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Antigen Receptor (CAR) T Cells
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Terry J. Fry2, Daniel W. Lee3, Crystal L. Mackall?, and Cathy Conry-Cantilenal
1Department of Transfusion Medicine, NIH Clinical Center, National Institutes of Health,
Bethesda, MD, USA.

2pediatric Oncology Branch, National Cancer Institute, National Institutes of Health, Bethesda,
MD, USA.

3Division of Pediatric Hematology/Oncology, Department of Pediatrics, University of Virginia

Abstract

Background—Chimeric antigen receptor (CAR) T cells are a promising new immunotherapy.
The first step in manufacturing is to collect autologous CD3+ lymphocytes by apheresis. Patients,
however, are often leukopenic or have other disease-related complications. We evaluated the
feasibility of collecting adequate numbers of CD3+ cells, risk factors for inadequate collections,
and the rate of adverse events.

Study Designh—Apheresis lymphocyte collections from patients participating in 3 CAR T cell
clinical trials were reviewed. Collections were performed on the COBE Spectra by experienced
nurses, with the goal of obtaining a minimum of 0.6x10° and a target of 2x10° CD3+ cells. Pre-
apheresis peripheral blood counts, apheresis parameters, and product cell counts were analyzed.

Results—Of the 71 collections, 69 (97%) achieved the minimum and 55 (77%) achieved the
target. Before apheresis, the 16 patients with yields below the target had significantly lower
proportions and absolute numbers of circulating lymphocytes and CD3+ lymphocytes, and higher
proportions of circulating blasts and NK cells than those who achieved the target (470 vs. 1340
lymphocytes/uL, £=0.008; 349 vs. 914 CD3+ cells/uL, p=0.001; 17.6% vs. 4.55% blasts,
p=0.029). Enrichment of blasts in the product compared to the peripheral blood occurred in 4
patients, including the 2 patients whose collections did not yield the minimum number of CD3+
cells. Apheresis complications occurred in 11 patients (15%), and with one exception, were easily
managed in the apheresis clinic.
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Conclusions—In most patients undergoing CAR T cell therapy, leukapheresis is well-tolerated
and adequate numbers of CD3+ lymphocytes are collected.

Introduction

Chimeric antigen receptor (CAR) T cells are engineered to bind to tumor-specific cell
surface targets, while the adjacent signaling molecules cause T cell activation, proliferation,
and tumor cell lysis.12 Clinical trials have evaluated the safety and efficacy of CAR T cells
for the treatment of acute lymphoblastic leukemia (ALL),2- chronic lymphocytic
leukemia,36-8 diffuse large B cell lymphoma,8° multiple myeloma,1? neuroblastoma,! and
sarcomas.1? Results have been so favorable that over 120 clinical trials are currently openl3
and at least 6 companies have formed partnerships to produce and study CAR T cell
products;1* 4 companies have had initial public offerings worth over $130 million each.14
Thus, the therapy appears poised to move from small-scale clinical trials to large-scale
commercial production, and could become standard treatment for some malignancies in the
future.

The complex manufacturing process involves obtaining T cells, transducing those cells with
a viral vector containing the CAR cassette, and subsequently expanding them in culture.l
Numerous variables affect the manufacturing process, including the number of starting cells,
transduction efficiency, and the ability of the cells to multiply, which in turn may be affected
by cell quality, cell purity,1° culture conditions, and other factors that are as yet unknown (J.
Jin, personal communication, 2016). Here, we focused on the essential first step: collection
of T cells via apheresis.

Although at least one trial has examined the use of allogeneic T cells, 16 the majority have
used autologous T cells. Apheresis collection of T cells from patients represents a new
clinical scenario for practitioners. Historically, peripheral blood mononuclear cell (PBMC)
collections have been performed in 2 settings: (1) in healthy donors to collect lymphocytes
for donor lymphocyte infusions (DLI) after hematopoietic stem cell transplantation and (2)
in leukemic patients with high blast concentrations, to reduce the white blood cell
concentration and prevent or treat leukostasis.1”1 In the former, individuals usually have
normal cell counts and the necessary cells are easily obtained; in the latter, the cells being
collected—the blasts—are abundant, and the goal of the procedure is their removal rather
than their collection. And while autologous peripheral blood stem cell (PBSC) collection in
patients with malignancies has been studied,? little is known about PBMC collections for
obtaining lymphocytes.2°

Lymphapheresis for CAR T cell manufacturing involves collecting specific numbers of
CD3+ lymphocytes from patients. Unlike a DLI collection from a healthy donor, patients
often have low white blood cell (WBC) counts, making it difficult to establish the red blood
cell-WBC interface in the apheresis centrifuge.2? Furthermore, underlying disease or prior
treatment could affect the properties of the lymphocytes, and typical collection parameters
may not be optimal 20 Finally, patients could have complications such as gastric upset or
infection that make them less stable to undergo the procedure.
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The challenges of collecting CD3+ lymphocytes in a population of patients with leukemia
and other malignancies have not been well-characterized. We evaluated patients undergoing
lymphapheresis for the production of CAR T cells to determine the proportion who meet
CD3+ cell targets, risk factors for inadequate collections, and the rate of adverse events.

Materials and Methods

Patients

Apheresis

Inclusion criteria for this study required enrollment in NCT01593696, NCT02315612, or
NCT02107963, and lymphocyte collection by apheresis between July 1, 2012 and January
31, 2016. All 3 trials were single-center, phase 1/2, dose-escalation studies of CAR T cell
therapy for relapsed or treatment-refractory pediatric malignancies. NCT01593696 and
NCTO02315612 included children with B cell leukemias and lymphomas that expressed
CD19 and CD22, respectively. NCT02107963 included children with solid tumors that
expressed GD2. The current retrospective analysis was within the scope of all 3 trials, which
were approved by the Institutional Review Board of the National Cancer Institute. Data was
available for all 71 patients who met the inclusion criteria.

Lymphapheresis procedures were performed on the COBE Spectra (TerumoBCT, Lakewood,
CO) by experienced apheresis nurses collecting at a hematocrit of 2 to 3% and a collection
flow rate of 1.0 mL/min. Patients under 18 years old all had central venous catheters (CVC)
placed before the procedure by an experienced vascular access team; those over 18 years
were assessed to determine whether their peripheral veins were adequate or whether a CVC
was needed. During the procedure, all patients received intravenous calcium chloride,
prepared and infused according to standard procedures that have been previously
described.2! Patients weighing less than 40 kg also received intravenous magnesium sulfate
by methods previously described.?! The instrument was primed with 1 unit of irradiated,
leukocyte-reduced red blood cells for all patients weighing less than 20 kg from July 2012
through January 2014, and subsequently for all patients weighing less than 25 kg, due to a
change in institution practice. If the patient experienced symptoms of hypocalcemia during
the procedure, the calcium infusion rate was increased by 10-20%.

Patients were required to have stable vital signs, hemoglobin concentration greater than 8.0
g/dL, and platelets greater than 50x103/uL before apheresis. Limited exceptions were made
on a case-by-case basis. As a result, 3 patients had hemoglobin concentrations of 7 to 8 g/dL
and 5 patients had platelets of 15 to 50 x103/uL at the time of apheresis.

Laboratory Testing

Before apheresis, a complete blood count (CBC) with automated differential was performed
using a hematology analyzer (Sysmex XN-3000, Sysmex America, Lincolnshire, IL).
Manual differentials were performed whenever blasts were detected. Lymphocyte
phenotyping was performed by flow cytometric analysis (BD FACSCanto, BD Biosciences,
San Jose, CA); the fraction of lymphocytes that expressed CD3, CD19, or CD16/56 was
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multiplied by the absolute lymphocyte count to obtain the absolute T, B, or NK cell count,
respectively.

After apheresis, a CBC performed on the product using a hematology analyzer (Cell-Dyn
3700, Abbott Diagnostics, Abbott Park, IL) enabled the determination of the total nucleated
cells (TNC) in the PBMC concentrate. The Sysmex and Cell-Dyn analyzers were both
validated against a standard and used for clinical testing. Cellular phenotypes were
determined by flow cytometric analysis using a flow cytometer (BD FACSCanto or BD
FACSCanto |1, BD Biosciences).

CD3+ cell targets

The collections aimed for a minimum of 0.6x10° and a target of 2x10° CD3+ cells.
Although CAR T cells can be manufactured using fewer cells, we have found that a small
percentage of cell cultures demonstrate low transduction efficiency or expansion; in our
experience, 0.6x10% CD3+ cells often suffices even if such difficulties are encountered, and
the target of 2x10° enables us to cryopreserve extra cells in case a second culture is
necessary.1® The final product was infused using weight-based dosing, and patient weight
varied considerably (range 16 to 140 kg). However, we elected to use a standardized
manufacturing method that was independent of the dose required; consequently we targeted
a fixed quantity of CD3+ cells.

Data analysis

Results

The collection efficiency was calculated using the equation: efficiency = CD3+ cell yield /
(Pre-apheresis absolute CD3+ cells/uL x 106 x liters processed). The mean of the absolute
CD3+ cell counts before and after the procedure was not used because the post-apheresis
count was not available. Associations between categorical variables were tested using the 2-
sided Fisher’s exact test. Associations between quantitative variables were tested using the
2-sided student’s t-test. A pless than 0.05 was considered statistically significant.

We reviewed 71 autologous apheresis lymphocyte collections for patients who were
preparing to receive adoptive immunotherapy therapy with CD19-CAR, CD22-CAR, or
GD2-CAR T cells. The majority of the patients were male, carried a diagnosis of ALL, and
weighed greater than 25 kg (Table 1).

Pre-apheresis laboratory testing

On average, patients with solid tumors had lower proportions of lymphocytes compared to
patients with ALL (0=0.02, Table S1). However, the absolute numbers of lymphocytes were
not significantly different between the 2 groups. Among the 58 patients with ALL, 15 (26%)
had detectable circulating blasts on the day of collection (Table S1).

Apheresis parameters

The 71 procedures were performed by 12 different apheresis nurses. The majority of patients
required CVCs for vascular access (94%), and did not require a blood prime (83%, Table 2).
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The number of total blood volumes processed varied widely. Apheresis complications
occurred in 11 patients (15%, Table 2), and did not correlate with younger age or lower
weight (not shown). One patient with progressive ALL involving the central nervous system
developed fever, nausea, vomiting, hallucinations, seizures, and oxygen desaturation. He
showed no signs of hypocalcemia during or immediately after the procedure, and his
complications were thought to be related to his underlying disease rather than apheresis. He
was intubated and transferred to the intensive care unit where he was treated for 19 days
before returning to a lower level of care. All other complications were managed in the
apheresis clinic, including all paresthesias, which resolved after adjusting the calcium
infusion rate.

Collection yields and manufacturing

Only 2 collections (3%) yielded fewer than 0.6x10° CD3+ cells, the minimum requested for
manufacturing. An additional 14 collections (20%) achieved the minimum, but not the target
of 2x10% CD3+ cells (Figure 1A). Even among 21 patients with low absolute lymphocyte
counts (< 0.5x103/uL) or CD3+ cell counts (< 300/uL), 20 collections reached the minimum
yield (95%, Table S2). TNC, TNC per kg, differential counts, and number of CD3+ cells
obtained were highly variable among patients (Table 3). Peripheral blood CD3+ counts were
acquired 0 to 11 days before apheresis and correlated with the yield of CD3+ cells per liter
of blood processed (Figure 1B). After the first 48 patients had undergone apheresis, the line
of best fit from Figure 1B was used to prospectively guide the number of liters processed for
lymphocyte collections in the next 23 patients undergoing CAR T cell therapy.

Initial manufacturing for 8 of the 71 patients (11%) did not yield sufficient quantities of
transduced CD3+ cells to meet protocol dose criteria (0.3 to 3.0 x10° transduced CD3+
cells). Lower apheresis yields were significantly associated with manufacturing failures,
which occurred in 5 of 16 patients (31%) whose PBMC concentrates contained fewer than
the target number of CD3+ cells, and 3 of 55 patients (5%) who met the target (p=0.01, not
shown).

Risk factors for low CD3+ cell collections

A total of 16 PBMC concentrates contained fewer than the target of 2x10° CD3+ cells.
Characteristics such as gender, diagnosis, and clinical trial were not significantly associated
with below-target yields (Table S3). Several laboratory variables, however, showed
statistically significant differences when comparing the below-target and above-target
groups (Table 4). Notably, all patients with below-target yields had absolute lymphocyte
counts less than 1.5x103/uL (Figure 2A), and all patients with NK cell fractions above 40%
yielded fewer than the targeted number of CD3+ cells (Figure 2B). There was no significant
difference in the CD3+ cell collection efficiency between the 2 groups (Table 4).

To determine whether the low-yield collections were due to processing inadequate volumes
of blood, we reviewed the volume processed for all 16 patients whose collections yielded
fewer than 2x10% CD3+ cells (Figure 3). Less than 3 total blood volumes were processed for
8 patients (50%), 6 of whom had fewer than 10 liters processed. Furthermore, 5 of the 8 had
CD3+ cell counts below 500 cells/uL. These results suggest that collection targets may have
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been reached for 8 additional patients if the duration of collection had been longer, and they
emphasize the importance of customizing the amount of blood processed based on the
patient’s cell counts.

To determine if enrichment of blasts in the PBMC concentrate was reducing CD3+ cell
yields, the proportion of blasts in the circulation and the collected product were compared.
Among the 15 patients with circulating blasts, 8 had similar proportions in the blood and in
the concentrate, differing by less than 10% (Figure 4). Decreased proportions of blasts were
seen in the concentrate from 3 patients. Increased proportions were seen in 4 patients, 2 of
whom had the lowest CD3+ cell yields in this study. Those patients are described as case
studies below.

Case studies

Patient 029-03 was a 22 year-old, 81 kg male with ALL, who had previously received
CD19-CAR T cells and presented for CD22-CAR T cells. On the day of apheresis, his WBC
count was 9.88x103/uL, with 14% lymphocytes and 53% blasts. During the collection, a
mid-procedure count of TNCs in the concentrate suggested adequate numbers of cells were
collected, and the procedure was stopped after 10.6 liters of blood was processed. However,
the collection bag was later found to contain over 90% blasts, and only 0.494x10° CD3+
cells. Despite the low yield, culture was initiated; high transduction efficiency and good
expansion enabled production of an adequate CD22-CAR T cell product.

Patient 029-09 was a 6 year-old, 21 kg male with ALL, who had previously received CD19-
CAR T cells and presented for CD22-CAR T cells. On the day of apheresis, his WBC was
2.79x103/uL, with 20% lymphocytes and 26% blasts. Initial flow cytometry testing of the
pre-apheresis peripheral blood showed 63% of the lymphocytes were CD3+. During the
collection, a mid-procedure count of the concentrate was found to contain 61% blasts, 18%
NK cells, and only 2% CD3+ cells. Despite processing nearly 7 total blood volumes, only
0.288x109 CD3+ cells were obtained. Subsequent investigation led to re-gating of the pre-
apheresis peripheral blood flow cytometry. The new analysis showed that only 15% of
lymphocytes were CD3+, and the remainder bore NK cell markers. Fortunately, additional
lymphocytes from the patient were stored at another institution. After shipping the cells to
our laboratory, CAR T cell culture was initiated and manufacturing was successful.

Discussion

We evaluated apheresis lymphocyte collections from 71 patients who were preparing for
CAR T cell immunotherapy. Despite varying levels of leukopenia, the minimum number of
CD3+ lymphocytes was collected in 97% of patients, and the targeted number in 77% of
patients. Apheresis complications occurred in 15% of patients, and with one exception, they
were easily managed in the apheresis clinic.

Risk factors for low CD3+ cell collections included low proportions or absolute numbers of
lymphocytes or CD3+ cells, high proportions of NK cells, and high proportions of
circulating blasts. Patients with these characteristics should be considered at risk of
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producing an inadequate yield, and in some cases, processing more blood may enable an
adequate collection.

The association between high proportions of NK cells and lower CD3+ cell collection yields
in most cases is likely due to the inverse relationship between NK and CD3+ cells as
fractions of lymphocytes. Both should separate into the lymphocyte layer in the centrifuge,
and more NK cells typically implies fewer CD3+ cells.

The association between high proportions of blasts and lower CD3+ cell collection yields
may be due to lower numbers of circulating CD3+ cells, or to enrichment of blasts in the
PBMC concentrate. Although the proportion of blasts in the apheresis product was often
concordant with the peripheral blood, some patients showed discrepancies. Increasing
fractions of lymphoblasts in the apheresis product may have been due to the physical
properties of the cells causing them to accumulate in the lymphocyte layer during
centrifugation. Alternatively, it could be the result of real increases in circulating blasts
during the procedure due to mobilization from the bone marrow, liver, spleen, or lymph
nodes.

The peripheral blood CD3+ cell count can be used to predict the yield per liter of blood
processed (Figure 1B), which can then assist in tailoring the length of the apheresis
procedure to the patient. These findings are consistent with previous studies that have shown
correlations between pre-apheresis CD34+ cell counts and CD34+ cell collection yields in
pediatric patients and donors.2! Careful gating during flow cytometry analysis is essential to
accurate determination of the CD3+ cell concentration. When the default lymphocyte gating
is used, the fraction of CD3+ cells can appear falsely elevated.

While obtaining adequate quantities of CD3+ cells is important to producing sufficient
quantities of CAR T cells, it is not the only factor. Early in manufacturing, we observed that
CAR T cells from some patients failed to expand in culture, and this phenomenon was
associated with PBMC concentrates containing greater quantities of myeloid cells.2® Our
initial manufacturing protocol, which included a step to enrich PBMC concentrates for T
cells by selection with anti-CD3/CD28 beads,2? was modified to include a step that depleted
myeloid cells by plastic adherence. We are also evaluating more rigorous methods of
lymphocyte enrichment including counter-flow elutriation and selection with anti-CD4 and
anti-CD8 paramagnetic particles. Better enrichment of PBMC concentrates for T cells may
reduce the incidence of manufacturing failures particularly for PBMC concentrates with low
quantities of CD3+ cells and large quantities of contaminating cells.

As CAR T cells become more widely utilized, commercial groups will likely provide the
product throughout the U.S. In order to minimize patient travel, regional apheresis sites will
be required, and will need standardized yet flexible collection parameters that can be
personalized for each patient. Based on the data described here, we recommend the cell
processing facility specify the targeted yield of CD3+ cells. Using the pre-apheresis CD3+
cell count and graphical data similar to those presented in Figure 1B, the number of liters to
be processed can be extrapolated. Care must be taken to obtain accurate CD3+ cell counts.
Patients weighing over 40 kg should generally have a minimum of 10 liters and a maximum
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of 24 liters processed. Patients with smaller body mass should have a minimum of 3 and a
maximum of 6 total blood volumes processed. Patients with circulating blasts should be
considered high-risk for inadequate collections; processing additional blood may be
advisable and mid-procedure counts of the PBMC concentrate should be utilized.

Additional research will provide greater understanding regarding the collection and
manufacturing processes for CAR T cells. In this study, all procedures were performed on
the COBE Spectra, which will not be supported after December 31, 2017. Future collections
will likely be performed on the Spectra Optia (TerumoBCT, Lakewood, CO) or Amicus
(Fenwal, Lake Zurich, IL) instruments, and comparisons of the different instruments will be
important. Furthermore, this study addresses only quantity of CD3+ cells for subsequent
manufacturing; quality of the CD3+ cells, purity of the apheresis collection,1® and other
variables that affect the manufacturing process will require extensive evaluation.

Collection of adequate numbers of CD3+ cells for CAR T cell manufacturing is safe and
feasible in the majority of patients. Longer collection procedures may facilitate increased
CD3+ cell yields in patients who are at risk of low yields. As CAR T cells become more
widely used, understanding different variables that affect the lymphocyte collection will aid
in ensuring that all patients can have sufficient cells for manufacturing. A personalized
approach to the collection process is the essential first step for CAR T cell immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank the patients and family members who enrolled in NCI protocols 12-C-0112, 14-C-0059, and 15-
C-0029. We acknowledge Dr. Nirali Shah (NCI) for clinical care contributions; Cynthia Delbrook and Donna
Bernstein (NCI) for research coordination; Dr. Hong Hong, Dr. Celina Montemayor, Dr. Randin Nelson, and the
apheresis nurses in the Department of Transfusion Medicine (NIH Clinical Center) for clinical care contributions;
Judith Welsh (NIH Library) for her assistance with the literature search. DWL is supported by a St. Baldrick's
Foundation Scholar award. This work was supported by the Intramural Research Program of the NIH Clinical
Center.

References

1. Gill S, Maus MV, Porter DL. Chimeric antigen receptor T cell therapy: 25years in the making.
Blood Rev. 2015

2. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman SA, Fry TJ,
Orentas R, Sabatino M, Shah NN, Steinberg SM, Stroncek D, Tschernia N, Yuan C, Zhang H,
Zhang L, Rosenberg SA, Wayne AS, Mackall CL. T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 dose-escalation
trial. Lancet. 2015; 385:517-28. [PubMed: 25319501]

3. Brentjens RJ, Riviere I, Park JH, Davila ML, Wang X, Stefanski J, Taylor C, Yeh R, Bartido S,
Borquez-Ojeda O, Olszewska M, Bernal Y, Pegram H, Przybylowski M, Hollyman D, Usachenko Y,
Pirraglia D, Hosey J, Santos E, Halton E, Maslak P, Scheinberg D, Jurcic J, Heaney M, Heller G,
Frattini M, Sadelain M. Safety and persistence of adoptively transferred autologous CD19-targeted
T cells in patients with relapsed or chemotherapy refractory B-cell leukemias. Blood. 2011;
118:4817-28. [PubMed: 21849486]

Transfusion. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen et al.

10

11.

12.

13.

Page 9

. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, Teachey DT, Chew A, Hauck

B, Wright JF, Milone MC, Levine BL, June CH. Chimeric antigen receptor-modified T cells for
acute lymphoid leukemia. N Engl J Med. 2013; 368:1509-18. [PubMed: 23527958]

. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, Bartido S, Stefanski J, Taylor C,

Olszewska M, Borquez-Ojeda O, Qu J, Wasielewska T, He Q, Bernal Y, Rijo IV, Hedvat C, Kobos
R, Curran K, Steinherz P, Jurcic J, Rosenblat T, Maslak P, Frattini M, Sadelain M. CD19-targeted T
cells rapidly induce molecular remissions in adults with chemotherapy-refractory acute
lymphoblastic leukemia. Sci Transl Med. 2013; 5:177ra38.

. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, June CH. T cells with chimeric antigen

receptors have potent antitumor effects and can establish memory in patients with advanced
leukemia. Sci Transl Med. 2011; 3:95ra73.

. Kochenderfer JN, Dudley ME, Feldman SA, Wilson WH, Spaner DE, Maric |, Stetler-Stevenson M,

Phan GQ, Hughes MS, Sherry RM, Yang JC, Kammula US, Devillier L, Carpenter R, Nathan DA,
Morgan RA, Laurencot C, Rosenberg SA. 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; 119:2709-20. [PubMed: 22160384]

. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO, Stetler-Stevenson M,

Yang JC, Phan GQ, Hughes MS, Sherry RM, Raffeld M, Feldman S, Lu L, Li YF, Ngo LT, Goy A,
Feldman T, Spaner DE, Wang ML, Chen CC, Kranick SM, Nath A, Nathan DA, Morton KE,
Toomey MA, Rosenberg SA. Chemotherapy-refractory diffuse large B-cell lymphoma and indolent
B-cell malignancies can be effectively treated with autologous T cells expressing an anti-CD19
chimeric antigen receptor. J Clin Oncol. 2015; 33:540-9. [PubMed: 25154820]

. Savoldo B, Ramos CA, Liu E, Mims MP, Keating MJ, Carrum G, Kamble RT, Bollard CM, Gee AP,

Mei Z, Liu H, Grilley B, Rooney CM, Heslop HE, Brenner MK, Dotti G. CD28 costimulation
improves expansion and persistence of chimeric antigen receptor-modified T cells in lymphoma
patients. J Clin Invest. 2011; 121:1822-6. [PubMed: 21540550]

. Garfall AL, Maus MV, Hwang WT, Lacey SF, Mahnke YD, Melenhorst JJ, Zheng Z, Vogl DT,
Cohen AD, Weiss BM, Dengel K, Kerr ND, Bagg A, Levine BL, June CH, Stadtmauer EA.
Chimeric antigen receptor T Cells against CD19 for multiple myeloma. N Engl J Med. 2015;
373:1040-7. [PubMed: 26352815]

Louis CU, Savoldo B, Dotti G, Pule M, Yvon E, Myers GD, Rossig C, Russell HV, Diouf O, Liu E,
Liu H, Wu MF, Gee AP, Mei Z, Rooney CM, Heslop HE, Brenner MK. Antitumor activity and
long-term fate of chimeric antigen receptor-positive T cells in patients with neuroblastoma. Blood.
2011; 118:6050-6. [PubMed: 21984804]

Ahmed N, Brawley VS, Hegde M, Robertson C, Ghazi A, Gerken C, Liu E, Dakhova O, Ashoori
A, Corder A, Gray T, Wu MF, Liu H, Hicks J, Rainusso N, Dotti G, Mei Z, Grilley B, Gee A,
Rooney CM, Brenner MK, Heslop HE, Wels WS, Wang LL, Anderson P, Gottschalk S. Human
Epidermal Growth Factor Receptor 2 (HER2) -Specific Chimeric Antigen Receptor-Modified T
Cells for the Immunotherapy of HER2-Positive Sarcoma. J Clin Oncol. 2015; 33:1688-96.
[PubMed: 25800760]

ClinicalTrials.gov - Find Studies [monograph on the internet]. National Library of Medicine;
Auvailable from: http://www.clinicaltrials.gov. [Accessed November 2, 2016]

14. Brower, V. The CAR T-Cell race The Scientist. LabX Media Group; Midland, Ontario, Canada:

15.

16.

17.

2015.

Stroncek DF, Ren J, Lee DW, Tran M, Frodigh SE, Sabatino M, Khuu H, Merchant MS, Mackall
CL. Myeloid cells in peripheral blood mononuclear cell concentrates inhibit the expansion of
chimeric antigen receptor T cells. Cytotherapy. 2016; 18:893-901. [PubMed: 27210719]

Cruz CR, Micklethwaite KP, Savoldo B, Ramos CA, Lam S, Ku S, Diouf O, Liu E, Barrett AJ, Ito
S, Shpall EJ, Krance RA, Kamble RT, Carrum G, Hosing CM, Gee AP, Mei Z, Grilley BJ, Heslop
HE, Rooney CM, Brenner MK, Bollard CM, Dotti G. Infusion of donor-derived CD19-redirected
virus-specific T cells for B-cell malignancies relapsed after allogeneic stem cell transplant: a phase
1 study. Blood. 2013; 122:2965-73. [PubMed: 24030379]

Taft, E. Applications History. In: McLeod, B.Szczepiorkowski, Z.Weinstein, R., Winters, J.,
editors. Apheresis: Principles and Practice. AABB Press; Bethesda, MD: 2010. p. 27-44.

Transfusion. Author manuscript; available in PMC 2018 May 01.


http://www.clinicaltrials.gov

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Allen et al.

18.

19.

20.

21.

22.

Page 10

Bandarenko, N., Lockhart, E. Therapeutic Leukocyte and Platelet Depletion. In: McLeod,
B.Szczepiorkowski, Z.Weinstein, R., Winters, J., editors. Apheresis: Principles and Practice.
AABB Press; Bethesda, MD: 2010. p. 251-68.

Hsu YM, Cushing MM. Autologous Stem Cell Mobilization and Collection. Hematol Oncol Clin
North Am. 2016; 30:573-89. [PubMed: 27112997]

Fesnak A, Lin C, Siegel DL, Maus MV. CAR-T cell therapies from the transfusion medicine
perspective. Transfus Med Rev. 2016

Bolan CD, Yau YY, Cullis HC, Horwitz ME, Mackall CL, Barrett AJ, Malech HL, Rehak NN,
Wayne AS, Leitman SF. Pediatric large-volume leukapheresis: a single institution experience with
heparin versus citrate-based anticoagulant regimens. Transfusion. 2004; 44:229-38. [PubMed:
14962314]

Tumaini B, Lee DW, Lin T, Castiello L, Stroncek DF, Mackall C, Wayne A, Sabatino M.
Simplified process for the production of anti-CD19-CAR-engineered T cells. Cytotherapy. 2013;
15:1406-15. [PubMed: 23992830]

Transfusion. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Allen et al.

A

CD3+ cell yield

Page 11

2.0E+10 -
-
1.5E+10 -
o®
1.0E+10 - . o
L]
- ®
®
io o!
5.0E+09 - 3t °*
::.8 v
£l
...!.0.0‘0. . %
°.l... :
0.0E+00 :

Acute Leukemia Solid tumor
Diagnosis

Transfusion. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Allen et al.

CD3+ cellyield / L processed

Page 12
2.0E409
. o
1.5€409 _—
. e
e TS
1.0E409 . -
. . - .
oe Boe e

¢ * _/_.,_9{ ‘00. *
5.0E408 © _+ o

o * 4

S * *
% 2 2
0.0E+00 & . ; ‘ ; ; , : ;
0 500 1000 1500 2000 2500 3000 3500

Pre-apheresis CD3+ (cells/pL)

Figure 1. Apheresis CD3+ cell collection yield
Panel A. Total CD3+ cell yield by diagnosis. Each circle represents 1 patient. Panel B.

CD3+ cell yield per liter of blood processed versus pre-apheresis CD3+ count. Using the
pre-procedure CD3+ count (cells/pL) as the independent variable, x; the collection yield
(CD3+ cells per L processed) can be estimated by the equation y=469394x + 108
(R=0.8613; R2=0.7419). Patients with acute leukemia are represented by closed diamonds,
patients with solid tumors by open diamonds.

Transfusion. Author manuscript; available in PMC 2018 May 01.

4000



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Allen et al.

A

Absolute lymphocytes (10°/L)

5.0

B
o

-
o

[
o

L
o

0.0

Page 13

Below target Above target
CD3+ cell yield

Transfusion. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Allen et al.

B

90%
80%
70%
60%
50%
40%
30%

ipheral blood NK Cell %

o 20%
(o
10%

Page 14

- ':;:':::::.8:

0%

apheresis in patients with below- and above-target CD3+ cell yields

Below target

Above target

CD3+ cell yield

Figure 2. Comparison of absolute lymphocyte counts and peripheral blood NK cell (%) before

Each circle represents 1 patient. The targeted yield was 2x10° CD3+ cells. Panel A.
Absolute lymphocyte count in patients with below- and above-target CD3+ cell yields. A
single patient with a yield above the target whose absolute lymphocyte count was 8.29x103/
ML was not included. Panel B. Peripheral blood NK cells (%) in patients with below- and

above-target CD3+ cell yields.
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Each diamond represents 1 patient. Only the 16 patients whose collections yielded fewer

than 2x10°9 CD3+ cells are depicted.
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Figure 4. Difference in blast percentages in the apheresis product versus peripheral blood
Each circle represents 1 patient. Only those with circulating blasts on the day of collection

are depicted.
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Table 1
Patient characteristics
Diagnosis
ALL Solid Tumor™ Total

Parameter n=58 n=13 n=71
Age (years)

Mean 14.9 16.6 15.2

Median 148 16.2 14.9

Range 4.2-30.3 8.1-259 4.2-30.3
Male: Female
(patients) 44:14 10:3 54:17
Clinical Trial
(patients)

CD19-CAR 49 1 50

CD22-CAR 9 0 9

GD2-CAR 0 12 12
Weight (kg)

Mean 49.5 59.9 51.4

Median 44.2 62.7 48.0

Range 16.0-140.0 21.0-127.0 16.0 - 140.0

< 25 kg (patients) 12 2 14

> 25 kg (patients) 46 11 57

*
Solid tumors included osteosarcoma (9 patients), neuroblastoma (3 patients), and diffuse large B cell lymphoma (1 patient).

ALL - acute lymphoblastic leukemia; CAR — chimeric antigen receptor
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Table 2
Apheresis collection parameters and complications
Diagnosis
ALL Solid Tumor Total .
Parameter n=>58 n=13 n=71 p
Access (patients)
Peripheral veins 2 2 4 0.15
Central venous catheter 56 11 67
Liters processed
Mean 9.10 12.08 9.65 0.01
Median 8.00 12.02 8.42
Range 400-18.00 500-17.00 4.00-18.00
Total blood volumes
processedJr
Mean 2.86 3.13 291 0.50
Median 2.92 2.94 2.94
Range 0.83-6.95 1.35-5.71 0.83-6.95
Blood prime (patients)
No 47 12 59 0.44
Yes 11 1 12
Apheresis Complications
(patients)
No 48 12 60 0.68
Yes 10 1 11
Tingling/paresthesias 3 0 3
Nausea/vomiting 2 0 2
Headache 1 0 1
Musculoskeletal pain 1 1 2
Bleeding 2 0 2
Other? 3 0 3

*
Calculated using the Fisher’s exact test (categorical data) or the 2-sided student’s t test (continuous data).

7‘Total blood volumes processed = liters processed / patient weight x 0.075.

’tAItered mental status, seizure, and respiratory distress requiring intubation and ICU admission (1 patient); oxygen desaturation to 87%, resolved
with supplemental oxygen (1 patient); line clotted and procedure ended early (1 patient).

ALL - acute lymphoblastic leukemia
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Table 3
Apheresis collection yields
Diagnosis
ALL Solid Tumor Total .
Parameter n=>58 n=13 n=71 p
TNC (x109)
Mean 8.83 11.9 9.39 0.19
Median 6.71 9.80 7.08
Range 0.875-413 266-269 0.875-413
TNC per kg (x108)
Mean 231 231 231 0.99
Median 1.68 212 1.69
Range 0.161-143 0.858-8.00 0.161-14.3
Granulocytes (%)
Mean 8 8 8 0.98
Median 4 2 3
Range 0-58 0-55 0-58
Lymphocytes (%)
Mean 71 57 69 0.02
Median 72 60 70
Range 7-99 8-82 7-99
Monocytes (%)
Mean 18 32 21 0.26
Median 19 34 20
Range 0-54 13-49 0-54
Percent CD3+ of CD45+
Mean 52 47 51 0.44
Median 52 53 52
Range 2-97 10 - 68 2-97
Number CD3+ (x109)
Mean 3.85 5.73 4.19 0.06
Median 3.25 5.13 3.43
Range 0.288-138 0.625-18.3 0.288-18.3
CD3+ cells /L processed (x108)
Mean 4.78 4.60 4.74 0.87
Median 4.01 4.09 4.09
Range 0.259-16.3 0.625-12.2 0.259-16.3
CD3+ Yield (patients)
<0.6x10° 2 0 2 1.00
> 0.6x10° and < 2.0x10° 12 2 14
>2.0x10° 44 11 55

*
Calculated using the Fisher’s exact test (categorical data) or the 2-sided student’s t test (continuous data).
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ALL - acute lymphablastic leukemia; TNC — total nucleated cells
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Lab values and demographics in patients undergoing lymphapheresis by CD3 yield

Table 4

Target yield > 2x10° CD3+ cells

Below Above Reference .

Parameter n =16 (23%) n =55 (77%) Range p
Age, mean (years) 14.08 15.52 n.a. 0.452
Weight, mean (kg) 43.71 53.60 n.a. 0.184
Hemoglobin, mean (g/dL) 9.93 10.78 10.7-13.4 0.064
Platelets, mean (x10%/pL) 140.63 179.96 206-369 0.195
WBC, mean (x10%/uL) 4.08 4.04 4.31-11.0 0.964
Blasts, mean (%) 17.60 455 0 0.029
Blasts abs, mean (x10%/uL) 0.83 0.22 0 0.093
Neutrophil, mean (%) 53.84 50.01 34.0-71.1% 0.537
Monocyte, mean (%) 7.59 8.18 4.7-12.5% 0.735
Lymphocytes, mean (%) 19.40 34.32 15.5-56.6% 0.008
Lymphocytes abs, mean (x103/uL) 0.47 1.34 0.97-3.96 0.008
CD3+ lymphocytes, mean (%) 63.44 79.68 60.0-83.7% 0.001
CD3+ abs, mean (cells/pL) 348.94 914.11 714-2266 0.001
NK, mean (%) 30.54 11.26 6.2-34.6%  1.3x1076
NK abs, mean (cells/uL) 171.50 123.27 126-729 0.216
Liters processed, mean 9.02 9.83 n.a. 0.482
TBV processed, mean 3.26 2.81 n.a. 0.230
Collection efficiency, 7 mean (%) 58.97 67.97 n.a. 0.331

*
calculated using the 2-sided student’s t test.

fCoIIection efficiency = CD3+ cell yield / (Pre-apheresis absolute CD3+ cells/uL x 106 x liters processed).

WBC - white blood cells; Abs — Absolute; NK — natural killer; TBV — total blood volumes; n.a. — not applicable
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