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Abstract

The CD19-targeted chimeric antigen receptor T cell (CAR-T) therapy has been widely proved effective on relapsed and refractory
(r/r) B cell acute lymphoblastic leukemia (B-ALL). Meanwhile, CAR-T therapy-related toxicities, including cytokine release
syndrome (CRS) and neurological toxicities, are drawing researchers’ attention. In addition, our research team notices that
coagulopathy and even disseminated intravascular coagulation (DIC) are common problems during CAR-T therapy. In our
phase 1/2 clinical trial (NCT02965092), 53 r/r B-ALL patients underwent leukapheresis on day — 11 and received
lymphodepleting chemotherapy on day — 7 to day — 5. Finally, they received split infusions of anti-CD19 CAR-T cells on day
0 to day 2. Plasma concentrations of tissue factor (TF) and platelet endothelial cell adhesion molecular-1 (PECAM-1) were also
measured to identify the mechanism of coagulation disorders. The overall 1-month remission rate of the 53 patients was 88.7%.
During the treatment course, 19 patients experienced grade 3—4 CRS, 8 patients developed grade 2—3 neurological toxicities.
Beyond that, 30 patients (30/53, 56.6%) suffered from coagulation disorders, and half of them should be diagnosed as DIC.
Benefiting from replacement and anticoagulant therapy, 14 patients successfully got out of the conditions of DIC. Remarkably,
the severity of coagulopathy was positively correlated with CRS grade. What is more, plasma TF and PECAM-1 levels indicated
that vascular endothelial factors played key roles in the process of CRS-related coagulopathy. To conclude, coagulation disorders
frequently happen during CAR-T therapy. TF and PECAM-1 are of great importance in the etiology and pathogenesis of
coagulation problems. Early and proper interventions targeted at CRS-related coagulopathy contribute a lot to the control of
side effects in CAR-T therapy.

Keywords Chimeric antigenreceptor-T therapy - Coagulation - Cytokinerelease syndrome - Tissue factor - Plateletendothelial cell
adhesion molecular-1

Introduction malignant diseases, especially hematological malignancies.

In CD19-positive B cell malignancies, approximately 90%

Numerous preclinical experiments and clinical trials have ac-
celerated the development process of chimeric antigen
receptor-modified T cell (CAR-T) therapy and demonstrated
that CAR-T therapy had considerable promise against
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acute lymphoblastic leukemia (ALL) patients [1-12] and
70% lymphoma patients [13—18] can get remissions through
CD19-specific CAR-T therapy. Encouragingly, two of the
CD19-targeted CAR-T therapies, Kymriah and Yescarta, have
been approved to treat relapsed/refractory (r/r) pediatric,
young adult B cell ALL (B-ALL), and certain adult non-
Hodgkin lymphomas (NHL) by the US Food and Drug
Administration in 2017. Owing to their satisfactory therapeu-
tic effects and clinical safeties [3, 19-21], they have success-
fully become the first two gene therapies approved in the
USA. On present trends, it is doubtless that CAR-T therapy
will be generalized to more relapsed and refractory malignan-
cy patients in the near future.

However, the medical safety problems are still in the way
of the widespread application of CAR-T therapy. More
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improvements should be made to enhance safety and avoid
variable side effects. As previously reported, cytokine release
syndrome (CRS) is the major toxicity in CAR-T therapy [1-4,
6, 7,9, 13, 22]. It is virtually a systemic inflammatory re-
sponse, caused by the in vivo CAR-T cell activation and pro-
liferation, and the accompanying prominent elevations of mul-
tiple serum cytokines [23, 24]. Besides, CAR-T cell-related
encephalopathy syndrome (CRES) is also of frequent occur-
rence in CAR-T therapy [3-7, 9, 16, 22, 25-27]. Passive dif-
fusion of cytokines into the brain, trafficking of T cells into the
CNS, and disruption of the blood-brain barrier may contribute
to the development of CRES [27]. Most treatment-related
death was due to these two adverse events [27]. In addition,
the persistence of in vivo CAR-T cells usually contributes to
prolonged B cell aplasia [22, 28, 29], which can potentially
lead to infectious complications [30, 31].

In this clinical trial, we also observed that the occurrence
rate of coagulopathy during CAR-T therapy was as high as
56.6%, and half of these patients further developed into dis-
seminated intravascular coagulation (DIC). In this article, we
present the result of the trial and analyze the pathogenesis of
coagulation disorders.

Methods
Clinical trial design

In order to assess the safety and evaluate the anti-leukemic
effect of CD-19 targeted CAR-T cells in r/r CD19-positive
B-ALL patients, we designed a phase 1/2 clinical trial
(NCT02965092), which was approved by the medical ethics
committee of Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology. Patients
with r/r B-ALL were eligible for enrollment. Informed consent
in accordance with the Declaration of Helsinki would be pro-
vided to every patient before participation. A leukapheresis to
collect peripheral-blood mononuclear cells (PBMCs) for man-
ufacture of CAR-T cells was performed on day —11. A
lymphodepleting chemotherapy regimen comprised
fludarabine (30 mg/m?, days — 7, — 6, and — 5) and cyclophos-
phamide (750 mg/m?, days — 7 and — 6) was administered to
reduce baseline tumor burden. The doses of fludarabine and
cyclophosphamide would be decreased to 25 and 600 mg/m>
in patients younger than 17 years old. Split infusions of CAR-
T cells, with a total amount of 0.89 to 4.01 x 106/kg (total T
cell amount was 0.5 to 1 x 10”/kg), were given to patients
intravenously from day 0 to day 2.

Treatment response of B-ALL was defined on the basis of
the National Comprehensive Cancer Network Version 1.2015
(https://www.ncen.org/) and was assessed at 1 month.
Adverse events correlated with the therapy were evaluated
against the National Institutes of Health Common
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Terminology Criteria for Adverse Events Version 4.0. (http://
ctep.cancer.gov/). In particular, the CRS was graded and
managed in accordance with the modified CRS grading
system [32] and was judged to be severe if it was grade 3 or
higher. Additionally, DIC was diagnosed by using the new
Chinese DIC Scoring System (CDSS) [33], which was widely
used in China and showed good performance on diagnostic
and prognostic value in Chinese population [34, 35].

CRS diagnosis and management

Patients who were featured with fever, fatigue, headache,
hypotension, and/or neurological toxicities after the infu-
sion of CAR-T cells, with an elevation of various cyto-
kines, could be diagnosed as CRS after the exclusion of
active infection. Due to the overlapping symptoms with
infection and the preexisting neutropenia in a large amount
of patients, CRS should be distinguished from infection.
We usually used imaging tests and laboratory tests to iden-
tify infection, such as computed tomography, magnetic res-
onance imaging, bacterial examination, CRP,
procalcitonin, etc. As for CRS, we usually emphasized on
the detection of cytokines and factors related to macro-
phage activation syndrome, such as ferritin, triglyceride,
and fibrinogen. Empiric antimicrobial prophylaxis and
treatment had been applied to possible infections, and spe-
cific drugs had been used according to the results of drug
susceptibility tests. Grade 1 CRS indicated non-life-
threatening symptoms, including fever, nausea, fatigue,
headache, myalgias and/or malaise, and required only
symptomatic and support treatment. Grade 2 CRS referred
to hypoxia responsive to <40% oxygen, or hypotension
responsive to fluids or one low dose vasopressor, or grade
2 organ toxicity. Grade 3 CRS meant hypoxia responsive to
>40% oxygen, or hypotension responsive to multiple or
high dose vasopressors, or grade 3 organ toxicity or grade
4 transaminitis. It should be pointed out that high dose
vasopressors meant norepinephrine >20 pg/min, or dopa-
mine > 10 pg/kg/min, or phenylephrine >200 pg/min, or
epinephrine > 10 pg/min, solely, or vasopressin and nor-
epinephrine equivalent of > 10 pg/min, or norepinephrine
equivalent of >20 pg/min if on combination vasopressors.
Grade 4 CRS indicated life-threatening symptoms requir-
ing ventilator support or grade 4 organ toxicity (excluding
transaminitis). Grade 5 CRS referred to death. As for treat-
ment, grade 1 CRS only needed vigilant supportive care,
such as antipyretics, analgesics, antibiotics, fluids, and va-
sopressors. Patients in grade 2 CRS without extensive co-
morbidities and older age were also suggested supportive
treatment, along with close monitoring of organ functions.
More severe grade 2 CRS, grade 3 and 4 CRS required
supportive treatment and immunosuppressants at the same
time. Tocilizumab usually served as the first-line
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immunosuppressant, and corticosteroids should be added
when patients showed no response to tocilizumab within
24 h or developed CRES. Patients with CRS were moni-
tored in terms of both clinical features and laboratory re-
sults, such as cytokines and CRP, etc. Serum cytokines,
including human interleukin-2 (IL-2), IL-4, IL-6, IL-10,
tumor necrosis factor-o« (TNF-«), and interferon-y
(IFN-v), were detected daily by means of flow
fluorescence.

CAR-T cell manufacture

The structure of CAR and the manufacture process of
CAR-T cells have been previously described [26]. CD4+
and CD8+ T cells were picked out from PBMCs, which
were acquired from patients by leukapheresis, with the
use of magnetic beads (Miltenyi Biotec). The two kinds
of T cells were separately cultured in bottles pre-coated
with CD3 and CD28, with the existence of IL-2 and
IFN-y. They were transduced to CAR-T cells (Fig. 1a)
with lentivirus vectors encoding anti-CD19 single-chain
variable fragment, 4-1BB costimulatory domain, etc. dur-
ing the following 5 days. Next, the virus vectors would be
washed away and tests to ensure effectivity and safety of
CAR-T cells would be carried out. When desirable
amounts of CD4+ and CD8+ CAR-T cells were attained,
a mixture of them would be formed in a 1:1 ratio. Totally, it
took approximately 11 days from leukapheresis to infusion
(Fig. 1b).

Monitoring in vivo CAR-T cells

We conducted real-time quantitative polymerase chain reac-
tion (qQPCR) and flow cytometry to measure the level of CAR
gene and the rates of CAR-T cells in peripheral blood and

Fig. 1 CAR-T cell structure and
manufacture. a The chimeric a
antigen receptor structure

comprises anti-CD19 scFv,

CD8o hinge, transmembrane do-

main, and 4-1BB/CD3( signaling
domains. b Autologous T cells

were transduced by lentivirus to

produce CAR-T cells. Abbr: scFv,

single chain variable fragment

anti-CD19 scFv (\

CD8a hinge |

transmembrane domain

4-1BB

CD3¢ .

function tests
||u| &bacterial detection

bone marrow after CAR-T cell infusion. PCR and flow cy-
tometry were performed on a Biorad CFX-96 machine and a
Beckman CytoFLEX S flow cytometer respectively. We used
polyclonal goat anti-mouse F(ab), antibodies (fluorescein iso-
thiocyanate, FITC) and mouse anti-human CD3 antibodies
(allophycocyanin, APC) to identify CAR-T cells by their dou-
ble positivity for F(ab), and CD3. F(ab), antibodies and CD3
antibodies were purchased from Jackson ImmunoResearch
(PA, USA) and BD Biosciences (CA, USA), respectively.

TF and PECAM-1 measurements

We collected patients’ plasma by using sodium citrate as an-
ticoagulant and measured tissue factor (TF) and platelet endo-
thelial cell adhesion molecular-1 (PECAM-1) concentrations
by ELISA methods (Abcam, UK).

Statistical analysis

Differences for categorical variables between groups were
performed by use of the Chi-square statistic or Fisher’s
exact test as appropriate. Differences for continuous vari-
ables between groups were conducted using Wilcoxon test.
Correlation analyses of different continuous variables were
made with the application of linear mixed model. Overall
survival was measured from the first CAR-T cell infusion
to death from any cause, or last visit. Estimates of survival
probabilities were calculated by the method of Kaplan and
Meier. Differences in survival among subgroups were
assessed using the log rank test. All reported P values were
two-sided and were judged to be significant at less than
0.05. Results were analyzed and figures were produced
by GraphPad Prism version 5.0 software and IBM SPSS
Statistics 22 software.
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Results
Outcomes

Fifty-three CD19-positive 1/r B-ALL patients, ranging from
10 to 61 years old, had received CAR-T therapy at Union
Hospital, Tongji Medical College, Huazhong University of
Science and Technology. More than half of the enrollers had
high disease burdens (> 5% bone marrow blasts) before CAR-
T cell infusion, and six patients were with Philadelphia
chromosome-positive diseases (Table 1).

Flow cytometry results with bone marrows were used to
assess clinical responses of patients. Forty-seven of the 53
patients successfully reached complete remissions (CR) at 1-
month time point after CAR-T therapy, including 43 minimal
residual disease-negative (MRD—) CR and 4 minimal residual
disease-positive (MRD+) CR. Nevertheless, six patients
showed no response (NR) to CAR-T therapy.

With a median follow-up time of 6.6 months (range, 0.7 to
31.4), the median overall survival (OS) was 16.1 months. The
6-month and 12-month OS rates were 69.727% and 64.028%,
respectively. Twenty-one patients suffered relapses from 1.1
to 15.6 months (median 3.4) after CAR-T therapy. Notably,
two patients received CAR-T cell infusions for 3 more times
from 1 to 6 months to strengthen therapeutic effects, but they
still developed CD19-positive relapses at 10 months and
16 months, respectively. Thereafter, they were transferred to
the second anti-CD19 CAR-T therapy. However, they did not
respond to CAR-T therapy again. Moreover, 20 patients died

Table 1  Characteristics of 53 patients

Characteristics Values and percentages®

Age (years old)

0-17 4 (7.5%)

18-30 29 (54.7%)

31-65 20 (37.7%)
Philadelphia chromosome—positive

Yes 6 (11.3%)

No 47 (88.7%)
Previous allo-HSCT

Yes 2 (3.8%)

No 51 (96.2%)
Pre-infusion disease burden®

>5% 33 (62.3%)

>0.01% and < 5% 14 (26.4%)

<0.01% 6 (11.3%)

?Percentages may not equal 100% due to rounding

® Pre-infusion disease burden was assessed by means of flow cytometry
immediately before CAR-T cell infusion

allo-HSCT allogeneic hematological stem cell transplantation
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by reason of disecase relapse or progression or serious
treatment-related adverse events.

Persistence of CD19 CAR-T cells

The persistence of CAR-T cells was continuously monitored
by qPCR and flow cytometry. Nonetheless, limited by pa-
tients’ choices to subsequent therapies, such as allogeneic he-
matological stem cell transplantation, the analysis of CAR-T
cell persistence could not proceed for the whole follow-up
time. The statistics indicated that most patients experienced
the climax of in vivo CAR-T cells within two weeks, and the
longest persistence time of CAR-T cells in both peripheral
blood and bone marrow was 18 months.

Cytokine release syndrome

In our clinical trial, all patients experienced CRS, 34 of them
were mild (grade < 2), and the other 19 were severe (grade > 3)
(Table 2). Similar to previous report [1-5], we observed high
temperatures, chills and rigors, hypotension, hypoxia, respira-
tory or cardiac or renal insufficiency, and neurological toxicities
in CRS patients. In addition to these, we found that coagulation
disorders also occurred frequently in CRS patients during treat-
ment courses. The highest and most common cytokine eleva-
tions were seen in IL-6, IL-10, and TNF-c. Our trial data pre-
sented a positive correlation between CRS severity and the
baseline tumor burden before CAR-T cell infusion. Normally,
severe CRS was significantly related to a higher tumor burden
(> 5% bone marrow blasts) (P = 0.003). Meanwhile, we found
that CRS severity had no influence on 1-month remission rate
and disease recurrence rate (P> 0.05).

According to the grading scale proposed by Lee et al. [32],
patients with grade 3/4 CRS and patients with grade 2 CRS
with extensive comorbidities or older age were applied with
tocilizumab and/or corticosteroids. Tocilizumab was used at
the dose of 4 mg/kg for adults and 8 mg/kg for children. The
second dose of tocilizumab and/or steroids would be given if
there was no improvement within 24 h. Notably, steroids were
considered as the first-line treatment in patients developed
CRES, as tocilizumab cannot cross the blood-brain barrier.
Generally, methylprednisolone was used at the initial dose of
2 mg/kg/day and was tapered over several days.
Dexamethasone was applied at the dose of 0.5 mg/kg in pa-
tients with severe CRES, and the maximum single dose was
10 mg. During the study, 21 patients received tocilizumab and
13 patients received steroids. Except for one patient who died
on day 21, other patients survived from CRS.

Thirty patients developed coagulation disorders

Considering the abnormal laboratory indicators and the clinical
manifestations, we judged that 30 of the 53 patients experienced
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Table 2 CRS grading and

management in patients CRS grade Number of Treatment®
patients

1 21 * Supportive care: antipyretics, analgesics, antibiotics,
fluids and vasopressors

2 13 * Supportive care + close monitoring of organ functions

* Tocilizumab and/or corticosteroids for extensive

comorbidities and older age

3 16 * Supportive care + tocilizumab and/or corticosteroids

3 * Supportive care + tocilizumab and/or corticosteroids

#One of the grade 2 CRS patients, 11 of the grade 3 CRS patients, and 3 of the grade 4 CRS patients were
diagnosed with DIC, they also received anticoagulant treatment and replacement treatment

coagulation disorders during CAR-T therapy. Patients always
started to become coagulopathy around day 8 to day 10, closely
following IL-6 rise. We observed the phenomenon that with the
control of CRS and the declines of multiple cytokines, coagu-
lation problems usually resolved spontaneously.

Laboratory examination results always changed prior to the
occurrence of clinical manifestations. Twenty-seven patients
experienced platelet count reductions, and 30 patients were
out of normal ranges of coagulation indicators. Among the
coagulopathy patients, the nadir value of platelet counts and
fibrinogen ranged from 5 to 47 x 10°/L (median, 17) and 0.59
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Fig. 2 Abnormal laboratory coagulation indicators. Data represented the
mean + SEM. P values were determined using the Wilcoxon test. Because
no mild CRS patient became abnormal in PT, FIB, and TT levels, the
three indicators were not analyzed in this part. Abbr: PLT, platelet count;

to 0.82 g/L (median, 0.66), respectively; the peak value of D-
dimer and fibrin degradation products (FDP) ranged from 5.3
to 44 mg/L (median, 21) and 14.7 to 456 pg/mL (median,
104.1), respectively; the peak value of prothrombin time
(PT) and activated partial thromboplastin time (APTT) ranged
from 20 to 26.7 s (median, 22.3) and 54.2 to 90.2 s (median,
60.9), respectively. The most significant changes of laboratory
results were decreased platelet counts, increased FDP, and
prolongation of APTT. Further analysis revealed that there
were significant differences of D-Dimer and FDP levels be-
tween severe and mild CRS patients (P <0.05) (Fig. 2).
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FDP, fibrin degradation products; PT, prothrombin time; APTT, activated
partial thromboplastin time; FIB, fibrinogen; TT, thrombin time; CRS,
cytokine release syndrome; SEM, standard error of mean; *0.01 <
P<0.05; *#P<0.01
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Except for laboratory results, hemorrhage was the most evi-
dent manifestation that indicated coagulopathy. Petechiae and
ecchymosis could be found on trunk or four limbs; unusual
bleeding sometimes happened in nasal and oral mucosa, and
sclera; no intracranial hemorrhage happened in our trial.

Moreover, we observed that all 19 severe CRS patients
experienced coagulation disorders, while only 11 of 34 mild
CRS patients did. These data showed that severe CRS patients
were more likely to develop coagulopathy (P <0.0001).
Therefore, we defined the coagulation problems during
CAR-T therapy as CRS-related coagulopathy.

Fifteen patients diagnosed as DIC according
to Chinese DIC Scoring System

Among the 30 patients who had coagulation problems, 15
were further diagnosed as DIC in line with CDSS [33]
(Table 3). The symptoms of DIC varied from mild and self-
limiting, with ecchymosis and jaundice, to severe and life-

threatening, with hypotension, dyspnea, renal dysfunction,
neurological disorders, and even shock (Table 4). While
73.7% severe CRS patients developed DIC, only 2.9% mild
CRS patients did. Therefore, we drew a conclusion that com-
pared to mild CRS patients, DIC were more commonly seen
in severe CRS patients (P < 0.0001).

During the first month of CAR-T therapy, we assessed coag-
ulation by standard methods every day. Thrombelastometry was
also used, but the results were not used to confirm DIC. Once a
patient began to develop coagulopathy, we graded him by
CDSS daily to evaluate his coagulation function and pathoge-
netic condition and adjusted the treatment plan accordingly.
While alleviating the underlying condition and controlling
CRS, we selectively applied anticoagulant treatment, such as
heparin, and replacement treatment, including supplements of
fresh-frozen plasma, cryoprecipitate, fibrinogen and platelet
concentrate, and antifibrinolytic treatment to these DIC patients
under different circumstances. To be specific, patients at hyper-
coagulable stage (early stage), featured with extensive

Table 3  DIC patients’ scores according to CDSS
Items Score Number
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1.Uderlying disease® 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2.Clinical manifestations(meet anyone) 1 1 0 0 0 0 0 1 0 0 0
(1)shock or microcirculatory disorder
independent of original disease
(2)unexplained organ failure
3.Laboratory examinations
(1)Platelet count (x 10%/L)
>50 0
<50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
>50% decrease within 24 h 1
(2)D-Dimer(mg/L)
<5
5-9
>9 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
(3)Prolongation of PT and APTT
Prolongation of PT <3 s and 0 0 0
prolongation of APTT < 10s
Prolongation of PT>3 s or 1 1 1 1 1 1 1 1 1 1 1 1
prolongation of APTT > 10s
Prolongation of PT>6 s 2 2 2
4 Fibrinogen(g/L)
>1.0 0 0 0 0 0 0 0 0 0 0
<1.0 1
Total scores” 8 7 7 8 8 7 9 8 7 7 9 7 7 7 10

#Underlying diseases included infection, solid tumors, autoimmune diseases, trauma/post-surgery/poisoning, obstetric complications, vascular anom-
alies, shock/hypoxic-ischemic, severe liver disease (unreached Child-Pugh C grade), hematologic malignancies, and others

® Diagnosis: 6 points or more

PT prothrombin time, APTT activated partial thromboplastin time
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Table 4 Symptoms in

the 15 DIC patients Symptoms of DIC No. of patients
Ecchymosis 15
Jaundice 7
Hypotension 10
Dyspnea 11
Renal dysfunction 8
Neurological disorders 5
Shock 2

microthrombosis and normal/shortened APTT and PT, were
treated with anticoagulant treatment; patients at consumptive
hypocoagulable stage (middle stage), featured with severe or
multiple bleeding, prolonged APTT and PT, progressively de-
creased platelet count and fibrinogen level and slightly increased
D-Dimer and FDP level, were treated with replacement treat-
ment on the basis of anticoagulant treatment; patients at second-
ary hyperfibrinolysis stage (late stage), featured with hemor-
rhage, prolonged APTT and PT, decreased platelet count and
fibrinogen level and significant increased D-Dimer and FDP
level, were treated with antifibrinolytic treatment when the un-
derlying disease and inducement were removed or controlled. In
addition to the above treatment, 15 DIC patients received toci-
lizamab and 11 received steroids. Interestingly, the laboratory
results and bleeding symptoms would improve after the appli-
cation of tocilizumab and/or steroids. Four patients were rescued
from DIC 4 days after the application of tocilizumab/steroids, 8
patients were rescued 7 days after the application, and 2 patients
were rescued 14 days later. We speculated that the immunosup-
pressant could suppress the generation of inflammatory cyto-
kines, thus protecting vessels from further damage and relieving
the symptoms of coagulopathy.

Based on proper and prompt therapy, 14 patients who
suffered from DIC fortunately got off the tough situations.
Successful treatment experience had been published before
[26]. However, one 28-year-old woman developed inter-
mittent fever since day 4, accompanied by vomiting and
diarrhea. The condition deteriorated on day 14, and she
required admission to the intensive care unit (ICU). She
was judged as grade 4 CRS, mainly manifested as uncon-
trollable DIC and NT. Despite the application of toci-
lizumab, corticosteroid, vasopressor, blood products, and
anticoagulant, the patient developed multiple organ dys-
function syndromes (MODS) and died of alimentary tract
hemorrhage on day 21. In spite of the fatal adverse event,
the follow-up study showed that there was no difference in
patients’ survival rates between DIC patients and non-DIC
patients (P> 0.05) (Fig. 3). However, we speculated a
worse prognosis in DIC patients without reasonable
treatment.

100+ - DIC
-~ non-DIC
80-
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2
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(7]
20-
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6 12 18 24 30

Time since infusion (month)

Fig. 3 Survival analysis of DIC and non-DIC patients. The survival
probabilities were estimated with the application of the Kaplan-Meier
method, and P value was calculated by the log-rank test. Abbr: DIC,
disseminated intravascular coagulation

PECAM-1 and TF are critical parameters in the process
of CRS-related coagulopathy

In view of the fact that most DIC occurred in severe CRS
patients, we further analyzed the relationship between coagu-
lation laboratory indicators and cytokines and found that the
variation trends of them were consistent. Realizing this, we
continuously collected the plasma of the next 15 patients for
1 month and measured the concentrations of TF and PECAM-
1. These two vascular endothelial molecules play important
roles in the process of coagulation.

Among the 15 patients, 9 experienced mild CRS, and the
other 6 experienced severe CRS. We found that severe CRS
patients had higher plasma TF and PECAM-1 concentrations
compared to mild CRS patients (P <0.05) (Fig. 4a, b) Four
patients developed DIC and severe CRS at the same time, the
statistics revealed positive correlations between the 2 mole-
cules and IL-6 (P <0.05), which suggested that vascular en-
dothelium played important role in CRS-related coagulopathy.
(Fig. 4c~f).

Discussion

Our research group conducted a CD19-targeted CAR-T clin-
ical trial for r/r B-ALL patients, 47 of the 53 patients reached
remissions at 1-month time point. There were 35.8% and
15.1% patients developing grade 3—4 CRS and grade 2-3
CRES, respectively. In addition to CRS and CRES, coagulop-
athy also occurred frequently. Interestingly, coagulopathy and
DIC were more often observed in severe CRS patients, so we
defined it as CRS-related coagulopathy. The statistics demon-
strate that coagulation disorders are general side effects during
CAR-T therapy. In order to comprehensively improve the
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Fig. 4 Plasma TF and PECAM-1 levels in patients. a, b The max fold
changes of post-infusion plasma TF and PECAM-1 concentrations com-
pared to the baseline concentrations at day 0. Data represented the mean +
SEM. P values were determined with the use of the Wilcoxon test. e~f IL-
6, PLT, APTT, TF, and PECAM-1 levels in the 4 patients who developed

safety of CAR-T therapy, investigators are supposed to further
study the mechanisms of CRS-related coagulopathy and seek
out rational solutions.

Inflammation and endothelium play extremely important
roles in the development and progression of DIC. During in-
flammation, large amount of released inflammatory factors
would damage the vascular endothelium and destroy the en-
dothelial barrier integrity, resulting in decreased cell surface
PECAM-1 and increased plasma soluble PECAM-1 [36].
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PECAM-1 is a molecular which expresses highly at endothe-
lial cell intercellular junctions and maintains vascular endo-
thelial integrity [37]. On the other hand, endothelium damage
causes overexpression of TF, which activates the extrinsic
route of blood coagulation. In all, excessive inflammatory
reaction and endothelial barrier destruction in DIC would pro-
mote each other and create a vicious cycle, which eventually
result in systemic microvascular thrombosis, massive con-
sumption of coagulation factors, and secondary
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hyperfibrinolysis, manifesting as microcirculation disturbance
and bleeding. Based on the close connection of pathophysio-
logic mechanisms between inflammation and coagulation,
and the awareness that CRS is a kind of inflammation reac-
tion, we make a reasonable assumption that the cytokines
released from inflammatory cells during CRS may lead to
dysfunction of endothelial cells and destroy the integrity of
endothelial barrier, thus eventually causing CRS-related coag-
ulopathy. In line with the hypothesis, our data showed syn-
chronous elevations of plasma TF and PECAM-1 concentra-
tions in severe CRS and DIC patients, which partly confirmed
endothelium damage resulting from massive cytokines. The
results are similar to those in the inflammation-coagulation
model induced by silica nanoparticles in zebrafish embryos
[38]. Likewise, endothelial activation was observed in other
groups and was proved to be critical factors of the subsequent
coagulopathy and CRES [39, 40]. Nonetheless, further re-
search in animal models is expected to provide deeper under-
standing of the specific mechanism of CRS-related
coagulopathy.

There are a variety of harms of coagulopathy, varying from
hemorrhage to microembolization, which may cause changes
of biochemical indices, insufficiencies of liver and kidney,
abnormalities of central nervous system, and even MODS.
Therefore, we speculate that CRS-related coagulation disor-
ders may be one of the main reasons for multiple organ dys-
functions in CAR-T therapy. Under severe coagulopathy cir-
cumstances, such as DIC, patients may easily die without
early diagnosis and proper treatment. From experience of
dealing with CRS-related coagulopathy, we recommend
CDSS [33] as an applicable tool for better diagnosis and man-
agement of DIC. As long as any coagulopathy manifestation
arises, DIC grading should be carried out every day so as to
confirm the start and end time point of DIC and to dynami-
cally monitor the severity of DIC. According to the DIC
scores and actual clinical situations, physicians can correctly
choose appropriate anticoagulant and replacement treatment
for patients. Importantly, we should always keep in mind that
the treatment of primary disease is the cornerstone of the treat-
ment of DIC. In consideration of the pathogenesis of CRS-
related coagulopathy, effective control of CRS would help to
block the progress of DIC. Except for traditional treatment,
novel agents against DIC are expected. TF and PECAM-1
were indispensable factors in the pathogenesis of CRS-
related coagulopathy. Animal studies have demonstrated that
antibodies to TF could reduce the mortality of sepsis-
associated DIC [41, 42] and that endothelial PECAM-1 could
protect PECAM-1-deficient mice from endotoxic shock [43].
Hence, TF and PECAM-1 may possibly be new therapeutic
targets to improve microcirculation and control CRS-related
coagulopathy, thus enhancing the safety of CAR-T therapy.

There are two advantages of closely monitoring coagula-
tion. On the one hand, it may help to make the diagnosis of

severe CRS. The current main grading scales, including
CTCAE v4.0, grading scale proposed by Lee et al., and
Penn grading scale, were all based on clinical features [44].
However, it is undeniable that the levels of cytokines and CRP
were closely related to the severity of CRS. A large study
revealed strong correlation of peak value of parameters such
as CRP and IL-6 with CRS [24], and some researchers used
the combination of clinical manifestations and serum cytokine
and CRP levels as criteria for severe CRS [4]. Notably, the
baseline cytokine levels may be high in some patients, so it
would be better to take fold increases, net increases, or rate of
change in cytokine levels as criteria. Compared to the clinical
features in the current grading scales, which are difficult to
standardize and require detailed review to document, the cy-
tokine and CRP levels may serve as simpler and more objec-
tive and accurate indicators to identify severe CRS. Similarly,
levels of coagulation factors, including D-Dimer and FDP, had
statistically significant differences between mild and severe
CRS; and there were positive correlations between APTT,
D-Dimer, FDP, PT levels, and IL-6 levels (P<0.05).
Moreover, some hospitals do not have access to rapid-
turnaround measurements of cytokines, so coagulation factors
may sometimes act as timely alternatives of cytokines. It is
also found that, in inflammatory condition, cytokines will
promote the formation of immunothrombosis, which may
progress into DIC if the inflammation and coagulation reac-
tion go out of control [45]. So it stands to reason that coagu-
lation factors are closely related to inflammation and can serve
as part of the criteria for severe CRS. On the other hand,
closely monitoring will help us recognize coagulopathy and
start intervention at early phase. Owing to the close relation-
ship of pathophysiology between coagulopathy and CRS, the
occurrence of DIC was always concomitant with severe CRS,
and the clinical manifestations of DIC such as hemorrhage
were always accompanied by CRS symptoms, including fe-
ver, hypotension, or others. In the study, a 28-year-old woman
developed DIC and severe CRS at the same time, and finally
died of alimentary tract hemorrhage on day 21. Other DIC
patients survived under timely and intensive treatment [26],
but they spent more efforts on the treatment of severe compli-
cations and required longer duration of hospital stays.
Although Kaplan-Meier analysis showed no difference in pa-
tients’ survival rates between DIC patients and non-DIC pa-
tients, we speculated worse clinical outcomes in DIC patients
without appropriate treatment. Therefore, recognition of coag-
ulopathy and treatment at early phase would contribute to
improved quality of life of patients and rational use of medical
resources. In all, monitoring coagulation could help diagnose
and manage CRS, thus reducing the occurrence of poor out-
comes of patients.

To conclude, the study verified that anti-CD19 CAR-T
therapy had great therapeutic effect on r/r B-ALL patients.
Furthermore, coagulation disorders are common side effects
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and are closely connected to CRS; proper intervention to
CRS-related coagulopathy in the early stage helps a lot to
guarantee the security and to reduce the mortality in CAR-T
therapy.
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