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Prognosis of primary refractory and relapsed pediatric 
B-lineage acute lymphoblastic leukemia (ALL) is very 
poor. Relapse rates significantly correlate with persis-
tent minimal residual disease (MRD). In MRD, favor-
able effector-target ratios prevail and thus this situation 
might be optimally suited for immunotherapy with 
antibodies recruiting immunological effector cells. We 
here report on the generation, preclinical characteriza-
tion and first clinical application in B-lineage ALL of an 
Fc-optimized CD19 antibody. This third-generation anti-
body (4G7SDIE) mediated enhanced antibody-depen-
dent cellular cytotoxicity (ADCC) against leukemic blasts 
with effector cells from healthy volunteers and B-lineage 
ALL patients. The antibody was produced in a university-
owned production unit and was applied on a compas-
sionate use basis to 14 pediatric patients with refractory 
and relapsed B-lineage ALL at the stage of MRD. In 
10/14 patients, MRD was reduced by ≥ 1 log or below 
the patient-individual detection limit, and 5/14 patients 
have achieved ongoing complete molecular remission 
with a median leukemia-free survival of 428 days. Two 
additional patients died in complete molecular remission 
due to complications not related to antibody therapy. 
Besides profound in vivo B-cell depletion, side effects 
were negligible. A clinical phase 1/2 study to further 
assess the therapeutic activity of 4G7SDIE is in prepara-
tion.

Received 8 March 2016; accepted 26 June 2016; advance online  
publication 23 August 2016. doi:10.1038/mt.2016.141

INTRODUCTION
Pediatric B-lineage acute lymphoblastic leukemia (ALL) is the 
most common malignancy in childhood. Although well-designed 
clinical trials have led to excellent survival rates, patients with 

refractory or relapsed disease remain a therapeutic challenge.1–3 
Persistent or increasing minimal residual disease (MRD) has 
already been shown to be an important adverse prognostic factor 
for those patients within chemotherapy protocols. Prior to allo-
geneic hematopoietic stem cell transplantation (HSCT), low or 
undetectable levels of MRD appear to improve clinical outcome 
and several attempts are currently evaluated to eradicate or reduce 
persistent MRD by additional chemotherapy cycles.4–8 Moreover, 
rising MRD levels after HSCT have recently been suggested to 
predict hematological relapse.9 In general, relapse after HSCT is 
associated with a poor prognosis although in some cases, retrans-
plantation can be a curative option.10–12 In these cases, however, 
induction chemotherapy is often associated with high toxicity 
and limited efficiency, due to the development of multidrug resis-
tance.13 Therefore, the implementation of new and efficient treat-
ment strategies with low toxicity is urgently needed.14,15

The CD20-specific chimeric monoclonal antibody rituximab 
was the first antibody demonstrating convincing activity against 
human cancer and has considerably improved the treatment of 
B-cell-derived lymphomas. Currently the Fc-engineered CD20 
antibody obinutuzumab (GA101) is being evaluated in large 
clinical trials (e.g., NCT01300247) and has demonstrated supe-
rior therapeutic activity against CLL.16 In particular, the antibody 
has achieved a higher response rate in relapsed CLL patients 
compared to rituximab.16,17 It is particularly noteworthy that the 
percentage of patients achieving deep remissions was markedly 
increased in the group treated with the Fc-optimized antibody.17

However, only a minority of pediatric B-lineage ALLs uni-
formly express CD20.18–20 This restricts the potential use of CD20 
targeting antibodies in these patients. In contrast, CD19 is consis-
tently expressed on childhood B-lineage ALL blasts.18,21 Two CD19 
antibodies are already used in clinical trials.18,22–24 These antibodies 
are Fc-optimized either by genetic modification of the glycosylation 
pattern (MEDI-551) or by the exchange of defined amino acids in 
the CH2 domain of the human Fc-part of IgG1 (MOR00208).25,26 
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Both antibodies have been demonstrated to exert markedly 
enhanced ADCC activity compared to the “second generation” non-
Fc-optimized counterparts. MEDI-551, lacking fucosylation in the 
Fc-part, is being evaluated in a clinical trial of adults with relapsed 
and refractory B-cell malignancies (NCT00983619). The CD19 
antibody MOR00208, a humanized version of the 4G7-antibody, 
was Fc-optimized by two amino acid modifications (S239D and 
I332E, SDIE modification).22,23 MOR00208 has demonstrated some 
efficacy in relapsed CLL27 and is currently evaluated in a clinical 
trial with adult B-ALL patients (NCT01685021).

Since, in MRD, a favorable ratio of leukemic target cells and 
FcR-expressing effector cells prevails, we reasoned that this situa-
tion might be particularly suited for treatment with Fc-optimized 
antibodies.

Here, we report on the generation, preclinical characteriza-
tion, and clinical application of a chimerized SDIE-modified 
CD19 antibody, termed 4G7SDIE. The antibody was produced in 
pharmaceutical quality and quantity in a university-owned pro-
duction unit and applied to B-lineage ALL patients with persistent 
MRD on a compassionate need basis. The aim was to significantly 
reduce the MRD load during the course of treatment with low 
toxicity prior to or after HSCT or both, with the intention to mini-
mize relapse rates in this high-risk situation.

RESULTS
In vitro activity of 4G7SDIE
Generation of the chimerized Fc-optimized CD19 antibody 
4G7SDIE and the chimerized IgG1 counterpart χ4G7 have been 

described previously.28 For this study, 4G7SDIE was produced in 
pharmaceutical quality in a university-owned production unit.

CD19 expression, on primary B-lineage ALL blasts, was 
analyzed quantitatively on 23 samples, including 5 samples of 
4G7SDIE-treated patients (Figure 1a). CD19 was expressed on all 
B-lineage ALL blasts with a mean of 1.5 × 104 molecules per cell 
(range 4.5 × 103 to 2.4 × 104). In Supplementary Figure S2a, half-
maximal target cell lysis of leukemic blasts with peripheral blood 
mononuclear cell (PBMC) of three healthy volunteers (HV) is 
depicted. EC50 was 65 ng/ml (± 55) and saturating concentra-
tions were reached below 1 µg/ml. In CD107a-degranulation 
assays, a significantly increased CD107a, TNFα-, and IFNγ-
expression was observed on NK cells when incubated with target 
cells and Fc-optimized antibody 4G7SDIE compared to target 
cells alone (Supplementary Figure S2b). The chimerized anti-
body χ4G7 induced neither an increase in CD107a-, nor in intra-
cellular TNFα- and IFNγ-expression. In real-time cytotoxicity 
assays (xCELLigence) with an adherent CD19-expressing cell 
line (MCF-7-CD19) and PBMC of 12 different healthy volun-
teers (HV), no ADCC was induced by χ4G7 whereas 4G7SDIE 
mediated strong ADCC (Figure 1b). Specific lysis of primary 
B-lineage ALL blasts of five different patients by PBMC of one 
HV was increased by 4G7SDIE in the presence of autologous 
serum but heterogeneous between different patient samples 
(Figure 1c). That a correlation of CD19-expression on leukemic 
blasts and 4G7SDIE-mediated lysis nevertheless exists is demon-
strated in Figure 1d where MCF7 cells transfected with different 
amounts of CD19 were used as ADCC targets.

Figure 1  In vitro characterization of 4G7SDIE and B-lineage acute lymphoblastic leukemia (ALL) blasts. (a) B-lineage ALL blasts (n = 18 patients 
(black), n = 5 4G7SDIE-treated patients (hatched)) were incubated with murine 4G7 (5 µg/ml), washed and bound antibody was detected by indirect 
immunofluorescence staining and flow cytometry. CD19 molecules/cell were calculated by comparison with calibrated beads (QIFIKIT). (b) A MCF-
7-CD19-transfectant expressing 1.9 × 104 CD19 molecules/cell was incubated with PBMC (n = 12 HVs) and medium, 1 µg/ml of 4G7SDIE or 1 µg/
ml χ4G7 and analyzed in xCELLigence assays. (c) B-lineage ALL blasts (n = 5) were incubated with PBMC of one HV (E:T 20:1), autologous serum, 
medium, and 1 µg/ml 4G7SDIE, respectively. Specific lysis was measured in 2 h-EuTDA assays. (d) ADCC with PBMC (E:T 20:1) from 3 HVs was 
assessed in xCELLigence assays with 4G7SDIE (2.5 µg/ml) and MCF-7-CD19-transfectants expressing the indicated levels of CD19 molecules/cell. 
ADCC after 10 hours was depicted and correlation was assessed using Spearman’s rank correlation coefficient.
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Patient characteristics
A cohort of 14 MRD-positive patients, suffering from primary 
refractory and/or relapsed CD19-positive B-lineage ALL, at very 
high risk of relapse were treated with 4G7SDIE to reduce or eradi-
cate residual leukemic cells and prevent recurrence. Only three 
patients were treated in complete remission 1 (CR1), five patients 
in CR2 and six patients in ≥ CR3. Patient characteristics are listed 
in Table 1. Besides refractory leukemia and/or leukemia recur-
rence, adverse prognostic factors were early post-HSCT relapse, 
unfavorable genetic rearrangements including BCR/ABL and 
MLL-AF9, combined bone marrow and central nervous system 
relapse (#4, #5, #9) as well as extramedullary leukemic manifesta-
tion other than central nervous system (#4, #11).

Treatment
3/14 patients (# 1, #3, #11) received 4G7SDIE in CR1, 11/14 
patients in ≥ CR2. 5/14 patients (#1, #3, #7, #11, #13) received the 
first 4G7STabDIE application in the autologous immune state prior 
to allogeneic HSCT, and 9/14 patients received the first 4G7SDIE 
infusion in the allogeneic immune state post-HSCT (Table 2). 
11/14 patients received the 4G7SDIE mAb in the course of treat-
ment before and after the corresponding allogeneic HSCT. Two 
patients (#2 and #10) and 1 patient (#13) received 4G7SDIE only 
post- or pre-allotransplant, respectively (Table 2, Supplementary 
Table S2). Patients received 1 to 40 applications at 5 to 60 mg/
m2, every 2 or 4 weeks with exceptions. Prior to the correspond-
ing HSCT, a median number of 2 (range: 1–18) infusions were 
applied with low toxicity. Post-HSCT, a rather long-lasting appli-
cation schedule with a median number of 10 infusions (range: 
2–41) was applied to reduce the MRD load and to prevent relapse 
with a maximum duration of mAb infusions up to 2 years (1st 
year: every 2 weeks; 2nd year: every 4 weeks). To reduce the MRD 
load 1 to 6, 4G7SDIE mAb infusions were necessary at 5–60 mg/
m2 (Table 2, Figure 4).

All patients received myeloablative conditioning regimens 
for allogeneic HSCT. 5/14 patients received first HSCT and 9/14 
patients ≥ 2nd HSCT. Donor source was diverse and comprised 
matched unrelated, matched related, and mismatched haploi-
dentical-related donors (Table 1). 12/14 patients did not receive 
any other anti-leukemic treatment during 4G7SDIE therapy. 
2/14 patients (#8, #9) with Ph+ leukemia were treated with tyro-
sine kinase inhibitors for several months before, during and after 
4G7SDIE application.

Monitoring of 4G7SDIE-treated patients
Cytolysis of pediatric CD19+ pre-B ALL cell line MHH-cALL-4 
by PBMC of 5 4G7SDIE-treated patients was assessed in 2 hours 
cytotoxicity assays (Figure 2a). Either serum of HVs, saturating 
concentrations of 4G7SDIE (1 µg/ml) diluted in serum of HVs 
or autologous patient serum taken 1 hour after antibody infu-
sion, were used for the tests. The 4G7SDIE serum concentrations 
1 hour after 4G7SDIE infusion were ≥ 10 µg/ml (Supplementary 
Table S1). In three out of five patient PBMC samples a markedly 
enhanced cytolysis was observed with 4G7SDIE in serum of HVs 
as well as with patient serum after 4G7SDIE infusion. Notably, low 
4G7SDIE-mediated cytolysis was observed for patients #13 and 
#14, who did not respond to 4G7SDIE treatment.

The serum half-life of 4G7SDIE in the first treatment cycle 
post-HSCT was for patient #1 43 hours and for patient #7 
20  hours (Figure 2c). Patient #1 received 40 mg/m2 4G7SDIE 
at a MRD level of 5 × 10−3

, patient #7 20 mg/m2 at an MRD level 
of 1.1 × 10−2. Serum titer of patient #2 was monitored for 1 year 

Table 1 Patient characteristics

All patients  
n = 14 Patient ID

Diagnosis

cALL 10 1, 3, 7–14

Early pre-B-ALL 2 4, 6

Pre-B-ALL 1 2

Biphenotypic ALL 1 5

Risk factors

Primary refractory 8 1–5, 7, 10, 11

BCR/ABL 2 8, 9

MLL-AF9 1 4

Biphenotypic ALL 1 5

Agea, years (range) 10.1 (4.9–20.4)

Sex

Male 4 2, 9, 11, 14

Female 10 1, 3–8, 10, 12, 13

Site of disease/relapse

Isolated bone marrow 10 1–3, 6–8, 10, 12–14

Combined bone marrow and CNS 3 4, 5, 9

Extramedullary leukemic infiltration 
other than CNS

2 4, 11

Disease status at 4G7SDIE therapy 
(hematological response)

CR1 3 1, 3, 11

CR2 5 7–10, 13

CR3 5 2, 4–6, 14

CR4 1 12

SCTs in the context of 4G7SDIE therapy 
Patients with first SCT

1 × MSD 1 1

1 × MUD 2 3, 13

1 × Haploidentical 2 7, 11

Patients with second SCT

1 × MSD (prev), 1 × haploidentical 2 4, 6

1 × MUD (prev), 1 × haploidentical 3 9, 10, 14

1 × haploidentical (prev), 1 × 
haploidentical

3 2, 5, 8

2 × MUD* (prev), 1 × haploidentical 
(*same donor)

1 12

aMedian (range).
cALL, common acute lymphoblastic leukemia; CNS, central nervous system; 
CR, complete remission; HSCT, hematopoietic stem cell transplantation; MSD, 
matched sibling donor; MUD, matched unrelated donor; (prev), previous stem 
cell transplantations, hematological response was defined as <5% blasts in opti-
cal microscopy. Patients were defined primary refractory during first remission 
due to persisting MRD according to AIEOP ALL BFM 2009 treatment protocol.
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(Supplementary Figure S1) and high-serum titers were sustained 
over the course of treatment. In five out of five analyzed patients, 
no human anti-chimeric antibodies were detectable 30 days after 
the 4G7SDIE treatment was initiated.

Downmodulation of the target antigen is a commonly 
observed phenomenon during antibody therapy.29 CD19 shift 
was evaluated on primary B-lineage ALL blasts of five 4G7SDIE-
treated patients (Figure 2b) and reached 90 to 40% of initial CD19 
expression after 24 hours. Antigenic shift was not  significantly 
increased by longer exposure to 4G7SDIE (data not shown).

In order to evaluate 4G7SDIE-mediated cytolysis of autologous 
leukemic blasts, cryopreserved blasts of patient #2 were analyzed in 
cytotoxicity assays with PBMC of patient #2 at different time-points 
after haploidentical HSCT (Figure 3a). Cytolysis with medium, 

4G7SDIE (1 µg/ml) or autologous serum, containing saturating 
concentrations of 4G7SDIE ≥ 1 µg/ml (Supplementary Figure 
S1), were assessed. 4G7SDIE-mediated cytolysis by 4G7SDIE as 
well as cytolysis in presence of autologous serum was markedly 
enhanced in the early post-HSCT phase, but decreased to moder-
ate cytolysis at day +54 after HSCT. Notably, early after HSCT NK 
cell frequencies were correspondingly higher and declined over 
time (Figure 3b).

During 4G7SDIE treatment, a profound B-cell depletion and pre-
vention of reconstitution was observed. While CD56+CD16+ NK cells 
of patient #2 reconstituted as expected, neither CD19+ nor CD20+ 
B-cells were detectable over the course of treatment (Figure 3b and 
Supplementary Figure S1). After discontinuation of 4G7SDIE ther-
apy, B cells rapidly recovered to a normal level (Figure 2d).

Figure 2 Cytotoxic activity of PBMC from 4G7SDIE-treated patients, serum half-life of 4G7SDIE and antigenic shift of CD19. (a) Cell line MHH-
CALL-4 was incubated with PBMC of five patients (E:T 20:1) and serum of HVs with 1 µg/ml 4G7SDIE or autologous patient serum and analyzed in 2 
h-EuTDA assays. Coincubation with patient serum significantly increased cytolysis of MHH-CALL-4, n = 5, P = 0.0239 (one-way ANOVA). PBMC were 
taken prior to indicated antibody infusion cycle, autologous serum was taken 1 h after antibody infusion. (b) Primary B-lineage acute lymphoblastic 
leukemia blasts from five 4G7SDIE-treated patients were incubated with indicated concentrations of 4G7SDIE. After 24 h cells were washed, incu-
bated with 4G7SDIE (2 µg/ml) and remaining CD19 surface expression on CD10+ and or CD34+ blasts was analyzed by indirect immunofluorescence 
and flow cytometry. Relative surface expression was calculated, based on the mean fluorescence intensity of 4G7SDIE-stained cells without preincuba-
tion. (c) Serum samples of two patients and defined concentrations of 4G7SDIE diluted in autologous serum, taken prior to first antibody treatment, 
were incubated with NALM-16 cells. Cells were washed and 4G7SDIE was detected by indirect immunofluorescence staining and flow cytometry. 
Serum titer of 4G7SDIE was calculated with the generated standard curve and t1/2 was calculated. (d) CD19+ and CD20+ B cell depletion and recovery 
in patient #2. B cell counts in whole blood were determined over course of treatment by routine flow cytometry. First day of 4G7SDIE was day +22 
after HSCT, last day was day +740 after hematopoietic stem cell transplantation.
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Reduction of MRD by the Fc-optimized CD19 
antibody 4G7SDIE
In 10/14 patients (#1 to #10) a significant reduction of MRD 
was observed. The best response over the course of treatment 
was illustrated in Figure 4. Either a reduction of MRD ≥ 1 log 

was documented (#4, #6, #7, #8) or MRD was reduced below the 
patient-individual detection limit (#1, #2, #3, #5, #9, #10). Out 
of 12 patients receiving 4G7SDIE prior to HSCT, 7 responded. 
Application of 4G7SDIE post-HSCT resulted in a response in 
3/13 patients. As mentioned above, patient #8 and #9 had received 

Figure 3 Cytotoxic activity of patient PBMC over course of 4G7SDIE treatment against autologous blasts. (a) Primary B-lineage acute lym-
phoblastic leukemia blasts from patient #2 were incubated with autologous PBMC of the patient (PBMC: target ratio 20:1) with or without 1 µg/
ml 4G7SDIE and with autologous serum. PBMC were taken prior to antibody infusion, autologous serum was taken 1 hour after antibody infusion. 
Specific lysis was measured in DELFIA 2 h-EuTDA cytotoxicity assays. 4G7SDIE infusions are indicated by arrows. 1 µg/ml 4G7SDIE significantly 
increased cytolysis, n = 6, P = 0.02 (one-way ANOVA). (b) B cell counts (CD19+ or CD20+) and NK cell counts (CD56+CD16+) in whole blood were 
determined over course of treatment by routine flow cytometry.
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Figure 4 Minimal residual disease (MRD) reduction after 4G7SDIE treatment. MRD was assessed by multiparameter flow cytometry and detection of 
individual clonal immunoglobulin and TCR gene rearrangements or bcr/abl translocation fusion genes by real-time quantitative PCR. The origin of the y-axis 
indicates the individual MRD-detection limit. Best response for each eligible patient #P1-10 is shown. The nonresponding patients #P11-14 are spared.
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tyrosine kinase inhibitor treatment in parallel. The immune sys-
tem at response was autologous (prior to first HSCT) in 2/10, 
haploidentical in 4/10, matched unrelated in 2/10 and matched 
related in 2/10 responding patients (Table 2).

Clinical outcome
Taken together, 6/14 patients are alive in enduring molecular 
remission with a median follow up of 543 days postcorrespond-
ing HSCT (range: 208 to 1,137 days) and with a median follow 
up of 720 days post-first 4G7SDIE (range: 264 to 1,115 days). 
The Kaplan-Meier survival estimation of event-free survival 
probability after corresponding HSCT and post-first 4G7SDIE is 
39% (median follow up 221 days, Figure 5a) and 40% (median 
follow up 324 days, Figure 5b), respectively. 7/14 patients died. 
Five patients died from leukemia relapse (#3, #4, #7, #10, #14). 
Patient #5 died from fludarabine associated neurotoxicity 72 
days post-HSCT and patient #8 from late post-HSCT infectious 
complication, Gram-negative sepsis 347 days post-HSCT. Both 
patients were in complete molecular remission when they died. 
Patient #11 is alive (day +149) but experienced relapse 72 days 
post-HSCT.

Side effects and toxicity
Side-effect profile of 4G7SDIE infusion was very low (Table 3). 
Intermittent increased temperature and fever, headache, and nau-
sea were observed. Neither gastrointestinal nor neurotoxic events 
were documented.

In only five antibody infusions out of 235 (patients #3, #7, 
#11, and #12), severe side effects occurred. Symptoms of cytokine 
release syndrome were observed including high fever, reduced 
general condition, tachycardia, and hypotension. Symptoms were 
transient and could be controlled after fluid substitution. In each 
of these patients, increasing leukemic load was detected in sub-
sequent bone marrow aspirates. Thus, the amount of available 
CD19-positive target cells seemed to determine the severity level 
of side effects associated with 4G7SDIE application. In all patients, 
a profound B-cell depletion was observed and B-cell reconstitution 
after HSCT was suppressed completely until 4G7SDIE application 
was terminated as exemplarily shown for patient #2 in Figure 2d. 
After 4G7SDIE therapy was discontinued, B-cells recovered rap-
idly in this patient (Figure 2d). To prevent infections, human 
immunoglobulin was substituted above 500 mg/deciliter in all 
patients over the course of treatment. Neither induction of graft-
versus-host disease nor 4G7SDIE-related death was observed.

DISCUSSION
Persistent MRD or rising MRD levels after successful HSCT 
have been shown to increase the relapse risk in pediatric patients 
with B-lineage ALL and new treatment strategies capable of 
eradicating MRD at low side effects are needed. Thus our off-
the-shelf approach may be complementary to other CD19 target-
ing strategies like blinatumomab and CAR-T cells. In our view, 
Fc-optimized third-generation antibodies with enhanced ADCC 
activity are particularly suited to cope with this task.

Here, we report on the generation and preclinical character-
ization of the Fc-optimized CD19 antibody 4G7SDIE as well as 
the first clinical application in pediatric MRD+ B-lineage ALL. 

Initially, expression of CD19 was confirmed in all analyzed 
B-lineage ALL samples, verifying CD19 as a suitable target anti-
gen. The SDIE-modified version of CD19 antibody 4G7 exerted 
dramatically enhanced ADCC activity against cultured cell lines 
as well as leukemic blasts. Maximal cytolysis was reached at con-
centrations below 1 µg/ml.

Treatment with 4G7SDIE reduced MRD load in 10 of 
14 patients by at least 1 log in 4 and below detection limit in 6 
patients. This might have contributed to the favorable event-free 
survival (39%) in our extremely high-risk patients, characterized 
by persistent MRD positivity as well as additional adverse factors, 
that are, ≥ CR2 (in 11 patients), ≥ 2nd HSCT (in 9 patients) and 
unfavorable rearrangements in 3 patients.

Table 3 Adverse events during the course of CD19 treatment

HSCT

Grade I/II Grade III/IV

Pre Post Pre Post

Monitoring, n∑ = 235

Subfebrile temperature 
(37.5–38.4 °C)

1 2 0 0

Fever (≥38.5 °C) 2 4 0 0

Hypotension 1 2 0 0

Hypertension 0 0 0 0

Allergic reaction

Urticaria 0 0 0 0

Dyspnea 0 0 0 0

Gastrointestinal disorders

Nausea 2 1 0 0

Vomiting 2 0 0 0

Diarrhea 0 0 0 0

Nervous system disorders, n

General discomfort 1 0 0 0

Syncope/convulsion 0 0 0 0

Seizure 0 0 0 0

Headache 3 0 0 0

Temporary disorientation 0 0 0 0

Somnolence 0 0 0 0

Ataxia 0 0 0 0

Tremor 0 0 0 0

Peripheral paresthesia 0 0 0 0

Investigations, n

Bilirubin 1 7 0 0

ASAT/ALAT 20 41 0 0

Lactate dehydrogenase 9 29 0 0

Creatinine 0 43 0 0

C reactive protein 9 16 0 3

Immune system disorders, n

Cytokine release syndrome 0 0 0 5

Total number of patients, n = 14. Total number of CD19 monoclonal antibody 
applications, n∑ = 235 (npretransplant = 56, nposttransplant = 179). Adverse events during 
antibody treatment are indicated. No adverse event grade V was observed.
ASAT, aspartate aminotransferase; ALAT, alanine aminotransferase
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Remarkable findings were that MRD-reduction ≥ 1 log by 
Fc-optimized CD19-mAb can occur prior to as well as after HSCT 
and sometimes several infusions may be necessary to induce 
response. Further, response was seen in the autologous setting 
pretransplant as well as in the post-transplant situation irrespec-
tive of donor origin. These observations broaden the applicability 
of the Fc-optimized CD19 antibody to patients at different stages 
of treatment. However, we propose that during the early post-
transplant phase, when NK cell numbers are particularly high 
(NK cell wave), the treatment with 4G7SDIE, might be especially 
promising due to favorable effector-to-target ratios.30,31 Patient #2 
provides some evidence for this hypothesis. This patient’s ADCC 
activity was extensively monitored during and after treatment. It 
was found to be significantly increased by 4G7SDIE but decreased 
over the course of treatment most likely due to a corresponding 
decline of NK cell numbers.

With PBMC of three out of five analyzed patients, a high 
4G7SDIE-mediated ADCC was observed in cytotoxicity assays. 
Interestingly, the 2 patients with a low ADCC activity did not 
respond to 4G7SDIE treatment. In general, several effector-cell 
and target-cell based factors may influence the extent of ADCC. 
In our experiments with different HVs, a wide variability of cytol-
ysis was observed against the same B-lineage ALL targets; and 
different blasts were heterogeneously lysed by effector cells of a 
single HV. A possible target-cell based factor might be the extent 
of CD19 expression. Albeit no correlation with CD19 expression 
and 4G7SDIE-mediated lysis was observed in the case of B-lineage 
ALL blasts, a significant positive correlation was shown in a model 
with CD19 transfectants with the same cellular background. Thus, 
the CD19-surface expression level might be of critical value to 
determine the outcome of 4G7SDIE-treatment and the correla-
tion of target antigen expression and ADCC might underlie a 
logarithmic correlation as it has been demonstrated for cetuximab 
in lung cancer cell lines.32

Antigen modulation is a frequently observed phenomenon and 
may have been the reason for limited therapeutic efficacy of CD20 
antibody rituximab.33,34 CD19 antigen loss has been described after 
treatment with CD19 chimeric-antigen receptor modified T cells 
(CD19-CARs) and CD19xCD3 bispecific antibody blinatumomab 
treatment.35–39 In the 4G7SDIE-treated patients, no CD19 antigen 
loss has been observed in relapsed patients (data not shown). 
However, 4G7SDIE modulated the surface expression of CD19 on 
leukemic blasts of treated patients in vitro. The observed shift was 
heterogeneous, ranging from 10 to 60% after 24 hours. Although 
no correlation with the clinical response could be found in our 
very few patients, the modulation or loss of CD19 may hamper the 
therapeutic efficacy of 4G7SDIE.

The serum half-life of 4G7SDIE ranged from 20 to 43 hours. 
This might be due to variable amounts of antigen present not only 
on leukemic but also on normal B cells.40 In any case, biweekly 
administration of 20 mg/m2 was sufficient to constantly maintain 
saturating 4G7SDIE concentrations in the blood (≥ 1 µg/ml).

Due to the expression of the antigen on normal B cells, a pro-
found B-cell depletion was expected and in fact observed in all 
patients treated with 4G7SDIE. In patients with X-linked agam-
maglobulinemia and those receiving rituximab, an increased risk 
to develop severe infections, opportunistic infections, tuberculosis, 

sepsis, and reactivation of hepatitis B has been described.41,42 Thus, 
four weekly immunoglobulin substitution was carried out during 
4G7SDIE treatment and may have prevented severe infections in 
our patients. The immune reconstitution of T cells and NK cells was 
not impaired and no neurotoxicity, gastrointestinal toxicity, acute 
allergic reaction, induction of graft versus host disease, and treat-
ment-related death was observed under 4G7SDIE treatment. Due 
to the very mild side effects (mainly fever), long-term preemptive 
treatment may be reasonable also in patients in CR with no molecu-
lar detectable MRD as current technology is unable to detect MRD 
below 1 × 10−7, which can correspond to a significant residual tumor 
load of 1 × 107 cells.43 Other CD19-based immunotherapies recruit-
ing T-cells like blinatumomab, a bispecific CD19xCD3-antibody and 
CD19-CARs yield significant response rates even in patients with 
massive leukemia burden; on the other hand, with these reagents 
frequently occurring severe adverse events have to be accepted like 
life-threatening cytokine release syndrome and seizures.36,37,44

Thus, the antibody format described here, may be preferably 
used (i) in a MRD situation, (ii) in patients who may not be able 
to tolerate severe side effects, and (iii) as prophylactic treatment 
in patients without detectable MRD but at high risk for leukemic 
relapse.

Taken together, academia should participate in the develop-
ment and process of treatment innovations. We demonstrated that 
MRD can be eradicated or reduced by the Fc-optimized CD19 
antibody 4G7SDIE in high-risk refractory or relapsed B-lineage 
ALL patients. Further investigation of 4G7SDIE within a clinical 
trial is required to confirm its efficacy to reduce the risk of relapse 
and to improve long-term survival.

MATERIALS AND METHODS
Experimental design. 4G7SDIE was generated and produced in pharma-
ceutical quality in a university-owned production unit for compassionate 
use treatment. Preclinical characterization of 4G7SDIE was performed with 
cell lines, cryopreserved B-lineage ALL samples, and PBMC of healthy vol-
unteers (HVs) and B-lineage ALL patients after obtaining written informed 
consent of the donors or their representatives in law. Sample acquisition and 
performed experiments were approved by the Institutional Review Board.

A cohort of 14 MRD-positive B-lineage ALL patients with 
chemorefractory persistent MRD was offered a treatment using the 4G7SDIE-
mAb on a compassionate-use basis at the University Children’s Hospital 
Tübingen (12 patients) or at the University Children’s Hospital Düsseldorf (2 
patients) between August 2011 and September 2014. Patients disease status 
and response was defined according to AIEOP ALL BFM 2009 treatment 
protocol. The data presented is not a clinical trial. All patients were registered 
at the local authorities responsible for the University Children’s Hospital 
Tübingen or Düsseldorf according to German codes and regulations. The 
treatment was conducted in accordance with the provisions of the Declaration 
of Helsinki. All representatives in law of the patients gave informed consent 
before the treatment with 4G7SDIE was started. All experiments with patient 
samples were approved by the Institutional Review Board. Experiments and 
treatment were not performed blinded. The aim of the 4G7SDIE treatment 
was to significantly reduce MRD (≥ 1 log) with low toxicity prior to HSCT or 
post-transplant in order to minimize the risk of leukemia recurrence.

Production and purification of 4G7SDIE. Initial chimerization and 
Fc-optimization of χ4G7 and 4G7SDIE, respectively, was described pre-
viously28 as well as production in pharmaceutical quality and quantity.45

Primary cells and cell lines. PBMC and primary leukemic blasts, iso-
lated by density gradient centrifugation using Biocol Separating Solution 
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(Biochrom, Berlin, Germany) and MHH-CALL-4 (ACC 337, DSMZ, 
Braunschweig, Germany) and NALM-16 (ACC 680) were cultured in 
RPMI 1640 (Biochrom), MCF-7 cells (ACC 115), and the MCF-7-CD19 
transfectant were kept in EMEM (Lonza, Basel, Switzerland). All media 
were supplemented with 10 to 20% fetal calf serum, 100 U/ml penicil-
lin, 100 µg/ml streptomycin, 1 mmol/l sodium pyruvate and 2 mmol/l 
L-glutamine (all reagents Biochrom). Generation of MCF-7-CD19 trans-
fectant has been described previously.45

Application schedule of 4G7SDIE. Patients received 4G7SDIE on an indi-
vidual compassionate-use basis (not within a clinical trial) as intravenous 
infusion (3 hours) at a dose of 5 to 60 mg/m2/day for 1 to 3 subsequent 
days. Treatment was started prior to HSCT and/or post-transplant. The 
evolved treatment schedule was 20 mg/m2/day every 2 weeks in the first 
year post-transplant and every 4 weeks in the second year post-transplant.

Monitoring during antibody infusion and assessment of toxicity. Clinical 
surveillance parameters were assessed in all patients during antibody infu-
sion. Post-transplant 4G7SDIE treatment was performed on an outpatient 
basis. Side effects were assessed according to CTCA v.4 criteria. Standard 
laboratory parameters (differential blood count, liver enzymes, bilirubin, 
pancreatic enzymes, kidney retention values, albumin, immunoglobulins, 
coagulation parameters, C-reactive protein, and electrolytes) were assessed 
during treatment.

Monitoring of bone marrow and MRD detection. MRD level of all patients 
was assessed prior to and after 4G7SDIE administration by multi-param-
eter flow cytometry46 as well as detection of individual clonal immuno-
globulin and T-cell receptor gene rearrangements or bcr/abl translocation 
fusion genes by real-time quantitative PCR in certified laboratories in 
Frankfurt and Kiel, Germany. Data were analyzed according to the guide-
lines of the EuroMRD consortium.47 Response to the mAb treatment was 
defined a significant MRD reduction of ≥ 1 log change of leukemic load 
during the compassionate-use treatment.

Antibodies and flow cytometry. CD20-FITC, CD22-PE, CD19-APC, 
CD19-PE, CD3-FITC, CD56/CD16-PE, CD34-APC, CD45-PerCp, CD10- 
PE, CD19-FITC, unconjugated CD19 (4G7)-, and isotype control antibodies 
were purchased from BD Biosciences (Heidelberg, Germany). CD34-APC 
from Biolegend (San Diego, CA) and CD10-PerCp from Exbio (Prague, 
Czech Republic). For indirect immunofluorescence, PE-conjugated goat-
anti-human F(ab’)2 fragments (Jackson ImmunoResearch, West Grove, 
PA) were used. For multiparameter analysis, a combination of direct and 
indirect immunofluorescence was used by adding direct labeled antibod-
ies to the final staining step. All antibodies were incubated with cells for 
either 10 minutes at room temperature or 30 minutes at 4 °C. Quantitative 
analyses were performed with QIFIKIT (Dako, Hamburg, Germany) 
according to the manufacturers’ instructions. Cells were analyzed with a 
FACSCalibur or a LSRII (BD Biosciences).

Cytotoxicity and CD107a-degranulation assays. The cytolytic activity 
of PBMC from HVs and patients was analyzed in a 2 h-DELFIA EuTDA 
cytotoxicity assay (PerkinElmer, Waltham, MA) according to the manufac-
turers recommendations and as described previously.45,48 Real-time cyto-
toxicity assays were performed with an xCELLigence RTCA SP instrument 
(ACEA Biosciences, San Diego, CA) as described previously.45 CD107a-
degranulation assays were performed as described previously.45

Antigenic shift assay. Antigenic shift assays were performed as described 
previously.28 Briefly, primary leukemic blasts were incubated with various 
4G7SDIE concentrations in supplemented RPMI 1640 at 37 °C. After 24 
hours, cells were washed and incubated with 2 µg/ml of 4G7SDIE for 30 
minutes at 4 °C. Detection of residual CD19 molecules was performed by 
staining with PE-conjugated goat-anti-human F(ab’)2 fragments and flow 
cytometric analysis. Relative surface expression was calculated, defining 
the mean fluorescence intensity preincubated with no 4G7SDIE as 100%.

Serum titer assay. NALM-16 cells were incubated with diluted serum sam-
ples for 30 minutes at 4 °C. Cells were washed and bound 4G7SDIE was 
stained with PE-conjugated goat-anti-human F(ab’)2 fragments. Standard 
curve was generated by diluting defined 4G7SDIE concentrations in serum 
taken prior to antibody treatment. Cells were analyzed by flow cytometry.

Graphical and statistical analysis. Flow cytometry data were analyzed 
with FlowJo V10 software (Tree Star, Ashland, OR). xCELLigence data 
were analyzed with RTCA Software 1.2 (ACEA Biosciences). Other analy-
ses were performed using GraphPad Prism software V5.04 (GraphPad 
Software, La Jolla, CA). Statistical significance was accepted at P < 0.05 
and is indicated by * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** 
(P < 0.0001).

SUPPLEMENTARY MATERIAL
Table S1. Patient characteristics at time-point of 2 h-EuTDA assays 
with MHH-cALL-4
Table S2. Chemotherapy and CD19 mAb treatment.
Figure S1. 4G7SDIE serum levels of patient #2.
Figure S2. In vitro characterization of 4G7SDIE and B-lineage ALL 
blasts.
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