA mutations were associated with grade ≥3 ICANS,17 
and Miller and colleagues found an increased rate of grade ≥2 
CRS only in patients with CH who were ≤60 years.16

For the first time, we evaluated whether different CAR 
T-products influence therapy response regarding CH status but 
found no differences between CH positive and CH negative 
patients treated with Tisa-cel or Axi-cel, respectively. This is of 
particular importance, as a growing body of evidence suggest 
superior efficacy of Axi-cel when compared with Tisa-cel in a 
large real-world comparison.34 Furthermore, recent studies of 
Jain et al have shown that biallelic TET2 disruption enhances 
T cell-mediated tumor rejection in leukemia and prostate can-
cer models—illustrating the potential of epigenetic program-
ming to enhance T-cell immunity. However, loss of TET2 also 
enables antigen-independent CAR T-cell clonal expansions. In 
our cohort, three patients harbored 2 or more TET2 mutations 
and all of them developed a CR after CAR T-cell infusion. It 

Figure 5.  Clonal dynamics after CAR T-cell therapy. (A–D) VAFs at the time of CAR T-cell treatment and individual time points of sampling and correspond-
ing mutational and clinical data. The gray dashed line depicts our VAF detection limit. CAR = chimeric antigen receptor; VAF = variant allele frequency. 
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will be of great importance to study such cases in much larger 
patient cohorts.35

Our study is limited by the moderate sample size, heteroge-
neous patient population, incomplete availability of follow-up 
samples, and short median follow-up of 12.6 months. A longer 
follow-up will show whether CH will expand, and whether non-
relapse mortality will eventually increase in the CH cohort.

In conclusion, we here investigated a German multicenter cohort 
of patients receiving CAR T-cell therapy. Our main findings sup-
port that CH (1) is very common in patients treated for r/r B-NHL 
and ALL, (2) does not predict the risk for toxicity or prolonged 
cytopenias, (3) does not influence therapy response, and (4) does 
not impact long-term outcome after CAR T-cell therapy. While CH 
has been suggested as a poor risk marker in B-NHL patients under-
going autologous transplantation,13 CH currently does not seem to 
have a prognostic role for CAR T-cell therapy. Based on the cur-
rently available data, CAR T-cell therapy seems an equally effective 
treatment in CH positive and CH negative patients.
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