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Brief Report

CLINICAL TRIALS AND OBSERVATIONS

CD22-directed CAR T-cell therapy induces complete
remissions in CD19-directed CAR-refractory large
B-cell lymphoma
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The prognosis of patients with large B-cell lymphoma (LBCL) that progresses after
treatment with chimeric antigen receptor (CAR) T-cell therapy targeting CD19 (CAR19) is
poor. We report on the first 3 consecutive patients with autologous CAR19-refractory
LBCL who were treated with a single infusion of autologous 1 x 10¢ CAR* T cells per
kilogram targeting CD22 (CAR22) as part of a phase 1 dose-escalation study. CAR22
therapy was relatively well tolerated, without any observed nonhematologic adverse
events higher than grade 2. After infusion, all 3 patients achieved complete remission, with
all responses continuing at the time of last follow-up (mean, 7.8 months; range, 6-9.3).
Circulating CAR22 cells demonstrated robust expansion (peak range, 85.4-350 cells per
microliter), and persisted beyond 3 months in all patients with continued radiographic responses and corresponding
decreases in circulating tumor DNA beyond 6 months after infusion. Further accrual at a higher dose level in this phase 1 dose-
escalation study is ongoing and will explore the role of this therapy in patients in whom prior CAR T-cell therapies have failed.

©® CAR22 therapy
induced complete
remission in 3 patients
with LBCL who had
relapsed after CAR19
therapy and caused no
severe toxicities.

This trial is registered on clinicaltrials.gov as #NCT04088890. (Blood. 2021;137(17):2321-2325)

Introduction

Outcomes of patients with large B-cell lymphoma (LBCL) that has
relapsed after or is refractory (R/R) to chimeric antigen receptor
T-cell therapy targeting CD19 (CAR19) remain poor, with <25%
responding to subsequent therapies, and a median overall survival
(OS) of 3.6 months." Targeting of altemative antigens represents an
important therapeutic strategy for patients who relapse after CAR19,
including those with CD19 loss or downregulation.? CD22 is
expressed on LBCL cells at levels similar to those found on non-
malignant B-cells** and is an effective target for CAR T-cell therapy
(CAR22) in children with R/R acute lymphoblastic leukemia.>¢ No
CD22-directed therapy is currently approved for use in LBCL, and
only 2 cases of CD22-directed CAR T-cell therapy against LBCL have
been described.”® We report the safety and interim efficacy of the
initial dosing cohort of a phase 1 dose-escalation study of CD22.BB.z-
CAR in adults with LBCL that relapsed after CAR19.

Study design

Eligible patients had to have received at least 2 prior lines of therapy for
LBCL, with measurable disease that demonstrated any level of CD22
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expression. For patients who received prior CAR T-cell therapy, CAR* cells
had to represent <5% of peripheral blood CD3* lymphocytes. Lym-
phodepletion with fludarabine 30 mg/m? and cyclophosphamide
500 mg/m? preceded infusion of 1 X 10° CD22.BB.z-CAR" cells per
kilogram (Figure 1A). CAR T-cell-related toxicity was graded according to
American Society for Transplantation and Cellular Therapy consensus
criteria? and was managed via institutional protocol. Common Temi-
nology Criteria for Adverse Events (v5.0) and Lugano criteria™ were used
to grade adverse events and responses, respectively. The trial protocol
received institutional review board approval. Patients provided informed
consent in accordance with the Declaration of Helsinki. Products were
manufactured in the automated, closed-system Miltenyi CliniMACS
Prodigy device. CD4/CD8 T~cell-enriched peripheral blood mononuclear
cells were transduced with a lentiviral vector containing a single-
cistron-encoded CD22.BBzCAR cell comprising a fully humanized
CD22 scFv (m971), a CD8 transmembrane domain, a 4-1BB costimulatory
domain, and a CD3{ activation domain (supplemental Figure 1, available
on the Blood Web site). Products were phenotypically similar and were
predominantly CD4* T cells (supplemental Figure 2). Details regarding
patient eligibility, product manufacturing, toxicity management, and
in vivo correlative studies are included in the supplemental Methods.
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Figure 1. Protocol sch and 1t of target antigen expression CAR22 therapy. (A) Overview of the trial design, including enrollment, manufacturing of au-

tologous CD22-directed CAR T cells, administration of the therapy, and follow-up monitoring. Patients had safety assessments performed and blood samples drawn at each
arrow after infusion, for assessment of correlative biomarkers, and underwent clinical and radiographic response assessment at each blue arrow. The green arrow indicates the

time period during which CAR-FACS, RT-PCR, and cytokines were collected at all specified

time points. (B) Gating strategy and (C) flow cytometry histograms of CD19 and CD22

expression for each patient before CAR22 therapy. After CAR19 therapy, P1 demonstrated preserved CD19 expression, whereas P2 had heterogeneous and downregulated
CD19 expression. In all 3 patients, CD22 expression was preserved at high levels. (D) Serial biopsy specimens of P3 showing CD19 downregulation after CAR19 therapy, then

complete loss of CD19 expression after CAR20.19 therapy. Original IHC image magnificati
CD22 antibody clone FPC1 (murine monoclonal, Leica #PA0249). CAR19, anti-CD19 CAR T-
high dimensional flow cytometry immunophenotyping of peripheral blood, including iden

on X40. Anti-CD19 antibody clone BT51E (murine monoclonal, Leica #PA0843). Anti-
cell therapy; CAR20.19, anti-CD19, anti-CD20 tandem CAR T-cell therapy; CAR-FACS,
tification of CAR™ cells; DLT, dose-limiting toxicity; FSC-A, forward scatter area; IHC,

immunohistochemistry; MNC, mononuclear cell; PET-CT, composite positron emission tomographic-computed tomographic imaging; gRT-PCR, quantitative reverse
transcriptase-polymerase chain reaction for identification of CAR transgene copies in peripheral blood; SAE, severe adverse event; SSC-A, side scatter area.

Results and discussion

Patients

Three patients with R/R LBCL, in whom the disease had pro-
gressed after multiple treatments, including CAR19 therapy,
were enrolled and treated as the first 3 consecutive patients in
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this clinical study of CAR22. Patient and disease characteristics
at the time of enrollment are shown in supplemental Table 1.
None had achieved a durable remission with any prior
treatment (supplemental Table 2), including CAR19, after
which patients 1 and 2 (P1 and P2) had achieved only a
partial response (PR). All patients had progressive disease by
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Figure 2. CAR22 cells expand and persist in vivo and induce complete clinical responses associated with reductions in ctDNA. (A) Maximum-intensity projections (MIPs)
and PET-CT composite cross-sectional imaging for primary index lesions at specified assessment time points after infusion of CAR22 therapy. Two-dimensional MIP images are
shown on the left of each panel, with blue arrows indicating index lesions shown in the cross-sectional imaging to the right. Response classifications at each time point are
according to Lugano criteria. (B) Swimmer plot demonstrating late conversion of PR to CRin P1 and P2, as well as durability compared with prior CAR19 responses of P1and P3.
(C) ctDNA levels were consistently reduced after CAR22 therapy. CAR* T-cell expansion and persistence as measured by flow cytometry (D) and quantitative PCR (E)
measurements in all patients. CD8" T cells were the predominant subset expanding in vivo, and CAR™ cells remained detectable in circulation up to 6 months. APH, apheresis;
D28, day 28 after infusion; M3, day 90 after infusion; Mé, day 180 after infusion; M9, day 270 after infusion; PD, progressive disease; PRE, preinfusion/baseline assessment; Pre-LD,

pre-lymphodepletion chemotherapy; SD, stable disease.

3 months after CAR19 infusion (supplemental Figure 3A).
Patient 3 (P3) had progressed after CAR19 and bispecific
CD19- and CD20-targeted CAR (CAR20.19; supplemental
Figure 3B)."" All patients had biopsy-proven expression of
surface CD22 detected by flow cytometric cell sorting
(FACS) and immunohistochemistry, whereas CD19 expres-
sion was downregulated or lost in 2 patients (P2 and P3;
Figure 1C; supplemental Figure 4). P3 had surface CD19
downregulation after CAR19, followed by complete loss of
CD19 after CAR20.19, whereas CD22 remained preserved
throughout (Figure 1D).

CAR22 IN LBCL RELAPSED AFTER CAR19 THERAPY

Safety and adverse event profile

No nonhematologic treatment-emergent adverse events of
grade =3 occurred (supplemental Table 3). Grade 1 cytokine
release syndrome (CRS) occurred in all patients within 24 hours
after CAR22 infusion. P1 and P3 developed grade 2 CRS on days
11 and 7 after infusion, respectively; each received tocilizumab
and dexamethasone with subsequent resolution. No patient
demonstrated evidence of immune effector cell-associated
neurotoxicity syndrome. All patients developed grade =3
neutropenia, thrombocytopenia, and anemia after lymphode-
pletion chemotherapy and CAR22 infusion, and recovery to
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grade =2 cytopenias did not occur until nearly 4 months after
infusion (supplemental Figure 5).

Clinical and molecular response

All patients achieved a complete response (CR) as the best
response after CAR22. Progressive reduction in the size of all
index lesions was observed over the course of follow-up (Figure 2A;
supplemental Table 3). Both patients with high tumor burden (P1
and P2) had initial PR at day 28, which subsequently improved to
CRat 6 and 3 months, respectively (Figure 2B). At a mean follow-
up of 7.8 months (range, 6-9.3), all patients remained in CR.
Similarly, circulating tumor DNA (ctDNA) was undetectable (P1
and P3) or reduced by 99% (P2) from baseline at 6 months after
infusion, demonstrating persistent CAR22 activity (Figure 2C).

CAR22 persistence and inflammatory response
Serial flow cytometric evaluation of peripheral blood (CAR-
FACS) demonstrated a 100- to 400-fold expansion, with peak
CAR* T-cell levels occurring at ~14 days. Circulating CAR"
T cells persisted for at least 3 months in all patients and were
detectable by quantitative polymerase chain reaction (PCR) at
the time of last assessment up to 6 months (Figure 2D-E). P1 and
P3, who had received prior CAR19 therapy at our institution,
experienced an 11.7- and 55.9-fold higher peak CAR* T-cell
level with CAR22 vs CAR19 therapy. Plasma levels of 48 cyto-
kines were assessed over the first 28 days after infusion (sup-
plemental Figure 7). In both patients who developed grade 2
CRS (P1 and P3), interleukin-6 and interleukin-1 receptor an-
tagonist levels reached 7.7- to 12.1-fold and 3.7- to 4.6-fold
higher concentrations before the event.

Conclusions and future directions

We report the first experience of autologous CAR T cells tar-
geting CD22 for R/R LBCL and demonstrate ongoing CR in the
first 3 consecutive patients treated. CAR22 induced clinical and
molecular CRs despite prior failure of autologous CAR19 therapy.

Currently, data regarding retreatment with CAR T-cell therapies
are limited. In patients with LBCL who relapse after CAR19,
reinfusion with an identical or derivative CAR19 product has not
produced a durable response.’? This report provides additional
evidence that targeting CD22 can mediate meaningful clinical
activity in LBCL, even in the post-CAR19 relapse setting.®

CD22 antigen density has been shown to be an important
factor that modulates the persistence and efficacy of CAR22" cells in
B-acute lymphoblastic leukemia.™ In 2 of our patients, CD22 ex-
pression was maintained at high levels, despite downregulation or
loss of CD19 in response to the selective pressure of CAR19 therapy.
The current ongoing clinical study will help inform the effect of CD22
antigen density on the response to CAR22 therapy for LBCL.

In all patients, CAR22 demonstrated robust expansion and per-
sistence, similar to levels reported in CAR T-cell-naive patients who
received 41BB-based CAR19.">'¢ The corresponding rapid and
pleiotropic changes in infusion levels of inflammatory and effector
cytokines mimicked patterns that have been shown to be associ-
ated with improved antitumor activity.'”:'® The absence of severe
immune effector cell-associated neurotoxicity syndrome, or CRS, is
noteworthy, given that analogous patterns of CAR* T-cell expan-
sion and inflammatory response are often associated with these
toxicities in patients who undergo CAR19 therapy.'*?’
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The use of CD4/CD8-enriched apheresis material with the CliniMACS
Prodigy platform resulted in products with a predominance of CD4*
T cells in all patients, in line with previous reports on a CD22.BB.z-
CAR. However, in vivo CAR" T-cell expansion was largely CD8"
T cells. Despite a minority of T cells in the product that exhibited an
early memory phenotype (both central memory and naive memory),
which has been associated with greater persistence in vivo, we
observed detectable CAR* cells beyond 6 months after infusion.2223
Studies are ongoing to examine the clonal dynamics of CAR22 in vivo
and better understand the contribution of these populations to re-
sponse and toxicity.

In summary, we provide initial evidence that demonstrates the
safety and antitumor activity of CAR T-cell therapy targeting
CD22 in patients with R/R LBCL, establishing CD22 as a potential
target for CAR T-cell therapy in LBCL. Further accrual at a higher
dose level in this phase 1 dose-escalation study is ongoing and
will explore the role of this therapy in patients in whom prior CAR
T-cell therapies have failed.

Acknowledgments

The authors thank the staff and faculty of the Stanford University Blood
and Marrow Transplantation Program and the Stanford Center for Cancer
Cell Therapy for their tireless work in caring for the patients involved in
this study.

This work was supported by National Institutes of Health (NIH), National
Cancer Institute (NCI) grants 2P01CA049605-29A1 (C.L.M., R.S.N.,
D.B.M.), 5P30CA124435 (C.L.M.), and KO8CA248968 (M.J.F.) and by the
Virginia and D. K. Ludwig Fund for Cancer Research. C.L.M is a member
of the Parker Institute for Cancer Immunotherapy, which supports the
Stanford University Cancer Immunotherapy Program.

The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

Authorship

Contribution: LM., MJ.F., C.L.M., and D.B.M. designed the study;
J.H.B., LM., and M.J.F. interpreted the data; J.H.B., S.P., J.T., LM,, and
M.J.F. analyzed the data and created the figures; J.H.B., LM., M.J.F.,
D.B.M., and C.L.M. drafted the manuscript; and all authors contributed to
data collection, writing and revision of the manuscript, and approval of
the final version.

Conflict-of-interest disclosure: P.S. has received research support from Kite
Pharma-Gilead. A.R.R. has received research support from Pharmacyclics/
AbbVie, served on 1-time ad hoc scientific advisory boards of Nohla
Therapeutics and Kaleido, and was an expert witness for the U.S. De-
partment of Justice. His brother works for Johnson & Johnson. C.L.M. has
consulted for Lyell, Neoimmune Tech, Nektar, and Apricity; has received
royalties from NIH and Juno Therapeutics for CD22-CAR; holds equity in
Lyell and Apricity; and has received research support from Lyell. D.B.M. has
consulted for Kite Pharma-Gilead, Juno Therapeutics-Celgene, Novartis,
Janssen, and Pharmacyclics and has received research support from Kite
Pharma-Gilead, Allogene, Pharmacyclics, Miltenyi Biotec, and Adaptive
Biotechnologies. S.S. has consulted for Janssen. C.M., AJ., and |.K. are
full-time employees of Adaptive Biotechnologies. S.A.F. has consulted for
Lonza PerMed, Gradalis, Obsidian, and Samsara BioCapital; L.M. has re-
ceived research support from Adaptive Biotechnologies and Servier
Laboratories and has consulted for Amgen and Pfizer. The remaining
authors declare no competing financial interests.

ORCID profiles: J.H.B., 0000-0001-8291-6546; J.C., 0000-0002-5644-
2292; S.P., 0000-0002-4782-9540; S.A., 0000-0003-1993-4172; P.S.,
0000-0002-6721-0358; S.S., 0000-0003-3288-7614; K.L.D., 0000-0002-
7182-2592; C.L.M., 0000-0003-0359-9023; D.B.M., 0000-0003-0717-
4305; L.M., 0000-0002-9887-6136.

BAIRD et al

120z Jaquiadaq 1o uo auld 66a19 Aq Jpd-ze£600020ZPIAPO0IA/ L L6G08L/LZET/LLILE L/PA-BloILE/POO|q/Bi0 suohedlqndyse//:d)y woly papeojumoq


https://orcid.org/0000-0001-8291-6546
https://orcid.org/0000-0002-5644-2292
https://orcid.org/0000-0002-5644-2292
https://orcid.org/0000-0002-4782-9540
https://orcid.org/0000-0003-1993-4172
https://orcid.org/0000-0002-6721-0358
https://orcid.org/0000-0003-3288-7614
https://orcid.org/0000-0002-7182-2592
https://orcid.org/0000-0002-7182-2592
https://orcid.org/0000-0003-0359-9023
https://orcid.org/0000-0003-0717-4305
https://orcid.org/0000-0003-0717-4305
https://orcid.org/0000-0002-9887-6136

Correspondence: Lori Muffly, Stanford University, 300 Pasteur Dr, HO144,
Stanford, CA 94305; e-mail: Imuffly@stanford.edu.

Footnotes

Submitted 6 October 2020; accepted 24 November 2020; prepublished
online on Blood First Edition 18 December 2020. DOI 10.1182/

blood.2020009432.

*J.H.B. and M.J.F. are joint first authors.

REFERENCES

1. Spiegel JY, Dahiya S, Jain MD, et al.
Outcomes of patients with large B-cell lym-
phoma progressing after axicabtagene cil-
oleucel therapy [published online ahead of
print 6 November 2020]. Blood. doi:10.1182/
blood.2020006245.

2. Neelapu SS, Rossi JM, Jacobson CA, et al.
CD19-Loss with Preservation of Other B Cell
Lineage Features in Patients with Large B Cell
Lymphoma Who Relapsed Post-Axi-Cel [ab-
stract]. Blood. 2019;134(suppl 1). Abstract
203.

3. Boyd SD, Natkunam Y, Allen JR, Warnke RA.
Selective immunophenotyping for diagnosis
of B-cell neoplasms: immunohistochemistry
and flow cytometry strategies and results.
Appl Immunohistochem Mol Morphol. 2013;
21(2):116-131.

4. Majzner RG, Rietberg SP, Sotillo E, et al.
Tuning the Antigen Density Requirement for
CAR T-cell Activity. Cancer Discov. 2020;10(5):
702-723.

5. Fry TJ, Shah NN, Orentas RJ, et al. CD22-
targeted CAR T cells induce remission in
B-ALL that is naive or resistant to CD19-
targeted CAR immunotherapy. Nat Med.
2018;24(1):20-28.

6. Shah NN, Highfill SL, Shalabi H, et al. CD4/
CD8 T-Cell Selection Affects Chimeric Antigen
Receptor (CAR) T-Cell Potency and Toxicity:
Updated Results From a Phase | Anti-CD22 CAR
T-Cell Trial. J Clin Oncol. 2020;38(17):
1938-1950.

7. Shalabi H, Kraft IL, Wang H-W, et al.
Sequential loss of tumor surface antigens
following chimeric antigen receptor T-cell
therapies in diffuse large B-cell lymphoma.
Haematologica. 2018;103(5):e215-218.

8. Huang C, Zhang H-C, Ho J-Y, et al. Dual
specific CD19/CD22-targeted chimeric anti-
gen receptor T-cell therapy for refractory dif-
fuse large B-cell lymphoma: A case report.
Oncol Lett. 2020;20(4):21.

CAR22 IN LBCL RELAPSED AFTER CAR19 THERAPY

the trial.

Lee DW, Santomasso BD, Locke FL, et al.
ASTCT Consensus Grading for Cytokine Re-
lease Syndrome and Neurologic Toxicity As-
sociated with Immune Effector Cells. Biol
Blood Marrow Transplant. 2019;25(4):
625-638.

. Cheson BD, Fisher RI, Barrington SF, et al;

United Kingdom National Cancer Research
Institute. Recommendations for initial evalu-
ation, staging, and response assessment of
Hodgkin and non-Hodgkin lymphoma: the
Lugano classification. J Clin Oncol. 2014;
32(27):3059-3068.

. Shah Nirav N, Johnson Bryon D, Schneider

Dina, et al. Bispecific anti-CD20, anti-CD19
CART cells for relapsed B cell malignancies: a
phase 1 dose escalation and expansion trial.
Nat Med. 2020;26(10):1569-1575.

. Bezerra ED, Gauthier J, Hirayama AV, et al.

Factors Associated with Response, CAR-T Cell
In Vivo Expansion, and Progression-Free
Survival after Repeat Infusions of CD19 CAR-T
Cells [abstract]. Blood. 2019;134(suppl 1).
Abstract 201.

. Advani RH, Lebovic D, Chen A, et al. Phase |

Study of the Anti-CD22 Antibody-Drug Con-
jugate Pinatuzumab Vedotin with/without
Rituximab in Patients with Relapsed/Refractory
B-cell Non-Hodgkin Lymphoma. Clin Cancer
Res. 2017;23(5):1167-1176.

. Ramakrishna S, Highfill SL, Walsh Z, et al.

Modulation of Target Antigen Density Im-
proves CAR T-cell Functionality and Persis-
tence. Clin Cancer Res. 2019;25(17):
5329-5341.

. Schuster SJ, Bishop MR, Tam CS, et al; JULIET

Investigators. Tisagenlecleucel in Adult Re-
lapsed or Refractory Diffuse Large B-Cell
Lymphoma. N Engl J Med. 2019;380(1):45-56.

. Turtle CJ, Hanafi L-A, Berger C, et al.

Immunotherapy of non-Hodgkin's lymphoma
with a defined ratio of CD8+ and CD4+
CD19-specific chimeric antigen receptor—

17.

18.

19.

20.

2

-

22.

23.

Deidentified individual participant data that underlie the reported results
will be made available for approved use by the study authors. Proposals
for access should be sent to Imuffly@stanford.edu. Complete trial cohort-
level data will be published on clinicaltrials.gov at the conclusion of

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

modified T cells. Sci Transl Med. 2016;8(355):
355ra116.

Kochenderfer JN, Somerville RPT, Lu T, et al.
Lymphoma Remissions Caused by Anti-CD19
Chimeric Antigen Receptor T Cells Are As-
sociated With High Serum Interleukin-15
Levels. J Clin Oncol. 2017;35(16):1803-1813.

Fraietta JA, Lacey SF, Orlando EJ, et al.
Determinants of response and resistance to
CD19 chimeric antigen receptor (CAR) T cell
therapy of chronic lymphocytic leukemia. Nat
Med. 2018;24(5):563-571.

Spiegel JY, Sahaf B, Hossain N, et al. Elevated
Axicabtagene Ciloleucel (CAR-19) Expansion
By Immunophenotyping Is Associated with
Toxicity in Diffuse Large B-Cell Lymphoma
[abstract]. Blood. 2018;132(suppl 1). Abstract
576.

Hay KA, Hanafi L-A, Li D, et al. Kinetics and
biomarkers of severe cytokine release syn-
drome after CD19 chimeric antigen receptor-
modified T-cell therapy. Blood. 2017;130(21):
2295-2306.

. Shalabi H, Wolters PL, Martin S, et al.

Systematic Evaluation of Neurotoxicity in
Children and Young Adults Undergoing CD22
Chimeric Antigen Receptor T-Cell Therapy.
J Immunother. 2018;41(7):350-358.

Blaeschke F, Stenger D, Kaeuferle T, et al.
Induction of a central memory and stem cell
memory phenotype in functionally active
CD4* and CD8* CAR T cells produced in an
automated good manufacturing practice sys-
tem for the treatment of CD19* acute lym-
phoblastic leukemia. Cancer Immunol
Immunother. 2018;67(7):1053-1066.

Xu'Y, Zhang M, Ramos CA, et al. Closely re-
lated T-memory stem cells correlate with

in vivo expansion of CAR.CD19-T cells and are
preserved by IL-7 and IL-15. Blood. 2014;
123(24):3750-3759.

€ blood® 29 APRIL 2021 | VOLUME 137, NUMBER 17 2325

120z Jaquiadaq 1o uo auld 66a19 Aq Jpd-ze£600020ZPIAPO0IA/ L L6G08L/LZET/LLILE L/PA-BloILE/POO|q/Bi0 suohedlqndyse//:d)y woly papeojumoq


mailto:lmuffly@stanford.edu
https://doi.org/10.1182/blood.2020009432
https://doi.org/10.1182/blood.2020009432
mailto:lmuffly@stanford.edu
http://clinicaltrials.gov

