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ABSTRACT

As immune based therapies for cancer become potent, more effective and more widely available,
optimal management of their unique toxicities becomes increasingly important. Cytokine release
syndrome (CRS) is a potentially life threatening toxicity that has been observed following
administration of natural and bi-specific antibodies and more recently, following adoptive T cell
therapies for cancer. CRS is associated with elevated circulating levels of several cytokines
including IL-6 and IFNYy, and uncontrolled studies demonstrate that immunosuppression using
tocilizumab, an anti-IL6R antibody, with or without corticosteroids, can reverse the syndrome.
However because early and aggressive immunosuppression could limit the efficacy of the
immunotherapy, current approaches seek to limit administration of immunosuppressive therapy
to patients at risk for life threatening consequences of the syndrome. This report presents a novel
system to grade the severity of CRS in individual patients, and a treatment algorithm for
management of CRS based upon severity. The goal of our approach is to maximize the chance
for therapeutic benefit from the immunotherapy while minimizing the risk for life threatening

complications of CRS.



I ntroduction

Cancer immunotherapy seeks to harness the power of the immune system to eradicate
malignant tissues. After decades of research, numerous cancer immunotherapies have shown
definitive clinical efficacy, spanning GvL to eradicate leukemia following HSCT", mAbs to
improve survival for patients with B cell lymphomas and HER-2 expressing breast cancer®®, and
a therapeutic cancer vaccine for hormone refractory prostate cancer®. Recently, mAbs that block
key checkpoints on T cells have improved survival in metastatic melanoma and induced
antitumor effects in other cancers™®, bi-specific mAbs have mediated impressive responses in B
cell acute lymphoblastic leukemia’ (ALL) and dramatic antitumor effects have been observed
using adoptive T cell immunotherapy, increasingly employing genetic engineering to create

tumor antigen specific T cells®*,

Risks associated with cancer immunotherapy can be broadly classified into autoimmune
toxicity and cytokine associated toxicity. Autoimmune toxicity, so-called “on target, off-tumor
toxicity”, results from antigen-specific attack on host tissues when the targeted tumor associated
antigen is expressed on non-malignant tissue. Autoimmune toxicity occurs not uncommonly

2% and has resulted in fatal toxicities after infusion of

after treatment with checkpoint inhibitor
genetically engineered T cells targeting MAGE-A3'**®. Cytokine associated toxicity, also known
as cytokine release syndrome (CRS), is a non-antigen specific toxicity that occurs as a result of
high-level immune activation. The magnitude of immune activation typically required to
mediate clinical benefit using modern immunotherapies exceeds levels of immune activation that
occurring in more natural settings, and as immune based therapies have become more potent, this

syndrome is becoming increasingly recognized. This report reviews current concepts regarding

the pathophysiology of CRS, describes the clinical manifestations of the syndrome, and provides



a grading system to assess severity and guide treatment of CRS in the context of emerging
immune based therapies. Institutional IRB protocols approved all of the studies that patients
discussed in this manuscript were enrolled on, and studies were conducted in accordance with

the Declaration of Helsinki.

Case 1. Grade 1 CRSafter CART cell Therapy for Leukemia

An 11-year-old with primary refractory pre-B cell ALL failed to obtain remission after 3 cycles
of intensive chemotherapy and was referred for CD19-CAR therapy. At the time of enrollment,
58% of her marrow mononuclear cells were lymphoblasts. She received fludarabine and
cyclophosphamide for lymphodepletion on D-4 through -2, then 1 x 10° CD19 CAR T cellgkg
on Day 0. She developed fever on Day 1 that peaked at 40.7°C associated with rigors, which
persisted for five days. No source of infection was identified and she remained
hemodynamically stable with no evidence for neurologic dysfunction. Pasma IL-6 levels
peaked at 222 pg/mL (approx. 30 fold over baseline). Assessment on Day 28 revealed minimal
residual disease negative complete remission. She subsequently underwent a matched sibling

HSCT and remains disease free 16 months later.

Case 2: Grade 3 CRS after Genetically Unmodified Cytotoxic T cells (CTL) Therapy for EBV-

associated Lymphoma

A 19-year-old female with relapsed EBV-negative Hodgkin Lymphoma received a 9/10 HLA

DRB1 mismatched unrelated HSCT following conditioning with 600 cGy TBI, fludarabine and



alemtuzumab 1H. Rapidly progressive EBV-positive post-transplant lymphoproliferative disease
(EBV-PTLD) developed 3 months after transplant with elevated EBV DNA (>100,000
copies/10° cells) and extensive nodal involvement on PET. Biopsy confirmed EBV-PTLD. She
experienced only a transient response following 2 doses of Rituximab. A donor-derived, peptide
rapidly-generated multispecific (EBV, adenovirus, BK virus, and HHV6) CTL line was
generated and 5 x 10° cells/m? were infused on a patient specific IND. EBV DNA levels fdl to
normal levels with clinical and radiological improvement within two weeks after infusion.
Shortly afterward, she developed fever, rash, tachycardia and hypotenson with elevated IL-5,
IL-13, IL-10, IL-6 and IFNy (range 5-69 fold over baseline), associated with at least 10,000 fold
expansion of EBV (EBNA1, LMP2 and BZLF1) specific CTLs in the peripheral blood. She had
no evidence of tumor lysis. She was treated with dopamine and norepinephrine, etanercept and
methyl prednisolone (Img/kg/day x2). Symptoms resolved within hours and vasopressor support
was discontinued. Cytokine levels returned to baseline within 3 weeks. Nine months after this

CRS her EBV lymphoma remainsin remission.

Case 3. Grade 3 CRSafter CART cell Therapy for Leukemia

An 11 year-old female relapsed 6 months after HSCT for B-ALL and enrolled on aclinical trial
of CD19-CAR therapy. She received cyclophosphamide and fludarabine for lymphodepletion, on
Day —1 her marrow showed 51% blasts, and on Day 0, 2 x 10’ CD19-CAR cells were
administered. On Day 1 she was admitted to the hospital with fever. Blood cultures grew
Streptococcus mitis, and she became afebrile on vancomycin. On Day 4 she developed a new

fever with headache and nausea. On Day 5 she devel oped tachycardia, hypotension (70/40), and



a new oxygen requirement. She received two fluid boluses and was transferred to the PICU
where she received dopamine and norepinephrine. She was treated with 8mg/kg tocilizumab and
within hours became afebrile, no longer required supplemental oxygen, and pressors were
weaned to minimal levels. On Day 7 she became febrile again and experienced intermittent
hypotension requiring continued pressor support. Ferritin (130,000 ng/ml) and CRP (21.5 mg/L)
peaked on Day 7. On Day 9 she developed encephalopathy, with near aphasia, disorientation,
and lethargy, which improved rapidly over the next 2 days without further immunosuppressive
therapy. Pressors were discontinued on Day 10 and encephal opathy resolved completely by Day
13. She was discharged home on D15 and her marrow demonstrated a complete remission on

Day 28.

Pathophysiology

CRS manifests clinically when large numbers of lymphocytes (B cells, T cells and/or NK
cells) and/or myeloid cells (macrophages, dendritic cells and monocytes) become activated and
release inflammatory cytokines. CRS has classicaly been associated with therapeutic mAb
infusions, most notably anti-CD3 (OK T3), anti-CD52 (Alemtuzumab)®®, anti-CD20 (Rituximab)
and the CD28 super-agonist, TGN1412%°. In these settings, symptom onset typically occurs
within minutes to hours after the infusion begins®?. CRS has aso recently been reported
following administration of bi-specific antibodies for leukemia®, infusion of haploidentical
mononuclear cels to patients with refractory leukemia® and adoptive immunotherapies for

cancer, most notably T cells engineered to express CARs.2%%



Severe CRS induced in six healthy subjects who received TGN1412 provides valuable
insgghts into the pathophysiology of this syndrome without the background of malignant
disease. . All subjects received a single dose of TGN1412 on the same day, within minutes of
one another. Symptoms began approximately one hour after the infuson, and coincided with
peak cytokine levels. TNFa rose first, followed by IFNy, IL-1p, IL-2, IL-6, IL-8 and IL-10.
Within 24 hours, all subjects required transfer to an ICU for management of respiratory distress
and renal dysfunction that ultimately required dialysis. Following symptom onset on Day 1, all
subjects were treated with corticosteroids and within 2-3 days cytokines returned to normal
levels. Two of the subjects experienced prolonged organ dysfunction well beyond the return of
cytokine levelsto basdline.

Timing of symptom onset and CRS severity depends on the inducing agent and the
magnitude of immune cell activation. CRS following rituximab for CD20" malignancies
typically occurs within minutes to hours, and patients with > 50 x 10%L circulating lymphocytes
have increased rates of CRS symptoms®. In recent reports of CRS following adoptive T cell

10142829 the incidence and severity of the syndrome also appears greater when

therapy for cancer,
patients have large tumor burdens, presumably because this leads higher levels of T cdll
activation. In contrast, symptom onset typically occurs days (Case #1 and #3) to occasionally
weeks (Case #2) after the T cell infusion, coinciding with maximal in vivo T cell expansion. Like
CRS associated with mAb therapy, CRS associated with adoptive T cell therapies has been
consistently associated with elevated IFNy, IL-6 and TNFa levels, and increases in IL-2, GM-
CSF, IL-10, IL-8, IL-5, and fracktalkine have also been reported®®®?° A clear cell
doserresponse relationship for CRS related to adoptive T cell therapies has been difficult to

define, but very high doses of T cells may result in earlier onset, since one case report of a fatal



event following infusion of 10™® CAR modified T cells bore hallmarks of CRS and had rapid

onset, within minutes of infusion®.

Emerging evidence implicates IL-6 as a central mediator of toxicity in CRS. IL-6 is a
pleiotropic cytokine with anti-inflammatory and pro-inflammatory properties. 1L-6 signaling,
illustrated in Figure 1, requires binding to cell-associated gp130 (CD130), which is broadly
expressed, and IL-6R (CD126)*°. IL-6R is cell associated on macrophages, neutrophils,
hepatocytes and some T cells and mediates classic-signaling, which predominates when 1L-6
levels are low. However when IL-6 levels are elevated, soluble IL-6R can aso initiate trans-
signaling, which occurs on a much wider array of cells®. Current models hold that anti-
inflammatory properties of IL-6 are likely mediated via classc signaling whereas pro-
inflammatory responses occur as a result of trans-signaling. High levels of IL-6, present in the

context of CRS, likely initiates a proinflammatory IL-6 mediated signaling cascade.

Clinical Symptomatology

Symptomatology and severity associated with CRS varies greatly (Table 1), and
management can be complicated by intercurrent conditions in these patients. Fever is a hallmark
and many features of CRS mimic infection. It is not uncommon for patients to experience
temperatures exceeding 40.0°C. Hence, infection must be considered in al patients presenting
with CRS symptoms with appropriate cultures obtained and empiric antibiotic therapy initiated.
This is of even greater importance when patients are neutropenic. Indeed, one death reported

following anti-CD19 CAR based T cell therapy occurred coincident with a syndrome resembling



CRS, wherein the patient had infection predating the T cell infusion that may have contributed to

the fatal outcome?’.

Potentially life-threatening complications of CRS include cardiac dysfunction, adult
respiratory distress syndrome, neurologic toxicity, renal and/or hepatic failure and disseminated
intravascular coagulation. Of particular concern is cardiac dysfunction, which can be rapid onset
and severe, but is typically reversible. The pathophysiology of acute cardiac toxicity in the
setting of CRS is not clear, but resembles cardiomyopathy associated with sepsis® and stress
cardiomyopathy, also called Takotsubo Cardiomyopathy®. Neurologic symptoms occurring in
the context of CRS are varied (Table 1) and may occur coincident with other symptoms of CRS,
or may arise when the other symptoms of CRS are resolving (Case #3). Magnetic resonance
imaging often reveals no abnormalities, although in one case, we noted an abnormality in the
splenium, consistent with Mild Encephalopathy with Reversible Splenial Lesion Syndrome
(MERS), a syndrome associated with infection and reversible neurologic symptoms®. Given the
emerging understanding of a central role for IL-6 in CRS, and the evidence that 1L-6 can directly
mediate neurotoxicity®™®, it is of interest that MERS has also been reported to be associated with

elevated I1L-6 levelsin the cerebrospinal fluid®’.

CRS may aso be associated with findings of macrophage activation syndrome
(MAS)/hemophagocytoic lymphohistiocytosis (HLH) and the physiology of the syndromes may
have some overlap.® Indeed, one patient who developed severe CRS associated with HLH
following CD19-CAR therapy for ALL was found to carry a mutation in the perforin gene,
which predisposes to HLH®, This raises the prospect that host factors may play an important role
in predisposing individuals to severe CRS in the setting of immune based therapies and more

studies are needed to determine whether genetic predisposition contributes to this syndrome.



Tumor lysis syndrome may also occur coincident with CRS, since massive immune cell
activation and expansion correlates with antitumor efficacy. When this occurs, concomitant

therapies for appropriate management of tumor lysis are essential for optimal clinical outcome.

Biomarkers

Because CRS occurs as direct result of supraphysiologic levels of inflammatory cytokines, it
stands to reason that circulating cytokine levels could serve as biomarkers to diagnose and
potentially quantify syndrome severity. However, several issues limit the effectiveness of this
approach at the current time. First, using a biomarker as abasis for clinical management requires
Clinical Laboratory Improvement Amendments (CLIA) certified assays. Such assays are not
readily available to measure cytokines in most hospitals at the current time. Second, while
scientific and clinical evidence implicates a relationship between inflammatory cytokine levels
and CRS severity®®, it remains unclear whether severity in an individual patient can be predicted
based upon cytokine levels. This is particularly challenging in patients with cancer, wherein
basdline inflammatory cytokine levels can be very high due to their underlying disease. For this
reason, fold-increases or net-increases or rate of change in cytokine levels may provide better
correlates of CRS severity than absolute cytokine levels®. Third, diagnostic utility could require
a profile of several different cytokines, rather than changes in only one level. Findly, as
discussed below, first line immunosuppressive therapy for severe and life threatening cytokine
release syndrome is currently directed at preventing IL-6 signaling, despite the recognition that
CRS is associated with elevations of several inflammatory cytokines. While future studies may
identify settings with greater or lesser dependence on the IL-6 axis, at the current time, based

upon clinical experience, we recommend use of tocilizumab as first line immunosuppressive



therapy, regardless of whether an individual patient demonstrates higher levels of TNFo or 1L-1
compared to IL-6. Therefore, we conclude that real-time analysis of a broad panel of cytokines
will not significantly impact management of individual patients with CRS at the current time and

rather recommend that treatment decisions be based on clinical parameters.

C-reactive protein (CRP) is an acute phase reactant produced by the liver largely in
response to IL-6 and CRP levels serve as a reliable surrogate for IL-6 bioactivity®***. During
CRS, CRP can increase by several logs and this assay is rapid, cheap and readily available in
most hospitals. In some series, peak CRP levels as well as fold-change in CRP, have identified
patients at risk for severe cytokine release syndrome®. In addition, we have found that declining
CRP levels, while potentially lagging behind declines in cytokine levels by 1-2 days, may be
useful to identify the peak of the syndrome in an individual patient. For these reasons, routine
monitoring of CRP levels during the time of CRS symptomatology may have clinical utility. It is
important to emphasize however that CRP levels also are elevated during infection and cannot be
used to distinguish between infection-associated and non-infectious inflanmation.”*. We have
also noted extreme eevations of ferritin in many patients with CRS after CAR T cell infusion,
which further supports a link between CRS and MAS/HLH, but in our experience, ferritin has

not demonstrated utility in predicting CRS severity.

Grading System and Treatment Algorithm

The National Cancer Ingtitute Common Terminology Criteria for Adverse Events
contains a grading system that was designed for CRS associated with antibody therapeutics

(supplemental Table 1). We have modified this grading system to define mild, moderate, severe



and life threatening CRS regardless of the inciting agent and to guide treatment
recommendations (Table 2). Because many patients with CRS have overlapping
symptomatology due to fever and neutropenia, infection, tumor lysis syndrome or other medical
complications it is essential that attribution be carefully considered. This is particularly
important given that the treatment algorithm relies heavily on the grading schema and
incorporates immunosuppression. One could imagine for example, a patient with hypotension
related to sepsis wherein intervention with tocilizumab or corticosteroids (see below) would not
be indicated. Hence, accurate application of this grading system requires clinical judgment to

confirm that the symptoms are most likely due to CRS rather than another medical condition.

The clinical symptomatology comprising CRS is indicator of response in the setting of
immune based therapies. It remains unclear to what extent the cytokines mediating the
symptomology are required for antitumor effects. Hence, the goal of management is not to
extinguish all evidence of CRS, but to prevent life threatening toxicity while maximizing the
potential for antitumor effects. For this reason, we recommend symptomatic treatment of Grade
1 CRS (Figure 2, Case #1). We have defined CRS as Grade 2 when the patient develops
hypotension responsive to fluids or one low dose vasopressor, or mild respiratory symptoms
responsive to low flow oxygen (<40% FiO2) or Grade 2 organ toxicity. Because hypotension isa
major driver of severity grading, it is imperative that a clear baseline blood pressure be
established prior to initiation of therapy that could induce CRS. As shown in Figure 2, the
decison to intervene with immunosuppressive agents for patients with Grade 2 CRS is
influenced by the degree to which the patient is judged to be able to tolerate the altered

hemodynamics and organ stresses associated with the syndrome. In older patients and patients



with significant co-morbidities, depending upon clinical judgment, it may be appropriate to

intervene with immunosuppression in patients with Grade 2 CRS.

Patients in whom fluid therapy and one low dose vasopressor are not sufficient to reverse
hypotension are classified as severe or Grade 3 CRS. Smilarly, patients who require more than
low flow oxygen or show evidence for Grade 3 organ toxicity, including but not limited to
coagulopathy, renal, or cardiac dysfunction should be considered Grade 3. Patients with Grade 3
CRS need to be monitored very closdly, likely in an intensive care unit with 1:1 nursing care.
Importantly, in patients with Grade 2 or Grade 3 CRS, careful attention should be paid to cardiac
function as cardiac decompensation may occur and may not be readily evident without careful
monitoring. Frequent echocardiographic monitoring may be indicated in patients in whom there
is a concern of cardiac dysfunction. All patients with Grade 3 CRS should be treated with
immunosuppressive agents because of the risk for progression and the potential for irreversible
organ dysfunction, which the goal of preventing progression to Grade 4. Grade 4 CRS occurs
when patients experience toxicity that is immediately life- threatening, including a need for
mechanical ventilation or Grade 4 organ toxicity. We recommend that all patients with Grade 4
CRS be trested with immunosuppressive agents in an attempt to suppress the inflammatory

cascade and to prevent irreversible organ dysfunction.

Tocilizumab

Tocilizumab is a humanized, IgGlk anti-human IL6R mAb approved for treatment of

S43

rheumatoid arthritis®, juvenile idiopathic arthritis® and polyarticular juvenile rheumatoid

arthritis. It also has been reported to have activity in Castleman disease™, Crohn’s disease™ and



steroid refractory chronic GVHD.* Tocilizumab prevents IL-6 binding to both cell associated
and soluble IL-6 receptors and therefore inhibits both classical and trans-1L-6 signaling (Figure
1). Emerging clinical experience at several institutions has concluded that tocilizumab is an
effective treatment for severe or life-threatening CRS***#*.  The dose of tocilizumab approved
for adults with rheumatoid arthritis is 4-8 mg/kg every 4 weeks and the pediatric recommended
dose is 8-12 mg/kg every 2-4 weeks. Using these recommendations as a guide, we typically
administer tocilizumab over 1 hour at a dose of 4 mg/kg in adults and 8 mg/kg in children, with

an option to repeat the dose if clinical improvement does not occur within 24-48 hours.

Side effects attributed to tocilizumab in rheumatologic disease, where the drug is given
chronically, include transaminitis, thrombocytopenia, elevated cholesterol and low-density
lipoproteins™. Neutropenia has also been uncommonly attributed to tocilizumab therapy and this
appears to resolve with discontinuation of the agent. The incidence of viral, bacterial, fungal and
mycobacterial infection is modestly increased in patients receiving chronic therapy for
rheumatologic disease, thus providing the basis for a black box warning associated with the

t42

agent™. We have not observed acute infusional toxicities secondary to tocilizumab in patients

treated on our studies.

In patients with CRS who respond to tocilizumab, fever and hypotension often resolve
within a few hours, and pressors and other supportive care measures can be weaned quickly
thereafter. In some cases however, symptoms may not completely resolve and continued
aggressive support may be necessary for several days (Case #3). If the patient’s condition does
not improve or stabilize within 24 hours of the tocilizumab dose, administration of a second dose

of tocilizumab and/or a second immunosuppressive agent, such as corticosteroids, should be



considered. Whether lack of response is related to ongoing production of IL-6, inadequate

dosing of tocilizumab, or other factorsis not yet known.

As discussed above, neurologic symptoms associated with CRS sometimes follow a
different time course of onset and resolution (Case #3). We have occasionally witnessed patients
whose hemodynamic ingtability resolves rapidly following administration of tocilizumab, but
who subsequently develop signs and symptoms of neurotoxicity. Based upon the following
evidence, we hypothesize that this relates to IL-6 directed neurotoxicity. First, IL-6 has been
reported to mediate substantial neurologic effects and has been implicated in several neurologic
conditions spanning Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, schizophrenia,
depression and MERS.**" Second, elevated CNS IL-6 levels are likely to occur in CRS due to
direct transit of IL-6 via production in the periphery, and/or production of IL-6 via trafficking of
activated immune cells to the CNS. Indeed, we have observed elevated IL-6 levels in the CSF
associated with neurotoxicity. Third, IL-6 levels rise transiently following administration of
tocilizumab due to blockade of the receptor®’, which inhibits receptor-mediated clearance and
tocilizumab is not expected to cross the blood:brain barrier. Hence, elevationsin IL-6 within the
CNS are not likely to be directly améliorated in the short-term and may even be transiently
aggravated by tocilizumab therapy. For these reasons, for patients with Grade 3 or 4 CRS
associated with neurologic dysfunction without significant hemodynamic instability or other life-
threatening symptomatology, consideration may be given to the use of corticosteroids as a

preferred first [ine immunosuppressive.

Figure 3 depicts a hypothetical patient with grade 3 CRS who devel ops fever on Day 3,
then hypotension on Day 5 that is initially managed with a low-dose vasopressor, then

tocilizumab on Day 6 after cardiovascular decompensation. 1L-6 and IFNy peak coincident with



decompensation. IFNy rapidly returns to baseline after tocilizumab, but owing to its mechanism
of action, whereby receptor mediated endocytosis of IL-6 is blocked by tocilizumab, IL-6 levels
typically rise transiently immediately following tocilizumab before returning to basdine.
Numerous other cytokines are also elevated and follow a similar time course. As depicted,
neurologic symptoms can manifest either before or after tocilizumab administration, but not
infrequently persist for some time after tocilizumab, presumably due to its inability to cross the

blood brain barrier.

Corticogteroids and other agents

Clinical experience also demonstrates that corticosteroids are effective treatment for
CRS, and a rapid steroid taper can generally be accomplished within several days without
recurrence of the CRS. Despite this, we currently consider corticosteroids as second line therapy
for CRS. Thisis based upon our clinical observation that response to tocilizumab may be more
rapid than response to corticosteroids. In addition, corticosteroids appear to have more
widespread effects on the immune system and emerging evidence that suggests they may
mediate a greater adverse effect on the antitumor activity of adoptively transferred T cells?®. We
acknowledge however, that the recommendation to use tocilizumab over corticosteroids is based
upon limited clinical experience and that in some settings wherein immune toxicity is associated
with antitumor therapies, such as graft-versus-host disease and checkpoint inhibitor therapy,
corticosteroids do not prevent therapeutic benefit**. Thus, some physicians may choose to use
corticosteroids as a frontline agent or to utilize both agents in cases of severe or life-threatening
CRS. Although dosing and choice of corticosteroid should be tailored to the individual patient,

commonly used initial doses include methylprednisolone (2 mg/kg/day), which can generally be



weaned over several days. For patients with severe neurologic symptoms, consideration may be
given to using dexamethasone (0.5 mg/kg, max 10mg/dose) due more efficient penetration of the
blood brain barrier®, although evidence for differential efficacy of methylprednisolone versus
dexamethasone in this setting has not been established. It is also important to note that,
especialy in the case of B-ALL, many patients have chronically received corticosteroids as part
of their treatment regimen, and therefore some patients who experience CRS may have arelative
corticosteroid deficiency due to chronic suppression of their hypothalamic-pituitary axis wherein

stress doses of hydrocortisone may be indicated.

Targeted immunosuppressive agents are also available to inhibit TNFoo and IL-1, both of
which may contribute to CRS. Hence, anti-TNFo. mAbs (infliximab) and soluble TNFa receptor
(etanercept) and IL-1R based inhibitors (anakinra) could also provide benefit and have been used
successfully (Case #2). These agents have also demonstrated efficacy in the setting of

macrophage activation syndrome and other syndromes™>?

that likely overlap with CRS in terms
of pathophysiology. However, because supportive care with tocilizumab + corticosteroids has

been efficaciousin our experience, we are not currently routinely using these agents.

Conclusion

Modern antitumor immunotherapies show impressive promise, but effective application
of this new class of therapeutics requires that clinicians learn to recognize and manage novel
toxicities associated with tumor immunotherapy. The overarching goal of CRS management in
patients treated with immunotherapy for cancer is to prevent life-threatening CRS while

maintaining the greatest chance for a beneficial antitumor effect. We have outlined here a pro-



active management strategy that incorporates a grading system and treatment algorithm designed
to administer early immunosuppression for patients at highest risk, while avoiding unnecessary
immunosuppression due to the potential risk of diminishing antitumor efficacy. Future work is
needed to better understand the pathophysiology of this syndrome, to more definitely delineate
the aspects of immune activation required for antitumor effects and to validate optimal treatment
strategies. Given the limited clinical experience with the syndrome, consideration could be
given to anational or international registry to monitor outcomes and glean further insight into the
spectrum of symptomatology and optimal management of CRS. Further, it is important to
emphasize that the severity of CRS is greater in patients with higher disease burdens.
Incorporation of immunotherapy into regimens that administer these therapies to patients with
lower disease burdens would be expected to substantially reduce the toxicity observed and

potentially benefit patientsin the absence of any clinical evidence for CRS.



Acknowledgments

This work was supported, in part, by the Intramural Research Program of the National Cancer
Institute, National Institutes of Health. D.W.L. receives research support from the St. Baldrick’s
Foundation. Research also supported by a Stand Up To Cancer — St. Baldrick’s Pediatric Dream
Team Trandational Cancer Research Grant.  Stand Up To Cancer is a program of the
Entertainment Industry Foundation administered by the American Association for Cancer

Research.

Author ship Contributions

DW.L,R.G,D.L.P,CU.L,NA., MJ, SA.G. and C.L.M. wrote and edited the manuscript.

Conflict of Interest Disclosure

M.J. has ownership interest in Juno therapeutics. D.L.P. has a patent in the field of adoptive
immunotherapy and sponsored research support form Novartis. S.G. consults for and received
research support from Novartis. C.L.M. has a patent in the field of adoptive immunotherapy and
sponsored research support from Neomune. C.U.L. is a member of the Scientific Advisory
Boards for TeamConnor, Solving Kid's Cancer, and Kids Cancer Research Foundation. The
Center for Cell and Gene Therapy has a collaborative research agreement with Celgene. N.A.:

The Center for Cell and Gene Therapy has a collaborative research agreement with Celgene.



Bibliography

1. Kolb HJ. Graft-versus-leukemia effects of transplantation and donor lymphocytes. Blood.
2008;112(12):4371-4383.

2. Weiner GJ. Rituximab: mechanism of action. Seminars in hematology. 2010;47(2):115-
123.

3. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory Fc receptors modulate in vivo
cytotoxicity against tumor targets. Nature medicine. 2000;6(4):443-446.

4, Kantoff PW, Higano CS, Shore ND, et a. Sipuleucd-T immunotherapy for castration-
resistant prostate cancer. The New England journal of medicine. 2010;363(5):411-422.

5. Hodi FS, O'Day SJ, McDermott DF, et a. Improved survival with ipilimumab in patients
with metastatic melanoma. The New England journal of medicine. 2010;363(8):711-723.

6. Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune correlates of anti-
PD-1 antibody in cancer. The New England journal of medicine. 2012;366(26):2443-2454.

7. Topp MS, Kufer P, Gokbuget N, et al. Targeted therapy with the T-cell-engaging
antibody blinatumomab of chemotherapy-refractory minimal residual disease in B-lineage acute
lymphoblastic leukemia patients results in high response rate and prolonged leukemia-free
survival. Journal of clinical oncology : official journal of the American Society of Clinical
Oncology. 2011;29(18):2493-2498.

8. Grupp SA, Kaos M, Barrett D, et a. Chimeric antigen receptor-modified T cells for
acute lymphoid leukemia. N Engl J Med. 2013;368(16):1509-1518.

9. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-modified
T cdlsin chronic lymphoid leukemia. N Engl J Med. 2011;365(8):725-733.

10.  Kochenderfer JN, Dudley ME, Feldman SA, et al. B-cell depletion and remissions of
malignancy along with cytokine-associated toxicity in a clinical trial of anti-CD19 chimeric-
antigen-receptor-transduced T cells. Blood. 2012;119(12):2709-2720.

11. Pule MA, Savoldo B, Myers GD, et a. Virus-specific T cells engineered to coexpress
tumor-specific receptors. persistence and antitumor activity in individuals with neuroblastoma.
Nature medicine. 2008;14(11):1264-1270.

12. Robbins PF, Morgan RA, Feldman SA, et al. Tumor regression in patients with
metastatic synovial cell sarcoma and melanoma using genetically engineered |ymphocytes
reactive with NY-ESO-1. Journal of clinical oncology : official journal of the American Society
of Clinical Oncology. 2011;29(7):917-924.

13.  Rosenberg SA, Restifo NP, Yang JC, Morgan RA, Dudley ME. Adoptive cell transfer: a
clinical path to effective cancer immunotherapy. Nature reviews Cancer. 2008;8(4):299-308.

14. BrentjensRJ, DavilaML, Rivierel, et al. CD19-targeted T cells rapidly induce molecular
remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia. Sci Trand
Med. 2013;5(177):177ral38.

15.  Page DB, Postow MA, Callahan MK, Allison JP, Wolchok JD. Immune modulation in
cancer with antibodies. Annu Rev Med. 2014;65:185-202.

16. Cameron BJ, Gerry AB, Dukes J, et al. Identification of a Titin-derived HLA-A1-
presented peptide as a cross-reactive target for engineered MAGE A3-directed T cells. Science
translational medicine. 2013;5(197):197ra103.

17.  Linette GP, Stadtmauer EA, Maus MV, et a. Cardiovascular toxicity and titin cross-
reactivity of affinity-enhanced T cells in myeloma and melanoma. Blood. 2013;122(6):863-871.



18. Morgan RA, Chinnasamy N, Abate-Daga D, et al. Cancer regression and neurological
toxicity following anti-MAGE-A3 TCR gene therapy. Journal of immunotherapy.
2013;36(2):133-151.

19.  Wing MG, Moreau T, Greenwood J, et a. Mechanism of first-dose cytokine-release
syndrome by CAMPATH 1-H: involvement of CD16 (FcgammaRl 1) and CD11a/CD18 (LFA-1)
on NK cells. J Clin Invest. 1996;98(12):2819-2826.

20. Suntharalingam G, Perry MR, Ward S, et al. Cytokine storm in a phase 1 trial of the anti-
CD28 monoclonal antibody TGN1412. N Engl J Med. 2006;355(10):1018-1028.

21.  Chatenoud L, Ferran C, Legendre C, et al. In vivo cel activation following OKT3
administration. Systemic cytokine release and modulation by corticosteroids. Transplantation.
1990;49(4):697-702.

22.  Winkler U, Jensen M, Manzke O, Schulz H, Diehl V, Engert A. Cytokine-release
syndrome in patients with B-cell chronic lymphocytic leukemia and high lymphocyte counts
after treatment with an anti-CD20 monoclonal antibody (rituximab, IDEC-C2B8). Blood.
1999;94(7):2217-2224.

23. Teachey DT, Rheingold SR, Maude SL, et a. Cytokine release syndrome after
blinatumomab treatment related to abnormal macrophage activation and ameliorated with
cytokine-directed therapy. Blood. 2013;121(26):5154-5157.

24. Reagan JL, Fast LD, Safran H, et a. Cdlular immunotherapy for refractory
hematological malignancies. J Trans Med. 2013;11:150.

25. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA. Case
report of a serious adverse event following the administration of T cells transduced with a
chimeric antigen receptor recognizing ERBB2. Mol Ther. 2010;18(4):843-851.

26. Davila ML, Riviere |, Wang X, et a. Efficacy and toxicity management of 19-28z CAR
T cell therapy in B cdl acute lymphoblastic leukemia. Science trandational medicine.
2014;6(224):224ra225.

27. BrentjensR, Yeh R, Berna Y, Riviere |, Sadelain M. Treatment of chronic lymphocytic
leukemia with genetically targeted autologous T cells: case report of an unforeseen adverse event
inaphasel clinical trial. Mol Ther. 2010;18(4):666-668.

28.  Grupp SA, Kalos M, Barrett D, et al. Chimeric Antigen Receptor-Modified T Cells for
Acute Lymphoid Leukemia. N Engl J Med. 2013.

29. Kalos M, Levine BL, Porter DL, et al. T cells with chimeric antigen receptors have potent
antitumor effects and can establish memory in patients with advanced leukemia. Sci Trand Med.
2011;3(95):95ra73.

30.  Nishimoto N, Kishimoto T. Interleukin 6: from bench to bedsde. Nat Clin Pract
Rheumatol. 2006;2(11):619-626.

31.  Schéler J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-inflammatory
properties of the cytokine interleukin-6. Biochimica et biophysica acta. 2011;1813(5):878-888.
32. Romero-Bermego FJ, Ruiz-Bailen M, Gil-Cebrian J, Huertos-Ranchal M J. Sepsis-induced
cardiomyopathy. Current cardiology reviews. 2011;7(3):163-183.

33.  Singh K, Carson K, Shah R, et a. MetaAnalysis of Clinical Correlates of Acute
Mortality in Takotsubo Cardiomyopathy. The American journal of cardiology.
2014;113(8):1420-1428.

34.  Kashiwagi M, Tanabe T, Shimakawa S, et a. Clinico-radiological spectrum of reversible
splenial lesionsin children. Brain Dev. 2014;36(4):330-336.



35. Spooren A, Kolmus K, Laureys G, et al. Interleukin-6, a mental cytokine. Brain research
reviews. 2011;67(1-2):157-183.

36. Weber J, Gunn H, Yang J, et al. A phase | trial of intravenous interleukin-6 in patients
with advanced cancer. J Immunother Emphasis Tumor Immunol. 1994;15(4):292-302.

37.  Kometani H, Kawatani M, Ohta G, et al. Marked elevation of interleukin-6 in mild
encephalopathy with a reversible splenia lesion (MERS) associated with acute focal bacterial
nephritis caused by Enterococcus faecalis. Brain Dev. 2013.

38.  Billiau AD, Roskams T, Van Damme-Lombaerts R, Matthys P, Wouters C. Macrophage
activation syndrome: characteristic findings on liver biopsy illustrating the key role of activated,
IFN-gamma-producing lymphocytes and IL-6- and TNF-alpha-producing macrophages. Blood.
2005;105(4):1648-1651.

39.  Schultz DR, Arnold PI. Properties of four acute phase proteins: C-reactive protein, serum
amyloid A protein, apha 1-acid glycoprotein, and fibrinogen. Seminars in arthritis and
rheumatism. 1990;20(3):129-147.

40.  Pepys MB, Hirschfield GM. C-reactive protein: a critical update. The Journal of clinical
investigation. 2003;111(12):1805-1812.

41.  Arkader R, Troster EJ, Lopes MR, et al. Procalcitonin does discriminate between sepsis
and systemic inflammatory response syndrome. Arch Dis Child. 2006;91(2):117-120.

42. Navarro G, Taroumian S, Barroso N, Duan L, Furst D. Tocilizumab in rheumatoid
arthritis: A meta-analysis of efficacy and selected clinical conundrums. Semin Arthritis Rheum.
2014;43(4):458-4609.

43.  Yokota S, Miyamae T, Imagawa T, et al. Therapeutic efficacy of humanized recombinant
anti-interleukin-6 receptor antibody in children with systemic-onset juvenile idiopathic arthritis.
Arthritis Rheum. 2005;52(3):818-825.

44, Nishimoto N, Kanakura Y, Aozasa K, et a. Humanized anti-interleukin-6 receptor
antibody treatment of multicentric Castleman disease. Blood. 2005;106(8):2627-2632.

45, Ito H, Takazoe M, Fukuda Y, et al. A pilot randomized trial of a human anti-interleukin-6
receptor monoclonal antibody in active Crohn's disease. Gastroenterology. 2004;126(4):989-
996; discussion 947.

46.  Drobyski WR, Pasquini M, Kovatovic K, et al. Tocilizumab for the treatment of steroid
refractory graft-versus-host disease. Biol Blood Marrow Transplant. 2011;17(12):1862-1868.

47. Nishimoto N, Terao K, Mima T, Nakahara H, Takagi N, Kakehi T. Mechanisms and
pathologic significances in increase in serum interleukin-6 (IL-6) and soluble IL-6 receptor after
administration of an anti-1L-6 receptor antibody, tocilizumab, in patients with rheumatoid
arthritis and Castleman disease. Blood. 2008;112(10):3959-3964.

48.  Mitchell CD, Richards SM, Kinsey SE, Lilleyman J, Vora A, Eden TO. Benefit of
dexamethasone compared with prednisolone for childhood acute lymphoblastic leukaemia:
results of the UK Medical Research Council ALL97 randomized trial. Br J Haematol.
2005;129(6):734-745.

49. Fecher LA, Agarwala SS, Hodi FS, Weber JS. Ipilimumab and its toxicities. a
multidisciplinary approach. Oncologist. 2013;18(6):733-743.

50. Flammiger A, Fiedler W, Bacher U, Bokemeyer C, Schneider M, Binder M. Critical
imbalance of TNF-alpha and soluble TNF receptor 1 in a patient with macrophage activation
syndrome: potential implications for diagnostics and treatment. Acta Haematol. 2012;128(2):69-
72.



51 Prahalad S, Bove KE, Dickens D, Lovell DJ, Grom AA. Etanercept in the treatment of
macrophage activation syndrome. J Rheumatol. 2001;28(9):2120-2124.

52.  Gabay C, Lamacchia C, Pamer G. IL-1 pathways in inflammation and human diseases.
Nat Rev Rheumatol. 2010;6(4):232-241.



Table 1. Clinical Signsand Symptoms Associated with Cytokine Release Syndrome

Congtitutional: fever + rigors, malaise, fatigue, anorexia, myalgias, arthalgias, nausesa,
vomiting, headache

Skin: rash

Gastrointestinal: nausea, vomiting, diarrhea

Respiratory: tachypnea, hypoxemia

Cardiovascular: tachycardia, widened pulse pressure, hypotension, increased cardiac
output (early), potentially diminished cardiac output (late)

Coagulation: elevated d-dimer, hypofibrinogenemia + bleeding

Renal: azotemia

Hepatic: transaminitis, hyperbilirubinemia

Neurologic: headache, mental status changes, confusion, delirium, word finding
difficulty or frank aphasia, hallucinations, tremor, dymetria, altered gait, seizures




Table 2. Cytokine Release Syndrome Revised Grading System

Grade 1

Symptoms are not life threatening and require symptomatic treatment only
e.g. fever, nauses, fatigue, headache, myalgias, malaise

Grade 2

Symptoms require and respond to moderate intervention

-oxygen requirement <40% or

-hypotension responsive to fluidsor low dose” of one vasopressor or
-grade 2 organ toxicity

Grade 3

Symptoms require and respond to aggressive intervention
-oxygen requirement >40% or

-hypotension requiring high dose® or multiple vasopressors or
-grade 3 organ toxicity or grade 4 transaminitis

Grade 4

Life-threatening symptoms
-requirement for ventilator support or
-grade 4 organ toxicity (excluding transaminitis)

Grade 5

Death

*high dose vasopressor doses shown in Table 3.




Table 3. High-Dose Vasopressor s (all dosesarerequired for >3 hours)

Norepinephrine monotherapy > 20 meg/kg/min

Dopamine monotherapy > 10 mcg/kg/min

Phenylephrine monotherapy > 200 mecg/kg/min

Epinephrine monotherapy > 10 mcg/kg/min

If on vasopressin Vasopressin + NE equivalent of > 10mcg/kg/min

If on combination vasopressors | "Norepinephrine equivalent of > 20 meg/kg/min
(not vasopressin)

WVASST Trial Vasopressor Equivalent Equation:

Norepinephrine equivalent dose = [ norepinephrine (mcg/min)] + [dopamine (mcg/kg/min) + 2]
+ [epinephrine (mcg/min)] + [phenylephrine (mcg/min) +10]



Figure Legends

Figurel. IL-6 Signaling and Inhibition by Tocilizumab. Panel A depictsclassic IL-6
signaling restricted to IL-6R expressing cells (macrophages, neutrophils, T cells, hepatocytes),
which predominates when IL-6 levels are low. IL-6 bindsto cell associated IL-6R, leading to
homodimerization of gp130 and initiation of downstream pathways. Panel B depicts both classic
and trans-IL-6 signaling, which occurs when IL-6 levels are elevated, leading to IL-6 signaling
on abroad array of cells, since gp130 is ubiquitously expressed. Tocilizumab binding to both

cell associated IL6R and soluble IL6R inhibits classic and trans-signaling.

Figure 2. Treatment algorithm for management of CRS based on the Revised CRS Grading
System. The algorithm uses the Revised grading system for CRSto direct clinical management
for patients with immunotherapy associated CRS. We recommend vigilant supportive care
including empiric treatment of concurrent bacterial infections and maintenance of adequate
hydration and blood pressure for every grade. Immunosuppression should be employed in all
patients with Grade 3 or 4 CRS and instituted earlier in patients with extensive co-morbidities or

older age.

Figure 3. Cytokine changes associated with clinical findingsin a hypothetical patient with
Grade 3 CRS. A dramaticrisein IL-6 and IFNY levelsis associated with the onset of fever at
Day 3 after CAR T cell infusion. Despite vigilant supportive care, the patient becomes

hypotensive requiring the use of one vasopressor on Day 5. After a brief period of



cardiovascular stability, a second vasopressor is required to maintain adequate perfusion on Day
6, at which timetocilizumab isadministered. IL-6 levels continueto rise transiently after
tocilizumab, since it continues to be produced by and tocilizumab blocks IL-6 receptor-mediated
endocytosis. Vasopressor support is gradually weaned over the next 48 hours although
neurologic changes may persist or initially manifest after tocilizumab, but eventually resolve.
Several other inflammatory cytokines, including TNFa., IL-2, GM-CSF and others noted in the

text are also likely to be elevated during the peak of the syndrome.
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GRADING ASSESSMENT

(Grade 1 CRS

TREATMENT

Vigilant supportive care

Fever, constitutional
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Organ toxicity: grade 3, grade 4

> « Assess for infection

(Treat fever and neutropenia if present,

monitor fluid balance, antipyretics,

_ analgesics as needed)
Extensive

co-morbidities

or older age? No

> «\/igilant supportive care
(Monitor cardiac and other organ

function closel
Yes Hhet )

*Vigilant supportive care

Qransaminitis /

/Grade 4 CRS N
Mechanical ventilation
Organ toxicity: grade 4,

Kexcluding transaminitis

J

> «Tocilizumab
+ corticosteroids

Figure 2



Neurologic
symptoms

Vasopressor 2
Vasopressor 1

Fever

3000-
2500+
2000+
1500+
1000+

500-
500+

400+
300+
200+

pg/mL

and
lor

8 10 12 14 20

Tocilizumab
Day after T Cell Infusion

30

— IL-6

— IFN-y
Other

— CRP

Figure 3



