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Myelodysplastic syndrome (MDS) is characterized by an ineffective hematopoiesis
with production of aberrant clones and a high cell apoptosis rate in bone marrow
(BM). Macrophages are in charge of phagocytosis. Innate Immune cells and specific
T cells are in charge of immunosurveillance. Little is known on BM cell recruitment and
activity as BM aspirate is frequently contaminated with peripheral blood. But evidences
suggest an active role of immune cells in protection against MDS and secondary
leukemia. BM CD8* CD28- CD57+ T cells are directly cytotoxic and have a distinct
cytokine signature in MDS, producing TNF-a, IL-6, CCL3, CCL4, IL-1RA, TNFa, FAS-
L, TRAIL, and so on. These tools promote apoptosis of aberrant cells. On the other
hand, they also increase MDS-related cytopenia and myelofibrosis together with TGFp.
|L-32 produced by stromal cells amplifies NK cytotoxicity but also the vicious circle of
TNFa production. Myeloid-derived suppressing cells (MDSC) are increased in MDS and
have ambiguous role in protection/progression of the diseases. CD33 is expressed on
hematopoietic stem cells on MDS and might be a potential target for biotherapy. MDS
also has impact on immunity and can favor chronic inflammation and emergence of
autoimmune disorders. BM is the site of hematopoiesis and thus contains a complex
population of cells at different stages of differentiation from stem cells and early engaged
precursors up to almost mature cells of each lineage including erythrocytes, megakary-
ocytes, myelo-monocytic cells (monocyte/macrophage and granulocytes), NK cells, and
B cells. Monocytes and B cell finalize their maturation in peripheral tissues or lymph
nodes after migration through the blood. On the other hand, T cells develop in thymus
and are present in BM only as mature cells, just like other well vascularized tissues. BM
precursors have a strong proliferative capacity, which is usually associated with a high risk
for genetic errors, cell dysfunction, and consequent cell death. Abnormal cells are prone
to destruction through spontaneous apoptosis or because of the immunosurveillance
that needs to stay highly vigilant. High rates of proliferation or differentiation failures lead
to a high rate of cell death and massive release of debris to be captured and destroyed
(1). Numerous macrophages reside in BM in charge of home-keeping. They have a high
capacity of phagocytosis required for clearing all these debiris.
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Abbreviations: AAM, alternatively activated macrophages; AML, acute myeloid leukemia; BM, bone marrow; CFU-GM,
colony forming unit of granulocytes and monocytes; Cy, cyanine; Dim, diminished; EDTA, ethylene diamine tetra acetic acid,
ESCCA, European Society for Clinical Cell Analysis; FCM, flow cytometry; FITC, fluorescein isothiocyanate; FSC, forward
scatter; MdFI, median fluorescence intensity; MDS, myelodysplastic syndrome; MDSC, myeloid derived suppressive cells;
MRD, minimal residual disease; PAMP, pathogen-associated molecular patterns; PB, peripheral blood; PE, phycoerythrin;
ROS, reactive oxygen species; SSC, side scatter; TLR, toll like receptors; WHO, World Health Organization.
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IMMUNITY IN BONE MARROW

The immune effectors penetrates into the BM hematopoietic
niche with difficulty, and this is probably the reason for which
the BM is a predilection site for the metastases from solid tumors
where they like to hide and develop (Figure 1) (2). BM bacterial
infections are rare. This may be because the BM is deep and bac-
teria probably have to go through multiple barriers to reach it. But
we cannot exclude a role of the immune system in the surveillance
and occasional protection against any infection event. In any case,
this activity is difficult to evaluate in situ. Indeed, BM is easily
analyzed, specially with the help of flow cytometry, but BM sam-
pling requires a deep aspiration that is inevitably contaminated
by peripheral blood. BM biopsy only gives precious information
on anatomical distribution but it is limited in qualitative and
quantitative characterization of resident cells.

In general, immunosurveillance plays an important role in
maintaining homeostasis and eliminating aberrant clones (3).
Deficiencies in immunosurveillance raise the risk of develop-
ing tumors. In the same line, some therapeutic strategies have
been designed to boost the immunosurveillance for preventing
relapse and eventually cure cancer (4). T cells and type I Innate
Lymphoid cells (ILC) are the major effectors of specific or innate
cytotoxicity. ICL type I includes NK cells. Macrophages closely
cooperate with lymphocytes through the production of cytokines
and chemokines. Effector lymphocytes are mobile in the blood
stream or reside quietly in the lymphoid tissues, far from BM.
Lymphocytes are only recruited in the tissues if needed, driven
by the gradient of chemokines. For that purpose, they express
chemokine receptors and adhesion molecules. A few chemokines
receptors or adhesion molecules have some tissue specificity
such as CCR7, alpha4-beta7, or CD103 and CLA for Lymph

FIGURE 1 | Schematic representation of normal hematopoiesis. Normal hematopoietic stem cell (1) self-renew with the close support of stroma (2) and
growth factors (3) on the fibrotic matrix (4). A low proportion of cells fails during the proliferation and differentiation processes. Abnormal cells are destroyed by
apoptosis or under immune surveillance, being phagocytized by resident macrophages (5).
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node, mucosae or skin, respectively, while CXCR3 guide cells
to inflamed tissues (5). Analyzing the expression of chemokine
receptors is a good tool to identify cells specifically recruited in
the BM (6) but, unfortunately, no homing receptor specific for
BM is identified yet.

Under activation, lymphocytes produce cytokines and build
up complex crosstalks between all effectors. Cytokines such as
IL-2, IFN-y, IL-17, TNFa promote inflammation and cytotoxicity
while IL-10 or TGFp downregulated the immune response and
promote tissue healing. These mediators are required to set up a
good immunosurveillance but are poorly discriminant and can
incidentally help pathological cell growth and/or downregulate
immune cells. For example, TGFp promotes healing butisa strong
inducer of Regulatory T cells (Treg). Similarly, Myeloid-derived
suppressing cells (MDSC) support progenitor proliferation, partly
through CD33 receptor (7) but can also support tumor growth
by producing growth factors or angiogenic factors (8). MDSCs
express CD45, CD33, and CD11b* and derive from monocytes
(CD14* CD15") or granulocytes (CD14~ CD15%) (9). As a matter
of fact, granulocyte-derived MDSC was reported to be increased
in BM and PB of multiple myeloma (9, 10) and can promote the
tumor growth (11) raising interesting therapeutic potentials (12).

FEEDING ACTIVITY OF THE STROMA
IN NORMAL BONE MARROW

The process of hematopoiesis is closely related to its micro-envi-
ronment that includes extracellular matrix, mesenchymal cells,
macrophages, etc. The stromal cells are supporting the survival
and proliferation of progenitor cells (13, 14). Macrophages are
also contributing a lot in this support through direct contact
with progenitors or by producing growth and angiogenic factors.
Notably, TNFa can promote proliferation of hematopoietic pro-
genitors (15). Again, this support is not discriminant and helps
healthy and pathological clones as well, but pathological clones
frequently acquire proliferative advantages over normal cells.

Myelodysplastic syndrome (MDS) is a heterogeneous group
of acquired clonal disorders of stem cell, altering hematopoiesis
efficiency. Stem cell renewal is increased raising the risks for
mutations and cell aberrancies, and MSD is associated with a
higher risk for the development of Acute Myeloblastic Leukemia
(AML). The efficiency of cell differentiation is reduced leading
to cytopenia that concerns variably one or several lineages. The
microenvironment is progressively damaged and fails in stromal
support but induces progressive myelofibrosis (2, 16). This prolif-
eration and maturation disorders are associated with an increased
rate of cell death by apoptosis or pyroptosis. The cause(s) of MDS
remains unknown. Few genetic or environmental conditions
promote MDS (17).

POSSIBLE ROLE OF
MICROENVIRONMENT IN MDS

The MDS primary disorder is generally believed to come from
the stem cell. However, stem cell behavior is closely related to
the stroma, and stromal disorders have also been shown in MDS,

even when stromal cells are cultivated in absence of pathologi-
cal hematopoietic cells. This suggests that the primary disorder
could also start with stromal cells (18). However, the micro-
environment is certainly disturbed by the pathological clone (19)
and particular mesenchymal cells could also be actively recruited
by aberrant cells through the production of CCL25 as it has been
described in myeloma (20). At the end, experts conclude that
the cooperation effect is most probably “mutual and reciprocal”
(21). Still remains the possibility that pathological clones and its
microenvironment are both victims of a same extrinsic cause that
could be infection or toxic agent not yet identified.

IMMUNE DISORDERS ASSOCIATED WITH
MYELODYSPLASTIC BONE MARROW

Despite no extrinsic agent has been implicate, there is evidence
of an inflammation process in MDS BM (Figure 2). Numerous
studies report there are high productions of TNFa, IFNy, IL-1a;
IL-6, IL-17, TGFp, using different techniques such as immuno-
histology, BM dosages, functional analyses, and even in periph-
eral blood dosages (22-32). These cytokines can be produced
not only by resident macrophages and attracted lymphocytes
but also by stromal cells and stem cells. Macrophages are highly
engaged in clearing all debris from aborted differentiation of
hematopoietic cells (33, 34). Cell damages produce Damage-
Associated Molecular Patterns (DAMPs) that are, together
with pathogen-associated molecular patterns (PAMPs), strong

FIGURE 2 | Dysplastic hematopoiesis. In myelodysplastic settings, the stem
cell function is disturbed by several abnormal conditions such as local
inflammation (1) defect in stromal support (2), inappropriate growth factor
production (3), myelofibrosis (4), that are conducive to an increased cell renewal
(5), and, subsequently, to higher risk of failure and mutations. The production of
Alarmins induce a pro-inflammatory vicious circle loop, a cytotoxic immune
reaction, and impair the immunomodulatory process. Differentiation in lineages
is reduced and eventually aberrant. In addition, the higher level of mutations is

responsible for higher home keeping activity with exhaustion.
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ligands for Pattern-Recognition Receptors (PRRs). Among the
PRRs, the Toll Like Receptor 4 (TLR4) is overexpressed not
only by MDS macrophages but also by stem cells and stromal
cells (35-37). Among DAMPS, alarmins such as the SI00A9 are
produced in MDS, and S100A9 was shown to promote pyroptosis
and apoptosis (7, 38). A polyclonal T cell infiltrate has also been
demonstrated in MDS BM (39), specially CD4* T cells producing
IENYy (40). T cell turnover (41) and apoptosis are elevated and
correlated to the cytokine production (42). Effector, cytotoxic
(CD8* CD28~ CD57%) T cells are increased in peripheral blood
of MDS patients (43).

IMMUNE RESPONSE ACTS
AGAINST MDS PROGRESSION

The pro-apoptotic cytokines can participate in the elimina-
tion of aberrant clones, and progenitors have been shown to
express TNF family receptors. NK cells are also directly active
in destroying aberrant cells (44). Finally, aberrant phenotypes
can induce specific immunity, and T cell infiltrate has been
observed, specially CD8* T cells with restricted T cell receptor
Vbeta diversity. These cells frequently bear an activated profile
(CD25, CD58) and have a high content of cytotoxic proteins
(granzyme) as compared to peripheral blood (45). A CD8"
T cell proliferation specific for trisomy 8 related aneuploid
hematopoietic progenitor cells has been reported (46). The
higher CD8* T cell count is associated with a lower count of
regulatory T cells (Treg) in BM (47). BM T cells have a distinct
functional signature producing high levels of TNF-a, IL-6,
CCL3, CCL4, and IL-1RA (48). Note that CCL3 is preferen-
tially produced, and its production is associated with a poor
prognostic as reported for CCL5 in AML (49). These evidences
strongly suggest that there is an active antigen specific T cell
response in BM especially in MDS. It is not clear yet if the T cell
specificity recognize an auto-antigen or a neo-antigen related to
MDS aberrancies.

DEFECT IN IMMUNO SURVEILLANCE
FAVORS MDS

In MDS, NK cell number is usually not reduced as compared to
healthy donors (50, 51) although it can be low in as much as 20%
of patients, independently of T lymphopenia. NK deficiency is
directly related to a MDS with poor prognosis such as refrac-
tory anemia with excess blasts (52). However, a NK functional
deficiency has been reported with a decrease in their content
of perforin and granzyme and a defect in production of IFNy
(50, 53, 54). The NK functional deficiency is also associated with
a high risk of MDS (55). IL-32 is produced by several cells under
stimulation by TNFa or IL-1. NK cells capacity for production
of IL-32 is reduced in MDS (56) and as well as the expression
of the NK activating receptor (NKG2D). This reduced capacity
was associated with the NK functional deficiency (50, 57). The
MDS patients are frequently old. The NK activity is also declining
with aging, making the NK deficiency due to the diseases even
worse (55). Therapeutic strategies forcing NK cells to recognize

of CD33* MDS progenitors using bispecific antibodies have been
proposed (58). On the other hand, IL-2 or IL-12 therapeutic
trials have not shown any significant clinical benefit in MDS (53).
Another ILC, the invariable NKT cells, have also been reported to
be reduced in MDS (59).

Peripheral Treg are increased in MDS with more than 5% of
blasts in accordance with the disease progression (27, 45, 60). This
is even more clear if we consider the effector memory Treg, which
have higher regulatory activity (61).

Accordingly, some immunodeficiencies favor MDS. The
“Monomac syndrome” is a sporadic primary immunodeficiency
due to a GATA2 mutation. It associates severe monocytopenia
(mean value 10 cells/pL) and possibly B and/or NK and/or den-
dritic cell deficiencies. Monomac syndrome is frequently revealed
by severe infections with atypical agents like non-tuberculous
mycobacteria, papillomavirus, or fungi (62). Almost half of these
patients develop a MDS or an AML. But it is not clear whether
the evolution to MDS is related to the progenitor abnormalities
or to the defect of immunodeficiency. In any case, Monomac-
related MDS is not really typical as it shows poorer cellularity and
prominent reticulin myelofibrosis (63). Few more immunodefi-
ciencies are associated with MDS (64) in which it is difficult to say
whether the primary genetic mutations or immunodeficiency is
responsible for MDS emergence.

IMMUNE DISORDERS PARTICIPATING
TO MDS PHYSIOPATHOLOGY

Few cytokines produced in MDS BM inflammation are strong
inducer of apoptosis and could aggravate the MDS-related cyto-
penia (Figure 2). TNFa (65) and other related cytokines such as
TRAIL or FAS-ligand (31, 66) are overproduced in MDS. The
dosage of TNFa is correlated with the severity of cytopenia (19).
These pro-apoptotic cytokines can also induce damages to the
normal progenitors (67, 68) and differentiated cells. Indeed, the
overall, neutralization of these TNF-related cytokines was shown
to improve hematopoiesis (42, 66), and MDS has been reported
in TNFa overproducing transgenic mice (69). Pro-cytotoxic
CD4* T cell also has collateral cytotoxic effects participating
into the cytopenia. These effects could be partially reduced with
treatment (Cyclosporin A) that reduces Thl activity (40) and
cell turnover (41). The TGEp over production has been related
to myelofibrosis in MDS and is associated with poor prognosis
(7,70, 71).

In MDS, MDSCs was reported to be increased too and to pro-
duce pro-cytotoxic cytokines (72). MDSC could also have direct
suppressive action on stem cell throughout the CD33 binding (72).

MDS CAN IMPAIR THE
IMMUNE RESPONSE

Myelodysplastic syndrome induces immunological disorders
especially on the monocytic and myelocytic lineages partly due to
an inadequate production of cytokines. Maturation disorder and
high apoptosis rate are responsible for phagocytosis exhaustion
(73). Peripheral cytopenia is frequent except for NK cells (74).
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The numbers of B cells or their precursors are strongly reduced
but B cell dysplasia and defect in immunoglobulin production is
not considered as a major issue in MDS (75). Peripheral T cells are
disturbed too with a skewing of its Vbeta repertoire (45). T cells
have preferentially the pro-inflammatory profiles Th22 and Th17,
at least at an advanced stage of the disease (27).

Myelodysplastic syndrome can be associated with an increased
risk for auto-immunity (76) which can, in return, participate in
the cytopenia. Autoimmune antibodies against erythrocytes
have been shown in aplastic anemia (77) beside auto-antibodies
against MDS neo-antigens due to genetic mutations (78). T cell
auto-reactivity can also play a role in cytopenia and could be
partly responsible for the reduction of Vf repertoire (45). A few
cases of Lymphoproliferative syndrome associated with MDS has
also been described (79).

In conclusion (Figure 3), there are many evidences that
immunity plays a role in MDS. However this role is complex and
ambiguous. An immunity is expected to prevent or delay the emer-
gence of pathological clones through innate antitumor activity or
specific recognition of neo-antigens but it is most probable the
MDS clones must find a way to escape the immunosurveillance
as solid tumors do. An inflammatory status in BM can be a cause
of consequence of the disease. Chronic inflammation could sup-
port immunity but also has systemic effect worsening a metabolic
syndrome. Exhaustion and immunodeficiencies can favor MDS
and AML. On the other hand, the pathological clones manage to
take over the immune system by producing immuno-modulatory
cytokines (IL-4, IL-10, and TGFp) and growth factors (VEGE,
TNFa, thrombopoietin, etc.) and modulating Treg cell activity.
The pro/con Immune activity is certainly variable according to
the stage of the disease. At the stage of clinical expression, MDS
certainly is already winning against the immunosurveillance.
Finally, the immune system itself can suffer from MDS progres-
sion due to central cytopenia, Treg accumulation, exhaustion of

REFERENCES

1. Sarvothaman S, Undi RB, Pasupuleti SR, Gutti U, Gutti RK. Apoptosis: role
in myeloid cell development. Blood Res (2015) 50(2):73-9. doi:10.5045/
br.2015.50.2.73

2. Bulycheva E, Rauner M, Medyouf H, Theurl I, Bornhauser M, Hofbauer LC,
et al. Myelodysplasia is in the niche: novel concepts and emerging therapies.
Leukemia (2014) 29(2):259-68. doi:10.1038/leu.2014.325

3. Dadi S, Chhangawala S, Whitlock BM, Franklin RA, Luo CT, Oh SA,
et al. Cancer immunosurveillance by tissue-resident innate lymphoid
cells and innate-like T cells. Cell (2016) 164(3):365-77. doi:10.1016/j.
cell.2016.01.002

4. Jannello A, Thompson TW, Ardolino M, Marcus A, Raulet DH.
Immunosurveillance and immunotherapy of tumors by innate immune cells.
Curr Opin Immunol (2016) 38:52-8. doi:10.1016/j.c0i.2015.11.001

5. Robertson P, Means TK, Luster AD, Scadden DT. CXCR4 and CCR5 medi-
ate homing of primitive bone marrow-derived hematopoietic cells to the
postnatal thymus. Exp Hematol (2006) 34(3):308-19. doi:10.1016/j.exphem.
2005.11.017

6. Beider K, Nagler A, Wald O, Franitza S, Dagan-Berger M, Wald H, et al.
Involvement of CXCR4 and IL-2 in the homing and retention of human NK
and NK T cells to the bone marrow and spleen of NOD/SCID mice. Blood
(2003) 102(6):1951-8. doi:10.1182/blood-2002-10-3293

7. Chen X, Eksioglu EA, Zhou ], Zhang L, Djeu ], Fortenbery N, et al. Induction
of myelodysplasia by myeloid-derived suppressor cells. J Clin Invest (2013)
123(11):4595-611. doi:10.1172/JC167580

o ot Bad Support

feeder feeder

Immuno- B

surveillance Cytotoxicity

Growth ;2:{‘; TNFa, IL-17  Aberrant support

differentiation TGFp fibrosis
Exhaustion
inflammation

Home keeping ’

e

s 4

Hematopoiesis
Clean up debris
Stop aberrancies

Cytopenia
Metabolic syndrome
Leukemia escape

FIGURE 3 | Ambiguous role of Immunity in MDS. Each bone marrow
component can have actions either good, supporting hematopoiesis and
homekeeping in homeostasia, or bad: cytopenia, myelofibrosis, and
inflammation in dysplasia.

phagocytosis and cytotoxicity, repertoire skewing and possibly
autoimmune disorders.

AUTHOR CONTRIBUTIONS

All authors listed have made substantial, direct, and intellectual
contribution to the work and approved it for publication.

8. Ostrand-Rosenberg S, Sinha P. Myeloid-derived suppressor cells: linking
inflammation and cancer. J Immunol (2009) 182(8):4499-506. doi:10.4049/
jimmunol.0802740

9. Favaloro J, Liyadipitiya T, Brown R, Yang S, Suen H, Woodland N, et al.
Myeloid derived suppressor cells are numerically, functionally and phenotyp-
ically different in patients with multiple myeloma. Leuk Lymphoma (2014)
55(12):2893-900. doi:10.3109/10428194.2014.904511

10. Ramachandran IR, Martner A, Pisklakova A, Condamine T, Chase T, Vogl T,
et al. Myeloid-derived suppressor cells regulate growth of multiple myeloma
by inhibiting T cells in bone marrow. J Immunol (2013) 190(7):3815-23.
doi:10.4049/jimmunol.1203373

11. Gorgun GT, Whitehill G, Anderson JL, Hideshima T, Maguire C, Laubach J,
et al. Tumor-promoting immune-suppressive myeloid-derived suppressor
cells in the multiple myeloma microenvironment in humans. Blood (2013)
121(15):2975-87. doi:10.1182/blood-2012-08-448548

12. De Veirman K, Van Valckenborgh E, Lahmar Q, Geeraerts X, De Bruyne E,
Menu E, et al. Myeloid-derived suppressor cells as therapeutic target in hema-
tological malignancies. Front Oncol (2014) 4:349. d0i:10.3389/fonc.2014.00349

13. Raaijmakers MH. Myelodysplastic syndromes: revisiting the role of the bone
marrow microenvironment in disease pathogenesis. Int ] Hematol (2012)
95(1):17-25. d0i:10.1007/s12185-011-1001-x

14. Asada N, Katayama Y. Regulation of hematopoiesis in endosteal microenvi-
ronments. Int ] Hematol (2014) 99(6):679-84. d0i:10.1007/s12185-014-1583-1

15. Marcondes AM, Ramakrishnan A, Deeg HJ. Myeloid malignancies and the
marrow microenvironment: some recent studies in patients with MDS. Curr
Cancer Ther Rev (2009) 5(4):310-4. doi:10.2174/157339409789712681

Frontiers in Oncology | www.frontiersin.org

July 2016 | Volume 6 | Article 172


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.5045/br.2015.50.2.73
http://dx.doi.org/10.5045/br.2015.50.2.73
http://dx.doi.org/10.1038/leu.2014.325
http://dx.doi.org/10.1016/j.cell.2016.01.002
http://dx.doi.org/10.1016/j.cell.2016.01.002
http://dx.doi.org/10.1016/j.coi.2015.11.001
http://dx.doi.org/10.1016/j.exphem.2005.11.017
http://dx.doi.org/10.1016/j.exphem.2005.11.017
http://dx.doi.org/10.1182/blood-2002-10-3293
http://dx.doi.org/10.1172/JCI67580
http://dx.doi.org/10.4049/jimmunol.0802740
http://dx.doi.org/10.4049/jimmunol.0802740
http://dx.doi.org/10.3109/10428194.2014.904511
http://dx.doi.org/10.4049/jimmunol.1203373
http://dx.doi.org/10.1182/blood-2012-08-448548
http://dx.doi.org/10.3389/fonc.2014.00349
http://dx.doi.org/10.1007/s12185-011-1001-x
http://dx.doi.org/10.1007/s12185-014-1583-1
http://dx.doi.org/10.2174/157339409789712681

Lambert et al.

Immunity in BM and MDS

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Pang WW, Pluvinage JV, Price EA, Sridhar K, Arber DA, Greenberg PL, et al.
Hematopoietic stem cell and progenitor cell mechanisms in myelodysplastic
syndromes. Proc Natl Acad Sci U S A (2013) 110(8):3011-6. doi:10.1073/
pnas.1222861110

Lukackova R, Gerykova Bujalkova M, Majerova L, Mladosievicova B.
Molecular genetic methods in the diagnosis of myelodysplastic syndromes.
A review. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub (2014)
158(3):339-45. doi:10.5507/bp.2013.084

Aanei CM, Eloae FZ, Flandrin-Gresta P, Tavernier E, Carasevici E, Guyotat D,
et al. Focal adhesion protein abnormalities in myelodysplastic mesen-
chymal stromal cells. Exp Cell Res (2011) 317(18):2616-29. doi:10.1016/j.
yexcr.2011.08.007

Flores-Figueroa E, Gutierrez-Espindola G, Montesinos JJ, Arana-Trejo RM,
Mayani H. In vitro characterization of hematopoietic microenvironment cells
from patients with myelodysplastic syndrome. Leuk Res (2002) 26(7):677-86.
doi:10.1016/S0145-2126(01)00193-X

Xu S, Menu E, De Becker A, Van Camp B, Vanderkerken K, Van Riet 1.
Bone marrow-derived mesenchymal stromal cells are attracted by multiple
myeloma cell-produced chemokine CCL25 and favor myeloma cell growth
in vitro and in vivo. Stem Cells (2012) 30(2):266-79. doi:10.1002/stem.787
Carulli G. Effects of recombinant human granulocyte colony-stimulating
factor administration on neutrophil phenotype and functions. Haematologica
(1997) 82(5):606-16.

Schipperus MR, Sonneveld P, Lindemans J, van Lom K, Vlastuin M, Abels J.
Interleukin-6 and interleukin-1 enhancement of GM-CSF-dependent prolif-
eration of haematopoietic progenitor cells in myelodysplastic syndromes. Br
J Haematol (1991) 77(4):515-22. doi:10.1111/j.1365-2141.1991.tb08619.x
Verhoef GE, De Schouwer P, Ceuppens JL, Van Damme ], Goossens W,
Boogaerts MA. Measurement of serum cytokine levels in patients with myel-
odysplastic syndromes. Leukemia (1992) 6(12):1268-72.

Kyrtsonis MC, Repa C, Dedoussis GV, Mouzaki A, Simeonidis A,
Stamatelou M, et al. Serum transforming growth factor-beta 1 is related to
the degree of immunoparesis in patients with multiple myeloma. Med Oncol
(1998) 15(2):124-8. doi:10.1007/BF02989591

Allampallam K, Shetty V, Hussaini S, Mazzoran L, Zorat F, Huang R, et al.
Measurement of mRNA expression for a variety of cytokines and its receptors
in bone marrows of patients with myelodysplastic syndromes. Anticancer Res
(1999) 19(6B):5323-8.

Molnar L, Berki T, Hussain A, Nemeth P, Losonczy H. Detection of TNFalpha
expression in the bone marrow and determination of TNFalpha production
of peripheral blood mononuclear cells in myelodysplastic syndrome. Pathol
Oncol Res (2000) 6(1):18-23. doi:10.1007/BF03032653

Kordasti SY, Afzali B, Lim Z, Ingram W, Hayden J, Barber L, et al. IL-17-
producing CD4(+) T cells, pro-inflammatory cytokines and apoptosis are
increased in low risk myelodysplastic syndrome. Br J Haematol (2009)
145(1):64-72. doi:10.1111/j.1365-2141.2009.07593.x

Calado RT. Immunologic aspects of hypoplastic myelodysplastic syndrome.
Semin Oncol (2011) 38(5):667-72. doi:10.1053/j.seminoncol.2011.04.006
Akiyama K, Chen C, Wang D, Xu X, Qu C, Yamaza T, et al. Mesenchymal-stem-
cell-induced immunoregulation involves FAS-ligand-/FAS-mediated T cell
apoptosis. Cell Stem Cell (2012) 10(5):544-55. doi:10.1016/j.stem.2012.03.007
Shao LL, Zhang L, Hou Y, Yu S, Liu XG, Huang XY, et al. Th22 cells as well
as Th17 cells expand differentially in patients with early-stage and late-stage
myelodysplastic syndrome. PLoS One (2012) 7(12):¢51339. doi:10.1371/
journal.pone.0051339

Serio B, Risitano A, Giudice V, Montuori N, Selleri C. Immunological
derangement in hypocellular myelodysplastic syndromes. Transl Med UniSa
(2014) 8:31-42.

Trikha P, Carson WE III Signaling pathways involved in MDSC regulation.
Biochim Biophys Acta (2014) 1846(1):55-65. doi:10.1016/j.bbcan.2014.04.003
Shetty V, Hussaini S, Alvi S, Joshi L, Shaher A, Dangerfield B, et al
Excessive apoptosis, increased phagocytosis, nuclear inclusion bodies
and cylindrical confronting cisternae in bone marrow biopsies of myel-
odysplastic syndrome patients. Br ] Haematol (2002) 116(4):817-25.
doi:10.1046/j.0007-1048.2002.03366.x

Dogusan Z, Montecino-Rodriguez E, Dorshkind K. Macrophages and stromal
cells phagocytose apoptotic bone marrow-derived B lineage cells. ] Immunol
(2004) 172(8):4717-23. doi:10.4049/jimmunol.172.8.4717

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Dimicoli S, Wei Y, Bueso-Ramos C, Yang H, Dinardo C, Jia Y, et al
Overexpression of the toll-like receptor (TLR) signaling adaptor MYD88,
but lack of genetic mutation, in myelodysplastic syndromes. PLoS One (2013)
8(8):€71120. doi:10.1371/journal.pone.0071120

Velegraki M, Papakonstanti E, Mavroudi I, Psyllaki M, Tsatsanis C, Oulas A,
et al. Impaired clearance of apoptotic cells leads to HMGBI release in the
bone marrow of patients with myelodysplastic syndromes and induces
TLR4-mediated cytokine production. Haematologica (2013) 98(8):1206-15.
doi:10.3324/haematol.2012.064642

Wei Y, Dimicoli S, Bueso-Ramos C, Chen R, Yang H, Neuberg D, et al.
Toll-like receptor alterations in myelodysplastic syndrome. Leukemia (2013)
27(9):1832-40. doi:10.1038/leu.2013.180

Cheng P, Corzo CA, Luetteke N, Yu B, Nagaraj S, Bui MM, et al. Inhibition
of dendritic cell differentiation and accumulation of myeloid-derived
suppressor cells in cancer is regulated by SI00A9 protein. ] Exp Med (2008)
205(10):2235-49. doi:10.1084/jem.20080132

Liu S, Liu X, Zou P, Song S, Wang B. Immunohistochemical study of T lym-
phocyte subsets on frozen substituted plastic embedding section of the bone
marrow from patients with myelodysplastic syndrome and its clinical implica-
tion. J Tongji Med Univ (1999) 19(3):198-202. doi:10.1007/BF02887733
Selleri C, Maciejewski JP, Catalano L, Ricci P, Andretta C, Luciano L, et al.
Effects of cyclosporine on hematopoietic and immune functions in patients
with hypoplastic myelodysplasia: in vitro and in vivo studies. Cancer (2002)
95(9):1911-22. doi:10.1002/cncr.10915

Zhou ], Orazi A, Czader MB. Myelodysplastic syndromes. Semin Diagn Pathol
(2011) 28(4):258-72. d0i:10.1053/j.semdp.2011.08.005

Tormo M, Marugan I, Calabuig M. Myelodysplastic syndromes: an update on
molecular pathology. Clin Transl Oncol (2010) 12(10):652-61. doi:10.1007/
$12094-010-0574-9

Kook H, Zeng W, Guibin C, Kirby M, Young NS, Maciejewski JP. Increased
cytotoxic T cells with effector phenotype in aplastic anemia and myelodys-
plasia. Exp Hematol (2001) 29(11):1270-7. doi:10.1016/S0301-472X(01)
00736-6

Aggarwal N, Swerdlow SH, TenEyck SP, Boyiadzis M, Felgar RE. Natural killer
cell (NK) subsets and NK-like T-cell populations in acute myeloid leukemias
and myelodysplastic syndromes. Cytometry B Clin Cytom (2016). doi:10.1002/
cyto.b.21349

Chamuleau ME, Westers TM, van Dreunen L, Groenland ], Zevenbergen A,
Eeltink CM, et al. Immune mediated autologous cytotoxicity against
hematopoietic precursor cells in patients with myelodysplastic syndrome.
Haematologica (2009) 94(4):496-506. doi:10.3324/haematol.13612

Sloand EM, Rezvani K. The role of the immune system in myelodysplasia:
implications for therapy. Semin Hematol (2008) 45(1):39-48. doi:10.1053/j.
seminhematol.2007.11.006

Alfinito F, Sica M, Luciano L, Pepa RD, Palladino C, Ferrara I, et al. Immune
dysregulation and dyserythropoiesis in the myelodysplastic syndromes.
Br ] Haematol (2010) 148(1):90-8. doi:10.1111/j.1365-2141.2009.07921.x
Feng X, Scheinberg P, Wu CO, Samsel L, Nunez O, Prince C, et al. Cytokine
signature profiles in acquired aplastic anemia and myelodysplastic syndromes.
Haematologica (2011) 96(4):602-6. doi:10.3324/haematol.2010.030536
Kornblau SM, McCue D, Singh N, Chen W, Estrov Z, Coombes KR. Recurrent
expression signatures of cytokines and chemokines are present and are inde-
pendently prognostic in acute myelogenous leukemia and myelodysplasia.
Blood (2010) 116(20):4251-61. doi:10.1182/blood-2010-01-262071

Kiladjian JJ, Fenaux P, Caignard A. Defects of immune surveillance offer new
insights into the pathophysiology and therapy of myelodysplastic syndromes.
Leukemia (2007) 21(11):2237-9. doi:10.1038/sj.leu.2404868

Meers S, Vandenberghe P, Boogaerts M, Verhoef G, Delforge M. The clinical
significance of activated lymphocytes in patients with myelodysplastic syn-
dromes: a single centre study of 131 patients. Leuk Res (2008) 32(7):1026-35.
doi:10.1016/j.leukres.2007.10.004

Hejazi M, Manser AR, Frobel J, Kundgen A, Zhao X, Schonberg K, et al.
Impaired cytotoxicity associated with defective natural killer cell differenti-
ation in myelodysplastic syndromes. Haematologica (2015) 100(5):643-52.
doi:10.3324/haematol.2014.118679

Ogata K, Tamura H, Yokose N, An E, Dan K, Hamaguchi H, et al. Effects
of interleukin-12 on natural killer cell cytotoxicity and the production
of interferon-gamma and tumour necrosis factor-alpha in patients with

Frontiers in Oncology | www.frontiersin.org

July 2016 | Volume 6 | Article 172


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1073/pnas.1222861110
http://dx.doi.org/10.1073/pnas.1222861110
http://dx.doi.org/10.5507/bp.2013.084
http://dx.doi.org/10.1016/j.yexcr.2011.08.007
http://dx.doi.org/10.1016/j.yexcr.2011.08.007
http://dx.doi.org/10.1016/S0145-2126(01)00193-X
http://dx.doi.org/10.1002/stem.787
http://dx.doi.org/10.1111/j.1365-2141.1991.tb08619.x
http://dx.doi.org/10.1007/BF02989591
http://dx.doi.org/10.1007/BF03032653
http://dx.doi.org/10.1111/j.1365-2141.2009.07593.x
http://dx.doi.org/10.1053/j.seminoncol.2011.04.006
http://dx.doi.org/10.1016/j.stem.2012.03.007
http://dx.doi.org/10.1371/journal.pone.0051339
http://dx.doi.org/10.1371/journal.pone.0051339
http://dx.doi.org/10.1016/j.bbcan.2014.04.003
http://dx.doi.org/10.1046/j.0007-1048.2002.03366.x
http://dx.doi.org/10.4049/jimmunol.172.8.4717
http://dx.doi.org/10.1371/journal.pone.0071120
http://dx.doi.org/10.3324/haematol.2012.064642
http://dx.doi.org/10.1038/leu.2013.180
http://dx.doi.org/10.1084/jem.20080132
http://dx.doi.org/10.1007/BF02887733
http://dx.doi.org/10.1002/cncr.10915
http://dx.doi.org/10.1053/j.semdp.2011.08.005
http://dx.doi.org/10.1007/s12094-010-0574-9
http://dx.doi.org/10.1007/s12094-010-0574-9
http://dx.doi.org/10.1016/S0301-472X(01)00736-6
http://dx.doi.org/10.1016/S0301-472X(01)00736-6
http://dx.doi.org/10.1002/cyto.b.21349
http://dx.doi.org/10.1002/cyto.b.21349
http://dx.doi.org/10.3324/haematol.13612
http://dx.doi.org/10.1053/j.seminhematol.2007.11.006
http://dx.doi.org/10.1053/j.seminhematol.2007.11.006
http://dx.doi.org/10.1111/j.1365-2141.2009.07921.x
http://dx.doi.org/10.3324/haematol.2010.030536
http://dx.doi.org/10.1182/blood-2010-01-262071
http://dx.doi.org/10.1038/sj.leu.2404868
http://dx.doi.org/10.1016/j.leukres.2007.10.004
http://dx.doi.org/10.3324/haematol.2014.118679

Lambert et al.

Immunity in BM and MDS

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

myelodysplastic syndromes. Br | Haematol (1995) 90(1):15-21. doi:10.111
1/j.1365-2141.1995.tb03375.x
ZengW,MaciejewskiJP,ChenG,Risitano AM, KirbyM, KajigayaS, etal. Selective
reduction of natural killer T cells in the bone marrow of aplastic anaemia.
Br ] Haematol (2002) 119(3):803-9. doi:10.1046/j.1365-2141.2002.03875.x
Konjevic G, Jurisic V, Jovic V, Vuletic A, Mirjacic Martinovic K, Radenkovic S,
et al. Investigation of NK cell function and their modulation in different
malignancies. Immunol Res (2012) 52(1-2):139-56. d0i:10.1007/s12026-012-
8285-7

Marcondes AM, Mhyre AJ, Stirewalt DL, Kim SH, Dinarello CA, Deeg HJ.
Dysregulation of IL-32 in myelodysplastic syndrome and chronic myelo-
monocytic leukemia modulates apoptosis and impairs NK function. Proc Natl
Acad Sci U S A (2008) 105(8):2865-70. doi:10.1073/pnas.0712391105
Epling-Burnette PK, List AF. Advancements in the molecular pathogen-
esis of myelodysplastic syndrome. Curr Opin Hematol (2009) 16(2):70-6.
doi:10.1097/MOH.0b013e3283257ac7

Gleason MK, Ross JA, Warlick ED, Lund TC, Verneris MR, Wiernik A, et al.
CD16xCD33 bispecific killer cell engager (BiKE) activates NK cells against
primary MDS and MDSC CD33+ targets. Blood (2014) 123(19):3016-26.
doi:10.1182/blood-2013-10-533398

Fujii S, Shimizu K, Klimek V, Geller MD, Nimer SD, Dhodapkar MV. Severe
and selective deficiency of interferon-gamma-producing invariant natural
killer T cells in patients with myelodysplastic syndromes. Br ] Haematol
(2003) 122(4):617-22. doi:10.1046/j.1365-2141.2003.04465.x

Bouchliou I, Miltiades P, Nakou E, Spanoudakis E, Goutzouvelidis A,
Vakalopoulou S, et al. Th17 and Foxp3(+) T regulatory cell dynamics and dis-
tribution in myelodysplastic syndromes. Clin Immunol (2011) 139(3):350-9.
doi:10.1016/j.clim.2011.03.001

Mailloux AW, Epling-Burnette PK. Effector memory regulatory T-cell expan-
sion marks a pivotal point of immune escape in myelodysplastic syndromes.
Oncoimmunology (2013) 2(2):e22654. doi:10.4161/0nc¢i.22654

Vinh DC, Patel SY, Uzel G, Anderson VL, Freeman AF, Olivier KN, et al.
Autosomal dominant and sporadic monocytopenia with susceptibility to
mycobacteria, fungi, papillomaviruses, and myelodysplasia. Blood (2010)
115(8):1519-29. doi:10.1182/blood-2009-03-208629

Dickinson RE, Milne P, Jardine L, Zandi S, Swierczek SI, McGovern N, et
al. The evolution of cellular deficiency in GATA2 mutation. Blood (2014)
123(6):863-74. doi:10.1182/blood-2013-07-517151

Ryu T, Ikeda M, Okazaki Y, Tokuda H, Yoshino N, Honda M, et al.
Myelodysplasia associated with acquired immunodeficiency syndrome. Intern
Med (2001) 40(8):795-801. doi:10.2169/internalmedicine.40.795

Stirewalt DL, Mhyre AJ, Marcondes M, Pogosova-Agadjanyan E, Abbasi N,
Radich JP, et al. Tumour necrosis factor-induced gene expression in human
marrow stroma: clues to the pathophysiology of MDS? Br ] Haematol (2008)
140(4):444-53. d0i:10.1111/j.1365-2141.2007.06923.x

Kerbauy DB, Deeg HJ. Apoptosis and antiapoptotic mechanisms in the pro-
gression of myelodysplastic syndrome. Exp Hematol (2007) 35(11):1739-46.
doi:10.1016/j.exphem.2007.09.007

Jurisic V, Bogdanovic G, Srdic T, Jakimov D, Mrdjanovic ], Baltic M, et al.
Modulation of TNF-alpha activity in tumor PC cells using anti-CD45
and anti-CD95 monoclonal antibodies. Cancer Lett (2004) 214(1):55-61.
doi:10.1016/j.canlet.2004.05.011

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Jurisic V, Bogdanovic G, Kojic V, Jakimov D, Srdic T. Effect of TNF-alpha
on Raji cells at different cellular levels estimated by various methods. Ann
Hematol (2006) 85(2):86-94. d0i:10.1007/s00277-005-0010-3

Capocasale RJ, Makropoulos DA, Achuthanandam R, Stowell N, Quinn J,
Rafferty PA, et al. Myelodysplasia and anemia of chronic disease in human
tumor necrosis factor-alpha transgenic mice. Cytometry A (2008) 73(2):148—
59. d0i:10.1002/cyto.a.20512

Akiyama T, Matsunaga T, Terui T, Miyanishi K, Tanaka I, Sato T, et al.
Involvement of transforming growth factor-beta and thrombopoietin in the
pathogenesis of myelodysplastic syndrome with myelofibrosis. Leukemia
(2005) 19(9):1558-66. doi:10.1038/sj.leu.2403875

Kreipe H, Busche G, Bock O, Hussein K. Myelofibrosis: molecular and cell bio-
logical aspects. (Suppl 1 Proceedings of fibroproliferative disorders: from bio-
chemical analysis to targeted therapies, Petro E. Petrides and David Brenner).
Fibrogenesis Tissue Repair (2012) 5:521. d0i:10.1186/1755-1536-5-S1-S21
Chen HW, Chen HY, Wang LT, Wang FH, Fang LW, Lai HY, et al. Mesenchymal
stem cells tune the development of monocyte-derived dendritic cells toward
a myeloid-derived suppressive phenotype through growth-regulated
oncogene chemokines. JImmunol (2013) 190(10):5065-77. doi:10.4049/
jimmunol.1202775

Martin S, Baldock SC, Ghoneim AT, Child JA. Defective neutrophil function
and microbicidal mechanisms in the myelodysplastic disorders. J Clin Pathol
(1983) 36(10):1120-8. doi:10.1136/jcp.36.10.1120

Meers S. The myelodysplastic syndromes: the era of understanding. Eur
J Haematol (2015) 94(5):379-90. doi:10.1111/ejh.12443

Sternberg A, Killick S, Littlewood T, Hatton C, Peniket A, Seidl T, et al.
Evidence for reduced B-cell progenitors in early (low-risk) myelodysplastic
syndrome. Blood (2005) 106(9):2982-91. doi:10.1182/blood-2005-04-1543
Frietsch JJ, Dornaus S, Neumann T, Scholl S, Schmidt V, Kunert C, et al.
Paraneoplastic inflammation in myelodysplastic syndrome or bone marrow
failure: case series with focus on 5-azacytidine and literature review. Eur
] Haematol (2014) 93(3):247-59. doi:10.1111/ejh.12311

Barcellini W, Zaninoni A, Imperiali FG, Boschetti C, Colombi M, Iurlo A,
et al. Anti-erythroblast autoimmunity in early myelodysplastic syndromes.
Haematologica (2007) 92(1):19-26. doi:10.3324/haematol.10546

Visconte V, Lindsley RC, Berlyne D. Aplastic anemia & MDS International
Foundation (AA&MDSIF): Bone Marrow Failure Disease Scientific Symposium
2014. Leuk Res (2015) 39(1):110-3. doi:10.1016/j.leukres.2014.11.008
Takaku T, Miyazawa K, Sashida G, Shoji N, Shimamoto T, Yamaguchi N, et al.
Hepatosplenic alphabeta T-cell lymphoma with myelodysplastic syndrome.
Int ] Hematol (2005) 82(2):143-7. doi:10.1532/IJH97.04149

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Lambert, Wu and Aanei. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

July 2016 | Volume 6 | Article 172


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1111/j.1365-2141.1995.tb03375.x
http://dx.doi.org/10.1111/j.1365-2141.1995.tb03375.x
http://dx.doi.org/10.1046/j.1365-2141.2002.03875.x
http://dx.doi.org/10.1007/s12026-012-8285-7
http://dx.doi.org/10.1007/s12026-012-8285-7
http://dx.doi.org/10.1073/pnas.0712391105
http://dx.doi.org/10.1097/MOH.0b013e3283257ac7
http://dx.doi.org/10.1182/blood-2013-10-533398
http://dx.doi.org/10.1046/j.1365-2141.2003.04465.x
http://dx.doi.org/10.1016/j.clim.2011.03.001
http://dx.doi.org/10.4161/onci.22654
http://dx.doi.org/10.1182/blood-2009-03-208629
http://dx.doi.org/10.1182/blood-2013-07-517151
http://dx.doi.org/10.2169/internalmedicine.40.795
http://dx.doi.org/10.1111/j.1365-2141.2007.06923.x
http://dx.doi.org/10.1016/j.exphem.2007.09.007
http://dx.doi.org/10.1016/j.canlet.2004.05.011
http://dx.doi.org/10.1007/s00277-005-0010-3
http://dx.doi.org/10.1002/cyto.a.20512
http://dx.doi.org/10.1038/sj.leu.2403875
http://dx.doi.org/10.1186/1755-1536-5-S1-S21
http://dx.doi.org/10.4049/jimmunol.1202775
http://dx.doi.org/10.4049/jimmunol.1202775
http://dx.doi.org/10.1136/jcp.36.10.1120
http://dx.doi.org/10.1111/ejh.12443
http://dx.doi.org/10.1182/blood-2005-04-1543
http://dx.doi.org/10.1111/ejh.12311
http://dx.doi.org/10.3324/haematol.10546
http://dx.doi.org/10.1016/j.leukres.2014.11.008
http://dx.doi.org/10.1532/IJH97.04149
http://creativecommons.org/licenses/by/4.0/

	Bone Marrow Immunity and Myelodysplasia
	Immunity in Bone Marrow
	Feeding Activity of the Stroma in Normal Bone Marrow
	Possible Role of Microenvironment in MDS
	Immune Disorders Associated with Myelodysplastic Bone Marrow
	Immune Response Acts Against MDS Progression
	Defect in Immuno Surveillance Favors MDS
	Immune Disorders Participating to MDS Physiopathology
	MDS Can Impair the Immune Response
	Author Contributions
	References


