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Summary: Here we review the pathophysiology and management of cytokine release syndrome (CRS) secondary
to immunotherapy, and potential options for CRS refractory to IL6 inhibition and glucocorticoids, for which there

are no proven treatments. To illustrate, we describe a patient with B-cell acute lymphoblastic leukemia who
developed refractory grade 4 CRS following CD19-directed chimeric antigen receptor T-cell therapy, treated
with tocilizumab, methylprednisolone, siltuximab, and the IFNyinhibitor emapalumab, with complete remission

from leukemia for 12 months.

See related article by Bailey et al., p. 136 (15).

INTRODUCTION

Chimeric antigen receptor (CAR)-modified T cells have
emerged as highly effective therapies in the treatment of
hematologic malignancies. High rates of remission and
durable responses in the treatment of relapsed and refrac-
tory pediatric and young adult B-cell acute lymphoblastic
leukemia (B-ALL), diffuse large B-cell lymphoma (DLBCL),
primary mediastinal B-cell lymphoma, and mantle cell lym-
phoma have resulted in the FDA approval of tisagenlecleucel
(Kymriah; Novartis), axicabtagene ciloleucel (Yescarta; Kite
Pharma), lisocabtagene maraleucel (Breyanzi; Bristol Myers
Squibb), and brexucabtagene autoleucel (Tecartus; Kite
Pharma), and there are innumerable CAR T-cell and immune
effector cell therapies being studied in clinical and preclinical
trials. Tisagenlecleucel resulted in complete remission rates
of >80% in children and young adults with relapsed/refractory
B-ALL and 40% in adults with relapsed/refractory DLBCL (1,
2). Axicabtagene ciloleucel and lisocabtagene maraleucel have
demonstrated similarly impressive responses in DLBCL (3,
4). The successes of these transformative immunotherapies
are leading to widespread use but are accompanied by the
challenge of managing their major acute toxicities: cytokine
release syndrome (CRS) and immune effector cell-associated
neurotoxicity syndrome (ICANS).

CRS is a systemic inflammatory response mediated by
immune cell activation and release of high levels of cytokines.
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Incidence of CRS varies depending on the underlying disease
and immunotherapy used, but is reported following CAR
T-cell therapies in up to 93% of patients and is grade 3 and
above in up to 47% of patients (1, 3). The pathophysiology
of CRS involves T-cell proliferation promoting macrophage
activation and cytokine release in addition to endothelial dys-
function (5, 6). This cascade results in the onset, at a median
of 3 to 7 days after CAR T-cell infusion, of clinical mani-
festations that range from fever and flu-like symptoms to
life-threatening toxicities such as hypotension, vascular leak,
coagulopathy, and multi-organ failure (3, 5, 6). In its severe
form, CRS symptomatology shares features of hemophago-
cytic lymphohistiocytosis (HLH), which appears to be on
the spectrum of CRS. Indeed, in pediatric patients with ALL
treated with tisagenlecleucel (formerly known as CTL019), we
found thatall patients with severe CRS met HLH-2004 criteria
for HLH (5), and the association of CRS with HLH manifesta-
tions was recently reported with a CD22-directed CAR T-cell
product (7). Common laboratory abnormalities in severe CRS
include hyperferritinemia, elevated C-reactive protein (CRP),
transaminitis, and coagulopathy marked by hypofibrinogen-
emia. Abnormal cytokine levels are seen, including elevations
in IL1, IL6, IL8, IL10, IFNYy, TNFa, granulocyte macrophage-
colony stimulating factor (GM-CSF), IP10 (CXCL10), MCP1,
MIG (CXCL9), and MIP1B—a pattern shared with HLH (5, 6,
8). It is notable that both high-grade CRS and HLH manifest
substantial elevations in IFNy (5, 7). In HLH, IFNy is consid-
ered a key driver of inflammation, and interestingly, elevated
IFNy following CAR T-cell infusion and prior to the onset
of CRS has been shown to predict grade 4 or 5 CRS (5,7, 9).
In addition, IFNYy is one of the several serum cytokines that
are differentially elevated in patients with neurologic toxicity
after CAR T-cell therapy (10). However, IFNy blockade has
not been explored in the treatment of CRS, with no blocking
agent available until recently.

Consensus recommendations for the management of high-
grade CRS include the use of supportive care and CRS-
directed therapies, such as cytokine blockade using the IL6
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receptor antagonist tocilizumab and glucocorticoids (11).
For CRS refractory to these therapies, no standardized treat-
ment regimen exists, but blockade of alternative cytokine
pathways (anakinra, IL1 receptor antagonist; siltuximab, IL6
mADb; etanercept, TNFo inhibitor), tyrosine kinase inhibitors
(including dasatinib and ruxolitinib), cyclophosphamide,
and extracorporeal cytokine adsorption devices have been
proposed (11-14). In ICANS, glucocorticoids and supportive
care are recommended, but tocilizumab has not been shown
to be beneficial (11).

Emapalumab is a fully human anti-IFNy mAb that was
FDA approved for the treatment of adult and pediatric pri-
mary HLH in 2018 after demonstrating significant improve-
ments in parameters of HLH including thrombocytopenia,
neutropenia, hypofibrinogenemia, and hyperferritinemia in
patients that had recurrent or refractory HLH following
standard-of-care chemotherapy with dexamethasone and
etoposide (9). In a phase II/III study, 10 of 12 patients with
neurologic manifestations of HLH showed normalization
or improvement in neurologic symptoms of HLH after
being treated with emapalumab (9). As IFNy is thought
to be a critical cytokine in driving HLH (9), and elevated
IFNYy is associated with and predictive of severe CRS (5) and
associated with ICANS (10), it is intriguing to consider as a
target for inhibition in the management of refractory and
life-threatening CRS or ICANS (12). While theoretical con-
cerns exist that IFNy blockade could negatively affect T-cell
cytolytic activity, preclinical data have suggested equivalent
cytotoxicity against hematologic malignancies in vitro and
in vivo with IFNy inhibition or knockout in CAR T cells
when compared with IFNy-producing CAR T cells (15). To
our knowledge, the clinical use of emapalumab has not
been described in the treatment of CAR T-cell-mediated
toxicities. Here, we describe a patient with refractory B-ALL
treated with tisagenlecleucel who developed grade 4 CRS
refractory to tocilizumab and glucocorticoids, and received
siltuximab and emapalumab with subsequent resolution
of fever and hypotension and improvements in hyperfer-
ritinemia, CRP, and coagulopathy. Leukemia remission and
B-cell aplasia were achieved and sustained for 12 months
after tisagenlecleucel infusion, suggesting CD19-directed
CAR T-cell persistence.

CASE REPORT

A 19-year-old male presented with his first isolated med-
ullary relapse of B-ALL 4 years after his initial diagnosis.
After reinduction, bone marrow aspirate and biopsy (BMBA)
showed minimal residual disease (MRD) of 9.7%. He then
received a 28-day cycle of blinatumomab, after which his
MRD increased to 18% with continued CD19 expression.
Due to refractory disease, he was referred to our center for
CD19-directed CAR T-cell therapy. The patient underwent
leukapheresis and subsequently received bridging chemo-
therapy with cyclophosphamide, etoposide, and intrathecal
methotrexate. He returned to our center for lymphodepleting
chemotherapy with cyclophosphamide (500 mg/m? on days
—7 to —6) and fludarabine (30 mg/m? on days —7 to —4). Prior
to tisagenlecleucel infusion, a BMBA demonstrated lympho-
blasts accounting for >90% of the cellularity. Outpatient
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infusion of tisagenlecleucel on day 0 was uncomplicated.
On day +2, the patient was admitted with fever to 38.8°C
and tachycardia but was normotensive with normal respira-
tory exam, classified as grade 1 CRS on the American Society for
Transplantation and Cellular Therapy (ASTCT) grading scale
(11). Blood cultures were obtained, and he was started on
broad-spectrum antibiotics. On day +6, he remained febrile
and developed hypotension (grade 2 CRS). The patient was
given 1 L of normal saline with minimal response. A second
1 L of normal saline was given with improvement in blood
pressure. Additional fluid resuscitation included transfusion
of platelets and packed red blood cells for ongoing cytope-
nias. He began showing signs of ICANS with word-finding
difficulties and confusion. While still febrile up to 40.5°C,
his encephalopathy worsened with agitation. Hypotension
worsened, requiring the initiation of norepinephrine and
epinephrine infusions (grade 4 CRS), and the patient became
hypoxic, requiring supplemental oxygen at 5 L/minute via
nasal cannula. Eight mg/kg of tocilizumab was given, and
the patient’s temperature initially improved to 38°C (Fig. 1A),
but he remained on norepinephrine and epinephrine infu-
sions without the ability to wean. On day +7, methylpredni-
solone 60 mg every 12 hours was started. That same day, the
patient’s temperature climbed back to 39.7°C, and his hypo-
tension worsened, prompting the addition of a vasopressin
infusion and increasing vasopressor infusion rates. He was
then given hydrocortisone 100 mg and intubated for worsen-
ing circulatory failure. A second 8 mg/kg dose of tocilizumab
was given 24 hours after his first dose without a notable
change in fever, but vasopressor requirements decreased.
On day +8, with ongoing fevers to 40.3°C, stalled vasopres-
sor wean, continued increase in CRP to 21.8 mg/dL, and an
increase in ferritin to 113,945 ng/mL (Fig. 1B), the patient
was given 11 mg/kg of siltuximab. An echocardiogram was
performed demonstrating mildly diminished cardiac func-
tion with left ventricular shortening fraction (LVSF) of 26%,
left ventricular ejection fraction (LVEF) of 57%, and a small
pericardial effusion. He developed profound hypofibrinogen-
emia and pancytopenia requiring frequent transfusions with
cryoprecipitate, platelets, and red blood cells (Fig. 1C and
D). A serum cytokine panel sent on day +8 after two doses
of tocilizumab and corticosteroids showed elevated IL6, IL8,
and IL10, while IFNy was not elevated (Fig. 1E). On day 49,
high fevers continued, and vasopressor requirement increased
with worsening renal function and profound coagulopathy.
An echocardiogram was repeated and showed moderately
to severely diminished cardiac function with an LVSF of
24% and LVEF of 49%. The patient’s ferritin climbed above
detectable range at >202,000 ng/mL, with a CRP that had
downtrended to 8.1 mg/dL, consistent with blockade of
IL6 signaling (16). With refractory grade 4 CRS 12 hours after
siltuximab and accompanying features of HLH, a decision was
made to administer emapalumab on day +9 prior to receiv-
ing results of the cytokine panel. In concert, a vecuronium
infusion was initiated to allow for therapeutic cooling with
a cooling blanket, and he received 1 mg/kg of emapalumab.
Following these interventions, his temperature normalized
and vasopressors rapidly weaned. By day +10, vasopressin and
norepinephrine infusions were discontinued, and the patient
remained afebrile. Epinephrine infusion continued to allow
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Figure 1. Clinical and laboratory features surrounding the use of emapalumab for refractory CAR T-cell-induced CRS. A, Temperature in degrees Celsius
(°C). B, Ferritin in ng/mL, and CRP in mg/dL. C, Absolute neutrophil count (ANC) in cells/uL and platelets x1,000 cells/uL. D, Fibrinogen in mg/dL and
international normalized ratio (INR). E, Serum cytokine levels in pg/mL on a logarithmic scale. Expected cytokine-level elevations from previously published
reports (5, 8). Asterisk («) indicates above limit of quantification. Dagger (+) indicates below limit of quantification.

diuresis with continuous furosemide infusion. Vecuronium
and therapeutic cooling were discontinued. Echocardiogram
showed a worsened LVSF of 16% and LVEF (biplane) of
41%, with an elevated brain natriuretic peptide (BNP) of
1,012.7 pg/mL. On day +11, worsening renal function (creati-
nine 5.0 mg/dL), decreased urine output despite initiation of a
continuous furosemide infusion, a weight increase of 9%, and
an elevated phosphorous of 6.6 mg/dL prompted initiation of

continuous venovenous hemodiafiltration (CVVH). On day
+12, milrinone infusion was initiated, and bedside echocar-
diogram noted qualitatively improved function. On day +14,
methylprednisolone was stopped after a 3-day wean, the
patient was extubated, and CVVH was discontinued. Follow-
ing extubation and removal of sedative infusions, his level of
alertness improved, but he had ongoing aphasia. Epinephrine
and milrinone infusions were weaned and then discontinued
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on day +15. On day +17, echocardiogram showed a signifi-
cantly improved and normal LVSF of 36% and LVEF (biplane)
of 64%. On day +18, the patient’s weight returned to baseline,
and his creatinine and fibrinogen normalized. On day +21, he
was transferred from the intensive care unit to the stem cell
transplant unit. His mental status was back to baseline by
that time, but he continued with dysarthria for another week
before it too returned to baseline.

On day +29, a BMBA and cerebrospinal fluid (CSF) analysis
demonstrated MRD-negative remission via flow cytometry
(<0.01% of mononuclear cells) and high-throughput sequenc-
ing (<1 x 107%) techniques, and the patient’s CSF showed no
lymphoblasts. He had an absolute CD19 count of 0 cells per
microliter in the peripheral blood. At months 3 and 6 post-
tisagenlecleucel, BMBA showed MRD-negative remission with
ongoing B-cell aplasia. Clinical remission and B-cell aplasia
were sustained for 12 months after infusion.

DISCUSSION

We describe a patient with a high burden of CD19* B-ALL
treated with tisagenlecleucel who developed life-threatening
CRS with features of HLH, including persistent fever, hyper-
ferritinemia (>202,000 ng/mL), cytopenias, splenomegaly,
and hypofibrinogenemia, that was initially refractory to tocili-
zumab, and was treated with corticosteroids, a second dose of
tocilizumab, siltuximab, and emapalumab with subsequent
clinical improvement. As there were numerous interventions
including IL6 blockade, corticosteroids, and therapeutic cool-
ing surrounding the use of emapalumab, it is not possible
to attribute definitive causality to any particular interven-
tion. However, persistent fever, hypotension, and persistently
elevated CRP suggested IL6 blockade was insufficient after
two doses of tocilizumab. Furthermore, fever and hypoten-
sion persisted, and vasopressor requirements increased after
siltuximab, despite a decreasing CRP suggesting effective
IL6 blockade. While it is unknown if delayed action of these
agents would have led to clinical improvement, the ini-
tial refractory nature led to the consideration of additional
cytokine blockade using an agent that is indicated in HLH
and that blocks IFNy activity, which is known to be hyper-
activated in CRS (5, 6, 8, 12). The timing of emapalumab on
day +9 preceded improvements in markers of HLH that had
been worsening, as was seen with emapalumab use in pri-
mary HLH (9). Fever, ferritin, and CRP measurably improved
within a day of emapalumab, and hypofibrinogenemia, acute
heart failure, and renal failure, which are typically late find-
ings in CRS, resolved within the following week. However, on
day +8 prior to emapalumab, IL6 and IL8 levels were notably
elevated, but IFNywas normal. It is therefore unclear whether
IFNy elevation was associated with CRS severity in this case,
although correlative data from clinical trials of tisagenle-
cleucel would suggest IFNy substantially increases early in
the course of severe CRS (5). CXCL9, induced by IFNy and
thought to be a more sensitive measure of tissue IFNy (17),
was not available. We hypothesize that CXCL9 would have
been a more accurate measure of IFNy pathway activity and
blockade in this case; however, limited cytokine data and lack
of rapid testing options precluded the use of cytokine levels
in clinical decision-making.
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This case illustrates the challenges of identifying and study-
ing effective therapies for refractory CRS. In the setting of
life-threatening CRS refractory to initial cytokine blockade
with the now-standard management of tocilizumab, often
multiple interventions are utilized in quick succession, mak-
ing it difficult to tease out individual contributions. Moreover,
additional cytokine blockade may be more effective at an ear-
lier time point. Real-time cytokine measurements may point
to potential targets and optimal timing; however, the limited
availability of cytokine assays to provide serial measurements
with sufficient rapidity challenges their widespread use in
clinical practice. Correlative studies and preclinical modeling
can assist in identifying potential targets. As elevated IFNy is
associated with and predictive of severe CRS (5) and preclini-
cal studies suggest blockade reduces macrophage activation
and cytokine production (15), IFNy may be a potential target
for the treatment of severe CRS. Several other therapies gar-
nered support through preclinical or anecdotal data. Anak-
inra, an IL1R antagonist, is currently being studied in clinical
trials (NCT04432506, NCT04150913, NCT04148430) for the
prevention or treatment of CAR-associated CRS and ICANS
based on preclinical evidence for the role of IL1 in these
toxicities (6, 8). The tyrosine kinase inhibitor dasatinib has
been shown to reversibly inhibit cytokine production and
CAR T-cell cytotoxicity in preclinical models, suggesting its
potential utility in life-threatening CRS (14). While prospec-
tive clinical trial data are lacking, these therapies warrant
further study.

Ideal management of CRS or ICANS would reduce hyper-
inflammation and end-organ damage without significantly
limiting the cytotoxicity or persistence of CAR T cells. As
emapalumab neutralizes IFNy that CAR T cells and geneti-
cally unmodified lymphocytes secrete, there is potential for
reduction of CAR T-cell cytotoxicity with IFNy blockade.
Indeed, IFNY signaling has been shown to be indispensable
for CAR T-cell killing in solid tumor models (18). However,
there is preclinical evidence that IFNy blockade or genetic
knockout may not impair CAR T-cell cytotoxicity against
hematologic malignancies (15). Our patient’s ongoing remis-
sion and B-cell aplasia 12 months after tisagenlecleucel sug-
gest that use of emapalumab in the setting of refractory grade
4 CRS did not meaningfully interfere with the efficacy or
persistence of CAR T cells; however, it is not known whether
IFNy blockade could interfere with CAR T-cell expansion
or function in other situations, particularly if utilized prior
to peak expansion. Prospective clinical trials of IFNy block-
ade are needed to determine the impact on both toxicity
and efficacy.

Treatment options for life-threatening CRS and ICANS
refractory to first-line treatment with tocilizumab and corti-
costeroids are needed, as there is no well-studied or standard
approach. Suggested alternatives and agents used in the treat-
ment of primary HLH (cyclophosphamide, tyrosine kinase
inhibitors, T-cell lytic agents, etoposide) are likely to be
toxic to T cells and carry additional toxicity risks. Therefore,
targeted cytokine blockade directed at the pathophysiol-
ogy of HLH and the triggering process is preferable. As the
use of T-cell-engaging therapies expands, further study of
IFNy blockade in human subjects with CRS after CAR T-cell
and immune effector cell therapy is warranted.
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