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Figure 1  Characterization of BM-MSC from pediatric patients with B-ALL and age-matched HD. (A) Representative phase-
contrast morphology of BM-MSC. (B) Immunophenotype of expanded BM-MSC at P3. Expression of CD105, CD90, CD73, 
CD13, nestin, CD45, CD34 and CD31 was analyzed by FACS. Shown are representative FACS histograms; gray histograms 
represent isotype-matched negative control mAb and blue histograms represent mAb-specific stained cells. (C) In vitro 
proliferation of BM-MSC calculated as population doubling over six passages. (D, E) Osteogenic and adipogenic differentiation 
capacity of BM-MSC. (D) Left panel, oil red-O staining indicative of adipogenic differentiation capacity. Right panel, Alizarin 
red staining and detection of AP alkaline phosphatase activity with NTB, indicative of osteogenic differentiation capacity. (E) 
Relative quantification of mRNA expression of the adipogenic transcription factors C/EBP-α and PPAR-γ and the osteogenic 
transcription factors BMP2 and RUNX2 by qRT-PCR. Data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001; one-way 
ANOVA with Tukey’s post hoc test. HD BM-MSC n=3 and B-ALL BM-MSC n=5. ANOVA, analysis of variance; B-ALL, B-cell 
acute lymphoblastic leukemia; BM-MSC, bone marrow-mesenchymal stem/stromal cells; HD, healthy donors; NTB, nitro blue 
tetrazolium.
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of adipogenic (CEBPα, PPAR-γ) and osteogenic (BMP2, 
RUNX2) differentiation (figure 1E).

B-ALL BM-MSC immunosuppress T-cell response
MSCs are widely recognized for their immunomodu-
latory potential, including the inhibition of allogenic 
T-cell proliferation and the production of proinflam-
matory cytokines.19 20 We, therefore, monitored PHA-L-
stimulated T-cell division in the absence or presence of 
BM-MSC in vitro. In line with published findings,32 33 we 
found that HD BM-MSC strongly inhibited T-cell prolifer-
ation in a dose-dependent manner (figure 2A). Of note, 
comparable inhibition of T-cell proliferation was exerted 
by B-ALL BM-MSC (figure 2A). We next analyzed these 
supernatants to test whether BM-MSC also regulate pro-
inflammatory cytokine secretion. The analysis of super-
natants showed that the levels of IL-2, IFN-γ and TNF-α 
were comparably and significantly lower in HD and 
B-ALL BM-MSC cocultures than in PBMC-only controls 
(figure 2B). Overall, these results show that both HD and 

B-ALL BM-MSC are equally immunosuppressive, as previ-
ously described.32 33

B-ALL BM-MSC exert anti-inflammatory effects in a 
preclinical model of severe acute colitis
Having confirmed the immunosuppressive properties of 
B-ALL BM-MSC in vitro, we wished to test their ability to 
influence T-cell functions in vivo. To do this, we used a well-
established preclinical model of acute colitis (figure 3A) 
that shares clinical, histopathological and immunological 
features with Crohn’s disease.30 31 As expected, TNBS-
treated mice developed severe, acute illness character-
ized by substantial (~20%) and sustained body weight 
loss (figure  3B), bloody diarrhea, rectal prolapse and 
pancolitis, accompanied by extensive wasting syndrome 
(figure  3C), which caused 25% mortality over a 9-day 
period (figure 3D). Macroscopic examination of colons 
revealed profound signs of inflammation, hyperemia, 
ulceration and shortening (figure 3E). By contrast, mice 
that were treated with either HD or B-ALL BM-MSC 

Figure 2  In vitro immunomodulatory properties of BM-MSC from pediatric patients with B-ALL and age-matched HD on 
T-cells. (A) Left panel, percentage of proliferating T-cells measured as percentage of CFSE+ T-cells is shown. CellTrace CFSE-
labeled PBMC (n=3 independent PBMC) was stimulated with PHA-L in the absence/presence of BM-MSC for 6 days at two 
different BM-MSC:PBMC ratios (1:5 and 1:10). Right panel, representative FACS histograms of CellTrace CFSE-labeled PBMC: 
R1 identifies non-proliferating CFSE++ cells, and R2 identifies CFSElow proliferating cells. (B) Secretion of the proinflammatory 
cytokines IL-2, IFN-γ and TNF-α in cell-culture supernatants after 6 days at a BM-MSC:PBMC ratio of 1:10. Data are shown as 
mean±SEM. ***P<0.001, ****p<0.0001; one-way ANOVA with Tukey’s post hoc test. HD BM-MSC n=3 and B-ALL BM-MSC n=5. 
ANOVA, analysis of variance; B-ALL, B-cell acute lymphoblastic leukemia; BM-MSC, bone marrow-mesenchymal stem/stromal 
cells; HD, healthy donors; IFN-γ, interferon-γ; IL-2, interleukin-2; PBMC, peripheral blood mononuclear cell; TNF-α, tumor 
necrosis factor α.
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were largely protected from colitis, as evidenced by a 
significant recovery of their body weight loss within 9 
days (figure 3B), and by the improvement in the wasting 
syndrome and the signs of colon inflammation, which was 
reflected in the significantly lower mortality and colitis 
score as compared with control animals (figure  3C–E). 
In accord with their anti-inflammatory effects, treatment 
with either HD or B-ALL BM-MSC decreased the levels of 
the proinflammatory cytokines TNF-α and IL-6 in the sera 
of colitic mice (figure 3F). Collectively, our findings show 

that B-ALL BM-MSC can suppress inflammation in vivo to 
significantly protect mice against severe acute colitis.

BM-MSC do not compromise CD19-CAR T-cell activity in vitro 
and in vivo
While it is well established the contribution of BM-MSC 
in promoting survival, proliferation and chemotherapy 
resistance in B-ALL8–14 (online supplementary figure S2), 
the potential impact of B-ALL BM-MSC on CD19-CAR 
T-cell therapy has not been explored. Moreover, CAR 

Figure 3  In vivo anti-inflammatory properties of BM-MSC from pediatric patients with B-ALL and HD in a model of acute 
colitis. (A) Scheme of the experimental design. Acute colitis was induced in mice by intrarectal administration of TNBS. After 
4 hours, mice (n=5–10/group) were injected intraperitoneally with medium or with HD or B-ALL BM-MSC. Body weight and 
survival were followed up for 9 days. (B) Daily change in body weight loss relative to day 0 (induction of colon damage). (C) 
Survival over a 9-day follow-up. (D) Colitis score determined at day 3 and 5. (E) Macroscopic damage score was evaluated 
in colons at sacrifice (day 9). (F) Serum levels of IL-6 and TNF-α at day 4 and 9. Data are shown as mean±SEM. ***P<0.001, 
****p<0.0001; one-way ANOVA test with Tukey’s post hoc test. HD BM-MSC n=3 and B-ALL BM-MSC n=3. ANOVA, analysis of 
variance; B-ALL, B-cell acute lymphoblastic leukemia; BM-MSC, bone marrow-mesenchymal stem/stromal cells; HD, healthy 
donors; IL-6, interleukin-6; TNBS, 2,4,6-trinitrobenzene sulfonic acid; TNF-α, tumor necrosis factor α.
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T-cells are likely to experience the same loss of function/
persistence as T-cells in an immunosuppressive B-ALL 
BMM. Consequently, we next explored the influence 
of BM-MSC on CD19-CAR T-cell activity. We first evalu-
ated in vitro the impact of HD and B-ALL BM-MSC on 
CD19-CAR T-cell performance. We generated CD19-CAR 
T-cells following a standard protocol with anti-CD3/anti-
CD28 plus hIL-7 and hIL-15,29 and studied the effects of 
BM-MSC on CD19-CAR T-cell cytotoxicity against NALM6 
and SEM cells cultured at a 1:1 E:T ratio for 2 and 6 days 

(figure  4A). We found that the number of CD19-CAR-
resistant NALM6 or SEM cells cultured in the presence 
of either HD or B-ALL BM-MSC was very similar to that 
of target cells exposed to CD19-CAR T-cells alone, a 
non-protective role of BM-MSC on NALM6 (figure  4B) 
and SEM (figure  4C) cell survival in CD19-CAR T-cell 
therapy, at least in vitro. We additionally studied the ex 
vivo impact of B-ALL BM-MSC on CD19 CAR T-cell cyto-
toxicity against autologous primary B-ALL blasts, which 
partially replicates the pathophysiological conditions of 

Figure 4  In vitro cytotoxicity of CD19-CAR T-cells against B-ALL cell lines in the absence/presence of BM-MSC. (A) Achematic 
of the experimental design for assessing the cytotoxicity of CD19-CAR T-cells against NALM6 or SEM B-ALL cell lines in the 
absence or presence of BM-MSC. (B, C) Absolute counts of alive target cells NALM6 (B) and SEM (C) measured by FACS after 
2 and 6 days at 1:1 E:T ratio in the absence/presence of BM-MSC. Data are shown as mean±SEM. ****P<0.0001; one-way 
ANOVA test with Tukey’s post hoc test. HD BM-MSC n=3 and B-ALL BM-MSC n=5. ANOVA, analysis of variance; B-ALL, B-
cell acute lymphoblastic leukemia; BM-MSC, bone marrow-mesenchymal stem/stromal cells; E:T, Effector:Target; HD, healthy 
donors.
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patients. We performed cytotoxicity assays using B-ALL 
blasts and patient-matched derived BM-MSC from five 
pediatric B-ALL patients (figure 5A). Irrespective of the 
difference in survival of B-ALL primary cells, after 2 days 
of culture the number of alive/resistant primary blasts 
from the five patients after CD19-CAR T-cell treatment 
was very similar in the absence or presence of autologous 
BM-MSC (figure 5B), consistent with the results obtained 
using B-ALL cell lines (figure 4). In addition, we found 
no significant differences in the levels of IL-2, IFN-γ and 
TNF-α in culture supernatants (figure  5C), confirming 
that BM-MSC from pediatric B-ALL do not promote resis-
tance to CD19-CAR T-cells in vitro.

Finally, we evaluated the impact of HD or B-ALL BM-MSC 
on CD19 CAR T-cell cytotoxicity in vivo, using a mouse 
xenograft model with NALM6 cells. To recapitulate the 
interactions between the BM-MSC and leukemic cells, 1×106 
NALM6-Luc+ cells were IT injected into NSG mice alone or 
together with 3×105 HD or B-ALL BM-MSC, followed 4 days 
later by 5×106 CAR-T cells (figure 6A). Mice were followed 
up weekly by BLI. CD19-CAR T-cell-untreated mice showed 
massive leukemic burden and succumbed quickly to the 
disease (figure 6B and C). In contrast, mice treated with 
CD19-CAR T-cells, irrespective of whether they were trans-
planted or not with BM-MSC, similarly controlled the 
disease (figure 6B and C). FACS analysis of leukemic burden 

Figure 5  In vitro cytotoxicity of CD19-CAR T-cells against primary B-ALL blasts in the presence/absence of patient-matched 
BM-MSC. (A) Schematic of the experimental design for assessing the cytotoxicity of CD19-CAR T-cells against primary B-
ALL blasts in the absence or presence of patient-matched (Pt-m) BM-MSC. (B) Absolute counts of alive primary B-ALL blasts 
measured by FACS after 2 days cytotoxicity assay at a 1:1 E:T ratio in the absence/presence of Pt-m BM-MSC. (C) Secretion 
of IL-2, IFN-γ and TNF-α by CD19-CAR T-cells (n=3 independent PBMC) after 2 days exposure to primary B-ALL cells at a 
1:1 E:T ratio in the absence/presence of Pt-m BM-MSC. Data are shown as mean±SEM B-ALL BM-MSC n=5. B-ALL, B-cell 
acute lymphoblastic leukemia; BM-MSC, bone marrow-mesenchymal stem/stromal cells; CAR, chimeric antigen receptor; E:T, 
Effector:Target; IFN-γ, interferon-γ; IL-2, interleukin-2; PBMC, peripheral blood mononuclear cell; TNF-α, tumor necrosis factor 
α.
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Figure 6  In vivo cytotoxicity of CD19-CAR T-cells in an NALM6 mouse xenograft model in the absence/presence of BM-MSC. 
(A) Schematic of the transplantation of B-ALL cells and BM-MSC followed by CD19-CAR T-cell infusion after 4 days to assess 
in vivo the influence of BM-MSC on CD19-CAR T-cell activity. (B) Leukemic burden monitored weekly (until sacrifice of control 
mice) by BLI. (C) Total RADIANCE quantification (p/sec/cm2/sr) of mice shown in B. (D) Leukemic burden analyzed by FACS in 
PB and BM at the time control mice were sacrificed (day 15). (E) Representative FACS dot plots identifying target cells (red) and 
T-cell persistence (blue) in BM at the time control mice were sacrificed. (F) Long-term (35 days) BLI follow-up of CD19-CAR T-
cell-treated mice in the absence/presence of BM-MSC. (G) Total RADIANCE quantification (p/sec/cm2/sr) of mice shown in F). 
Each dot represents a mouse. Data are shown as mean±SEM. *P<0.05, ***p<0.001, ****p<0.0001; a paired two-tailed t-test was 
used when two experimental groups were compared, and one-way ANOVA test with Tukey’s post hoc test was used when three 
experimental groups were compared. ANOVA, analysis of variance; B-ALL, B-cell acute lymphoblastic leukemia; BM-MSC, 
bone marrow-mesenchymal stem/stromal cells; CAR, chimeric antigen receptor; E:T, Effector:Target; PB, peripheral blood.
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in PB and BM at day 15 confirmed the BLI data (figure 6D 
and E). All those mice treated with CD19-CAR T-cells with 
or without HD/B-ALL BM-MSCs in which the disease was 
controlled at the time of sacrificing the untreated controls 
(day 15) were followed up to 35 days, and found that neither 
HD nor B-ALL BM-MSC impaired long-term CD19-CAR 
T-cell activity (figure  6F,G). Collectively, neither HD nor 
B-ALL BM-MSCs apparently contribute to CD19-CAR T-cell 
resistance.

DISCUSSION
There is increasing evidence that the BMM can influence 
leukemia progression.34–37 In this context, BM-MSCs are 
considered important players in the BM, promoting prolif-
eration, survival, migration, vascularization and chemoresis-
tance, and suppressing immune cells, all key processes for 
leukemia progression and immune evasion.19 20 36 37 B-ALL 
is malignant proliferation of CD19+ B-cell precursors,1 and 
BM-MSCs have been shown to promote B-ALL progres-
sion and chemoresistance by several mechanisms.4 8–14 38 39 
Here, we obtained BM-MSC from pediatric patients with 
B-ALL and compared their functional and immunological 
characteristics with those of BM-MSC from age-matched 
HD. We show that both HD and B-ALL BM-MSC display 
comparable morphology, immunophenotype and differen-
tiation potential in vitro; however, B-ALL BM-MSCs are less 
proliferative. This is in line with defects in B-ALL BM-MSC 
expansion reported by others.32 33 In addition, we show that 
B-ALL and HD BM-MSC suppress mitogenic T-cell prolifer-
ation by PHA-L in a dose-dependent manner, and block the 
secretion of pro-inflammatory cytokines by T-cells in cocul-
ture. Overall, these data indicate that the typical in vitro 
biological properties of BM-MSC, including their immuno-
suppressive effects, are unchanged in patients with B-ALL, 
which is in agreement with earlier reports.32 33

The in vivo anti-inflammatory properties of BM-MSC 
from patients with hematological malignancies have been 
scarcely investigated.40 In the present study, we describe, for 
the first time to our knowledge, the in vivo anti-inflammatory 
effects of BM-MSC from pediatric patients with B-ALL using 
a preclinical model of acute colitis. TNBS-treated mice 
develop a severe acute illness while mice treated with HD or 
B-ALL BM-MSC are protected against colitis. Also, the levels 
of master pro-inflammatory cytokines in the serum of colitis 
mice treated with HD or B-ALL BM-MSC are diminished. 
Collectively, our results show that HD and B-ALL BM-MSC 
have a similar capacity to dampen inflammation in a well-
characterized in vivo model.

Given the accumulating evidence that BM-MSCs protect 
B-ALL cells from chemotherapy in vitro,8–14 we confirmed 
that coculturing B-ALL BM-MSC with B-ALL cells reduces 
apoptosis in leukemic cells in response to dexametha-
sone and L-asparaginase, with HD BM-MSC showing a 
similar capacity to protect leukemic cells from chemo-
therapy. Whether B-ALL MSC could protect B-ALL cells 
during CD19-CAR T-cell therapy was, however, not known. 
Thus, we evaluated whether BM-MSC participated in the 

resistance of B-ALL to CD19-CAR T-cell therapy. We found 
that CD19-CAR T-cells can efficiently eliminate both B-ALL 
cell lines and B-ALL primary cells in vitro regardless the 
absence/presence of either HD or B-ALL BM-MSC. More-
over, when we analyzed the proinflammatory cytokines 
secreted in the cocultures of B-ALL blasts with patient-
matched BM-MSC derived from pediatric B-ALL patients 
we found no significant differences as compared with those 
in the absence of BM-MSC, suggesting that BM-MSC from 
pediatric B-ALL patients do not compromise CD19-CAR 
T-cell efficacy in vitro. These findings concur with a previous 
study by Campana and colleagues.41 We also provide the 
first demonstration, to the best of our knowledge, that in 
vivo HD or B-ALL BM-MSC do not contribute to CD19-CAR 
T-cell resistance using a mouse xenograft model which reca-
pitulates the interactions between the BM-MSC and B-ALL 
cells.

In conclusion, our data show that pediatric B-ALL 
BM-MSC and age-matched HD BM-MSC equally immu-
nosuppressive T-cell response, but do not compromise 
CD19-CAR T-cell activity either in vitro or in vivo, at least 
within the experimental constraints of this study. Although 
this study indicates that specific immunobiological proper-
ties of BM-MSCs do not seem to underlie the resistance of 
B-ALL cells to CD19-CAR T-cells, we must bear in mind that 
our study does not unequivocally assess the contribution 
of the intact BMM, composed of different cell types and 
cellular interactions, to CD19-CAR T-cells mediated cyto-
toxicity. Further in vivo studies using humanized animal 
models are necessary to elucidate the impact of the BMM 
on the response to adoptive cell therapy with CD19-CAR 
T-cells.
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