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Abstract

We report on 16 patients with relapsed or refractory B cell acute lymphoblastic leukemia (B-ALL)
that we treated with autologous T cells expressing the 19-28z chimeric antigen receptor (CAR)
specific to the CD19 antigen. The overall complete response rate was 88%, which allowed us to
transition most of these patients to a standard-of-care allogeneic hematopoietic stem cell transplant
(allo-SCT). This therapy was as effective in high-risk patients with Philadelphia chromosome—
positive (Ph*) disease as in those with relapsed disease after previous allo-SCT. Through
systematic analysis of clinical data and serum cytokine levels over the first 21 days after T cell
infusion, we have defined diagnostic criteria for a severe cytokine release syndrome (SCRS), with
the goal of better identifying the subset of patients who will likely require therapeutic intervention
with corticosteroids or interleukin-6 receptor blockade to curb the sSCRS. Additionally, we found
that serum C-reactive protein, a readily available laboratory study, can serve as a reliable indicator
for the severity of the CRS. Together, our data provide strong support for conducting a multicenter
phase 2 study to further evaluate 19-28z CAR T cells in B-ALL and a road map for patient
management at centers now contemplating the use of CAR T cell therapy.

INTRODUCTION

T cell therapy with tumor-targeted chimeric antigen receptor (CAR)-modified T cells has
recently transitioned from the laboratory to the clinic and yielded outcomes that support the
tremendous potential of this approach to cancer therapy (1-3). CARs are artificial receptors
that redirect antigen specificity, activate T cells, and further enhance T cell function through
their costimulatory component (4, 5). Three groups, including our own, have reported
objective tumor responses when infusing autologous T cells genetically modified with
CD19-targeted CARs into patients with chronic lymphocytic leukemia (CLL) and other
indolent non-Hodgkin’s lymphomas (3, 6, 7). We next demonstrated potent antitumor
benefit after infusing CD19-targeted 19-28z CAR T cells into five adults with relapsed or
refractory B cell acute lymphoblastic leukemia (B-ALL) (1). In adults, relapsed B-ALL has
a markedly poor prognosis with an expected median survival of less than 6 months (8, 9). In
this setting of highly chemotherapy-resistant, rapidly progressive disease, therapy with
CD19-targeted CAR T cells resulted in complete molecular remissions (CRm), as assessed
by immunoglobulin heavy chain (IgH) deep sequencing, in five of five treated patients.
Achieving CRm in this chemotherapy-refractory population allowed for subsequent
allogeneic stem cell transplants (allo-SCT) in clinically eligible subjects, the standard of care
in adults for this disease after relapse (8). These promising clinical outcomes were
confirmed by investigators from the Children’s Hospital of Pennsylvania in a case report of
two pediatric patients with relapsed B-ALL treated with a similar CD19 CAR T cell therapy
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(2). We have now treated an additional 11 patients with relapsed or refractory B-ALL. The
clinical outcomes in these CD19-targeted CAR T cell-treated patients confirm the clinical
efficacy of this approach seen with our initial results; 19-282 CAR T cells induced complete
remissions (CRs) in the vast majority of patients, enabling many to transition to an allo-
SCT.

Infusion of CD19 CAR T cells can be associated with toxicities including high-grade fevers,
hypotension, hypoxia, and neurologic disturbances that may require aggressive medical
support (1-3). This syndrome of toxicities has been described as a cytokine release
syndrome (CRS) likely related to a progressive systemic inflammatory process initiated and
maintained by the infused CAR T cells activated in vivo upon encounter with the targeted
CD19 antigen. However, the clinical and laboratory evaluation of this syndrome has been
limited to data derived from only a few patients in case reports (1-3). The paucity of
published results from which to define or understand the CRS markedly limits the clinical
investigator’s ability to either predict the likelihood or anticipate the severity of this
associated spectrum of CAR T cell-mediated toxicities.

By analyzing all 16 adults with relapsed or refractory B-ALL treated at our center, we have
established laboratory and clinical criteria for the diagnosis of the CAR T cell-related severe
CRS (SCRS). Using these criteria, we established guidelines for infusion of CAR T cells and
the subsequent clinical management, part of which includes the serial monitoring of C-
reactive protein (CRP). We have found that daily monitoring of CRP in combination with
simple clinical parameters allows us to identify patients in need of intensive medical
monitoring and potentially pharmacologic management. These codified guidelines will be
useful as the CAR technology, developed and currently used in only a few specialized
centers, is adapted to a larger number of medical centers less experienced with this
technology. On the basis of the remarkably robust clinical results and our toxicity
management algorithm, we will soon open a multicenter phase 2 clinical trial to further
evaluate the efficacy of 19-28z2 CAR T cells and prospectively validate our proposed CRS
monitoring and intervention guidelines in patients with B-ALL.

RESULTS

Clinical trial

We have treated 16 patients on our 19-28z CAR T cell phase 1 trial (1). This trial is open to
adults with B-ALL either in CR1 or with relapsed or refractory disease; however, patients
are treated with 19-28z T cells only if they develop relapsed disease. Most patients treated to
date have been enrolled under the relapsed arm (fig. S1). Enrolled patients undergo
leukapheresis, and those with relapsed or refractory B-ALL receive “physician’s choice”
salvage chemotherapy. This is followed, regardless of disease response, by
cyclophosphamide conditioning chemotherapy and infusion of 19-28z CAR T cells. The
median age of our treated patients is 50 years (Table 1). Additional poor-risk factors in our
treatment cohort include Philadelphia chromosome—positive (Ph*) disease (n = 4) as well as
relapse after allo-SCT (n = 4), ruling out selective “good risk” patient enrollment on this
trial as a potential factor to confound clinical outcomes. Consistent with chemotherapy-
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resistant disease in these patients is the high rate of residual disease after salvage therapy
and before the time of T cell infusion (88%, Table 1).

CAR T cell products were successfully generated at the dose of 3 x 106 CAR T cells/kg in
15 of 16 patients despite low T cell numbers (as low as 3.7%) in the leukapheresis product
of these heavily pretreated patients (table S1). MSK-ALLOQ9 only received 16% of the
prescribed T cell dose, despite two independent production attempts. Both attempts showed
low gene transfer efficiency and poor T cell expansion, possibly due to the quality of the
starting T cell product because dose production was successful from a later pheresis
collection. There was no other patient enrolled on this trial that did not have an adequate
dose production, and this dose was not a requirement for 19-28z CAR T cell treatment. -
Retroviral 19-28z CAR gene transfer was overall robust, with 5 to 60% (mean, 24%) 19-28z
CAR expression in end-of-production T cells.

Clinical outcomes

Infusion of 19-28z CAR T cells after salvage chemotherapy markedly enhanced the overall
complete response rate, composed of both patients with a CR and a CR with incomplete
count recovery (CRi), to 88%. This is a higher CR rate than that expected with salvage
chemotherapy alone [Table 2 and (8-10)]. After 19-282 CAR T cell infusion, the overall CR
rate was 78% in the nine patients with gross morphologic residual leukemia after salvage
chemotherapy. Further analyses of CR status included studies to detect minimal residual
disease (MRD) by flow cytometry, quantitative polymerase chain reaction (QPCR) for the
bcr-abl transcript in patients with Ph*™ B-ALL, and, whenever feasible, deep sequencing for
IgH rearrangements (11) associated with malignant clones (Table 2). Overall, 75% of treated
patients achieved an MRD-negative (MRD™) or CRm disease status based on one or more of
the above MRD assays (Table 2). These CR and CRm rates, obtained in a very poor
prognostic patient population, far exceed expectations based on historical data of relapsed
adult B-ALL (8-10) and are consistent with a profound antitumor effect mediated by 19-28z
CAR T cells (Table 2). Furthermore, in patients wherein the malignant tumor clone could be
monitored in bone marrow (BM) by deep sequencing, we found rapid elimination of the
malignant B-ALL tumor clone after 19-28z CAR T cell infusion (table S2). Concomitant
monitoring for 19-28z CAR T cell persistence in the BM revealed that nearly all patients had
a peak of CAR T cells within 1 to 2 weeks after the infusion and that these numbers
decreased to low or undetectable by 2 to 3 months (table S2). Analysis for CAR T cell
persistence was limited in patients subsequently treated with allo-SCT. We further observed
that in the four patients treated after a post-allo-SCT relapse, there was no clinical evidence
of graft-versus-host disease despite the fact that the infused 19-28z CAR T cells were of
donor origin.

The CAR T cell-associated CRS

CAR-engineered T cells can induce in some patients a clinical syndrome of fevers,
hypotension, hypoxia, and neurologic changes associated with marked elevations of serum
cytokines (1-3). This spectrum of clinical and laboratory findings has been termed a CRS,
which, given the anecdotal nature of this phenomenon, has remained largely undefined. We
therefore analyzed our cohort to search for clinical or laboratory results that might serve as
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diagnostic indicators for a clinically meaningful or severe CRS, predictably requiring
additional therapeutic intervention. To this end, we identified a set of criteria for the
diagnosis of an SCRS based on the presence of fevers, elevation of characteristic cytokines,
and clinical toxicities (Table 3, table S3, and Fig. 1). Patients with evidence of CRS
typically have fevers that start about 24 hours after infusion with 19-28z CAR T cells and
can persist for several days (Fig. 1A). Fevers are, however, not always the harbinger for
more clinically relevant toxicities. We therefore evaluated cytokine increases to discern
between patients with sSCRS associated with clinical deterioration and patients whose fevers
and discomfort would resolve spontaneously or with minimal support. The importance of
this distinction is to avoid premature intervention that may diminish T cell persistence or
efficacy.

We have previously correlated cytokine levels to pretreatment B-ALL tumor burden (1),
albeit in a small sample size (n = 5), which precluded more in-depth analyses. With a larger
cohort of patients, we not only confirmed this correlation but also identified 7 cytokines of
39 measured, whose elevation correlated (r = 0.43 to 0.88) to pretreatment tumor burden
(Fig. 1B) and also to an sCRS (table S4). Within this panel of seven cytokines, we observed
that patients with CRS requiring intensive medical intervention had a 75-fold increase over
pretreatment baseline levels in two of the selected seven cytokines (Table 3). Furthermore,
those patients with sCRS universally exhibited at least one of the following clinical
manifestations: hypoxia, hypotension, and/or neurologic changes. Thus, on the basis of the
combined clinical and cytokine data, we could accurately define an sSCRS in those patients
with the triad of persistent fevers (38°C) for more than 3 days, selected cytokine elevations,
and additional clinical evidence of toxicity. Application of these criteria enables
stratification of patients into the SCRS group, which requires closer observation and is likely
to require medical and pharmacologic intervention, and another group (hnCRS) made up of
patients who tolerate therapy and only require routine observation and management. This
latter nCRS cohort includes patients with a mild CRS, characterized by low-grade fever and
mild cytokine increases, or absent CRS, defined as no fevers and/or no significant cytokine
elevations (Fig. 1). This is a clinically meaningful stratification because sCRS patients are in
the hospital for an average of 56.7 days (SD, 28.6; range, 20 to 104), whereas nCRS patients
are in the hospital for an average of 15.1 days (SD, 18.8; range, 4 to 61).

Management of the CRS

CRS-associated toxicities, when severe, require intensive medical management including
support with vasoactive pressors, mechanical ventilation, antiepileptics, and antipyretics.
However, although these toxicities are concerning, they are a by-product of 19-28z2 CAR T
cell function and, to date, have been fully reversible. We treated our initial three SCRS
patients with lymphotoxic high-dose steroids, >100 mg daily of prednisone equivalent,
which rapidly reversed symptoms but concurrently ablated 19-28z CAR T cells (Fig. 2). The
interleukin-6 receptor (IL-6R)-blocking monoclonal antibody (mAb) tocilizumab may also
ameliorate sSCRS, as initially reported by Grupp et al. (2) who demonstrated rapid resolution
of SCRS after IL-6R blockade. We therefore treated our next three SCRS patients (presenting
27- to 400-fold increases in serum IL-6) with tocilizumab alone (Fig. 2), which reduced
patients’ fevers and SCRS symptoms within 1 to 3 days similar to steroid therapy, but did
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not result in dampened expansion of the 19-28z CAR T cells measured in the peripheral
blood. Similar results were noted in the BM by deep sequencing (Fig. 3). In aggregate, we
detected a fivefold decrease in 19-28z2 CAR T cells in the BM of sCRS patients treated with
high-dose steroids relative to SCRS patients treated either conservatively or with tocilizumab
alone (Fig. 3).

Suppression of CAR T cell expansion presumably has a negative impact on antileukemia
control. Indeed, deep sequencing for the IgH rearrangement associated with the malignant
B-ALL clone revealed that the three SCRS patients treated with high-dose steroids all
experienced a recurrence of disease despite initially achieving a CRm after 19-282 CAR T
cell infusion (table S2). Unfortunately, two of these patients did not undergo the
recommended allo-SCT while MRD™, because of either medical contraindications (MSK-
ALLO4) or having declined further therapy (MSK-ALLOQ7), and are now deceased. MSK-
ALLO5 had a very low level of detectable recurrent disease in the BM by deep sequencing
and achieved a CRm after allo-SCT (table S2).

CAR T cell-mediated sCRS-associated neurologic toxicities

Patients with sSCRS may also develop reversible neurologic complications including
delirium and seizure-like activity. Patients may develop a gradual progression of confusion,
word-finding difficulty, and aphasia and ultimately become obtunded. In three cases, these
neurologic complications required intubation and mechanical ventilation for airway
protection (table S4). Patients with neurologic complications were evaluated with computed
tomography and magnetic resonance imaging of the brain, which was nonrevealing, as well
as electroencephalograms (EEGs) and lumbar punctures. The EEGs confirmed seizure-like
activity, which resolved after antiepileptic treatment. Analysis of cerebrospinal fluid (CSF)
obtained by lumbar puncture in three patients at the time of overt neurologic complications
revealed a lymphocytosis, which, by further gPCR analyses, was found to be composed of,
at least in part, 19-28z2 CAR T cells (table S5). One of these patients (MSK-ALL14) had a
previous history of CNS disease, which had resolved at the time of CAR T cell infusion. The
other two patients did not have any previous or subsequent diagnosis of CNS disease.
Although CSF samples were obtained only in a subset of patients and only in the setting of
clinical neurologic complications, 19-28z2 CAR T cells were not detected in the CSF of all
patients experiencing neurologic toxicities. For example, CSF from MSK-ALL16, obtained
at a time of fevers and delirium, showed no evidence of CAR T cells by direct microscopic
examination or more sensitive qPCR (table S5).

CRP as an indicator of the CRS

We have observed that patients with morphologic disease at the time of 19-28z CAR T cell
infusion have a greater risk for developing SCRS (Figs. 1 and 2 and table S4). Unfortunately,
rapid and daily real-time analysis of serum cytokines, which could guide clinical decision-
making before the onset of severe CAR T cell-associated toxicities, is not feasible because
of technological limitations with cytokine measurements. Therefore, we sought a laboratory
indicator for CRS severity that could be used as a surrogate for cytokine elevation. We
focused on the acute-phase reactant, CRP, based on the well-documented association
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between serum IL-6 and CRP levels (12) and the clinical amelioration of the sCRS afforded
by IL-6R blockade [Fig. 2 and (2)].

We retrospectively analyzed serum samples from all patients treated on this trial and
determined that only those patients who met the criteria for SCRS had a CRP level of >20
mg/dl. We observed a clear difference between the CRP levels of patients with an SCRS
versus patients classified as having either mild or no CRS (Fig. 4 and fig. S2). Patients
treated with high-dose steroids were excluded from this analysis given the inverse
correlation between high-dose steroid treatment and serum CRP. Furthermore, receiver
operating characteristic (ROC) curve analysis suggests CRP as an excellent indicator for
SCRS (fig. S3). Maximum value of the CRP before sCRS has an area under the curve of
0.968. We observed that patients whose CRP exceeds the threshold are particularly at high
risk for CRS (sensitivity, 86%; specificity, 100%).

CART cells as a bridge to allo-SCT

As per the current standard of care for adults with relapsed or refractory B-ALL, the initial
primary aim of therapy is to reinduce a CR (8-10). This, in turn, renders the patient eligible
for an allo-SCT, which is, at present, the only therapeutic modality with curative potential.
Of the 16 patients treated on this protocol, 3 were ineligible for allo-SCT because of a
failure to achieve a CR despite 19-28z CAR T cell infusion, 3 patients in CR were ineligible
because of medical comorbidities that pre-existed 19-28z CAR T cell therapy, and 2 patients
in CR were eligible for allo-SCT but declined further therapy (Tables 2 and 4). One patient
is currently being evaluated for a potential allo-SCT. To date, 7 of the 16 (44%) treated
patients have successfully undergone an allo-SCT post-CAR T cell therapy with no relapses.

DISCUSSION

Our results strongly support the therapeutic potential for our first-in-class CD19-specific
19-28z CAR T cell therapy. Although these results were obtained in a single-center phase 1
study, they support further evaluation of 19-28z CAR T cell therapy for this very poor
prognosis population in a multicenter phase 2 clinical trial.

Patients with relapsed B-ALL have few treatment options and a historical remission rate
with “standard-of-care” salvage chemotherapy of about 30% (8-10). Consistent with this
overall poor-risk prognosis, nearly all of our patients (88%) were refractory to the
physician’s choice salvage therapy given before CAR T cell infusion (Table 1). In contrast,
patients treated with 19-28z CD19 CAR T cells had a very high overall complete response
rate (88%), with 86% of the patients from this CR group further classified (12 of 14 patients)
as MRD™ (CRm) (Tables 2 and 4). Subjects with MRD or overt morphologic residual
leukemia after salvage chemotherapy were enrolled in our study. We observed similarly
high CR rates in both groups after 19-28z CAR T cell infusion (Table 2).

We were able to successfully transition seven patients (44% of all patients) to standard-of-
care therapy with an allo-SCT (Tables 2 and 4). This is especially meaningful when

compared to the reported historically low frequency (5%) of relapsed or refractory adult B-
ALL patients who ultimately transition to allo-SCT after salvage chemotherapy (13). Thus,
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19-28z CAR T cell therapy may represent an effective “bridge” to allo-SCT. Because most
of our patients underwent allo-SCT in the setting of a CRm, we hypothesize that transplants
performed under these optimal conditions will markedly, if not completely, reduce the
historical 30% disease relapse rate of B-ALL patients after allo-SCT (14, 15). To this end,
there have been no relapses in the seven patients treated with an allo-SCT after 19-28z CAR
T cell therapy (post-allo-SCT follow-up ranges from 2 to 24 months), although two of the
patients died while in a CRm from allo-SCT complications. The patients who did not
transition to an allo-SCT after T cell therapy did so for a variety of reasons, including
suboptimal response to CAR T cell therapy (n = 3), declining allo-SCT despite achieving
CRm after 19-28z CAR T cell therapy (n = 2), and preexisting medical contraindications to
an allo-SCT in patients with a CR or CRm after 19-28z CAR T cell therapy (n = 3). One
recently treated patient is pending an evaluation for an allo-SCT at this time. To date, no
patient was precluded from allo-SCT because of toxicities associated with 19-28z CAR T
cell therapy.

The design of this phase 1 clinical trial stipulated that after enrollment and leukapheresis,
patients were given reinduction salvage chemotherapy and later infused with autologous
19-28z CAR T cells (fig. S1). The low efficacy and prolonged duration of
myelosuppression, as well as numerous other toxic side effects, associated with salvage
chemotherapy result in many patients having morbidity and/or mortality, which precludes
further treatment and may even disqualify some patients from an allo-SCT (8, 9, 15). In
contrast to our initial expectations that salvage chemotherapy would enhance CAR T cell
antitumor efficacy, we observed similar clinical outcomes in patients who achieved a CR
after salvage therapy as well as those patients who did not (Tables 2 and 4). Considering the
toxicities associated with salvage reinduction chemotherapy, and the overall high complete
response rates to 19-28z CAR T cell therapy, one may question the utility or wisdom of
giving patients toxic high-dose chemotherapies before 19-28z CAR T cell infusions.

Consistent with our previous reports (1, 6), the persistence of the 19-28z CAR T cells in
ALL patients is about 3 months (table S2). This is in contrast to at least one B-ALL pediatric
patient and several CLL patients reported by the University of Pennsylvania (2, 7, 16), who
exhibited CAR T cell persistence and persisting B cell aplasia for several months to even
more than a year. We hypothesize that the 19-28z CAR T cell expansion and subsequent
contraction are CD19 antigen—dependent, resulting in T cell clearance upon elimination of
normal and malignant and B cells (1, 6), as seen in a normal T cell immune response to
antigen. Accordingly, the persistence of CD19-targeted CARs incorporating a 4-1BB moiety
rather than CD28 as used by the University of Pennsylvania may be due, at least in part, to
antigen-independent signaling through the 4-1BB CAR, as previously demonstrated in
preclinical studies (17). Additional or alternative mechanisms may apply. We are currently
developing a human anti-mouse antibody assay to determine whether immune-mediated
rejection might be a contributing factor to limiting 19-28z CAR T cell persistence. The CRS
symptoms appear earlier with CD28-containing CD19-targeted CAR T cells, reported by
both the National Cancer Institute (NCI) and Memorial Sloan-Kettering Cancer Center
(MSKCC), compared to 4-1BB—containing CD19-targeted CAR T cells. We believe that this

Sci Transl Med. Author manuscript; available in PMC 2015 December 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davila et al.

Page 9

is due to a more rapid T cell expansion in the former group than in the latter, on the basis of
this current report and previously published observations (1-3, 6, 7, 16, 18).

Although the overall complete response rate was dramatic, there were also examples of
failure to reinduce a CR in patients with morphologic residual disease or failure to induce a
CRm in patients with MRD. Two such treatment failures occurred in patients with MRD at
the time of CAR T cell infusion, whereas the other two patients had overt morphologic
residual leukemia at the time of CAR T cell infusion. One patient (MSK-ALLO09) received a
low 19-28z T cell dose (16%, table S1) without subsequent evidence of post-infusion in vivo
CAR T cell expansion (table S2). Both MRD treatment failures had low to no detectable
19-28z CAR T cells in the BM after infusion, in contrast to those patients with treatment
responses, pointing to limited T cell expansion in these patients as one mechanism
contributing to treatment failure (Fig. 3 and table S2). The lack of response in MSK-ALLO08,
who had disease involvement only within a large abdominal lymph node mass, may be due
to limited T cell trafficking or immunosuppression of CAR T cells within this
extramedullary tumor microenvironment.

The toxicities associated with the infusion of 19-28z2 CAR T cells are summarized in table
S4. Unlike the toxicities associated with conventional salvage chemotherapy, those
associated with infused CAR T cells are related to large-scale, synchronous T cell activation
upon targeting of CD19* leukemia cells. Systematic serum cytokine analyses allowed us to
select a small panel of cytokines that are strongly associated with an sCRS (Fig. 1B).
Identification of these seven cytokines, commonly elevated with the sSCRS, allowed us to
develop laboratory and clinical criteria for the formal diagnosis of an SCRS (Table 3). On
the basis of our analysis, patients with fevers alone and/or elevated serum cytokines in the
absence of additional clinically apparent toxicities are unlikely to require anything more
than observation or modest medical intervention. In contrast, patients who meet the SCRS
criteria are likely to require more intensive observation and aggressive medical
management. The diagnostic criteria we established will be useful to normalize evaluation of
these toxicities across multiple trials at different medical centers, for developing preclinical
models to understand the mechanism behind the CRS (19), and to further optimize the
clinical management of this syndrome.

Our initial attempts to manage sCRS have included treating patients with high-dose steroids
and/or tocilizumab, an IL-6R-blocking mAb. We have found that the manner of treating
SCRS may affect clinical outcomes. Administration of high lymphotoxic doses of steroids as
a treatment of sCRS in patients MSK-ALL04, MSK-ALLO05, and MSK-ALLO7 resulted in a
rapid reversal of their fevers, cytokines, and other clinical symptoms but abrogated 19-28z
CAR T cell expansion and persistence (Fig. 2). In contrast, administration of tocilizumab as
a first-line therapy for sCRS in patients MSK-ALL13, MSK-ALL14, and MSK-ALL17
similarly reduced fevers and ameliorated clinical symptoms without apparent effect on
19-28z CAR T cell expansion and persistence (Fig. 2). Two patients, MSK-ALL13 and
MSK-ALL14, had expansion of 19-28z CAR T cells after their first treatment with
tocilizumab, with MSK-ALL13 demonstrating an almost 7000-fold in vivo expansion after
treatment. The lymphotoxic effect of steroids appears to affect not only the in vivo
expansion of the infused CAR T cells but also the clinical outcome of SCRS patients. All
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three patients treated with high-dose steroids relapsed despite previously achieving a CRm
(MRD to morphologic relapse), whereas untreated patients or those treated with tocilizumab
alone had no evidence of recurrent disease after achieving a CRm. We do not know if lower
doses of steroids might be as effective at decreasing SCRS but without CAR T cell toxicity.
These results strongly suggest that tocilizumab should be used in the first-line treatment of
SCRS, with high-dose steroids being reserved for those patients with severe life-threatening
CRS unresponsive to tocilizumab.

We, as well as others (1-3), have observed a number of clinically alarming neurologic
changes associated with the sCRS (table S4). Because of similar published neurologic
changes after blinatumomab infusion or CD28 mAb ligation (20, 21), which, in both cases,
resulted in robust T cell activation, we speculate that these neurologic toxicities arise from a
generalized T cell-mediated inflammatory state rather than direct toxicity mediated by
19-28z CAR T cells on CNS tissues. Indeed, no detectable 19-28z CAR T cells were found
in the CSF of MSK-ALL 16, despite the clinically evident and persistent delirium at the time
of CSF collection (table S5). Understanding the mechanisms underlying the neurologic
complications seen with CAR T cell therapy in the setting of an SCRS, as well as more
efficient management of these toxicities, will require more intensive clinical and preclinical
investigation (19). Fortunately, these complications have been medically manageable and
fully reversible in our patient cohort.

We have identified CRP as a potential laboratory indicator for the SCRS, considering that
cytokine monitoring is unlikely to be performed daily because of cost and time constraints.
Retrospective review of patient serum CRP levels over time (fig. S2) revealed that patients
with SCRS who received steroids or tocilizumab were treated at or near their peak serum
CRP. Additionally, we found that patients with SCRS treated with steroids and/or
tocilizumab exhibited a rapid drop in serum CRP, consistent with clinical resolution of the
SCRS (fig. S2). We therefore propose that any patient who has fevers and a CRP =20 mg/dI
should be managed as if they have sCRS and be considered at high risk for clinical
complications (Table 3), a guideline that we plan to validate prospectively. Post hoc
cytokine monitoring will still be useful to confirm sCRS and for further research into the
biology behind the sCRS. On the basis of our experience, we have developed clinical
guidelines for the management of patients being treated with CAR T cells (fig. S4).

Grouping patients according to their CRS status, SCRS (n = 7) versus mild or no CRS (n =
9), aligns significantly with the pretreatment blast burden before 19-28z2 CAR T cell infusion
(P < 0.05, Table 4). Thus, all seven patients who developed SCRS had morphologic residual
leukemia and achieved a CRm, whereas the nine patients with mild or no CRS included
seven patients with MRD and two with morphologic residual disease, but no treatment
response (Table 4). In our previous report (1), we observed a correlation between tumor
burden and cytokine elevation but not between tumor burden and outcome, indicating that
treatment-associated toxicity was not requisite for an efficient 19-28z CAR T cell-mediated
antileukemia effect. With our larger cohort, we continue to report no differences in the
clinical outcomes of patients with MRD versus those patients with overt morphologic
residual leukemia. However, patients with SCRS, and therefore with morphologic residual
leukemia before 19-28z CAR T cell infusion, have greater expansion of CAR T cells in their
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BM and blood. This may be related to abundant CD19 expression on residual leukemia in
these patients, in contrast to low or absent levels of CD19 in patients with MRD (22), or a
dampening effect of normal B cells, which may predominate in patients with MRD.
Together, our ability to anticipate and manage toxicities in patients treated with 19-28z CAR
T cells will greatly enhance the implementation of multicenter phase 2 studies, which the
findings reported herein strongly support.

MATERIALS AND METHODS

Clinical protocol design

This is a phase 1 protocol (ClinicalTrials.gov #NCT01044069) that has been described in
detail, and the protocol is available as supplemental material [fig. S1 and (1)]. Briefly, it is
open to adults with B-ALL in their first CR or with relapsed/refractory disease. However,
only patients with relapsed or refractory B-ALL are eligible for infusion with 19-28z CAR T
cells. The patients are given a conditioning chemotherapy agent, cyclophosphamide (1.5 to
3.0 g/m?), followed by a fractionated dose (¥4 dose on day 1 and 2 dose on the following
day) of 19-28z CAR T cells. The dose under evaluation is 3 x 108 CAR T cells/kg. Patients
are treated in the inpatient setting to manage potential toxicities after 19-28z CAR T cell
infusion. Patients achieving a CR after CAR T cell therapy were referred to the MSKCC
BM transplantation service for evaluation of additional therapy with an allo-SCT. The
Institutional Review Board at MSKCC reviewed and approved this trial. All patients
enrolled and treated on this trial gave written informed consent before participation. All
clinical investigation was conducted according to the Declaration of Helsinki principles.

Generation of 19-28z CAR-modified T cells

19-28z CAR T cells were harvested, transduced, formulated, and released as previously
described (1, 6, 23).

Analysis of cytokines and CRP after 19-28z CAR T cell infusion

Patient serum samples were analyzed with the Luminex 1S100 system and commercially
available 39-plex cytokine detection assays as described (1, 6). The Department of
Laboratory Medicine at MSKCC used serum to measure high-sensitivity CRP with the
Siemens High Sensitivity CRP reagent kit on the ADVIA 1800, also manufactured by
Siemens.

Molecular studies of whole blood, BM, and CSF

The malignant IgH rearrangement was detected from a diagnostic relapsed sample. Follow-
up BM aspirates were processed to extract 7.5 ug of genomic DNA and submitted for deep
sequencing at Adaptive Bio-technologies. Sequences for the malignant IgH rearrangement
were then used to interrogate the high-throughput sequencing output to identify residual
disease. In some patients, monitoring for the malignant IgH rearrangement was not possible
because no relapsed sample was available or no IgH rearrangement was detected because the
patients’ IgH locus was germ line.
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19-28z CAR T cells were detected by qPCR and/or deep sequencing assays. For qPCR,
genomic DNA was isolated from the appropriate tissue, and a portion of the 19-28z CAR
construct was amplified as described (6). The deep sequencing process is initiated with a
multiplex PCR assay that uses multiple, degenerate Vi and Jy family primers (11). As a
consequence of the degenerate nature of the primers, the high-throughput sequencing output
also included sequences for the mouse anti-CD19 IgH rearrangement associated with the
19-28z CAR. Therefore, we were able to monitor for 19-28z CAR T cell persistence in the
BM by interrogating the high-throughput sequencing output with the IgH rearrangement
associated with the 19-28z CAR. For all deep sequencing data, if <7.5 pg of genomic DNA
was submitted, results were normalized to the output expected from 7.5 ug of genomic
DNA.

Relapsed or refractory B-ALL diagnosis and clinical outcomes

Statistics

B-ALL diagnoses were confirmed by pathologists at MSKCC on the basis of BM cell
morphology, flow cytometry, and/or genetics. Using standard criteria (24, 25), we classified
patient outcomes after CAR T cell infusion as CR, molecular CR (CRm), CR with
incomplete platelet or neutrophil recovery (CRi), MRD, or morphologic residual disease.
These classifications are further defined below. CR is defined as the disappearance of
clinical and cellular evidence of leukemia. There should be restoration of normal
hematopoiesis with a neutrophil count >1000 x 10/liter and a platelet count 100,000 x
108/liter. Blasts should be <5% in a posttreatment BM differential. In contrast, CRi is
defined as meeting the criteria for CR but not having adequate platelet or neutrophil
recovery. MRD is defined as patients meeting the criteria for CR or CRi, but with residual
disease detected by qPCR, flow cytometry, or deep sequencing for the malignant clonal IgH
rearrangement. In contrast, CRm corresponds to patients in a CR or CRi but also confirmed
to have no MRD, that is, MRD™, as determined by flow cytometry and/or deep sequencing
and/or gPCR for the ber-abl transcript. Morphologic residual disease is defined as 25%
blasts in a BM differential.

Quantitative data were analyzed with t tests and ANOVA, when appropriate. The total
number of samples, the statistical test, and P values are detailed in the figure legends. The 7
cytokines associated with SCRS were identified by screening 39 cytokines for strong
Spearman rank order correlations (p = 0.4) between cytokine max fold change and
pretreatment leukemia burden. Among these, we then selected only those cytokines that
were elevated in more than one patient. Last, we developed the threshold barrier by
identifying the lowest max fold change among the strongly correlated cytokines. The ROC
curves for CRP were constructed using the empirical method, and the best cut point was
identified via the Youden index (26).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characteristics of the CRS
(A) Average max temperatures on days 1 to 11 after CAR T cell infusion in patients with

SCRS compared to nCRS patients. Error bars represent the SD. The dashed line is at 38°C to
indicate the threshold for fevers. Two-way analysis of variance (ANOVA) analysis between
the sSCRS and nCRS groups revealed a P = 0.019 (n = 22). (B) Max fold changes of seven
inflammatory cytokines selected for their consistent pattern of elevation during sCRS.
Depicted are the max fold changes relative to pretreatment values over days 1 to 21 after
CAR T cell infusion. The highlighted box represents changes 75-fold and above. Correlation
was assessed for pretreatment tumor burden and cytokine elevations for patients diagnosed
with sSCRS. The Spearman rank correlation coefficient was calculated with pretreatment
tumor burden, measured by deep sequencing, and cytokine concentration (pg/ml), and is
listed next to each cytokine. IFN-y, interferon-y; GM-CSF, granulocyte-macrophage colony-
stimulating factor.
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Fig. 2. The effect of steroids and/or tocilizumab on the expansion of CAR T cellsin patientswith
SCRS

The number of CAR T cells per microliter of whole blood, detected by qPCR, was measured
in samples drawn before treatment and from days 1 to 22 after CAR T cell infusion. Max
temperatures on days 1 to 11 are also depicted. In addition, the days when steroids or
tocilizumab was administered to manage sCRS are shown. The red dashed line represents
the duration of steroid treatment, and the gray dashed line is at the 38°C fever threshold.
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Fig. 3. CAR T cellsdetected in the BM by deep sequencing
BM was isolated from patients and submitted to Adaptive Biotechnologies for deep

sequencing of the IgH rearrangement associated with the 19-28z CAR. The max number of
CAR T cells in the BM within 6 weeks of CAR T cell infusion is shown. The mean and SD
are depicted for the patient groups stratified on the basis of CRS and its management. *P =
0.048, one-way t test between these two groups (n = 6).
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Fig. 4. CRP levelsin patientsinfused with 19-28z CAR T cells
CRP was measured before treatment and from days 1 to 18 after CAR T cell infusion. The

green lines represent CRP levels from patients who met the diagnostic criteria for SCRS (n =
4) and were treated with either tocilizumab or nothing. The CRP levels of patients classified
as nCRS are illustrated in blue. Error bars are the SEM. The gray dashed line is at 20 mg/dI,
which indicates the threshold where patients are at high risk for clinical complications
secondary to sCRS. *P < 0.05, unpaired t tests at the corresponding time point. Specific P
values for the time points are as follows: day 2, P = 0.035 (n = 13); day 4, P = 0.025 (h =
12); day 5, P = 0.019 (n = 11); and day 9, P = 0.01 (n = 8).
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Table 1

Patient demographics and disease characteristics. CNS, central nervous system.

Characteristics No. of patients (N = 16) %
Sex
Male 12 75
Female 4 25
Age (years)
Median 50
Range
18-29 4 25
30-59 7 44
=60 5 31

Baseline BM cytogenetics

Unfavorable 7 44
Ph* 4 25
Intermediate 9 56

Previous allo-SCT
Yes 4 25
No 12 75

Extramedullary disease

CNS 2 12
Other 1 6
None 13 81

Duration of CR1 (months)

Median 8

Range
<6 5 31
6-24 7 44
>24 4 25

Number of salvage regimens

1 9 56
2 4 25
>3 3 19

Refractory to immediate previous therapy
Yes 14 88
No 2 12

B-ALL tumor burden in the BM before CAR T cell infusion (n = 15)*

MRD~ 2 13
MRD* 5 33
<50% blasts 2 13
250% 6 40

*
One patient had only gross extramedullary disease (no detectable disease in the BM).
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Table 2
Summary of clinical outcomes.

Characteristics No. of patients(N=16) %
Overall complete response to salvage chemotherapy* 7 44
Overall complete response to 19-28z CAR T cells 141 88
In patients with morphologic residual leukemia (n = 9) 7 78
Complete remission (CR) 10 63
Complete remission with incomplete count recovery (CRi) 4 25
Molecular complete remission (CRm)i 12t 75
Median time to CR/CRI (days) 245
Post-CAR T allo-SCT (n = 10 eligible patients)§ 7 70

*
Overall complete response = CR + CRi (determined without regard to CRm status).

Tlncludes two patients who were in CRm before CAR T cell infusion.

t

Page 21

CRm or MRD™ as determined by flow cytometry and/or deep sequencing for the index IgH clonotype and/or gPCR for the bcr-abl transcript.

§Three patients had medical contraindication to allo-SCT, two patients in CR have declined potential allo-SCT, and one is being evaluated for an

allo-SCT.
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Table 3

Diagnostic criteria for SCRS secondary to CAR T cells.

Criteriafor sCRS

Fevers for at least three consecutive days

Two cytokine max fold changes of at least 75 or one cytokine max fold change of at least 250

At least one clinical sign of toxicity such as hypotension (requiring at least one intravenous vasoactive pressor) or,
Hypoxia (PO, < 90%) or,

Neurologic disorders (including mental status changes, obtundation, and seizures)

Sci Transl Med. Author manuscript; available in PMC 2015 December 20.
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