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Abstract

Background: Cytokine release syndrome (CRS) is a systemic inflammatory response characterized by the
overexpression of inflammatory genes. Controlling CRS is essential for improving the therapeutic effects of chimeric
antigen receptor (CAR) engineered T cells. However, current treatment options are limited given the complexity of
cytokine interactions so it is important to seek a mild strategy with broad-spectrum inhibition to overcome this
challenge.

Methods: Using THZ1, a covalent inhibitor of cyclin-dependent kinase 7 (CDK7), we demonstrated the
transcriptional suppression of inflammatory genes in activated macrophages. RNA sequencing and ChIP sequencing
were conducted to identify the key target genes of the inflammatory response. Pathogen- and CAR T cell-induced
CRS models were also established to assess the efficacy and safety of targeting CDK7.

Results: CDK7 blockade attenuated cytokine release, mitigated hyperinflammatory states and rescued mice from
lethal CRS. Targeting CDK7 preferentially suppressed a set of inflammatory genes, of which STAT1 and IL1 were the
key targets associated with super enhancers. Furthermore, we confirmed the potent efficacy of THZ1 in alleviating
the CRS induced by CAR T cell infusion without causing tissue injury or impairing antitumor effects.

Conclusions: Our work indicates the CDK7-dependent transcription addiction of inflammatory genes. Targeting
CDK7 is a promising strategy for treating CRS by inhibiting multiple cytokines.

Keywords: Cyclin-dependent kinase 7, Super enhancer, Inflammatory genes, Cytokine release syndrome,
Macrophages, Chimeric antigen receptor engineered T cells
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Background
Cytokine release syndrome (CRS) is a life-threatening in-
flammatory disorder that can be triggered by infections
or immunotherapies [1]. Severe CRS is often reported in
some cases of acute inflammatory responses and is char-
acterized by fever, hypotension, and respiratory insuffi-
ciency. The great progress in immunotherapy in the last
decade has, to some extent, contributed to the high inci-
dence of CRS [2, 3], especially the adoptive transfer of
chimeric antigen receptor engineered T cells (CAR T),
which has emerged as a novel approach for leukemia
and lymphoma, with a reported incidence of severe CRS
ranging from 20 to 50% in different trials [4–6]. Once
the inflammatory disorder initiates, elevated levels of
serum cytokines, including interferons (IFNs), interleu-
kins (ILs), chemokines, colony-stimulating factors (CSF)
and tumor necrosis factors (TNF), will constantly stimu-
late immune and stromal cells, gradually enter a proin-
flammatory loop and develop into multiorgan injury
when the reaction loses control to destroy the immuno-
logic homeostasis [1].
Despite the controversy over the immunopathological

basis, macrophage overactivation is essential to maintain
the hyperinflammatory state in CRS. From innate to
adaptive immunity, macrophages respond to stimuli by
promoting multi-cytokine release and interacting with
different cell types [7]. IL-6 and IL-1β, mainly derived
from macrophages, have been regarded as the driving
force of CRS and make contributions to related injuries.
Especially in CAR T models, evidence has shed light on
that the severity of CRS is not totally mediated by cyto-
kines derived from CAR T cells, but by factors derived
from the recipient macrophages [8, 9]. This conclusion
is supported by several studies focused on CAR T
therapy-induced encephalopathy, a delayed neurotoxicity
which had previously been ascribed to the cytokine re-
lease of CAR T cells [10]. Data from murine models also
support the causal association of CAR T-induced neuro-
toxicity with macrophage-derived IL-1β [9]. Even today,
systemic corticosteroids are widely used to attenuate
CRS symptoms, and prolonged-use/high-dose corticoste-
roids may result in immunosuppression, secondary in-
fection, as well as ablation of CAR T cell expansion and
persistence [11]. Recently, encouraging results from tri-
als have accelerated the approval of inhibitors targeting
IL-6 or IL-1 signaling by virtue of their inhibition of in-
flammation [12]. However, blocking specific cytokines is
also hardly sufficient because of the complex crosstalk
within the cytokine storm [13]. Thus, seeking a mild
anti-inflammatory strategy with broad-spectrum inhi-
bition is necessary to overcome this challenge.
THZ1 is a covalent inhibitor of cyclin-dependent

kinase 7 (CDK7) and suppresses gene transcription by
dephosphorylating the C-terminal domain of RNA

polymerase II (RNA Pol II) [14]. Differing from the con-
ventional understanding of blocking CDK7, which is ex-
pected to adversely affect global transcription, THZ1
preferentially impacts a set of critical genes regulated by
super enhancers (SEs). The selectivity of transcriptional
repression mediated by THZ1 is linked to CDK7-
dependent enhancer remodeling, which is a possible ex-
planation for the transcription addiction of identity
genes and has been thoroughly identified in MYCN-
amplified neuroblastoma [15], triple-negative breast can-
cer [16], T cell lymphoma [17] and small cell lung can-
cer [18]. More interestingly, THZ1 is being taken
seriously as an immunoregulator because blocking
CDK7 has been shown to manipulate the intension and
resolution of inflammation by reinvigorating antitumor
immunity [19] and regulating granulocyte apoptosis as
well as cytokine secretion [20]. In addition, RNA Pol II-
driven transcription can be disrupted with topoisomer-
ase 1 inhibitor to suppress inflammatory genes and pro-
tect against lethal CRS [21]. These findings indicate that
cell- and gene-specific effects can be observed even
when targeting a so called “general transcriptional regu-
lator” and CDK7 appears to be a promising target to
achieve selective transcriptional inhibition. Thus, block-
ing CDK7 may be a feasible strategy to inhibit the over-
expression of various inflammatory genes in CRS if we
could identify the SEs responsible for the inflammatory
processes.
Here, we demonstrate that pretreatment with THZ1

significantly reduces the massive release of multi-
cytokines and alleviates hyperinflammatory symptoms.
The efficacy and safety of THZ1 are confirmed in bac-
teria- or virus-induced inflammatory responses and
reduplicated successfully in CRS triggered by CAR T in-
fusion without dampening antitumor capability. Mech-
anistic exploration further reveals a key role of STAT1/
IL1 in the inflammatory response, which is vulnerable to
THZ1 treatment under the control of SEs. Our work
provides a promising strategy with broad-spectrum
inhibition for current CRS treatment.

Materials and methods
Cells and virus
Peripheral blood mononuclear cells (PBMCs) were sepa-
rated from the blood samples of 4 healthy volunteers
after gradient centrifugation, and cultured in DMEM for
adhesion purification. After 2–4 h, suspended lympho-
cytes were pooled and activated with anti-CD3/CD28 for
1 day and then expanded in DMEM 10% FBS supple-
mented with 2 U/ml IL-7/IL-15 to obtain proliferative T
cells.
Two forms of macrophages were used in our experi-

ments: Adherent fractions of PBMCs were cultured in
DMEM 10% FBS supplemented with 20 ng/ml rhGM-
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CSF for 7 days to induce primary monocyte-derived
macrophages (MDMs); PMA-induced macrophages
(noted as mTHP-1) were obtained from human mono-
cyte THP-1 cells via a 24-h incubation with 100 ng/ml
PMA and cultured in PMA-free medium overnight to
reduce their inflammatory baseline.
Burkitt lymphoma Raji cells and human fibroblast

HFF-1 cells were respectively cultured in RPMI-1640
and DMEM containing 10% FBS and 50 U/ml penicillin-
streptomycin. Human umbilical vein endothelial cells
(HUVEC) were cultured in endothelial basal medium
supplemented with EGM-2 MV Single-Quots (EGM-2
MV medium, Lonza).
The influenza virus H1N1 (strain A/California/07/

2007) was used as the viral stimulus to activate
macrophages.

Quantitative real-time PCR analysis
MDMs derived from 3 healthy individuals or mTHP-1
cells were treated with THZ1 for 0.5–1 h before or after
stimulation. Total RNA was extracted from cell lysates
and reverse transcribed to cDNA using a reverse-
transcriptional kit (TaKaRa). RT-PCR was performed in
a triplicate with the SYBR Prime Script RT-PCR kit
(TaKaRa) on the 7300 plus Real-Time PCR system
(Applied Biosystems). The primer sequences are described
in the Supplementary Materials and Methods.

RNA sequencing and analysis
MDMs derived from 1 healthy individual were divided
into three parts: the control cultured with medium, the
stimulated cells cultured with LPS, and the rescued cells
pretreated with 30 nM THZ1 for 0.5 h prior to LPS
stimulation. Total RNA was prepared as described in the
quantitative real-time PCR experiments. The isolated
RNA was used to prepare RNA-seq libraries using Tru-
Seq RNA Library Prep Kit v2 (Illumina) following the
manufacturer’s instruction. The libraries were sequenced
on an Illumina HiSeq X-ten sequencing System with a
read length of 150 base pairs.
Raw RNA-seq reads were first preprocessed the in-

house Perl scripts and sickle software (version, 1.200).
The preprocessed reads were aligned against the human
genome (GRCH38, https://asia.ensembl.org/info/data/
ftp/index.html) using HISAT2 (v2.1.0) [22]. Gene-level
read counts were summarized with HTSeq script (ver-
sion 0.6.0) [23]. Genes with more than 50 reads in at
least one library were retained and used to identify
DEGs with the Bioconductor package DEGseq [24]. A
DEG met the following criteria: average expression
abundance of the gene at least in one sample more than
1 Fragments per Kilobase Million (FPKM), false discov-
ery rate (FDR, an adjusted P value after multiple testing
of Benjamini-Hochberg [25]) < 0.01 and abs (fold

change) > 2. Heatmaps in Fig. 3a were plotted using
heatmap.2 in gplots, and Fig. 3d was created using the
Heatmap script in R package ComplexHeatmap.
The DAVID suite of online tools (http://david.abcc.

ncifcrf.gov/tools.jsp) was used to determine the bio-
logical process ontology defined by the Gene Ontology
Consortium. Gene Set Enrichment Analysis was per-
formed using a gene list pre-ranked by fold change upon
LPS treatment from mTHP-1 cells. The network in
Fig. 3e was created using the functional Network in R
package FGNet.

ChIP sequencing and analysis
PMA-induced mTHP-1 cells were treated as described
in RNA-seq. Samples for ChIP-seq were prepared ac-
cording to the manufacture’s instructions (SimpleChIP
Enzymatic Chromatin IP Kit, CST). ChIP-seq libraries
were constructed using NEBNext Ultra II DNA Library
Prep Kit for Illumina (NEB). We used the MACS2
(v2.2.6) peak finding algorithm to identify regions of
ChIP-seq enrichment over background for all ChIP-seq
data sets with a P value of 1e-9. For H3K27ac data, we
pooled all samples and their input DNA to identify con-
sensus enriched region. The consensus enriched regions
were used as constituent enhancers for ROSE to identify
super enhancers and separate them from typical en-
hancers. The software was run with parameters of -s
12500, −t 2000, and -g hg38 to rank enhancers by the
H3K27ac signal minus the input DNA control signal.
Stitched enhancers were assigned to the associated genes
based on geneMapper in ROSE and read density calcula-
tions were performed using bamToGFF with parameters
-e 200, −m 1, −r, and -f 1 [26]. Read density was defined
as units of reads per million mapped reads per base pair
(rpm/bp). We used deeptools to plot ChIP-seq heatmaps
in Fig. 3g and Fig. S3B. Analysis of motif enrichment
was performed using AME (http://bioinformatics.org.au/
ame/). All sequencing data are available in the SRA data-
base with BioProject (PRJNA635530).

Generation of CAR T
CARs are composed of an extracellular single-chain vari-
able fragment (scFv), which serves as the targeting moi-
ety, a transmembrane spacer, and an intracellular
signaling/activation domain(s). The 2nd-generation
CARs also contain costimulatory domains such as CD28
and 4-1BB. Lentiviral vectors of CD19 scFv-4-1BB-CD3ζ
were designed and used in our experiments. Primary T
cells were infected with lentivirus (MOI=10) after activa-
tion with anti-CD3/CD28, and expanded in the presence
of 2 U/ml IL-7/IL-15 for 2 weeks. Infection efficiency
and hallmarks of T cells were detected by flow cytome-
try. T cells without lentiviral infection were defined as
the control (negative control T cells, NCT). Both CAR T
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cells and NCT cells were derived from the same volun-
teer to minimize the effects of individual differences.

CAR T functional assays
CAR T cells were cocultured with Raji target cells at the
indicated E/T ratio in DMEM 10% FBS for 1 day. The
elimination index of Raji cells was calculated using flow
cytometry as follows: 1- (number of residual target Raji
in the presence of CAR T cells)/ (number of residual
Raji in the presence of NCT cells). Coculture superna-
tants were collected to assess the cytokine release or
used as the conditioned medium for macrophages. Sub-
sequently, the conditioned medium was collected after a
6-h or a 24-h incubation with macrophages for further
gene expression or cytokine assessment, respectively. In
the CFSE assay, CAR T or NCT cells were stained with
CFSE in advance and stimulated with Raji at an 8:1 E/T
ratio for 3 days, and the proliferation of T cells was mea-
sured via flow cytometry.

Mouse treatment
In the model of LPS-induced CRS, 6-week-old female
C57BL/6 mice were intraperitoneally injected with a
dose of 10 mg/kg of THZ1 at 0.5 h before LPS treatment.
In the model of CAR T-induced CRS, 6-week-old female
SCID-Beige mice were intraperitoneally injected with 3×
106 Raji cells for 3 weeks before intraperitoneal transfer
of 3× 107 CAR T cells [9]. THZ1 was administered 3 h
prior to CAR T or NCT infusion, and this administra-
tion was repeated twice at 12, and 24 h after infusion.
To assess CRS toxicities, mice were monitored for daily
activity, anal temperature, weight loss and mortality.
Blood samples were collected by retro-orbital bleeding
and left to clot for 30 min at room temperature. Serum
was isolated via centrifugation and stored at − 80 °C. To
detect the level of intraperitoneal myeloid cells, PBS was
injected into the peritoneum to extract the lavage from
mice for flow cytometry. In LPS models, peritoneal mac-
rophages were sorted to detect the transcription of in-
flammatory genes. Lung, liver, kidney, spleen and dorsal
skin were removed, formalin-fixed and paraffin-
embedded for histological analysis. All experiments
in vivo were approved by the Ethical Committee of
Fudan University Shanghai Cancer Center and were
compliant with all relevant standards.

Flow cytometry
For the analysis of cytokines, serum in vivo and super-
natant in vitro were diluted in the proper proportion
and assessed with the Mouse or Human Anti-Virus Re-
sponse Panel (Biolegend). For the analysis of peritoneal
lavage, samples were processed with erythrocyte lysis
buffer and then gently dissociated through a 70-μm
strainer to prepare single cell suspensions. Dead cells

were excluded with zombie dye and suspensions were la-
beled with anti-CD86, anti-CD11b, anti-F4/80, anti-
Ly6C, anti-Ly6G. In the CAR T generation experiments,
T cells infected with lentivirus were stained with anti-
CD25 and anti-CD69 to evaluate the activation of T cells
at day 2, and with anti-CD4 and anti-CD8 to evaluate
the distribution of subsets weekly. For the analysis of the
elimination index of Raji cells, cocultured cells were
stained with anti-CD3, anti-CD19 and zombie dye to
distinguish T cells and residual living Raji cells. In the
apoptosis analysis, cells were tested using FITC-Annexin
V/PI kits or 7AAD-Annexin V/PI kits. All the above kits
and antibodies were purchased from Biolegend and the
labeling performed according to the manufacturer’s
protocols.

Statistical analysis
Statistical analyses were performed using Prism 8. The
two-tailed Student’s t test, one-way or two-way ANOVA
were performed for experiments with two groups or
more than two groups, respectively. The log-rank
Mantel-Cox test was performed to assess the statistical
significance of Kaplan-Meier survival curves. Detailed in-
formation is provided in the figure legends. P < 0.05 was
considered a statistically significant difference.

Results
CDK7 regulates inflammatory genes in activated
macrophages
CDK7 phosphorylates the RNA Pol II in a dynamic,
tightly regulated manner to control the initiation and
elongation of gene transcription (Fig. 1a). To verify the
impact of blocking CDK7 on inflammation, PMA-
induced macrophages (mTHP-1 cells) were first treated
with a concentration gradient of THZ1 to determine its
safe range. At concentrations greater than 100 nM, glo-
bal transcription was repressed with a considerable de-
crease in substrate-level phosphorylation of initiation-
associated serine 7 and elongation-associated serine 2
(Fig. 1b). Substantial apoptosis was also observed after
exposure to concentrations above the threshold and ap-
peared to be concomitant with the decrease in RNA Pol
II phosphorylation (Fig. S1A, B). In contrast, very little
impact was observed on cells treated with a low dose of
THZ1 (≤ 40 nM), supporting the safe range of THZ1
without global transcription shutdown. To avoid the im-
pact of cytotoxicity at high concentrations of THZ1, all
subsequent in vitro experiments were performed at concen-
trations (20–30 nM) suitable for the corresponding cells.
Next, MDMs were treated with 30 nM THZ1 to detect

the gene profiles after overexposure to LPS for 8 h. In
addition to transcriptional repression, Gene Ontology
(GO) enrichment analysis of differentially expressed
genes (DEGs) revealed a wide inflammatory inhibition
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Fig. 1 Blocking CDK7 suppresses the inflammatory response to stimuli. a Schematic of transcriptional initiation and elongation. CDK7 regulates
the transcriptional process by phosphorylating RNA Pol II. b Western blot analysis of RNA Pol II phosphorylation and CDK7 expression in mTHP-1
cells treated with the indicated concentrations of THZ1 (0, 20, 40, 100, 200 nM) for the indicated times. c Top 10 enriched GO biological processes
based on RNA-seq from LPS-stimulated MDMs pretreated with or without 30 nM THZ1. The bar diagram displayed the enriched GO biological
processes in THZ1-pretreated cells versus LPS-stimulated cells. d Transcriptional levels of inflammatory genes in response to LPS in cells
pretreated with 30 nM THZ1 at 8 h after stimulation. e Transcriptional levels of inflammatory genes in response to H1N1 infection in cells
pretreated with 30 nM THZ1 at 24 h after stimulation. f MDMs were stimulated with LPS in the presence of 30 nM THZ1 for 8 h, and supernatant
was collected to test the release of cytokines. g Western blot analysis of RNA Pol II phosphorylation and CDK7 expression in mTHP-1 cells
pretreated with 30 nM THZ1 at 6 h after stimulation. h Western blot analysis of RNA Pol II phosphorylation and CDK7 expression in mTHP-1 cells
pretreated with 30 nM SY-1365 or 10 μM BS-181 at 6 h after stimulation. Data are the mean ± SD, n = 3 or 4 in b, d to h. ***P < 0.001, **P < 0.01,
and *P < 0.05 by one-way ANOVA in d to h or two-way ANOVA in b
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compared with cells that were exposed to LPS (Fig. 1c,
Supplementary Table). The expression fluctuation of
representative genes, such as IL1B, IL6, IL8 and TNFA,
was validated in mTHP-1 and MDMs (Fig. 1d-f, Fig.
S1C). Given the wide communications among different
cell types and their exposure to massive cytokines [27],
THP-1 monocytes, HFF-1 fibroblasts and HUVEC endo-
thelial cells were used to assess the protective effects of
THZ1. LPS or influenza virus H1N1, both of which are
known as strong inducers of CRS, was used to evoke
immune defense against bacterial or viral stimuli,
respectively. As expected, a striking amplification of
inflammatory genes was observed in immune cells after
exposure to LPS/H1N1, in addition to a moderate up-
regulation in stromal cells (Fig. 1d, e), among which
macrophages were the vulnerable cell type after stimula-
tion. Despite the differences in transcriptional reactions,
THZ1 universally suppressed inflammatory genes across
different cells and presented the strongest protection in
macrophages. This difference in susceptibility indicated
a cellular selectivity of THZ1 albeit all cell types could
more or less benefit from THZ1 treatment. Additionally,
some research supports the conclusion that preincuba-
tion of THZ1 increases the inhibitory activity of CDK7
and results in a better therapeutic effect of preventive
administration [28]. To evaluate the effects of different
administration routes, we further compared the inflam-
matory reaction of macrophages in preventive and thera-
peutic models. Whether pre- or post- treatment, THZ1
markedly repressed the transcription of inflammatory
genes in the early stage of the inflammatory response,
but preemptive use of THZ1 exerted stronger protection
in response to the higher dose of LPS and this effect be-
came more persistent over time (Fig. S1C, D). Preemp-
tive treatment of THZ1 seemed to help blunt the
transcriptional activity of vulnerable genes in the vulner-
able cells. Reduction of cytokine release with THZ1 pre-
treatment further reinforced the remission of
inflammation (Fig. 1f). To confirm the involvement of
CDK7 in the inflammatory response, we double-checked
the effect of blocking CDK7 in activated macrophages
with two other highly selective CDK7 inhibitors, SY-
1365 and BS-181. Consistent with the observations in
THZ1, both SY-1365 and BS-181 significantly sup-
pressed the inflammatory response of macrophages at
concentrations that did not cause transcriptional shut-
down or cellular damage (Fig. S1A, B, E). The detection
of protein levels revealed that a low dose of CDK7 inhib-
itors was sufficient to prevent the excessive RNA Pol II
phosphorylation after stimulation (Fig. 1g, h), which re-
stricted the expression of inflammatory genes and
blunted the reaction of macrophages. All these data
highlight the potential of targeting CDK7 to attenuate
the overwhelming inflammatory response.

Targeting CDK7 protects against the inflammatory
response
The protective effects of THZ1 inspired us to extrapo-
late its therapeutic potential in vivo. Therefore, we de-
veloped a murine CRS model with LPS to evaluate
whether preventive injection of THZ1 could rescue mice
from endotoxic shock (Fig. 2a). To optimize the lethal
CRS establishment, LPS was injected in C57BL/6 mice
with a dose gradient of LPS. Typical symptoms of endo-
toxic shock occurred at a dose up to 40 mg/kg and led
to rapid mortality (Fig. S2A), so we chose this dose to
induce lethal CRS in the following experiments. To en-
sure the THZ1 dosage with minimum toxicity, we used
THZ1 at the dose of 10 mg/kg, which had been widely
adopted with good tolerance in terms of body weight
and blood counts after continuous administration [16,
17]. Previous pharmacokinetic research had revealed a
short half-life of THZ1 in plasma samples, with a T1/2
of approximately 45 min [16]. Combined with the pro-
longed inhibition of covalent binding, this feature might
provide a large advantage of THZ1 pretreatment in con-
trolling CRS: short exposure but long-acting. Here, we
assessed the therapeutic effect with just a single injection
of THZ1 that was much lower than the total dose used
in previous reports. As expected, CRS signs including
shiver, malaise, and piloerection, appeared rapidly in
mice receiving LPS, leading to eventual mortality within
72 h. By contrast, pretreatment efficiently mitigated the
shock symptoms and rescued 68.75% (11/16) of the mice
after LPS injection (Fig. 2b) with no obvious toxicity in
mice treated with THZ1 (Fig. S2B). The increased serum
levels of murine IL-1β (mIL-1β), mIL-6 and MCP-1
which correlated well with the severity and survival of
CRS, could be significantly attenuated by THZ1 (Fig. 2c).
The protection provided by inhibiting CDK7 was also
supported by histopathological examinations because in-
flammatory exudation and hemorrhage were alleviated
in multiple organs at 6 and 12 h after THZ1 treatment
(Fig. 2d).
To evaluate the immune activation at the cellular level,

peritoneal lavage was collected to detect CD86, a marker
widely expressed in activated myeloid cells. The brisk
elevation of peritoneal CD11b+CD86+ cells, which was
already distinct 12 h after LPS injection, was almost
halved in mice pretreated with THZ1 (Fig. 2e, Fig. S2C).
This phenomenon was further supported by the distri-
bution and response of peritoneal macrophages, which
changed markedly in pretreated mice with the decreased
percentage of CD11b+F4/80+ macrophages (mean ± SD,
LPS, 70.36 ± 6.284; THZ1+LPS, 43.32 ± 11.96) and
inhibited transcription of inflammatory genes (Fig. 2f, g,
Fig. S2C). A slight increase in CD11b+Ly6C+ monocytes
(mean ± SD, LPS, 4.494 ± 3.192; THZ1+LPS, 15.53 ±
10.10) might be a secondary consequence of reduced
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macrophages. Collectively, the decrease and dysfunction
of macrophages support the feasibility for controlling
the magnitude of CRS and rescuing mice by blocking
CDK7.

CDK7 inhibitor suppresses the gene profiles of
inflammation via RNA pol II
The inflammation resolution observed in vitro and
in vivo prompted us to further explore the effects of

Fig. 2 Targeting CDK7 protects against the LPS-induced inflammatory response. a Schematic of the murine CRS model triggered by LPS. LPS was
intraperitoneally injected following THZ1 pretreatment. b Survival of mice in 3 independent experiments (n = 16). A log-rank Mantel-Cox was
performed for statistical analysis. c Serum levels of murine cytokines from mice at 12 h following LPS stimulation. d Tissue sections were obtained
from mice after THZ1 pretreatment and LPS stimulation and stained with H&E. e Representative plots and percentages of living CD11b+CD86+
myeloid cells in peritoneal lavage. f Representative plots and percentages of living F4/80+ macrophages, Ly6C+ monocytes and F4/80-Ly6C-
(double negative, DN) myeloid cells in peritoneal lavage. g Transcriptional levels of IL1B, TNFA, STAT1 in sorted peritoneal macrophages from
mice pretreated with THZ1 at 12 h following LPS stimulation. Data are the mean ± SD, n = 3 or 5 in c to g. ***P < 0.001, **P < 0.01, and *P < 0.05
by one-way ANOVA in c and e and unpaired t test in d and g

Wei et al. Molecular Cancer            (2021) 20:5 Page 7 of 18



Fig. 3 (See legend on next page.)
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THZ1 on global gene expression. As shown in Fig. 3a,
701 DEGs were significantly changed by LPS stimulation
and 361 of the 366 upregulated DEGs could be reversed
by THZ1 pretreatment to varying degrees. According to
the GO enrichment analysis, we found a high overlap of
biological processes between 701 DEGs stimulated by
LPS and 361 DEGs that were sensitive to THZ1 (Fig. 3b,
Supplementary Table). Pretreatment of THZ1 could pre-
cisely reverse the LPS-induced impact on macrophages
(Fig. 3c). Importantly, genes encoding chemokines, cyto-
kines and receptors were predominantly suppressed as
the top 3 enriched molecules, supporting a relatively
broad-spectrum inhibition of THZ1 but limited to in-
flammatory genes (Fig. 3d). The selective inhibition of
THZ1 seemed to achieve a precision strike of inflamma-
tory components. To identify the key regulators in
THZ1-mediated repression, we constructed an associ-
ation network between 52 differentially expressed tran-
scription factors (TFs) and the top 30 enriched GO
biological processes according to these THZ1-sensitive
DEGs (Supplementary Table). Seventeen TFs were ob-
tained, most of which were well-known in inflammatory
regulation, such as STATs, IRFs, IFITs and TRIMs (Fig.
3e). Their transcriptional decline following THZ1 treat-
ment was further validated by quantitative RT-PCR (Fig.
3f). Similar consequences were observed in H1N1-
treated macrophages, indicating a common feature of
gene profiles triggered by different stimuli (Fig. S3A).
Although THZ1 started to protect against LPS at a

low concentration, we performed chromatin immuno-
precipitation with high-throughput sequencing (ChIP-
seq) to determine whether the decrease in inflammatory
transcription correlated with RNA Pol II. We found that
THZ1 pretreatment caused a general return to baseline
in RNA Pol II binding upstream and in the body of these
inflammatory DEGs (Fig. 3g, Fig. S3B). The reduction of
RNA Pol II occupancy was also observed in the pro-
moter regions of representative genes, suggesting that
their expression was severely curtailed in macrophages
(Fig. 3h, Fig. S3C). These findings revealed that THZ1
disrupted the overexpression of inflammatory genes by
inhibiting RNA Pol II-mediated transcriptional activity,
and the effects might mainly focus on a small group of

genes because the dose we used caused no obvious shut-
down at the total phosphorylation level of RNA Pol II,
which might account for the stability of global
transcription.

CDK7 inhibitor suppresses super enhancer-linked
transcription
The transcriptional repression of inflammatory genes
raised many questions concerning what determined the
genetic susceptibility to THZ1 and the key targets of
CDK7-mediated transcription. Accumulating data sup-
port that the covalent binding of CDK7 with THZ1 in-
hibits the phosphorylation of RNA Pol II, which further
impacts core transcription factors that are highly marked
by acetylation at histone 3 lysine 27 (H3K27ac, a mark
of active enhancers), so-called “super enhancers” [29],
resulting in a distinctive set of gene regulation that pref-
erentially impedes the high-level expression of cell iden-
tity genes [30]. The cooperative properties and
synergistic activation of SEs confer disproportionate sen-
sitivity to perturbation so that small changes in SEs lead
to dramatic changes in the transcription of related genes
[31]. Therefore, we hypothesized a mechanistic explan-
ation for the sensitivity of inflammatory genes to THZ1
and investigated the possible contribution of SEs to the
susceptibility of macrophages. Using ChIP-seq of
H3K27ac, we identified 869 SEs in total, 772 SEs in con-
trol cells and 715 and 771 in activated and rescued cells,
respectively (Fig. 4a). The increased H3K27ac level of
869 SEs in activated cells was downregulated with THZ1
pretreatment (Fig. 4b, Fig. S4A). These SEs were associ-
ated with 1280 protein-coding genes which were mainly
enriched in the inflammatory response (Fig. S4B, Supple-
mentary Table). Among these genes, 58 presented sensi-
tivity to THZ1 pretreatment and were filtered and
divided into 3 categories based on their biological pro-
cesses (Fig. 4a, c, Supplementary Table). We checked the
biological importance of these differentially expressed
SE-associated genes using the same enrichment analysis
above with the 1280 SE-associated genes as background,
and we confirmed that THZ1 could primarily affect the
SE-associated genes involved in the inflammatory re-
sponse without interfering the house-keeping gene (Fig.

(See figure on previous page.)
Fig. 3 CDK7 inhibitor suppresses the gene profiles of inflammation via RNA Pol II. a Heatmap of 701 DEGs in MDMs following 8-h LPS stimulation
pretreated with 30 nM THZ1 or not. Heatmap displayed the Log2 fold change in gene expression versus vehicle control or LPS-stimulated cells. b
The top 10 enriched GO biological processes of 701 LPS-stimulated DEGs and 361 THZ1-sensitive DEGs. Individual bars represent the P value after
Benjamini-Hochberg correction for enrichment of GO biological processes. c There were 361 THZ1-sensitive DEGs enriched using gene set
enrichment analysis. d Heatmaps of DEGs from the top 3 inhibited GO molecular functions and the TFs described in e. e Involvement network
between upregulated TFs and biological processes. Only the relatively central TFs involved in more than 3 GO terms are shown. f Quantitative
RT-PCR analysis of partial TFs described in e. g Peak plot and heatmap of the RNA Pol II ChIP-seq density around the transcription start sites (TSS)
and transcription end sites (TES) based on 361 THZ1-sensitive DEGs in control mTHP-1 (gray) and LPS-stimulated mTHP-1 pretreated with THZ1
(blue) or not (red). h Gene tracks of RNA Pol II binding density at the representative gene loci after treatment as in g. Data are the mean ± SD,
n = 3 in f
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S4B, C). Given the function of CDK7 in phosphorylating
RNA Pol II, genes within both categories (inflammation-
related functions, regulation of transcription from RNA
Pol II promoter) were considered as the key targets of
THZ1 treatment, including TNIP1, IL1A/IL1B (regu-
lated by the same SE), STAT1/STAT4 (regulated by the
same SE), TNF and ZC3H12A.
Controlled by both SE and RNA Pol II, analysis of

ChIP-seq indicated the pivotal transcription factors of
STAT1/STAT4 in STATs family (Fig. 4d, e, Fig. S4D),
and STAT1 might serve a greater role based on its

higher expression (Fig. S4D, E). The binding frequency
for known STAT1/STAT4 DNA sequence motifs
showed their significant enrichment at SE constituents
(Fig. 4f). Despite an absence of total suppression with
slight inhibition of CDK7, STAT1 was vulnerable to
low-dose THZ1, as well as low-dose SY-1365 and BS-
181, especially the dramatic decrease in STAT1 phos-
phorylation in IFN-γ-treated cells, suggesting the inter-
ruption of STAT1-dependent signaling after blocking
CDK7 (Fig. S4F). We further analyzed SE-associated
genes with STAT1 binding motifs and filtered 43 targets.

Fig. 4 Landscape of super enhancers in macrophages. a Venn diagram depicting the overlap between SEs in control mTHP-1 or in LPS-
stimulated mTHP-1 pretreated with THZ1 or not. In total, 869 SEs were associated with 1280 genes and 58 genes among them were sensitive to
THZ1 pretreatment. b Metagene representations of the mean H3K27ac ChIP-seq density for H3K27ac across typical enhancers and SE domains.
Metagenes were centered on the enhancer regions, and the length of the enhancer reflected the difference in median lengths of super and
typical enhancers. An additional 2 kb surrounding each enhancer region is also shown. c Lists of representative SE-associated genes that were
sensitive to THZ1. These genes were divided into 3 categories according to their functions. d Total H3K27ac signal in enhancer regions for all
stitched enhancers in control mTHP-1, LPS-stimulated mTHP-1 pretreated with THZ1 or not. Enhancers were ranked by increasing H3K27ac ChIP-
seq signal. SEs of interest are shown along with their respective ranks and their associated genes. e ChIP-seq profiles for H3K27ac at the
representative SE-associated gene loci in mTHP-1 cells. f STAT1 and STAT4 binding motifs enriched at constituent enhancers within SEs and
corresponding P values. g THZ1-sensitive SEs containing STAT1 binding motifs were enriched using gene set enrichment analysis
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Enrichment analysis suggested that the transcription of
these SEs, which contained STAT1-associated motifs,
was also blocked with THZ1 pretreatment (Fig. 4g, Sup-
plementary Table). Additionally, the reduction of
H3K27ac signals also confirmed the significant decrease
in H3K27ac occupancy for IL1A/IL1B with THZ1 pre-
treatment (Fig. 4d, e). Our finding revealed a more cen-
tral role of IL-1 that could be regulated by a specific SE
rather than IL-6, the inflammatory function of which
has been elucidated in depth [32]. Being upstream of the
IL-6 and soluble IL-6 receptor, IL-1 is becoming a more
promising target for intervention because IL-1 signaling
blockade is speculated to also alleviate the inflammatory
response triggered by IL-6 signaling. As we can expect
from the central role of STAT1/IL1, pre-inhibition of
CDK7 would not only avoid the overexpression of
STAT1/IL1 themselves but also continue to suppress as-
sociated downstream molecules, resulting in a broad-
spectrum inhibition. More importantly, these inhibitory
effects mainly focused on inflammatory genes without
affecting global transcription. Taken together, the hyper-
inflammatory state of macrophages is suppressed by
regulating the CDK7-dependent transcription addiction
of inflammatory genes, leading to a broad-spectrum but
selective inhibition.

THZ1 inhibits CAR T therapy-induced cytokine release
The efficacy and hypotoxicity of THZ1 in mitigating
LPS-induced CRS implied a great practical value for
clinical application, especially in some cases with a high
incidence of CRS such as CAR T cell therapy, which can
happen quickly and develop extremely fast in the few
days/weeks after infusion. The rapid onset of CRS and
short reaction time make prophylactic treatment with
THZ1 very maneuverable to prevent the effects of the
cytokine storm and minimize the potential hazards fol-
lowing CAR T infusion. Given the approval of 2nd-
generation CAR T treatment, human CD19 scFv-4-1BB-
CD3ζ CAR T cells were produced with standard quality
(Fig. S5A), and cocultured with the Raji cells (expressing
CD19) for 24 h to detect the supernatant levels of proin-
flammatory cytokines (Fig. 5a). Unlike the coculture with
normal T cells (noted as negative control T cells, NCT)
and Raji cells, we observed a striking increase in IL-1,
IL-6, IL-8, TNF-α and IFN-γ in the supernatant of the
coculture with CAR T and Raji cells (Fig. 5b). Consistent
with a greater contribution of macrophages to CRS de-
velopment [8, 9], the cytokine levels were much higher
when mTHP-1 cells existed in the coculture system
(Fig. 5b). We collected supernatant from the coculture
of CAR T and Raji cells to activate the macrophages,
and then detected the transcription level and cytokine
secretion of macrophages (Fig. 5a). Transcriptional amp-
lification stimulated by coculture supernatant was found

in inflammatory genes as well as related TFs, whereas
these genes were dramatically reduced after exposure to
THZ1 (Fig. 5c), consequently leading to reduced cyto-
kine release (Fig. 5d, e). Consistent with the expression
changes in inflammatory genes, the excessive phosphor-
ylation of RNA Pol II and STAT1 in activated macro-
phages was suppressed after blocking CDK7 (Fig. S5B).
Pretreatment with THZ1 significantly mitigates the
hyperactive inflammatory response to protect against se-
vere CRS.
Except for efficacy, the safety of THZ1 must simultan-

eously be taken into consideration. No apparent toxicity
was found in cells treated with low-dose THZ1, particu-
larly in CAR T cells (Fig. S5C-F). Of note, typical factors
derived from CAR T cells, such as TNF-α and IFN-γ
which could be adequately triggered when interacting
with target cells, were not disturbed at the dose used to
inhibit gene expression in macrophages (Fig. S5G, L).
The difference in susceptibility indicated a therapeutic
window for controlling CRS without impacting CAR T
cells. Subsequently, we incubated cells at different
effector-to-target (E/T) ratios to calculate the elimin-
ation rate according to the percentage of residual Raji
cells. Better clearance of target cells was clearly achieved
at the higher E/T ratio (Fig. S5H), and the killing cap-
ability of effector cells was not weakened with THZ1
pretreatment (Fig. 5f, Fig. S5I). Additionally, macro-
phages or monocytes were supplemented to enrich the
cellular components of coculture system. Consistent
with previous data, the dose of pretreatment had little
impact on Raji elimination (Fig. 5f, Fig. S5J). CFSE dilu-
tion was also performed to examine the proliferative
cells, and no significant inhibition was found on NCT or
CAR T cell expansion (Fig. 5g, Fig. S5K).

THZ1 mitigates CAR T-induced CRS without
compromising antitumor efficacy
To assess the therapeutic effects of THZ1 in CAR T-
induced CRS, we established a murine model that could
develop into severe CRS within 2–3 days according to
recent research (Fig. 6a) [9]. Intraperitoneal injection of
Raji cells in advance allowed for a sufficient tumor bur-
den to initiate severe CRS in SCID-beige mice. The tol-
erance of THZ1 pretreatment has been demonstrated at
the dose of 10 mg/kg in LPS models and the interval of
3 h in advance was sufficient to pre-inhibit recipient
macrophages. After CAR T infusion, the tumor-
harboring mice displayed severe weight loss and hyper-
thermia accompanied by the general presentation of
shiver, malaise, and piloerection, but these manifesta-
tions could be diminished with THZ1 pretreatment (Fig.
6b). Remarkably, the increased serum levels of cytokines
after CAR T infusion, including human IL-1β (hIL-1β),
hIL-8, hTNF-α, hIFN-γ, and mIL-1β, mIL-6 [8, 9], could
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Fig. 5 THZ1 inhibits the CAR T cell-induced inflammatory response. a Schematic of the experiments in Fig. 5. Coculture of two cell types (Raji +
CAR T) and three cell types (Raji + CAR T + macrophages) were performed to obtain the corresponding supernatant and residual cells. The E/T
ratio was set as CAR T: Raji = 1: 2 in the coculture of two cell types, CAR T: mTHP-1: Raji = 1: 1: 4 in the coculture of three cell types. 2 × 106 Raji
cells were added into these coculture systems to provide equal tumor burden and the total number of all cells remained the same. b Human
cytokines were detected in the supernatant of NCT cells, CAR T cells, coculture of Raji and NCT cells, coculture of Raji and CAR T cells, and
coculture of Raji and CAR T and mTHP-1 cells. c Transcriptional levels of inflammatory genes and TFs in mTHP-1 cells cultured with medium, or
supernatant of Raji and CAR T cells in the presence of 20 nM THZ1 or not for 24 h. d Supernatant levels of human cytokines were detected in
mTHP-1 cells cultured with medium, supernatant of Raji and NCT cells, or supernatant of Raji and CAR T cells with or without 20 nM THZ1 for 24
h. e Supernatant levels of human cytokines in MDMs. MDMs were treated as in d. f The residual Raji cells were detected in coculture systems
with or without 20 nM THZ1 for 24 h. Representative plots (left) and elimination rates of Raji cells (right) are shown. n.s.: no
statistical significance. g The E/T ratio was set as CAR T: Raji = 8: 1 in the coculture system. Proliferation of CAR T cells was measured through
CFSE dilution after 24, 48 and 72 h. Representative plots (left) and percentages of cells diluted through CFSE (right) are shown. Data are the mean
± SD, n = 3–5 in b to e. n = 3 in f and g. ***P < 0.001, **P < 0.01, and *P < 0.05 by the unpaired t test in b, d to f
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be broadly reduced by THZ1 to alleviate the severity of
CRS (Fig. 6c). Histopathological analysis performed 3
days after infusion did not reveal any evidence of graft-
versus-host disease (GVHD), which is typically mani-
fested as injury to the skin, mucosa and liver (Fig. 6d).
Ki67 and TUNEL staining were also examined in liver
and kidney and no overt toxicity was observed with

THZ1 treatment (Fig. S6). Despite the powerful antitu-
mor effect of CAR T therapy, the survival benefit was
limited due to the acute onset of severe CRS. However,
THZ1 pretreatment efficiently mitigated the inflamma-
tory symptoms and improved the survival rate of mice
after CAR T infusion (Fig. 6e). Similarly, analysis of peri-
toneal cells revealed a decrease in CD11b+F4/80+

Fig. 6 THZ1 mitigates CAR T cell-induced CRS without compromising antitumor efficacy. a Schematic of the murine CAR T cell-induced CRS
model. Raji cells were intraperitoneally injected into mice and allowed to grow for 3 weeks, after which they were infused following THZ1
pretreatment. b Weight and body temperature of tumor-bearing mice after CAR T cell infusion. The weight/temperature of per mouse was
normalized to the starting weight/temperature before CAR T infusion. c Serum levels of human and murine cytokines from mice at 70 h following
CAR T infusion. d Tissue sections were obtained from mice on day 3 after CAR T infusion and stained with H&E. e Tumor burden and survival of
mice after CAR T cell infusion. The one-way ANOVA and the log-rank Mantel-Cox was performed for statistical analysis on day 3 and day 20,
respectively. f Representative plots and percentages of living F4/80+ macrophages, Ly6C+ monocytes and F4/80-Ly6C- (double negative, DN)
myeloid cells in peritoneal lavage. g Representative plots and percentages of residual Raji cells in peritoneal lavage. Data are the mean ± SEM,
n = 6–14 in b, n = 5-8 in e. Data are the mean ± SD, n = 6–14 in c, d and f, g. ***P < 0.001, **P < 0.01, and *P < 0.05 by two-way ANOVA in b,
one-way ANOVA in c, e, and the unpaired t test in f, g. n.s.: no statistical significance
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macrophages after THZ1 pretreatment, concurrent with
a slight increase in CD11b+ Ly6C+ monocytes and a
steady level of CD11b+F4/80-Ly6C- myeloid cells (Fig.
6f). More importantly, the preventive injection of THZ1
significantly mitigated fatal CRS without impeding the
elimination of Raji cells (Fig. 6g). Taken together, these
results from in vitro and in vivo CAR T models show
the potent suppression achieved with preemptive THZ1
application, indicating THZ1 as an effective candidate
for treating CRS.

Discussion
Severe CRS is an intractable event that requires a novel
strategy with better efficacy and safety. After entering
the era of immunotherapy, protection against the cyto-
kine storm is indispensable for achieving the therapeutic
purpose and controlling the related toxicity. In this
study, we assessed the therapeutic potential of the CDK7
inhibitor THZ1 in pathogen-induced CRS models and
reconfirmed its protective effects on CAR T cell-induced
CRS. Preemptive inhibition of CDK7 significantly sup-
pressed the magnitude of cytokine release and dimin-
ished the severity of CRS. Moreover, neither cytotoxicity
nor tissue injury was observed in our CRS models with
the proper concentrations of THZ1. These findings sup-
port the use of THZ1 as a relatively broad-spectrum in-
hibitor to disrupt excessive inflammatory activity.
Unlike ATP-competitive CDK inhibitors with transient

effects, THZ1 leads to a potent and time-dependent
transcriptional inhibition because of the prolonged and
irreversible CDK7 inactivation caused by the formation
of covalent bonds [28]. Due to the potent interruption of
functional CDK7, the consequent RNA Pol II dephos-
phorylation is expected to cause a global shutdown of
transcription. Currently, however, an increasing number
of studies have improved our understanding of blocking
CDK7, which tends to impact a set of genes regulated by
specific SEs that determine the genetic or even the cellu-
lar response. The CDK7-dependent transcriptional
addition reported in MYCN-driven neuroblastoma [15],
triple-negative breast cancer [16], and pancreatic cancer
[33] is attractive because SE-associated genes are excep-
tionally inhibited by THZ1 so that targeting CDK7 is
conducive to selective targeting. Additionally, some re-
searchers have pointed out that THZ1 can be used to
prevent adaptive treatment resistance by inhibiting the
drug-induced dynamic transcriptional response and en-
hancer remodeling, which are required for tumor sur-
vival [34, 35]. Despite the different goals of treatments,
the susceptibility of SEs to THZ1 indicates a universality
of targeting CDK7 to remove the transcription activity
induced by SEs, so inhibiting CDK7 might be a potential
strategy to significantly reduce the difficulty of managing
disease complexity by targeting specific SEs to control

aberrant transcription [34, 35]. A similar transcriptional
repression was also observed in our study at a much
lower dose of THZ1 without disrupting RNA Pol II
phosphorylation, that is, global transcription was less
disturbed whereas a variety of inflammatory genes were
significantly suppressed as a result of the restraint of
RNA Pol II phosphorylation in response to stimulation.
As expected, the decreased transcription of inflamma-
tory genes was supposed to reduce secondary interac-
tions between different cell types, leading to the
resolution of inflammation. In contrast to the dramatic
change in macrophages, the slight disturbance of gene
transcription revealed a certain tolerance to THZ1 in T
and stromal cells, supporting a therapeutic window for
targeting CDK7, which seemed to pre-stabilize the vul-
nerable genes and facilitate reversal of the altered tran-
scription in activated macrophages while having limited
effects on other relatively insensitive cells.
Further insight into the CDK7-associated transcrip-

tional addiction revealed the key targets of THZ1 treat-
ment. Combining RNA- and ChIP-seq data, we showed
the genes encoding inflammatory components such as
effectors, receptors, or regulators, could be inhibited by
CDK7 blockade through RNA Pol II-dependent tran-
scription, and we depicted the landscape of SEs in acti-
vated macrophages. Our work examines the priority of
STAT1/IL1 in the inflammatory response and suggests
that THZ1 blunts the inflammatory cascade by de-
creased transcription of central STAT1/IL1 and conse-
quent reduction of downstream TFs/genes (Fig. 7).
Instead of IL-6, our findings revealed a more essential
role of IL-1 and the IL1 receptor antagonist anakinra,
which blocks the biological activity of IL-1α and IL-1β
by competitively binding to the corresponding receptors
and has been approved for attenuating inflammation
[36]. Compared with the anti-IL-6 receptor antibody
tocilizumab, the current first-line therapy for CAR T-
induced CRS fails to prevent CAR T-induced encephal-
opathy, one advantage of using IL-1 blockade is to re-
duce systemic concentrations of IL-1 that can cross the
blood-brain barrier and cause neurotoxicity [37]. Indeed,
several studies have confirmed that IL-1 blockade signifi-
cantly ameliorates CRS and neurotoxicity without affect-
ing the antileukemic activity of CAR T cells [8, 9]. Great
progress has been made in the field of targeting specific
inflammatory mediators. Apart from the blockade of IL-
1 or IL-6, recent research on lenzilumab, a monoclonal
anti-GM-CSF antibody, has shown similar efficacy and
safety in moderating CRS-associated injury [38]. Never-
theless, no solo antibody can resolve all the problems as-
sociated with CRS given the complexity of the cytokine
storm. Broad-spectrum intervention is therefore an op-
tional supplement to fulfill the anti-inflammatory poten-
tial of current therapy.
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The advent of CAR T has revolutionized the treatment
for hematologic malignancies, and thus, more attentions
has been focused on enhancing the killing effect of ar-
mored CAR T cells by improving the structure and cost-
imulatory domains of CARs. Unfortunately, the killing
capacity of CAR T cells is also proportional to the risk
of CRS [39, 40]. As expected, increasing challenges will
be forthcoming from CRS with the modification of next-
generation CAR T [4] and exploration of multitarget im-
munotherapy [41]. This dilemma will always impede
clinical applications if we fail to deal with the cytokine
storm. Additionally, the 2019 global outbreak of the
novel coronavirus pneumonia (COVID-19) emphasizes
the necessity of CRS prevention due to its threat to life
[42]. According to recent reports, a similar immuno-
pathologic lesion is described in severe COVID-19 cases,
with enriched macrophages in lungs and elevated cyto-
kines such as IFN-γ, IL-1, IL-6, TNF, and IL-18 in blood,
accelerating the collapse of immune homeostasis [43].
These discoveries indicate that the strategy used to

harness CAR T may be helpful to develop treatments for
hyperinflammatory responses in COVID-19 patients.
Most prominently, IFN-γ is often more elevated in pa-
tients with cytokine storm due to CAR T therapy than
in patients with sepsis-induced cytokine storm, who
often have higher levels of circulating IL-1β. Serum cyto-
kine levels that are elevated in patients with COVID-19-
associated cytokine storm include IL-1β, IL-6, TNF,
IFN-γ and MIP-1 [44]. It is plausible to hypothesize that
the therapeutic effects of blocking CDK7 would still
work in CRS models sharing different cytokine profiles,
because the broad-spectrum inhibition of THZ1 makes
it applicable for disrupting multiple cytokine-mediated
signaling pathways. Of course, adequate confirmations
should be implemented carefully to evaluate the feasibil-
ity of using THZ1 for more CRS patterns.
There are several limitations of our study. Further ex-

plorations are needed to assess the total benefits from
specific cytokine blockade or CDK7 inhibition. Addition-
ally, the new highly selective covalent CDK7 inhibitors

Fig. 7 Schematic illustration of the protection of THZ1 during CRS treatment. Overwhelming release of cytokines in activated macrophages
contributes to severe CRS. THZ1 can efficiently alleviate the magnitude of cytokine release by binding with CDK7 to reduce the phosphorylation
of RNA Pol II after exposure to stimulation, which restricts the massive transcription of inflammatory genes and related transcriptional factors.
Among these genes, STAT1 and IL1 are expected to be the key regulator and effector respectively because their transcriptional activities are
under the control of super enhancer and influence a variety of crucial downstream molecules such as IL-6. Thus, targeting CDK7 provides a
promising candidate for CRS treatment as a relatively broad-spectrum inhibitor
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YKL-5-124 and SY-1365 were recently reported [19, 45],
and the comparison between THZ1 and these more se-
lective inhibitors was helpful to identify their mechanis-
tic differences in CDK7-mediated inflammatory
regulation. Another challenge for CRS treatment is to
identify common points that are shared in various forms
of the cytokine storm. Despite the importance of STAT1
and IL1 found in our work, the detailed interactions in
inflammatory defense remain to be elucidated.

Conclusions
We demonstrate that the CDK7 inhibitor THZ1 effi-
ciently ameliorates the inflammatory disorder triggered
by LPS, H1N1 and CAR T infusion by suppressing the
transcription of inflammatory genes. The potent tran-
scriptional decline of THZ1 is executed via SE-
associated inflammatory genes with significant effects on
macrophages but negligible effects on other tissues, thus
supporting the potential of inhibiting CDK7 for treating
CRS.
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associated genes or 58 THZ1-sensitive SE-associated genes. (C) Boxplots
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tated start site, upper right). Expression change of STAT1 were presented
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THZ1 at 24 hours. (H) The residual Raji cells were detected in coculture
systems with E/T ratio increases from CAR T: Raji = 1: 10 to CAR T: Raji =
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CAR T: THP-1: Raji = 1: 1: 4 at 24 hours. (K) Proliferation of CAR T or NCT
cells in the presence of THZ1 was measured by CFSE dilution after 24, 48
and 72 hours. (L) Human cytokines were detected in the supernatant of
coculture of Raji and CAR T cells at 24 hours with 20 nM THZ1 or not.
n.s.: no statistical significance. Data are the mean ± SD, n = 3 in (A) to (L).

Additional file 7: Figure S6 Supplementary data related to Fig. 6.
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