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SUMMARY

Cytokine release syndrome (CRS) is a potentially life-threatening inflammatory condition. However, the
defining features that distinguish it from self-resolving inflammation remain poorly understood. In this study,
we identified monocyte/macrophage hyper-translation as a hallmark of CRS pathogenesis in patient sam-
ples. To uncover the molecular drivers of this phenomenon, a CRISPR screen followed by genetic validation
pinpointed BCAP as a critical regulator of hyper-translation. Mechanistically, BCAP activated the RSK-EIF4B
axis, fueling hyperactive translation in macrophages. Genetic ablation of RSK attenuated CRS-associated
inflammation, and pharmacological inhibition of RSK alleviated CRS symptoms in a humanized mouse
model. These findings establish hyper-translation as a key pathogenic feature of CRS and highlight protein
translation as a druggable pathway, opening venues for therapeutic interventions of CRS and other inflam-

matory diseases.

INTRODUCTION

Inflammation is a fundamental physiological process essential for
survival, underpinning a wide range of biological functions,
including but not limited to organismal development, immune de-
fense, tissue remodeling, and metabolic adaptation.*'3 To main-
tain homeostasis, inflammation is typically self-limiting and resolv-
able, fulfilling its necessary functions without causing excessive
tissue damage.*"® However, not all inflammatory responses prop-
erly resolve. Uncontrolled and non-resolvable inflammation
underlies pathogenesis of numerous human diseases, such as
autoimmune diseases and metabolic disorders.” One extreme
manifestation of uncontrolled inflammation takes the form of cyto-
kine release syndrome (CRS), which is commonly triggered by in-
fections or immunotherapies.®'° It is estimated that 50%-90%
patients receiving chimeric antigen receptor (CAR) T cell therapy
develop CRS, with clinical manifestations ranging from mild fever
to life-threatening multiorgan failure.®~'° At the core of CRS path-

ogenesis is the excessive production of pro-inflammatory cyto-
kines, most notably interleukin-6 (IL-6).>° Monocytes and macro-
phages serve as major producers of inflammatory mediators and
cellular drivers of this cytokine storm.'"'> While CRS shares key
effector molecules, such as IL-6, with classic resolvable inflam-
mation, it is distinguished by the unusually heightened magnitude
and distinct temporal dynamics of cytokine release, leading to
sustained and often deleterious systemic inflammation.® Although
recent research has begun to shed light on pathways contributing
to the excessive cytokine production observed in CRS, ' the pre-
cise mechanisms fueling uncontrolled inflammation and thus dis-
tinguishing CRS from other inflammatory conditions remain
incompletely understood.

The transcriptional production of mMRNAs encoding key inflam-
matory mediators has long been regarded as the rate-limiting
step in shaping inflammatory responses,'* dominating research
efforts in the field. In the canonical model of macrophage-medi-
ated inflammation, microbial signals such as lipopolysaccharide
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(LPS) initiate intracellular signaling cascades that culminate in
DNA-bound transcription factors activating inflammatory gene
expression.'*'> Although significant advances have been
made in understanding the regulation of protein translation,'®'”
its specific role in controlling innate immunity, especially in
human inflammatory disease setting, remains understudied.'®"®
In fact, translation is a metabolically demanding process, ac-
counting for nearly 50% of a mammalian cell’s total energy con-
sumption.”® Such resource intensity strongly suggests that
translation might operate in tandem with transcription as an
actively regulated checkpoint in inflammation. Since many key
inflammatory mediators function as peptides, the ultimate
impact of inflammation hinges on the combined contributions
of transcriptional and translational regulation.'®'%2" While
inflammation has been extensively studied through the lens of
transcriptional control, with well-defined signaling pathways
connecting upstream stimuli with downstream inflammatory
gene transcription,'* translational regulation along with its thera-
peutic potential remain underexplored.

Recently, inspired by a serendipitous clinical event, we
discovered that metoprolol, a p1-adrenergic receptor blocker,
partially alleviates CRS severity in patients undergoing CAR T
therapies by lowering IL-6 production. Surprisingly, subsequent
mechanistic investigations revealed that metoprolol does not
alter IL6 gene transcription. Instead, it attenuates the translation
efficiency (TE) of IL-6 in human monocytes and macrophages,
leading to reduced IL-6 protein despite comparable levels of
IL6 mRNA transcripts.”” These findings provide hints that the
translation of key inflammatory mediators represents a pivotal
step in CRS pathogenesis. To comprehensively elucidate CRS
pathogenesis in a clinically relevant context, we analyzed inflam-
matory signatures in patients with CRS. Our analyses revealed
that macrophages/monocytes from these patients consistently
exhibit features of hyper-translation, termed monocyte/macro-
phage hyper-translation (MHT). MHT ampilifies IL-6 production
and exacerbates disease severity. By integrating CRISPR
screening, multi-omics approaches, and genetic validation, we
identified a core signaling pathway driving MHT. Pharmacolog-
ical inhibition of this pathway markedly attenuated CRS symp-
toms in a humanized mouse model without compromising CAR
T efficacy, establishing MHT as both a hallmark of CRS patho-
genesis and a promising therapeutic target.

RESULTS

Monocyte/macrophage hyper-translation is a hallmark
of human CRS

To characterize the inflammatory signatures of human CRS, we
isolated peripheral blood mononuclear cells (PBMCs) from pa-
tients with refractory/relapsed B cell lymphoma or multiple
myeloma undergoing CAR T therapy (Figure S1A). Samples
were collected at pre-infusion and post-infusion stage, as indi-
cated by fever and elevated serum IL-6 levels (Figures 1A and
S1B). Mass spectrometry analysis of paired samples from CAR
T-treated patients revealed profound proteomics alterations dur-
ing CRS (Figure S1C). Notably, the most prominently upregulated
protein clusters were associated with the translation process
(Figure 1B). These clusters included key components of the trans-

2 Cell Reports Medicine 7, 102531, January 20, 2026

Cell Reports Medicine

lation machinery, such as eukaryotic initiation factors (EIFs), RNA-
binding proteins, and ribosomal proteins of the 40S (RPSs) and
60S (RPLs) subunits (Figure 1C). Given the established role of
monocytes and macrophages in CRS pathogenesis,'"'? we
further monitored translational activity of monocytes from patients
with CRS using the surface sensing of translation (SUnSET) tech-
nique® by assessing puromycin incorporation as a measurement
for protein synthesis and translation rates (Figure 1D). At the post-
infusion stage, CD14" monocytes exhibited markedly increased
puromycin incorporation (Figure 1D), showing enhanced transla-
tion activity during CRS progression.

To conduct in-depth investigations of the observed hyper-
translation in patients, we utilized a previously described model
system closely recapitulating the features of human CRS,?? in
which primary monocytes were cultured with CAR T Kkilling
supernatant (KS) (Figures 1E and S1D). Consistent with the
hyper-translation in patients, KS-stimulated human monocytes
exhibited robust puromycin incorporation (Figure 1E), indicating
a significant elevation in translational activity. In contrast, LPS
stimulation resulted in only weak puromycin incorporation,
demonstrating that the observed translation enhancement is
more specific to CRS (Figure 1E). To delineate the monocyte
translational landscape in CRS, we employed ribosome profiling
(Ribo-seq)°**° and calculated TE by comparing ribosome-pro-
tected fragments (RPFs) with mRNA abundance (Figure 1F).
Translatome analysis revealed a prominent increase in TE under
the CRS condition (Figures 1F and 1G). Gene-wise TE distribution
closely correlated with RPF signals, but not with mRNA
levels, corroborating a translation-dominant regulatory pattern
(Figure 1G). Intriguingly, approximately one-third of protein-cod-
ing genes in monocytes were translationally upregulated during
CRS (Figures 1H and S1E), with a significant enrichment in trans-
lation-related genes (Figure 1l). Protein upregulation of several
translation-related genes, including ribosomal components
RPLPO and RPS3 and EIF2A and EIF4B, was validated
(Figure 1J), as well as several additional genes (Figure S1F).
Collectively, these results establish MHT as a hallmark of hu-
man CRS.

Translatome alterations predominantly associate with
CRS rather than canonical inflammation
To enable genetic manipulations, we developed a murine cell-
based system in which wild-type C57/B6J mouse T cells were
transduced with an anti-EGFR (epidermal growth factor recep-
tor) CAR and co-cultured with EGFR-overexpressing B16 tumor
cells. The resulting KS was then used to stimulate mouse bone
marrow-derived macrophages (BMDMs), eliciting IL-6 produc-
tion kinetics similar to those observed in the human KS system
(Figures 2A and S2A). Polysome fractionation analysis of
BMDMs revealed an increase in mRNA-bound ribosome compo-
nents, accompanied by a concomitant reduction in free
messenger ribonucleoprotein particles (MRNPs) following KS
stimulation (Figure 2B). These results indicate that murine mac-
rophages undergo a hyper-translation event comparable to
that seen in human CRS, establishing this model as a suitable
system for subsequent mechanistic investigations.

To comprehensively profile the translatome in CRS, we
employed a myeloid-specific RiboTag-seq strategy.”® This
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Figure 1. Monocyte/macrophage hyper-translation is a hallmark of human CRS

(A) Schematic representation of proteome analysis performed on PBMCs derived from patients with CRS at pre- and post-infusion.

(B) Gene Ontology (GO) analysis of upregulated proteins in PBMCs from four patients at post-infusion.

(C) Heatmap displaying highly upregulated proteins associated with the GO term “Cytoplasmic translation” at post-infusion.

(D) Schematic of the SUnSET assay and puromycin incorporation in PBMCs from patients (upper). Representative immunofluorescence images showing pu-
romycin (green) incorporation in CD14* monocytes (red); nuclei were stained with DAPI (blue). Scale bars, 10 pm (lower left). Quantification of puromycin intensity
in CD14* monocytes (lower right). Fluorescence intensity was measured from 8 representative images of CD14* monocytes from three patients.

(E) Schematic of the in vitro KS system with human monocytes (upper). Representative images showing puromycin (green) incorporation in monocytes stimulated
with KS (120 h) or LPS (6 h); nuclei were stained with DAPI (blue). Scale bars, 10 um (lower left). Translation rate quantitated by puromycin intensity is shown (lower
right). Fluorescent intensity was quantitated of 8 representative images from three independent experiments. Data are presented as mean + SEM in (D and E);
****p < 0.0001, unpaired t test.

(F) Schematic of ribosome profiling (Ribo-seq) in KS-stimulated monocytes (upper). Metagene analyses of ribosome footprints aligned to normalized transcript in
KS-stimulated (120 h) and control monocytes. Dashed lines indicate start codon and stop codon (lower).

(G) Heatmap of RPF, RNA, and TE in KS-stimulated monocytes from Ribo-seq.

(H) Schematic of translation boost in KS-stimulated monocytes by Ribo-seq TE analysis.

(I) Gene set enrichment analysis (GSEA) of TE in KS-stimulated monocytes by GO term “Translation”.

(J) Western blot analysis of translation machinery in KS-stimulated monocytes. Histone protein H3 was used as a loading control. Representative data of three
independent experiments.
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Figure 2. CRS is predominantly associated with translatome changes

(A) Schematic of the in vitro KS system with mouse BMDMs.

(B) Polysome profiling of BMDMs stimulated with KS (24 h) versus control. The peaks corresponding to free mRNP, 40S, 60S, 80S, and polysome were marked on
top. Azep absorbance was normalized to 80S peak value of the KS group.

(C) Schematic of the RiboTag-seq of KS-stimulated BMDMs.

(D and E) Scatterplot comparing translatome versus transcriptome of KS-stimulated BMDMs from RiboTag-seq. Genes were divided into 4 groups based on
changes in transcriptome and translatome, as shown in (E).

(F) Schematic of translation activation in KS- and LPS-stimulated BMDMs based on TE analysis.

(G) Representative images showing puromycin (green) incorporation in KS- (24 h) and LPS- (6 h) stimulated BMDMs; nuclei were stained with DAPI (blue). Scale
bars, 20 pm.

(H) Quantification of puromycin intensity, representing translation rates. Fluorescence intensity was measured from 8 representative images across three in-
dependent experiments. Data are presented as mean + SEM; ****p < 0.0001, unpaired t test.

() GSEA of TE in KS-stimulated BMDMs from RiboTag-seq by GO term “Translation”. TE was quantitated by the ratio of RiboTagged transcripts versus bulk
mRNA signals.

(J) Read densities of RiboTagged transcripts (upper) and mRNA (lower) of EIF4B in KS-stimulated and control BMDMs from RiboTag-seq. Dashed squares
represent the coding region.

approach utilized Cre-mediated deletion to induce the expres-  tional regulation under CRS condition, we categorized protein-
sion of an hemagglutinin epitope-tagged ribosomal subunit in coding genes into four classes based on mRNA and
murine macrophages, enabling immunoprecipitation of tagged RiboTagged transcript levels (Figure 2D). Notably, the largest
ribosomes along with associated mRNAs (RiboTagged tran-  cluster was Class |, characterized by genes exhibiting increased
scripts) (Figure 2C). To distinguish transcriptional versus transla-  translation without corresponding transcriptional upregulation

4 Cell Reports Medicine 7, 102531, January 20, 2026



Please cite this article in press as: Liu et al., Discovery, delineation, and therapeutic targeting of a hyper-translation pathway driving cytokine release
syndrome, Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102531

Cell Reports Medicine

(Figure 2E), underscoring hyper-translation as a dominant
feature of CRS. Indeed, 25% of protein-coding genes in macro-
phages displayed translation upregulation in the CRS condition,
compared to 6.5% in LPS-stimulated cells (Figure 2F). In
contrast, transcriptome alterations were comparable between
KS and LPS conditions and thus could not account for the
CRS-specific effects (Figures S2B and S2C). Translatome ana-
lyses were further corroborated by puromycin incorporation
assays, showing robust puromycin signals in KS but not in
LPS-treated macrophages (Figures 2G and 2H). Among the
Class | genes, translation-related genes were highly enriched
(Figure 2I), including components of the translation machinery
such as EIF4B, which exhibited enhanced RiboTagged tran-
script signals despite unchanged mRNA levels (Figure 2J). Pro-
tein levels of several Class | genes were further verified
(Figure S2D). In conclusion, these results systematically validate
MHT as a hallmark of CRS, driven by translational rather than
transcriptional reprogramming.

CRISPR screening in primary macrophages identifies
key mediators of CRS

Next, we wished to delineate the factors and pathways linking
MHT with inflammatory output in CRS. Given the limited
knowledge of translational regulation in this context,'® we un-
dertook a systematic approach using a CRISPR-based ge-
netic screen. To ensure the screening efficiency, it was
necessary to select a robust readout, which was ideally
both highly inducible and exhibited translational enhancement
in CRS. Among common cytokine and chemokine coding
genes highly expressed by macrophages, RiboTag-seq anal-
ysis identified //6 as having the highest TE (Figure 3A). Further
quantification of the “translation index”, which compares
newly synthesized protein to real-time mRNA levels, demon-
strated that KS stimulation induced sustained IL-6 production
(Figures S3A and S3B) and heightened translational activity
relative to LPS stimulation (Figure 3B). To validate the contri-
bution of translational activation while controlling for /16
mRNA variability, we stably expressed exogenous /I6 tran-
scripts in //6-deficient macrophages. Despite unaltered //6
mRNA levels (Figure S3C), translational activity was markedly
upregulated under CRS conditions, as indicated by the trans-
lation index (Figures 3C and S3D). In general, multiple quan-
titative approaches support the notion that IL-6 undergoes
hyper-translation in CRS, making it a suitable readout of sub-
sequent screening.

Subsequently, we performed a CRISPR screen in Cas9-ex-
pressing murine primary macrophages with a macrophage-spe-
cific library using IL-6 as the readout (Figure 3D). The screening
results enriched multiple candidate genes under CRS condition
(Figure 3E) and revealed four functional gene clusters
(Figure 3F): signaling components, RNA-binding proteins, tran-
scription factors, and vesicle transport machinery. Protein inter-
action networks highlighted signaling pathways as central regu-
lators, with the signaling adaptor gene Pik3ap1 at the initiating
node (Figure 3G). Validation using two different single guide
RNAs (sgRNAs) showed Pik3ap1 knockdown reduced KS-
induced IL-6 production (Figure S3E), suggesting that Pik3ap1
is a key positive regulator of IL-6 in the CRS condition.
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BCAP mediates macrophage hyper-translation

B-cell adaptor for PI3K (BCAP, protein name for Pik3ap1), origi-
nally identified as a regulator of B cell development,”’**® exhibits
multifaceted roles across immune cells,?*>* but its role in CRS is
still elusive. We generated myeloid-specific BCAP knockout
mice, which exhibited normal myeloid cell development in multi-
ple tissues (Figures 4A and S4A-S4D). Then we explored the
function of BCAP in the CRS condition. BCAP deletion did not
affect //6 mRNA levels in macrophages but significantly reduced
IL-6 protein production upon KS stimulation (Figures 4B and 4C),
accompanied by diminished newly synthesized IL-6 and a lower
IL-6 translation index (Figures 4D and 4E), establishing BCAP as
a translational regulator of IL-6 production.

Moreover, BCAP-deficient macrophages exhibited impaired
translation activation, as evidenced by reduced puromycin
incorporation and decreased ribosome-mRNA association
(Figures 4F-4H). Integrated Ribo-seq and RNA sequencing
(RNA-seq) revealed that BCAP deletion led to a significant
reduction in translation activity, with minimal changes in the tran-
scriptome (Figures 41 and 4J). Specifically, translation-related
genes were significantly downregulated at both the RPF
and TE levels in the absence of BCAP, while mRNA levels re-
mained largely unchanged (Figures 4K-4M). This was corrobo-
rated by reduced levels of translation machinery proteins and
other cellular components in BCAP-deficient macrophages
(Figures 4N and S4E). In summary, our findings establish
BCAP as a crucial mediator of MHT in CRS.

RSK is the downstream pivot for CRS-induced
macrophage hyper-translation

Given that BCAP acts as an upstream signaling adaptor, we
investigated the mechanistic link between BCAP and hyper-
translation. BCAP deficiency selectively impaired phosphatidyli-
nositol 3-kinase (PI3K)-AKT signaling (Figure S5A), with minimal
impact on mammalian target of rapamycin (mTOR) activation
(Figure S5B). Rapamycin treatment further confirmed the
dispensability of mTOR in CRS-associated IL-6 overproduction
(Figure S5C), redirecting our investigation to alternative transla-
tion regulators. Notably, BCAP-deficient macrophages exhibited
markedly reduced phosphorylation and activation of p90 ribo-
somal S6 kinase (RSK) upon KS stimulation (Figure 5A), suggest-
ing RSK as a potential mediator of MHT. RSK phosphorylates
multiple substrates, including EIF4B, a translation initiation fac-
tor.'®*> Concomitant with reduced RSK activity, EIF4B phos-
phorylation was also diminished in BCAP-deficient cells
(Figure 5A). Moreover, RSK phosphorylation and activation
were dependent on PI3K and 3’-phosphoinositide-dependent
kinase-1 (PDK1) (Figures S5D and S5E). Taken together, these
findings implicate the RSK-EIF4B axis as a downstream effector
pathway of BCAP.

To genetically assess the role of RSK in CRS, we generated
RSK1 (gene name Rps6kal) knockout mice (Figure 5B), as
RSK1 is the predominant isoform in macrophages (Figure S5F).
These mice exhibited normal growth and immune cell develop-
ment (Figures S5G-S5K). However, RSK1 deletion led to
reduced IL-6 translation upon KS stimulation, without affecting
116 mRNA levels (Figures 5C-5F). Similar to the BCAP knockout
phenotypes, RSK1-deficient macrophages displayed impaired

Cell Reports Medicine 7, 102531, January 20, 2026 5




Please cite this article in press as: Liu et al., Discovery, delineation, and therapeutic targeting of a hyper-translation pathway driving cytokine release
syndrome, Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102531

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

A B KSorLPS Newly-synthesized C 116 stable-expressing
IL-6 retroviral vector Ks
R KSdVS Control 592 S 222X IL6 Translation index /16 KO mice
ibotagge! NG Ny _ . [ ___ IL-6translation
traﬁnscn fs RNA TE Macrophages Real-time @ Mv h measurement
16 o 116 mMRNA acrophages
Cxcl1 5 5
Ccl2 > 3 15 - KS . 3 ~o- Control | _
Cels < 2 LPS 24 - KS
Ccl3 N S c
1 Lo S 10 k<]
Ccl4 a8 ® 7 3
>3 [} [7]
Tnf 3 °® S €2
b of 18 =08 =
Cxcl9 4 4 1
Cxcl10 0.0 0
Cxcl11 — 0 6 24 72 24 72 120
Time (hours) Time (hours)
D E IL-6 positive regulators from CRISPR screeening
5
— Arf5
sgRNA library Sort IL-6° population, 44 , Apc
i KS sgRNA sequencing g 8 o
Cas9 transgenic £ I . X = Pik3ap1
mice ) — > 3
. — — a
E C ¢ i o 9_
Cas9-expressing Library infected b _8’ 2
macrophages macrophages F R SO S
1 4
0
0 500 1000 1500 2000 2500
sgRNA distribution
F . G Protein network of
R o nlibiee, IL-6 positive regulators
-5 0 5 10 r Signaling component cluster
Proep 0 N - A
component (
res 1 R - A N -
|
onang | Ader . \e g9 " 4 b/ Fogrt
%
Transeription|  Hrex R o AN ‘
smarces I - )N Aeobip
transport . AN Sh3kbp1 Rapgeft Crk
vess7o I RN -
———————— | ———

Depleted Enriched

Figure 3. CRISPR screening in primary macrophages identifies key mediators of CRS
(A) Heatmap of RiboTagged transcripts, RNA, and TE of cytokine- and chemokine-coding genes in KS-stimulated BMDMs from RiboTag-seq.
(B) Schematic of IL-6 translation index by measurement of newly synthesized IL-6 and real-time //6 mRNA levels (upper). IL-6 translation index was measured in

KS- and LPS-stimulated BMDMs normalized to 24 h KS group (lower, n = 4).

(C) Schematic of IL-6 translation measurement in //6-overexpression system (upper) and corresponding IL-6 translation index after KS stimulation normalized to
0 h (lower, n = 3). Data in (B and C) are presented as mean + SEM; p values were calculated by two-way ANOVA. *p < 0.05, ***p < 0.001.

(D) Schematic of CRISPR screen workflow in BMDMs.

(E) Scatterplot of candidate genes from CRISPR screen. Genes with p value <0.05 were in orange, and top three genes were labeled.
(F) sgRNA distribution plot from CRISPR screen. Four sgRNAs per gene are in orange. p values were calculated by MaGeCK tool. *p < 0.05, **p < 0.01, **p <

0.001, **p < 0.0001.

(G) Protein-protein interaction network of candidate genes with p value <0.05. Signaling component genes are in orange, and top hit gene Pik3ap1 was high-

lighted.

translation activation, as evidenced by decreased puromycin
incorporation and ribosome-mRNA association (Figures 5G-
51). RNA-seq analysis demonstrated that RSK1 had minimal
impact on macrophage transcriptome (Figure 5J), indicating
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that RSK1 primarily influenced translation rather than transcrip-
tion. Correspondingly, EIF4B activation and the protein levels
of translation machinery components were reduced in RSK1-de-
ficient cells (Figure 5K, 5L, and S5L). Inhibition of EIF4AA/EIF4B
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Figure 4. BCAP is responsible for macrophage hyper-translation in CRS

(A) Schematic of generation of myeloid-specific BCAP knockout mice and subsequent BMDM stimulation.

(B and C) IL-6 mRNA levels and protein production of BCAP-deficient BMDMs after KS stimulation, respectively (n = 6).

(D and E) Newly synthesized IL-6 and IL-6 translation index in BCAP-deficient BMDMs after KS stimulation, respectively (n = 5).

(legend continued on next page)
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activity significantly attenuated IL-6 translation, establishing the
RSK-EIF4B axis as a direct regulator of both IL-6 synthesis and
hyper-translation (Figure S5M). Furthermore, chemical inhibition
of RSK using a small molecule inhibitor LJH685 effectively
dampened IL-6 production at the translational level without in-
hibiting /16 mRNA (Figures 5M-5P). Moreover, LJH685 sup-
pressed global protein synthesis in CRS (Figures S5N and
S50). Neither RSK1 ablation nor pharmacological RSK inhibition
impaired TLR ligand-induced IL-6 production (Figures S5P
and S5Q), establishing a selective requirement for RSK in
promoting CRS-associated inflammation. Collectively, these
findings establish RSK as a crucial downstream mediator of
CRS-induced MHT.

Targeting translation via RSK inhibition ameliorates CRS
Building on the above findings that highlight the role of MHT in
CRS pathogenesis, we explored the therapeutic potential of tar-
geting translation. To enhance the disease relevance, we vali-
dated the function of RSK in human primary monocytes. Consis-
tent with the murine loss-of-function phenotypes, silencing RSK1
in human monocytes upon KS stimulation resulted in reduced IL-6
production without affecting mRNA levels (Figures 6A and S6A).
Additionally, RSK inhibition using the compound LJH685 effec-
tively decreased IL-6 production at the translation level without
compromising the viability of human monocytes (Figures 6B,
S6B, and S6C). These results suggest that RSK inhibition could
be a promising therapeutic strategy for CRS.

To evaluate the therapeutic potential of RSK inhibition in a clin-
ically relevant context, we assessed its effects in a humanized
CRS mouse model, where human cord blood-derived hemato-
poietic stem cells were transplanted into immune-compromised
mice, followed by injection of tumor cells and human syngeneic
CAR T cells (Figure 6C). Treatment with LJH685 in humanized
mice significantly alleviated fever and CRS-associated weight
loss (Figures 6D and 6E). Moreover, serum IL-6 levels were mark-
edly decreased in LIH685-treated mice (Figure 6F), with no sig-
nificant changes in mRNA levels (Figure S6D). Crucially, LIH685
treatment did not impair CAR T cell-mediated tumoricidal activity
or CAR T cell expansion (Figures 6G and 6H). Histological anal-
ysis of multiple organs revealed no signs of graft-versus-host
disease following CAR T cell infusion, and LJH685 did not cause
visible organ toxicity (Figure S6E). These data indicate that tar-
geting translation through RSK inhibition effectively ameliorates
CRS in a humanized model. Collectively, the above findings sup-
port the notion that monocyte/macrophage hyper-translation is a
previously unrecognized hallmark that distinguishes CRS from
resolvable inflammation and can be therapeutically targeted
(Figure 6l).

Cell Reports Medicine

DISCUSSION

To characterize the immune abnormalities underlying CRS, we
began by analyzing patient samples during disease progression
and identified widespread boost of protein translation including,
but not limited to, upregulation of inflammatory mediators, which
we define as MHT. We then employed an unbiased CRISPR
screening approach to dissect the molecular pathways driving
MHT, which revealed the BCAP-RSK signaling axis as a critical
regulator. Notably, RSK, being a kinase, presented a druggable
target; pharmacological inhibition of RSK mitigated CRS severity
in a humanized mouse model without compromising CAR T anti-
tumor efficacy. This bedside-to-bench investigative pipeline not
only established hyper-translation as a hallmark of dysregulated
inflammatory responses in CRS but also discovered and thera-
peutically validated a targetable pathway driving pathological
inflammation in this condition (Figure S6F).

Protein synthesis is an energy-intensive process that must
be tightly regulated under normal physiological conditions.
However, excessive translation is observed in certain pathological
states, such as cancer, where pro-translation oncogenic signaling
pathways and mutations in core translational machinery drive un-
controlled growth of tumor cells.®® Intriguingly, monocytes and
macrophages also ramp up translation during CRS, potentially as
an emergent stress-adaptive mechanism. A key pathway driving
this hyper-translation is the BCAP-RSK cascade. While BCAP
was originally identified in B cells, its homology with the Dof protein
in Drosophila,?” which lacks B cells, suggests a broader role in
innate immunity. In fact, BCAP has been described as a negative
regulator of TLR signaling in myeloid cells, damping inflammatory
gene transcription.®>®" Paradoxically, in the context of CRS,
BCAP shifts to a pro-inflammatory role by enhancing the transla-
tion of inflammatory mediators such as IL-6. This dual function rai-
ses a compelling therapeutic possibility: targeting the BCAP-RSK
axis might selectively suppress pathological hyperinflammation
in CRS while preserving beneficial inflammatory responses essen-
tial for host defense, such as those triggered by TLR ligands.

Indeed, genetic ablation or pharmacological inhibition of RSK did
not suppress TLR-induced inflammation, indicating that RSK is a
selective driver of pathological hyperinflammation rather than a
universal mediator of inflammatory responses. The therapeutic
viability of targeting RSK is further underscored by its ongoing
exploration in oncology: the RSK inhibitor PMD-026 is currently in
phase 2 trials for metastatic breast cancer (NCT04115306),%"
demonstrating its clinical safety profile. Targeting RSK in the
context of immune responses presents a therapeutic strategy for
inflammatory diseases. Supporting the safety of this approach,

(F and G) Representative images showing puromycin (green) incorporation in KS-stimulated (24 h) wild-type (WT) and BCAP-deficient BMDMs; nuclei were
stained with DAPI (blue). Scale bars, 20pm. Translation rate quantitated by puromycin intensity is shown in (G). Quantification of puromycin intensity, representing
translation rates. Fluorescence intensity was measured from 8 representative images across three independent experiments.

(H) Polysome profiling of BCAP-deficient versus WT BMDMs after KS stimulation (24 h). Ao absorbance was normalized to the 80S peak value of WT group.
(I) Scatterplot of translatome and transcriptome of BCAP-deficient versus WT BMDM after KS stimulation (24 h) from Ribo-seq.

(J) Schematic of translatome alteration in BCAP-deficient BMDMs by TE analysis.

(K) GSEA of TE in KS-stimulated BCAP-deficient BMDMs by GO term “Translation”.

(L) Heatmap of core translation machinery genes RPF, RNA, and TE in BCAP-deficient BMDMs after KS stimulation.

(M) Read densities of RPF (upper) and mRNA (lower) of Rplp0 in WT and BCAP-deficient BMDMs from Ribo-seq. Dashed squares represent the coding region.
(N) Western blot analysis of translation machinery in WT and BCAP-deficient BMDMs. Representative data of three independent experiments. Data in (G) are
presented as mean + SEM; *p < 0.05, **p < 0.01, **p < 0.001, ns, not significant, paired t test in (B-E) and unpaired t test in (H).
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Figure 5. RSK is the downstream signaling pivot of BCAP and promotes macrophage hyper-translation in CRS

A) Western blot analysis of RSK-EIF4B activation in BCAP-deficient BMDMs. Representative data of three independent experiments.

B) Schematic of the generation of RSK1 knockout mice and subsequent BMDM stimulation.

C and D) IL-6 mRNA levels and protein production in RSK1-deficient BMDMs after KS stimulation, respectively (n = 6).

E and F) Newly synthesized IL-6 and IL-6 translation index of RSK1-deficient BMDMs after KS stimulation, respectively (n = 4).

G and H) Representative images showing puromycin (green) incorporation in KS-stimulated (24 h) WT and RSK1-deficient BMDMSs; nuclei were stained with DAPI
blue). Scale bars, 20 pm. Translation rate quantitated by puromycin intensity is shown in (H). Quantification of puromycin intensity, representing translation rates.
Fluorescence intensity was measured from 8 representative images across three independent experiments.

(I) Polysome profiling of RSK1-deficient versus WT BMDMs after KS stimulation (24 h). Axso absorbance was normalized to 80S peak value of WT group.

(J) Scatterplot of transcriptome of RSK1-deficient versus WT BMDMs after KS stimulation (24 h) from RNA-seq. Rps6ka1 was marked as indicated.

(legend continued on next page)
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Figure 6. RSK inhibition ameliorated CRS in humanized models

Days post CAR T infusion

(A) Schematic of siRNA-mediated RPS6KAT (RSK1) knockdown in human primary CD14* monocytes (upper). IL-6 production (lower left) and /L6 mRNA levels

(lower right) in RPS6KA1-knockdown monocytes.

(B) Schematic of RSK inhibitor LJH685 treatment (1pM, upper) and IL-6 production (lower left) along with /L6 mRNA levels (lower right) in LJH685-treated

monocytes.

(C) Schematic of humanized mouse model and CRS induction. Arrows indicate timing of 20 mg/kg LJH685 administration.

(D-H) Body temperature, body weight, serum IL-6 levels, tumor killing, and CAR T cell expansion in LJH685-treated humanized CRS mice (n = 5). Data in (D-H) are
presented as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant, paired t test in (A and B), unpaired t test in (F-H) and two-way ANOVA in (D and E).
(I) Schematic of molecular mechanism underlying MHT in CRS. In resolvable inflammation, transcription activation mechanism dictates the transient IL-6 pro-
duction. In CRS, uncontrolled inflammation depends on the hyper-translation pathway and triggered sustained IL-6 production.

RSK1 knockout mice exhibit normal development, and combined
deletion of RSK1/2/3 does not compromise viability or fertility.*
Moreover, in our humanized CRS mouse model, administration
of RSK inhibitors did not elicit notable adverse effects
(Figure S6E and data not shown), further validating the safety of tar-

geting this translational pathway. Collectively, our data propose
RSK as a promising therapeutic target for CRS, paving the way
for translation-oriented drug discovery in inflammatory diseases.
Increasing evidence suggests that modulation of translation ma-
chinery has the potential to profoundly impact inflammatory

(K) EIF4B activation in RSK1-deficient BMDMs after KS stimulation. Representative data of three independent experiments.

(L) Western blot analysis of translation machinery in WT and RSK1-deficient BMDMs. Representative data of three independent experiments.

(M-P) IL-6 protein levels, mRNA levels, newly synthesized IL-6, and IL-6 translation index of RSK inhibitor LJH685 (1uM)-treated BMDMs, respectively. Data in
(H) are presented as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.0001, ns, not significant, paired t test in (C-F and M-P) and unpaired t test in (H).
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responses.'®?! For instance, enhanced translation of interferon
regulatory factor (IRF) 8 (IRF8) promotes macrophage inflamma-
tory polarization.®® One key mechanism through which interferon-
y primes macrophage activation involves the suppression of
EIF4E, which otherwise facilitates the translation of negative regu-
lators of inflammation.“® Additionally, mTOR-4E-binding protein
pathway regulates the translation of immune mediators,*'~*°
such as IRF7, thereby influencing interferon production and anti-
viral responses.”’ Beyond translation initiation, elongation also
serves as a critical regulatory node in inflammatory responses.
The eukaryotic elongation factor 2 kinase (EEF2K)-eukaryotic elon-
gation factor 2 (EEF2) axis, for example, regulates the translation of
proinflammatory cytokines in pathological settings.*“® Previously,
we demonstrated that metoprolol alleviates CRS in patients by tar-
geting IL-6 translation. In this study, we uncover a pathway of trans-
lational control that operates independently of metoprolol’s effect
in CRS. Mechanistically, metoprolol attenuates EEF2K-EEF2-
mediated translation elongation,?® acting as a brake on IL-6 protein
synthesis. In contrast, the BCAP-RSK axis promotes translation
initiation, serving as an upstream driver of MHT. Notably, metopro-
lol had no significant impact on the translation initiation machinery,
and BCAP deficiency did not diminish EEF2 activity (data not
shown). These observations suggest that translation is regulated
through sequential and multifaceted mechanisms, mirroring the
layered complexity of transcriptional control. While this work pro-
vides initial insights, further research is needed to fully unravel the
intricate networks of translational regulation and harness their ther-
apeutic potential for treating human inflammatory diseases.

Limitations of the study

A limitation of our study is that the CRS models and patient sam-
ples we analyzed were limited to CAR T therapy-induced CRS.
CRSs are heterogeneous and can arise from diverse triggers.
For example, severe infectious pathogens can produce CRS-
like manifestations. We did not examine infection-associated
or other non-CAR T causes of CRS, so it remains uncertain
whether hyper-translation occurs in those contexts or whether
it similarly drives inflammatory responses.

Although our study identified hyper-translation as a hallmark and
potential therapeutic target of CRS, the precise factors initiating
this response remain undetermined. The stimuli driving hyper-
translation could originate from CAR T cells, lysed tumor cells, acti-
vated macrophages, or soluble mediators released during target
cell killing, but the relative importance of these components re-
mains to be clarified. Moreover, while we demonstrated the feasi-
bility of targeting RSK as a therapeutic strategy in animal models,
human CRS represents a highly heterogeneous condition with
complex clinical manifestations. Thus, the translational relevance
of RSK inhibition to human CRS and other inflammatory diseases
remains to be established, including whether suitable small-mole-
cule inhibitors can achieve safety and efficacy in clinical settings.
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China) and received CAR T infusion. Peripheral blood was collected pre- and post-CAR T (6-10 days) infusion followed by PBMC
purification. This study was approved by the Ethics Committee of the Chinese PLA General Hospital. Informed consent was obtained
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ad libitum. All animal procedures and experiments were performed in accordance with guidelines of the Laboratory Animal Research
Center of Tsinghua University. The laboratory animal facility has been licensed by the Science and Technology Commission of Beijing
Municipality (SYXK-2014-0024) and accredited by Association for Assessment and Accreditation of Laboratory Animal Care Inter-
national. All animal protocols used in this study were approved by the Institutional Animal Care and Use Committee of Tsinghua
University.

METHOD DETAILS

Virus packaging and transduction

293T cells were cultured in 10 cm dishes until they reached 80% confluence. The cells were then transfected using Opti-MEM
medium containing 80 pL Lipofectamine 2000 mixed with the CAR plasmid (10 pg) and two packaging plasmids (pCMV-VSV-G,
7.5 ng; psPAX2, 5 pg). After 8 h, the medium was replaced with 8 mL of pre-warmed fresh medium, added gently to avoid disturbing
the cells. The virus-containing supernatant was collected 24 h post-transfection, filtered through a 0.45 pm filter, aliquoted, and
stored at —80°C for future use. For the CRISPR screen, the retroviral library was generated similarly using pCL-ECO and the library
plasmid. The IL-6 overexpression retroviral vector was produced by transfecting the pMX-CMV plasmid into Plat-E cells. For BMDM
viral infection, the virus was added to BMDMs on day 3 of differentiation, followed by replacement with fresh medium after 24 h.

Manufacture of CAR T cells and in vitro CAR T-mediated killing

The anti-CD19 CAR construct consists of a CD19 scFv fused in-frame with the hinge and transmembrane domains of CD8, followed
by the cytoplasmic domains of CD28 and CD3¢. To generate CAR T cells, PBMCs or cord blood mononuclear cells (CBMCs) from
healthy donors were primed for 24 h with anti-CD3 (Biolegend, 300438) and anti-CD28 (BD, 555725) antibodies, followed by trans-
duction with the CAR-expressing lentiviral vector for an additional 24 h. Transduced T cells were then replated and cultured in RPMI
1640 medium (Gibco, #C11875500BT) supplemented with 10% FBS (Gibco), 2 mM GlutaMAX (Gibco, #35050061), 10 mM HEPES,
1 mM sodium pyruvate, and IL-2 (Scintol, S10970015). To generate KS, the manufactured CAR T cells were co-cultured with Raji cells
at an effector-to-target ratio of 2:1 for 48 h. The KS was collected via centrifugation and filtration, then mixed with RPMI medium at a
1:1 ratio for CD14* human monocyte stimulation.

For mouse CAR T cells, the anti-human EGFR CAR construct features an EGFR scFv fused in-frame with the hinge and trans-
membrane domains of CD8, followed by the cytoplasmic domains of CD28 and CD3¢. T cells were isolated from the spleen and
lymph nodes of WT C57BL/6J mice using the EasySep Mouse CD90.2 Positive Selection Kit Il (StemCell, 18951). The isolated
T cells were primed for 24 h with anti-CD3 (Liankebio, F2100300) and anti-CD28 (Liankebio, F2102800) antibodies, followed by
transduction with the CAR-expressing lentiviral vector for an additional 24 h. To generate KS for mouse studies, the CAR
T cells were co-cultured with B16-EGFR cells at an effector-to-target ratio of 1:1 for 48 h. The KS was collected via centrifugation
and filtration, then mixed with DMEM medium at a 1:3 ratio for BMDM stimulation.

Flow cytometry and cell sorting experiments

Tissue was harvested from indicated mice and the red blood cells were lysed with ACK lysing buffer, and the cell suspensions were
passed through a 70 pm cell strainer before being stained with antibodies for flow cytometry (CD45-APC-Cy7, Biolegend 103116;
CD3-PE-Cy7 eBioscience 25-0031-82; B220-AF700 eBioscience 56-0452-82; CD11b-PerCP-Cy5.5 eBioscience #45-0112-82;
Ly-6C-FITC BD 561085; Ly-6G-PE BD 551461). For humanized mice, peripheral blood cells were collected and stained for human
markers (CD45-PE-Cy7, Biolegend, 304060; CD19-APC, Biolegend, 363006; CD3-PerCP, Biolegend, 300326). To measure viability,
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cells were collected and stained with Annexin V Apoptosis Detection Kit FITC (eBioscience, 88-8005-72) according to the manufac-
turer’s instructions. Flow cytometry assays were performed on FACSFortessa (BD Biosciences) and analyzed with FlowJo software.

Measurement of cytokines

Culture supernatants and serum samples were collected after centrifugation at 5,000 rpm for 5 min and stored at —80°C. For newly
synthesized IL-6 measurements, cells were treated by GolgiStop (BD Biosciences, 554724) for 4 h and then lysed by RIPA. Human
IL-6 was measured by IL-6 ELISA MAX Deluxe (BioLegend, 430505) and mouse IL-6 was measured by Mouse IL-6 ELISA Set (BD
Pharmingen, 555240) according to manufacturers’ instructions. Mouse IFN-y, TNF-a, and IL-1p were measured by Legendplex
multi-analyte flow assay kit (Biolegend, 740621).

RNA extraction and quantitative PCR

Total RNA was extracted from cells using Trizol reagent, and was reverse-transcribed to complementary DNA (cDNA) using HiScript
IIl RT SuperMix (Vazyme, R323). Real-time PCR was done in triplicate with SYBR Green Master Mix (Applied Biosystems, A25742)
and a 7500 Real-time PCR system (Applied Biosystems). Primers for human transcripts were as follows (forward primer, reverse
primer, listed as 5 > 3'): GAPDH: TTCGACAGTCAGCCGCATC GCCCAATACGACCAAATCCG; IL6: TGGCAGAAAACAACCTG
AACC CCAGTGATGATTTTCACCAGGC. Mouse transcripts: Gapdh: AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCA
ACA,; 1I6: TCTATACCACTTCACAAGTCGGA GAATTGCCATTGCACAACTCTTT.

Western blotting

Cells were lysed by RIPA (Beyotime, PO013B) and protein lysates were denatured at 95°C for 6 min. Denatured cell lysates were
separated by 4-20% SDS-PAGE (Yeasen, 36231ES105) and transferred to a PVDF membrane (Millipore) by electroblotting. Mem-
branes were blocked in 2.5% BSA dissolved in TBST at room temperature for 1 h and incubated at 4°C overnight with the following
1:1000 diluted primary antibodies in 2.5% BSA dissolved in TBST buffer: RPLPO (Abcam, ab192866), RPS3 (Abcam, ab128995),
EIF2A (CST, 9722), EIF4B (R&D, AF3800-SP), Phospho-EIF4B (Ser422) (CST, 3591), JAK1 (CST, 50996), NF-xB p65 (CST, 4764),
ERK1/2 (CST, 9102), Phospho-AKT (CST, 2965), AKT (CST, 9272), p38 MAPK (CST, 9212), Phospho-RSK1 (S221)/RSK2 (S227)
(R&D, AF892-SP), RSK1/2/3 (CST, 9355), Phospho-p70 S6 Kinase (Thr389) (CST, 9205), p70 S6 Kinase (CST, 2708), Phospho-
4E-BP1 (Thr37/46) (CST, 9459), 4E-BP1 (CST, 9644), Histone H3 (CST, 9715). The membranes were then washed and incubated
with goat anti-rabbit IgG (H&L)-HRP conjugated antibody (EASYBIO, BE0101) or donkey anti-goat IgG (H&L)-HRP conjugated anti-
body (Abcam, ab97110) for 1 h at room temperature. Proteins were visualized using SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific, 34080) and captured with the ImageQuant LAS 400 imaging system (GE Healthcare Life Sciences).

Mass spectrometry data collection and analysis

Protein samples lysed from patient-derived PBMCs were separated on SDS-PAGE. The corresponding gel lane was excised,
reduced with 10 mM of TCEP, and alkylated with 40 mM chloroacetamide. Mass spectrometry data acquisition and analysis were
accomplished by Technology Center for Protein Sciences, Tsinghua University.

Surface sensing of translation (SUnSET) assay

The SUNSET assay was employed to assess mRNA translation rates by quantifying puromycin incorporation. Cells were treated with
1 pg/mL puromycin (Invivogen, ant-pr-1) and incubated for 30 min at 37°C. Subsequently, the cells were processed for cytospin slide
preparation. The samples were fixed with 4% paraformaldehyde (Sigma, 158127) and stained with an anti-puromycin fluorescent
antibody (Sigma, MABE343-AF488). Puromycin incorporation was visualized using confocal microscopy, and the translation rate,
reflected by puromycin fluorescence intensity, was quantified using ImagedJ software.

Polysome profiling

Following treatment with 100 pg/mL cycloheximide (Sigma, C7698), cells were washed with ice-cold PBS and pelleted by centrifu-
gation. Cell pellets were resuspended in polysome lysis buffer (20 mM Tris-HCI [pH 8.0], 140 mM NaCl, 15 mM MgCl,, 100 pg/mL
cycloheximide, 1 mM DTT, 0.5% Triton X-100) supplemented with protease inhibitor cocktail (Bimake, B14001) and RNase inhibitor
(Promega, N2511). Homogenization was achieved through five to six passages through a 26-gauge needle using a 1 mL syringe. The
clarified lysates were carefully layered onto preformed 10%-50% linear sucrose density gradients prepared in polysome buffer.
Gradients were subjected to centrifugation at 35,000 rpm for 2 h using an SW41 rotor in a Beckman ultracentrifuge. The Gradient
fractionation system (ISCO Model 160 Gradient Former Foxy Jr. Fraction Collector) was used to isolate sucrose gradient fractions.
The abundance of ribosomal RNA was measured by monitoring the absorbance at 260 nm.

Ribosome profiling (Ribo-seq) library preparation, sequencing and data analysis

Cells pellets were lysed with polysome lysis buffer and cell lysate was digested with RNase | (Invitrogen, AM2294) to generate RPF
which is subjected to conventional Ribo-seq library construction.”* A portion of the cells were used for RNA-seq. The RPF libraries
were pooled and sequenced on an HiSeq X Ten platform and 150 bp paired-end reads were generated. The sequencing was per-
formed by Genewiz Technology Co., Ltd. Raw sequencing data were processed by Tsinghua Bioinformatic Platform, which included

Cell Reports Medicine 7, 102531, January 20, 2026  e4




Please cite this article in press as: Liu et al., Discovery, delineation, and therapeutic targeting of a hyper-translation pathway driving cytokine release
syndrome, Cell Reports Medicine (2025), https://doi.org/10.1016/j.xcrm.2025.102531

¢? CelPress Cell Reports Medicine

OPEN ACCESS

fastg_quality_filter (v0.0.14) for quality control, cutadapt (v2.8) for adapter trimming, bowtie2 (v1.3.1) for rRNA alignment and STAR
(v2.7.10a) for genome (GRCh38/GRCm38) mapping. For TE Calculation: TE = (RPF/mRNA counts) x 1e6. Genes with RPF >1 RPM
and |log2(TE_experiment_group/TE_control_group)| > 1 (FDR <0.05, DESeq2) were deemed differentially translated. For GO anal-
ysis, clusterProfiler (v4.6.2) was employed with hypergeometric test by Benjamini-Hochberg FDR correction.

RNA-seq and data analysis

Total RNA was extracted with Trizol reagent and was submitted for RNA-seq. Sequencing libraries were generated using NEBNext
Ultra RNA Library Prep Kit for lllumina according to the manufacturer’s instructions. Quality control of libraries was performed with the
Agilent 2100 bioanalyzer instrument. High-throughput sequencing was performed using the lllumina Novaseq 6000 platform and
150 bp paired-end reads were generated. Softwares including TrimGalore (v0.6.7), HISAT2 (v2.2.1), featureCounts (v2.0.3) were
employed for reads processing and FPKM was calculated for expression (FDR< 0.01 (edgeR)).

RiboTag-seq library preparation, sequencing and data analysis

Cells were homogenized and then centrifuged at 10,000g for 10 min. Supernatants were added directly to the anti-HA beads (Thermo
Fisher, 88836) and rotated for 6 h at 4°C. A portion of the supernatant was kept as input samples for bulk RNA-seq. Following rotation,
samples were placed in a magnet on ice. The supernatants were recovered, and the pellets three times for 5 min in high salt buffer. To
isolated RiboTagged transcripts and bulk mRNA, Qiagen RLT buffer (part of the RNeasy Mini kit, Qiagen, 74104) was added to the
remaining pellets or to the input samples, respectively. Total RNA was extracted following the manufacturer’s instructions using the
RNeasy Mini kit. Purified RiboTagged transcripts and bulk mRNA were subjected to RNA-seq analysis. Data processing included
fastq_quality_filter (v0.0.14) for quality control, cutadapt (v2.8) for adapter trimming, bowtie2 (v1.3.1) for rRNA alignment and
STAR (v2.7.10a) for genome (GRCh38/GRCm38) mapping. For TE Calculation: TE = (RiboTagged transcripts counts/mRNA
counts) x 1e6. Genes with RiboTagged transcripts >1 and |log2(TE_experiment_group/TE_control_group)| > 1 (FDR <0.05, DESeq?2)
were deemed differentially translated.

Patient samples

Patients diagnosed with non-Hodgkin’s lymphoma or multiple myeloma were treated at the Chinese PLA General Hospital (Beijing,
China) and received CAR T infusion. Peripheral blood was collected pre- and post-CAR T (6-10 days) infusion followed by PBMC
purification. This study was approved by the Ethics Committee of the Chinese PLA General Hospital. Informed consent was obtained
from all patients.

CRISPR screen and data analysis

Cas9-transgenic BMDMs were cultured and transduced with a macrophage-specific retroviral library with sgRNAs of 2425
macrophage-expressing genes (4 sgRNAs per gene) on day 3 differentiation at an infection rate of approximately 30%. After 24 h,
the medium was replaced with fresh M-CSF-containing medium. By day six, library infected GFP positive BMDMs were sorted
and cultured for an additional two days. The cells were then divided into an experimental group with KS stimulation and a control
group as input. Following 72 h of stimulation, cells were treated with GolgiStop for 4 h and collected for intracellular staining by
IL-6 fluorescent antibody (Biolegend, 504504). The bottom 5% of IL-6-expressing cells were sorted, and genomic DNA was extracted
from both the sorted cells and unstimulated control group using the NucleoSpin Blood XL kit (MACHEREY-NAGEL, 740950.50). The
sgRNA cassettes were amplified by PCR according to the broad GPP protocol and subsequently subjected to deep sequencing. For
data analysis, the MaGeCK tool (v0.5.9.4) was used to process and analyze the CRISPR screen sequencing data. Fastq reads were
processed using the count module, and the RRA module (default setting) was used to calculate log, fold changes and p-values of the
genes. Data visualization was performed using Custom R scripts (v4.1.3).

Construction of humanized mouse model

Humanized mice were generated from triple transgenic NSG-SGM3 mice (6-8 weeks old) expressing human signal regulatory protein
alpha (SIRP«), granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin-3 (IL-3), and stem cell factor (SCF). Each
mouse was subjected to 1.3Gy irradiation and immediately intravenously (i.v.) injected with 0.08 million human cord blood-derived
CD34* HSC (purchased from Bairuikang Biotechnology). To construct CRS model, 0.5 million Raji cells were i.v. injected into each
mouse 6 weeks after human immune reconstruction. Two weeks later, 5 million anti-CD19 CAR T cells generated from CBMCs of
same HSC donors were i.v. injected into each mouse. At indicated time points, 20mg/mL LJH685 was i.p. administered. Blood
samples were collected to measure IL-6 levels and quantify tumor cells and CAR T cells. For tissue analysis, mice were deeply anes-
thetized with Avertin and perfused intracardially with ice-cold PBS, followed by 4% PFA. Organs were dissected, post-fixed over-
night in 4% PFA at 4°C, Heart, liver and spleen were sent for paraffin embedding and H&E staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software was used for data analysis. Types of statistical tests are indicated in figure legends. For graphs, data are
shown as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, ns, not significant.
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