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Key Points

• Daily subcutaneous
anakinra is insufficient
to prevent grade ≥2
CRS and NT in
patients receiving
axicabtagene
ciloleucel.

• Single-cell RNA
sequencing of immune
cells identified IFN-γ as
a potential mechanism
for breakthrough
toxicity despite
anakinra prophylaxis.
Chimeric antigen receptor (CAR) T-cell (CAR-T) therapy is limited by cytokine release

syndrome (CRS) and neurotoxicity (NT). We sought to use once-daily prophylactic anakinra,

an interleukin-1 (IL-1) receptor antagonist, to prevent CRS/NT that would require

hospitalization (grade ≥2) in patients receiving axicabtagene ciloleucel for large-cell

lymphoma, with the goal of facilitating outpatient therapy and management. Our study, in

line with others, demonstrates that once-daily prophylactic anakinra is insufficient to

prevent the development of toxicities that would require hospitalization in most patients.

As part of the initial study design, we prospectively incorporated single-cell RNA sequencing

to gain insight into the molecular immune signaling associated with breakthrough CRS and

NT despite anakinra prophylaxis. In patients who developed breakthrough CRS or NT, we

found that interferon gamma (IFN-γ) pathways and ligand-receptor activities were

significantly enriched, as were cytokine levels of IFN-γ and CXCL10 in CD14+ monocytes.

This correlated with increased IFN-γ and other cytokines in the peripheral blood. In infused

CAR-T products, IL-4 and IL-10 anti-inflammatory pathways were negatively associated

with grade ≥2 toxicities, regardless of anakinra treatment. These data identify IFN-γ as a

potential key mechanism in CAR-T–associated toxicities, which is not inhibited by anakinra

but may be otherwise targetable. This trial was registered at www.ClinicalTrials.gov as

#NCT04150913.

Introduction

Chimeric antigen receptor (CAR) T cells (CAR-Ts) targeting CD19 are a revolutionary therapy for B-cell
leukemias and large B-cell lymphomas (LBCLs), with a high frequency and duration of responses.
Axicabtagene ciloleucel (axi-cel) was first approved by the US Food and Drug Administration (FDA) in
January 2025; prepublished online on
ruary 2025. https://doi.org/10.1182/

tudy.

to this study.

-sequencing data are available from the
r GSE246490). The raw data have been
and Phenotypes (accession number

All other data generated in this study are available upon reasonable request from the
corresponding author, Marcela V. Mau (mvmaus@mgh.harvard.edu).

The full-text version of this article contains a data supplement.
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2017 for patients with relapsed/refractory (R/R) disease, based on
data from the ZUMA-1 study,1 and expanded to second-line
treatment of large-cell lymphoma in 2022.2 The primary acute
toxicities with axi-cel (and most CD19-directed CAR-Ts) include
cytokine release syndrome (CRS) and neurotoxicity (NT), also
referred to as immune cell–associated neurotoxicity syndrome
(ICANS). In real-world use, CRS and NT occurred in 96% and
76% of patients, respectively,3 requiring specialized inpatient
monitoring and management and proximity to available intensive
care unit facilities. Thus, approaches to prevent toxicities to allow
for outpatient treatment would be clinically meaningful, especially
to facilitate access to this lifesaving therapy.

CRS and NT are syndromes associated with robust cytokine pro-
duction, ranging from mild symptoms (such as fever) to severe and
life-threatening consequences. CRS, which shares many patho-
genic features of macrophage activation syndrome,4 is managed
with the anti–interleukin-6 (IL-6) receptor (IL-6R) antibody, tocili-
zumab, alone or in combination with corticosteroids.5 NT is thought
to be mediated by a similar inflammatory cascade involving endo-
thelial activation and increased blood-brain barrier permeability and
is predominantly managed with corticosteroids.6,7 Tocilizumab has
been studied in the prophylactic setting but did not prevent NT. In
fact, patients experienced significantly worse neurologic outcomes
despite improvement in CRS incidence and severity.8 Prophylactic
corticosteroids have also been tested (ZUMA-1, cohort 6), and
although the incidence of CRS was decreased, the incidence of
NT was unchanged.9 This approach has not been widely adopted
in the United States because of concerns about impairing CAR-T
proliferation and antitumor effects,7,10,11 although we, and others,
have demonstrated that CAR-T pharmacokinetics are not impacted
by steroids except with extensively prolonged use.12-14

Anakinra, a human IL-1R antagonist, has demonstrated efficacy in
the clinical treatment of rheumatoid and sepsis-related macro-
phage activation syndrome15,16 and in mouse models of CAR-T–
induced CRS and NT.17 We, and others, have reported on the role
of anakinra in treating acute toxicities and demonstrated decreased
inflammatory cytokines, faster time to CRS/NT resolution, and
decreased overall steroid use.18,19 These data suggest that IL-1R
blockade may be critical in the pathophysiology of CRS and NT
without dampening CAR-T efficacy. Furthermore, signaling through
IL-1R potentiates IL-6 production and, therefore, blockade of IL-1R
may also block IL-6 production and its downstream
Leukapheresis
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screening, 
enrollment

Figure 1. Study schema. After consent, screening, and

enrollment, patients were apheresed for CAR-T

manufacturing. After release of the CAR-T product (axi-cel),

patients received standard cy/flu lymphodepletion per axi-cel

label. Four hours before CAR-T infusion, patients received

their first dose of 200 mg anakinra subcutaneously. Dosing

continued through day 7 (first 6 patients) or 14 (subsequent

protocol amendment). Patients were assessed for toxicity

during the first 30 days and response starting 1 month after

axi-cel infusion. Cy, cyclophosphamide; flu, fludarabine; SQ,

subcutaneous.
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consequences.17,20,21 We hypothesized that blocking IL-1R
signaling would prevent NT and CRS development.

Concurrent with our clinical study, investigators at other centers
also initiated trials of prophylactic anakinra, although at higher
doses and frequency of administration.22,23 We focused on iden-
tifying a potential patient-friendly outpatient regimen (preloaded
doses administered once daily, subcutaneously, for 1-2 weeks),
rather than administering regimens that still would require hospi-
talization (such as IV and/or frequent dosing based on physician-
level real-time assessments). Because anakinra already has a
safety label and did not require phase 1 testing, we performed a
phase 2 clinical trial studying prophylactic anakinra for the pre-
vention of axi-cel–related NT and CRS in patients with R/R large-
cell lymphoma per the product label at FDA’s request. We
started anakinra on the day of axi-cel infusion during our standard
inpatient admission, and our primary objective was to determine
whether this regimen would allow most patients to avoid toxicities
to the level that would require specialized hospitalization for their
management (such as rapid administration of tocilizumab or high-
dose steroids). We hypothesized that some patients would still
experience breakthrough CRS and/or NT; we, therefore, performed
a prospective, single-cell transcriptional analysis of peripheral
blood immune cells to identify pathways beyond the IL-1R that
could potentially serve as alternate targets for future prevention of
CRS and/or NT.

Methods

Clinical trial design

In November 2019, we opened a phase 2 clinical trial (Clinical-
Trials.gov identifier: NCT04150913) combining axi-cel with
200 mg of daily subcutaneous anakinra, starting on the day of
CAR-T infusion and continuing for a total of 7 days, with the option
to continue for up to 14 days (Figure 1). The primary end point was
the incidence of grade ≥2 NT and CRS, which was selected to
reflect severity necessitating clinical intervention with immuno-
modulatory agents such as steroids or tocilizumab. Patients who
experienced grade ≥2 CRS or NT despite anakinra prophylaxis
were termed “breakthrough” because they necessitated interven-
tion. We chose to use the same toxicity grading scales for CRS
and NT, and toxicity treatment as were used in the original ZUMA-1
study (cohorts 1 and 2). Namely, we used the “Lee et al 2014”
Lymphodepletion 
Cy (500 mg/m2), Flu 
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criteria24 for CRS, the National Cancer Institute’s Common Ter-
minology Criteria for Adverse Events version 4.0325 for NT grading,
and tocilizumab and/or steroids treatment for grade ≥2 CRS/NT
only. Secondary end points included response rate and
progression-free survival. Exploratory end points included the
assessment of the function, expansion, and phenotype of axi-cel,
and comparison of the Lee et al grading system relative to the
American Society for Transplantation and Cellular Therapy
(ASTCT) consensus grading system (Lee et al26), which is more
commonly used now. We were able to compare cytokine levels and
engraftment of axi-cel with those in the ZUMA-1 trial by using Kite’s
validated internal platforms via a collaborative research agreement.
This also provided the most complete clinical data sets regarding
the grading of toxicities, particularly CRS and NT, within the pivotal
cohort, which currently has the longest follow-up to date.27

Statistics

The rate of grade ≥2 NT was evaluated using a Simon 2-stage
design. Patients were observed for CAR-T–associated NT and
CRS per Lee et al24 up to day 30 after infusion. CRS/NT man-
agement was per ZUMA-1,25 meaning patients only received
tocilizumab and dexamethasone for grade ≥2 CRS/NT. The pro-
tocol was approved by the Dana-Farber/Harvard Cancer Center
institutional review board and the trial was performed in accor-
dance with the principles of the Declaration of Helsinki. Additional
clinical trial design details and the full clinical protocol are included
in the supplemental Materials.
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Treatment and patient samples

After providing written informed consent, patients were enrolled
and underwent leukapheresis. Anakinra (200 mg) was subcuta-
neously dosed daily, starting 4 hours before cell infusion. Patients
received a dose of 2 × 106 CAR+ cells per kg up to 2 × 108 CAR+

T cells, per the axicabtagene ciloleucel FDA label. All patients had
repeat baseline assessments before lymphodepleting chemo-
therapy (LDC) and had additional scans performed at standard
response assessment intervals. Blood samples were collected
at varying time points after CAR-T infusion for measuring
CAR-T expansion, serum cytokines, and performing single-cell
RNA (scRNA) sequencing as described in the supplemental
Materials.

Results

CAR-T antitumor efficacy and expansion were not

affected by anakinra prophylaxis

A concern underlying any immunomodulatory approach for CRS or
NT management in CAR-T recipients is reduced antitumor efficacy.
In our study, the overall response rate was 87%, with 47% of
patients achieving a complete response and 40% achieving a
partial response (Figure 2). Baseline patient characteristics are
provided in Table 1. With a median follow-up of 11 months (range,
2.6-22.4 months), the 6- and 12-month progression-free survival
was 58.2% (29.4%-78.7%) and 42.4% (16.9%-66.1%),
15 20 25

AR T cell infusion

llow-up Retreatment Death

 months (95% CI)

2 months (95% CI)

months (95% CI)

 months (95% CI)

assessments.

58.2% (29.4 – 78.7)

42.4% (16.9 – 66.1)

79.4% (48.8 - 92.9)

64.2% (33.9 - 83.4)

responses in patients treated with anakinra prophylaxis. Response per patient
8 Response rates are reported as the number of patients per total number of patients

assess at that time point with the 95% CI. CI, confidence interval; CR, complete

, progression-free survival; PR, partial response.
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Table 1. Patient characteristics, N = 15

Value

Age, median (range), y 64 (42-79)

Sex, female, n (%); male, n (%) 7 (47); 8 (53)

ECOG PS score, n (%)

0 5 (33)

1 10 (67)

Histology, n (%)

tFL 5 (33)

DLBCL NOS 9 (60)

HGBCL 1 (7)

No. of prior regimens, median (range) 3 (2-4)

Primary refractory disease, n (%) 3 (20)

Prior autologous HSCT, n (%) 3 (20)

Tumor burden, median (range)

Baseline LDH, U/L 223 (165-2 022)

Baseline SPD, mm2 2 239 (542-13 807)

IPI at baseline, median (range) 3 (0-4)

DLBCL NOS, diffuse large B-cell lymphoma not otherwise specified; ECOG PS, Eastern
Cooperative Oncology Group performance status; HGBCL, high-grade B-cell lymphoma;
HSCT, hematopoietic stem cell transplant; IPI, International Prognostic Index; LDH, lactate
dehydrogenase; SPD, sum of the products of the longest perpendicular diameters; tFL,
transformed follicular lymphoma.
respectively, which is in line with historical controls of ~50% and
45%, respectively.1 Importantly, CAR-T expansion was noted in all
patients by both flow cytometry for CAR+ cells and quantitative
polymerase chain reaction (PCR). Median CAR-T expansion by
flow cytometry and PCR were estimated as 31.6 CAR-Ts per μL
blood (range, 0.42-98.9μL blood) and 36.6 CAR-T cells per μL
blood (range, 1.37-208.88μL blood), respectively. Peak CAR-T
expansion was significantly higher in patients who experienced
either grade ≥2 breakthrough CRS and NT when measured by
PCR (Figure 3). The 2 methods presented comparable results.
Consistently, there is strong correlation between the PCR and flow
cytometry assessments (supplemental Figure 1).

Prophylactic anakinra did not reduce CRS/NT rates

but demonstrated differing cytokine profiles when

comparing CRS and NT events

Despite receiving prophylactic anakinra, the rate of any CAR-
T–associated CRS and NT were 93% and 66%, respectively, with
(grade ≥2) CRS occurring in 53% (8/15) of patients and NT in
53% (8/15; Table 2). We did not notice a difference in rates when
comparing Lee et al and ASTCT (supplemental Table 1). Inter-
estingly, we observed a delay in toxicity onset and a shortened
duration of toxicity (Figure 4) in the breakthrough toxicity that
occurred after anakinra prophylaxis compared with the onset and
duration of CRS and NT during the ZUMA-1 cohorts 1 and 2.1 The
median time to onset was 4 days (range, 0-7 days) after infusion for
CRS, and 9 days (range, 5-14 days) after infusion for NT (vs 2 and
5 days in ZUMA-1) and the median durations were 5 days (range,
2-14 days) for CRS and 6 days (range, 1-19 days) for NT (vs 8 and
12 days in ZUMA-1).
13 MAY 2025 • VOLUME 9, NUMBER 9
We observed distinct patterns of inflammatory cytokines/molecules
that were significantly elevated in both CRS and NT as well as in
either CRS or NT alone when comparing patients with and without
breakthrough grade ≥2 CRS or NT. In patients with grade ≥2
breakthrough CRS and NT, interferon gamma (IFN-γ), granulocyte-
monocyte colony-stimulating factor, granzyme B, IL-4, IL-6, IP-10,
macrophage inflammatory protein 1α, and tumor necrosis factor-
α peaked at statistically higher levels (Figure 5A), consistent with
previously reported data.6 In patients who experienced grade
≥2 breakthrough CRS alone, different analytes, namely C-reactive
protein, IL-2Ra, IL-6Ra, vascular cell adhesion molecule-1, IL-16,
macrophage inflammatory protein 1β, and programmed
death-ligand 1 were significantly higher at peak (Figure 5B), sug-
gesting potential differences in the roles that these cytokines play
in CRS compared with NT. Only ferritin was significantly elevated in
patients with grade ≥2 breakthrough NT and not with grade ≥2
CRS, although a similar trend was observed for CRS (Figure 5C).
Additional cytokines such as IL-2, IL-7, IL-8, IL-10, IL-12 (P40 and
P70), IL-15, IL-17α, monocyte chemoattractant protein-1, gran-
zyme A, and perforin showed no statistically significant difference
when comparing grade ≤1 vs grade ≥2 CRS and/or NT, possibly
because of the limited number of patients in the study
(supplemental Figure 2).

We also analyzed cytokine levels over time and compared pre-
infusion vs postinfusion levels across the entire study cohort
(supplemental Figures 3-6). Cytokines associated with CRS and NT
or CRS alone tended to peak at day 7 after CAR-T infusion
(supplemental Figure 3). IL-1Ra was quantified at maximal assay
detection levels in all patients on day 7 (supplemental Figures 4 and
5B). A few cytokines (Fas ligand [FasL], IL-12p70, Macrophage-
derived chemokine [MDC], Vascular endothelial growth factor
[VEGF], perforin, and RANTES) significantly decreased at day 7
after infusion vs before infusion (supplemental Figures 4 and 5).
When comparing the entire cohort before and after CAR-T infusion,
the serum markers that were significantly different varied from those
we identified when analyzing expression at peak in grade ≤1 vs ≥2
(supplemental Figures 5 and 6), demonstrating the importance of
distinguishing between patients who did and did not have break-
through CRS and/or NT with anakinra prophylaxis.
Single-cell transcriptional analysis of CAR-Ts and

other immune cells before and after infusion and with

or without anakinra prophylaxis

For the first 10 patients enrolled on the anakinra prophylaxis study,
we performed 10× scRNA sequencing on preinfusion products
(IPs) derived from residual patient infusion bags and peripheral
blood mononuclear cells (PBMCs) collected on day +7 after axi-cel
infusion, both with and without sorting for CAR+ cells (Figure 6A).
To include as a comparator, we generated data with identical
processing from 4 patients receiving axi-cel as standard of care but
without prophylactic anakinra (Figure 6B). For increased power to
identify cell types and signaling pathways relevant to toxicities in
absence of anakinra, we collected CRS and NT grading for our
previously published cohort of 19 patients who had received axi-cel
as their standard of care with sampling at identical time points29 (of
note, the toxicity grading for this cohort was not previously pub-
lished). The samples available for scRNA-sequencing analysis
SINGLE-CELL DYNAMICS AFTER ANAKINRA PROPHYLAXIS 2125
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Figure 3. CAR-T expansion after infusion as measured by flow cytometry and PCR. CAR-T expansion was measured in patient peripheral blood by (A) flow cytometry or

(B) PCR for percent CAR+ cells among PBMCs. The number of CAR-Ts per μL of blood was calculated using the patient’s absolute lymphocyte count. Data are presented as the

time course from infusion (day 0), with pre–CAR-T (day −5) values also shown, and separated by patients with (red) or without (green) breakthrough grade ≥2 CRS. (C-D) Peak

CAR-T expansion for each patient, separated by those who did and did not experience grade ≥2 CRS or NT by (C) flow cytometry or (D) PCR. P values indicate significance as

determined by a 2-tailed Mann-Whitney U test.
along with the toxicity grading is summarized in supplemental
Table 2 and listed by individual patient in supplemental Table 3).

We obtained 125 386 cells (28 132 cells from the pre-IP; mean,
2.5 × 103 per patient; and 97 254 cells from day +7 PBMCs;
mean, 5.7 × 103 per patient), which we combined with the 80 487
cells (20 831 cells from the pre-IP; mean, 1 × 103 per patient; and
59 656 cells from day +7 PBMCs; mean, 3.3 × 103 per patient)
from the prior cohort, which gave a total of 205 873 cells for
analysis (supplemental Table 4). Clustering and cell type identifi-
cation based on canonical markers of all IP and day +7 cells
identified T cells, monocytes (both classical and nonclassical),
natural killer cells, plasmacytoid dendritic cells, and megakaryocyte-
generating platelets (Figure 6C; supplemental Figure 7A-E). We
further subdivided T cells based on expression of canonical
markers, and CAR-Ts were defined by detection of the axi-cel
transcript (“Methods”; Figure 6D).

Pre-IPs consisted of primarily T cells but also comprised 2
myeloid-like clusters1 of which had expression characteristic of
“ICANS-associated cells” previously defined in a prior single-cell
sequencing study analyzing axi-cel IPs30 including LYZ and IL1B,
2126 FRIGAULT et al
and another with expression of LAMP3 typically found on dendritic
cells although lacking other characteristic markers (supplemental
Figure 8A-C). Frequencies of ICANS-associated cells were low
(only >1% in 2 patients), and showed no clear enrichment for high-
grade NT as was seen in the prior data in the absence of anakinra
prophylaxis, although statistical power to draw conclusions is
limited by the rarity of cases with detectible levels of this population
(supplemental Figure 8D).

Cell composition differences related to toxicities and

anakinra prophylaxis

The distribution of CAR-T subsets over time followed similar
trends to those we previously described in patients without
anakinra prophylaxis (supplemental Figure 9A-C). Reanalysis of
our prior data set29 for toxicity-associated composition changes
identified increased proportions of regulatory T cells in the
day +7 CAR– population (q = 0.019) and decreased CD8+ T
cells (q = 0.051) in patients with grade ≥2 compared with ≤1
CRS, and similar trends were seen with anakinra prophylaxis
(supplemental Figure 9D). Curiously, these effects were most
pronounced in cases of grade ≥2 CRS that did not have
13 MAY 2025 • VOLUME 9, NUMBER 9



Table 2. Rates of CAR-T toxicities and management, N = 15

Value

CRS

Maximum grade (Lee et al24), any, n (%) 14 (93)

Grade 1 6 (40)

Grade 2 6 (40)

Grade 3 1 (7)

Grade 4 1 (7)

Median onset, (range), d 4 (1-8)

Median duration, (range), d 5 (1-14)

NT

Maximum grade (CTCAE), any, n (%) 11 (73)

Grade 1 3 (20)

Grade 2 2 (13)

Grade 3-4 5 (34)

Grade 5 1 (7)

Median onset, (range), d 8 (5-13)

Median duration, (range), d 4 (1-16)

CRS/NT interventions, n (%)

Tocilizumab 8 (53)

Steroids 9 (60)

Siltuximab 1 (7)

Cyclophosphamide 1 (7)

CTCAE, Common Terminology Criteria for Adverse Events.
concurrent grade ≥2 NT. We did not observe significant differ-
ences in cell composition directly comparing NT grade ≥2 vs
grade ≤1 (supplemental Figure 9D).

IL-4 and IL-10 pathway activities are associated with

CRS and anakinra prophylaxis

Performing gene set enrichment analysis of a library of T-cell
pathways for IP T-cell populations (“Methods”; supplemental
Table 5), we found anti-inflammatory IL-10 and IL-4 signaling
pathways negatively associated with grade ≥2 CRS (Figure 6E).
Expression of IL-4 signaling genes such as IL-13 and IL-4L1 were
drastically reduced (38- to 180-fold lower) at day +7 (supplemental
Figure 9F; supplemental Table 8) whereas IL-10 signaling path-
ways were increased (supplemental Figure 9F). These pathways
were not found to be associated with objective response to axi-cel
therapy (supplemental Table 7).

IL4 and IL10 expression were highly specific to the CD4+ cells
with a cytotoxic phenotype at day 7 after treatment (CD4+ cyto-
toxic T lymphocytes; Figure 6F). Performing a head-to-head
pseudobulk differential expression (DE) comparison of this popu-
lation from patients who did or did not receive anakinra prophylaxis
(“Methods”; supplemental Table 9), we found a significant enrich-
ment of IL10 expression (q value = 0.0481) in the presence of
anakinra prophylaxis (Figure 6G-H; supplemental Figure 10A). By
gene set enrichment analysis, anakinra prophylaxis was associated
with the enrichment of IL-4 and IL-13 pathways (supplemental
Figure 10B-D; “Methods”), along with upregulation of several
proinflammatory pathways such as IL-18 (supplemental Table 10).
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CRS and NT are associated with increased CAR-T and

innate T-cell proliferation at day +7

In our comparisons between grade ≤1 and grade ≥2 NT, we
identified the most differentially expressed genes to come from the
day +7 CD8+ innate (CAR−) T-cell subsets (352 genes with
q < 0.1 and more than twofold change). This difference was largely
driven by proliferation-related genes such as CCBB2, TUBB6, and
RAD51 (supplemental Figure 9G). Scoring cells for S and G2M
cell cycle gene sets,31 we found patients receiving anakinra with
either grade ≥2 NT or CRS had significantly increased fractions of
cycling cells for both innate (false discover rate–corrected Wil-
coxon rank-sum test: q = 0.0079) and CAR+ cells (q = 0.016;
Figure 6I). This observation was particularly striking for innate
T cells (median, 6.1% vs 22% cycling cells in patients with grade
≤1 vs ≥2 breakthrough CRS or NT). In patients without anakinra
prophylaxis, no significant changes were observed (q = 0.92 and
q = 0.15 for CAR+ and CAR− subsets, respectively). The clinical
significance and biologic mechanism underlying this increase in
cell cycling will require future confirmation.

Breakthrough toxicities in the presence of anakinra

harbors a stronger proinflammatory phenotype

characterized by interferon signaling pathway and

resistin (RETN) expression

Because monocyte signaling is believed to have a critical mechanistic
role in CRS, we performed a DE analysis comparing transcriptional
changes of patients with grade ≥2 vs grade ≤1 CRS and NT across
both cohorts (Figure 7A; supplemental Table 11). Subsets of genes
were associated with grade ≥2 CRS regardless of anakinra pro-
phylaxis (Figure 7A; supplemental Figure 11A); for example upregu-
lation of components of the complement pathway (C1QA/B/C),
macrophage mannose receptor 1 (MRC1), a marker for M2 macro-
phages,32 and transmembrane protein members (TMEM176A/B),
previously reported to inhibit the activation of the inflammasome and
IL-1β secretion.33 IL-1 pathway genes including IL-1B and CC-
chemokine ligands (CCL3/4) were downregulated in grade ≥2 CRS.

We further identified a set of proinflammatory genes associated
with grade ≥2 CRS exclusively in the presence of anakinra pro-
phylaxis. These included interferon-induced production 35 (IFI35),
interferon-induced transmembrane protein 1 (IFITM1), and IFIT2,
which are leading edge genes to the interferon signaling pathway,
and C-X-C motif chemokine ligand 10 (CXCL10) and RETN, with
functions related to interferon signaling34 (Figure 7A; supplemental
Figure 11B-C). Similar trends were observed comparing grade
≥2 vs grade ≤1 NT, although statistical significance was not
reached (supplemental Figure 11D). This was consistent with the
results from our peripheral blood cytokine analysis showing
increased IFN-γ and IP10 (CXCL10) in patients with CRS and NT
across the whole study cohort (Figure 5A) as well as this subset of
10 patients (Figure 7B-C). Notably, the 1 patient with grade ≥2 NT
but only grade 1 CRS showed an early peak of these cytokines
during days 3 to 5, which was declining day +7, which may explain
the lower gene expression associations seen overall with NT in our
day +7 RNA-sequencing data. We found that IFN-γ response gene
set scores were the highest in monocytes whereas IFNG itself was
expressed in cytotoxic CAR-Ts (both CD8 and CD4 cytotoxic T
lymphocytes) and, thus, the signaling likely directly stems from
cross talk between these populations (supplemental Figure 11E-F).
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DE of genes involved in ligand-receptor interactions

reveal changes in cellular cross talk associated with

anakinra prophylaxis

To elucidate potential cross talk between monocytes and CAR-Ts
related to breakthrough toxicities, we compiled a list of 80 candi-
date ligand receptor (LR) pairs using the methods CellPhoneDB
and CellChat DB in which at least 1 ligand or receptor subunit was
previously identified as anakinra- or toxicity-associated in our DE
analyses (see “Methods”). Twenty-nine LR pairs had at least 1 pair
of cell types that were significantly different between patients with
and without breakthrough grade ≥2 CRS (false discover rate–
corrected U test P value <.1; supplemental Figure 11G). We
observed the interaction between CXCL10 from day 7 CD14
monocytes and CXCR3, dipeptidyl peptidase 4 (DPP4) from
various CAR− and CAR+ T cells were differentially upregulated in
samples from patients with breakthrough CRS as well as NT under
anakinra prophylaxis (Figure 7D). We also observed the upregu-
lation of an interaction between RETN from day +7 CD14 mono-
cyte and adenylyl cyclase–associated protein 1 (CAP1) across
T-cell types (Figure 7D), which is a known receptor for RETN in the
proinflammatory signaling cascade.35,36 Similar associations with
toxicity for these cell-cell interactions were not significant in the
absence of anakinra prophylaxis (Figure 7E).

Discussion

We did not observe a significant improvement in the rate or severity
of CRS or NT with daily subcutaneous dosing of 200 mg of pro-
phylactic anakinra in patients treated with axi-cel for R/R LBCL.
Despite the small number of patients, we did not observe a detri-
mental effect of anakinra prophylaxis on CAR-T efficacy, because
the overall and complete response rates were also similar to his-
torical controls and CAR-Ts expanded after infusion in the
2128 FRIGAULT et al
peripheral blood. When making this comparison, differences
between “chemotherapy-refractory disease” as defined in ZUMA-1
vs R/R disease as defined by the product label, should be
acknowledged. As previously reported, this expansion was similar
to the ZUMA-1 cohort when normalized for sum of the products of
the longest perpendicular diameters.37

Our goal was to choose a prophylaxis regimen that would allow for
outpatient management of potential toxicities and reduce hospi-
talizations after CAR-T administration. However, our dose, timing,
and/or frequency may have been inadequate to achieve the optimal
area under the curve for effective prophylaxis against CRS and NT
by anakinra. Two recent clinical trials also examined anakinra pro-
phylaxis to prevent NT in patients with R/R LBCL treated with
CD19-targeted CAR-T therapy, with the major difference being
their dosing regimens.22,23 Strati23 treated with 200 mg anakinra
subcutaneously either daily or every 12 hours starting 6 hours
before CAR-T infusion and for a duration of 7 days. Park et al22

treated with 100 mg anakinra subcutaneously every 6 or 12
hours starting on day 2 after CAR-T infusion or upon grade 1 CRS
for a duration of 10 days or until the resolution of symptoms,
whichever came first. Both studies analyzed CRS and ICANS
according to the ASTCT guidelines. In line with our study, Strati
et al did not see an improvement in the incidence, grade, or
duration of CRS with anakinra prophylaxis compared with the
ZUMA-1 trial, but did report a lower incidence of all grades of
ICANS compared with ZUMA-1 (35% vs 53%). Park et al observed
a slight decrease in the incidence of CRS among patients treated
with axi-cel compared with ZUMA-1 (74% vs 93%) and a larger
decrease in the incidence of all grades of ICANS (22% vs 53%)
and grade ≥3 ICANS (9% vs 28%). Although these studies used a
lower dose, the frequency was increased up to 2 to 4 times daily vs
once daily in our study. Strati et al also compared cohorts treated
13 MAY 2025 • VOLUME 9, NUMBER 9
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daily vs twice daily but did not see numerical differences between
these groups in terms of CRS or ICANS. These data suggest that
increasing the dosing to 4 times daily may be necessary for pre-
venting toxicities, although this approach would need to be evalu-
ated in future trials. Even if successful, such frequent dosing would
be much more difficult to perform in an outpatient setting.
Regardless, anakinra use for CRS and ICANS may still play an
important role in clinical management.

One of the strengths of this study was our evaluation of the dif-
ferences in cytokines and cell populations between patients who
had breakthrough toxicities despite anakinra prophylaxis and
comparison to our previously published scRNA-sequencing
cohort,29 which we updated here with toxicity grading. We found
IL-4 and IL-10 gene set enrichment in CAR-T IPs without break-
through CRS development, and anakinra prophylaxis in cases
without breakthrough CRS to associate with reduced posttreat-
ment IL-10 messenger RNA. Although these genes were upregu-
lated, they are likely protective but not sufficient to prevent CRS.
13 MAY 2025 • VOLUME 9, NUMBER 9
Additionally, there are no known data showing that exogenous IL-4
or IL-10 would not negatively impact CAR-T function. With ana-
kinra prophylaxis, IFN-γ-regulated genes expressed by monocyte
populations and serum cytokine levels were associated with
breakthrough CRS. We have previously demonstrated that serum
from patients treated with CD19 CAR-Ts is sufficient to activate
production of IL-1a and IL-6 and that this activation was prevented
when including anti-IFN-γ but not anti-IL-6 or anti-ILRa.38 Thus,
targeting IFN-γ or early administration of IL-10 may be methods of
preventing breakthrough toxicity with or without anakinra prophy-
laxis. One limitation of our cytokine analysis was that some of these
patients were treated with tocilizumab (as per the standard of care
for CRS) before the predetermined sample collection time points,
which would affect their serum cytokine levels. The predetermined
time points selected for scRNA sequencing also limited our ability
to draw associations with peak CRS or ICANS. Finally, the
generalizability of our findings is also limited by the small number of
patients analyzed.
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Our findings are consistent with previous data showing that high
levels of IFN-γ are predictive of severe CRS.38 In preclinical
models, IFN-γ release from CAR-T activates macrophages to
release proinflammatory cytokines, leading to CRS and
ICANS.17,21 We have demonstrated that knocking out IFN-γ in
CD19 CAR-Ts or using an IFN-γ-blocking antibody suppresses
macrophage production of proinflammatory cytokines without
inhibiting the antitumor activity of the CAR-Ts in preclinical
models.39 Manni et al confirmed these findings in a humanized
mouse model of CD19 CAR-T treatment, demonstrating that IFN-γ
neutralization with the clinically approved antibody emapalumab
reduced proinflammatory cytokines, prevented brain injury, and
increased survival.40 Emapalumab has also been used to suc-
cessfully manage CRS in a patient treated with tisagenlecleucel
who developed grade 4 CRS that was refractory to tocilizumab and
glucocorticoids.41 Together, these data suggest that IFN-γ
blockade could be used to treat or prevent CRS and ICANS
without influencing CD19 CAR-T efficacy. Prospective clinical trials
are needed to determine whether emapalumab alone could treat
CRS and ICANS, whether it should be combined with anakinra and
or tocilizumab, or whether it can be used more effectively in the
prophylactic setting.

Our single-cell data highlighted a distinct CRS-associated cytokine
gene signature in monocytes from patients with breakthrough CRS
after anakinra prophylaxis. One gene in this signature was RETN, a
cytokine upregulated during macrophage differentiation and
elevated in a number of inflammatory conditions.36,42 Its binder,
CAP1, was identified in our receptor-ligand analysis as a candidate
partner expressed on both monocytes and T cells. Upon binding
RETN, CAP1 activates NF-κB signaling and leads to expression of
the proinflammatory cytokines IL-1β, tumor necrosis factor α, and
IL-6 in vitro.35 Our results raise the question of whether RETN
signaling may be rendering macrophages more resistant to IL-1R
blockade. These data present candidates for further proteomic
and functional validation that may ultimately be targetable interac-
tions for blocking breakthrough CRS signaling.

In conclusion, more studies are needed to determine the optimal
prevention strategy for CRS and NT in patients receiving CAR-T
therapy. The results of our study in comparison to other recently
published trials of anakinra prophylaxis suggest that the dose,
schedule, and route of administration of anakinra affect its efficacy
as a prophylactic agent. Increased doses, more frequent sched-
uling, intravenous routes of administration,43,44 and/or adaptive
administration may improve these results across patients but may
not improve the overall feasibility of administering and managing
the majority of patients in the outpatient or community settings.
Additionally, our data suggest that targeting additional cytokine
pathways, such as IFN-γ or IL-10, may be necessary for preventing
and/or treating CAR-T toxicities.
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