
Abstract. Background/Aim: This study explored the
mechanisms of the allogeneic graft versus leukemia effect in
acute lymphoblastic leukemia (ALL) cells by examining
whether they change gene expression in the post-transplant
environment containing cytokines and the immunosuppressant
cyclosporine, and if such changes affect ALL cell survival.
Materials and Methods: RNASeq was used to assess leukemia
global gene expression and flow cytometry to measure ALL
survival in the presence of T cells, NK cells, cytokines, and
cyclosporine. Results: A total of 4,805 genes were
differentially expressed. Gene set enrichment analysis
demonstrated up-regulation of biological processes related to
cytokine responses, control of viral infection, and regulation
of leukocyte function including proliferation. Down-regulated
genes were related to mesenchymal tissue morphogenesis. ALL
cells exposed to cytokines and cyclosporine retained
susceptibility to T and NK cell killing, and also exhibited
increased cell death without exposure to killer cells.
Conclusion: A significant portion of the graft versus leukemia
effect may be mediated by cytokines and cyclosporine.

Allogeneic hematopoietic stem cell transplant (HSCT) is
often performed for high risk or relapsed ALL. Transplant is
a multifaceted process involving drugs and/or radiation in
the preparative regimen, cellular mediators of graft versus
host reactions, and post-transplant cytokines (1-5). Cure of
leukemia involves not only the direct antileukemic effect of
preparative regimen drugs and radiation, but also, to varying

degrees, the allogeneic graft versus host response. This effect
is often called a graft versus leukemia effect, although the
specificity of the effect for leukemia is hard to prove (6, 7).
The antileukemia allogeneic effect is generally considered to
be greater for myeloid leukemias compared to lymphoid
leukemias. The reasons for this are not fully understood.

The post-transplant environment provides two unique
features for residual ALL cells (8). The first is the presence
of multiple cytokines produced by the allogeneic reaction.
The second is the presence of immunosuppressive drugs,
such as cyclosporine, which are administered to prevent graft
versus host disease (GVHD).

One important question is whether the leukemia cells are
passive in this post-transplant environment or whether they
change in response to the post-transplant environment. If
they do change, do the changes impact the leukemia cell’s
capacity to survive the immunologically hostile environment
or do the changes contribute to the “graft versus leukemia”
effect? The aim of this project was to address this question
in an in vitro model of human ALL.

Many studies have measured a variety of cytokines in
serum following allogeneic transplantation (9-14). The
results have been heterogeneous owing in part to study
methods (e.g., assaying for specific cytokines in some
studies but not others, some focusing on patients with graft
versus host disease). Both type I and type II cytokines have
been shown to be present. The presence of IL-6, IL-10, TNF-
alpha, IL-2, IL-12 and interferon-gamma (among others) has
been reported. Interestingly, some studies on the levels of
cytokines following umbilical cord blood transplantation
(typically performed to produce much less allogeneic
reactivity compared to bone marrow or peripheral blood stem
cell grafts) have rarely shown significant amounts of
interferon-gamma, TNF-alpha, GMCSF or IL-6 (15-17).

Drugs such as cyclosporine are routinely started
immediately prior to the infusion of allogeneic donor cells
to inhibit the development of GVHD. Cyclosporine (and
another calcineurin inhibitor, tacrolimus) has been intensely
studied in the bone marrow transplant (BMT) literature, but
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nearly always from the perspective of modulation of GHVD,
rather than direct anti-leukemia cell effects. There is a very
limited literature on the direct effect of these drugs on ALL
(18-20). There have been reports that calcineurin inhibitors
can in some cases enhance leukemia cell apoptosis,
especially in T cell acute lymphoblastic leukemia (21, 22).

We had previously studied changes in ALL cell gene
expression in a murine model of allogeneic bone marrow
transplantation (23). We discovered that leukemia cells in the
allogeneic environment over-expressed genes related to
immune processes, antigen presentation, ubiquitination and
GTPase function. We also discovered that interferon-gamma
appeared to be the dominant in vivo driver of these changes.
Then we became interested in determining whether human
acute lymphoblastic leukemia cells exhibit similar changes
in gene expression in the post-allogeneic transplant immune
environment. We developed an in vitro model in which
human ALL cells were exposed to cytokines and the
immunosuppressive drug, cyclosporine. Global gene
expression was assessed by RNASeq. We also assessed the
impact on leukemia cell survival as well as leukemia cell
sensitivity to cytolytic NK and T cells.

Materials and Methods

Leukemia cells. Deidentified primary B lineage ALL cells from
adult and pediatric patients were obtained from bone marrow or
peripheral blood leukapheresis samples at the time of initial
diagnosis or relapse (Table I). The samples were used under the
auspices of an IRB approved protocol. The IRB deemed that
individual patient consent was not needed since no personal
identifying information was involved and the materials were from
residual lab samples that would otherwise have been discarded. All
samples were from patients who met the National Cancer Institute
criteria for high risk ALL. Limited clinical, genetic and phenotypic
data were available because of the deidentification process.
Specimens were expanded a single time as patient derived
xenografts in NOD-SCID mice. First-generation xenograft samples
were used; i.e., leukemias were not serially passaged in mice. At 8-
12 weeks of age, mice received 250 cGy total body irradiation.
Mice were injected iv with 5×106 leukemia cells 4 h later. The
spleen and bone marrow were harvested after 8-12 weeks. To

confirm engraftment of leukemic cells, the cells were examined by
flow cytometry with human CD19 and CD45 antibodies. All
specimens were human CD45 positive, and human CD19 positive
both before and after expansion in immunodeficient mice. We
compared ALL cells before and after xenograft expansion and found
no differences in flow phenotype, morphology, stromal dependence
and in vitro growth potential. Table I contains information about
individual samples.

Isolation of normal B cells. Peripheral blood mononuclear cells
were isolated by Ficoll separation from healthy donor blood. B cells
were isolated from the peripheral blood mononuclear cells (PBMCs)
using CD19 microbeads (Miltenyi Biotec, Auburn, CA, USA).

Cytokine measurements. Bidirectional mixed lymphocyte reactions
were established from healthy donors. Equal numbers of Ficoll
purified peripheral blood mononuclear cells were placed at a total cell
concentration of 2×106 cells/ml in 10 ml Aim V medium. Control
cultures had cells from one donor at a concentration of 2×106
cells/ml. Culture supernatants were collected after 6 days.
Concentrations of IFN-γ, IL-12, IL-6, TNF-α, IL-2, GM-CSF, IL-4,
IL-10, IL-17, and TGF-β were quantified using a customized
Milliplex MAP Human Cytokine/Chemokine Panel (Millipore,
Schwalbach, Germany). Assays were performed according to the
manufacturer’s instructions and standards. Samples were quantified
using median fluorescent intensity data quantified on a Luminex 100.  

In vitro culture of primary acute lymphoblastic leukemia cells.
Approximately 0.8×106 human bone marrow derived stromal cells
immortalized with a human telomerase gene (24) were plated in 25 cm2
tissue culture flasks. One day later 5×106 first generation human
xenograft ALL cells were thawed and added to the flasks and cultured
in AIM V medium. Cytokines and cyclosporine were added to
experimental cultures while control cultures had only AIM V. Cytokines
were used at the following final concentrations: IFN-γ, 5,000 pg/ml;
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Table I. Characteristics of acute lymphoblastic leukemia cells used in
these studies. 

Name                  Tissue                     Age                      Disease phase

ALL A                Blood                    Adult                         Diagnosis
ALL B                Blood                    Adult                         Diagnosis
ALL C                Blood                  Pediatric                      Diagnosis
ALL E                Blood                    Adult                          Relapse
ALL F                 Blood                    Adult                         Diagnosis
ALL G              Marrow                Pediatric                        Relapse

Table II. Human biological pathways related to murine genes
upregulated in murine leukemia after allogeneic bone marrow
transplant. The pathways are Gene Ontogeny biological pathways that
were statistically significant at an adjusted p-value of <0.05.

Human biological pathway                                           Adjusted p-Value

Response to interferon-gamma                                        p<0.0000001
Cellular response to interferon-gamma                           p<0.0000001
Interferon-gamma-mediated signaling pathway             p<0.0000001
Type I interferon signaling pathway                               p<0.0000001
Cellular response to type I interferon                             p<0.0000001
Response to type I interferon                                          p<0.0000001
Response to virus                                                               p=0.00002
Negative regulation of viral genome replication               p=0.0003
Defense response to virus                                                   p=0.0003
Regulation of viral genome replication                             p=0.0031
Viral genome replication                                                      p=0.011
Negative regulation of natural killer                                   p=0.022
cell mediated cytotoxicity

Negative regulation of viral process                                   p=0.029
Dendritic cell differentiation                                               p=0.048



TNF-α, 2,000 pg/ml; GM-CSF, 3,000 pg/ml; IL-6, 300 pg/ml; and IL-
10, 50 pg/ml. Cyclosporine final concentration was 200 ng/ml. After
48 h of culture the leukemia cells were removed from the flasks and
purified by flow cytometric sorting using human CD19 positive
selection and negative selection using 7-aminoactinomycin D to
exclude non-viable leukemia cells. For RNASeq studies leukemias A,
B, E, F and G were used (Table I).

RNASeq. RNA was prepared using Qiagen RNEasy kits (Qiagen
Sciences, Germantown, MD, USA). Residual genomic DNA was
removed by DNAse treatment and a cDNA library was prepared.
Sequencing was performed in the University of Rochester Genomics
Core Facility (Rochester, NY, USA). Sequencing was performed
using Illumina HiSeq 2500 Sequencer. 

Cross Species Gene Set Analysis (XGSA). Experimental microarray
data from mouse xenografts was processed through the Gene ID
conversion utility in DAVID (25) to identify murine genes. The R
based software Cross Species Gene Set Analysis (XGSA) (26, 27)
was used to map murine genes to human Gene Ontogeny Biological
Process pathways (28-30) and to compare lists of differentially
expressed murine and human genes. The Benjamini-Hochberg

procedure was used to correct the p-value in the setting of multiple
comparison testing. 

Gene Set Enrichment Analysis (GSEA). RNA-Seq fastq files were
cleaned with FastQC (31). The raw reads were mapped using STAR
(32, 33). Sam files were converted to and sorted into bam files with
samtools (34, 35). Bam files were counted using HTSeq-count (36,
37). Count files were then read into DESeq2 (38, 39) and
differential expression analysis was performed. Rank files
containing a ranking metric were generated from the DESeq2
output. Gene set enrichment analysis was performed using the
GSEA program (40, 41). Analysis was performed to determine the
enrichment of gene sets in the presence of cytokines across several
different B cell and leukemia cells. Several of the human datasets
were compared to the mouse data from XGSA.

NK cell mediated cytotoxicity. Peripheral blood mononuclear cells
were purified by standard Ficoll separation procedures. NK cells
were isolated from PBMCs using CD56 magnetic microbeads
following manufacturer’s guidelines (Miltenyi Biotec). NK cells
were incubated overnight in RPMI with 10% fetal calf serum (FCS)
supplemented with human IL-2 at a final concentration of 200
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Figure 1. Concentrations of interferon-gamma, TNF-alpha, GMCSF, IL6, and IL10 in allogeneic mixed lymphocyte cultures. The black horizontal
lines are background cytokine levels in lymphocyte cultures that did not receive allogeneic cell stimulation while the symbols represent individual
mixed lymphocyte cultures. When a symbol appears more than once in a cytokine column it indicates a duplicate well. 



IU/ml. Prior to being mixed with the NK cells, leukemia cells were
either untreated or preincubated for 48 h with cytokines and
cyclosporine. To assess NK cytotoxicity against leukemia cells,
2×104 ALL cells and 6×104 NK cells were added to microwells
containing stromal cells in a total volume of 200 μl of RPMI
medium with 10% FCS. Live leukemia cells were counted using
flow cytometric techniques 5 days later.

Activated T cell mediated cytotoxicity. PBMCs were purified by
standard Ficoll separation procedures. T cells were isolated from
PBMCs using CD3 magnetic microbeads following manufacturer’s
guidelines (Miltenyi Biotec). T cells were then activated by
incubation for 24 h with CD3/CD28 Dynabeads (Thermo Fisher
Scientific, Waltham, MA, USA). Then, 3×104 leukemia cells and
1.5×104 activated T cells were added to microwells containing
stromal cells in a total volume of 200 microliters of RPMI medium
with 10% FCS. Live leukemia cells were counted using flow
cytometric techniques 5 days later.

Results

Mapping of murine leukemia gene expression changes to
human pathways. As an initial step in our studies, we
performed a reanalysis of previously generated data from our
in vivo murine leukemia allogeneic transplant experiments
(23). Our earlier study of murine acute lymphoblastic
leukemia in the in vivo post-transplant environment had used
Affymetrix Mouse 430.2 microarrays to assess gene
expression. We identified 455 differentially expressed murine
genes in ALL cells recovered from mice that had undergone
allogeneic transplant. These murine genes were mapped to
human Gene Ontology Biological Pathways using the R-

based Cross Species Gene Set Analysis software. Table II
lists the human pathways associated with these differentially
expressed genes. The dominant theme was responses to type
1 interferons and regulation of viral replication.  

Rationale for cytokine concentrations. To in vitro simulate
the cytokine and immunosuppressant drug milieu of ALL
cells in the post-allogeneic transplant environment, cytokine
and cyclosporine concentrations used in vitro were
determined. We conducted a literature survey to collect such
information (9-13). We also experimentally measured
cytokine concentrations produced in vitro by human mixed
lymphocyte cultures (Figure 1). We did not detect significant
concentrations of the following cytokines: IL-12, IL-4, IL-2,
IL-17 or TGF-beta. Based on these results we chose to use
the following cytokines in the ALL cultures: IFN-γ (5,000
pg/ml), TNF-α (2,000 pg/ml), GM-CSF (3,000 pg/ml), IL-6
(300 pg/ml), and IL-10 (50 pg/ml). 

Cyclosporine does not markedly alter gene expression
changes induced by cytokines in nonmalignant B cells. In our
earlier report mice that underwent allogeneic transplant were
not treated with cyclosporine (23). We conducted
experiments in vitro to determine whether cyclosporine at
therapeutic concentrations used in humans would have a
major impact on biological pathways in leukemia cells
exposed to transplant associated cytokines. Normal human
peripheral B cells were exposed to the cytokine mixture
and/or cyclosporine in vitro for 48 h and RNASeq and
pathway analysis studies of differentially expressed genes
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Figure 2. Comparison of enrichment scores of biological function pathways in B cells induced by the cytokine mixture and/or cyclosporine. “Cyto”
refers to cytokine mixture added to cell culture, “CSA” refers to cyclosporine, “Cyto & CSA” is cytokine mixture and cyclosporine. Comparisons
were made to control cultures to which neither cytokines nor cyclosporine were added.



were performed. Figure 2 is a heatmap that presents pathway
enrichment scores of differentially expressed genes by B
cells. The expression pattern of cells treated with cytokines
plus cyclosporine was very similar to those of B cells treated
with cytokines alone. The comparison is to untreated B cells.
Similar results were observed with continuously growing
ALL cell lines treated with cytokines and/or cyclosporine
(data not shown). Based on this information we examined
gene expression in primary human ALL xenografts treated
with or without the combination of cytokines and
cyclosporine. Our rationale was that this would be analogous
to the in vivo human experience. 

Gene expression changes in human ALL cells. Five unique
human ALLs were cultured on stromal cells for 48 h in the
presence or absence of cytokines plus cyclosporine. RNASeq
using paired samples and uniquely mapping reads was used
to assess gene expression. A total of 4,805 genes were
differentially expressed at an adjusted significance p-value
less than 0.05. 2,504 genes were over-expressed and 2,301
genes were under-expressed in the cytokine/cyclosporine
treated samples compared to the control samples. Figure 3 is
a heat map of the 50 most differentially expressed genes.
We performed gene set enrichment analysis and found 51
Gene Ontogeny pathways up-regulated and 28 pathways
down-regulated (both using a false discovery rate of less than
0.05). Table III presents the up-regulated pathways. Common
themes among the up-regulated genes included biologic
processes related to cytokine responses, control of viral
infection and regulation of leukocyte function including
proliferation. Table IV presents the down-regulated
pathways. The dominant theme among the down-regulated
genes was regulation of mesenchymal tissue morphogenesis.

We also performed RNASeq and gene set enrichment
analysis on 4 continuously growing, nonstromal cell dependent
human cell lines derived from pediatric ALL patients (One B
ALL line, 2 T ALL lines, and 1 EBV immortalized B cell line
from a patient with B ALL). We observed results very similar
to the leukemia xenografts (Data not shown).

Effect of cytokines and cyclosporine on leukemia cell
survival. The gene expression data showed that pathways
related to immune response to infection, especially viral
infection, were activated in the leukemia cells. While T cell
adaptive immune responses often involve direct cell
mediated cytolysis of infected cells, another significant
component of the defense response to viral infection involves
cytokine mediated impairment of survival of virus infected
cells (42). We asked whether the cytokine/cyclosporine
environment had such an effect on leukemia cell survival.
We incubated human leukemia cells on stromal cells in the
presence of the cytokines and/or cyclosporine. We measured
leukemia survival 4 days later. Figure 4 demonstrates that in
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Figure 3. Expression data of the 50 most significantly differentially
expressed genes. The data are regularized log transformation of the
normalized count data. Samples and genes are hierarchically clustered.
Gene names are on the right side and sample names at the bottom. Key
for sample names. The first digit is the sample number. “pos” means
cells were exposed to cytokines and cyclosporine while “neg” means
they were not. “150902” is ALL F, “0414” is ALL G, “150717” is ALL
E, “083111” is ALL A, and “032312” is ALL B.



all 5 leukemias cell survival was significantly impaired in
the presence of both cytokines and cyclosporine compared
to untreated controls. We also assessed the effect of
cytokines and cyclosporine alone. We observed heterogeneity

of effects among the 5 leukemias. Four of the 5 exhibited
sensitivity to the cytokines alone. Three of the 5 exhibited
major sensitivity and 2 of the 5 modest sensitivity to
cyclosporine alone.
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Table III. Pathways among genes over-expressed in leukemia cells exposed to cytokines and cyclosporine compared to control leukemia cells. The
pathways are Gene Ontogeny biological pathways that were statistically significant at an adjusted p-value of <0.05.

PATHWAY                                                                                                                                                                                            NES                FDR

GO_RESPONSE_TO_VIRUS                                                                                                                                                              2.08                0.000
GO_DEFENSE_RESPONSE_TO_VIRUS                                                                                                                                          2.08                0.000
GO_CYTOKINE_MEDIATED_SIGNALING_PATHWAY                                                                                                               2.06                0.000
GO_IMMUNE_EFFECTOR_PROCESS                                                                                                                                             2.05                0.000
GO_DEFENSE_RESPONSE_TO_OTHER_ORGANISM                                                                                                                 2.05                0.000
GO_RESPONSE_TO_INTERFERON_GAMMA                                                                                                                              2.04                0.000
GO_REGULATION_OF_INNATE_IMMUNE_RESPONSE                                                                                                            2.00                0.000
GO_CELLULAR_RESPONSE_TO_INTERFERON_GAMMA                                                                                                       1.98                0.000
GO_NEGATIVE_REGULATION_OF_VIRAL_PROCESS                                                                                                              1.97                0.000
GO_INTERFERON_GAMMA_MEDIATED_SIGNALING_PATHWAY                                                                                        1.95                0.000
GO_NEGATIVE_REGULATION_OF_MULTI_ORGANISM_PROCESS                                                                                      1.94                0.000
GO_RESPONSE_TO_TYPE_I_INTERFERON                                                                                                                                 1.93                0.000
GO_ACTIVATION_OF_INNATE_IMMUNE_RESPONSE                                                                                                              1.93                0.000
GO_REGULATION_OF_VIRAL_GENOME_REPLICATION                                                                                                        1.92                0.000
GO_REGULATION_OF_SYMBIOSIS_ENCOMPASSING_MUTUALISM_THROUGH_PARASITISM                                   1.91                0.000
GO_REGULATION_OF_TYPE_I_INTERFERON_PRODUCTION                                                                                               1.91                0.000
GO_POSITIVE_REGULATION_OF_DEFENSE_RESPONSE                                                                                                        1.91                0.000
GO_POSITIVE_REGULATION_OF_INNATE_IMMUNE_RESPONSE                                                                                        1.90                0.000
GO_NEGATIVE_REGULATION_OF_VIRAL_GENOME_REPLICATION                                                                                  1.89                0.001
GO_REGULATION_OF_MULTI_ORGANISM_PROCESS                                                                                                             1.89                0.001
GO_POSITIVE_REGULATION_OF_CYTOKINE_PRODUCTION                                                                                               1.89                0.001
GO_INFLAMMATORY_RESPONSE                                                                                                                                                 1.87                0.002
GO_PATTERN_RECOGNITION_RECEPTOR_SIGNALING_PATHWAY                                                                                     1.87                0.002
GO_ACTIVATION_OF_IMMUNE_RESPONSE                                                                                                                               1.86                0.003
GO_REGULATION_OF_IMMUNE_EFFECTOR_PROCESS                                                                                                          1.86                0.003
GO_NEGATIVE_REGULATION_OF_TYPE_I_INTERFERON_PRODUCTION                                                                         1.84                0.005
GO_REGULATION_OF_LEUKOCYTE_MEDIATED_IMMUNITY                                                                                              1.84                0.005
GO_POSITIVE_REGULATION_OF_IMMUNE_EFFECTOR_PROCESS                                                                                     1.84                0.006
GO_TUMOR_NECROSIS_FACTOR_MEDIATED_SIGNALING_PATHWAY                                                                              1.82                0.011
GO_NEGATIVE_REGULATION_OF_CYTOKINE_PRODUCTION                                                                                             1.82                0.011
GO_POSITIVE_REGULATION_OF_TYPE_I_INTERFERON_PRODUCTION                                                                           1.82                0.012
GO_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY                                                                                                              1.82                0.013
GO_REGULATION_OF_LEUKOCYTE_MEDIATED_CYTOTOXICITY                                                                                     1.81                0.016
GO_RESPONSE_TO_TUMOR_NECROSIS_FACTOR                                                                                                                    1.80                0.018
GO_RESPONSE_TO_MOLECULE_OF_BACTERIAL_ORIGIN                                                                                                   1.80                0.018
GO_REGULATION_OF_LYMPHOCYTE_MEDIATED_IMMUNITY                                                                                           1.80                0.021
GO_REGULATION_OF_I_KAPPAB_KINASE_NF_KAPPAB_SIGNALING                                                                               1.80                0.022
GO_REGULATION_OF_ADAPTIVE_IMMUNE_RESPONSE                                                                                                       1.80                0.021
GO_NEGATIVE_REGULATION_OF_HOMOTYPIC_CELL_CELL_ADHESION                                                                       1.79                0.022
GO_LYMPHOCYTE_CHEMOTAXIS                                                                                                                                                1.79                0.022
GO_REGULATION_OF_CELL_KILLING                                                                                                                                        1.79                0.023
GO_RESPONSE_TO_BACTERIUM                                                                                                                                                  1.79                0.024
GO_NIK_NF_KAPPAB_SIGNALING                                                                                                                                               1.78                0.027
GO_NEGATIVE_REGULATION_OF_LEUKOCYTE_PROLIFERATION                                                                                     1.78                0.029
GO_INNATE_IMMUNE_RESPONSE_ACTIVATING_CELL_SURFACE_RECEPTOR_SIGNALING_PATHWAY                     1.77                0.036
GO_LYMPHOCYTE_MIGRATION                                                                                                                                                   1.77                0.041
GO_REGULATION_OF_LEUKOCYTE_PROLIFERATION                                                                                                           1.76                0.045
GO_POSITIVE_REGULATION_OF_CELL_KILLING                                                                                                                    1.76                0.046
GO_LEUKOCYTE_CHEMOTAXIS                                                                                                                                                   1.76                0.045
GO_CHEMOKINE_MEDIATED_SIGNALING_PATHWAY                                                                                                           1.76                0.047



Potential effects on antileukemia cell mediated cytotoxicity. In
allogeneic hematopoietic stem cell transplantation donor
immune cells are present and may exert cytotoxic effects on
recipient leukemia cells that survive the preparative regimen.
While we showed above that the cytokine/cyclosporine
environment did by itself impair leukemia cell survival, we
asked the question of whether the leukemia cells that survive
this effect would exhibit resistance to either NK cells or
cytolytic T cells. To test this hypothesis, we incubated
leukemia cells in the cytokine/cyclosporine mixture for 2 days,
and then used the incubated leukemia cells as targets for either
activated NK cells or activated T cells. Figure 5 shows that
leukemia cells exposed to the cytokines and cyclosporine
remained very sensitive to activated NK cells.

Similar experiments were performed with activated T cells
as killer cells. Figure 6 shows that leukemia cells exposed to
cytokines and cyclosporine remained sensitive to activated T
cells.

Discussion

These studies addressed the question of whether ALL cells
in the post-transplant environment exhibited changes in gene

expression, and, if so, whether such changes had any impact
on leukemia cell survival or altered their sensitivity to
cytolytic cells. We discovered that ALL cells did exhibit
major changes in gene expression. Up-regulated genes
clustered in gene expression pathways related to anti-viral
metabolic and immune responses, innate immunity, and
lymphocyte proliferation and migration. In contrast, genes
clustered in pathways related to mesenchymal tissue
organogenesis were down-regulated. 

Much of what is known about these pathways in general
is derived from the study of normal cells. One can
speculate that some of these changes may contribute to the
survival of these leukemia cells which after all are
malignant B lymphocytes. The overall thrust of an innate
or adaptive immune response is to enhance the expansion
and activity of relevant lymphocyte populations. Such
adaptations might increase survival of lymphocytes in an
environment with inflammatory cytokines. Alternatively,
many of the changes related to antiviral immunity or
interferon signaling may suppress metabolic processes in
or induce apoptosis in cells, teleologically to impair the
spread of viruses or intracellular pathogens by killing the
cells harboring them. 
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Table IV. Pathways among genes under-expressed in leukemia cells exposed to cytokines and cyclosporine compared to control leukemia cells. The
pathways are Gene Ontogeny biological pathways that were statistically significant at an adjusted p-value of <0.05.

NAME                                                                                                                                                                                                   NES                FDR

GO_EMBRYONIC_SKELETAL_SYSTEM_DEVELOPMENT                                                                                                      –1.89              0.016 
GO_SPECIFICATION_OF_SYMMETRY                                                                                                                                         –1.87              0.013 
GO_EMBRYONIC_HEART_TUBE_DEVELOPMENT                                                                                                                  –1.85              0.017 
GO_ARTERY_MORPHOGENESIS                                                                                                                                                   –1.84              0.014 
GO_HEART_MORPHOGENESIS                                                                                                                                                     –1.84              0.012 
GO_NEURON_FATE_COMMITMENT                                                                                                                                            –1.83              0.012 
GO_COLLAGEN_FIBRIL_ORGANIZATION                                                                                                                                 –1.83              0.010 
GO_EPITHELIAL_TO_MESENCHYMAL_TRANSITION                                                                                                            –1.82               0.011 
GO_ARTERY_DEVELOPMENT                                                                                                                                                       –1.82               0.011 
GO_ORGAN_GROWTH                                                                                                                                                                    –1.82              0.010 
GO_REPLACEMENT_OSSIFICATION                                                                                                                                           –1.82              0.010 
GO_NEGATIVE_REGULATION_OF_BMP_SIGNALING_PATHWAY                                                                                        –1.81              0.010 
GO_POLYSACCHARIDE_CATABOLIC_PROCESS                                                                                                                      –1.80              0.010 
GO_REGULATION_OF_MORPHOGENESIS_OF_A_BRANCHING_STRUCTURE                                                                 –1.80              0.012 
GO_EMBRYONIC_DIGIT_MORPHOGENESIS                                                                                                                             –1.79              0.015 
GO_MESENCHYME_MORPHOGENESIS                                                                                                                                      –1.79              0.014 
GO_EMBRYONIC_HEART_TUBE_MORPHOGENESIS                                                                                                              –1.78              0.015 
GO_ENDOCHONDRAL_BONE_MORPHOGENESIS                                                                                                                   –1.76              0.024 
GO_HEART_DEVELOPMENT                                                                                                                                                         –1.76              0.024 
GO_AORTA_DEVELOPMENT                                                                                                                                                         –1.76              0.023 
GO_AORTA_MORPHOGENESIS                                                                                                                                                     –1.75              0.026 
GO_CELL_FATE_SPECIFICATION                                                                                                                                                 –1.75              0.027 
GO_OUTFLOW_TRACT_MORPHOGENESIS                                                                                                                               –1.75              0.027 
GO_ENDOCARDIAL_CUSHION_DEVELOPMENT                                                                                                                     –1.73              0.039 
GO_DIGESTIVE_SYSTEM_DEVELOPMENT                                                                                                                               –1.73              0.038 
GO_MESONEPHROS_DEVELOPMENT                                                                                                                                         –1.72              0.037 
GO_NEURON_RECOGNITION                                                                                                                                                        –1.71              0.045 
GO_NEPHRON_DEVELOPMENT                                                                                                                                                   –1.71              0.044 



Between these possibilities our data shows that leukemia
cell survival is reduced by exposure to cytokines and
cyclosporine. The specific mechanism of the leukemia cell
death is not established by these studies. There is a literature

on the impact of inflammatory cytokines on hematopoiesis
that shows interferon-gamma inhibits normal hematopoiesis
(43). There is conflicting literature on the effect on malignant
B cells with some reports showing impairment (44) and
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Figure 4. Survival of cells exposed to cytokines and/or cyclosporine. Box and whiskers plots provide the medians, upper and lower quartiles and
range of the results. “Untreated” are control cultures, “Cyto” are cultures with the cytokines alone, “CSA” are cultures with cyclosporine alone,
and “Both” are cultures with both cytokines and cyclosporine. The label above each figure is the cell type reported. The numbers above the
experimental groups represent p-values relative to “untreated” cultures. There were 12 replicate cultures for each condition.



others showing growth enhancement (45). Our data suggest
that in the setting of allogeneic transplant the net effect is
impairment of malignant B cell survival with both the
cytokines and cyclosporine contributing to leukemia cell
death. We did observe considerable variability among
different ALLs regarding the relative effects of cytokines and
cyclosporine.

In the allogeneic hematopoietic stem cell literature, there
is evidence that there is an allogeneic graft versus leukemia
effect in acute lymphoblastic leukemia (46). It is very closely
tied to graft versus host disease. A survival benefit of

allogeneic reactivity on overall survival in ALL is seen only
with mild GVHD. The mechanisms for the graft versus
leukemia are not fully known. Much of the literature has
focused on T cell and NK cell antileukemia cytolytic activity,
although some studies have pointed to a role for interferon
gamma (44, 47-49). In our system, we asked the question of
whether the changes in ALLs induced by the cytokines and
cyclosporine would change their sensitivity to allogeneic
cytolytic cells. We found that cytokine/cyclosporine treated
leukemia cells remained fully sensitive to the NK or T cell
mediated cytolysis.
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Figure 5. Leukemia cells exposed to cytokines and cyclosporine remain sensitive to natural killer cells. The label above each figure identifies the
ALL studied. Box and whiskers plots provide the medians, upper and lower quartiles and range of the results. “ALL” represents ALL not exposed
to cytokines and cyclosporine. “ALL+NK” represents ALL not exposed to cytokines and cyclosporine but exposed to NK cells. The number above
this column represents the p value of the comparison of “ALL” to “ALL+NK”. “RxALL” represents ALL exposed to cytokines and cyclosporine.
“RxALL+NK” represents ALL exposed to cytokines and cyclosporine but exposed to NK cells. The number above this column represents the p value
of the comparison of “RxALL” to “RxALL+NK”. There were between 4 and 12 replicates of each condition depending upon availability of cells.



We observed that many gene expression pathways related to
mesenchymal tissue morphogenesis (Table IV) were related to
genes whose expression was depressed by exposure to
cytokines and cyclosporine. We hypothesize that similar gene
expression changes may be induced by the cytokines and
cyclosporine in the nonmalignant mesenchymal stem cells in
the marrow, conceivably affecting bone and bone
microenvironment formation after transplant. There have been
observations that interferon gamma can interfere with (50)
bone formation.

Our study model has strengths such as use of human
leukemia xenografts instead of established immortal leukemia
cell lines, well defined, consistent cytokine environment and
the inclusion of the very relevant immunosuppressant drug
cyclosporine. However, it has also limitations. First, it is an in
vitro representation of a complex in vivo process. However,
we believe that the similarity of the genetic pathways we
observed in our in vivo murine model (Table II) to those we
observed in our in vitro human model (Table III) lends
credibility to the observations we report in this work. Second,
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Figure 6. Leukemia cells exposed to cytokines and cyclosporine remain sensitive to activated cytolytic T cells. The label above each figure identifies
the ALL studied. Box and whiskers plots provide the medians, upper and lower quartiles and range of the results; in some columns there were
outliers which are identified by the small circles. “ALL” represents ALL not exposed to cytokines and cyclosporine. “ALL+CTL” represents ALL
not exposed to cytokines and cyclosporine but exposed to CTL cells. The number above this column represents the p value of the comparison of
“ALL” to “ALL+CTL”. “RxALL” represents ALL exposed to cytokines and cyclosporine. “RxALL+CTL” represents ALL exposed to cytokines and
cyclosporine but exposed to CTL cells. The number above this column represents the p value of the comparison of “RxALL” to “RxALL+CTL”.
There were between 7 and 12 replicates of each condition depending upon availability of cells.



in the leukemia xenografts gene expression the independent
effects of cytokines and cyclosporine were not assessed.
Doing so would have provided a more elegant experimental
design that unfortunately exceeded our resources for the
expensive RNASeq studies. Nonetheless, the observation of
similar biological pathways in normal B cells exposed to the
cytokines with or without cyclosporine (Figure 2) suggests
that most of the observed changes in gene expression were
driven by the cytokines and not the cyclosporine.
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