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Abstract

The advent of chimeric antigen receptor T (CAR-T) and the burgeoning field of cellular therapy
has revolutionized the treatment of relapsed/refractory leukemia and lymphoma. This personalized
“living therapy” is highly effective against a number of malignancies, but this efficacy is tempered
by side effects relatively unique to immunotherapies, including CAR-T. The overwhelming release
of cytokines and chemokines by activated CAR-T and other secondarily activated immune effector
cells can lead to cytokine release syndrome (CRS), which can have clinical and pathophysiology
similarities to systemic inflammatory response syndrome and macrophage activating syndrome/
hemophagocytic lymphohistiocytosis. Tocilizumab, an anti-1L6 receptor antibody, was recently
FDA approved for treatment of CRS after CAR-T based on its ability to mitigate CRS in many
patients. Unfortunately, some patients are refractory and additional therapies are needed. Patients
treated with CAR-T can also develop neurotoxicity and, as the biology is poorly understood,
current therapeutic interventions are limited to supportive care. Nevertheless, a number of recent
studies have shed new light on the pathophysiology of CAR-T-related neurotoxicity, which will
hopefully lead to effective treatments. In this review we discuss some of the mechanistic
contributions intrinsic to the CAR-T construct, the tumor being treated, and the individual patient
that impact the development and severity of CRS and neurotoxicity. As CAR-T and cellular
therapy have redefined the concept of personalized medicine, so too will personalization be
necessary in managing the unique side effects of these therapies.
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1.1 INTRODUCTION

The introduction of chimeric antigen receptor T (CAR-T) to the clinic has changed the
therapeutic landscape for refractory and relapsed B-cell hematologic malignancies,
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including acute lymphoblastic leukemia (ALL).12 CAR-T represent a pinnacle of
personalized medicine. A patient's T-cells are collected, modified ex vivo to recognize a
specific antigen and re-infused into the patient. Reinfused CAR-T are able to identify and
destroy antigen expressing cells, even in sanctuary sites such as the central nervous system
(CNS). The flagship trials of Tisagenlecleucel (Kymriah, Novartis) and Axicabtagene
ciloleucel (Yescarta, Gilead), the two FDA approved CD19 directed CAR-T showed overall
initial response rates in the multiply relapsed/refractory setting of 81% and 82%,
respectively.1:3 Clinical use of these new cell-based therapies has been robust though it has
been tempered by the related side effect profile.

The most common side effects due to CAR-T infusion are directly related to their
mechanism of action.#7 In recognizing target antigen, the chimeric antigen receptor binds
and activates the T-cell with the help of in-line co-activating molecules (CD28, 4-1BB). In
the normal course of T-cell activation cytokines and chemokines are released to (a) activate
additional components of the immune system, (b) induce propagation of additional T-cells,
and (c) kill target cells. This response is predicated on having an exceedingly rare number of
T-cells that recognize any one particular epitope. CAR-T are manufactured to all recognize
the same epitope and thus activate the system with an overwhelming signal. The abundant
production of cytokines and chemokines leads to cytokine release syndrome (CRS), an
almost sepsis-like picture in its pathophysiology that must be carefully managed to optimize
patient recovery and CAR-T efficacy. The abundance of circulating cytokines and
chemokines cause significant activation of monocytes and macrophages which are able to
cross the blood-brain barrier. Together with the overall inflammatory milieu and highly
activated T-cells, the CNS can enter into a CAR-T-induced encephalopathic state, the
duration and severity of which is hard to predict. Thus, a significant amount of current
research aims at optimizing supportive care of patients receiving CAR-T therapy and
producing CAR-T that produce less toxicity.

EFFICACY OF CAR-T IN HEMATOLOGIC MALIGNANCIES

The ability to generate CAR-T relies on repurposing a T-cell population to recognize and
target a single tumor antigen. In order to achieve this, T-cells are modified ex vivo by
substituting the external, antigen recognition portion of a T-cell receptor (TCR) with a
single-chain variable fragment from the antigen recognition portion of an antibody. This
receptor is linked to a CD3-zeta internal signal transduction domain of the native TCR. In
this way, the antibody receptor recognizes a target antigen and then signals through a TCR
pathway to activate T-cell mediated tumor destruction (Figure 1). Initial studies of CAR-T
occurred in the 1980s with the production of CAR-T against novel antigens such 2,4,6
Trinitrophenyl.8 In vitro assays measured T-cell activation by measuring L2 secretion and
cytolytic activity. While these first-generation CAR-Ts were active and able to target
appropriate antigen, they were unable to mount a robust and persistent response necessary
for sustained tumor destruction.®

Second-generation CAR-T aimed to rectify this problem by the addition of a co-stimulatory
molecule, such as CD28 or 4-1BB to the original CAR-T structure. These second-generation
CAR-T therapies have been used in the seminal CAR-T trials in CD19 and/or CD22
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expressing malignancies.1310 More recently, investigators have been researching methods to
leverage current CAR-T and increase persistence and/or cytolytic effect by incorporating
various combinations of co-stimulatory molecules including: 4-1BB, CD27, CD134, and
ICOS.1112 The inclusion of suicide genes such as icasp9, surface marker depletions of
EGFR and other analogous mechanisms to destroy CAR-T at a clinically indicated time are
also being investigated.13-15

Chimeric antigen receptor T directed at CD19 was initially tested in chronic lymphocytic
leukemia (CLL) with moderate effect.1® The most mature dataset of these trials was recently
published and included 14 patients with multiply relapsed, progressive CLL treated with
CD19 directed CAR-T.17 Prior to CAR-T, the only curative approach available to these
patients was hematopoietic stem cell transplantation however many patients with CLL are
ineligible for HSCT due to co-morbid conditions. On this trial, 27% of patients had a
complete response with no detectable MRD at a median time from infusion of 40 months.
An additional 27% of patients had a partial response. Studies with other CD19 directed
CAR-T have had similar success in CLL.18

In pediatric and adolescent pre-B-cell acute lymphocytic leukemia (ALL) a CD-19 directed
CAR-T with 4-IBB showed remarkable effect in relapsed/refractory setting.! This product,
developed at the University of Pennsylvania (UPENN), tisagenlecleucel (Kymriah,
previously CTL019), became the first FDA approved CAR-T therapy. Over 200 children
have been treated to date with CTL019 at Children's Hospital of Philadelphia (CHOP). Our
initial pilot study of 25 pediatric and 5 adult patients showed a 90% initial complete
remission (CR) rate including 2 patients that were previously refractory to the CD19-
directed bi-specific T-cell engaging (BiTE) antibody, blinatumumab.1® Further follow-up
showed a 6-month event-free survival of 67% and an overall survival of 78%. Patients with
early B-cell recovery tended to do worse than patients with continued B-cell aplasia.

Cytokine release syndrome developed in all 30 patients in this study with 22/30 having mild
to moderate CRS and 8/30 (27%) of patients having severe CRS. Patients that developed
severe CRS had a median time to onset of 1 day after CAR-T infusion, while those that
developed mild to moderate CRS had a median time to onset of 4 days after CAR-T
infusion. In this initial patient cohort, 13/30 patients had transient neurotoxicity that self-
resolved in all patients. These data led to the international phase Il multi-center registrational
ELIANA trial. Of 75 pediatric patients treated in this cohort, 83% had a complete remission
at 3 months postinfusion. At 12 months CTL019 produced a 50% event-free survival rate
and a 73% overall survival rate at 12 months post-CAR-T infusion. The most recent update
to the data indicates a 70% overall survival rate in pediatric patients at 18 months post-
transfusion. Relapsed patients either had CD19 negative ALL or early loss of CAR-T
persistence.

Similar excellent initial data were seen using 19-28z CAR-T, a CD-19 directed CD28 CAR-
T in adult relapsed/refractory ALL.20:21 For patients with CD19-negative ALL, either pre- or
post initial infusion with CD-19 directed CAR-T, a CD-22 directed 4-1BB CAR-T showed
excellent efficacy in relapsed/refractory ALL with a 57% initial rate of complete remission
with an intention to treat analysis. In the patients that received the higher dose of CD-22
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directed CAR-T (>1 x 108 CD22 CAR-T cells/kg), there was a 73% initial rate of complete
remission.10:20 Updated data from an expanded 43 patients in this trial showed that CD22
directed therapy prior to CD22 CAR-T negatively impacted efficacy of the CAR-T.22

Abxicabtagene ciloleucel, marketed as Yescarta (Gilead), is an FDA approved CD-19
directed CAR-T with a CD28 costimulatory domain that showed similarly excellent results
in relapsed/refractory adult Non-Hodgkin's Lymphomas (NHL).3 In the most recent update
of the Zuma-1 trial, there was an overall survival of 51% with a CR of 39% in patients with
large B-cell lymphomas at a median of 2 years follow-up from infusion.23 Similar excellent
results were recently published with tisagenlecleucel in adult relapsed or refractory diffuse
large B-cell lymphoma.2

In CLL, trials have shown that effectiveness of the CD19 directed CAR-T is dependent on
the intrinsic T-cell function itself.25 Similar observations on intrinsic T-cell factors affecting
CAR-T efficacy have been recently made in the pediatric population as well.26 Patients with
robust T-cell proliferation and activation had improved CAR-T responses compared to
patients without good responses. Given the average age of the population with CLL the
intrinsic T-cell response is variable and thus effects outcome (Table 1). Investigations using
immune modulating agents such as PD1/PDL-1 inhibitors and ibrutinib are underway to try
and improve CAR-T function and efficacy in leukemia and other indications.27-29

Recent efforts have been aimed at developing CAR-T directed toward other antigens and in
other indications. The most developed program is a B-cell maturation antigen (BCMA)
directed CAR-T in clinical trials for relapsed/refractory multiple myeloma.39-32 Additional
B-cell targeted single antigen therapy CAR-T directed at TSLPR and CD38 are under
development, though these are in earlier stages of development as compared with BCMA
directed CAR-T.33:34 Allogeneic CD7 directed CAR-T that have been modified by CRISPR/
Cas9 to not express CD7 are in development for T-cell malignancies.3® In addition, CAR-T
directed at CD2, CD5, and CD38 are under development for T-cell cancers, including T-
ALL.3436.37 cD123 and CD33 directed CAR-T approaches are being explored in acute
myelogenous leukemia (AML).38-40 These antigens however are expressed on hematopoietic
stem cells and thus likely necessitates hematopoietic stem cell transplant after CAR-T
administration.

Other novel approaches to attempt to bypass the marrow aplasia caused by certain CAR-T
therapies are active areas of investigation. The ability to include a suicide gene within the
intrinsic CAR-T construct so that the CAR-T may be destroyed to allow normal
hematopoiesis to repopulate the marrow is one such approach.1315 Another recently
published method relies on CRISPR/Cas9 editing of hematopoietic stem cells to inactivate
CD33 expression.#! The authors show that hematopoietic stem cells can proliferate and
function normally without CD33. These hematopoietic stem cells can therefore be infused
into the patient and be impervious to CD33 directed CAR-T.

Other laboratories are investigating CAR-T in a variety of solid tumors. For instance, a GD2
directed CAR-T is in development for neuroblastoma and brain tumors.#24> CAR-T
recognizing multiple antigens (eg CD19 and CD22, CD19 and CD123) or infusion of both
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CD19 and CD22 directed CAR-T at the same time are under investigation to limit
recurrence of resistant (ie antigen negative) tumor cells.6-48 Each iteration of CAR-T and
each tumor type presents specific challenges that research must overcome including anti-
inflammatory tumor milieu, antigen expression on healthy cells and side effects of CAR-T
administration and activation. The ideal antigens are those that are solely expressed on
tumor cells and not on healthy cells to limit unintended side effects of CAR-T infusion.
Additional efforts are currently underway to produce allogeneic models of current approved
CAR-T structures so that they are available “off-the-shelf” to more patients with less
reliance on difficult manufacturing processes.*? Early data using this approach with CD-19
directed allogeneic CAR-T (UCART19) were promising.50

CYTOKINE RELEASE SYNDROME

Cytokine Release Syndrome is the most common side effect of CAR-T therapy.* At a
mechanistic level it evolves from production of high levels of pro-inflammatory cytokines
including: IFNy, IL6, IL1, & IL2RA.51 The high levels of systemic cytokines can activate
the prostaglandin system, inducing flu-like symptoms including fevers, myalgias, and
fatigue. Hypercytokinemia leads to vasodilation with subsequent hypotension, tachycardia,
and capillary leak with edema, culminating in organ damage including hepatic, renal, and
cardiopulmonary toxicity. Patients can develop severe shock that is fluid-refractory and
requires high dose vasoactive support to maintain tissue perfusion.>2 The biology of severe
CRS mirrors hemophagocytic lymphohistiocytosis (HLH)/macrophage activation syndrome
(MAS) and patients can develop similar clinical and laboratory manifestations including
cytopenias, hepatosplenomegaly, coagulopathy with marked hypofibrinogenemia, and
hyperferritinemia.>3

Cytokine Release Syndrome is not unique to CAR-T, though its manifestations are generally
more severe after CAR-T infusion. CRS has previously been seen in other cellular and
immunotherapies including haploidentical hematopoietic stem cell transplant, checkpoint
inhibitors (PD-1/PD-L1), BiTEs and other therapies that activate the immune response.>4-57
The severity of CRS after CAR-T however has necessitated novel and unique approaches to
treatment. Even within the realm of CAR-T, CRS manifests with different time courses and
severity based on the CAR-T construct, tumor type and patient co-morbidities.

Cytokine Release Syndrome is a known side effect of all current CD-19 directed CAR-T
therapies and has occurred in patients with B-ALL, DLCBL and CLL.117:23 The onset of
CRS is directly related to the properties of the co-stimulatory molecules incorporated in the
CAR-T construct. For instance, tisagenlecleucel, which has a 4-1BB co-stimulatory molecule
generally expands and activates at a slower rate but has longer persistence compared to
CD28 based CAR-T. In patients treated with tisagenlecleucel for B-ALL median onset from
time of infusion to beginning of CRS was a median of 3 days (range: 1-22 days) and to
resolution was a median of 8 days (range: 1-36 days). In comparison to 4-IBB, the
inclusion of a CD28 costimulatory domain promotes rapid and immediate CAR-T
proliferation with a shortened persistence. In patients with NHL treated with abxicabtagene
ciloleucel the median onset from time of infusion to beginning of CRS was a median of 2
days (range: 1-12 days) and to resolution was a median of 7 days (range: 2-58 days).23 The

Immunol Rev. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oved et al.

Page 6

onset of CRS is also dependent on receptor-antigen interaction and the downstream signal
transduction from the chimeric TCR. In CD22 directed CAR-T 16/21 patients experienced
CRS though it occurred after day +5 in all patients. All patients in this trial had their CRS
managed with supportive care only and did not require additional interventions.10

Due to the frequency and variable severity of clinical CRS after CAR-T infusion,
investigators have attempted to develop clinical grading criteria to unify treatment decision-
making. The different patient populations (ie adult vs pediatric), CAR-T constructs and
tumor types have made CRS difficult to predict and to classify. Due to the many input
variables involved with CRS, a number of groups have attempted to develop consensus
guidelines to grade CRS however none have yet been universally adopted (Table 2).5:58:59
These grading-schema enable a certain degree of uniformity within institutions and cohorts.

Cytokine release syndrome induces a potent, dysregulated inflammatory milieu within a
patient akin to the inflammation during HLH/MAS. Thus, the laboratory findings in a
patient with CRS mimic those that one would expect in a patient with primary (inherited)
HLH/MAS.53 In particular, marked hyperferritinemia greater than 10 000 mg/dL is often
found in association with severe CRS. Likewise, the beginning of clinical resolution of CRS
generally heralds a drop in the ferritin concentration. CRP generally tracks the ferritin and is
an additional inflammatory marker that is non-specific, yet very elevated during severe CRS.
Though there are higher peaks in ferritin levels in severe CRS, mild to moderate CRS may
also be associated with disproportionately high ferritin levels. The positive predictive value
of differentially elevated CRP or ferritin levels to predict CRS severity in the immediate
post-CAR-T setting is less than 50%.53

Liver and renal dysfunction, likely secondary to decreased organ perfusion during
hypotension, is common in severe CRS and can result in significant transaminitis.
Hypofibrinogenemia defined as fibrinogen, less than 150 mg/dL is also associated with the
pathophysiology of severe CRS. Of note the coagulopathy seen with CRS often has
hypofibrinogenemia out of proportion to prolonged coagulation times. Similar to HLH/
MAS, this profound hypofibrinogenemia may be due to IL1b and TNFa inducing
macrophages to secrete plasminogen which in turn causes fibrinogen degradation.? Other
general markers of inflammation such as elevated lactate dehydrogenase, elevated
sedimentation rate serve as a surrogate for the state of inflammation but like CRP, ferritin
and fibrinogen are not in and of themselves good markers of CRS severity.

Just as the clinical features of CRS may resemble or mimic HLH/MAS, the underlying
biology of CRS shares similar mechanistic components to HLH/MAS (Figure 2). Notably, a
slew of macrophage/ monocyte associated cytokines including IL1RA, 1L10, IL6, IP10,
MIG, IFNa, MIP1a, MIP1b, sIL6R were found to be differentially elevated in patients with
severe CRS.51 MCP1 and MIP1b, which are both elevated with severe CRS also act as
chemotactic factors for macrophages and serve as navigation for these cell types as well as
to further amplify the signal transduction pathways. T-cell factors also play an important role
in CRS mediated pathology as evidenced by elevation of sIL2Ra, IFNy, sIL6r, and GM-CSF
in patients with severe CRS as compared to other CAR-T patients. Elevated IL6 in CRS was
previously thought to be secreted from T-cells but has recently been shown to be monocyte
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derived.52-64 Mediators of tissue and vascular damage are also differentially elevated in
patients with severe CRS.

Like CAR-T therapy itself, the management of CRS requires a personalized approach. At
Children's Hospital of Philadelphia, we infuse CAR-T in an outpatient setting with frequent
outpatient clinic visits in first few weeks postinfusion. Fever, oftentimes the heralding sign
of impending CRS requires an immediate emergency room or clinic visit at which time
broad-spectrum antibiotics are initiated with admission to the inpatient unit. At the minimum
a patient must remain afebrile for 24 hours before being eligible to be discharged home.
Many times, mild to moderate CRS symptoms spontaneously resolve with supportive care.
In severe cases they require more aggressive intervention. During admission, fevers and
inflammatory markers including CRP and ferritin are closely monitored. Fevers and
tachycardia are managed with antipyretics as needed. If hypotension develops, fluid
resuscitation is used judiciously and in general does not exceed 40-60 cc/kg as there is
significant fluid extravasation secondary to the capillary leak syndrome, leading to anasarca,
ascites, and pulmonary edema. Refractory hypotension necessitates admission to critical
care, vasoactives, and cytokine blockade with tocilizumab. If vasoactives are necessary,
tocilizumab is administered generally as the infusion is titrated up from baseline. Our dosing
strategy for tocilizumab is 12 mg/kg for patients with a weight less than 30 kg or 8 mg/kg
for weight greater than 30 kg with a maximum dose of 800 mg. This is in accordance with
the FDA guidelines.®5:66 This dose may be administered repeatedly every 8 hours over the
first 24 hours and for a maximum of four doses total if there is continued decline in clinical
status. In general, we do not start steroids unless there is worsening of CRS 24 hours after
tocilizumab was infused. Our starting methylprednisolone dose is 1 mg/kg every 12 hours
(though clinicians may decide to administer an initial 2 mg/kg bolus). Steroids are
maintained at this dose until CRS abates to grade 1 at which point they are tapered over the
course of 3 days. If there is minimal or no response to this dose of steroids, clinicians
consider higher dose steroids, siltuximab and other investigational interventions discussed
below.

Given the individualized risk assessment that must account for CAR-T structure, tumor type
and patient comorbidities among other considerations, our outpatient approach at CHOP
may not be suitable at other centers or with other CAR-T constructs. Indeed, some centers
report providing CAR-T infusion only on an inpatient basis. They further recommend
continued hospitalization with cardiac monitoring by telemetry from the time of CAR-T
administration and for a minimum of 7 days post-CAR-T infusion.67:68 While we have
found this approach to be unwarranted in the pediatric population with B-ALL using a 4-
IBB based CD19 directed CAR-T, these may be prudent guidelines for certain adult
population with additional co-morbidities and with different CAR-T products.

Tocilizumab is a monoclonal anti-IL6 receptor antibody that received FDA approval for CRS
concomitantly with the first FDA approval for CAR-T therapy.5® Tocilizumab was first used
at CHOP on the initial pediatric patient that received CTL019 therapy. She became critically
ill, but had marked improvement and prompt resolution of CRS with tocilizumab.®® Existing
data suggest tocilizumab can ameliorate CRS without effecting CAR-T anti-tumor effect.
Nevertheless, most published data detailing the use of tocilizumab detail their use after the
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development of severe CRS.6 It is unknown if tocilizumab will impact CAR-T efficacy if
used earlier or as a preventative. At CHOP, we have an on-going trial whereby tocilizumab is
administered to patients predicted to be at higher risk of developing CRS based on pre-CAR-
T infusion disease burden, as soon as a second fever is documented (). This early
administration of tocilizumab is being evaluated for dampening progression of CRS but also
to ensure that there is no detriment in CAR-T directed anti-leukemia activity.

While tocilizumab is the only current FDA approved therapy for CRS, other interventions
and therapeutics have been used if CRS is refractory to tocilizumab administrations.
Corticosteroids are generally a second line therapeutic used to treat CRS and are often
effective.b Unlike tocilizumab, corticosteroids have the ability to directly inhibit CAR-T
anti-leukemic effect and thus should be used only when necessary. Other groups have a
lower threshold to initiate corticosteroids, including high dose steroids. We recommend a
more tempered approach. Siltuximab, a monoclonal anti-1L6 antibody has also been used at
our center and others with limited effect in refractory CRS. The data on siltuximab efficacy
is sparse and there is no head to head comparison comparing tocilizumab to siltuximab to
evaluate which anti-IL6 intervention is best for CRS. As tocilizumab is the only FDA-
approved cytokine blocking drug for CRS, siltuximab should be reserved for tocilizumab-
refractory cases.

Given that most CRS directed therapy is supportive with only IL6 directed intervention and
corticosteroids currently available for more severe cases, new interventions and therapies
must be discovered in order to allow the use of CAR-T therapy reach its full potential.
Inhibitors of the Jak/Stat signaling pathway which mediate downstream signal transduction
of a number of cytokines including IL6 and INFy may be effective for CRS. Ruxolitinib
(Jakafi, Incyte) is a JAK1 and JAK?2 inhibitor that has been FDA approved for polycythemia
vera and myelofibrosis and has an SNDA under consideration for use in graft vs host disease.
Ruxolitinib has shown promising results in ameliorating CRS and CAR-T associated
neurotoxicity while preserving CAR-T function in a murine model that received CAR-T for
AML.7% Ruxolitinib has also been effective in a number of case reports of patients with
refractory HLH.”1.72 As ruxolitinib can inhibit T-cell proliferation, it is plausible it might
impact the efficacy of CAR-T.

Dasatinib, an FDA approved tyrosine kinase inhibitor used for treatment of t(9;22) chronic
myelogenous leukemia and Philadelphia chromosome positive acute lymphoblastic leukemia
has been shown to modulate CAR-T cytokine secretion in vitro.’”® Dasatinib can also inhibit
T-cell proliferation and thus may impact efficacy of CAR-T. Catecholamine blockade is also
being investigated to reduce CRS toxicities.”* Recent data on the use of lenzilumab, a
monoclonal anti-granulocyte-macrophage colony-stimulating factor (GM-CSF) has shown
that in a murine model it is efficacious in preventing the progression of CRS.”> Importantly,
investigators involved in that study showed no detrimental effect on the anti-leukemic effect
of the CAR-T in mice. An additional positive finding for this therapy was that unlike
tocilizumab and other IL6 directed interventions, there was appreciable effect on moderating
CAR-T-induced encephalopathy (discussed below).
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Similarly, studies have recently shown that IL-1 directed therapy with anakinra, a
monoclonal anti-IL1 antibody, can also ameliorate progression of CRS in mouse models.
63.64 As 111 secretion begets the production of IL6, this therapy is able to moderate two pro-
inflammatory cytokines at the same time. In fact, this mechanism has recently been
exploited in multicentric Castleman'’s disease with reports of disease control using IL1
blockade.”® Anakinra is also able to mediate an effect on CAR-T-induced neurotoxicity by
lowering systemic IL1 concentrations that are able to cross the blood-brain barrier. Further
studies will be necessary of both these novel drugs to show if they are indeed efficacious,
safe and do not inhibit antileukemic effects of CAR-T therapy in humans.

Other studies evaluating means to ameliorate CRS have focused on modifying the CAR-T
construct itself. CAR-T structures with modifiable activation strategies have been studied in
which the clinician can modulate the activity of these cells by the careful addition of
exogenous agents. Finally, CAR-T with the addition of suicide genes are also being
developed.1315 These CAR-T structures have the benefit of being able to be destroyed, if
needed, by the addition of a specific exogenous agent. The downside however is that the
patient loses the continuous surveillance provided by this “living drug” that can persist for
years after remission has been achieved.

The fact that CRS is driven by multiple cytokines and the down-stream consequences of
hypercytokinemia are complex it behooves us to develop additional therapies to treat and
mitigate the effects of this cytokine storm. No one antibody or drug however will likely be
able to treat all patients with CRS. Rather, we will require an armamentarium of therapeutic
options to treat CRS, particularly as CAR-T therapies expand in additional hematologic
malignancies and eventually solid tumor indications. Each cohort of patients and indeed
each individual patient may require a personalized approach based on age, comorbidities,
tumor burden at time of CAR-T infusion and predictive biomarkers. A combination of
cytokine targeted therapies may be necessary for severe cases of CRS. Only in this way will
we be able to utilize CAR-T therapy in an expanded cohort of patients and for additional
higher risk indications. In addition, correlative biologic studies are needed as different
products targeting different antigens are used in different diseases and the biology of CRS
may be different, which would require specific treatment protocols for each unique antigen
directed CAR-T.

The timing of optimal tocilizumab (or other CRS directed therapy) administration may also
be dependent on identifying clinically useful biomarkers that are capable of predicting onset
and severity of CRS. Certain parameters indicate higher risk though they are not necessarily
biomarkers for CRS. For instance, the pre-CAR-T infusion disease state has been shown to
correlate with T-cell activation and CRS in multiple studies. If a patient has a high disease
burden or bulky disease, they are more likely to develop severe CRS.”’ Disease burden,
immediately prior to infusion, has a strong negative predictive value for severe CRS, albeit a
relatively poor positive predictive value.>3 The addition of fludarabine to lymphodepleting
chemotherapy prior to CAR-T infusion has also been associated with increased risk of
progression to CRS,’” likely from destruction of Tregs allowing enhanced early enhanced
CAR-T proliferation.
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Previous data used cytokine signatures sent after CAR-T infusion and before onset of CRS
to show that increased levels of IFNy and sgp130 were strong predictors of progression to
severe CRS.%3 Furthermore, IFN+y 1L6 and sIL2Ra were shown to be differentially elevated
in patients with severe CRS compared to those that did not develop severe CRS.53 Cytokine
analysis 72 hours post-CAR-T infusion (and prior to development of severe CRS) showed
that elevated serum concentrations of IFN, IL13, and MIP1a had greater than 95% positive
predictive value (PPV) and negative predictive value (NPV) for predicting severe CRS using
logistic regression modeling. Analysis of IL-10 with pre-infusion disease burden had a
greater than 90% PPV and NPV for severe CRS. Other groups have done similar cytokine
predictive studies for CRS and neurologic complications.1.77 All of these models need
additional validation with larger patient cohorts, a variety of CAR-T products, and different
tumor types. Development and refinement of these biomarkers are ongoing to make them
applicable to clinical situations. It is yet to be seen if these specific signatures will be
generalizable with all patients receiving CAR-T, or if each unique CAR-T, patient cohort,
and tumor type will require a specific cytokine signature to predict severe CRS.

CELL -RELATED ENCEPHALOPATHY SYNDROME/IMMUNE EFFECTOR

CELL-ASSOCIATED NEUROTOXICITY SYNDROME

Chimeric antigen receptor T (CAR-T)-induced neurotoxicity recently termed CAR-T-related
encephalopathy syndrome (CRES) or immune effector cell-associated neurotoxicity
syndrome (ICANS), is the second major adverse event that has been reported with CD19
directed CAR-T therapy in multiple patient cohorts and different tumor types.>® Similar to
CRS, there are multiple proposed grading scales to evaluate CRES®9.67.78-80 (Taple 3).
Neurologic toxicity has also previously been seen in other immunotherapeutic modulators
such as Blinatumomab and is also seen after CD22 directed CAR-T as well as preclinical
models of GD2-directed CART.#3:81.82 The neurological deficits seen in the days and weeks
after CAR-T infusion are varied, however encephalopathy is the most common severe side
effect. Similar to CRS, CRES can be mild to severe. Additional common neurological
manifestations include seizure activity and focal deficits, including aphasia, vision changes,
tremors, and facial droop. It is however difficult to ascertain the extent of CRES based on
early clinical data as many of the early CAR-T trials did not include detailed neurological
exams. Current trials have taken a more comprehensive approach in assessing neurologic
deficits.10

Blinatumomab, a CD19/CD3-bispecific T-cell receptor-engaging (BiTE) antibody has shown
a similar side effect profile to that of CAR-T.83 Fever, tachycardia, and hypotension are all
reported side effects of blinatumomab infusion. Progression to fulminant CRS and an HLH-
like clinical picture have also been reported.>* In the trial of blinatumomab for relapsed ALL
in adults, 52% of patients had neurologic deficits during and after the infusion.83:84 Of these
neurological findings, 76% were grade 1 and 2 and managed efficaciously with
dexamethasone. 20% of patients that had neurologic events were grade 3 and 4% were grade
4. Neurologic deficits were transient, and resolved in these patients. Interestingly,
investigators found that patients who had handwriting impairment immediately after
infusion were at high risk for developing severe CRES. Since the mechanisms underlying

Immunol Rev. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Oved et al.

Page 11

CAR-T and BITE therapies are similar, the associated toxicities and possible therapeutic
interventions are also likely similar and can help inform one another.

Like CRS, CRES onset and progression is variable and depends on CAR-T construct, patient
variables, and tumor type. The Fred Hutchinson Cancer Center used a 4-1BB CD19 directed
CAR-T construct in adult patients with ALL, CLL, and NHL, approximately 40% of 133
evaluated patients had grade 1 or higher CRES.85 The median time to onset was 4 days after
CAR-T infusion with a median time to peak severity of 1 day from time of onset. Seven
patients in this cohort developed grade 4 neurotoxicity with 4 patient deaths related to
neurological pathology. In this study 93% of patients with CRES also had CRS. In fact,
severe and/or early onset CRS, elevated inflammatory markers (ferritin and CRP),
coagulopathy, capillary leak, and early peak CD4 and CD8 expansion were all associated
with development of CRES. In evaluating the cytokine levels of patients that had CRES,
researchers in this study noted that at baseline there was a cytokine gradient between serum
and CSF, particularly with inflammatory cytokines such as IFNy, TNFa, and soluble
receptors. In patients with acute neurotoxicity however, there were similarly elevated levels
of IFNy, TNFa, IL6, and TNFR p55 in both the serum and CSF. This underlies the role
dysfunction of the BBB can have in the post-CAR-T time period.8°

Memorial Sloan Kettering Cancer Center (MSKCC) investigated the use of 19-28z CAR-T
in 53 adult patients with ALL. Sixty-two percent of patients had grade 1 or higher CRES and
41.5% of patients had severe (grade 3 or higher) CRES.5 In this cohort, median time to
onset was 5 days (range: 2-11 days) after CAR-T infusion and a median time to severe CRS
of 9 days (range: 2-11 days) after CAR-T infusion. Importantly, there were no reported
deaths secondary to neurologic toxicities in this cohort. Interestingly, seizures and tremors
were more common manifestations of CRES in this population and expressive aphasia was
noted to herald the onset of severe CRES in 21/22 patients that had severe pathology. The
data from this cohort were similar with respect to the first cohort in markers of inflammation
and severe or early CRS were associated with severe CRES. Additionally, the investigators
reported that age of patient, high pre-CAR-T disease burden and the presence of
extramedullary disease were associated with progression to CRES. Furthermore, biological
correlates that were undertaken in this trial showed that there was a differential elevation of
protein and NMDA receptor agonists (quinolinic acid, glutamine) in the cerebrospinal fluid
(CSF) of patients that had severe CRES compared to those that had mild disease.
Investigators were able to construct a predictive model using three serum cytokine
concentrations on day 3 post-CAR-T infusion. Patients with low IL15 or high EGF were
considered low risk for developing severe neurotoxicity. Patients with high I1L15, low EGF,
and low 1L10 were intermediate risk and patients with high 1L15, high IL10, and low EGF
were high risk for severe neurotoxicity.51

At CHOP, we reported the clinical manifestations of CRES in 51 pediatric ALL patients
treated with tisagenlecleucel.” Forty-five percent of patients experienced neurotoxicity with
a median onset of 6 days from CAR-T infusion to neurologic symptoms. This lagged the
onset of CRS by approximately 3 days. All patients were treated with supportive care alone
for their neurotoxicity. No patients in this cohort died of neurotoxic side effects. In
evaluating serum cytokines, there were differential elevated concentrations of IL-12 and
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soluble tumor necrosis factor receptor-1 at 3 days post-CAR-T infusion in patients that
developed neurologic complications compared to those that developed isolated CRS.

A 22 pediatric patient cohort that received 4-IBB CD22-directed CAR-T 8/22 patients was
noted to have CAR-T-related neurotoxicity. Neurological findings were assessed
prospectively by a battery of exams.10 Importantly, this was the first study to perform and
report comprehensive prospectively collected neurologic data. Of note, 82% of these patients
previously received CD19 directed CAR-T, 4 of which had neurotoxicity. Interestingly, there
was significant discordance in caregiver evaluation of neurotoxicity compared to physician
evaluation.82

The mechanism for CAR-T-induced neurotoxicity is still poorly understood though it is
likely a conglomerate of several independent pathophysiological processes. A recent
mechanistic hypothesis for CRES is centered around the inflammatory mediators released by
the activated CAR-T and macrophages. These mediators cause the release of angiopoietin-2
and von Willebrand factor from the Weibel-Palade bodies of the endothelial cells (EC)
within the CNS.86 This in turn leads to displacement angiopoietin-1 which leads to
inhibition of TIE receptor tyrosine kinase signaling. The EC then loses the integrity of the
BBB and becomes more permeable. Further sequestration of high molecular weight von
Willebrand factor leads to coagulopathy. This positive feedback loop continues to persist as
cytokines and activated inflammatory cells continue to permeate the BBB. This
pathophysiology is similar to that of thrombocytopenic thrombotic purpura (TTP) and thus

interventions such as plasmapheresis that are utilized in TTP are being considered in CRES.
86

An additional mechanism postulated to cause CAR-T-induced neurotoxicity involves the
natural killer (NK)-cell population.” These cells secrete L2 and IL15 which have both been
found to be elevated in patients with CAR-T neurotoxicity. This high level of NK-cell
activation would then prime CNS microglial activation and mediate a robust and pathogenic
inflammatory milieu within the CNS. Additional studies exploring this mechanism of action
are underway in mouse models. The finding that excitatory neurotransmitters are
differentially elevated in CSF of patients that have severe CRES has also led to investigation
of these molecules as therapeutic targets to ameliorate post-CAR-T neurotoxicity.

Similar to CRS, CAR-T-induced neurotoxicity is dependent not only the host response to
CAR-T activation, but also to intrinsic factors of the CAR-T itself, the underlying disease for
which the CAR-T is being administered and relevant predisposing factors of the patient
being treated. For instance, in pediatric patients with previous treatment-related neurologic
insult or concern for bulky CNS disease we begin prophylactic treatment with levetiracetam
to prevent seizure activity. Similarly, while we have not had any incidence of posterior
reversible encephalopathy syndrome (PRES) or cerebral edema in pediatric patients
receiving a 4-1BB CART construct for acute lymphoblastic leukemia, other centers have
seen severe PRES and cerebral edema in adult patients receiving a CD28 CART construct
for NHL.87 These vast differences underlie the difficulties in elucidating a single mechanism
to explain CAR-T neurotoxicity.
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Treatment for CAR-T neurotoxicity is mostly supportive. Other than prophylactic
levetiracetam at time of CAR-T infusion, there are limited data on other interventions.
Though tocilizumab is FDA approved for CRS, it has not been shown to have any positive
effect on neurotoxicity.88 This may be in part because it is does cross the BBB. As
corticosteroids have potential detrimental effect on CAR-T anti-leukemic efficacy and there
are no clear data they help with CRES, we do not routinely use them in pediatric patients
with neurotoxicity. In other centers however, corticosteroids are used in cases of severe
CRES and they should always be considered in patients suffering from cerebral edema.

Many of the therapeutic targets currently being studied for CRS have shown some efficacy
in management of neurotoxicity as well. For instance, anakinra and lenzilumab have both
shown impressive data with respect to CRS and neurotoxicity management in mouse
models.®475 While anakinra was shown to prevent toxicity, it has not yet been tested to
evaluate if it can reverse neurotoxicity in mice. Trials in humans are needed as well. Further
investigations on these agents as well as others (ex: IL2 and IL15 targeted) are needed to
identify optimal treatments that will moderate the natural history of CAR-T-induced
neurotoxicity while sparing CAR-T mediated leukemia destruction. Recombinant
BowANG1 is an attractive therapeutic as it restores the ANG1:ANG?2 ratio and the CNS EC
integrity. This therapeutic is already in consideration for cerebral malaria, which has similar
biology to the proposed mechanisms of CRES.8? Given elevated excitatory
neurotransmitters in CSF of patients with CRES, NMDA and AMPA receptor blockade
agents may be investigated in the future to ameliorate symptoms. Finally, intrathecal IL6 and
IL6R blockade is another possible approach as these monoclonal antibodies do not cross the
BBB. Just as in CRS, biomarkers that are predictive of neurotoxicity have preliminarily been
identified (elevated STNFR-1 levels and decreased sCD30 levels) and will be vital for
therapeutic intervention.’

OTHER SIDE EFFECTS

An expected, the side effect of CAR-T therapy directed at B-cell antigens is B-cell aplasia
and resultant hypogammaglobulinemia.l Since CD19 is expressed on most B-cells, CAR-T
cannot distinguish between healthy B-cell populations and malignant cells. Investigators
have used B-cell aplasia in a clinical setting as a surrogate to determine CAR-T persistence.
Early B-cell recovery, particularly within 3 months of initial CAR-T infusion has been
associated with higher risk of relapse. In these cases, for our patients we will often re-infuse
CAR-T. The hypogammaglobulinemia itself, the persistence of which is unknown, is treated
with immunoglobulin G replacement according to formulary and institutional practices.
Long-term hypogammaglobulinemia does have a potential increased risk of developing
autoimmune diseases not directly related to the CAR-T therapy. Other cytopenias may also
occur.%0 Preclinical data on CD123 directed CAR-T have also shown bone marrow aplasia
necessitating hematopoietic stem cell transplant after CAR-T infusion.

In adult patients, cardiac dysrhythmias have been associated with post-CAR-T cytokine
release and thus some centers employ pre-emptive cardiac monitoring with telemetry.57
Cardiac toxicity of CAR-T is also under investigation. In a recent analysis of pediatric
patients who received CD19 directed CAR-T at CHOP, 10% of patients had systolic
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dysfunction in the immediate postinfusion period. This dysfunction was transient and
persistence was rare. Investigators noted that persistent blast count >25% or pre-existing
cardiac dysfunction was associated with need for ionotropic support.9 This however is only
one patient cohort with one CAR-T construct and thus further investigation is required to
assess if there is persistent cardiac toxicity secondary to CAR-T.

The unique nature of CAR-T and the fact that cells can persist for years and provide
continuous surveillance of the marrow and periphery provide a beneficial therapeutic profile
against potential relapse. We do not however have any experience of what effects CAR-T
persistence will have in the long-term. One instance of potential concern would be the effect
of persistent CAR-T in a patient that becomes pregnant as it is unknown what effects they
may have on B-cell development in the fetus. Long-term neurological and neurocognitive
sequelae are also unknown. Given the multitude of side effects that are possible with CAR-T
it will be critical to monitor new CAR-T constructs in new indications for additional and
unique toxicities.

CONCLUSION

Chimeric antigen receptor T-cells are uniquely positioned as the first personalized "living
therapy”. By hijacking the body's own natural immune response and unleashing it on a
singular antigenic target, the entire might of the immune system is focused on the
destruction of tumor cells. Similar to tumor lysis syndrome as a byproduct of cytotoxins
released from indiscriminate tumor destruction by conventional chemotherapy, the broad and
overwhelming release of cytokines, chemokines, and other immune mediators can lead to
serious adverse events in the patient.

Cytokine release syndrome, CRES, and other immune-related complications are directly and
indirectly related to the robust T-cell activation in these patients. This is tightly correlated
with antigen load as demonstrated by tumor burden at time of CAR-T infusion. While
tocilizumab is FDA approved for the treatment of CRS, further studies are indeed needed to
evaluate if it is the optimal therapy. ldeally, a therapeutic intervention would be able to
ameliorate both CRS and CRES pathophysiology. In order to rationally develop therapies
that are better suited for CAR-T-induced cytotoxicities, a better understanding of the
mechanisms that mediate these syndromes is necessary. These mechanisms are dependent on
a number of individual and cohort characteristics and include: CAR-T construct and co-
stimulatory molecules, patient demographics and comorbidities, tumor type, and status at
time of therapy. Biomarkers that are predictive of patients that will progress to serious
sequelae will also be vital in helping appropriately manage CAR-T sequelae.

Chimeric antigen receptor T and associated cellular therapies have heralded the next phase
of personalized medicine and have indeed redefined that very concept. The side effects that
are related to the use of these therapies are also unique in that they cannot be categorized as
a general entity but rather need to be understood in the context of the individual
circumstances and predisposing conditions of each patient. Thus, it is likely that a universal
therapy for CRS, CRES, and other toxicities will not be easily attainable. Rather, it is more
likely that a set of principles that guide the treatment of these toxicities will be developed
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that can then further be refined and individualized based on multi-modal therapeutic
interventions for certain cohorts of patients with distinct similarities. While this may make
the management of post-CAR-T complications more difficult, it will lead to optimal
outcomes both from an oncologic remission standpoint as well as a CAR-T side effect
profile standpoint. This approach to toxicity management will enable the eventual increased
use of CAR-T in additional indications as well as in patients with additional risk factors.
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CAR-T generation. Autologous CAR-TSs are generated by first collecting the patient's T-cells
through leukapharesis. T-cells are then transduced with a virus that contains genetic
information encoding the receptor of interest. CAR-Ts are then propagated in the lab until a
sufficient quantity is generated, at which time they are reinfused back into the patient. The
CAR-Ts circulate and survey for antigen of interest and are activated upon engaging their

target
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FIGURE 2.
Cytokine release syndrome (CRS) hypercytokinemia mirrors HLH. Patients with severe

CRS have a cytokine pattern that is similar to patients with hemophagocytic
lymphohistiocytosis (HLH). Cytokines were measured serially in 14 patients treated with
tisagenlecleucel. Figure depicts mean peak cytokine level in the first 35 d after infusion.
Cytokines are allocated into 3 groups. Top group (IFN+y, MIP1g, MIG, MCP1, IP10, ILS,
IL6, sIL2Ra, and 1L10) are those expected to be elevated in patients with HLH. Middle
group (TNFa and GM-CSF) are sometimes elevated in patients with HLH and sometimes
normal, depending on the type of HLH. Bottom group (IL1B, IL17, IL13, IL12, IL7, IL5,
IL4, IL2) are expected to be normal in patients with HLH. Raw data, additional details, and
methods were previously published in Teachey et al. (2016)
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