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Chimeric antigen receptor (CAR) T cells are genetically modified T cells, which by design,
combine the advantage of human leukocyte antigen (HLA)-independent antigen recognition
with the cytotoxic ability of T cells. CAR T-cell technology has evolved considerably with
several generations of CAR T cells tested in preclinical studies [1]. CAR T cells targeting
CD19 [2-4], LeY antigen [5], and CD22 [NCT02315612] have been used to treat
hematological malignancies in humans. Significant distinctions in the CD19-directed CAR
T-cell clinical trials from various groups include: scFvs derived from separate hybridomas,
inclusion of disparate signaling domains (CD28 or 4-1BB), genetic modification
methodology, and dose/preparative regimens prior to CAR T-cell infusion. Despite the
differences, early phase I/phase Il CAR T-cell trials targeting CD19 have shown comparable
and impressive clinical outcomes at multiple institutions. As this immunotherapeutic
approach becomes more readily available outside of the clinical trial context, it is paramount
for oncologists to be able to recognize and manage the unique side effects associated with
CAR T-cell therapy. Some of the common adverse events associated with the use of CD19-
targeted CAR T cells include cytokine release syndrome (CRS), macrophage activation
syndrome (MAS), neurological side effects, tumor lysis syndrome (TLS), and on-target/off-
tumor toxicities. These toxicities have been reported in all CD19-targeted CAR T cell
clinical trials independent of CAR design and genetic modification methodology used. Other
theoretical (but not reported) side effects with CD19-specific CAR T-cell therapy include
insertional mutagenesis and immunogenicity of genetically engineered T cells [6].
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Activation of CAR T cells after cognate antigen encounter leads to production of supra-
physiologic levels of cytokines that trigger a syndrome of temporary and reversible systemic
inflammatory state termed ‘cytokine release syndrome’. CRS comprises of clinical and
biochemical components. Clinical CRS can include all or some of the following features:
fevers, hypotension, hypoxia, capillary leak syndrome, respiratory distress, and/or
neurological disturbances [2]. Additionally, biochemical CRS includes elevation of select
cytokines, elevations in hepatic enzymes, increased ferritin, increased triglycerides,
hypofibrinogenemia. Interferon-gamma (IFN-v), Interleukin-6 (IL-6), soluble IL-2Ra
(sIL-2Ra) and 1L-10 among other cytokines are commonly elevated [2,3]. CRS can arise
days to weeks after CAR T-cell infusion [2,7,8].

Signs and symptoms of CRS can range from mild to life-threatening. Our group at MSKCC
has identified criteria for severe CRS (SCRS), and this includes patients with a triad of
persistent fevers (>38°C) for more than 3 days, clinical derangements (including
hypotension requiring at least one vasopressor, hypoxia with PO2 < 90% and/or neurologic
disturbances) and select cytokine elevations (at least one cytokine with maximum fold
change of 250 or two cytokines with maximum fold change of at least 75) [2]. A different
grading system has been utilized by other groups which categorizes patients with
progressively worsening symptoms and signs into grade 1 through 5 CRS [8]. Severity of
CRS has been suggested to be associated with high tumor burden [2,8] and CAR T-cell
expansion /n vivo [7,8]. Patients with severe symptoms/signs of CRS require monitoring in
an intensive care setting. Analysis of laboratory data from CD19-directed CAR T-cell
therapy at MSKCC by the researchers at the institution demonstrated that daily C-reactive
protein (CRP) monitoring can serve as a surrogate biomarker in identification of these high-
risk patients [2]. Progressively worsening CRS can lead to multi-organ dysfunction
including (but not limited to) cardiovascular, pulmonary and renal failure. Fortunately, with
timely and appropriate management, CRS is reversible in the vast majority of patients
despite severe grade 3—-4 abnormalities.

Patients with CRS need symptomatic and supportive management such as treatment with
anti-pyretics and intravenous fluids. We initiate empiric broad-spectrum antibiotic coverage
in the setting of fever, as these patients may have a concurrent infection [9]. SCRS or = grade
3 toxicities usually need pharmacologic intervention with corticosteroids and/or anti-
cytokine therapy. However, corticosteroid use can be lymphotoxic and can hinder the
intended anti-tumor effects of CAR T cells. Patients treated with corticosteroids early on
after CAR T-cell therapy may relapse [2] or stay in remission [10], making it currently
unclear how outcome is influenced in such a clinical situation. Anti-cytokine therapies may
be a superior initial choice, particularly with emerging evidence about IL-6 in the context of
severe CRS symptoms [2,8]. Treatment with IL-6 receptor blocking antibody tocilizumab
[8] ameliorates CRS and preserves CAR T-cell function as demonstrated by researchers at
both MSKCC [2] and at UPenn [3]. Management with corticosteroids may be prudent only
for cases of tocilizumab-refractory CRS.

A subset of patients with CRS manifest symptoms similar to macrophage activation
syndrome or hemophagocytic lymphohistiocytosis (HLH). Such patients can have liver
dysfunction with hepatosplenomegaly, increased ferritin levels and may be coagulopathic
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with decreased fibrinogen levels. A combination of these clinical features along with
elevations in characteristic cytokines IFN-y, IL-10 and IL-6 [3,11,12] often indicates MAS
or HLH associated with CRS. Although familial or primary HLH is due to genetic
aberrations [13] causing defective release of cytolytic granules, secondary HLH (or MAS)
can be triggered by immune dysregulation. CRS is one such immune trigger leading to MAS
or secondary HLH. However, these patients may or may not have mutations in the HLH-
predisposing genes [14]. Intervention for HLH with anti-cytokine therapy or corticosteroids
should be balanced with the risks of prematurely abrogating CAR T-cell efficacy by
unnecessary administration of immunosuppression. It is prudent to have increased vigilance
and pre-emptive clinical and laboratory monitoring as MAS/HLH effects, though temporary,
can be severe.

Following CD19-targeted CAR T-cell therapy, patients may also develop neurological side
effects such as confusion, delirium, word-finding aphasia, and these can be as severe as
coma and/or seizures. Some of these patients may require prophylactic intubation for airway
protection. Encephalopathy in children can manifest as increased irritability (younger
children) to delirium in adolescents. CAR T cells may or may not be detectable in the
cerebrospinal fluid (CSF) of these patients [2,15]. Therefore, these central nervous system
(CNS) toxicities are likely secondary to an inflammatory state rather than the direct effect of
CAR T cells on neural tissues [2]. Additionally, neurotoxicity has thus-far not been
conclusively shown to correlate with CNS disease [2]. Patients with neurological changes
often require a thorough diagnostic evaluation [lumbar puncture, imaging and/or an
electroencephalogram (EEG)] to rule out other etiologies, despite the low diagnostic yield.
Nevertheless, we invariably initiate seizure prophylaxis prior to CD19-targeted CAR T cell
infusion. It remains to be seen if these neurological manifestations are unique to CD19-
directed CAR T cell therapy.

Tumor lysis syndrome, comprising of metabolic derangements due to sudden and/or massive
tumor-cell lysis, may be seen in some patients treated with CD19-targeted CAR T cells,
especially in those with chronic lymphocytic leukemia (CLL) [16]. For this reason, patients
are placed on intravenous hydration and may also require prophylactic allopurinol prior to
the initiation of conditioning chemotherapy. It is important to recognize that TLS may
potentiate the risk of acute renal injury in the setting of renal dysfunction due to CRS.

Toxicities secondary to the interaction of CAR T cells with nontumor/normal cells
expressing the target antigen are termed ‘on-target/off-tumor’ toxicities. B cell aplasia
resulting in hypogammaglobulinemia is one such side effect with CD19-directed CAR T-cell
therapy. In the various clinical trials utilizing CD19-targeted CAR T cells, this effect has
been observed to last for weeks to months [2—4,16-19] and has been hypothesized to be a
surrogate for CAR T cell persistence. Although researchers at UPenn have demonstrated
CAR T cell persistence for >1 year in some cases, our group has shown comparable efficacy
despite shorter duration of persistence. Hence, the optimal duration of CAR T-cell
persistence is still an unknown. Of note, CD19-targeted CAR T-cell therapy is used as a
bridge to allogeneic hematopoietic transplant by the researchers at MSKCC and National
Cancer Institute (NCI) [2,15]. Hypogammaglobulinemia can be successfully managed with
intravenous immunoglobulin (IVIG) replacement therapy to avoid opportunistic infections.
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gCommon strategies employed to reduce the side effects associated with CAR T-cell therapy
include splitting the total dose of CAR T cells into multiple days, modifying the dose of
CAR T cells based on the tumor burden (for patients with morphologic disease, the dose of
CAR T cells infused is decreased to lessen the severity of CRS without compromising
efficacy [2]), and incorporating conditioning chemotherapy prior to CAR T-cell infusion
[17]. Other novel mechanisms to decrease toxicities are under investigation, including
designing a CAR with conditional elimination gene as an ‘off-switch’ for the infused CAR T
cells [20]. In summary, CD19 CAR T cells have emerged as a promising new treatment
approach for B-cell malignancies, particularly, for a subset of patients with poor outcome.
There is rising need for oncologists to be familiar with this therapy and its unique toxicity
profile as this immunotherapeutic approach becomes increasingly available.

References

1. Brentjens RJ, Curran KJ. Novel cellular therapies for leukemia: CAR-modified T cells targeted to
the CD19 antigen. Hematol Am Soc Hematol Educ Program. 2012; 2012:143-151.

2. Davila ML, Riviere I, Wang X, et al. Efficacy and toxicity management of 19-28z CAR T cell
therapy in B cell acute lymphoblastic leukemia. Sci Transl Med. 2014; 6(224):224ra225.

3. Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen receptor-modified T cells for acute lymphoid
leukemia. N Engl J Med. 2013; 368(16):1509-1518. [PubMed: 23527958]

4. 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. [PubMed: 22160384]

5. Ritchie DS, Neeson PJ, Khot A, et al. Persistence and efficacy of second generation CAR T cell
against the LeY antigen in acute myeloid leukemia. Mol Ther. 2013; 21(11):2122-2129. [PubMed:
23831595]

6. Xu XJ, Zhao HZ, Tang YM. Efficacy and safety of adoptive immunotherapy using anti-CD19
chimeric antigen receptor transduced T-cells: a systematic review of phase | clinical trials. Leuk
Lymphoma. 2013; 54(2):255-260. [PubMed: 22897728]

7. 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 Transl Med. 2011; 3(95):
95ra73.

8. Lee DW, Gardner R, Porter DL, et al. Current concepts in the diagnosis and management of
cytokine release syndrome. Blood. 2014; 124(2):188-195. [PubMed: 24876563]

9. Brentjens R, Yeh R, Bernal Y, et al. Treatment of chronic lymphocytic leukemia with genetically
targeted autologous T cells: case report of an unforeseen adverse event in a phase I clinical trial.
Mol Ther. 2010; 18(4):666-668. [PubMed: 20357779]

10. Brentjens RJ, Davila ML, Riviere I, et al. CD19-targeted T cells rapidly induce molecular
remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia. Sci Transl Med.
2013; 5(177):177ra138.

11. Tang Y, Xu X, Song H, et al. Early diagnostic and prognostic significance of a specific Th1/Th2
cytokine pattern in children with haemophagocytic syndrome. Br J Haematol. 2008; 143(1):84-91.
[PubMed: 18673367]

12. Xu X-J, Tang Y-M, Song H, et al. Diagnostic accuracy of a specific cytokine pattern in
hemophagocytic lymphohistiocytosis in children. J Pediatr. 2012; 160(6):984-90. e1. [PubMed:
22226576]

13. Janka G, Zur Stadt U. Familial and acquired hemophagocytic lymphohistiocytosis. Hematol Am
Soc Hematol Educ Program. 2005:82-88.

14. Maude SL, Barrett D, Teachey DT, et al. Managing cytokine release syndrome associated with
novel T cell-engaging therapies. Cancer J. 2014; 20(2):119-122. [PubMed: 24667956]

Expert Rev Hematol. Author manuscript; available in PMC 2017 August 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Namuduri and Brentjens

Page 5

15. Lee DW, Kochenderfer JN, Stetler-Stevenson M, et al. T cells expressing CD19 chimeric antigen

receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 dose-
escalation trial. Lancet. 2015; 385(9967):517-528. [PubMed: 25319501]

16. Porter DL, Levine BL, Kalos M, et al. Chimeric antigen receptor-modified T cells in chronic

lymphoid leukemia. N Engl J Med. 2011; 365(8):725-733. [PubMed: 21830940]

17. Brentjens RJ, Riviere I, Park JH, et al. Safety and persistence of adoptively transferred autologous

CD19-targeted T cells in patients with relapsed or chemotherapy refractory B-cell leukemias.
Blood. 2011; 118(18):4817-4828. [PubMed: 21849486]

18. Maude SL, Frey N, Shaw PA, et al. Chimeric antigen receptor T cells for sustained remissions in

leukemia. N Engl J Med. 2014; 371(16):1507-1517. [PubMed: 25317870]

19. Porter DL, Hwang WT, Frey NV, et al. Chimeric antigen receptor T cells persist and induce

sustained remissions in relapsed refractory chronic lymphocytic leukemia. Sci Transl Med. 2015;
7(303):303ral139.

20. Wang X, Chang W-C, Wong CW, et al. A transgene-encoded cell surface polypeptide for selection,

in vivo tracking, and ablation of engineered cells. Blood. 2011; 118(5):1255-1263. [PubMed:
21653320]

Expert Rev Hematol. Author manuscript; available in PMC 2017 August 02.



	References

