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Abstract    Chimeric antigen receptor T-cell (CAR-T) therapy has been successfully applied in clinical treatment,
especially for hematologic malignancies such as multiple myeloma (MM), but its broad application is limited by
cytokine release syndrome (CRS), a potentially life-threatening complication. Although metabolic alterations are
known  to  accompany  CRS,  predictive  biomarkers  for  its  onset,  severity,  and  associated  metabolic  remodeling
remain  unknown,  hindering  proactive  clinical  management.  Here,  we  analyzed  longitudinal  serum  metabolic
profiles  from  19  patients  with  relapsed/refractory  MM  receiving  CAR-T  therapy,  with  validation  in  an
independent  cohort  of  23  patients.  We  observed  dysregulated  arginine  metabolism  that  progressed  alongside
clinical CRS. At pre-lymphodepletion (Day −5), over half of differentially abundant metabolites were enriched in
unsaturated  fatty  acid  (UFA)  synthesis  pathways,  which  were  exclusively  upregulated  in  patients  who  later
developed severe CRS. Furthermore, two lysophosphatidylcholines, namely, lysoPC(16:0) and lysoPC(15:0), were
significantly associated with delayed CRS onset, with elevated concentrations correlated with a prolonged time to
onset;  this  association  was  independently  validated.  These  findings  revealed  that  arginine  metabolism  was  a
pathological  axis  in  CRS,  UFAs  were  severity  predictors,  and  specific  lysoPCs  were  modulators  of  onset  time.
Collectively,  they  provide  proactive  CRS  management,  addressing  critical  gaps  in  predictive  biomarkers  to
advance the safe, broad CAR-T application in MM.
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 Introduction

Multiple myeloma (MM) ranks as the third most common
hematologic malignancy [1],  characterized by its gradual
onset,  persistent  progression,  and  high  relapse  rates  [2].
Although  advancements  in  therapy  such  as  proteasome
inhibitors,  immunomodulators,  and  monoclonal
antibodies have improved patient outcomes, most patients

with  MM  remain  incurable.  This  is  particularly  true  for
relapsed/refractory  MM  (R/R  MM),  which  is  often
resistant  to  conventional  treatments  [3,4].  This  unmet
clinical  need urgently  requires  the  development  of  novel
strategies  to  overcome  drug  resistance  and  achieve
sustained remission.

In recent years, chimeric antigen receptor T cell (CAR-
T)  therapy  has  emerged  as  a  breakthrough  treatment  for
patients  with  R/R  MM.  By  modifying  patients’
autologous  T  cells  to  target  tumor-specific  antigens,
CAR-T  therapy  activates  the  adaptive  immune  system
and  induces  remarkable  tumor  clearance  [5].  Clinical
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trials  have  demonstrated  that  CAR-T  therapy  improves
complete  remission  (CR)  rates  and  achieves  durable
minimal  residual  disease  negativity  [5].  However,  its
broad  clinical  application  is  limited  by  severe  toxic
reactions, most notably cytokine release syndrome (CRS).
With  an  incidence  ranging  from  35% to  93% (median
77%)  [6],  CRS  is  a  major  obstacle  to  widespread
implementation.

CRS is  a  systemic inflammatory response triggered by
the  overactivation  of  CAR-T  cells,  characterized  by  a
surge  in  pro-inflammatory  cytokine  release  (e.g.,  IL-6,
IFN-γ,  and  TNF-α)  [7,8].  Clinical  symptoms range  from
self-limited  fever  to  critical  multi-organ  failure,  with
severity influenced by factors such as the dose of CAR-T
cell  infusion,  tumor  load,  host  inflammatory  status,  and
comorbidities  [9].  Although  key  aspects  of  the
pathophysiological  mechanisms  of  CRS  are  understood,
the  intricate  and  dynamic  immunometabolic  regulatory
networks  underlying  its  development  and  progression
remain poorly defined.

To  address  this  gap,  researchers  must  resolve  the
interplay  between  host  metabolism  and  immune
dysregulation  during  CRS.  Serum metabolomics  provide
a  powerful  tool  for  this  purpose;  it  captures  systemic
metabolic reprogramming triggered by CAR-T activation
in  real  time  by  analyzing  dynamic  changes  in  blood
small-molecule  metabolites  [10].  Longitudinal
metabolomics  can  detect  metabolic  warning  signals
before  CRS  onset.  Tracking  time-series  fluctuations  in
metabolite  levels  following  infusion  facilitates  the
identification  of  early  predictive  markers,  elucidates
pathogenic  pathways,  and  reveals  potential  therapeutic
targets.  Ultimately,  our  findings  may  optimize  CRS  risk
stratification,  guide  clinical  intervention  strategies,  and
enhance the safety of CAR-T therapy.

In  this  study,  we  employed  longitudinal  serum
metabolomics  in  patients  with  R/R  MM  undergoing
CAR-T  therapy.  We  identified  early  predictive
biomarkers  for  CRS  onset  (specifically  dysregulated
arginine metabolism) and pre-lymphodepletion metabolic
signatures  (involving unsaturated fatty  acids (UFAs) and
tryptophan  pathways)  that  predict  CRS  severity.
Furthermore,  we  validated  key  biomarkers  and
demonstrated  their  association  with  immune  cell
activation dynamics,  highlighting pathways for  proactive
intervention to enhance CAR-T therapeutic safety.

 Materials and methods

 Blood collection and sample preparation

Nineteen  patients  with  R/R  MM  treated  with
ciltacabtagene  autoleucel  (cilta-cel,  with  an  overall
response  rate  (ORR)  of  89.6% [11],  complete  remission
(CR) rate of 77.1% [11], and 5-year overall survival (OS)

rate  of  49.1% [12])  were  enrolled  in  the  study:  11  from
the previously reported Legend-2 phase I  trial  (ChiCTR-
ONH-17012285) [13] and 8 from the CARTFAN-1 phase
II  trial  (NCT03758417)  [11].  The  methods  for  product
transfusion  and  lymphodepletion  prior  to  transfusion
followed  previously  reported  protocols  [11,13].  In  total,
152  patient  serum  samples  (over  4  weeks)  and  20
age/sex-matched  healthy  control  (HC)  samples  were
collected,  whereas  serum  samples  from  an  additional
23  patients  were  collected  as  an  independent  validation
cohort  (NCT05759793;  ChiCTR1900028573;
CRT20181007; CXSL1900060).

Peripheral blood was drawn from the upper forearms of
participants who had fasted overnight at nine time points:
5  days  before  CAR-T  cell  infusion,  baseline  (the  day  of
CAR-T  cell  infusion  but  before  infusion),  3–5  days,
6–9  days,  10–12  days,  13–15  days,  20–22  days,
28–32  days,  and  the  first  follow-up  to  achieve  CR.
Samples were placed on ice immediately after  collection
to  prevent  deterioration  and  processed  together
immediately  after  the  final  sample  was  collected.  Serum
samples  were  then  collected  and  aliquoted  for  freezing.
Serum  was  collected  in  yellow  vacuum  blood  collection
tubes  and  centrifuged  at 3000 rpm  for  20  min  at  room
temperature.  All  peripheral  blood  samples  were
characterized  using  multiple  omics  methods,  including
analysis of peripheral blood mononuclear cells (PBMCs)
for  RNA  sequencing  and  serum  for  untargeted  and
targeted  metabolomics  and  cytokine  assays.  Patient
clinical  response  was  evaluated  according  to  the
International  Myeloma  Working  Group  consensus
response criteria [13,14].

 Untargeted metabolomics from serum by liquid
chromatography–mass spectrometry

All  pre-treated  samples  were  analyzed  for  untargeted
metabolomics  using a  previously  described method [15].
Initially,  proteins  were  precipitated  in  150 μL  of
methanol/acetonitrile  (v:v  =  1:1)  solution,  followed  by
centrifugation at 15 000 g for 10 min at 4 °C to collect the
supernatant  containing  the  extracted  metabolites.  The
metabolite  samples  underwent  an  additional
centrifugation step before analysis.

Untargeted  analysis  was  conducted  using  a  UHPLC
LC-30A system (Shimadzu)  connected  to  a  Sciex  Triple
Q-TOF 6600 plus  system  (Sciex).  Chromatographic
separations were carried out on a Waters Acquity HSS T3
column  (100  mm × 2.1  mm,  1.8 μm)  in  positive  and
negative ion modes. Gradient elution was performed with
mobile phase A (water containing 0.1% formic acid, v/v)
and mobile phase B (acetonitrile containing 0.1% formic
acid).  The  gradient  elution  program  started  at  1% B  for
1.5 min, increased linearly to 99% B by 13 min, and was
maintained  for  3.5  min.  It  then  returned  to  1% B  in
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0.1  min  and  was  maintained  for  3.4  min  for  post-
equilibration.  The  flow  rate  was  set  at  0.3  mL/min,  and
the column temperature was maintained at 40 °C. During
data  collection,  the  autosampler  temperature  was  set  at
8 °C, with an injection volume of 2 μL.

The following parameters were used for the Triple TOF
6600 plus mass spectrometer. For the positive ion mode, a
spray voltage of 5.5 kV was applied. For the negative ion
mode,  a  spray  voltage  of −4.5  kV was  used.  The  source
temperature was maintained at 550 °C. The pressures for
the  curtain  gas,  gas  1,  and  gas  2  were  set  to  40,  55  and
55 psi, respectively.

Automated  MS2  scans  were  performed  using
information-dependent  acquisition,  targeting  the  10  most
intense metabolite ions in each full scan cycle. The mass-
to-charge ratio (m/z) scan ranges were set to 60–1000 Da
for precursor ions and 50–1000 Da for product ions. The
collision  energy  was  set  to  35  V  for  positive  ion  mode
and −35 V for negative ion mode, with a collision energy
spread of 15 V.

 Metabolomic data analysis

We  employed  a  three-step  approach  for  metabolite
identification. Initially, we utilized the Sciex commercial
in-house metabolite library, identifying compounds based
on  precise  mass  ratio  (m/z)  and  MS/MS  spectral  data,
with a mass tolerance of 10 ppm and a minimum MS/MS
spectral  match score  of  0.8.  Additional  metabolites  were
identified  using  accurate  mass,  isotopic  patterns,  and
MS/MS spectra from public databases via the R software
package “metID” [16].  Preference  was  given  to
compounds  with  high  m/z  matching  scores  (with  library
score ≥ 50).  Finally,  metabolic  peaks  not  matched  in
public databases were analyzed using MetDNA.

To handle missing values,  we imputed them with 1/10
of the minimum value of the corresponding variable. Data
from  positive  and  negative  modes  were  merged.  Batch
effects  were  then  corrected  using  the  systematic  error
removal  in  random  forests  (SERRF)  method,  which
minimized their influence on the bulk metabolomics data
using  quality  control  (QC)  samples  [17].  QC  samples
were  excluded  from  further  analysis  if  their  relative
standard  deviation  was  >  0.3.  Principal  component
analysis  (PCA)  was  conducted  to  examine  the  overall
distribution  of  the  sample  data  and  assess  data  quality.
After  applying  the  SERRF method,  the  serum metabolic
profiles  no  longer  showed  clustering  based  on  the
sampling batch, as illustrated in Fig. S1.

 Differential metabolite calculations and pathway
enrichment analysis

Processed matrices were extracted and analyzed using the
limma R package (version 3.58.1) to identify significantly

altered  metabolic  profiles  and  compounds  [18].
Metabolites  exhibiting  an  absolute  fold  change  >  1.5  or
<  0.667  and  an  adjusted P <  0.05  were  classified  as
significantly different. We conducted enrichment analysis
and  metabolic  pathway  analysis  on  these  metabolite  sets
using  MNet  R  package  (version  0.1.0)  to  identify
pathways  with  relative  enrichment  (P <  0.1).  A  higher
enrichment ratio indicates a greater degree of enrichment.

 Differential abundance analysis of metabolic
pathways

To  characterize  metabolic  pathway  dysregulation,  we
employed  differential  abundance  (DA)  analysis  [19]
based on the KEGG Compound Database. This approach
calculates DA scores using the formula:
 

DA =
(number of metabolites increased−number of metabolites decreased)

number of metabolites measured in the pathway

The DA scores range from −1 to 1, where a score of −1
indicates  a  complete  decrease  in  the  abundance  of  all
metabolites  in  a  pathway,  and  a  score  of  1  indicates  a
complete increase.  Pathways included in the calculations
contained  at  least  two  measured  metabolites  with  a  fold
change  of  1.5  or  more,  and P <  0.05  was  used  as  the
screening criterion.

 Soft clustering method

The  soft  clustering  approach  was  executed  using  the
fuzzy  c-means  algorithm  available  in  the  Mfuzz  R
package  (v2.62.0).  This  method  aimed  to  iteratively
assign genes to various clusters based on their expression
profiles  [20].  Following  normalization,  metabolites  were
allocated  to  specific  clusters  according  to  their
membership scores (α).

 Analyzing metabolites on a supra-hexagonal map

To visualize the metabolite–sample matrix, we employed
the  self-organizing  learning  algorithm  available  in  the
supraHex  package  [21]  to  generate  a  supra-hexagonal
map that displays 2D images of samples and metabolites.
Each small hexagonal cell on the map represents a cluster
of metabolites exhibiting similar patterns across samples,
with color shading reflecting metabolite levels.

 Correlation analysis between multi-omics

Correlations were calculated using the corrplot R package
(0.92). Significant correlations were defined as those with
coefficient |r| > 0.2 and adjusted P < 0.05.

 Multivariate analysis of metabolites associated with
CAR-T efficacy and one-year relapse

To evaluate the combined influence of 422 metabolites on
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CAR-T  therapy  efficacy  and  one-year  relapse  risk,  we
defined  therapeutic  response  as  a  binary  outcome  based
on  assessments  at  discharge  post-infusion:  patients
achieving ≥ very  good  partial  response  (VGPR)
constituted  the  good-efficacy  group,  whereas  those  with
responses  inferior  to  VGPR comprised  the  poor-efficacy
group.  Metabolite  features  significantly  associated  with
clinical  outcomes  were  selected  using  a  VIP threshold  >
1.0,  with  robustness  assessed  through  10-fold  cross-
validation  coupled  with  100  permutations  to  mitigate
overfitting.  Multivariate  analyses  involved  three
approaches: (1) conditional logistic regression with lasso
penalization (“Lasso”), (2) conditional logistic regression
with  elastic  net  penalization  (“Elastic  Net”),  and
(3) random forests. Lasso and elastic net regressions were
performed  using  the  MNet  R  package  (0.1.0);  ridge  and
lasso  regressions  were  conducted  using  the  glmnet  R
package; and random forest analysis utilized the Bournta
R package (8.0.0).

 Determination of arginine synthesis via targeted liquid
chromatography–mass spectrometry

Arginine  synthesis  (AS)  was  analyzed  using  liquid
chromatography–mass  spectrometry/mass  spectrometry
(LC–MS/MS).  Serum  samples  were  thawed  at  room
temperature  and  added  with  200 μL  of  methanol.  The
mixture  was  vortexed  for  3  min  and  then  centrifuged  at
4  °C for  5  min  at  12  000 rpm.  Subsequently,  100 μL of
the  supernatant  was  subjected  to  LC–MS/MS  analysis.
AS  metabolites  were  analyzed  using  a  Sciex 6500 triple
quadrupole mass spectrometer (Sciex, Framingham, MA,
USA).  The  mass  spectrometer  parameters  were
optimized,  and  the  samples  were  analyzed  automatically
using  a  multiple  reaction  monitoring  approach.  AS
concentrations  were  quantified  using  calibration  curves
specific to each metabolite in this pathway.

 Statistics and reproducibility

Frequency  tables  and  summary  statistics  were  employed
to  describe  data  distributions.  For  omics  data  analyses,
the  Mann–Whitney  Wilcoxon  test  was  used  to  compare
continuous variables, while Pearson’s chi-square test and
Fisher’s  exact  test  were  used  for  categorical  variables,
unless  specified  otherwise.  Survival  curves  were
generated using the Kaplan–Meier method and compared
using  the  Log-rank  test. P-values  were  adjusted  for  the
false  discovery  rate  using  the  Benjamini–Hochberg
method.  Statistical  analyses  were  conducted  using  R
version 4.3.2 or GraphPad Prism version 8.0.2. Statistical
significance thresholds were defined as follows: ****P <
0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

 Results

 Cohort characteristics and longitudinal study design

This study enrolled 19 patients with R/R MM treated with
cilta-cel,  a  B  cell  maturation  antigen,  targeting  CAR-T
therapy.  The  cohort  comprised  11  participants  from  the
Phase I Legend-2 trial, as previously reported [13], and 8
from  the  Phase  II  CARTFAN-1  trial  (Fig. 1A)  [11].  We
collected 152 serum samples from these 19 patients with
R/R  MM  (ages  35–68  years;  63.16% male  and  36.84%
female) and 20 samples from age- and sex-matched HCs
for  reference (ages  46–70 years, P =  0.3;  85% male  and
15% female, P =  0.535).  An  independent  cohort  of  23
patients  was  also  studied  for  validation  (Fig. 1B).  This
comparative  design  helped  to  confirm  that  the  reported
changes were induced by CAR-T cell infusion.

Table 1 summarizes  the  baseline  demographics
characteristics of the discovery cohort (N = 19) and HCs
(N =  20),  and Table 2 compares  these  characteristics
between  the  severe  and  mild  CRS  groups  (Tables 1, 2,
and  S1).  Comorbidity  information  is  additionally
documented  in  these  tables,  as  certain  conditions  may
influence  metabolic  outcomes  [22].  Although  our
exclusion criteria mitigate confounding effects from acute
organ  dysfunction  and  severe  systemic  illnesses  on
metabolomic  analyses,  mild-to-moderate  comorbidities
remain  present  in  enrolled  patients  and  may  affect
metabolomic  profiles.  The  majority  of  participants
experienced  CRS,  the  most  common  complication  of
CAR-T  therapy  for  MM.  Clinical  characteristics
associated with CRS severity were analyzed in a previous
work, adopting criteria defined by the CARTOX working
group for grading CRS [13]. In our study, CRS grade 3 or
higher  were  classified  as  severe  adverse  effects,  and
grades  1  and  2  were  classified  as  mild  adverse  effects.
Patients  were  grouped based on their  highest  CRS grade
(Fig. 1A and  Table  S2).  No  significant  differences  were
observed between the severe and mild groups in terms of
sex,  age,  BMI,  serum  M  protein  level,  or  other  baseline
characteristics  (Table 2).  Unfortunately,  three  patients  in
the severe group (CZ03, RJ30, and RJ31) died early due
to  severe  CRS  (CRS  grade  5),  whereas  seven  patients
remain in ongoing remission (Fig. 1A).

To  gain  insights  into  CRS  development,  we  collected
intravenous  blood  specimens  at  baseline  (Day  0,  pre-
infusion) and on 3–5 (Days 3–5), 6–9 (Days 6–9), 10–12
(Days 10–12), 13–15 (Days 13–15), 20–22 (Days 20–22),
and 28–32 days (Days 28–32) after CAR-T infusion. The
inflammatory reaction was divided into seven phases over
30 days: baseline (Day 0, pre-infusion), latent (Days 3–5),
fever  (Days  6–9),  acute  aggravation  (Days  10–12  and
Days  13–15),  resolving  (Days  20–22),  and  remission
(Days 28–32) periods (Fig. 1B). In addition, the discovery
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Fig. 1    Overview of the study cohort and design. (A) Timeline of the discovery cohort: The y-axis shows patient IDs, and the x-axis displays days
after  CAR-T  therapy.  The  cohort  includes  19  patients  (13  males  and  6  females),  with  key  clinical  characteristics  (e.g.,  CRS  class  and  relapse
status)  summarized  in  the  right  panel.  Rel_1Y  defined  as  the  relapse  status  within  one  year.  Stars  indicate  death  patients.  Blue  dots  mark
metabolomics sampling time points. (B) Metabolomic analysis was performed on 301 serum samples collected from 42 patients with R/R MM (19
patients  from  the  discovery  cohort  and  23  from  the  validation  cohort),  along  with  20  serum  samples  from  20  control  individuals  (single  time
point). These serum samples were collected at nine time points spanning the therapeutic course: before lymphodepletion, prior to cell infusion, at
six longitudinal points during the first 4 weeks post-infusion, and at the first documented complete remision (CR) time point during post-discharge
follow-up. (C) In total, 318 serum samples and 65 quality control samples were processed using two methods, identifying 422 and 473 metabolites,
respectively. (D) Conceptual data structure: the x-axis represents sampling time points, the y-axis represents analytes from multi-omics data, and
the  z-axis  represents  individual  patients.  (E)  Metabolomics  analysis  plan:  (1)  time-series  analysis  of  CAR-T  therapy-related  metabolites,
(2)  correlation analysis  to  identify  metabolites  associated with CRS class  and onset,  (3)  differential  metabolite  analysis  between the severe  and
mild CRS groups, and (4) individual patient-level.
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cohort  (N =  19)  provided  blood  samples  before
lymphodepletion  (Day −5)  and  at  the  first  CR  during
follow-up  (First  CR; Fig. 1B).  In-depth  multi-omics
profiling was conducted on each sample, including serum
metabolomics  (targeted  and  untargeted),  cytokine
profiling  (Luminex),  clinical  characteristics,  and
metabolic  gene  expression  (RNA-seq)  from  PBMCs
(Fig.  S2A).  A  total  of  66  highly  frequent  clinical
laboratory  characteristics  were  selected  from  the  152
serum  samples  (Table  S3).  The  metabolomic  data  set
included  422  serum  metabolites  from  the  152  patient
samples  (collected  over  4  weeks)  and  20  HC  samples
(collected  at  a  single  time  point),  quantified  via
untargeted liquid chromatography–electrospray ionization
tandem  mass  spectrometry  (LC–ESI–MS/MS; Fig. 1B
and  1C  and  Tables  S4–S6).  Targeted  metabolomics

focused on metabolites involved in the arginine metabolic
pathway (Table S9). Data on metabolic-related genes and
cytokines were obtained from Yang et al. (Tables S7 and
S8) [23].

For  subsequent  analyses,  median  or  average  values
were  calculated  across  patients  within  relevant  groups
(Fig. 1D).  After  data  curation  and  annotation,  the
final  data  set  included 4145 analytes  (Fig.  S2A  and
Tables  S3–S9):  422  untargeted  metabolites,  7  targeted
metabolites, 3593 genes,  63  cytokines,  and  66  clinical
laboratory  characteristics.  The  longitudinal  multi-omics
data  set  was  utilized  to  (1)  characterize  the  dynamic
molecular  response  to  CAR-T  therapy;  (2)  determine
molecular  associations  with  CRS  and  identify  predictors
of  CRS  severity;  (3)  analyze  differential  responses  to
CAR-T therapy across  CRS grades;  and (4)  examine the

 

Table 1    Baseline clinical characteristics (MM versus HC)
Variables Multiple myeloma (N = 19) Healthy controls (N = 20) P value

Sex, n (%) 0.535a

Male 12 (63.16) 17 (85)

Female 7 (36.84) 3 (15)

Age, year

Median (range) 57 (35–68) 52 (46–70) 0.300b

Serum M protein, g/L

Median (range) 29.62 (11.3–64.5)

Ig Type, n (%)

IgG 11 (68.75)

IgA 4 (25)

IgD 1 (6.25)

Light chain type, n (%)

λ 2 (66.67)

κ 1 (33.3)

Clonal BM plasma cells, %

Median (range) 9.95 (0.28–69)

ALT (10–64), IU/L

Median (range) 18.5 (11–86) 21 (11–37) 0.770b

AST (8–40), IU/L

Median (range) 23 (12–157) 22.5 (17–30) 0.295b

TBIL (4.7–24), μmol/L

Median (range) 10.5 (6–21.1) 13.15 (5.4–18.9) 0.089b

TBA (1–10), μmol/L

Median (range) 4.35 (1.7–23.8) 2.95 (1.4–7.9) 0.060b

BUN (2.5–7.1), mmol/L

Median (range) 4.5 (1.86–8.8) 5 (3.9–7.1) 0.472b

Range 1.86–8.8 3.9–7.1

CREA (62–115), µmol/L

Median (range) 71.5 (47–108) 78.5 (55–103) 0.299b

aP is calculated by χ2 test. bP is calculated by t-test.
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clinical  relevance  of  outlier  analyses  at  the  individual
level (Fig. 1E).

 System-wide multi-omics remodeling induced by
CAR-T therapy

The quality of each omics data set was initially examined
to  ensure  the  absence  of  batch  effect  (Fig.  S1).  CAR-T
therapy  induced  system-wide  changes  in 1409 analytes
spanning  all  omics  layers  (defined  as  those  with  at  least
1.5-fold change and P < 0.05; Fig. 2A and 2B and Tables
S10–S12).  Samples  from  the  same  participant  clustered
together,  indicating  consistent  intra-individual  profiles
(Fig.  S2B).  These  changes  spanned  metabolites,
cytokines,  and  gene  expression  profiles,  reflecting

widespread  systemic  perturbations.  Notably,  HCs  and
patients  with  MMs  did  not  cluster  together,  even  when
patients achieved CR status (Fig. S2C).

The  group  with  the  most  changes,  as  observed  by
coefficient  of  variation  (CV),  was  the  acute  aggravation
phase  (Days  10–12  and  Days  13–15),  in  which  the
arginine biosynthesis and bile acid metabolism pathways
were  significantly  enriched  (Fig.  S2E  and  S2F  and
Tables  S13  and  S14).  We  conducted  a  time-series
analysis  of  serum  metabolites  across  nine  time  points
during  CAR-T  therapy  in  patients  with  MM,  identifying
89  unique  differentially  expressed  metabolites  (Fig. 2A).
The  periods  of  Days  10–12  and  Days  13–15  changed
most,  with  33  and  25  significantly  differential
metabolites, respectively (Fig. 2B); notably, 44% of these

 

Table 2    Baseline clinical characteristics (severe vs. mild)

Variables Mild (CRS grade ≤ 2) (N = 4) Severe (CRS grade ≥ 3) (N = 15) P value

Sex, n (%) 0.865a

Male 3 (75) 9 (60)

Female 1 (25) 6 (40)

Age, year

Median (range) 56 (35–61) 58 (40–68) 0.420b

BMI (18.5–23.9), kg/m2

Median (range) 20.94 (20.37–25.96) 23.46 (18.04–29.06) 0.538b

Serum M protein, g/L

Median (range) 27.4 (11.3–40.2) 31.53 (11.5–64.5) 0.616b

Ig Type, n (%) 0.719a

IgG 3 (75) 8 (66.67)

IgA 1 (25) 3 (25)

IgD 0 (0) 1 (8.33)

Light chain type, n (%) NAa

λ 0 (0) 2 (66.67)

κ 0 (0) 1 (33.33)

Clonal BM plasma cells, %

Median (range) 17 (4.5–69) 6 (0.28–45) 0.290b

ALT (10–64), IU/L

Median (range) 21 (13–86) 19 (11–29) 0.049b

AST (8–40), IU/L

Median (range) 16 (12–157) 16 (13–45) 0.259b

TBIL (4.7–24), µmol/L

Median (range) 8.5 (6–15.8) 11.05 (8.1–21.1) 0.347b

TBA (1–10), μmol/L

Median (range) 3.25 (2.8–23.8) 4.8 (1.7–12.5) 0.338b

BUN (2.5–7.1), mmol/L

Median (range) 6.65 (4.1–7.7) 4.35 (1.86–8.8) 0.102b

CREA (62–115), µmol/L

Median (range) 90.5 (47–108) 67.5 (49–101) 0.303b

aP is calculated by χ2 test. bP is calculated by t-test.
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Fig. 2    Molecular response to CAR-T. (A) Multi-omics changes in response to CAR-T therapy. (B) Upset plot of significant metabolites during
eight time periods. (C) Heatmap of significant metabolites, the subclass, and the enriched KEGG pathway. Left: heatmap of significant metabolites
representing  the  median  log2(fold  change)  relative  to  baseline  in  the  cohort.  Metabolites  were  grouped  by  clusters.  Middle:  classification  of
metabolites.  Right:  bubble  plot  showing  the  enriched  KEGG  pathway;  the  size  of  bubbles  represents  the  number  of  metabolites  enriched  in  a
pathway. (D) Four trajectories of metabolites with different longitudinal trajectories computed with “Mfuzz” analysis (more details in Table S6).
(E) Pathway enrichment for the metabolites in four trajectories (more details in Table S17).
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metabolites  overlapped.  DA  analysis  (calculating  DA
scores)  revealed  18  metabolic  pathways  significantly
affected  during  Days  10–12  (Fig.  S3A  and  Table  S15).
Lipid  metabolism,  especially  primary  bile  acid
biosynthesis,  exhibited  the  most  substantial  changes.
Biosynthesis  of  unsaturated  fatty  acids  (UFAs),
tryptophan  metabolism,  and  pyrimidine  metabolism  also
showed  high  DA  scores,  and  these  three  pathways
changed  persistently  during  the  post-CAR-T  therapy
period.  Amino  acid  metabolism  became  increasingly
dominant, whereas lipid metabolism sustained a high DA
score (Fig. S3A–S3C).

Building  on  these  findings,  the  89  differentially
expressed metabolites revealed distinct metabolic patterns
(Fig. 2C).  Two  metabolite  clusters  were  upregulated  at
Days 10–12, Days 13–15, and Days 20–22, and they were
primarily  linked  to  primary  bile  acid  synthesis,
tryptophan  metabolism,  and  propanoate  metabolism.
Notably,  another  metabolite  cluster  (demarcated  by  the
blue  rectangle)  showed  a  distinct  upregulation  at  Days
20–22,  Days  28–32,  and  First  CR,  including  seven
lysoPC/PE  species  (key  components  of
glycerophospholipid  metabolism),  two  arachidonic  acid
(AA)  analogs,  and  one  purine  derivative.  Given  their
roles  as  precursors  of  platelet-activating  factors  and  in
platelet  remodeling,  these  metabolites  may  contribute  to
platelet  remodeling  [24],  which  aligns  with  the
coagulation  dysfunction  observed  post-CRS  [24].  These
metabolic  shifts  likely  reflect  adaptive  and  recovery
processes  during  the  later  stages  of  CAR-T  therapy,
highlighting the role of lipid metabolism in recovery.

 Temporal metabolic trajectories during CAR-T
therapy

To  investigate  dynamic  changes  in  inflammatory
responses  and  metabolic  pathways  during  CAR-T
therapy,  we  utilized  high-density  sampling.  The  optimal
number  of  trajectories  was  determined  in  the “elbow”
plot,  with  four  temporal  trajectories  identified  via  the
“Mfuzz” method  for  c-means  clustering  [20]  (Fig. 2D).
These  trajectories  showed  distinct  patterns  of  metabolite
changes  after  CAR-T  therapy.  Some  metabolites
increased  post-CRS and  returned  to  baseline  at  First  CR
(Trajectory  3,  T3).  By  contrast,  others  dropped  at  Days
13–15,  remained  low during  recovery,  and  reached  their
lowest  levels  at  First  CR  (Trajectory  2,  T2).  Additional
metabolites  decreased in response to CAR-T therapy but
spiked after  the  development  of  CRS (Trajectory 4,  T4),
or  they  gradually  increased  after  CRS  and  returned  to
baseline  at  the  First  CR  (Trajectory  1,  T1; Fig. 2D and
Table S6).

Significant metabolic shifts were observed across these
trajectories.  Enrichment  analysis  revealed  that  arginine
biosynthesis  and  sphingolipid  metabolism  were  enriched

in T1 and T4 (P < 0.01; Fig. 2E and Table S17), and their
member metabolites included L-aspartic acid, L-arginine,
N-acetylornithine,  L-glutamine,  citrulline,  and
argininosuccinic  acid.  Low  arginine  levels  have  been
linked  to  suppressed  CAR-T  cell  glycolysis  and
proliferation, as well as poor therapeutic efficacy [25–28].
During  the  acute  aggravation  period  (Days  10–12),
arginine underwent increased catalysis by inducible nitric
oxide synthase (iNOS), leading to heightened production
of  citrulline  and  nitric  oxide  (NO),  whereas  gene
expression  of  arginase  (ARG)  and  glycine
amidinotransferase  (GATM),  a  key  enzyme  of  the
creatinine  pathway,  decreased  (Fig. 3A).  NO  acts  as  an
endothelial  activator,  which  increases  inflammatory
responses [29]. AA levels increased markedly during this
time,  whereas the expression of  the gene encoding nitric
oxide  synthase  2  (NOS2)  was  low.  Pro-inflammatory
substances were also highly secreted [30].  Our RNA-seq
data revealed the likely activation of macrophages during
this  period,  consistent  with  an  M1  phenotype  (Fig.  S3D
and  S3E  and  Table  S18).  Citrulline  depletion  has  been
implicated  in  driving  macrophage  activation  toward  the
M1  phenotype,  with  argininosuccinate  synthetase  1
(ASS1)  catalyzing  the  conversion  of  citrulline  to
argininosuccinate  [31].  The  expression  of ASS1 was
dramatically  upregulated  at  Days  6–9,  suggesting  that
citrulline  depletion  may  precede  the  inflammatory
response  induced  by  macrophage  activation  (Fig. 3A).
Phenotypic  analysis  of  immune infiltration of  metabolic-
related  genes  revealed  macrophage  activation,  primarily
of the M1 type, on Days 6–9 (Fig. S3E). ASS1 expression
varied  between  mild  and  severe  CRS  (Table  S18):  the
mild  group  showed  insignificant  changes  in ASS1
upregulation  on  Day  6–9,  whereas  the  severe  group
exhibited  significant  upregulation  (Table  S18).
Macrophages  have  been  implicated  in  CAR-T-induced
CRS release [30], and the notable upregulation of ASS1 in
the severe group may contribute to macrophage activation
and  subsequent  CRS  severity  [31,32].  These  findings
collectively  highlight  the  importance  of  arginine
metabolism  in  immune  regulation,  macrophage
activation,  and  CRS  pathophysiology,  suggesting  that
targeting  pathways  like ASS1 modulation  could  mitigate
severe  CRS  and  enhance  CAR-T  cell  therapy  efficacy
(Tables S19, S20, S35, and S36).

Sphingolipid-related  metabolites,  such  as  sphingosine-
1-phosphate,  showed  strong  correlation  with  AA
derivatives from the CYP450 pathway (such as 20-HETE,
19S-HETE,  and  12R-HET;  adjusted P <  0.05,  |r|  >  0.8;
Table S16). AA is a key regulator of stress responses [5].
“Mfuzz” analysis  clustered  AA  within  temporal  profile
T3  (Table  S6),  whereas  derivatives  from  its
cyclooxygenase  (COX)  pathway  (e.g.,  16-phenoxytetra-
norprostaglandin  E2)  and  lipoxygenase  (LOX)  pathway
(e.g.,  leukotriene  D4  methyl  ester)  clustered  in  T2.
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Fig. 3    Metabolites  in  specific  pathways.  (A)  Targeted analysis  of  metabolites  involved in  the  arginine metabolic  pathway.  The boxplots  were
targeted metabolomic results.  The heatmap bar  presents  the abundance of  metabolite  and genes.  The “purple-white-yellow” represents  the gene
expression  levels,  and  the “blue-white-red” represents  the  metabolite  abundance.  (B)  Heatmap  of  acyl-carnitine  and  cluster  by “Mfuzz”.
(C) Longitudinal trajectories of significant amino acids in response to CAR-T therapy. The metabolite level is the mean log2(fold change) relative
to baseline, and the bars are the SEM. * means branched chain amino acids.

Xiaolin Ma et al. 1223



Similar  to  T3  metabolites,  these  derivatives  peaked  on
Days  13–15,  indicating  that  AA  activation  of  the  COX
and LOX pathways during acute aggravation [6] induced
the  synthesis  of  pro-inflammatory  mediators.
Furthermore,  soluble  IL-1  receptor  II  (sIL-1RII),  a
cytokine that binds IL-1, showed strong associations with
cortisol  (Fig.  S4A  and  Table  S16).  Certain  AA
derivatives  (e.g.,  16-phenoxytetranorprostaglandin  E2)
are  known  to  stimulate  cortisol  secretion,  likely  limiting
excessive inflammation. IL-1 exhibits a robust correlation
with  the  AA  metabolic  pathway  and  is  involved  in  key
cellular  processes  via  the  activation  of  NF-κB and  AP-1
[33].

Pyrimidine  and  caffeine  metabolism  were  enriched  in
T2  (adjusted P <  0.05; Fig. 2E and  Table  S17).
Pyrimidines  support  DNA  synthesis  [34]  and  T  cell
activation  [35].  Caffeine  act  as  an  adenosine  receptor
antagonist,  enhancing  immune  responses  by  activating
CD8+ T  cells,  suppressing  tumor  angiogenesis,  and
inducing  apoptosis  [36–38].  Metabolites  in  these
pathways  are  correlated  with  cytokines  (clinical
characteristics)  such  as  IL-1Ra  and  TNF-RII  (Fig.  S4B
and Table  S16),  emphasizing their  role  in  metabolic  and
immune  crosstalk  [38,39].  Cystatin  C  (CysC)  has  anti-
inflammatory  properties,  inhibiting  IL-1β and  TNF-α
release  but  preserving  IL-6  expression  [36],  thereby
indicating  the  targeted  regulation  of  inflammatory
responses.  During  Days  13–15,  the  suppression  of  IL-1
and  TNF  coincided  with  increased  ribulose  and  xylose
levels,  linking  metabolic  changes  to  inflammation  [37].
Pyrimidine  damage  products,  such  as  cytosine,  are
generated  during  inflammation  [40],  which  may  help
explain the connection between chronic inflammation and
cancer.

The  biosynthesis  of  UFAs  and  branched-chain  amino
acids (BCAAs) was elevated in T3, which was associated
with CRS resolution (adjusted P < 0.05; Figs. 2E and 3C
and  Table  S17).  UFAs  exhibit  tumor-selective
cytotoxicity and provide mitochondrial support for T cells
[41,42]. BCAAs contribute to immune modulation, tumor
suppression,  protein  synthesis,  and  cellular  repair
[43–45].  Elevated  bile  acid  metabolites  were  also
observed  in  this  trajectory,  correlating  with  liver
dysfunction  markers  (e.g.,  albumin  (ALB),  alkaline
phosphatase,  and  gamma-glutamyl  transferase  (GGT))
and  coagulopathy  indicators  such  as  platelet  count
(Fig. S4C and Table S16) [46,47].

Metabolites  enriched  in  glycerophospholipid
metabolism  in  T4,  such  as  lysoPC  and  acetylcholine,
were  associated  with  platelet  activation  and  coagulation
(adjusted P < 0.05; Figs. 2E and S5B and Tables S16 and
S17)  [24].  International  normalized  ratio  (INR)  and
prothrombin  time  (PT)  were  negatively  correlated  with
bile acid synthesis  markers [48],  thereby associating bile

acid  metabolism  with  coagulation  dysfunction
(Figs.  S4D,  S5A,  and  S5B)  [49].  Increased
glycerophospholipid  levels  were  associated  with
enhanced CAR-T therapy efficacy (Tables S19 and S20),
suggesting  a  role  in  regulating  immune  responses.
Tryptophan  metabolism  was  also  enriched  in  T4
(Fig. 2E).  Indole  derivatives  were  immunomodulatory
factors  enriched  in  this  pathway,  influencing  T  cell
activation and differentiation [50]. Low tryptophan levels
were  associated  with  diminished  CAR-T  cell  function,
highlighting its importance in metabolic regulation.

The “supraHex” clustering results  aligned closely with
the “Mfuzz” trajectory  analyses,  providing
comprehensive insights into metabolic changes following
CAR-T  therapy  (Fig.  S5C  and  Table  S6)  [21].  Pathway
enrichment  analysis  revealed  close  links  among  amino
acid,  lipid,  and  energy  metabolism,  and  these  pathways
played  important  roles  in  CAR-T  therapy  responses  and
associated adverse effects. Correlation results are detailed
in the supplementary material.

 Differential clinical and metabolic characteristics
between severe and mild CRS

As  previously  described,  patients  were  categorized  into
two groups: severe and mild CRS groups (Fig. 1A). First,
baseline  clinical  characteristics  of  the  groups  were  well-
balanced.  All  parameters  were  similar  except  for  ALT
(P = 0.049; Table 2). Longitudinal analysis of 66 clinical
laboratory  characteristics  identified  six  that  differed
significantly  between  the  groups  (Fig. 4A).  CysC  levels
remained elevated above the upper reference limitation in
both  groups  during  therapy,  but  they  were  higher  in  the
mild  group  than  in  the  severe  group  (Fig. 4A).  CysC
exerts  anti-inflammatory  effects  by  inhibiting  IL-1β and
TNF-α expression  without  altering  IL-6  and  IL-8  levels
[36].  The  inverse  relationship  between  CysC
concentration  and  CRS  severity  was  confirmed  in  the
independent  validation  cohort  (Fig.  S15B).  GGT  and
LDH  levels  in  the  severe  group  exceeded  those  in  the
mild  group  at  Days  6–9,  peaking  during  the  CRS
outbreak. LDH levels are correlated with CRS severity in
patients with B cell acute lymphoblastic leukemia treated
by CAR-T [51]. IL-10 exhibited the largest differences at
Days  6–9,  peaking  before  the  CRS  outbreak  (Fig. 4A).
Levels were elevated in the severe group, consistent with
prior  findings  linking  IL-10  to  the  severity  of  CAR-T
therapy toxicity (which matched the domain design of our
product)  [13,52].  After  the  CRS  outbreak,  ALT  and
albumin/globulin  ratio  (A/G)  levels  were  significantly
elevated  in  the  severe  group,  highlighting  heightened
liver dysfunction associated with severe CRS [51].
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Fig. 4    Dynamic clinical laboratory characteristics and metabolite profile of the severe and mild CRS groups. (A) Differential clinical laboratory
characteristics between the severe and mild groups. (B) Differential abundance metabolites between the severe and mild groups in different time
points and the enriched KEGG pathways. Left: bubble plot showing the differentially expressed metabolites between the severe and mild groups
(FC  >  1.5  presents  upregulation  in  the  severe  group,  whereas  FC  <  0.667  presents  downregulation  in  the  severe  group).  The  size  of  bubbles
presents the significance of the difference between the severe and mild groups. Middle: different time slots. The size of circles presents the number
of  differentially  abundant  metabolites  in  each  time  point.  Right:  KEGG  pathway  enrichment  in  each  time  group,  with  annotated  metabolites
exceeding two within a single pathway. Red indicates upregulation in the severe group, and blue indicates downregulation in the severe group.
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 Early metabolic shifts (pre-lymphodepletion) as
predictors of CRS severity

Lipids  and  amino  acids  were  the  primary  metabolites
differentiating  the  severe  and  mild  CRS  groups,
particularly  at  three  key  time  slots:  Day −5  (pre-
lymphodepletion), Days 10–15, and Days 28–32 (Fig. 4B
and  Table  S21).  At  Day −5,  over  half  of  the  differential
metabolites  were  significantly  enriched  in  the  UFA
synthesis  pathway,  with  all  involved  metabolites
significantly upregulated (Fig. 4B (left)). Although UFAs
exhibit  an  established  association  with  obesity  [53],  no
significant  difference  in  BMI  was  observed  between  the
severe  and  mild  groups  in  the  discovery  cohort,
suggesting that  these metabolic  shifts  are independent  of
obesity.  These  changes  likely  prepared  the  immune
system by altering cell membrane composition, enhancing
immune  cell  activation,  and  promoting  cytokine  release
(Figs. 4B (right),  S6,  and  S7  and  Table  S22)  [54].
Additionally,  tryptophan  metabolism  was  consistently
downregulated  in  the  severe  group  across  multiple  time
slots,  including  Day −5,  Days  13–15,  Days  28–32,  and
First  CR  groups.  This  downregulation  of  the
tryptophan–kynurenine  pathway  and  related  metabolites
suggested  a  heightened  anti-tumor  immune  response
driven  by  CAR-T  therapy,  which  may  have  exacerbated
cytokine release and CRS severity (Fig. S8A) [55,56].

Day −5 emerged as  a  critical  time point  for  predicting
CRS.  Initial  metabolic  shifts,  particularly  in  UFA
synthesis  and  tryptophan  metabolism,  predicted  CRS
severity. These two pathways highlight systemic immune
activation  that  prepares  the  immune  environment  for  the
onset of CRS. Differences between Days 10–12 and Days
13–15 further emphasize how metabolic pathways shift as
CRS  progresses,  from  acute  organ  damage  to
inflammatory  resolution,  highlighting  potential
opportunities for therapeutic intervention.

 Distinct metabolic pathways during CRS development
in the severe versus mild groups

During  the  acute  aggravation  period  (Days  10–15),
different  metabolic  changes  were  found  between  the
severe and mild CRS groups (Fig. 4B). Primary bile acid
synthesis  showed  a  significant  increase  in  the  severe
group,  and  these  metabolites  were  strongly  associated
with  coagulation dysfunction markers  such as  DBIL and
FERRIT (Fig. S5B and Table S16). This indicated hepatic
impairment  and  its  potential  contribution  to  coagulation
dysfunction,  possibly  due  to  diminished  thrombin
production.  Additionally,  suppression  of  the  TCA  cycle
was  observed  (Figs. 4B and  S6),  indicating  decreased
mitochondrial  energy  production.  During  severe  CRS,
cells appeared to rely more heavily on glycolysis (instead
of  TCA)  for  energy  generation.  Elevated  levels  of

5-hydroxylysine  (Figs. 4B and  S6),  a  lysine  derivative
associated  with  liver  fibrosis  and  tissue  damage  [57],
further  emphasized  the  role  of  lysine  metabolism  in  the
potential long-term organ injury following severe CRS.

On  Days  13–15,  the  middle-to-late  phase  of  CRS
outbreak,  extensive  metabolic  differences  emerged.
Numerous metabolites changed, including those involved
in  lipid,  nucleic  acid,  carbohydrate,  and  energy-related
metabolites (Fig. 4B, left and middle). Lipid metabolism,
particularly  glycerophospholipid  metabolism,  remained
prominent,  with  several  metabolites  contributing  to
immune  signals  and  membrane  remodeling  [58].
Glycerophosphorylcholine  is  also  a  key  hypertension
biomarker  [59];  however,  PCA  of  all  pre-
lymphodepletion  metabolites  showed  that  hypertensive
status  (presence  or  absence)  did  not  effectively
discriminate  across  patients,  excluding hypertension as  a
primary  factor  influencing  the  observed  differences.
Simultaneously,  declining  levels  of  dehydroepiandros-
terone  and  dehydroepiandrosterone  sulfate  (Fig.  S6),
known  inhibitors  of  pro-inflammatory  cytokine
production  [58],  likely  exacerbated  cytokine  release  and
amplified inflammatory damage.

Days  28–32  reflected  the  recovery  phase  or  long-term
metabolic  changes  after  CRS,  with  lipid  and  amino  acid
metabolism  remaining  dominant.  Approximately  half  of
the  differential  metabolites  were  enriched  in
glycerophospholipid  metabolism,  whereas  others  were
involved  in  phenylalanine,  glutamate,  and  arginine/
proline metabolism. Severe CRS cases exhibited elevated
glycerophospholipid  metabolism,  correlating  with
coagulation  dysfunction  (Table  S16).  LysoPC/PE
metabolites, choline phosphate, and 4-pyridoxine showed
negative  correlations  with  INR,  PT,  and  APTT,
emphasizing their  role  in  impaired coagulation pathways
(Fig. S5B and Table S16) [60,61].

To further explore metabolite–CRS grade relationships,
serum  samples  were  stratified  by  CRS  grade  (0–4).
Thirty-six  metabolites  were  significantly  associated  with
CRS  grades,  clustering  into  four  distinct  clusters  (Fig.
S8A and S8B). Metabolites in the top cluster (Fig. S8A),
which  markedly  increased  in  CRS  grade  4,  were
predominantly  associated  with  primary  bile  acid
synthesis.  Notably,  all  grade  4  samples  were  collected
from  the  same  patient  (RJ31),  who  suffered  severe  liver
damage  due  to  secondary  CAR-T  re-expansion.
Metabolites  in  this  cluster  showed  a  sharp  increase  in
RJ31  on  Days  28–32,  exceeding  levels  in  all  other
patients (Fig. S8C).

 Severity-dependent temporal metabolic pathways in
CRS

The  severe  and  mild  groups  exhibited  distinct  metabolic
trajectories throughout CAR-T therapy. In the mild group,
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metabolites  in  Trajectory  3  increased  after  CAR-T
infusion,  peaking  at  Days  13–15,  whereas  those  in
Trajectory  4  dropped  after  CAR-T  infusion.  Metabolites
in Trajectory 3 reached their lowest point at Days 20–22
before returning to baseline (Fig. S9), reflecting a gradual
and  regulated  metabolic  shift  in  mild  CRS.  Conversely,
the  severe  group  exhibited  an  early  increase  in
metabolites in Trajectory 3 (Days 6–9), reaching a peak at
Days 10–12, indicating a pronounced metabolic response
(Fig.  S9).  Metabolites  in  Trajectory  4  decreased  after
CAR-T  infusion  but  later  rebounded  beyond  baseline
levels, indicating sustained metabolic dysregulation.

To  elucidate  metabolic  differences  within  the  severe
group,  we  performed  model-based  clustering  [23]  to
stratify  patients  into  distinct  subgroups.  The
determination of  the optimal number of  clusters  (G) was
guided by stability and validity indices (Fig. 5A and 5B).
Evaluation of the stability matrices for G values from 2 to
4  revealed  the  most  consistent  consensus  at  G=2
(Fig.  5A).  This  finding  was  corroborated  by  cluster
validity  metrics;  the  functional  Davies–Bouldin  (fDB)
index reached its  minimum at  G=2 while  accounting  for
sample  size  constraints,  indicating  optimal  cluster
separation  and  compactness  (Fig. 5B).  Consequently,  we
established G=2 as the optimal scale and thereby defined
two distinct  subgroups:  severeA (RJ04,  RJ05,  RJ26,  and
RJ29)  and  severeB  (CZ02,  CZ03,  RJ02,  RJ03,  RJ22,
RJ23, RJ24, RJ25, and RJ27), for subsequent analysis of
their  metabolic  differences  (Fig. 5C).  The  Sankey
diagram showed that severeB had higher similarity to the
overall  severe  group  than  severeA  (Fig. 5D),  whereas
KEGG  pathway  enrichment  revealed  that  severeA
exhibited metabolic profiles more akin to the mild group
than  severeB  (Fig. 5E).  This  subgrouping  approach
elucidated metabolic changes in severe CRS, highlighting
enhanced energy metabolism (TCA cycle) and amino acid
metabolism  (e.g.,  arginine,  lysine,  and  tryptophan
metabolism) induced by CAR-T therapy.

 Personalized metabolic monitoring: hepatotoxicity in
a fatal CRS case (RJ31)

In  our  previous  study,  patient  RJ31  experienced  two
severe  CRS  outbreaks  (≥ Grade  3)  during  CAR-T  cell
therapy,  occurring  on  Days  6–9  and  Days  20–22,
respectively  [23].  During  the  first  CRS,  metabolomics
analysis  using  KEGG  enrichment  and  DA  scoring
revealed  enhanced  tryptophan  and  caffeine  metabolism,
along  with  significant  suppression  of  the
glycerophospholipid  metabolism  (Fig.  S10A  and  S10D
and  Tables  S23–S25).  After  tocilizumab  administration,
CRS  symptoms  gradually  improved  at  later  time  points
(Days 10–12 and Days 13–15).

By  contrast,  the  metabolic  profile  during  the  second
CRS  was  markedly  different  (Fig.  S10B  and  S10D  and

Tables  S23–S25).  An  increase  in  primary  bile  acid
synthesis,  which  was  previously  associated  with  hepatic
impairment  (Fig.  S5A  and  Table  S16),  was  consistent
with the clinical observation of progressing jaundice. The
patient  eventually  died  of  liver  failure.  Additionally,  in
the  second  CRS,  energy  metabolism  pathways,  such  as
the  TCA  cycle  and  glyoxylate  and  dicarboxylate
metabolism, were significantly activated. Compared with
the  first  CRS,  the  second  CRS  episode  demonstrated
severe  liver  dysfunction  (evident  in  primary  bile  acid
synthesis)  and  significant  upregulation  of  energy
metabolism  (TCA  cycle  and  oxidative  phosphorylation)
and  glycerophospholipid  metabolism  (Fig.  S10C  and
S10D  and  Tables  S23–S25).  These  results  aligned  well
with  our  previously  reported  PBMC  RNA-Seq  findings
[23].

The  death  of  patient  RJ31  after  CAR-T  therapy  may
have  resulted  from  serious  metabolic  problems  that
established  a  microenvironment  favoring  hepatotoxicity.
Metabolomic  profiling  across  nine  time  points  showed
extreme changes (≥ 5 times the maximum or minimum)
in  ten  key  metabolites,  namely,  N(2)-acetyllysine,  3-
dehydroxycarnitine,  D-arginine,  homoarginine,  N-
acetylornithine,  L-arginine,  acetylcholine,  Glu-Gln,
leukotriene  D4  methyl  ester,  and  sulfolithocholylglycine
(Fig. 5F and Table S26). Among these, N(2)-acetyllysine
consistently  exhibited  the  highest  levels,  indicating
dysregulated  lysine  acetylation  [62],  which  is  an
important  post-translational  modification  involved  in
mitochondrial  function  [63,64],  oxidative
phosphorylation  [65],  and  fatty  acid  metabolism  [66].
Excessive  lysine  acetylation  may  have  impaired
mitochondrial  function,  increased  oxidative  stress,  and
weakened  antioxidant  defenses  such  as  superoxide
dismutase  (SOD)  [63,64].  These  metabolic  disturbances,
along with CRS, resulted in serious liver damage.

In  addition  to  dysregulated  lysine  acetylation,  the
biosynthesis  of  arginine,  including  L-arginine  and  N-
acetylornithine, increased. Arginine is essential for T cell
proliferation  and  activation  [26,27].  In  RJ31,  this  may
have  facilitated  CAR-T  cell  expansion,  intensifying
inflammation and worsening CRS severity.  Furthermore,
metabolites  associated with  liver  injury markers,  such as
3-dehydroxycarnitine  (linked  to  glycerophospholipid
metabolism  and  hepatocarcinogenesis)  and
sulfolithocholylglycine (a bile acid-related hepatotoxicity
marker  [67]),  were  modified.  Leukotriene  D4  methyl
ester,  a  product  of  AA  metabolism,  markedly  increased,
suggesting  an  overactive  inflammatory  response  that
further  impaired  hepatic  function.  The  metabolic
dysregulation  in  RJ31,  characterized  by  excessive  lysine
acetylation and heightened arginine biosynthesis,  created
a  microenvironment  conducive  to  CAR-T  cell
proliferation  and  systemic  inflammation,  thereby
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Fig. 5    Dynamic metabolomic profiling between different groups (divided by CONNECTOR) and differential metabolites in RJ31. (A) Stability
matrix for parameter G (the number of clusters) = 2, 3, 4, separately. (B) Violin plots depict the distribution of functional Davies–Bouldin (fDB)
index values across multiple runs for varying cluster numbers (G) in the left panel, whereas the right panel illustrates the total tightness (T) across
different values of G. The optimal clustering scale is determined at G = 2, where the fDB index reaches its minimum while considering sample size
constraints.  The parameter  h,  defined as  the dimensionality,  was optimized automatically  by CONNECTOR to ensure robust  model  estimation.
(C) The four different trajectories of metabolites in the severeA, severeB, and mild groups, with differential longitudinal trajectories computed by
“Mfuzz” analysis. (D) Sankey plot of metabolites belong to differential trajectories in three groups. (E) Pathway enrichment of the metabolites in
four trajectories from three different groups mentioned in Fig. 5C. (F) River plot of differential metabolites.
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elevating  the  risk  of  severe  hepatotoxicity,  which  was
further  exacerbated  by  immune  dysfunction.  In  RJ31,
CAR-T  clone  expansion,  HHV7  reactivation,  and  TET2
mutation  elicited  a  robust  inflammatory  responses  [23].
These  metabolic  disruptions  corresponded  with
significant  immune  alterations  (as  revealed  by  RNA
sequencing and TCR sequencing analyses in our previous
work [23]), collectively contributing to fatal liver failure.

 Metabolic signatures linking CRS pathophysiology to
relapse risk

We integrated metabolomic data with clinical phenotypes,
including  one-year  relapse  status,  CRS  onset  time,  and
CAR-T therapeutic efficacy. Patients were classified into
these  clinical  phenotypes,  and  differential  metabolite
analysis  was  conducted  over  nine  time  points  in  the
metabolomic  data  set.  The P values  of  significantly
differential  metabolites  were  then  used  as  input  for
Fisher’s  combined  probability  test  [68].  Finally,
metabolites  that  significantly  influence  multiple
phenotypes  were  identified  based  on  the  combined
P value (Fig. S11 and Table S27).

Pathway  enrichment  analysis  revealed  that  these
metabolites  are  mainly  involved  in  glycerophospholipid
metabolism,  lysine  degradation,  phenylalanine
metabolism,  caffeine  metabolism,  and  glutathione
metabolism  (Fig.  S11  and  Table  S28).  Notably,  the
glutathione metabolism pathway was not enriched in any
analysis,  despite  glutathione  being  the  most  abundant
antioxidant  in  living  organisms  and  crucial  for
maintaining cellular redox homeostasis [69].

 Regression analysis identifies metabolites that predict
the timing of CRS onset

To identify prospective serum metabolites associated with
the timing of CRS onset, we analyzed relative metabolite
abundance  at  Day −5  and  Day  0,  classifying  expression
levels as high or low based on median values. Cumulative
incidence analysis revealed 41 metabolites at Day −5 and
46  metabolites  at  Day  0  that  significantly  differentiated
the  timing  of  CRS  onset  (Figs.  S12  and  S13).  These
metabolites  served  as  input  for  regression  analyses,
including  lasso,  ridge,  elastic  net,  and  random  forest,  to
further  refine  the  candidates.  Two  principal  metabolites
were  identified  as  being  related  to  the  timing  of  CRS
onset (Fig. 6B and Table S29), namely, lysoPC (16:0) and
lysoPC (15:0). They functioned as protective factors, with
high levels associated with delayed CRS onset (Fig. 6B).
Choline  phosphate,  which  reduces  inflammation  and
protects blood vessels [70], was identified via cumulative
incidence  analysis  as  a  potential  protective  factor  that
may delay CRS onset.

Additionally,  carnitine  has  been  reported  to  inhibit

cytokine  release  in  certain  contexts  [71].  The  protective
effect of the two lysoPC metabolites was also observed in
the  validation  cohort.  To  address  concerns  regarding
confounding  effects  of  renal  impairment  on  carnitine
metabolism [72], we performed a comparative analysis of
renal  function  between  CRS  severity  groups.  This
demonstrated  no  significant  difference  in  estimated
glomerular  filtration  rate  (mild  CRS:  91.3  ±  14.3  vs.
severe  CRS:  99.5  ±  35.0  mL/min/1.73  m2, P =  0.61),
effectively  accounting  for  this  comorbidity-related
variable.  In  summary,  this  metabolome-based  regression
analysis  approach  highlights  the  pivotal  role  of
dysregulated  metabolic  pathways  on  the  onset  and
severity  of  CRS,  while  also  suggesting  potential
biomarkers  for  early  prediction  and  therapeutic
intervention.

 Metabolic differences associated with one-year
relapse: protective roles of phosphocholines

Patients  were  stratified  based  on  their  one-year  relapse
status  into  two  groups  (relapsed  vs. non-relapsed),  for
which  differential  metabolite  analysis  was  performed
across all  nine time points  using the “limma” R package
(Fig.  S14  and  Tables  S2  and  S30).  At  Days  20–22,  ten
metabolites,  including  sn-glycero-3-phosphocholine,
theophylline,  taurine,  4-formylindole,  and  L-
dehydroascorbic  acid,  completely  distinguished  the
relapsed  from  non-relapsed  groups  based  on  Z-scored
data.  Among  these,  sn-glycero-3-phosphocholine,  a
derivative  of  glycero-3-phosphocholine,  typically  acts  as
a  protective  factor  for  CRS  onset  by  delaying  its
occurrence;  nevertheless,  it  was  also  associated  with  an
increased  risk  of  relapse  within  1  year.  By  contrast,  the
remaining metabolites reduced relapse risk. For example,
a class of choline phosphate metabolites has demonstrated
anti-inflammatory  properties  in  various  studies.  It  is
widely  used  as  a  coating  material  in  coronary  artery
bypass surgery, significantly reducing the release of pro-
inflammatory  cytokines  and  maintaining  platelet
functionality  [71].  Additionally,  oxidized  choline
phosphate  exerts  anti-inflammatory  effects  by  targeting
non-classical  macrophage  inflammatory  vesicles,
elevating  their  activation  thresholds,  and  suppressing
inflammation [70].

 Independent validation of metabolic biomarkers for
CRS severity and onset timing

We  established  an  independent  validation  cohort
comprising  89  samples  from  23  patients  (Fig. 6A and
Table S31) to validate findings from the discovery cohort
(117 samples from 19 patients mentioned above). A total
of  422  and  473  metabolites  were  identified  in  the
discovery and validation cohorts, respectively (Tables S6
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and  S34),  with  more  lipids  detected  in  the  validation
cohort  than  in  the  discovery  cohort.  A  total  of  210
metabolites (including key amino acids) were consistently
identified across both data sets (Fig. S15A).

Validation  confirmed  prior  observations:  six  enriched
UFAs  maintained  their  associations  with  CRS  severity,
showing  a  dose-dependent  trend  with  CRS  grade
(Fig.  S16A).  This  independent  replication  provides
further  validation  for  UFAs  as  potential  biomarkers  for
stratifying  CRS  severity.  Furthermore,  the  validation
cohort  confirmed the inverse relationship between serum
tryptophan levels at Day −5 and CRS severity. Given that
the  tryptophan-kynurenine  pathway  activity  accounts  for
~95% of  tryptophan  metabolic  flux,  patients  with  lower
kynurenine  levels  exhibited  higher  CRS  grades
(Fig.  S16A),  strongly  supporting  its  predictive  value  for
severity.

Among  the  metabolites  previously  associated  with  the
timing  of  CRS  onset  in  the  discovery  cohort,  five  were
identifiable in the validation cohort (Fig. S16B). Notably,
the  protective  role  of  specific  lysoPCs  was  validated:
elevated  serum  lysoPC  (16:0)  and  lysoPC  (15:0)  were
significantly  correlated  with  delayed  CRS  onset.
Collectively,  this  independent  validation  supports  the
prognostic  value  of  UFAs and kynurenine  for  stratifying
CRS  severity,  and  lysoPCs  for  predicting  delayed  CRS
onset.  In  the  validation  cohort,  core  metabolic  markers
showed  directional  consistency  (Fig. 6C),  indicating  that
the  revealed  immunometabolic  mechanisms  represent
essential  CRS  pathophysiology  rather  than  construct-
specific  effects.  Although  the  differences  in  CAR-T
products within cohorts warrant further investigation, our

findings lay the groundwork for enhancing CAR-T safety
and early  application,  pending validation in  large,  multi-
product cohorts.

 Discussion

In this study, we conducted a comprehensive multi-omics
analysis  of  19  patients  with  R/R  MM,  focusing  on
metabolomics combined with other multi-omics data. The
main  feature  of  this  study  is  the  high  density  of  sample
collection  time  points  and  longitudinal  serum  metabolic
profiling.  These  approaches  systematically  revealed  the
complex  relationship  between  the  metabolic  dynamic
changes  during  CAR-T  therapy  and  CRS  mechanism,
offering new perspectives for clinical management.

The  dysregulation  of  arginine  metabolism  (e.g., ASS1
upregulation-mediated  citrulline  depletion)  and  other
metabolic  profile  features  indicate  M1  macrophage
activation  during  the  fever  period  (Days  6–9);  the
significant consumption of citrulline notably precedes the
extensive  cytokine  release,  suggesting  its  crucial  role  in
the  early  prediction  of  CRS  (Fig. 3)  [31,73].  This  is
consistent  with  previous  research  on  systemic
inflammatory  conditions,  including  sepsis  [74],  severe
COVID-19 [75], and CAR-T-associated CRS [76], which
highlight  the  conserved  roles  of  these  metabolites  in
immune dysregulation. For instance, arginine metabolism
dysregulations  (e.g.,  citrulline/aspartate  depletion  and
asymmetric  dimethylarginine  accumulation)  are
correlated  with  endothelial  dysfunction  and  T  cell
exhaustion  in  disorders  such  as  sepsis  and  COVID-19
[74,75].  Similarly,  strong  correlations  between  key

 

 
Fig. 6    Metabolites related to CRS onset.  (A) Workflow for machine learning in discovery and validation cohorts. “N” presents the number of
patients; “n” presents the number of serum sample. (B) Kaplan–Meier curves for the two metabolites derived from multiple regression analysis,
displaying  the  proportion  of  patients  who  experienced  CRS,  stratified  by  median  metabolite  level.  (C)  Heatmap  of  the  two  metabolites  in  the
validation cohort.
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arginine  metabolites  (e.g.,  citrulline  and  aspartate)  and
CRS-related  cytokines  (e.g.,  IL-6  and  IL-12  p70)  have
been  observed  in  patients  with  severe  COVID-19  [75].
The imbalance of arginine metabolism not only affects T
cell  function  [25–28],  but  the  overproduction  of  its
derivative  nitric  oxide  (NO)  may  further  damage  the
vascular  endothelium  and  exacerbate  CRS  [29].  In
addition,  significant  changes  in  bile  acid  metabolism
(e.g., elevated sulfolithocholylglycine) are correlated with
hepatic  injury  and  coagulation  dysfunction,  suggesting
the  need  for  monitoring  hepatic  metabolism  in  CRS
management.

The  translational  potential  of  our  metabolomic
discoveries  is  significantly  strengthened  by  validation  in
an independent validation cohort  (n = 23 patients).  First,
the  association  between  UFAs  and  CRS  severity,
originally  observed  in  the  discovery  cohort,  was
replicated (Fig. S16A), confirming UFAs as stratification
biomarkers.  Second,  we validated the inverse correlation
between  Day −5  serum  kynurenine  (capturing  ~95% of
tryptophan flux) and CRS severity grades, reinforcing its
role  for  early  risk  prediction  (Fig.  S16A).
Mechanistically,  this  aligns  with  kynurenine’s
immunosuppressive  properties  and  UFA-mediated
modulation  of  membrane  fluidity  and  immune  cell
activation  [58].  Third,  we  validated  the  protective  effect
of lysoPC (16:0/15:0) against rapid CRS onset, with high
serum levels  correlating with delayed onset  (Fig. 6B and
6C). Notably, no existing literature links lysoPCs to CRS
onset;  however,  lysoPCs  are  widely  recognized  as
biomarkers  of  inflammation  and  membrane  remodeling,
consistently decreasing in acute inflammatory states (e.g.,
sepsis  [77]  and  macrophage  polarization  [78])  and
correlating  with  disease  severity  [77],  a  pattern  we  also
observed  in  CRS.  Our  study  uniquely  identified  only
these  two  lysoPC  species  as  offering  protection  against
early  CRS  onset,  providing  a  physiologic  basis  for
targeting  lysophospholipid  pathways  in  early
interventions.

The metabolic profile of patient RJ31 (characterized by
lysine  acetylation  hypersynthesis  and  arginine
dysregulation) reveals how metabolic microenvironments
influence CAR-T hyperactivation and hepatotoxicity. The
metabolic  dysregulation  in  this  patient  indicates  a  fatal
CRS  subtype  characterized  by  liver-specific  pathology,
resulting from a unique convergence of viral reactivation
(HHV7),  a  rare  somatic  TET2  mutation,  and  persistent
plasma antigens [23]. This case highlights the importance
of  a “metabolic–immune–genomic  axis” in  high-risk
CRS,  suggesting  that  such  toxicity  may  be  mitigated  by
early  metabolic  interventions,  particularly  given  the
established role of arginine pathway disruption.

Despite  the  independent  validation  of  core  findings,
limitations persist.  Our discovery cohort  size (N = 19) is

limited, and the small sample size of the mild CRS group
(N =  4)  compromised  statistical  power  for  subgroup
analyses,  particularly  for  stratified  metabolic  trajectory
comparisons.  Furthermore,  mechanistic  insights  from
RJ31  require  large  cohorts.  Although  the  validation
cohort  confirmed  core  biomarkers  (UFAs,  kynurenine,
and  lysoPCs),  some  associations  showed  directional
consistency  without  statistical  significance,  possibly  due
to  reduced  statistical  power  in  subgroups,  technical
variability  across  multi-center  collection  sites,  or
differential  effects  of  CAR-T  product  (cilta-cel  vs.
validation  cohort  constructs).  Notably,  correlative
findings  need  functional  validation  (e.g.,  use  of  arginase
knockout  models).  We  are  organizing  follow-up  studies
to investigate these mechanisms, including assessments of
immune cell metabolic shifts, cytokine release dynamics,
and  inflammasome  activation  in  the  presence  of  lysoPC
(16:0/15:0).  These  experiments  will  help  clarify  how
these  specific  lysoPC  species  influence  CRS  onset  at  a
molecular level.

In  conclusion,  this  study  elucidates  the  metabolic
landscape  of  CRS  and  highlights  the  efficacy  of
longitudinal  multi-omics  integration.  Independent
validation  of  UFA,  tryptophan  (via  kynurenine),  and
lysophospholipid  biomarkers  establishes  a  clinically
actionable  framework  for  predicting  CRS  severity  and
kinetics.  Implementing  these  biomarkers  may  facilitate
risk-adaptive prevention (e.g.,  optimized IL-6R blockade
timing),  reduce  ICU  admissions,  accelerate  CAR-T
deployment  in  previous  lines  of  therapy,  and  ultimately
convert  CRS  management  from  reactive  intervention  to
proactive prevention. Although large multi-center studies
are  necessary,  this  work  lays  the  foundation  for
metabolomics-guided  risk  classification  in  CAR-T
therapy.
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