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Abstract 
 
Chimeric antigen receptor T-cell (CAR-T) therapy is associated with a distinct toxicity profile that includes cytokine 
release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS). CRS is characterized by the 
release of pro-inflammatory cytokines such as interleukin 6 (IL-6) and is closely linked to CAR-T expansion and bystander 
cells like monocytes/macrophages. In other hyperinflammatory states, obesity contributes to inflammatory cascades and 
acts as a risk factor for disease severity. We aimed to study the influence of anthropometric and body composition (BC) 
measurements on CAR-T-related immunotoxicity in 64 patients receiving CD19-directed CAR-T for relapsed/refractory B-
cell malignancies. Patients with grade ≥2 CRS presented with a significantly higher median body mass index (BMI), waist 
circumference, waist-to-height ratio (WtHR) and visceral adipose tissue (VAT). These parameters were also found to be 
associated with an earlier CRS onset. Other adipose deposits and muscle mass did not differ between patients with grade 
0-1 CRS versus grade ≥2 CRS. Moreover, BC parameters did not influence ICANS severity or onset. In a multivariate binary 
logistic regression incorporating known risk factors of immunotoxicity, the factors BMI, waist circumference, WtHR and 
VAT increased the probability of grade ≥2 CRS. Receiver operating characteristic analyses were utilized to determine 
optimal discriminatory thresholds for these parameters. Patients above these thresholds displayed markedly increased 
peak IL-6 levels. Our data imply that increased body composition and VAT in particular represent an additional risk factor 
for severe and early CRS. These findings carry implications for risk-stratification prior to CD19 CAR-T and may be 
integrated into established risk models. 
 

Introduction 
The advent of chimeric antigen receptor T-cell (CAR-T) 
therapy as a powerful new class of immunotherapeutic 
agents has improved outcomes for multiple B-cell malig-
nancies in the relapsed/refractory (R/R) setting.1-4 As these 
therapies move to the clinical mainstream, understanding 
the mechanisms that drive the unique spectrum of CAR-
T-related immunotoxicity becomes paramount. 

Cytokine release syndrome (CRS) represents the most 
commonly observed adverse event and is characterized 
by an increase of pro-inflammatory cytokines such as in-
terleukin-6 (IL-6), resulting in endothelial activation and 
diffuse capillary leakage.5 The clinical management of CRS 
follows a risk-adapted strategy for monitoring and ther-
apy, and the anti-IL-6 receptor antagonist tocilizumab is 
commercially available to ameliorate symptoms.6 Several 
patient-associated risk factors have been identified that 
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facilitate CRS development. These include high tumor 
burden, concomitant and previous infections, increased C-
reactive protein (CRP) or ferritin, and thrombocytopenia.7-11 
While CRS represents a prevalent CAR-T-associated toxic-
ity, the wide-spread adoption of risk-adapted supportive 
measures has reduced the frequency of its high-grade 
presentation. Still, the systemic hyperinflammation found 
in CRS can predispose for the neurological side effects of 
CAR-T, which remain a major clinical challenge. Immune 
effector cell-associated neurotoxicity syndrome (ICANS) 
is found in approximately 20-60% of CAR-T-treated pa-
tients and presents with symptoms ranging from mild 
confusion to aphasia, seizures, cerebral edema, and po-
tentially death.12-14 Patient-associated and dynamic risk 
factors that predispose for ICANS include prior neurologic 
diseases and structural impairments, organ dysfunction, 
older age and severe CRS.15-17 High-grade ICANS has also 
been linked to higher peak levels of systemic cytokines 
and inflammatory mediatiors (e.g., CRP, ferritin and IL-6),8 
and a lower median peak absolute monocyte count.18  
In other hyperinflammatory states including COVID-19 or 
influenza infections, as well as sepsis, obesity has been 
demonstrated to be a risk factor for disease severity.19-21 
Amongst the underlying mechanisms, obesity-associated 
chronic systemic inflammation, termed metaflammation, 
has been proposed to enhance an hyperinflammatory im-
mune response, which precedes organ dysfunction.22 

Mechanistically, macrophages and CD8+ T cells can infil-
trate fat deposits turning adipose tissue into an inflam-
matory endocrine organ secreting pro-inflammatory 
cytokines such as IL-6, TNF-a and IL-1b.23 Various adipose 
tissue sites differentially contribute to metaflammation: 
visceral adipose tissue (VAT) in particular plays an impor-
tant role in metaflammation and obesity-associated pa-
thologies such as type II diabetes and cardiovascular 
diseases.24,25 Epicardial adipose tissue (EAT) has been de-
scribed as a surrogate marker of VAT and, in turn, as a 
marker for cardiovascular and metabolic morbidity.26,27 In 
contrast, subcutaneous adipose tissue (SAT) displays a 
more heterogeneous effect on systemic inflammatory 
processes.28,29  
More recently, skeletal muscle has also been recognized 
as a regulator of immune responses.30,31 Skeletal muscle 
cells modulate immune function by signaling through 
muscle cell-derived cytokines, termed myokines, cell sur-
face molecules and cell-to-cell interactions. Myokines 
such as IL-6, IL-7 and IL-15 can modulate CD8+ T-cell ho-
meostasis and promote survival and proliferation of naïve 
T and B cells.32-35 Sarcopenia, which describes the loss of 
skeletal muscle as a consequence of old age and cancer, 
is often found in cancer patients and has been linked to 
immune senescence.30 
Despite rapidly growing evidence that adipose and muscle 
tissue play an important role in shaping immune re-

sponses, the influence of body composition in the context 
of CAR-T therapy remains poorly understood. Therefore, 
we aimed to investigate the impact of body composition 
on severity and dynamics of CRS and ICANS, as well as 
serum cytokine levels.  

Methods  
Patient cohort 
We performed a retrospective chart review of R/R large 
B-cell lymphoma (LBCL), B-cell precursor acute lympho-
blastic leukemia (BCP-ALL) and mantle cell lymphoma 
(MCL) patients who underwent CAR-T at the University 
Hospital of the LMU Munich between 01/2019 until 
08/2021. Patients received the commercial CAR-T prod-
ucts Axicabtagene ciloleucel (Axi-cel), Tisagenlecleucel 
(Tisa-cel), or received KTE-X19 in the compassionate use 
program for MCL. Patients received lymphodepleting 
chemotherapy (LDC) with fludarabine and cyclophospha-
mide according to the manufacturers’ instructions.2,3 CRS 
and ICANS were graded according to the American Society 
for Transplantation and Cellular Therapy (ASTCT) consen-
sus criteria.6 All patients were closely monitored prospec-
tively for CRS and ICANS from the day of CAR-T 
transfusion until at least day 21, or until symptoms re-
solved. Swimmers plots were generated via day-by-day 
recording of ASTCT grade according to the treating phys-
icians’ discretion (Online Supplementary Figures S1 and 
S2). Heat maps were generated by cross-sectional analy-
sis of the mean CRS/ICANS grade between days 0-21. 
Toxicity management followed institutional guidelines. Pa-
tients with CRS grade ≥2 and persistent CRS grade 1 (>24 
hours) were treated with the anti-IL-6 receptor antagonist 
tocilizumab. In the absence of concurrent CRS or if ICANS 
was refractory to anti-cytokine therapy, corticosteroids 
were initiated for grade ≥2 ICANS. Clinical metadata was 
obtained with Institutional Review Board approval and in-
cluded a waiver of informed consent.  

Measurements of body composition 
Body composition (BC) analyses were performed using 
clinical records (weight, height) and computerized tomog-
raphy (CT) scans (waist, adipose/muscle tissue distribu-
tion) obtained prior to CAR-T transfusion. The majority of 
patients received CT imaging on the day before LDC initi-
ation (median imaging to LDC time -1 day, interquartile 
range [IQR] -4 to 0 days). Three anthropometric measures 
were included: body mass index (BMI), waist circumfer-
ence (waist) and waist-to-height ratio (WtHR). Waist was 
derived from single CT slices.36 WtHR was calculated by 
dividing waist by height. For quantification of SAT, VAT and 
muscle tissue distribution (psoas muscle index [PMI] and 
skeletal muscle index [SMI]), segmentation analyses of 
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single CT slices at lumbar spine 3 (L3) were performed. 
Muscle indices (PMI, SMI) were calculated by dividing 
mean muscle area by height. EAT content was quantified 
by calculating the mean EAT amount at the bottom, 
middle (4-chamber view) and top (left main coronary ar-
tery view) of the heart. Adipose and muscle tissue dis-
crimination was based on predefined Hounsfield units 
(HU) ranges (-190 to -30 HU for SAT, -150 to -50 HU for VAT, 
-190 to -30 HU for EAT, -29 to +150 HU for PM/SM).36-38 
Cross-sectional areas of respective tissues were com-
puted for each image. Segmentation analyses were per-
formed with ImageJ and the Slice-O-Matic software 
package (v5.0, Tomovision, Magog, Quebec, Canada). Waist 
was measured with ImageJ software (v2.0).  

Analysis of cytokine dynamics 
Baseline cytokine levels were determined prior to LDC 
(e.g., day -5). Peak CRP (mg/dL), IL-6 (pg/mL), and ferritin 
(µg/L) levels were measured daily from CAR-T transfusion 
until discharge and on subsequent outpatient visits. The 
total study time frame was day 0-21. Laboratory measure-
ments were performed according to clinical standard 
procedures in the clinical laboratory of the University Hos-
pital of the LMU Munich. The temporal analysis of IL-6 
(pg/mL) over time was performed by computing the ag-
gregated median value for each day between days 0-21. In 
order to distinguish differences between curves, mixed-
effects analysis considering both time and effect size 
using the restricted maximum likelihood method was per-
formed (GraphPad Prism v9.0).  

Statistical analysis 
Patient characteristics, BC and serum parameters ana-
lyses were compared using the Mann Whitney test or Stu-
dent’s t-test according to data distribution for continuous 
variables, and the Fisher’s exact test and chi-squared test 
for categorical variables. Continuous variables were re-
ported as median and IQR if not stated otherwise. The 
area under the curve (AUC) and the 95% confidence in-
terval (95% CI) of the receiver operating characteristic 
(ROC) analysis was computed using the predicted proba-
bility for the development of CRS grade ≥2. Optimal dis-
criminatory thresholds were determined by optimizing the 
respective Youden J statistic. Multivariate adjusted analy-
sis was performed as binary logistic regression for the 
outcome of grade ≥2 CRS. The model included baseline 
clinical characteristics (e.g., age, costimulatory domain), 
laboratory parameters (e.g., albumin, platelet count), 
markers of inflammation (e.g., CRP, ferritin, IL-6), and 
markers of tumor burden (e.g., LDH, STLV) as candidate 
predictors. The individual BC parameters (BMI, Waist, 
WtHR, and VAT) were introduced to the model separately 
to account for multicollinearity (Online Supplentary Table 
S6). In order to measure the relationship between two 

continuous variables, Spearman correlation analyses were 
used. Significance was defined as P<0.05. Statistical 
analysis was performed using GraphPad Prism v9.0 
(GraphPad Software, Inc.) and SPSS v26.0. 

Results  
Description of the cohort and the real-world toxicity 
profile  
Between January 2019 and August 2021, the incidence and 
clinical severity of CRS and ICANS was assessed in 52 R/R 
LBCL, eight MCL and four BCP-ALL patients (Table 1; Fig-
ure 1A). These patients were treated with the commercial 
CD19-specific CAR-T products Axi-cel (n=22), Tisa-cel (n= 

Characteristic All Patients (N=64)

Basic data 
Age in years, median (range) 
Female patients, N (%)

 
61 (19-82) 
23 (35.9)

Disease entities, N (%) 
DLBCL including THRBCL 
Transformed aggressive non-Hodgkin 
lymphoma (from MCL, FL, CLL, HL) 
PMBCL 
MCL 
B-ALL

 
33 (51.6) 
16 (25) 

 
2 (3.1) 
8 (12.5) 
5 (7.8)

Lines of prior therapy, median (IQR)  4 (3-5)

Prior autologous/allogeneic SCT, N (%)  24 (37.5)

Costimulatory domain, N (%) 
4-1BB 
CD28z

 
34 (53.1) 
30 (46.9)

CRS, any grade, N (%) 
Grade 1 
Grade 2 
Grade 3 

59 (92.2) 
31 (48.4) 
22 (34.4) 

6 (9.4)

CRS onset, days (IQR) 2 (1-5)

CRS duration, days (IQR) 6 (4-9)

ICANS. any grade, N (%) 
Grade 1 
Grade 2 
Grade 3 
Grade 4 
Grade 5

28 (43.8) 
13 (20.3) 

7 (11) 
4 (6.3) 
3 (6.4) 
1 (2.1)

ICANS onset, days (IQR) 8 (3-9)

ICANS duration, days (IQR) 8 (4-14)

Toxicity management, N (%) 
Tocilizumab administration 
Corticosteroid administration

 
54 (79) 

24 (37.5)

Table 1. Baseline patient characteristics.

B-ALL: B-cell acute lymphoblastic leukemia; CLL: chronic lympho-
cytic leukemia; CRS: cytokine release syndrome;  DL/PM/THRBCL: dif-
fuse large/T-cell/histocyte-rich/primary mediastinal B-cell 
lymphoma; FL: follicular lymphoma; HL: Hodgkin lymphoma; ICANS: 
immune effector cell-associated neurotoxicity syndrome; IQR: inter-
quartile range; MCL: mantle cell lymphoma; SCT: stem cell transplan-
tation.
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34), or received KTE-X19 under compassionate use for 
MCL (n=8). All transfused patients were included in the 
analysis. The median BMI was 23.5 kg/m² (IQR 21.6-26.7 
kg/m²), and the majority of patients displayed a normal 
BMI according to World Health Organization criteria (66%, 
Figure 1B). Pre-LDC CT imaging studies were utilized to 
calculate individual SAT, VAT, EAT values as well as skeletal 
muscle values with respective indices (PM/I, SM/I) (Figure 
1C).  
CRS of any grade was observed in 59 (92.2%) patients, 
nearly half of which developed grade ≥2 CRS (Figure 2A; 
Table 1). Median CRS onset was 2 days (IQR 1-5) and lasted 
a median of 6 days (IQR 4-9) (Figure 2B). ICANS was ob-
served in 28 patients (43.8%), though only eight patients 
(14.8%) developed grade ≥2 ICANS (Figure 2A). Median 
ICANS onset was 8 days (IQR 3-9) and the median ICANS 
duration was 8 days (IQR 4-14) (Figure 2C). We found that 
patients that developed more severe immunotoxicity often 

displayed an earlier onset of toxicity (Online Supplementary 
Figure S1 and S2). Life-threatening (grade 4) and fatal 
(grade 5, 1 patient) ICANS only occurred in patients with 
grade ≥2 CRS (Online Supplementary Figure S3A). In line 
with this finding, the median CRS grade was higher in pa-
tients with grade ≥2 neurotoxicity (median CRS grade 2 vs. 
1, P=0.07, Online Supplementary Figure S3B). These data 
are consistent with the known role of CRS as a risk factor 
of neuroinflammation.16,17 Across all patients, 79% (54/64) 
received IL-6 receptor blockade with tocilizumab, while 
37.5% (24/64) were treated with corticosteroids. When 
comparing the grade 0-1 versus grade ≥2 CRS and ICANS 
groups, baseline markers of tumor burden (e.g., LDH, mean 
tumor volume), inflammation (e.g., CRP, ferritin), and en-
dothelial dysfunction (e.g., platelet count) were balanced 
between cohorts (Online Supplementary Table S1). Tem-
porally, CRS predominantly occurred in week 1, while 
ICANS most commonly occurred in week 2 (Figure 2D). In-

Figure. 1 Measurement of prechimeric antigen receptor T-cell body composition and fat deposition. (A) Cohort description; the 
primary endpoint was cytokine release syndrome (CRS)/immune effector cell-associated neurotoxicity syndrome (ICANS) severity, 
onset, and duration; peak cytokine levels represented the exploratory endpoint. Adipose tissue and muscle distribution at baseline 
(= prior to lymphodepleting chemotherapy [LDC]) could not be determined in 8 patients due to lack of appropriate imaging mo-
dalities. Anthropometric data was collected for the entire study cohort (n=64). (B) Relative distribution of body mass index (BMI) 
according to the 2019 World Health Organization criteria (underweight <18.5 kg/m², normal weight 18.5-24.9 kg/m², overweight 
25-29.9 kg/m², obese >30 kg/m²). (C) Pretreatment computerized tomography (CT) images were utilized to measure subcutaneous 
(SAT), epicardial (EAT) and visceral (VAT) adipose tissue deposits, as well as the psoas muscle (PM) thickness and skeletal muscle 
(SM) mass. SAT, VAT, PM and SM segmentation analyses were performed at lumbar spine 3 level. EAT content was quantified by 
calculating the mean EAT amount at the bottom, middle (4-chamber view) and top (left main coronary artery view) of the heart. 
Hounsfield units (HU) describing radiodensity of the respective tissue types are indicated. Anthropometric data included BMI, 
waist circumference (Waist), and waist-to-height ratio (WtHR).

A B

C
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flammatory marker profiles revealed a two-phase pattern 
for IL-6 serum levels with an early peak on day 4 and a 
second peak observed between days 19-21 (Figure 2F). On 
the other hand, CRP levels were elevated at baseline, likely 
reflecting underlying tumor-mediated inflammation.39 They 
reached a peak at day 4 and normalized by day 10 after 
CAR-T cell transfusion. Overall, these data indicate a rep-
resentative toxicity profile in our patient cohort.  

Body mass index, waist circumference, waist-to-height 
ratio and visceral adipose tissue are associated with 
severe cytokine release syndrome 
Previous studies have revealed a link between BC and sys-
temic inflammatory disorders.22 We therefore analyzed the 
distribution of BC parameters in patients with grade 0-1 
CRS versus grade ≥2 CRS.  
In terms of anthropometric features, we found that the 
median BMI, waist circumference, and WtHR were signifi-

cantly elevated in patients with grade ≥2 CRS (Figure 3; 
Online Supplementary Table S2). The median BMI was 24.3 
kg/m2 in patients with grade ≥2 CRS compared to 22.9 
kg/m2 in patients with grade 0-1 CRS (P=0.01, Figure 3A). 
Of the different adipose tissue types, visceral fat deposits 
in particular were significantly different between the CRS 
severity groups (127 cm2 vs. 91 cm2, P=0.048, Figure 3D). 
While a trend was observed for a higher SAT in grade ≥2 
CRS, this did not reach statistical significance (169 cm2 vs. 
141 cm2, P=0.054). EAT and muscle mass distribution did 
not differ between CRS severity cohorts (Online Supple-
mentary Table S2).  
Next, we performed ROC analyses to determine optimal 
discriminatory thresholds for each parameter that 
reached statistical significance (Online Supplementary 
Figure S4) and calculated the concomitant odds ratios 
(OR) for the outcome grade ≥2 CRS (Table 2). The ob-
served odds for developing grade ≥2 CRS were signifi-

A B C

D

E

Figure 2. Incidence, onset, and duration of cytokine release syndrome and immune effector cell-associated neurotoxicity syn-
drome in the study cohort. (A) Relative distribution of cytokine release syndrome (CRS) and immune effector cell associated 
neurotoxicity syndrome (ICANS) in the studied patient cohort (n=64). Grading was performed according to American Society for 
Transplantation and Cellular Therapy criteria (Lee et al., BBMT 2019) with color-coding based on severity. (B to C) Box plot dis-
playing median onset and duration of CRS (B) and ICANS (C) in days. The median is reflected by a vertical line, the box displays 
the interquartile range, whiskers indicate the 95% confidence interval (CI) of the median. (D) Heatmap outlining the day-by-day 
time course of CRS (red) and ICANS (blue) after chimeric antigen receptor T-cell (CAR-T) infusion (day 0 [D0]). Darker color indi-
cates higher mean CRS or ICANS grade. (E) Aggregated median C-reactive protein (CRP) (left) and interleukin 6 (IL-6) (right) values 
over time relative to CAR-T infusion (D0). Light shading depicts the 95% CI of the median for each time point.
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cantly higher for patients with a BMI ≥27.05 kg/m² 
(P=0.007), waist ≥99.23 cm (P=0.04), WtHR ≥0.594 cm/m² 
(P=0.01) and VAT ≥144.3 cm² (P=0.02). The AUC of the ROC 
curve ranged between 0.63 to 0.67. Importantly, previously 
identified CRS risk factors such as age, tumor burden and 
certain laboratory parameters7-11 were distributed equally 
between patient cohorts based on the defined thresholds 
for BMI, waist, WtHR and VAT (Online Supplementary Table 
S3). On multivariate adjusted analysis, we confirmed that 
these four BC parameters represent independent risk fac-
tors of grade ≥2 CRS (Table 3). With adjusted odds ratios 
ranging from 1.15 to 1.37, they signficantly increased the 

probability of grade ≥2 CRS. Collectively, these findings 
suggest a contributing role of visceral adipose tissue for 
CRS severity. 

Body mass index, waist, waist-to-height ratio and 
visceral adipose tissue correlate with cytokine release 
syndrome dynamics 
In addition to CRS severity, we analyzed the impact of an-
thropometric and BC measurements on CRS dynamics. 
Linear regression analyses revealed significant negative 
correlations between CRS onset and BMI, waist, WtHR, 
and VAT (Figure 3B; Online Supplementary Table S4). Ac-

A

B

Figure 3. Body mass index and metabolic high-risk adipose tissue are associated with more severe cytokine release syndrome 
and early cytokine release syndrome onset. (A) Box plots comparing body mass index (BMI), waist circumference (Waist), waist-
to-height ratio (WtHR), and visceral adipose tissue (VAT) by cytokine release syndrome (CRS) severity. Higher-grade CRS defined 
as American Society for Transplantation and Cellular Therapy grade ≥2, non-severe CRS as grade 0-1. The box indicates the in-
terquartile range with the horizontal line describing the median, and whiskers denoting the 95% confidence interval [CI] of the 
median. (B) Univariate linear regression analysis comparing BMI, Waist, WtHR, and VAT (from left to right) vs. CRS onset (purple) 
in days. The graphical inset depicts the Spearman correlation coefficient with a positive r-value indicating a positive correlation 
and a negative r-value indicating a negative correlation, as well as the respective P-value. The 95% CI bands of the best-fit line 
from the simple linear regression are shown in light shading. 

Table 2. Determination of discriminatory thresholds and odds ratios based on receiver operating characteristic analysis 
computed for predicted probability of grade ≥2 cytokine release syndrome.

Body composition 
parameter

Discriminatory 
threshold

AUC P-Value AUC OR (95% CI) P-Value OR

BMI, kg/m2 27.05 0.66 0.03 6.11 (1.7-22.1) 0.007

Waist, cm 99.23 0.67 0.02 2.96 (1.03-8.29) 0.04

WtHR, cm/m2 0.5935 0.65 0.04 4.06 (1.4-11.3) 0.01

VAT, cm2 144.3 0.63 0.09 4.8 (1.4-15.2) 0.02

95% CI: 95% confidence interval; AUC: area under curve; BMI: body mass index; CRS: cytokine release syndrome; OR: odds ratio; VAT: visceral 
adipose tissue; WtHR: waist-to-height ratio
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cordingly, BMIhigh (≥ 27.05 kg/m²) patients exhibited an ear-
lier median CRS onset compared to their BMIlow counter-
parts (day 1 vs. day 3, P=0.05, Online Supplementary Figure 
S5). Earlier CRS onset was also noted for WtHR and VAT 
(Online Supplementary Figure S5). On the other hand, an-
thropometric and BC parameters did not significantly cor-
relate with CRS duration (Online Supplementary Table S4). 
These data may reflect the aggressive and early CRS man-
agement in this patient cohort, as 91.5% (54/59) of pa-
tients with CRS received tocilizumab after a median of 4 
days. In summary, adipose tissue parameters were associ-
ated with an earlier CRS onset but not duration. 

Sarcopenia and body composition are neither associated 
with immune effector cell-associated neurotoxicity 
syndrome severity nor dynamics 
In addition to adipose tissue distribution analyses, whole 
skeletal muscle mass and psoas muscle mass with re-
spective indices (SMI, PMI) were measured for all patients. 
Twenty-four patients were classified as sarcopenic cor-
rected for sex and BMI. Distribution of sarcopenia and 
muscle masses (SMI, PMI) did not differ between grade ≥2 
CRS and grade 0-1 CRS patients (Online Supplementary 
Table S2). Moreover, muscle parameters did not affect 
CRS onset or CRS duration. Since CRS represents a risk 
factor for ICANS,16,17 we also investigated the influence of 
BC parameters on severity and dynamics of ICANS. How-
ever, none of the measured BC parameters differed be-
tween patients with grade 0-1 ICANS versus grade ≥2 
ICANS nor did they correlate with either ICANS onset or 
ICANS duration (Online Supplementary Tables S2 and S5).  

Adipose tissue correlates with peak IL-6 levels and IL-6 
dynamics 
In order to better understand the potential pathomechan-

isms that may underlie earlier and more severe CRS in pa-
tients with increased adipose tissue, we analyzed serum 
levels of pro-inflammatory markers and their distribution 
according to the BC groups.  
First, we correlated BC parameters with baseline and peak 
serum levels of ferritin, CRP and IL-6–revealing an effect 
for IL-6 in particular (Online Supplementary Figure S6). In-
terestingly, peak IL-6 levels were significantly increased 
in patients with elevated waist circumference (3.442 vs. 
1.019 pg/mL, P=0.008), WtHR (3.768 pg/ml vs. 1.385 pg/mL, 
P=0.03), and VAT (6.530 pg/ml vs. 1.143 pg/ml, P= 0.01) (Fig-
ure 4A). A comparison of aggregated median IL-6 courses 
over time (baseline until day 21) further demonstrated that 
the median time-to-peak IL-6 was earlier in patients with 
an increased amount of adipose tissue (Figure 4B). In a 
comparison of curves accounting for both time and effect 
size, BMIhigh patients developed an earlier IL-6 peak (5 days 
vs. 7 days) and the peak was approximately 5-fold higher 
than in BMIlow patients (top left panel, Figure 4B). The ob-
served differences in IL-6 dynamics were especially 
prominent in patients with excess visceral adipose tissue 
(peak 11-fold higher, day 4 vs. day 8, P<0.0001, lower right 
panel, Figure 4B). Notably, patients rich in adipose tissue 
developed a second IL-6 peak, which occurred between 
days 19-21 in the WtHRhigh and VAThigh patients (Figure 4B). 
These results demonstrate that pro-inflammatory cyto-
kines such as IL-6 are elevated in patients with abundant 
visceral fat. 

Discussion  
The CAR-T-related side effects CRS and ICANS represent 
a novel toxicity category in the 21st century armentarium 
of cancer therapy. However, their underlying pathome-
chanisms remain incompletely understood. Here, we 
present the first comprehensive analysis of immunometa-
bolically relevant tissues and their impact on CRS and 
ICANS in patients with advanced B-cell malignancies re-
ceiving CAR-T. Our data indicate that increased visceral 
adipose tissue is associated with CRS severity and early 
CRS onset. On the other hand, skeletal muscle mass 
measures did not impact CRS or ICANS occurrence.  
The finding that visceral adipose tissue deposits drive dif-
ferences in CRS severity is in line with previous reports 
demonstrating a strong association of VAT with obesity-
associated metaflammation and the development of car-
diovascular diseases and diabetes.24,25 The ‘obesity 
paradox’, meaning the unexpected inverse relationship be-
tween excess adipose tissue and immunotherapy efficacy, 
has been established for immune checkpoint blockade 
both in preclinical models and in cancer patients.40 41 The 
observed therapeutic benefit in the excess weight popu-
lation was further enhanced when immune-related ad-

Table 3. Body mass index, waist, waist-to-height ratio and 
visceral adipose tissue represent independent risk factors for 
grade ≥2 cytokine release syndrome in a multivariate logistic 
regression analyses including previously described risk 
factors.

Body composition parameter OR 95% CI P-Value

BMI, kg/m² 1.37 1.02-1.83 0.04

Waist, cm 1.16 1.04-1.29 0.009

WtHR, cm/m² 1.24 1.05-1.46 0.01

VAT, cm² 1.15 1.02-1.3 0.02

Odds ratios were calculated based on four separate multivariate lo-
gistic regressions for each of the body composition parameters. Com-
plete model parameters and estimates are shown in the Online 
Supplementary Table S6. 95% CI: 95% confidence interval; AUC: area 
under curve; BMI: body mass index; CRS: cytokine release syndrome; 
OR: odds ratio; VAT: visceral adipose tissue; WtHR: waist-to-height 
ratio.
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verse events occurred.42 However, the impact of over-
weight and obesity on survival and toxicity has been more 
mixed in the context of BCL in the pre-CAR-T era. For 
example, improved outcomes were noted for overweight 
patients in first-line rituximab-containing chemotherapy 
regimens, though the opposite was observed in obese pa-
tients receiving autologous stem cell transplantation.43,44 
One study analyzing the impact of body weight on clinical 
outcomes in R/R LBCL patients receiving CAR-T was 
negative, though detailed body composition analyses were 
not performed and only Axi-cel patients were included.45  
In our study, BC parameters negatively correlated with 
CRS onset, suggesting that overweight patients harbor a 
pro-inflammatory environment that predisposes them for 
earlier and more severe systemic inflammation. This 
would be consistent with prior studies establishing the 
role of adipose tissue as an endocrine organ with the po-
tential of amplifying immune responses.22 Consistent with 
this hypothesis, the anthropometric body fat indices and 
VAT were all associated with elevated peak IL-6 serum 

levels. VAThigh patients exhibited not only markedly in-
creased peak IL-6 levels, but also a shorter time to peak 
IL-6, mirroring the clinical observation of an earlier CRS 
onset in VAThigh patients. While we did not observe a link 
between body composition and CRS duration, this may re-
flect early tocilizumab administration in this patient co-
hort, which may have blunted the natural CRS time 
course. Notably, IL-6 analyses revealed a second peak 
around day 19-21 for patients with excess body fat. Wei 
and colleagues propose a conceptual framework wherein 
a minimal IL-6 peak in week 3 coincides with the redis-
tribution of CAR T-cells into the periphery in the absence 
of target cells.46 Such redistribution results in the activa-
tion of tissue-resident immune cells such as macro-
phages or neutrophils, and may be potentiated by 
metaflammation-inherent feedback loops. The second 
peak also temporally coincides with the burgeoning 
hematopoetic recovery observed in the third week after 
CAR-T transfusion.47 As diet can impact remodeling of the 
bone marrow niche and skew hematopoietic stem and 

A

B

Figure 4. Adipose tissue correlates with peak interleukin 6 and interleukin 6 dynamics. (A) Peak interleukin 6 (IL-6) by body 
mass index (BMI), waist circumference (Waist), waist-to-height ratio (WtHR), and visceral adipose tissue (VAT) (from left to right). 
The previously established discriminatory values were used to distinguish high vs. low groups. (B) Aggregated median IL-6 values 
over time comparing BMI/Waist/WtHR/VAThigh vs. BMI/Waist/WtHR/VATlow patients. The dotted vertical line indicates the median 
day of the peak for each group. Significance values were determined by two-way ANOVA considering both time and effect size. 
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progenitor cell function,48 this may indirectly affect in-
flammation cascades facilitated by mobilized immune 
cells – though this remains to be systematically studied 
in the context of CAR T-cell therapy. 
Based on our results, we postulate that elevated visceral 
adipose tissue mass in overweight or obese CAR-T pa-
tients predisposes to more severe and earlier CRS. Fur-
thermore, obesity-associated metaflammation with 
subsequent elevation of serum IL-6 levels may represent 
the potential link for the adipose tissue-induced effects 
(Figure 5). The relationship between obesity and IL-6 in 
the context of metaflammation has been extensively de-
scribed, and is predominantly driven via IL-6 secretion by 
adipocytes and adipose-tissue macrophages.49-51 Surpris-
ingly, we found an association between adipose tissue and 
CRS in a patient cohort with very few obese patients as 
defined by World Health Organization criteria (BMI >30 
kg/m², n=4). However, this may be explained by the long-
lasting effect of metaflammation that can be preserved 
even after weight loss.52 Unfortunately, we did not have 
BMI data at the time of initial diagnosis for all patients to 
test this hypothesis. However, we expect that most pa-
tients were subject to weight loss due to their disease and 
treatment. Alternatively, even low amounts of adipose tis-

sue may be sufficient to facilitate a pro-immunogenic ef-
fect. Nevertheless, further prospective studies, preferably 
in patient cohorts with a higher percentage of obese pa-
tients, are needed to validate the role of overweight and 
obesity as a risk factor for severe CRS. If validated, an-
thropometric data like BMI and waist circumference may 
serve as an attractive auxiliary component in the risk-
stratification tool box of the CAR-T treating physician due 
to the easy-to-measure nature of these parameters. For 
example, acquiring BC data requires only a tape measure 
and a scale, underlining clinical ease-of-use. This may be 
especially pertinent for patients who are fit enough to re-
ceive CAR-T in an outpatient setting.53 
In contrast to the interactions between adipose tissue 
and CRS, we did not find that skeletal muscle mass im-
pacts CRS or ICANS. Although nearly half of our patients 
were defined as sarcopenic according to the published 
sarcopenia classifications,54 CRS and ICANS severity was 
equally distributed between sarcopenic and non-sarco-
penic patients. There are several potential explanations 
for this observation. First, patient numbers may have been 
too small to discern interactions between skeletal muscle 
and systemic inflammation. Second, previously described 
interactions between muscle mass and the immune sys-

Figure 5. Proposed model of meta-inflammation as potentiating factor in cytokine release syndrome pathogenesis.
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tem were performed under stringent physiologic con-
ditions or in the context of aging,55 which may be negli-
gible in the context of adoptive immunotherapies like 
CAR-T. Third, sarcopenia arises from a dysbalance in obes-
ity-associated pro-inflammatory effects leading to muscle 
catabolism, as well as skeletal muscle-derived anti-in-
flammatory signaling resulting in muscle anabolism.30 The 
pro-inflammatory effects of adipose tissue and concomi-
tant metaflammation may outweigh the influence of skel-
etal muscle on immune reactions.  
Limitations of this study include its retrospective and 
single-center design with a limited sample size. Addi-
tionally, only a small subset of the cohort was obese, 
making it difficult to generalize assumptions on obesity 
as a risk factor for CRS. Importantly, the results of the 
present study need to be validated in larger patient co-
horts across multiple health care systems and institu-
tions. This may lead to the development of a BC-based 
risk score for CRS in patients receiving CD19 CAR-T. More-
over, we have described optimal discriminatory thresholds 
for BC parameters, which may be integrated into existing 
risk models of CAR-T related immunotoxicity to improve 
diagnostic accuracy and predictive capacity.7,11,47,56 Such en-
hanced risk models can form the basis of interventional 
studies exploring how CAR-T toxicity and efficacy are im-
pacted by early and/or prophylactic anti-cytokine ther-
apies (e.g., tocilizumab, anakinra) or corticosteroids. 
Finally, further mechanistic exploration of (CAR) T-cell ex-
pansion and distribution of immune cell phenotpyes in the 
context of elevated BMI or VAT appears warranted. 
Still, these initial data provide evidence that BC and adi-
pose tissue distribution matter in patients receiving T-cell 
based immune therapies. The finding that patients with 
an elevated BMI develop earlier and more severe CRS in-
vites future translational research, and underlines how 
metainflammation may serve as a potentiating force in 
systemic inflammatory disorders. 
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