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Purpose: To investigate the donor chimerism changes and curative effects associated with 
the use of autologous anti-CD19 chimeric antigen receptor (CAR) T cells with B-cell acute 
lymphoblastic leukemia (B-ALL) presenting with a low donor chimerism level and relapse 
after allogeneic hematopoietic stem cell transplant (allo-HSCT).
Methods: Nine patients with B-ALL showing low donor chimerism level and relapse after allo- 
HSCT were enrolled. Patients 1–3 received CD19 CAR-T cell therapy using cells derived from 
autologous peripheral blood mononuclear cells (PBMCs) (comprising a mixture of patient and 
original donor cells) as their donors could not provide PBMCs. Samples from the other six 
patients (Patients A–F) were investigated only in vitro. The changes in the degree of donor 
chimerism, function of the CD19 CAR-T cells and T cells in all nine patients were analyzed 
in vitro. The therapeutic effects and adverse events (AEs) were also evaluated in Patients 1–3.
Results: The CAR-T cells and T cells in all nine patients showed complete donor chimerism 
restoration following a 12-day culture period in vitro. These CD19 CAR-T cells demonstrated 
strong cytotoxicity towards Nalm 6 cells in vitro except in patients 3 and D. In the latter patients, 
the absolute numbers of all subsets, especially the CD8 + T-cell absolute numbers in peripheral 
blood were very low. Patients 3 and D showed relatively short durations from transplant to 
recurrence and received chemotherapy after relapse. In the patients receiving CD19 CAR-T cell 
therapy, the most commonly observed AE was grade 1 to 2 cytokine release syndrome. None of 
the cases showed acute graft-versus-host disease during treatment. Patients 1 and 2 achieved 
complete response with complete restoration of donor chimerism. Patient 3, who received the 
same CD19 CAR-T cell therapy, did not respond to this therapy.
Conclusion: CD19 CAR-T cells derived from patients relapsed after allo-HSCT with a low 
level of donor chimerism were effective for salvage therapy and could restore to complete 
donor chimerism after 12 days’ culture in vitro.
Trial Registration: Humanized CD19 CAR-T cell therapy for relapse or refractory 
B-cell lymphoma or acute B lymphocytic leukemia, ChiCTR1800019622, Registered 
24 November 2018, http://www.chictr.org.cn/index.aspx.
Keywords: chimeric antigen receptor, acute lymphoblastic leukemia, allogeneic 
hematopoietic stem cell transplant, relapse, donor chimerism

Introduction
Allogeneic hematopoietic stem cell transplant (allo-HSCT) is an effective treatment 
strategy for B-cell acute lymphoblastic leukemia (ALL). The provision of therapy 
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to patients with relapsed B-ALL after allo-HSCT remains 
a major challenge as their median survival duration is 
shorter than 6 months.1 Salvage therapy for cases 
with B-ALL relapse after allo-HSCT includes 
chemotherapy, second transplant, and donor lymphocyte 
infusion (DLI). However, these therapies may cause ser-
ious toxicity or graft-versus-host disease—a potentially 
lethal immune response.2,3 Anti-CD19 chimeric antigen 
receptor-modified (anti-CD19 CAR) T cell therapy has 
a high response rate and affords long-term remission in 
patients with relapsed/refractory B-ALL.4,5 Several studies 
showed that donor-derived allogeneic CD19 CAR-T cell 
therapy could effectively eradicate B-cell malignancies in 
patients with relapsed B-ALL after allo-HSCT.6–8 

Moreover, allogeneic CD19 CAR-T cell therapy could 
achieve notable results without the occurrence of signifi-
cant graft-versus-host disease.8,9 Nevertheless, some 
donors, especially unrelated donors, are unable to provide 
the peripheral blood mononuclear cells (PBMCs) neces-
sary for CD19 CAR-T cell therapy. However, when the 
degree of donor chimerism is very low and the tumor load 
is high, it is not clear whether patients could achieve 
complete response (CR) through the use of CD19 CAR- 
T cells derived from their own PBMCs. We therefore 
aimed to evaluate the curative effects associated with the 
introduction of CD19 CAR-T cells derived from patient’s 
own PBMCs in three individuals exhibiting low levels of 
donor chimerism and relapse after allo-HSCT. We also 
aimed to evaluate the changes in donor chimerism, T-cell 
subsets, and killing activities of all CAR-T cells in the 
blood specimens obtained from all nine enrolled patients 
in vitro.

Materials and Methods
Patients and Clinical Trial Design
Nine patients with B-ALL who relapsed after allo-HSCT 
and exhibited a low level of donor chimerism (<25%) 
between November 2018 and July 2019 were enrolled in 
our study. Of these, three (patients 1 to 3) were enrolled in 
a clinical trial at the Department of Hematology in Tianjin 
First Central Hospital (Tianjin, China) and received CD19 
CAR-T cell expressing humanized anti-CD19 scFv and 4– 
1BB-CD3ζ costimulatory-activation domain therapy 
(ChiCTR1800019622). All three patients provided 
informed consent prior to enrolment. The other six patients 
(Patients A to F) provided informed consent to participate 
in our experimental research. The low level of donor 

chimerism of all nine patients was due to relapse after allo- 
HSCT. The final follow-up visit for endpoint analysis was 
conducted on January 31, 2020. This study was approved 
by the Medical Ethics Committee of the Department of 
Hematology, Tianjin First Central Hospital (Tianjin, 
China). (Ethics Committee Approval No. 2018N105KY).

Source of T Cells for CD19 CAR-T Cell 
Therapy and in vitro Experiments
The donors for patients 1 to 3 were unable to provide 
PBMCs for CD19 CAR-T cell therapy owing to the pre-
sence of infectious disease or other reasons. Thus, auto-
logous PBMCs obtained from the three patients 
themselves were administered as sources of T cells for 
the CD19 CAR-T cell therapy. The CD19 CAR-T cells 
of the other six patients (patients A to F), derived from 
their own PBMCs as well, were collected for in vitro 
evaluation only.

Generation of CD19 CAR-T Cells
We collected 50 mL leukocyte collection from the nine 
relapsed patients with B-ALL by leukapheresis, then 
PBMCs were isolated by Ficoll density gradient centrifu-
gation. CD3+ T cells (1× 106) were selected using CD3 
microbeads (MiltenyiBiotec, Inc., Cambridge, MA, USA), 
stimulated with anti-CD3/anti-CD28 mAb-coated Human 
T-Expander beads (the ratio of this bead to CD3+T cell 
was 1:1) (Cat. No. 11141D; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), and cultured in T-cell medium X– 
Vivo 15 (Lonza Group, Ltd., Basel, Switzerland) supple-
mented with 250 IU/mL interleukin-2 (IL-2; Proleukin; 
Novartis International AG, Basel, Switzerland). Then, the 
T-cell medium X–Vivo 15 supplemented with 250 IU/mL 
interleukin-2 was added every two days or depending on 
the CD19 CAR-T cell growth. After 48 h of cell culture, at 
which point the CD19+ leukemic cells could not be 
detected in the culture by flow cytometry (FCM) (BD 
Biosciences, San Jose, CA, USA), T cells (3×106) were 
transduced with a lentiviral vector encoding CD19-CAR 
constructs (10µg; lenti-CD19-2rd-CAR; Shanghai 
Genbase Biotechnology Co., Ltd., Shanghai, China) and 
cultured in medium containing recombinant human IL-2 
(250 U/mL). In addition, the CD3+ T cells from the 
PBMCs of the nine patients were cultured in T-cell med-
ium X–Vivo 15 supplemented with 250 IU/mL IL-2 as 
control group.
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Transduction Efficiency, Immune Phenotype 
of T Lymphocytes and Cytotoxicity of All 
the CD19 CAR-T Cells and T Cells
After a 12-day culture, the transduction efficiencies of 
anti-CD19CAR were analyzed by FCM (BD Biosciences, 
San Jose, CA, USA). The expression levels of the pro-
grammed death 1 receptor (PD-1) (BD Biosciences) in the 
nine patients were detected by FCM. The T lymphocyte 
functions of patients 1–3 prior to culture and 28 days 
following CD19 CAR-T cell therapy were detected by 
FCM. The T lymphocyte phenotypes of patients A–F 
were detected prior to in vitro culture. The analysis 
included regulatory T cells, Th1, Th2, naive T cells, effec-
tor T cells, central memory T cells, and effector memory 
T cells among CD3+CD4+CD8− T cells, and naive T cells, 
effector T cells, central memory T cells, and effector 
memory T cells among CD3+CD4-CD8+ T cells. We 
evaluated the percentage and absolute numbers of T cells 
in the various subsets.

The cytotoxicities of all the CD19 CAR-T cells and 
T cells towards CD19+ Nalm 6 cells (American Type 
Culture Collection, Manassas, VA, USA), which is char-
acterized by low expression of PD-L1 (2.02%), were 
evaluated.

Experimental Method
FCM
FCM analysis of PBMCs or T cells was performed using 
2–5×106 total cells per condition. The dilution of antibo-
dies was performed according to the operating 
instructions.

Cells were isolated and stained with anti-CD3-APC 
(Catalog number GMP-10,977-H001, MiltenyiBiotec, 
Inc.) and with anti-CD19-PE (1:20, Shanghai Genbase 
Biotechnology Co., Ltd., Shanghai, China) for 15 min at 
room temperature in a dark place to measure the transduc-
tion efficiencies of anti-CD19CAR in CD19 CAR-T cells. 
The CD19 CAR-T cell expression in CD3+ T cells of 
peripheral blood was observed by the same method.

The effect of CD19 CAR-T cells towards CD19+ Nalm 
6 cells was analyzed using anti-CD3-APC and anti-CD19- 
PC7 (Catalog number IM3628, Beckman Coulter, Inc.). 
The residual proportions of Nalm 6 cells were detected.

The expression of PD-1 on CD3+ T lymphocytes was 
analyzed using anti-CD279-FITC (Catalog number 
560795Hu, BD Biosciences). The T lymphocyte pheno-
types were analyzed using anti-CD4-FITC (Catalog 

number130-049-201, MiltenyiBiotec, Inc.)/CXCR3-PE 
/CD3-Percp/CCR10-APC/CCR6-PC7/CD8-APCCY7 
(Catalog number 130–091-112, MiltenyiBiotec, Inc.)/ 
CCR4-BV421,/CCR7-PE/CD62L-APC/CD45RO-PC7 
(Catalog number130-046-001, MiltenyiBiotec, Inc.)/ 
CD45RA-V500/CD127-PE (Catalog number: 130–102- 
984, MiltenyiBiotec, Inc.)/CD25-APC (Catalog number: 
130–099-393, Miltenyi Biotec, Inc.). T cell subsets were 
defined as follows: naïve T cells: CD45RA+CCR7+CD62L 
+; effector T cells: CD45RA+CCR7-CD62L-; regulatory 
T cells: CD4+CD25+CD127low; central memory T cells: 
CCR7+CD45RA-CD62L+; effector memory T cells: 
CCR7-CD45RA-CD62L-; Th1: CXCR3+CCR4-CCR6- 
CCR10-;Th2: CCR4+CCR6-CXCR3-CCR10-.

qPCR for Anti-CD19 CAR DNA Detection
Genome of Peripheral Blood was extracted using Qiagen D 
Neasy Blood and Tissue Kit (Beijing Nobleryder 
Technology Co., LTD.). qPCR primer sequences were as 
follows: 7 e11-F: GATCTGGGACCGACTACACC;7 e11- 
R: CCCTTGCTGACAGAAATAGACA. The genomic 
DNA was diluted to 20ng/μL and the reaction system was 
configured according to the Standard reaction system. The 
fluorescence group was selected as SYBR Green Master 
Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) 
and the quenching fluorescence group was NONE for detec-
tion. The reference fluorescence was ROX. qPCR was 
performed with a StepOne™ Real-Time PCR System 
machine (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). Reaction conditions were as follows: 50°C for 2 
min, 95°C for 2 min, 95°C for 15, 60°C for 1 min, 40 
Cycles.

qPCR for Donor Chimerism Analysis
The degree of donor chimerism of all nine patients was 
investigated from the day of relapse to day 12 of cultivation. 
Genomic DNA was isolated from the peripheral blood sam-
ples or bone marrow with the Genmag DNA blood Kit on 
a Genmag automated DNA extractor (Changzhou, China). 
The concentration and purity of the DNA samples was deter-
mined by UV photometry. In all PCRs, 10ng DNA and MIX 
were amplified multiplexly per reaction. Then, 1μL PCR 
product, 9μL mix of deionized formamide and liz500 (length 
standard) were denatured at 95°C for 3 mins. Capillary elec-
trophoresis was carried out on an ABI 3730 instrument. Dates 
were imported and analyzed by Genemapper. Chimerism 
analysis by short tandem repeats (STR)-PCR was performed 
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by determining the peak area of pre-transplant host and donor 
STR alleles in sample of post-transplant.

Cytotoxicity in vitro
Each group of CD19 CAR-T cells (1× 105) or T cells (20× 
105) were co-cultured with Nalm 6 cells (1× 105) for 48 
h. The target and effector cells were cultured with 500 IU/ 
mL IL-2 in an incubator containing 5% CO2 at 37°C for 
48 h in 24-well plates. Cytotoxicities of CD19 CAR-T 
cells were detected using lactate dehydrogenase (LDH) 
cytotoxicity Assay Kit (Dojindo Molecular Technologies, 
Inc.) at 490 nm, according to manufacturer’s instructions. 
Then, cells of all the groups were seeded in 96-well plates 
(100 μL/well) at 37°C, 5% CO2for 30 mins. The absor-
bance was measured at 490 nm. Cytotoxicity (%) was 
calculated as (Sample absorbance-Sample control absor-
bance)/(Absorbance of cell maximum enzyme activity- 
Absorbance of sample control).

CD19 CAR-T Cell Therapy Process
To improve the CAR-T cell therapy efficacy and reduce 
the tumor load, patients 1–3 received pretreatment with 
fludarabine (30mg/m2/day) and cytarabine (1000mg/m2/ 
day) for 5 days from the day of autologous PBMC collec-
tion (Figure 1). On the day of CAR-T cell infusion (12 
days following PBMCcollection), the proportions of leu-
kemic cells and degree of donor chimerism in the bone 
marrow were observed. Then, the CD19 CAR-T cells 
derived from the autologous PBMCs of the three patients 
were infused (1×106cells/kg) on day 0.10,11

Adverse Events and CD19 CAR-T Cell 
Expansion
With regard to side effects, cytokine release syndrome 
(CRS) was observed 0–28 days following CAR-T cell 

infusion. The CRS was graded according to the adopted 
CRS scoring system and the National Cancer Institute 
Common Terminology Criteria for AE v4.03 following 
CAR-T cell infusion.12 The secretion levels of cytokines 
including IL-6, IL-2R, tumor necrosis factor-α (TNF-α), 
and IL-8 were measured on days 0, 7, 14, 21, and 28 by 
enzyme-linked immunosorbent assay with a double- 
antibody one-step sandwich method. The CD19 CAR-T 
cell expression in CD3+ T cells of peripheral blood was 
observed by FCM at 0, 4, 7, 14, 21, 28, 60, 90, and 120 
days following CAR-T cell infusion (anti-CD19 antibody, 
Shanghai Genbase Biotechnology Co., Ltd). In patients 1 
and 2, expression was detected approximately 120 days 
following CD19 CAR-T cell infusion. The DNA level of 
the anti-CD19-CAR gene by real-time qPCR analysis was 
also detected at 0, 4, 7, 14, 21, 28, 60, 90, and 120 days 
following CD19 CAR-T cell infusion.

Therapeutic Effect Observation
At 14, 28, 60, 90, and 120 days following CD19 CAR-T 
cell infusion, the proportions of leukemic cells in the bone 
marrow were observed in the two patients (patients 1 
and 2) who achieved CR. The changes in the degree of 
donor chimerism in the bone marrow were concurrently 
analyzed. Patient 3, who did not achieve CR, died after 55 
days of CD19 CAR-T cell therapy.

Statistics
All data are expressed as the means ± standard deviations 
(SD). Statistical analyses were performed using SPSS18.0 
software. Differences between repeated experiments of the 
two groups were investigated using the unpaired t-test and 
F-test. For all statistical tests, values of P<0.05 were 
considered statistically significant.

Figure 1 Treatment procedure and observation of efficacy and side effects in the three patients receiving CAR-T cell therapy. 
Abbreviations: CRS, cytokine release syndrome; CAR, chimeric antigen receptor.
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Results
Characteristics of All the Patients in Our 
Study
All the participants enrolled in our study constituted 
patients with B-ALL who showed relapse after allo- 
HSCT. Three (patients 1–3) underwent preclinical evalua-
tions and received CD19 CAR-T cell therapy. The other 
six (Patients A–F) underwent preclinical evaluations only. 
Patients 3 and D had a relatively short duration from 
transplant to recurrence. On reviewing their medical his-
tory, we found that only these two patients received che-
motherapy following recurrence. The detailed 
characteristics of all patients are summarised in Table 1.

Transduction Efficiency, Donor Chimerism 
Changes, Cytotoxicity of CAR-T Cells and 
T Cells, and Immune Phenotype of the 
T Lymphocytes in All Patients
Following 12-day culture, the mean transduction effi-
ciency of anti-CD19CAR for all nine patients was 47.11 
± 8.47%. During cell culture in vitro, the percentage of 
leukemic B-cells decreased to zero while donor CAR-T 
cells and T cells increased gradually (Table 2). Meanwhile, 
the mean transduction efficiency of the three patients who 
received CD19 CAR-T cell therapy (patients 1–3) was 
44.26 ±6.05%. When the cells were harvested, the CD19 
CAR-T cell numbers of patients 1–3 was 12.45 × 106, 7.11 

× 106 and 0.91 × 106cells/kg, respectively. Patients 1–3 
received a dose of 1.12 × 106, 1.05 × 106 and 0.91 × 
106cells/kg humanized CD19 CAR-T cell infusion, respec-
tively, on day 0.

The mean donor chimerism degree in the peripheral 
blood of patients 1–3 was 12.67 ± 2.96% when they 
relapsed after allo-HSCT. In comparison, the mean donor 
chimerism degree in Patients A–F was 15.56 ± 6.61%. 
CAR-T cells or T cells cultured in vitro were derived 
from own-PBMCs of all nine patients and selected using 
CD3 microbeads. Few leukemic B cells were identified in 
the in vitro culture system following CD3 microbead 
selection. The CAR-T cells of patients 1–3 were restored 
to complete donor chimerism (99.64%, 99.23%, and 
98.86%) by 12-day culture in vitro, as were the CAR-T 
cells of patients A–F. We further observed that the T cells 
of all nine patients also achieved complete donor chimer-
ism restoration upon culture in vitro (Figure 2A and B).

The expression of PD-1 receptors in the CD3+ T cells of 
the nine patients at relapse after allo-HSCT was detected by 
FCM (Figure 2C). The PD-1 expression levels in patients 3 
and D exceeded 60% (67.9% and 63.1%, respectively), 
whereas those in the other seven patients were below 50%. 
We performed preclinical evaluations of the T cells and 
CD19 CAR-T cells from all nine patients in vitro.

The residual proportions of Nalm 6 cells were detected 
using FCM methods after 48 h of co-culture with CD19 
CAR-T cells of all the nine patients at an E:T ratio of 1:1 

Table 1 Patient Baseline and Therapy-Related Characteristics

Patient Age Sex Malignancy Donor Type 2 GVHD Before 
Recurrence

Time from 
Transplant to 
Recurrence 
(Months)

Chemo- 
Therapy 
After 
Recurrence

Time to Stop 
Immuno- 
Suppressive Therapy 
(Months)

1 48 M B- ALL MSDT Grade II cGVHD 18 No 7
2 42 F B-ALL (Ph+) MMUDT (8/10) Grade I cGVHD 58 No 51

3 16 F B-ALL MUDT Grade II aGVHD 4 Two courses 

(VDCPx2)

4

A 46 F B-ALL MMSDT (5/10) Grade I aGVHD 14 No 6

B 18 M B-ALL (Ph+) Haplo-HSCT Grade I cGVHD 13 No 7

C 24 M B-ALL 
(TCF3-PBX1)

Haplo-HSCT Grade I aGVHD 10 No 5

D 39 F B-ALL MSDT No 3 One course 

(VCP)

3

E 15 F B-ALL (Ph+) MMUDT (9/10) Grade III aGVHD 36 No 24

F 37 F B-ALL Haplo-HSCT Grade I cGVHD 12 No 6

Notes: Pt 1–3: The three patients receiving CAR-T therapy; Pt A-F: The six patients evaluated in vitro only. 
Abbreviations: HSCT, hematopoietic stem cell transplant; cGVHD, chronic graft-versus-host disease; aGVDH, acute graft-versus-host disease; B-ALL, B-cell acute 
lymphoblastic leukemia; HLA, human leukocyte antigen; MDST, HLA-matched sibling donor transplant; MMSDT, HLA-mismatched sibling donor transplant; MUDT, HLA- 
matched unrelated donor transplant; MMUDT, HLA-mismatched unrelated donor transplant; haplo-HSCT, haploid HSCT.
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(Figure 3A). 36.08% of CD19+ Nalm 6 cells remained in 
patient 3 and 24.06% in patient D. However, residual 
CD19+ Nalm 6 cells were below 10.0% in the other 
seven specimens. Similarly, strong cytotoxicity towards 
CD19+ Nalm 6 cells at an E:T ratio of 1:1 at 0, 24, and 
48 h was observed using an LDH cytotoxicity test kit, 
although the cytotoxicity of patient 3 was lower than that 
of patients1 and 2 at 48 h (Figure 3B) and the cytotoxicity 
of patient D was lower than that of patients A, B, C, E, and 
F (Figure 3C). The T cells demonstrated a certain extent of 
cytotoxicity towards CD19+ Nalm 6 cells at an E:T ratio 
of 20:1 at 48 h. The cytotoxicity levels of the T cells 
towards Nalm 6 cells in patient 3 were lower than those 
in patients 1 and 2. In addition, the cytotoxicity levels in 
patient D were lower than those in the other five patients 
in this group (Figure 3D).

We also evaluated the percentage and absolute numbers 
of T cells in the various subsets among the nine patients. The 
CD3+CD8+CD4− and CD3+CD4+CD8− T cell expression 
in peripheral blood was detected using FCM methods 
(Figure 4A). In patient 3, who showed CD19 CAR-T cell 
therapy failure, the percentage of effector memory T cells in 
the CD3+CD4-CD8+ T cells was 100% prior to therapy. 
This value declined to 2.39% following therapy (Figure 4B). 
However, in this patient, the absolute numbers of all the 
subsets were lower than those of the other two patients with 
CD19 CAR-T cell therapy success (patients 1 and 2). 
Particularly, the CD8 + T cell absolute numbers were very 
low in patient 3 (Figure 4C). In patients A–F, the 

cytotoxicity levels of the T cells and CD19 CAR-T cells in 
patient D were lower than those in the other five patients. We 
observed similar changes (Figure 4D and E) as in patients 
1–3. The absolute numbers of all the subsets in patient 
D were lower than those of the other five patients, whose 
CAR-T cells or T cells demonstrated strong cytotoxicity 
towards Nalm6 cells. Particularly, the CD8 + T cell absolute 
numbers were very low in patient D.

Adverse Events Associated with CD19 
CAR-T Cell Therapy
The CD19 CAR-T cell therapy was well tolerated in all 
patients. Notable AEs included grade 1 to 2 CRS. Other 
AEs included high fever with chills, headache, dizziness, 
muscle ache, anorexia, edema, oliguria, liver dysfunction, 
and renal insufficiency. The patients were provided anti-
pyretic drugs and methylprednisolone for AE treatment. 
AEs related to the CD19 CAR-T cell therapy were relieved 
after 12 days of infusion. None of the patients showed 
acute GVHD (aGVHD) during CD19 CAR-T cell therapy.

In the CD19 CAR-T cell therapy group, we measured 
the levels of cytokines. In patients 1 and 2, the highest 
serum levels of IL-6 were 286.2 and 159.7U/mL, respec-
tively, on day 7 following infusion. In addition, the levels 
of IL-2R, IL-8, IL-10, TNF-α, and ferritin also reached 
their peak on day 7 after infusion. The highest serum level 
of IL-6 in patient 3 was 35.1U/mL on day 4 following 
infusion. The levels of the other cytokines in patient 3 

Table 2 The Percentage of Leukemic B-Cell and Donor Cells in vitro Culture System of CAR-T Cells and T Cells

Date of Relapse Cultivation Day 7 Cultivation Day 12

% of 
AL 
Cells 
in 
CAR-T

% of 
AL 
Cells 
in 
T-Cells

% of 
Donor 
Cells in 
CAR-T 
Cells

% of 
Donor 
Cells 
in 
T Cells

% of 
AL 
Cells 
in 
CAR-T

% of 
AL 
Cells 
in 
T-Cells

% of 
Donor 
Cells in 
CAR-T 
Cells

% of 
Donor 
Cells 
in 
T Cells

% of 
AL 
Cells 
in 
CAR-T

% of 
AL 
Cells 
in 
T-Cells

% of 
Donor 
Cells in 
CAR-T 
cells

% of 
Donor 
Cells 
in 
T Cells

Pt 1 1.36 1.38 11.22 11.22 0.00 0.00 84.78 56.23 0.00 0.00 99.64 99.13
Pt 2 2.06 1.89 16.08 16.08 0.00 0.00 80.34 49.68 0.00 0.00 99.23 99.56

Pt 3 1.03 1.22 10.72 10.72 0.00 0.00 65.02 42.05 0.00 0.00 98.86 99.49

Pt A 1.11 1.09 20.55 20.55 0.00 0.00 84.65 55.23 0.00 0.00 98.98 99.28
Pt B 0.92 0.66 8.82 8.82 0.00 0.00 81.26 49.58 0.00 0.00 99.15 99.05

Pt C 1.63 2.04 23.12 23.12 0.00 0.00 80.29 60.15 0.00 0.00 98.96 99.39

Pt D 2.15 1.99 18.67 18.67 0.00 0.00 76.88 52.69 0.00 0.00 98.78 99.37
Pt E 2.64 3.12 6.55 6.55 0.00 0.00 72.61 46.01 0.00 0.00 99.64 99.89

Pt F 0.99 0.87 15.63 15.63 0.00 0.00 69.04 44.25 0.00 0.00 98.64 99.22

Notes: Pt 1–3: The three patients receiving CAR-T therapy. CAR-T cells were derived from patient’ sown PBMCs. Pt A–F: The six patients evaluated in vitro only. CAR-T 
cells were derived from patient’s own PBMCs. D: Donor chimerism analysis. The CAR-T cells and T cells on the day of relapse were selected using CD3 microbeads. The 
percentage of donor cells was obtained by qPCR as described in the Materials and Methods section.
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changed irregularly throughout the treatment process 
(Figure 5).

Expansion of the CD19 CAR-T Cells 
After Infusion
The peak proportions of CD19 CAR-T cells in peripheral 
blood were 54.08% and 70.88% in patients 1 and 2, 
respectively, on day 14 following infusion, and 20.4% 
in patient 3 on day 7 after infusion. The proportion of 
CD19 CAR-T cells declined slowly in patients 1 and 2 
until 60 days following therapy, but dropped rapidly in 
patient 3 (Figure 6A). The DNA level of the anti- 
CD19CAR gene showed the same tendency as that of 
the proportion of CD19 CAR-T cells assessed by cyto-
metry (Figure 6B).

Therapeutic Effects of CD19 
CAR-T Cells Early After Infusion
As the dosage of lymphodepleting chemotherapy was rela-
tively high, patients were in a state of bone marrow sup-
pression when they received the infusion of CD19 CAR-T 
cells. The proportions of leukemic cells in the bone mar-
row of patients 1–3 declined to 4.6%, 18.5%, and 20.4%, 

respectively, on the day of CAR-T cell infusion, their 
donor chimerism degree simultaneously increased to 
40.28%, 31.02%, and 25.5% in the bone marrow. 
Patients 1 and 2 achieved CR with incomplete count 
recovery on day 14, and CR on day 28 following the 
infusion of CD19 CAR-T cells. They achieved complete 
donor chimerism restoration at this stage. Patient 3 did not 
respond to CD19 CAR-T cell therapy. He had progressive 
disease and subsequently received palliative treatment 
(Figure 6C and D).

Maintenance Treatment Following CD19 
CAR-T Cell Therapy
Patient 1 showed leukemia-free survival (LFS) with no 
aGVHD in the following 42 days. Then, in order to pre-
vent recurrence of the disease following CR from CD19 
CAR-T cell therapy, the patient received donor stem cell 
infusions twice (CD34+ cell proportions of 0.68×106 and 
0.77×106 cells/kg) two and four months following CD19 
CAR-T cell therapy. She exhibited grade I aGVHD during 
the two-time infusion and recovered promptly. In this 
patient, LFS was maintained with complete donor chimer-
ism for 18 months.

Figure 2 Donor chimerism changes and expression of PD-1 on T cells in all nine patients. Donor chimerism was detected using CD3+ cell specimens from the patients’ own 
PBMCs. (A) Donor chimerism of CAR-T cells and T cells cultured on days 0.7 and 12. CAR-T cells and T cells were all from the three patients who received CD19 CAR-T 
cell therapy. Following 12 days’ in vitro culture, the mean donor chimerism degree of the CAR-T cells and T cells was restored to 99.24 ± 0.39% (patients 1–3). (B) Donor 
chimerism of CAR-T cells and T cells from the six patients was evaluated only in vitro (patients A–F). Following 12 days’ in vitro culture, the mean donor chimerism degree 
was restored to 99.03 ± 0.35%. (C) The PD-1 expression level in CD3+ T cells from all nine patients. Patients 3 and D exceeded 60%, whereas levels in the other seven 
patients were below 50% upon relapse. Chimerism was analyzed by qPCR as described in the Materials and Methods. 
Abbreviations: PD-1, programmed death 1 receptor; B-ALL, B-cell acute lymphoblastic leukemia; CAR, chimeric antigen receptor.
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Patient 2 received oral imatinib treatment and pre-
sented LFS with no aGVHD in the following 60 days. 
Then, he received donor stem cell infusion only once 

(CD34+ cell proportion of 1.55×106 cells/kg) two months 
following CD19 CAR-T cell therapy. He presented grade 
II aGVHD and recovered promptly. In this patient, LFS 

Figure 3 Cytotoxicity of T cells and CD19 CAR-T cells toward Nalm6 cells. (A) Cytotoxicity of CAR-T cells towards CD19+ Nalm 6 cells at an E:T ratio of 1:1 at 48h using 
FCM methods (B) The CAR-T cell cytotoxicity of patients 1–3 at an E: T ratio of 1:1 at 0, 24, and 48 h using an LDH cytotoxicity test kit. (C) The CAR-T cell cytotoxicity of 
patients A-Fat an E:T ratio of 1:1 at 0, 24, and 48 h using an LDH cytotoxicity test kit. (D) T cell cytotoxicity in all patients at an E:T ratio of 20:1 at 48 h using an LDH 
cytotoxicity test kit. The remaining CD19+ Nalm 6 cells was 36.08% in patient 3 and 24.06% in patient D at 48 h, whereas it was below 10.0% in the other seven specimens. 
The cytotoxicity of CAR-T cells and T cells towards Nalm 6 cells in patients 3 and D were lower than that of the other patients at 48 h. 
Abbreviation: CAR, chimeric antigen receptor.
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was maintained with complete donor chimerism for 
17months (Figure 6E).

Patient 3, who did not respond to CD19 CAR-T cell 
therapy, survived for two months after this clinical trial 
(Figure 6E).

Discussion
In this study, we found that the CD19 CAR-T cells derived 
from patients with B-ALL exhibiting low donor chimerism 

and disease recurrence following allo-HSCT could be 
restored to complete donor chimerism in vitro. Allo- 
HSCT therapy has significantly improved the survival of 
patients with ALL in the past two decades. However, 
several patients with B-ALL remain at high risk of relapse 
after allo-HSCT and show poor long-term survival.1,13,14 

Guidelines for the management of post-transplantation 
relapse are limited. Alternative salvage treatments, such 
as second allo-HSCT, multi-agent chemotherapy, and 

Figure 4 Immune phenotype of T lymphocytes of all patients using FCM methods. (A) CD3, CD8, and CD4 T cell expression in peripheral blood. (B and C) Percentage of 
effector memory T-cells and absolute numbers of all subsets before and after CAR-T therapy in patients 1–3. (D and E) Percentage of effector memory T cells and absolute 
numbers of all subsets before and after CAR-T therapy in patients A–F. The absolute numbers of all subsets in patients 3 and D were lower than those in other patients. 
Particularly, the CD8 + T-cell absolute numbers were very low. 
Abbreviation: CAR, chimeric antigen receptor.
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palliative care are associated with low rates of remission 
and poor long-term survival.15 Besides, DLI is a very 
effective salvage therapy for patients with ALL presenting 
relapse after allo-HSCT. However, aGVHD and chronic 
GVHD (cGVHD) may be caused by the infusion of a large 
number of donor T cells.16–18 The median survival period 
was only 6 months after DLI therapy in patients relapsed 
after allo-HSCT, because most patients exhibited no 
response to this therapy.3,19

CD19 CAR-T cell therapy has shown significant clin-
ical efficacy in patients with relapsed/refractory B-ALL 
and a CR rate of 80–90%.20 Although some studies 
focused on donor-derived CD19 CAR-T cell therapy for 
patients with B-ALL exhibiting relapse after allo- 
HSCT,6–8 the safety of this therapeutic strategy has not 
been confirmed. We estimated that the infusion of donor 
CD19 CAR-T cells may lead to the development of 
aGVHD in patients with relapse after allo-HSCT. 
However, no cases with serious aGVHD following CD19 
CAR-T cell therapy have been reported in such settings.8 

Therefore, the use of CD19 CAR-T cell therapy with its 
benefits of high efficiency and low toxicity can aid in 
overcoming the poor prognoses of patients with B-ALL 
showing relapse after allo-HSCT to a certain extent.21,22 

Following allo-HSCT, the T cell function of patients is 
suppressed by monocytes.23 This may underlie in part the 
lower severity grade of CRS and GVHD observed in 

association with CD19 CAR-T cell therapy. In addition, 
patients’ own T cells are in a state of long-term inhibition 
after allo-HSCT which may explain the donor chimerism 
recovery in in vitro culture. Moreover, the function of 
donor T cells is also inhibited to a certain extent by 
immunosuppressive therapy. The later the time of recur-
rence after allo-HSCT, the easier it is to achieve donor 
T cell functional restoration following immunosuppressive 
therapy. Therefore, the function of donor T cells recovers 
better in patients with long-term recurrence after allo- 
HSCT, particularly in patients who did not receive immu-
nosuppressive therapy at the time of disease recurrence.

In our study, patients 1 and 2 relapsed 18 and 58 
months after allo-HSCT. By the time they relapsed, they 
had discontinued immunosuppressive therapy for about 7 
and 51 months, respectively. However, patient 3 relapsed 
and discontinued immunosuppressive therapy 4 months 
after allo-HSCT and received two courses of chemother-
apy. Patient D showed the same degree of disease progres-
sion as patient 3. He had discontinued immunosuppressive 
therapy for about 3months and received one course of 
chemotherapy. Thus, we analyzed the cytotoxicity levels 
of the CAR-T cells and T cells in all nine patients. The 
cytotoxicity levels of the CAR-T cells and T cells towards 
Nalm 6 cells in patients 3 and D were lower than those in 
the other patients. The absolute numbers of all the subsets 
in patients 3 and D were also lower than those in the other 

Figure 5 Changes in the serum cytokine levels during CAR-T cell therapy by enzyme-linked immunosorbent assay with a double-antibody one-step sandwich method in 
patients 1–3.IL-6, IL-2R, IL-8, IL-10, TNF-α, and ferritin (A-F) reached their peak on day 7 in patients 1 and 2. The level of cytokines in patient 3 changed irregularly. 
Abbreviations: TNF, tumor necrosis factor; IL, interleukin; CAR, chimeric antigen receptor.
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patients whose CAR-T cells or T cells demonstrated strong 
cytotoxicity towards Nalm 6 cells. Particularly, the CD8 + 
T cell absolute numbers were very low. This may poten-
tially underlie the failure of the CD19 CAR-T cell therapy 
in this case. Additional studies are warranted to confirm 
this speculation.

Allogeneic CD19 CAR-T cells derived from donors 
have previously been selected as salvage therapy for 
B-ALL cases with relapse after allo-HSCT, as allogeneic 
CD19 CAR-T cells have been found to exert a graft-versus 
-leukemia effect and diminish the degree of GVHD.24–26 

Donor-derived CD19 CAR-T cell therapy, which has not 

been shown to be associated with aGVHD/cGVHD in 
patients with relapse after allo-HSCT, has resulted in 
higher remission rates than conventional therapeutic 
approaches such as DLI.8 Donor-derived allogeneic 
CAR-T cell therapy is highly effective for minimal resi-
dual disease without serious side effects, such as GVHD, 
tumor lysis syndrome, CRS and central nervous system 
toxicity.21,22

However, sometimes, donors cannot provide PBMCs 
for CD19 CAR-T cell therapy. In our study, we observed 
the donor chimerism changes and effects of the CD19 
CAR-T cells derived from autologous PBMCs obtained 

Figure 6 CAR-T cell expansion and therapeutic effects in patients 1–3. (A) Peak proportion of CAR-T cells using FCM methods. (B) DNA level of the CD19-CAR gene by 
qPCR. (C) Leukemic cell proportions using FCM methods. (D) Donor chimerism degrees CAR, chimeric antigen receptor. (E) The CRS, LFS, aGVHD, and death. The peak 
proportion of CAR-T cells and DNA level of CD19-CAR gene were higher in patients 1 and 2 than in patient 3. The leukemic cells in patients 1 and 2 disappeared after 
therapy but increased to 80.2% in patient 3. Donor chimerism degrees increased in patients 1 and 2. 
Abbreviation: CAR, chimeric antigen receptor.
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from the patients with B-ALL with a low level of donor 
chimerism who relapsed after allo-HSCT. Our study dif-
fers from others in that the degree of donor chimerism at 
the time of PBMC collection was low.27–29 In previous 
studies, the CD19 CAR-T cells were derived from recipi-
ents in whom the donor chimerism was not very low. All 
of these studies have had satisfactory outcomes with reci-
pient-derived CD19 CAR-T cells. Additionally, previous 
studies did not explain in detail the differences in the 
donor-origin or recipient-origin CAR-T cells. Previously, 
there was a concern that receptor-derived CD19 CAR-T 
cells would not recover donor chimerism due to the low 
levels of donor chimerism in the receptor. Luckily, how-
ever, all the CAR-T cells derived from the patients them-
selves showed complete restoration of donor chimerism by 
in vitro culture in this study, although the PBMCs isolated 
from the patients themselves showed a low level of donor 
chimerism prior to the culture. Three of the nine patients 
with B-ALL received CD19 CAR-T cell therapy derived 
from autologous PBMCs. Patients 1 and 2 achieved CR 
and complete donor chimerism restoration through the use 
of this therapy. CD19 CAR-T cell therapy failed in patient 
3, with a low cytotoxicity level of the CAR-T cells to 
Nalm 6 cells observed in vitro and low CD8 + T cell 
absolute numbers.

Patients 1 and 2 exhibited grade 2 CRS without 
aGVHD during CD19 CAR-T cell therapy. The therapeutic 
complications in the two patients were similar to those 
reported in previous studies. However, they presented 
a very high leukemia load prior to the infusion of CD19 
CAR-T cells. Multivariate regression analysis has revealed 
the risk factors for CRS, which include an elevated mar-
row tumor burden and high CD19 CAR-T cell infusion 
dose.30–34 In our clinical trial, patients 1 and 2 received 
a higher pre-treatment dose following the collection of 
PBMCs. High-dose pre-treatment can reduce the tumor 
load on the day of CD19 CAR-T cell infusion.

In conclusion, the use of CD19 CAR-T cells derived 
from patients with recurrence and a low level of donor 
chimerism after allo-HSCT could lead to complete donor 
chimerism restoration in vitro, suggesting its potential as 
a treatment choice for patients whose donors are unable to 
provide PBMCs.
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