
J Cell Mol Med. 2021;25:1089–1099.	﻿�    |  1089wileyonlinelibrary.com/journal/jcmm

 

Received: 3 October 2020  |  Revised: 21 November 2020  |  Accepted: 25 November 2020

DOI: 10.1111/jcmm.16176  

O R I G I N A L  A R T I C L E

Ruxolitinib mitigates steroid-refractory CRS during CAR T 
therapy

Jing Pan1,2  |   Biping Deng3 |   Zhuojun Ling4 |   Weiliang Song4 |   Jinlong Xu4 |   
Jiajia Duan4 |   Zelin Wang4 |   Alex H. Chang5 |   Xiaoming Feng1,6 |   Yue Tan2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd.

1State Key Laboratory of Experimental 
Hematology, National Clinical Research 
Center for Blood Diseases, Institute of 
Hematology & Blood Diseases Hospital, 
Chinese Academy of Medical Sciences & 
Peking Union Medical College, Tianjin, China
2State Key Laboratory of Experimental 
Hematology, Department of Hematology, 
Beijing Boren Hospital, Beijing, China
3Cytology Laboratory, Beijing Boren 
Hospital, Beijing, China
4Department of Hematology, Beijing Boren 
Hospital, Beijing, China
5Clinical Translational Research Center, 
Shanghai Pulmonary Hospital, Tongji 
University School of Medicine, Shanghai, 
China
6Central Laboratory, Fujian Medical 
University Union Hospital, Fuzhou, China

Correspondence
Xiaoming Feng, State Key Laboratory of 
Experimental Hematology, National Clinical 
Research Center for Blood Diseases, 
Institute of Hematology & Blood Diseases 
Hospital, Chinese Academy of Medical 
Sciences & Peking Union Medical College, 
Tianjin 300020, China.
Email: alexhchang@yahoo.com and 
fengxiaoming@ihcams.ac.cn

Yue Tan, State Key Laboratory of 
Experimental Hematology, Department of 
Hematology, Beijing Boren Hospital, Beijing, 
100070, China.
Email: tanyue18525400961@163.com

Funding information
the CAMS Innovation Fund for Medical 
Sciences, Grant/Award Number: 2016-
I2M-1-003; the National  Key R&D Program 
of China, Grant/Award Number: 
2019YFA0110200; the Tianjin Science 
Funds for Distinguished Young Scholars, 
Grant/Award Number: 17JCJQJC45800

Abstract
Cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity 
are two major CAR T related toxicities. With the interventions of Tocilizumab and 
steroids, many patients can recover from severe CRS. However, some patients are 
refractory to steroids and develop life-threatening consequences. Ruxolitinib is an 
oral JAKs inhibitor and promising drug in inflammatory diseases. In this pilot study, 
we evaluate the efficacy of Ruxolitinib in CRS. Of 14 r/r B-ALL children who received 
CD19 or CD22 CAR T cell therapies, 4 patients developed severe (≥grade 3) CRS with 
symptoms that were not alleviated with high-dose steroids and thus received ruxoli-
tinib. Rapid resolution of CRS symptoms was observed in 4 patients after ruxolitinib 
treatment. Serum cytokines significantly decreased after ruxolitinib intervention. All 
patients achieved complete remission on day 30 after infusion, and we could still 
detect CAR T expansion in vivo despite usage of ruxolitinib. There were no obvious 
adverse events related to ruxolitinib. In vitro assays revealed that ruxolitinib could 
dampen CAR T expansion and cytotoxicity, suggesting that the timing and dosage 
of ruxolitinib should be carefully considered to avoid dampening anti-leukaemia re-
sponse. Our results suggest that ruxolitinib is active and well tolerated in steroid-
refractory and even life-threatening CRS.
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1  | INTRODUC TION

Along with wide application of chimeric antigen receptor (CAR) T 
therapies in B cell leukaemias and lymphomas, cytokine releasing 
syndrome (CRS) and immune effector cell-associated neurotoxicity 
syndrome (ICANS) are acquainted as two major CAR T cell–related 
toxicities.1 Drugs including Tocilizumab and steroids have been rec-
ommended to treat CRS and ICANS. High-dose steroids are recom-
mended for severe CRS (≥grade 3). High dose of methylprednisolone 
(1 g/day, equally 15 mg/kg. d) is recommended for refractory CRS.2,3 
However, life-threatening consequences may occur if severe CRS 
cannot be controlled by current regimens. In previous studies, pa-
tients with higher leukaemia burden had higher incidence of severe 
CRS.4–7 In some patients who received CAR T cell therapy after al-
logenic haematopoietic stem cell transplantation (allo-HSCT), graft-
versus-host disease (GVHD) may be complicated with CRS, leading 
to severe side effect.8–10

Many key cytokines contribute to inflammation including tu-
mour necrosis factor-α (TNF-α), interferon-γ (INF-γ), interleukin-2 
(IL-2) and interleukin-6 (IL-6) which bind to receptors that signal via 
Janus kinases (JAKs; JAK1-3, Tyk2) and further activate transcrip-
tion (STAT) family.11 Based on their essential roles in transmitting 

cytokine-induced signals, the JAKs have become a target for 
pharmacologic manipulation in many inflammatory diseases.12–15 
Ruxolitinib is an oral JAK1/2 inhibitor and a promising drug in in-
flammatory diseases. Pre-clinical studies about the therapeutic 
effects of ruxolitinib on haemaphagocytic lymphohistiocytosis 
(HLH) have been reported, and related clinical trials are ongo-
ing.19–21 Ruxolitinib has also been approved for steroid-refractory 
(SR) acute GVHD in 2019. Cytokines down-regulated by ruxolitinib 
in patients with acute GVHD were mainly IL-1, IL-6, TNF-α and 
IFN-γ,16–18 corresponding to inflammatory effectors that mediated 
tissue damage and inflammation in CRS and ICANS during CAR T 
cell therapy. Therefore, in patients who suffer severe CRS during 
CAR T therapy, ruxolitinib may serve as a promising intervention 
for controlling life-threatening consequences, but few studies have 
reported this thus far.

In this study, we conducted a pilot study to evaluate the effect of 
ruxolitinib in steroid-refractory CRS during CAR T therapy. Four pa-
tients with steroid-refractory CRS received ruxolitinib as interven-
tion. Furthermore, in vitro experiments were further conducted for 
defining the potential mechanisms by which ruxolitinib controls CRS. 
We aimed to assess the activity and safety of ruxolitinib in children 
with severe CRS during CAR T cell therapy.

TA B L E  1   Baseline characteristics of patients

Patient No./
Sex/Age

Types of 
CAR T 
cells Ruxo

Fusion 
gene

Complex 
Chromosome 
Aberration

Previous 
Therapy 
Period (m)

Baseline Disease 
Status

Bone marrow 
blasts by 
morphology (%)

Bone marrow 
blasts by 
FCM (%)a  Pre-HCT

Time to previous 
transplantation (m)

GVHD before 
CAR T

Times of 
tocilizumab 
using (day)

Max dosage of steroid 
using (mg/kg/day)c 

response to CAR 
T therapy

post CAR 
treatment outcome

1/M/16 CD19 Y E2A-PBX1 + 16 HRb  56 38.06 + 1 - 0 2.05 CR/MRD- - CCR/9

2/M/12 CD22 Y - − 38 HRb  + EMDs (CNSL) 81.5 65.06 + 3 - 0 8 CR/MRD- - CCR/7.5

3/F/9 CD19 Y E2A-HLF − 20 HRb  18 11.96 − # # 2 18 CR/MRD- - CCR/9

4/F/18 CD22 Y - + 45 FCM-
MRD + Diffused 
EMDs

CR 0.04 (78.71% 
in tissue)

+ 25 Chronic 0 5 CR/MRD- - Death/9

5/M/8 CD19 N - − 39 FCM-MRD + EMDs 
(CNSL)

CR 0.2 − # # 0 0 CR/MRD- HCT CCR/9

6/M/3 CD19 N MLL-AF4 + 13 FCM-MRD+ CR 1.02 − # # 0 0 CR/MRD- HCT CCR/10

7/F/3 CD22 N - + 27 HRb  90 80.64 − # # 0 1.025 CR/MRD- HCT R/4

8/F/6 CD19 N - − 50 FCM-MRD+ CR 2.13 − # # 1 1.025 CR/MRD- HCT CCR/9

9/M/5 CD19 N MLL-AF4 − 30 HRb  21.6 6.6 − # # 1 1.025 CR/MRD- - CCR/9

10/M/9 CD19 N - − 54 HRb  + EMDs (CNSL) 95 95.46 − # # 0 1.025 CR/MRD- - CCR/8

11/M/9 CD22 N TEL-AML1 − 7 HRb  32.5 9.75 − # # 0 2.05 CR/MRD- HCT CCR/7

12/F/5 CD22 N - + 18 HRb  18.2 27.93 − # # 0 1.025 CR/MRD- HCT R/2.5

13/M/5 CD22 N - + 42 FCM-MRD+ CR 6.85 − # # 0 0 CR/MRD- HCT CCR/7

14/M/11 CD19 N - − 72 FCM-MRD+ CR 0.23 − # # 0 0 CR/MRD- HCT CCR/11

Abbreviations: #, not applicable or not determined; -, no; +, yes; CNSL, central nervous system leukaemia; CR, complete response; EMDs, 
extramedullary diseases; F, female; FCM, flow cytometry; GVHD, graft-versus-host disease; HCT, haematopoietic stem cell transplantation; M, 
male; MRD, minimal residual disease; Ruxo, ruxolitinib; TL, testicular leukaemia.
aMedian marrow blast was determined by marrow biopsy. 
bHaematological relapse was defined by ≥ 5% blast determined by marrow biopsy. 
cSteroid was calculated by methylprednisolone. 
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2  | METHODS

2.1 | Study design, patients and management of CRS

We performed a pilot study to examine the activity, safety and toler-
ability of ruxolitinib in treating severe CRS during CAR T cell therapy 
at Beijing Boren Hospital. The protocol was approved by the institu-
tional review board and was done in accordance with the principles 
of the Declaration of Helsinki. Patients were enrolled if they were 
relapsed B acute lymphoblastic leukaemia (B-ALL) with CD19+ or 
CD22+ on blasts. The details of inclusion and exclusion (I/E) crite-
ria are shown in Appendix S1. All enrolled patients received CD19 
or CD22 CAR T cell infusion. CD19 and CD22 CAR vectors were 
previously reported.5–7,22 Manufacture of CAR T cells, CAR T cell 
detection and clinical procedures were the same as that previous 
reported in our previous clinical trials.5–7 Complete remission or CR 
with incomplete count recovery (CR/CRi), relapse and minimal re-
sidual disease (MRD) were defined in accordance with NCCN clini-
cal practice guidelines in oncology: paediatric acute lymphoblastic 
leukaemia, version 1.2020.25 The sensitivity of the MRD analyses by 
flow cytometry was 0.01%. Leukaemia-free survival (LFS) was cal-
culated from date of CAR T cell infusion to date of relapse or death, 

or the last follow-up. After CAR T cell infusion, clinical outcomes 
including overall survival (OS), LFS, adverse effects and relapse were 
evaluated up to date as of 31 August 2020.

Cytokine releasing syndrome (CRS) and immune effector cell-as-
sociated neurotoxicity syndrome (ICANS) were evaluated and as-
sessed by ASTCT consensus grading system and Management of 
CAR T cell-Related Toxicities, NCCN guidelines version 1.2019.2,3 
Tocilizumab (8  mg/kg/dose) was given when patients had grade 2 
CRS, and steroids (equally 3 mg/kg/day methylprednisolone) were 
given when patients had severe CRS (≥3). The grading of acute 
GVHD was based on established criteria.23 The grading of chronic 
GVHD was based on the NIH consensus criteria.24

2.2 | Ruxolitinib treatment

Patients received ruxolitinib when they were refractory to high-
dose steroids (equally methylprednisolone 3-5  mg/kg per day). 
Ruxolitinib (5  mg twice a day, Novartis, Basel, Switzerland) was 
orally administrated. Acute haemorrhage was illegible for ruxoli-
tinib treatment. The primary objective was to evaluate the safety 
and tolerability of ruxolitinib. The secondary objective was to 

TA B L E  1   Baseline characteristics of patients

Patient No./
Sex/Age

Types of 
CAR T 
cells Ruxo

Fusion 
gene

Complex 
Chromosome 
Aberration

Previous 
Therapy 
Period (m)

Baseline Disease 
Status

Bone marrow 
blasts by 
morphology (%)

Bone marrow 
blasts by 
FCM (%)a  Pre-HCT

Time to previous 
transplantation (m)

GVHD before 
CAR T

Times of 
tocilizumab 
using (day)

Max dosage of steroid 
using (mg/kg/day)c 

response to CAR 
T therapy

post CAR 
treatment outcome

1/M/16 CD19 Y E2A-PBX1 + 16 HRb  56 38.06 + 1 - 0 2.05 CR/MRD- - CCR/9

2/M/12 CD22 Y - − 38 HRb  + EMDs (CNSL) 81.5 65.06 + 3 - 0 8 CR/MRD- - CCR/7.5

3/F/9 CD19 Y E2A-HLF − 20 HRb  18 11.96 − # # 2 18 CR/MRD- - CCR/9

4/F/18 CD22 Y - + 45 FCM-
MRD + Diffused 
EMDs

CR 0.04 (78.71% 
in tissue)

+ 25 Chronic 0 5 CR/MRD- - Death/9

5/M/8 CD19 N - − 39 FCM-MRD + EMDs 
(CNSL)

CR 0.2 − # # 0 0 CR/MRD- HCT CCR/9

6/M/3 CD19 N MLL-AF4 + 13 FCM-MRD+ CR 1.02 − # # 0 0 CR/MRD- HCT CCR/10

7/F/3 CD22 N - + 27 HRb  90 80.64 − # # 0 1.025 CR/MRD- HCT R/4

8/F/6 CD19 N - − 50 FCM-MRD+ CR 2.13 − # # 1 1.025 CR/MRD- HCT CCR/9

9/M/5 CD19 N MLL-AF4 − 30 HRb  21.6 6.6 − # # 1 1.025 CR/MRD- - CCR/9

10/M/9 CD19 N - − 54 HRb  + EMDs (CNSL) 95 95.46 − # # 0 1.025 CR/MRD- - CCR/8

11/M/9 CD22 N TEL-AML1 − 7 HRb  32.5 9.75 − # # 0 2.05 CR/MRD- HCT CCR/7

12/F/5 CD22 N - + 18 HRb  18.2 27.93 − # # 0 1.025 CR/MRD- HCT R/2.5

13/M/5 CD22 N - + 42 FCM-MRD+ CR 6.85 − # # 0 0 CR/MRD- HCT CCR/7

14/M/11 CD19 N - − 72 FCM-MRD+ CR 0.23 − # # 0 0 CR/MRD- HCT CCR/11

Abbreviations: #, not applicable or not determined; -, no; +, yes; CNSL, central nervous system leukaemia; CR, complete response; EMDs, 
extramedullary diseases; F, female; FCM, flow cytometry; GVHD, graft-versus-host disease; HCT, haematopoietic stem cell transplantation; M, 
male; MRD, minimal residual disease; Ruxo, ruxolitinib; TL, testicular leukaemia.
aMedian marrow blast was determined by marrow biopsy. 
bHaematological relapse was defined by ≥ 5% blast determined by marrow biopsy. 
cSteroid was calculated by methylprednisolone. 
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evaluate the efficacy of ruxolitinib in treating severe CRS. Adverse 
events of ruxolitinib were assessed by CTCAE v5.0.26 Platelet 
transfusion was used for thrombocytopenia and guaranteed the 
continuous use of ruxolitinib. Corrected count increment (CCI) 
and percentage platelet response (PPR) were used for evaluating 
in vivo viability of a transfused platelet.27 Successful increment of 
platelet products were assessed as CCI ≥ 7500 and PPR ≥ 30% at 
24 hours. Ruxolitinib was withdrawal when patients had restored 
from CRS or acute haemorrhage.

2.3 | Reagents and antibodies in vitro experiments

CD19 CAR T cells were obtained by frozen donor-derived CD19 CAR 
T cells. CAR T cells were manufactured with T cells, obtained through 
RosetteSep™ Human T Cell Enrichment Cocktail (STEMCELL, 
Vancouver, CA) and transduced with the lentiviral vector expressing 
pCDH empty vector (#72266, addgene, MA, USA) which were used 
as negative control. Dexamethasone (DEX) and Ruxolitinib were 
purchased from MCE (HY-50856, MCE USA). Nalm 6 cell line (CD19 
positive) was purchased from (CRL-3273, ATCC, Virginia, USA) and 
cultured in RPMI 1640 (Gibco, NY, USA) supplemented with 10% 
FCS. CD19 expression on Nalm 6 cells was confirmed by flow cy-
tometry. Monocytes were isolated from donor peripheral blood 
mononuclear cells (PBMCs) by multi-analyte flow assay kit (Human 
CD8/NK Panel, 740267, BioLegend, San Diego, USA). Anti-human 
CD3/CD28 monoclonal antibodies (mAb) were purchased from 
Stemcell (10971, Stemcell, Vancouver, Canada). Flow cytometry 
was performed using allophycocyanin (APC)-anti-human CD19 anti-
body (392504, BioLegend, San Diego, USA), APC-anti-human CD14 
antibody (367117, BioLegend, San Diego, USA), APC-anti-human 
CD3 antibody (300311, BioLegend, San Diego, USA), cell surface 
expression of CD19 CAR was detected by a recombinant human 
CD19-Fc chimera protein (789006, BioLegend, San Diego, USA) and 
a secondary staining of anti-human IgG Fc-APC antibody (409603, 
BioLegend, San Diego, USA ).

2.4 | In vitro CAR T cell expansion and CRS model

CD19 CAR T cells (1.5  ×  103) were stimulated by anti-CD3/CD28 
mAb at for 24  hours. DEX and ruxolitinib were added initially at 

different concentrations (0, 1 and 10  µmol/L). CD19 CAR T cells 
were calculated using counting beads (424902, Biolegend, USA) by 
flow cytometry at 24 hours in different groups. CRS model was es-
tablished by co-culturing 5 × 104 Nalm6 cells, 1 × 104 monocytes 
and 5 × 104 CD19 CAR T cells as published in other group.28 The 
monocytes and CAR T cells were collected from the same donor. 
DEX and ruxolitinib were added at different concentrations (0, 1 
and 10 µmol/L). T cells transduced with pCDH vector were used as a 
negative control. After 48 hours of coculture, cytokines were moni-
tored in different dosages. The human cytokines included interleu-
kin-6 (IL-6), IL-10, IL-2, IL-4, IL-7a, tumour necrosis factor-α (TNF-α), 
interferon-γ (INF-γ), granulysin, granzyme B, granzyme A, Perforin, 
sFas and sFasL were detected in the culture supernatants after 
co-culture using the ‘LEGENDplex Human CD8 Panel’ bead-based 
immunoassay (BioLegend, San Diego, USA) according to the manu-
facturer's protocol. Data were recorded by a FACSCanto II cytofluo-
rometer (Becton Dickinson) and analysed using the ‘LEGENDplex’ 
Data Analysis software 8.0.

2.5 | Statistical analysis

Difference of continuous variables between different groups was 
analysed by unpaired two-tailed Student's t test (cytokines and 
CRS grade). Difference between chemo-relapsed and transplant-re-
lapsed patients was analysed by chi-square test. The Kaplan-Meier 
approach was performed to estimate time-to-event analyses. All 
statistical analyses were performed using NCSS Statistical and Data 
Analysis version 12.0.2, and all the P-values of <  .05 were consid-
ered significant.

3  | RESULTS

3.1 | Patients enrolled in pilot study

Fourteen patients were enrolled in our study during October 2019 
and January 2020, to receive CD19 or CD22 CAR T cell therapy. The 
flowchart was shown in Figure  S1. Eleven patients relapsed after 
chemotherapy, and 3 patients relapsed after allogenic hematopoi-
etic transplantation (allo-HCT) of whom one developed moderate 
chronic GVHD (liver and skin). Six patients were CD19- relapse after 

F I G U R E  1   Response to CAR T cell therapy with or without ruxolitinib. A, The response rate in all patients (n = 14), ruxolitinib-treated 
patients(n = 4) and non-ruxolitinib patients (n = 10). Numbers of patients in different groups are indicated in brackets. B, LFS of all patients 
who received CAR T cell therapy. Dashed lines indicate 95% confidence intervals. Tick marks indicate the time of data censored at the 
last follow-up. C, Management of CRS in ruxolitinib-treated patients. Colours on the swimmer lane plot indicate the highest grade of any 
cytokine release symptom recorded on each day for patients through the first 32 days after CAR T infusion (n = 4; 0 grade 1-2 CRS, 4 grade 
3-4 CRS). iv, intravenous. D, Management of CRS in non-ruxolitinib patients. Colours on the swimmer lane plot indicate the highest grade of 
any cytokine release symptom recorded on each day for patients through the first 32 days after CAR T infusion (n = 10; 9 grade 1-2 CRS, 1 
grade 3-4 CRS). iv, intravenous. E, Severity of CRS in no HCT and post-HCT patients. F, Platelet counts change before and after ruxolitinib 
treatments in each patient. G, The incidence of successful platelet increments before and after ruxolitinib treatment in each patient. HCT 
hematopoietic stem cell transplantation. Numbers in parentheses show number of patients with event/number of patients per cohort. 
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previous CD19 CAR T cell therapy and planned to receive CD22 
CAR T cell infusion. The previous times of treatments were 30 (7-72) 
months. The detailed characteristics of all patients were in Table 1.

After standard lymphodepleting chemotherapy with fludarabine 
and cyclophosphamide, autologous CAR T cells were infused in 11 

patients without prior HCT, while donor-derived CAR T cells were 
infused in 3 post-HCT patients. The dosages, transduction efficiency 
and viability of infused CAR T cells were detailed in Table S1. All 14 
patients achieved CR/CRi on day 30 after CAR T cell infusion includ-
ing the 4 patients who received Ruxolitinib treatment. At a median 
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observation time of 9 (2.5-11) months, eight patients were bridged 
to allo-HCT. Two patients relapsed at 2.5 and 4  months. One pa-
tient died of infection at 9 months. The 6-month LFS rate was 85.7 
(95%CI, 67.4-100; Figure 1A).

Five of 14 patients developed severe CRS (≥grade 3), and one 
patient had recovered after steroid treatment. Four patients were 
refractory to steroid and therefore received ruxolitinib intervention 
(Figure S1). One patient had relapsed after chemotherapy, and she 
had BTLA homozygous mutation (c.A590C/p.N197T) and had cyto-
toxic T lymphocytes (CTL) degranulation defect. One was post-HCT 
with complete donor chimera status before CAR T cell infusion.

3.2 | Management of CRS and usage of ruxolitinib

Nine of 11 patients without prior HCT (81.2%) develop mild to grade 
1 to 2 CRS mostly manifested as fever (<40°C) and hypoxia requiring 
low-flow nasal cannula (<6  L/minute). The median onset of CRS oc-
curred on day 1 (range 1-8), and the median time of the resolution of 
CRS was on day 11 (range 6-18) after infusion (Figure 1B). Only 2 of 
these 11 patients (18.2%) developed severe CRS. One of them (pt 10) 
alleviated within 24 hours after using 18 mg/kg methylprednisolone on 
day 10 and totally recovered on day 15 (Figure 1B). The other patient 
(pt 3) developed grade 3 CRS on day 3, and the symptoms did not al-
leviate by tocilizumab and 5  mg/kg methylprednisolone. She rapidly 
developed grade 4 CRS and grade 3 ICANS manifested as high fever 
(>40°C), severe hypotension which needed multiple vasopressors with 
hypoxia requiring CPAP, generalized seizure and could only be awakens 
only to tactile stimulus on day 5 (Figure S2). With combined administra-
tion of ruxolitinib and high-dose methylprednisolone on day 6, her fever 
had remitted within 24 hours and all symptoms started to be alleviated 
on days 6-10. Methylprednisolone was gradually reduced and stopped 
gradually after she had only required low-flow nasal cannula (<6 L/min-
ute) on days 10-17 (Figure 1B).

All 3 patients with a prior history of HCT (100%) developed se-
vere CRS (Figure 1B). There was significant difference in median CRS 
severity between patients without and with a prior HCT (P = .027; 
Figure 1C). All these 3 patients quickly developed grade 3 CRS on 
days 1-3 after infusion. One patient with completed donor chimera 
was also accompanied with active grade III GVHD in skin. All these 
patients were refractory to steroids and therefore received ruxoli-
tinib. The symptoms in all these 3 patients have been alleviated by 
combined administration of ruxolitinib and 5 mg/kg methylpredniso-
lone within 24 hours. The median duration of ruxolitinib intervention 
was 8 days (range 4-21 days). ICANS was not observed in these 3 
patients.

The dose of steroids was reduced after the symptoms were con-
tinuously alleviated for 3 days. After withdrawal of steroids, ruxoli-
tinib was reduced to 5  mg per day and withdrawn when patients 
exhibited no symptoms of CRS. The median duration of ruxolitinib 
intervention in the 4 patients was 8 days (range 4-21 days; Figure 1B).

3.3 | Side effects of ruxolitinib

Platelet reduction has been reported as a major side effect of ruxoli-
tinib.19 No patients had active haemorrhage. We monitored the platelet 
count level in each patient, and there was no significant change after 
administration of ruxolitinib in the same patient (P = .661, .386, .433, 
.868; Figures 1D and S3A). PPR and CCI were used to assess for ensur-
ing successful increment of platelet products (Figure S3B). The percent-
age of successful increment of platelet products in each patient was not 
significantly lower after administration of ruxolitinib (P = 1.000, .898, 
.505; Figure 1E), suggesting that ruxolitinib did not significantly impact 
platelets. There were no significant manifestations of other side effects 
that had been reported to be associated with ruxolitinib (Table  S2). 
After withdrawal of ruxolitinib within 30 days, no long-term side effects 
were observed.

3.4 | Cytokines and CAR T cell expansion

Cytokine profiles were routinely monitored. All patients had eleva-
tions of serum cytokine markers of systemic inflammation includ-
ing interleukin-6 (IL-6), interleukin-10 (IL-10), soluble CD25 (sCD25) 
and tumour necrosis factor-α (TNF-α) which rapidly reached peak 
levels at around 5  days after CAR T cell infusion (Figure  2A). 
Serum ferritin (SF) reflected inflammatory response and high fer-
ritin (>5000 ng/mL) with cytopenia is a criteria for defining severe 
CRS.3,29 All patients treated with ruxolitinib had displayed rapidly 
rising and high ferritin levels (>15 000 ng/mL) within 10 day after 
infusion despite the usage of steroids (Figure 2B). The peak levels 
of ferritin levels were significantly higher in patients with ruxoli-
tinib treatment than those in patients without usage of ruxolitinib 
(P =  .042, Figure 2C), but there was no significant difference be-
tween the two groups in the peak levels of other cytokines (IL-6, 
IL-10, TNF-α and sCD25). All cytokine levels decreased rapidly after 
ruxolitinib intervention.

Ruxolitinib did not completely abrogate CAR T cell expansion 
in patients, as the CAR T cells are still present in patients after 
ruxolitinib administration. As the CAR T cells already peaked be-
fore ruxolitinib intervention and CAR T cell levels did drop after 

F I G U R E  2   Cytokine profiles and CAR T cell expansion in vivo. A, Serum cytokine profiles (IL-6, TNF-α, IL-10 and sCD25) in PB of 14 
patients with and without ruxolitinib treatment after CAR T cell infusion. Different colour represents each individual. Colourful lines 
indicate duration of ruxolitinib usage in each patient. B, Serum Ferritin levels in PB of 14 patients with and without ruxolitinib treatment 
after CAR T cell infusion. Different colour represents each individual. Colourful lines indicate duration of ruxolitinib usage in each patient. 
C, The difference of cytokine profiling levels between ruxolitinib and non-ruxolitinib subgroup. Horizontal lines indicate medians. D, CAR 
T cell expansion in PB of 14 patients with and without ruxolitinib treatment after CAR T cell infusion. Colourful lines indicate duration of 
ruxolitinib usage in each patient
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ruxolitinib intervention, some degree of inhibitory effect of rux-
olitinib on CAR T cell expansion could not be excluded. There 
were no significant differences in peak CAR T levels between two 
groups of patients (P = .594; Figure 2C,D). Due to CAR T cells were 

not routinely measured, we cannot assess the influence of ruxoli-
tinib on CAR T cell persistence. To the end point, only one patient 
with ruxolitinib as intervention lost CAR T cell surveillance within 
5 months.

F I G U R E  3   Mechanism of Ruxolitinib 
and dexamethasone on CAR T cells in 
vitro. A, CD19 CAR T cell expansion 
model in vitro and CRS model established 
by co-culture with 5 × 104 CD19 CAR T 
cells, 5 × 104 nalm6 (CD19+) and 1 × 104 
monocytes in vitro. B, The differences of 
CAR T cell expansion after 48-h coculture 
under different drug concentrations 
(0, Ruxo 1 umol/L, Ruxo 10 umol/L, 
Dex 1 umol/L, Dex 10 umol/L). C, The 
differences of cytokines levels (IL-6, 
TNFα, IL-10, INFγ, sFas and Granzyme 
B) in supernatant liquid of 48-hour co-
culture with CD19 CAR T cells, monocytes 
and Nalm6 cells under different drug 
concentrations (0, Ruxo 1 umol/L, Ruxo 
10 umol/L, Dex 1 umol/L, Dex 10 umol/L), 
and T cells with pCDH vector, monocytes 
and Nalm6 cells (CD19+) were coculutre 
as negative control. In B and C panels, 
the difference is compared by unpaired 
two-tailed Student's t test. P-values of 
<.05 were considered significant. Ruxo 
represents ruxolitinib and Dex represents 
dexamethasone
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3.5 | Ruxolitinib inhibits CAR T cell expansion and 
production of some cytokine in vitro

We resuscitated frozen donor-derived CD19 CAR T cells and es-
tablished CAR T cell expansion and CRS model in vitro (Figure 3A). 
Firstly, we evaluated the effect of ruxolitinib and DEX on CAR T 
cell expansion. Compared with the marginal effect of DEX, ruxoli-
tinib could significantly inhibit CD19 CAR T cell expansion at dif-
ferent dosages (P = .034 and .015; Figure 3B). Then, we evaluated 
the impact of ruxolitinib and DEX on cytokine production with an 
in vitro CRS model by co-culturing 5 × 104 Nalm6 (CD19+) cells, 
1  ×  104 monocytes and 5  ×  104 CD19 CAR T cells.28 Different 
from the impact of DEX, ruxolitinib did not impact the CRS-related 
cytokines including IL-6, IL-10 and TNF-a (Figures  3C and S4). 
However, two cytokines related to T cell cytotoxicity Granzyme-B 
and INF-γ were significantly reduced by different dosages of 
ruxolitinib.

4  | DISCUSSION

CRS occurs in 35% to 93% patients after CD19 CAR-T cell therapy.30 
The variable incidence and severity of CRS between studies may 
be due to differences in CAR construct, CAR-T cell manufacturing, 
diagnosis, eligibility criteria and the systems used to grade CRS.30 
Despite the usage of tocilizumab and steroids for the management 
of severe CRS, there were still 11 of 75 (15%) patients who died from 
CRS in CD19 CAR T cell study in children and young adults with 
B-ALL.31 In our previous CD19 and CD22 CAR T cell clinical trials, 
two of 51 and 4 of 34 patients had died despite using tocilizumab 
and steroids.5,6 Four patients in the current study had developed 
steroid-refractory CRS, and our results suggest that ruxolitinib is ac-
tive and well tolerated in steroid-refractory CRS. Tocilizumab and 
steroids were routinely administrated to manage early stage CRS, 
but the symptoms were not alleviated and even progressed beyond 
24 hours in these 4 patients who therefore received ruxolitinib treat-
ment. Rapid resolution of symptoms was observed after ruxolitinib 
intervention. Severe CRS is a cytokine driven inflammatory syn-
drome caused by persistent activating CAR T cells. Many T cell ac-
tivation signalling pathways involve the Janus kinases (JAKs).20,32,33 
Ruxolitinib which is an oral JAKs inhibitor have been reported to in-
hibit activation of T lymphocytes and therefore may also be capable 
of inhibiting activation of CAR T cells. CRS-related cytokines includ-
ing IL-6, IL-10, sCD25, TNF-γ and SF quickly decreased in these four 
patients after ruxolitinib intervention, which implicates that ruxoli-
tinib successfully stops these cytokines release.

Our in vitro experiments indicated that ruxolitinib could not 
suppress IL-6 but IL-6 was rapidly reduced in patients after ruxoli-
tinib administration. This discrepancy may be due to the presence 
of excretive systems or an intermediate cellular part in human 
which await future clarification. Our data also showed that ruxoli-
tinib has much stronger impact on CAR T effector function than 

DEX. Ruxolitinib mainly inhibit CAR T cell expansion and releasing 
of T cell cytotoxicity related cytokine (INF-γ and Granzyme B) in 
vitro. It would be interesting to measure INF-γ and Granzyme B in 
patients with CAR T cell therapy in future study. Severe CRS may 
be controlled by partly via directly inhibiting the hyper-activation 
CAR T cells in these four patients. Although they had continued 
CAR T cell expansion during ruxolitinib intervention, the CAR T 
cell level quickly dropped after ruxolitinib treatment, implicating 
that ruxolitinib can suppress CAR T cell expansion in vivo, which 
was consistent with in vitro analysis. These data also remind us 
that the usage of ruxolitinib may influence CAR T cell expansion 
and dampen antitumor effects. Therefore, ruxolitinib should be 
only considered when patients had life-threatening CRS and had 
abundant CAR T cell numbers to guarantee antitumor effects. 
Moreover, the dose and duration of ruxolitinib administration 
should be carefully designed.

Major adverse events of ruxolitinib are thrombocytopenia 
and haemorrhage. Thrombocytopenia is also commonly observed 
during CAR T therapy. With the help of platelet transfusion, all 4 
patients with continuous usage of ruxolitinib did not have active 
haemorrhage. We compared platelet counts and increment times 
before and after ruxolitinib to evaluate the influence of ruxolitinib 
on platelet, and no significantly impact was observed. The fre-
quency of platelet transfusion was also not increased after rux-
olitinib intervention. After recovering from CRS, all patients had 
withdrawn ruxolitinib and platelet counts recovered gradually. No 
long-term adverse events were observed. These results suggest 
that ruxolitinib usage is relatively safe during CAR T therapy with 
platelet transfusion.

In this study, the 3 patients with prior HCT had developed se-
vere CRS than patients without a prior HCT (P = .027). One patient 
had active chronic GVHD and two patients were very early relapsed 
(<3 months) with quickly withdrawal immunosuppressive drugs. We 
think these 3 post-transplantation patients might have activated 
donor lymphocytes and other immune cell function before infusion, 
which may aggravate CRS after infusion of donor-derived CAR T 
cells. It indicated that this kind of patients should be carefully man-
aged during CAR T therapy and ruxolitinib is effective in controlling 
their CRS.

In summary, this study firstly demonstrates a high efficacy and 
good tolerability of ruxolitinib in managing severe CRS. Ruxolitinib 
can control steroid-refractory and life-threatening CRS. To further 
evaluate the efficacy and safety of ruxolitinib on severe CRS, our 
clinical trial is ongoing.
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