Clinical Immunology 204 (2019) 69-73

journal homepage: www.elsevier.com/locate/yclim

Contents lists available at ScienceDirect =
Clinical Immunology
- B
Clinical Immunology i

i

Review Article

The role of surface molecule CD229 in Multiple Myeloma

Michael Olson, Sabarinath Venniyil Radhakrishnan, Tim Luetkens, Djordje Atanackovic*

Check for
updates

5

Multiple Myeloma Program & Cancer Immunotherapy, Hematology and Hematologic Malignancies, University of Utah/Huntsman Cancer Institute, Salt Lake City, UT,

United States

ARTICLE INFO ABSTRACT

Keywords:

Multiple Myeloma
CD229

SLAMF3

SLAM family receptors
Diagnostic markers
Immunotherapy
Monoclonal antibody
CAR T cells

The outcome of Multiple Myeloma (MM) patients has dramatically improved, however, most patients will still
succumb to their disease. Additional therapeutic options are urgently needed and novel immunotherapies are
enormously promising in the therapeutic armamentarium against MM. The first step in the development of any
immunotherapy needs to be the identification of an appropriate target structure. In this review we present the
current knowledge on surface molecule CD229, a member of the Signaling Lymphocyte Activation (SLAM) fa-
mily of immune receptors. We believe that based on its characteristics, including (1) strong and homogenous
expression on all myeloma cells, (2) expression on myeloma precursors, (3) absence from most normal tissues,
(4) a central function in the biology of MM, CD229 (SLAMF3) represents a promising target for anti-MM im-

munotherapies. The introduction of novel anti-CD229 approaches into the clinic will hopefully lead to more
durable responses, or maybe even cures, in MM.

1. Introduction

Multiple Myeloma (MM) is a hematologic malignancy which de-
velops from the malignant transformation of a plasma cell clone in the
patient's bone marrow (BM). MM can cause renal failure, im-
munosuppression with infections, bone marrow failure with anemia,
hypercalcemia, and lytic bone lesions [1]. In the past 15 years we have
seen impressive advances in the patients' outcome, however, almost all
patients will still eventually develop refractory disease and suffer a fatal
relapse.

It has been proposed that most relapses are due to the persistence of
chemotherapy-resistant precursor cells [2-4] in the BM even after de-
struction of the bulk of tumor cells [5-8]. Accordingly, it has repeatedly
been shown that the persistence of minimal residual disease (MRD)
after conventional anti-myeloma therapies results in a reduced survival
in MM patients [9]. The identification of appropriate im-
munotherapeutic targets expressed by chemotherapy-resistant mye-
loma precursors could potentially result in the eradication of the dis-
ease eventually resulting in cures.

A crucial step in the design in design of any novel im-
munotherapeutic approach is the identification of a promising target
antigen. We have previously defined a number of characteristics, which
can help to rank potential candidates. We think that an ideal myeloma-
associated antigen for antibody-based approaches...

1) ...must be expressed on the surface of myeloma cells

2) ...should be expressed by as few normal tissues as possible

3) ...should be expressed by a sufficiently large proportion of myeloma
patients

4) ...should homogeneously be expressed by the tumor cells of a given
patient

5) ...should have a central function in the biology and/or pathophy-
siology of myeloma in order to prevent its downregulation under the
selection pressure of an effective immunotherapy

In this review we will determine whether the SLAM family member
CD229 fulfills these criteria and whether this receptor could be devel-
oped into a target for antibody-mediated immunotherapies for MM.

2. SLAM family member CD229

CD229 (Ly9, SLAMF3) belongs to the Signaling Lymphocyte
Activation Molecule (SLAM) family of immune receptors. Like other
members of the SLAM family, CD229 has been implicated in lympho-
cyte development and function and is highly expressed on a variety of
lymphocyte subsets [10-15]. Interestingly, the extracellular domain
(ECD) of CD229 is composed of 4 immunoglobulin-like domains unlike
the typical 2 domains found in other SLAM family receptors [10]. The
first and third domains are V-like domains while the second and fourth

* Corresponding author: Multiple Myeloma Program & Cancer Immunotherapy, Division of Hematology and Hematologic Malignancies, University of Utah/
Huntsman Cancer Institute, 2000 Circle of Hope Drive, Salt Lake City, UT 84112, United States.

E-mail address: djordje.atanackovic@hci.utah.edu (D. Atanackovic).

https://doi.org/10.1016/j.clim.2018.10.006

Received 16 September 2018; Received in revised form 12 October 2018; Accepted 12 October 2018

Available online 13 October 2018
1521-6616/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/15216616
https://www.elsevier.com/locate/yclim
https://doi.org/10.1016/j.clim.2018.10.006
https://doi.org/10.1016/j.clim.2018.10.006
mailto:djordje.atanackovic@hci.utah.edu
https://doi.org/10.1016/j.clim.2018.10.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clim.2018.10.006&domain=pdf

M. Olson et al.

domains are similar to IgSF-truncated C2 set domains [10]. The ECD of
CD229 interacts homophillicaly through its N-terminal V-like domain;
this interaction appears to occur regardless of species as human CD229-
Ig has been shown to bind cells expressing mouse CD229 and vice versa
[16]. The intracellular domain of CD229 includes two immunoreceptor
tyrosine-based signaling motifs (ITSMs) as well as additional tyrosine
residues that function as SH2 domain binding sites following phos-
phorylation - these domains are critical for CD229 signaling and en-
docytosis [17,18].

The heart of CD229 signaling lies in its two intracellular ITSMs (T-
V/I-Y-xx-V/I). The SH2 domain of SLAM associated protein (SAP) in T-
cells and NK cells competes for binding of pTyr residues Y558 and Y581
in the ITSMs of CD229 with the inhibitory protein-tyrosine phosphatase
SHP-2 [17,18]. Similarly, in B cells, the SH2 domain of Ewing sarcoma
transcript 2 (EAT-2) competes for binding of pTyr residues in CD229's
ITSMs with SHP-2 [17]. Due to the relatively low dissociation constant
of the SAP-ITSM interaction, SAP tends to dominate binding of the
intracellular domain of CD229 where it can then promote phosphor-
ylation of additional Tyr residues via recruitment of src-like protein
tyrosine kinases (PTKs) FynT and Lck [17,19].

CD229 signaling has been shown to decrease ERK phosphorylation
downstream of TCR signaling, resulting in decreased IFNy production
[20]. The competition between SAP/EAT-2 and tyrosine phosphatases
such as SHP-2 allows the cell to tightly regulate CD229 function. The
importance of the fine tuning of immunity regulated by this mechanism
is exemplified in the autoimmune disorder systemic lupus er-
ythematosus. Here, a polymorphism in the first ITSM of CD229 results
in increased SAP-CD229 binding affinity and a subsequent increased
level of CD69 upregulation after CD3 stimulation [21]. Ultimately, the
presence of this polymorphism has been shown to confer susceptibility
to SLE in linkage studies [22].

CD229 signaling is further regulated by rapid internalization fol-
lowing receptor ligation. Del Valle et al. demonstrated that CD229 is
the only member of the SLAM family to bind the u2 (AP50) domain of
the clathrin-associated adaptor complex AP-2 in T and B lymphocytes
[23]. Association of the adapter complex AP-2 with CD229 is crucial for
receptor endocytosis [23]. Interestingly, it was later determined that
growth factor receptor-bound protein 2 (Grb2) also plays an important
role in CD229 endocytosis [20]. Although Grb2 is classically known as
an adapter protein in Ras/MAPK signaling, it has also been shown to
play a role in EGFR endocytosis [24,25]. In the case of CD229, it was
shown that Grb2 binds the cytoplasmic domain of CD229 and promotes
receptor internalization [20]. Specifically, site-directed mutagenesis of
the critical Grb2 SH2 domain binding residue in CD229 greatly reduced
CD229 internalization following receptor ligation [20]. Interestingly,
TCR and BCR signaling promote phosphorylation, likely through
downstream activation of Fyn kinase, and subsequent endocytosis of
CD229 [19,23]. CD229 phosphorylation following TCR ligation, spe-
cifically, has been shown to be essential for Grb2 recruitment and en-
docytosis of CD229 [20]. The interplay between CD229 and TCR/BCR
signaling is clearly a highly regulated and finely tuned process; the
importance of CD229 in regulating TCR and BCR signaling can be seen
in the autoimmune phenotype found in CD229—/— mice as will be
discussed later in this review.

3. CD229 function in normal B cells

CD229 function in B cells remains poorly understood with only two
studies seeking to address this question. The first study to address
CD229 function in B cells established its importance in protection
against an autoimmune B cell phenotype. In this study, de Salort et al.
observed increased anti-nuclear, ds-DNA and nucleosome antibody
production in CD229 — / — mice vs WT BALB/c mice [14]. Additionally,
a significant increase in numbers of T1 transitional, marginal zone (MZ)
and germinal center (GC) B cells accompanied by splenomegaly was
observed in CD229—/— mice [14]. Expansion of innate-like B cell
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subsets and splenomegaly are both implicated in autoimmunity
[26-28]. Taken together, this data suggests that CD229 may play a role
in restraining B cell immunity in order to prevent the formation of a B
cell mediated autoimmune phenotype.

Three years later the same group published another paper further
elucidating the function of CD229 in B cells. Once again, the group
demonstrated increased levels of innate-like splenic B cells including
T1, MZ and Bla B-cells [15]. The elevated levels of MZ and Bla cells
correlated with an increase of humoral IgG3 antibody as MZ and Bla
cells are a known primary source of IgG3 in the absence of antigen [15].
Medsker et al. also found increased antibody response to T-independent
type II antigens, this response included increased production of 2,4,6-
Trinitrophenyl (TNP)-specific 1gG2a, IgG2b and IgG3 [15]. Since the
group observed no change in marginal zone structure or signaling, they
concluded that the elevated B cell response to antigen in CD229—/—
mice is B cell intrinsic and not due to changes in spleen architecture.
Treatment of BALB/c mice with a CD229 mAb (Ly9.7.144) completely
depleted the MZ B cell population and significantly reduced the B1 cell
population resulting in reduced antibody production against T-depen-
dent and T-independent type I and type II antigens [15]. Interestingly,
this effect was shown to be independent of NKT cells as treatment of
NKT-deficient CD1d —/ — mice with CD229 mAD had the same effect on
the T cell-dependent response [15]. CD229 mAb treatment also un-
expectedly decreased surface levels of the B cell co-receptor complex,
composed of CD19, CD21 and CD81 [15]. The researchers hypothesized
that the downregulation of CD19 may drive some effects not seen in
CD229—/— mice, including reduced B cell proliferation and survival.
Ultimately, it is difficult to determine whether the effects on B cell
function seen with treatment of CD229 mAbD are strictly due to CD229
activation, especially since CD19 levels have not been studied in
CD229—/— mice.

4. Expression of CD229 in Multiple Myeloma

We first identified CD229 as a potential therapeutic target in MM
when we applied a protein array to lysates of myeloma cell lines and
described CD229 as a surface molecule overexpressed on MM cells [29].
We were also able to show that CD229 is the only SLAM family member
that is strongly expressed both at the RNA level as well as on the surface
protein of 100% of all established myeloma cell lines. Even more im-
portantly, our analyses showed for the first time that CD229 is con-
sistently and homogeneously found on the cell surface of the malignant
plasma cells from all patients with MM. We also observed strong and
homogeneous expression of CD229 independent of the patients' disease
stage or current treatment [29], a finding which was later confirmed by
Muccio and coauthors [30].

In a subsequent study we confirmed that CD229 is not only over-
expressed on the malignant plasma cells from patients with MM but also
on the tumor cells of patients with the myeloma precursor lesion
Monoclonal Gammopathy of Undetermined Significance (MGUS) and
those from patients with indolent Smoldering Multiple Myeloma [31].
The finding of equally strong and homogenous expression of CD229 on
MGUS and MM plasma cells was confirmed by others [32] and Ishibashi
et al. underlined the fact that CD229 is highly and constitutively ex-
pressed on plasma cells from patients with MGUS, SMM and MM re-
gardless of disease stage or previous treatment [33]. Strong and
homogenous expression of CD229 was even detected on extramedullary
MM manifestations and plasmacytomas [34]. Accordingly, Pojero et al.
concluded that out of a variety of myeloma-associated surface markers
CD229 is the most reliable alternative to CD38 or CD138 for the
identification of plasma cells, for example in patients undergoing anti-
CD38 or anti-CD138 therapy [34].

Looking at the presence of soluble CD229 protein in the patients'
serum instead of surface expression, Ishibashi et al. found that soluble
CD229 levels were significantly higher in symptomatic MM than in
asymptomatic MM and MGUS and markedly increased in advanced
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Fig. 1. Targeting CD229 in Multiple Myeloma.

The elevated expression of CD229 on abnormal plasma cells provides numerous avenues for tumor-directed treatment in multiple myeloma. Antibodies specific for
CD229 can be used to promote complement or antibody cellular dependent cytotoxicity (CDC/ADCC), recruit cytotoxic effector cells to the tumor microenvironment
(bispecific antibodies) or confer tumor specificity to chemotherapeutic drugs (antibody-drug conjugates). Additionally, CAR T-cells targeting CD229 provide direct

and prolonged immune response to myeloma cells.

MM. Furthermore, they showed that MM patients with relatively high
levels of soluble CD229 evidenced more aggressive clinical character-
istics and shorter progression-free survival times than those with rela-
tively lower levels [33].

The question whether CD229 is expressed on all conventional tumor
cells from MM patients is obviously of major relevance, however, we
believe that it is of equal importance to determine whether the antigen
is present on the subpopulation of tumor cells promoting the develop-
ment, survival, and progression of MM if the goal is to achieve cures. In
order to destroy the tumor bulk as well as MM-promoting precursors
and eventually eradicate the disease, it may be necessary to attack it
from different biological angles using a variety of modalities, including
immunotherapeutic approaches,

It has recently been shown that myeloma-propagating activity is the
exclusive property of a cell subpopulation characterized by its ability
for bidirectional transition between the dominant CD19-CD138+
plasma cell fraction and a small fraction of pre-PCs expressing a CD19-
CD138- phenotype [3]. It has also been demonstrated that pre-PCs are
more quiescent, are enriched in epigenetic regulators, and are up to
300-fold more drug-resistant than the common malignant PCs of mye-
loma patients [3]. Importantly, we have shown that in the BM of
myeloma patients conventional PC as well as CD138-negative pre-PC
myeloma-propagating cells expressed similarly high levels of surface
molecule CD229 [31].

These combined data suggested to us that CD229 could potentially
serve as a novel target for anti-myeloma immunotherapies such as
monoclonal antibodies or chimeric antigen receptor (CAR) T cells if its
expression is sufficiently specific for the malignant cells.

5. CD229 expression in normal tissues

Studying CD229 mRNA expression within a wide variety of healthy
human tissues using real-time PCR we found relatively high levels of
CD229 mRNA only in lymphatic tissues such as the thymus, spleen and
tonsillar tissue as well as in the bone marrow and within PBMC. No
expression or only trace levels of CD229 mRNA were found in the other
human tissue tested [29]. Further dissecting CD229 expression within
human lymphatic organs, flow cytometry was applied to leukocytes
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derived from normal human bone marrow, tonsils, and peripheral
blood. We detected CD229 surface expression on T helper cells
(CD3 + CD4+), cytotoxic T cells (CD3 + CD8+), natural killer cells
(CD3-CD56 +), and B cells (CD3-CD19+). In contrast, CD229 was not
expressed on monocytes (CD14+) or neutrophils (CD15+). Im-
portantly, CD229 was also absent from CD34+ hematopoietic pro-
genitor cells isolated from donor-derived bone marrow [29].

When we compared CD229 expression levels on myeloma cells
versus normal blood and bone marrow cells, we found that the intensity
of CD229 staining was always higher on myeloma cells compared to
other lymphocyte cell types, such as normal T cells and B cells, found
within the bone marrow of the myeloma patients [29]. Furthermore,
compared to healthy controls, MM patients generally showed higher
CD229 expression on their BM-residing plasma cells [29].

6. Function of CD229 in Multiple Myeloma

As explained above, we believe that it is of an advantage if a ther-
apeutic target plays an important role in the biology of a given tumor
type. We examined the function of CD229 in MM by downregulating its
expression in MM and found that CD229 protects the malignant cells
from spontaneous apoptosis [29]. In accordance with our findings,
Ishibashi et al. have recently demonstrated that CD229 overexpression
in KMS34 cells promoted the proliferative and antiapoptotic potential
of the cells [33]. In addition, we found that co-treatment of myeloma
cell lines with CD229 siRNA and conventional anti-myeloma drugs
melphalan and bortezomib increased anti-myeloma cytotoxicity in-
dicating a potential use for CD229 as an adjunct to conventional ther-
apeutic approaches in MM [29].

Importantly, asking whether CD229 gene silencing would also have
an effect on myeloma-propagating progenitors we used a standard
colony-forming assay and we detected a significantly reduced number
of cell colonies after transfection with CD229-specific siRNA [29].

7. Therapeutic use of CD229 in Multiple Myeloma

Different types of anti-CD229 approaches are currently under de-
velopment in our lab. In a pilot experiment, using a murine CD229-
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specific antibody, we observed induction of strong antibody-dependent
cellular cytotoxicity (ADCC) as well as complement-dependent cyto-
toxicity (CDC) against MM cell lines. These findings indicated to us that
a monoclonal antibody directed against surface molecule CD229 could
in principle be developed into a promising instrument for the therapy of
MM [29].

We propose that based on its characteristics, which include (1)
strong and homogenous expression on all myeloma cells, (2) expression
even on myeloma precursor cells, (3) absence from most normal tissues,
and (4) a central function in the biology of MM, CD229 represents a
preferable target for anti-MM immunotherapies. Since CD229 is ex-
pressed on the surface of the myeloma tumor cell, it can be used as
target for monoclonal antibodies, immunoconjugates, bi-specific T cell
engagers (BiTEs), and chimeric antigen receptor (CAR) T cells (Fig. 1).
Our group has developed CAR T cells targeting CD229 and this ap-
proach is currently being translated into the clinic.

A potential disadvantage of CD229 as a therapeutic target is its
expression on normal lymphocyte subsets such as B cells, NK cells, and
T cells. Although the expression of CD229 seems to be lower on normal
lymphocytes compared to malignant myeloma plasma cells, this could
potentially result in on-target and off-tissue toxicity for example after
the use of CD229-specific CAR T cells. However, the expression of
CD229 on earlier-stage B cells may also be an advantage allowing for
the elimination of myeloma cell precursors thereby helping to reduce
relapse rates after a CD229-specific immunotherapy.

8. Conclusions

CD229 is an intriguing new therapeutic target for the treatment of
MM, due to its strong and homogeneous expression on the malignant
plasma cells of patients with newly diagnosed as well as relapsed MM
and its absence from most healthy tissues. Importantly, CD229 is pre-
sent not only on the bulk of MM cells but, in contrast to other MM-
specific immunotherapy targets, also on chemotherapy-resistant clo-
nogenic MM precursors. CD229 is centrally involved in healthy B cell
function and essential for MM cell viability, indicating that its expres-
sion may be indispensable for the malignant cells and downregulation
unlikely during selective immunotherapeutic pressure. Overall, we
hypothesize that the development of novel anti-CD229 approaches has
the potential to lead to more durable responses, or maybe even cures, in
MM.

References

[1] A. Palumbo, K. Anderson, Multiple myeloma, N. Engl. J. Med. 364 (2011)
1046-1060.

D. Kim, C.Y. Park, B.C. Medeiros, I.L. Weissman, CD19-CD45 low/— CD38 high/
CD138+ plasma cells enrich for human tumorigenic myeloma cells, Leukemia 26
(2012) 2530-2537.

A. Chaidos, C.P. Barnes, G. Cowan, P.C. May, V. Melo, E. Hatjiharissi,

M. Papaioannou, H. Harrington, H. Doolittle, E. Terpos, M. Dimopoulos, S. Abdalla,
H. Yarranton, K. Naresh, L. Foroni, A. Reid, A. Rahemtulla, M. Stumpf, I. Roberts,
A. Karadimitris, Clinical drug resistance linked to interconvertible phenotypic and
functional states of tumor-propagating cells in multiple myeloma, Blood 121 (2013)
318-328.

W. Matsui, I. Borrello, C. Mitsiades, Autologous stem cell transplantation and
multiple myeloma cancer stem cells, Biol. Blood Marrow Transplant. 18 (2012)
S27-S32.

M. Ladetto, G. Pagliano, S. Ferrero, F. Cavallo, D. Drandi, L. Santo, C. Crippa, L. De
Rosa, P. Pregno, M. Grasso, A.M. Liberati, T. Caravita, F. Pisani, T. Guglielmelli,
V. Callea, P. Musto, C. Cangialosi, R. Passera, M. Boccadoro, A. Palumbo, Major
tumor shrinking and persistent molecular remissions after consolidation with bor-
tezomib, thalidomide, and dexamethasone in patients with autografted myeloma, J.
Clin. Oncol. 28 (2010) 2077-2084.

A.C. Rawstron, J.A. Child, R.M. de Tute, F.E. Davies, W.M. Gregory, S.E. Bell,
A.J. Szubert, N. Navarro-Coy, M.T. Drayson, S. Feyler, F.M. Ross, G. Cook,

G.H. Jackson, G.J. Morgan, R.G. Owen, Minimal residual disease assessed by mul-
tiparameter flow cytometry in multiple myeloma: impact on outcome in the
Medical Research Council Myeloma IX Study, J. Clin. Oncol. 31 (2013) 2540-2547.
B. Paiva, M.B. Vidriales, J. Cervero, G. Mateo, J.J. Perez, M.A. Montalban,

A. Sureda, L. Montejano, N.C. Gutierrez, A. Garcia De Coca, N. de Las Heras,
M.V. Mateos, M.C. Lopez-Berges, R. Garcia-Boyero, J. Galende, J. Hernandez,

[2]

[3]

[4]

[5]

[6]

[71

72

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

Clinical Immunology 204 (2019) 69-73

L. Palomera, D. Carrera, R. Martinez, J. de la Rubia, A. Martin, J. Blade,

J.J. Lahuerta, A. Orfao, J.F. San Miguel, Multiparameter flow cytometric remission
is the most relevant prognostic factor for multiple myeloma patients who undergo
autologous stem cell transplantation, Blood 112 (2008) 4017-4023.

S. Ferrero, M. Ladetto, D. Drandi, F. Cavallo, E. Genuardi, M. Urbano,

S. Caltagirone, M. Grasso, F. Rossini, T. Guglielmelli, C. Cangialosi, A.M. Liberati,
V. Callea, T. Carovita, C. Crippa, L. De Rosa, F. Pisani, A.P. Falcone, P. Pregno,

S. Oliva, C. Terragna, P. Musto, R. Passera, M. Boccadoro, A. Palumbo, Long-term
results of the GIMEMA VEL-03-096 trial in MM patients receiving VTD consolida-
tion after ASCT: MRD kinetics' impact on survival, Leukemia 29 (3) (Mar 2015)
689-695 (Epub 2014).

H. Liu, C. Yuan, J. Heinerich, R. Braylan, M. Chang, J. Wingard, J. Moreb, Flow
cytometric minimal residual disease monitoring in patients with multiple myeloma
undergoing autologous stem cell transplantation: a retrospective study, Leuk.
Lymphoma 49 (2008) 306-314.

M.A. De La Fuente, V. Tovar, N. Villamor, N. Zapater, P. Pizcueta, E. Campo,

J. Bosch, P. Engel, Molecular characterization and expression of a novel human
leukocyte cell-surface marker homologous to mouse Ly-9, Blood 97 (2001)
3513-3520.

X. Romero, D. Benitez, S. March, R. Vilella, M. Miralpeix, P. Engel, Differential
expression of SAP and EAT-2-binding leukocyte cell-surface molecules CD84,
CD150 (SLAM), CD229 (Ly9) and CD244 (2B4), Tissue Antigens 64 (2004)
132-144.

J. De Salort, J. Sintes, L. Llinas, J. Matesanz-Isabel, P. Engel, Expression of SLAM
(CD150) cell-surface receptors on human B-cell subsets: from pro-B to plasma cells,
Immunol. Lett. 134 (2011) 129-136.

B. Rodriguez-Bayona, A. Ramos-Amaya, J.A. Brieva, Differential expression of
SLAMS and other modulatory molecules by human plasma cells during normal
maturation, Immunol. Lett. 134 (2011) 122-128.

J. de Salort, M. Cuenca, C. Terhorst, P. Engel, X. Romero, Ly9 (CD229) cell-surface
receptor is crucial for the development of spontaneous autoantibody production to
nuclear antigens, Front. Immunol. 4 (2013) 1-12.

B. Medsker, E. Forno, H. Simhan, C. Juan, R. Sciences, Targeting of Ly9 (CD229)
disrupts marginal zone and B1 B cell homeostasis and antibody responses, J.
Immunol. 70 (2016) 773-779.

X. Romero, N. Zapater, M. Calvo, S.G. Kalko, M.A. de la Fuente, V. Tovar,

C. Ockeloen, P. Pizcueta, P. Engel, CD229 (Ly9) lymphocyte cell surface receptor
interacts homophilically through its N-terminal domain and relocalizes to the im-
munological synapse, J. Immunol. 174 (2005) 7033-7042.

M. Morra, J. Lu, F. Poy, M. Martin, J. Sayos, S. Calpe, C. Gullo, D. Howie,

S. Rietdijk, A. Thompson, A.J. Coyle, C. Denny, M.B. Yaffe, P. Engel, M.J. Eck,

C. Terhorst, Structural basis for the interaction of the free SH2 domain EAT-2 with
SLAM receptors in hematopoietic cells, EMBO J. 20 (2001) 5840-5852.

J. Say6s, M. Martin, A. Chen, M. Simarro, D. Howie, M. Morra, P. Engel, C. Terhorst,
Cell surface receptors Ly-9 and CD84 recruit the X-linked lymphoproliferative dis-
ease gene product SAP, Blood 97 (2001) 3867-3874.

M. Simarro, A. Lanyi, D. Howie, F. Poy, J. Bruggeman, M. Choi, J. Sumegi, M.J. Eck,
C. Terhorst, SAP increases FynT kinase activity and is required for phosphorylation
of SLAM and Ly9, Int. Inmunol. 16 (2004) 727-736.

M. Martin, J.M. Del Valle, I. Saborit, P. Engel, Identification of Grb2 as a novel
binding partner of the signaling lymphocytic activation molecule-associated protein
binding receptor CD229, J. Immunol. 174 (2005) 5977-5986.

S. Margraf, L.I. Garner, T.J. Wilson, M.H. Brown, A polymorphism in a phospho-
tyrosine signalling motif of CD229 (Ly9, SLAMF3) alters SH2 domain binding and
T-cell activation, Immunology 146 (2015) 392-400.

D.S.C. Graham, T.J. Vyse, P.R. Fortin, A. Montpetit, Y.C. Cai, S. Lim, T. McKenzie,
L. Farwell, B. Rhodes, L. Chad, T.J. Hudson, A. Sharpe, C. Terhorst,

C.M.T. Greenwood, J. Wither, J.D. Rioux, Association of LY9 in UK and Canadian
SLE families, Genes Immun. 9 (2008) 93.

J.M. Del Valle, P. Engel, M. Martin, The cell surface expression of SAP-binding
receptor CD229 is regulated via its interaction with clathrin-associated adaptor
complex 2 (AP-2), J. Biol. Chem. 278 (2003) 17430-17437.

Z. Wang, M.F. Moran, Requirement for the adapter protein GRB2 in EGF receptor
endocytosis, Science 272 (1996) 1935.

X. Jiang, F. Huang, A. Marusyk, A. Sorkin, Grb2 regulates internalization of EGF
receptors through Clathrin-coated pits, Mol. Biol. Cell 14 (2003) 858-870.

C. Mohan, L. Morel, P. Yang, H. Watanabe, B. Croker, G. Gilkeson, E.K. Wakeland,
Genetic dissection of lupus pathogenesis: a recipe for nephrophilic autoantibodies,
J. Clin. Investig. 103 (1999) 1685-1695.

L. Morel, B.P. Croker, K.R. Blenman, C. Mohan, G. Huang, G. Gilkeson,

E.K. Wakeland, Genetic reconstitution of systemic lupus erythematosus im-
munopathology with polycongenic murine strains, Proc. Natl. Acad. Sci. U. S. A. 97
(2000) 6670-6675.

A. Vossenkamper, P.M.K. Lutalo, J. Spencer, Translational mini-review series on B
cell subsets in disease. Transitional B cells in systemic lupus erythematosus and
Sjogren's syndrome: clinical implications and effects of B cell-targeted therapies,
Clin. Exp. Immunol. 167 (2012) 7-14.

D. Atanackovic, J. Panse, Y. Hildebrandt, A. Jadczak, S. Kobold, Y. Cao, J. Templin,
S. Meyer, H. Reinhard, K. Bartels, N. Lajmi, A.R. Zander, A.H. Marx, C. Bokemeyer,
N. Kroger, Surface molecule CD229 as a novel target for the diagnosis and treatment
of multiple myeloma, Haematologica 96 (2011) 1512-1520.

V.E. Muccio, E. Saraci, M. Gilestro, V. Gattei, A. Zucchetto, M. Astolfi, M. Ruggeri,
E. Marzanati, R. Passera, A. Palumbo, M. Boccadoro, P. Omede, Multiple myeloma:
new surface antigens for the characterization of plasma cells in the era of novel
agents, Cytometry B Clin. Cytom. 90 (2016) 81-90.

S. Yousef, M. Kovacsovics-Bankowski, M.E. Salama, N. Bhardwaj, M. Steinbach,


http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0005
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0005
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0010
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0010
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0010
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0015
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0020
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0020
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0020
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0025
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0030
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0030
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0030
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0030
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0030
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0035
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0040
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0045
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0045
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0045
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0045
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0050
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0050
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0050
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0050
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0055
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0055
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0055
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0055
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0060
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0060
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0060
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0065
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0065
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0065
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0070
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0070
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0070
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0075
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0075
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0075
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0080
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0080
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0080
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0080
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0085
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0085
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0085
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0085
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0090
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0090
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0090
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0095
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0095
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0095
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0100
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0100
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0100
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0105
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0105
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0105
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0110
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0110
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0110
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0110
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0115
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0115
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0115
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0120
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0120
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0125
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0125
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0130
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0130
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0130
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0135
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0135
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0135
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0135
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0140
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0140
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0140
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0140
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0145
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0145
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0145
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0145
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0150
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0150
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0150
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0150
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0155

M. Olson et al.

[32]

A. Langemo, T. Kovacsovics, J. Marvin, M. Binder, J. Panse, N. Kroger, T. Luetkens,
D. Atanackovic, CD229 is expressed on the surface of plasma cells carrying an
aberrant phenotype and chemotherapy-resistant precursor cells in multiple mye-
loma, Hum. Vaccines Immunother. 11 (2015) 1606-1611.

G. Carulli, G. Buda, A. Azzara, E.M. Ciancia, P. Sammuri, C. Domenichini, V. Guerri,
M. Petrini, CD229 expression on bone marrow plasma cells from patients with
multiple Myeloma and monoclonal gammopathies of uncertain significance, Acta
Haematol. 135 (2016) 11-14.

73

[33]

[34]

Clinical Immunology 204 (2019) 69-73

M. Ishibashi, H. Tamura, T. Asayama, Y. Kuribayashi-Hamada, A. Onodera,

K. Moriya, M. Sasaki, H. Handa, Y. Imai, N. Tanaka, J. Tanaka, S. Tanosaki, S. Ito,
N. Komatsu, K. Inokuchi, The new immunoreceptor SLAMF3 promotes aggressive
biological and clinical characteristics in multiple Myeloma, Blood 130 (2017) 3055.
F. Pojero, J. Flores-Montero, L. Sanoja, J.J. Perez, N. Puig, B. Paiva, S. Bottcher,
J.J. van Dongen, A. Orfao, g. Euroflow, Utility of CD54, CD229, and CD319 for the
identification of plasma cells in patients with clonal plasma cell diseases, Cytometry
B Clin. Cytom. 90 (2016) 91-100.


http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0155
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0155
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0155
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0155
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0160
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0160
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0160
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0160
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0165
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0165
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0165
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0165
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0170
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0170
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0170
http://refhub.elsevier.com/S1521-6616(18)30568-0/rf0170

	The role of surface molecule CD229 in Multiple Myeloma
	Introduction
	SLAM family member CD229
	CD229 function in normal B cells
	Expression of CD229 in Multiple Myeloma
	CD229 expression in normal tissues
	Function of CD229 in Multiple Myeloma
	Therapeutic use of CD229 in Multiple Myeloma
	Conclusions
	References




