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Adoptive immunotherapy with chimeric antigen receptor (CAR) T-cell therapy has improved outcomes in
patients with relapse/refractory B-acute lymphoblastic leukemia (r/r B-ALL), including those who relapse
after stem cell transplant (SCT), with an event-free survival of 50% at 1 year.1-4 Prolonged cytopenias
are an underrecognized toxicity of CAR T-cell therapy. For example, in the ELIANA study, 41% and 53%
of patients demonstrated grade 3 to 4 thrombocytopenia and neutropenia, respectively, persisting
beyond day 30. Impaired hematological recovery after CAR T-cell therapy can lead to susceptibility to
opportunistic infections, bleeding, and/or transfusion dependence, causing significant morbidity and mor-
tality.5 Pre–CAR T-cell therapy lymphodepletion causes cytopenia that generally recovers in most
patients within a month after CAR T-cell therapy. However, a proportion of patients develop persistent
cytopenia, particularly neutropenia, associated with bone marrow (BM) hypoplasia that can persist for
several months after CAR T-cell therpay.6 We hypothesized that for those patients who have undergone
allogeneic SCT before CAR T-cell therapy and develop persistent cytopenia after CAR-T cell therapy, an
unconditioned CD341-selected stem-cell boost (SCB) from the SCT donor could be used to improve
the cytopenia, similar to its use in those who have poor graft function after SCT.7 We hereby report the
outcomes of patients receiving SCB for persistent cytopenia after CAR T-cell therapy. A cohort of 101
pediatric and young adults from 2 centers in the United Kingdom with r/r B-ALL were treated with CAR
T-cell therapy from May 2016 through December 2021. Of those patients, 2 were not evaluable for
assessment of cytopenias after day 128 of CAR infusion (1 died on post-infusion day 4, and 1 had a
morphological relapse on day 28). Of the 99 evaluable patients, 52 had undergone SCT before CAR
therapy and 23 (44.2%) of them developed grade 3 to 4 cytopenia. Of the 47 patients who did not
undergo an SCT, 23 (48.9%) developed grade 3 to 4 cytopenia. The difference in the rate of cytopenia
between the 2 groups was not significant (P 5 .5999).

The cytopenia improved spontaneously with time in most patients. Of the 23 patients who had cytopenia
and had undergone prior SCT, 7 (30.4%) were treated with a CD341-selected SCB derived from mobi-
lized peripheral blood from their SCT donor. The indications for SCB were red cell and/or platelet trans-
fusion and/or granulocyte-colony stimulating factor (G-CSF) dependence as a result of grade $3
CTCAE anemia, thrombocytopenia, and/or neutropenia (bicytopenia, n 5 1; pancytopenia, n 5 6), with
or without infections beyond 1 month after CAR T-cell therapy. In all 7 patients, viral and drug-induced
etiologies for myelosuppression were excluded, and all demonstrated hypoplastic BM for age with mea-
surable residual disease negativity.

The median duration between CAR T-cell therapy and CD341-selected SCB was 2.6 months (range,
1.9-16.5 months) and median CD341-cell dose infused was 6.75 3 106/kg (range, 2.5 3 106 to
11.2 3 106/kg). Demographic details, disease status and cytopenias pre-SCB, toxicity and outcomes
after SCB were collected retrospectively for this study. Patient, disease status, CAR T-cell constructs,
SCB composition, and response characteristics are summarized in Table 1. All patients were heavily
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pretreated, including SCT, and 6 of 7 received CAR T-cell therapy
in second or later relapses. Four patients received CAR-T cells in
the CARPALL study (registered on http://clinicaltrials.gov as
#NCT02443831). In the AMELIA study, 1 received CAR T cells
and 1 received the licensed product tisagenlecleucel (#NCT0
3289455), and 1 received allogenic CD19 directed CAR T cells on
the CARD study (#NCT02893189). SCB was well tolerated with
no patient developing infusional reactions or acute or chronic graft
versus host disease (aGVHD or cGVHD) at a median follow-up of 9
months (range 24 days-2.5 years). One patient developed grade
2 cytokine release syndrome (CRS) at post-SCB day 10. Two of
7 patients were not evaluable for response to SCB since 1 died of
a gastrointestinal hemorrhage caused by disseminated mucormyco-
sis on day 24, and 1 relapsed at day 38 after SCB. Of the 5 evalu-
able patients, 1 had transient recovery of the bicytopenia followed
by recurrence of cytopenias until demise, while 4 patients recovered
neutrophils .1 3 109/L without G-CSF, were blood and platelet
transfusion independent by a median of day 42 (range, 11-192
days), day 33 (range, 4-106 days), and day 33 (range, 7-73 days),
respectively. At a median follow-up of 9 months after SCB, 3 of 7
patients had a B-ALL relapse (2 eventually died after relapse, and 1
died of subsequent therapy-related complications), 2 of 7 died of
infectious complications related to prolonged cytopenia and 2 of 7
are alive, in CR and with complete hematological recovery at last
follow-up.

Published data suggest that prolonged cytopenia after CAR T-cell
therapy is associated with recent SCT (#1 year before CAR T-cell
therapy), baseline cytopenia, CAR construct, and grade $3 CRS

Table 1. Patient characteristics who received CD341-selected SCB

Patient characteristics, n 5 7

Median age, y

At initial diagnosis of B-ALL 6 Range, 1-23

At SCT 14 Range, 7-24

At CAR-T therapy 15 Range, 10-27

Baseline characteristics pre
CAR T-cell therapy

Previous SCT 7 —

Relapses, $2 6 —

CAR T-cell therapy characteristics, n 5 7

CARPALL study (#NCT02443831) 3 Autologous CD19 directed

1 Autologous CD19/CD22
directed

AMELIA study (#NCT03289455) 1 Autologous CD19/CD22
directed

CARD study (#NCT02893189) 1 Allogenic CD19 directed

Tisagenlecleucel (licensed product) 1 Autologous CD19 directed

Post–CAR T-cell therapy, n 5 7

CRS 4 Grade 1, n 5 1; Grade 2,
n 5 2; Grade 3,
n 5 1

ICANS 3 Grade 3, n 5 1; Grade 4,
n 5 2

Median time to CD341 SCB
infusion after CAR-T therapy, mo

2.6 Range, 1.9-16.5

Median Age at CD34 SCB, y 16 Range, 11-27

Pre-CD341–selected SCB, n 5 7

Cytopenias, n

Pancytopenia 6 —

Bicytopenia 1 —

MRD negativity, n 7 MRD method: molecular
n52, flow n53, both
n52

Chimerism (data available
on 5/7 patients), n*

Full donor 4

Mixed 1

Infections

Invasive fungal infection 3 —

Viral infection(s) 1 —

Bacterial infection(s) 1 —

CD341-selected SCB
characteristics, n 5 7

Median dose, per kg

CD341 cells 6.75 3 106 Range, 2.5-11.2 3 106

CD31 T cells 0.19 3 104 Range, 0.07-1.22 3 104

Toxicities after CD34
stem-cell infusion, n 5 7

CRS† 1 —

ICANS 0 —

GVHD (acute or chronic) 0 —

Table 1. (continued)

Response to CD34 SCB‡

Median time to recovery, d

Neutrophils .13109/L without
GCSF

42 Range, 11-192

Blood transfusion independent 33 Range 4-106

Platelet transfusion independent 33 Range 7-73

Status at last follow-up§

Deceased

Relapse 2

Infection related 2

Further therapy related 1

Alivejj 2

N 5 7 patients.
ICANS, immune effector cell–associated neurotoxicity syndrome; MRD minimal residual
disease.
*Of the 4/7 pts who responded to SCB, data were unavailable in 1 patient, 2 had full
donor chimerism, 1 had mixed chimerism (WB 82%, CD3 95%, CD15 31%) pre-SCB.
†Treated with methylprednisolone and siltuximab.
‡Two patients died, 1 at day 24 and 1 at day 38. One patient had transient recovery of
bicytopenia followed by ongoing cytopenias until death. Response data shown depicts
hematological recovery for the remaining 4 evaluable patients..
§After CD34 stem-cell boost (median, 9 mo; range, 24 d–2.5 y).
jjBoth patients in CR and with complete hematological recovery at last follow-up.

4716 RESEARCH LETTER 23 AUGUST 2022 • VOLUME 6, NUMBER 16

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4715/1913727/advancesadv2022007572.pdf by guest on 05 D

ecem
ber 2022

http://clinicaltrials.gov


and/or immune effector cell–associated neurotoxicity syndrome, the
latter implying that early inflammation plays a role.8,9 In this cohort of
7 patients, the median interval between SCT and CAR T-cell
therapy was 16 months (range, 10-53 months) and only 1 patient
received SCT within 12 months before the therapy. Baseline hema-
tological characteristics were available for 5 of 7 patients and 3 of 5
had pancytopenia before CAR T-cell therapy. CRS grade $3 was
noted in only 1 of the 7 patients and 3 had grade $3 immune effec-
tor cell–associated neurotoxicity syndrome.

Rejeski et al6 have recently proposed a CAR-HEMATOTOX model
to predict post–CAR T-cell hematological toxicity in adult patients
with r/r large-cell lymphoma. In this model, BM biopsy preceding
lymphodepletion as a marker of baseline BM reserve is postulated
as a predictor of prolonged cytopenia in heavily pretreated patients.
In our study, all 7 patients were heavily pretreated, and BM aspirate
demonstrated hypocellularity in 5 of 7 and effacement with blasts in
2 of 7. BM trephine was performed in 1 of 7 and demonstrated
severe hypocellularity.

In the post-SCT setting, the reported incidence of aGVHD and
cGVHD after SCB infusion is low because of depletion of the
GVHD causing CD31 T cells associated with CD341 selec-
tion.10-14 In our analysis of 7 patients, where the median number of
infused CD31 T cells was 0.19 3 104/kg (range, 0.07 3 104 to
1.22 3 104/kg body weight), no aGVHD or cGVHD was observed.
Of note, 1 patient developed a second episode of grade 2 CRS 10
days after SCB, despite B-cell aplasia and measurable residual dis-
ease negativity before the SCB. This phenomenon may be explained
by the fact that CD191 progenitor cells are present in the SCB,14

which may lead to activation of circulating CAR-T cells, thus precipi-
tating CRS. This effect has not been reported after autologous stem
cell infusion to treat delayed count recovery after CAR T-cell therapy
in adult patients with lymphoma or myeloma.15-17

Prolonged neutropenia and lymphopenia predispose patients to sig-
nificant infections after CAR T-cell therapy.18 In this analysis, 4 of 7
patients had significant infections before SCB: probable invasive
fungal infections (IFIs) in 3 of 7 and multiple viral and bacterial infec-
tions in 1 of 7. Of the 3 patients with IFIs, all received systemic anti-
fungals and G-CSF and 1 patient also received granulocyte
infusions before SCB. Of these 3 patients with IFI, 1 of 3 recovered
neutrophils at day 42 and IFI eventually resolved, 1 of 3 died on day
24 from complications of disseminated gastrointestinal mucormyco-
sis, and 1 of 3 relapsed at day 38 after SCB so that the impact of
SCB on IFI could not be assessed in the latter 2 patients. One of
the 7 patients suffered resistant HSV-1 orbital infection, protracted
BK hemorrhagic cystitis and eventual fatal bacterial septicemia. Neu-
tropenia in this patient improved transiently after the SCB and then
recurred until the patient died.

Unfortunately, circulating CAR T-cell cell levels were not available
for 3 of the 4 responding patients. However, we speculate that
SCB is most likely to be effective once the number of CAR T cells
have contracted and the inflammatory milieu in the BM has settled.

With the limitations of a retrospective study and the small number of
patients analyzed, our data suggest that an unconditioned CD341-
SCB may ameliorate prolonged cytopenia after CAR T-cell therapy.
We recommend CD341 SCB in patients who have a severely
hypocellular BM and demonstrate transfusion dependence and/or
severe neutropenia persisting at 3 months after CD19 CAR T-cell

therapy or at earlier time points in the context of severe neutropenic
infection (eg, IFI). Based on data from SCB after allogeneic SCT,
we recommend a minimal CD341 cell dose of 3 3 106/kg. It is not
possible to recommend an upper limit of CD191 progenitors that
can safely be infused. We demonstrated that this approach is safe
with low risk of GVHD. However, we highlight that CRS can occur
because of the presence of normal CD191 progenitors within the
CD341-selected product, and clinicians should be vigilant for such
events, particularly in patients with high levels of circulating CAR
T cells.

Contribution: K.M., A.L., J.C., L.W., S.B., S.G., R.H., C.R., and
P.J.A. designed the study, analyzed the data, and drafted and
reviewed the manuscript; and J.S., R.C., K.R., G.L., V.G., B.C.,
and M.R. contributed to patient care, and review and editing of
the manuscript.

Conflict-of-interest disclosure: S.G. received honoraria from
Novartis and patents and royalties from UCLB. C.R. has received
honoraria from Novartis. P.J.A. has received research funding and
royalties from Autolus, PLC. The remaining authors declare no com-
peting financial interests.

ORCID profiles: J.S., 0000-0003-1890-692X; B.C., 0000-0002-
7914-0799; C.R., 0000-0002-4901-5858; P.J.A., 0000-0003-
0480-3911.

Correspondence: Khushnuma Mullanfiroze, Department of
Blood and Marrow Transplant, Great Ormond Street Hospital,
Great Ormond St., London WC1N3JH, United Kingdom; e-mail:
khushnuma.mullanfiroze@gosh.nhs.uk.

References

1. Maude SL, Laetsch TW, Buechner J, et al. Tisagenlecleucel in
children and young adults with B-cell lymphoblastic leukemia.
N Engl J Med. 2018;378(5):439-448.

2. Lee DW, Kochenderfer JN, Stetler-Stevenson M, et al. T cells
expressing CD19 chimeric antigen receptors for acute
lymphoblastic leukaemia in children and young adults: a phase 1
dose-escalation trial. Lancet. 2015;385(9967):517-528.

3. Ghorashian S, Kramer AM, Onuoha S, et al. Enhanced CAR T cell
expansion and prolonged persistence in pediatric patients with ALL
treated with a low-affinity CD19 CAR. Nat Med. 2019;25(9):
1408-1414.

4. Gardner R, Leger KJ, Annesley CE, et al. Decreased rates of severe
CRS seen with early intervention strategies for CD19 CAR-T cell
toxicity management [abstract]. Blood. 2016;128(22):586.

5. Juluri KR, Wu V, Voutsinas JM, et al. Severe cytokine release
syndrome is associated with hematologic toxicity following CD19
CAR T-cell therapy. Blood Adv. 2022;6(7):2055-2068.

6. Rejeski K, Perez A, Sesques P, et al. CAR-HEMATOTOX: a model
for CAR T-cell-related hematologic toxicity in relapsed/refractory
large B-cell lymphoma. Blood. 2021;138(24):2499-2513.

7. Klyuchnikov E, El-Cheikh J, Sputtek A, et al. CD34(1)-selected
stem cell boost without further conditioning for poor graft function
after allogeneic stem cell transplantation in patients with
hematological malignancies. Biol Blood Marrow Transplant. 2014;
20(3):382-386.

23 AUGUST 2022 • VOLUME 6, NUMBER 16 RESEARCH LETTER 4717

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4715/1913727/advancesadv2022007572.pdf by guest on 05 D

ecem
ber 2022

https://orcid.org/0000-0003-1890-692X
https://orcid.org/0000-0002-7914-0799
https://orcid.org/0000-0002-7914-0799
https://orcid.org/0000-0002-4901-5858
https://orcid.org/0000-0003-0480-3911
https://orcid.org/0000-0003-0480-3911
mailto:khushnuma.mullanfiroze@gosh.nhs.uk


8. Jain T, Knezevic A, Pennisi M, et al. Hematopoietic recovery in
patients receiving chimeric antigen receptor T-cell therapy for
hematologic malignancies. Blood Adv. 2020;4(15):3776-3787.

9. Fried S, Avigdor A, Bielorai B, et al. Early and late hematologic
toxicity following CD19 CAR-T cells. Bone Marrow Transplant.
2019;54(10):1643-1650.

10. Remberger M, Ringd�en O, Ljungman P, et al. Booster marrow or
blood cells for graft failure after allogeneic bone marrow
transplantation. Bone Marrow Transplant. 1998;22(1):73-78.

11. Mohty M, Faucher C, Chabannon C, et al. CD34(1)
immunoselected cells for poor graft function following allogeneic
BMT. Cytotherapy. 2000;2(5):367-370.

12. Milone G, Tornello A, Leotta S, et al. CD341 selected
haematopoietic stem cell (HSC) not preceded by any
immunosuppressive therapy as effective treatment for graft
failure. Bone Marrow Transplant. 2005;35(5):521-522, author
reply 522.

13. Oyekunle A, Koehl U, Schieder H, et al. CD34(1)-selected
stem cell boost for delayed or insufficient engraftment after

allogeneic stem cell transplantation. Cytotherapy. 2006;8(4):
375-380.

14. Shahzad M, Siddiqui RS, Anwar I, et al. Outcomes with CD34-
selected stem cell boost for poor graft function after allogeneic
hematopoietic stem cell transplantation: a systematic review and
meta-analysis. Transplant Cell Ther. 2021;27(10):877.e1-877.e8.

15. Rejeski K, Kunz WG, Rudelius M, et al. Severe Candida glabrata
pancolitis and fatal Aspergillus fumigatus pulmonary infection in the
setting of bone marrow aplasia after CD19-directed CAR T-cell ther-
apy - a case report. BMC Infect Dis. 2021;21(1):121.

16. Yan L, Shang J, Shi X, et al. Successful treatment of marrow failure
after CARTs for myeloma by the infusion of cryopreserved stem
cells. Am J Hematol. 2020;95(1):E20-E23.

17. G€odel P, Sieg N, Heger J-M, et al. Hematologic rescue of CAR
T-cell-mediated prolonged pancytopenia using autologous
peripheral blood hematopoietic stem cells in a lymphoma patient.
HemaSphere. 2021;5(3):e545.

18. Hill JA, Li D, Hay KA, et al. Infectious complications of CD19-
targeted chimeric antigen receptor-modified T-cell immunotherapy.
Blood. 2018;131(1):121-130.

4718 RESEARCH LETTER 23 AUGUST 2022 • VOLUME 6, NUMBER 16

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/6/16/4715/1913727/advancesadv2022007572.pdf by guest on 05 D

ecem
ber 2022


	TF1
	TF2
	TF3
	TF4
	TF5
	TF6
	TF7

