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Abstract

CD45 is an evolutionary highly conserved receptor protein tyrosine phosphatase exclusively
expressed on all nucleated cells of the hematopoietic system. It is characterized by the expression
of several isoforms, specific to a certain cell type and the developmental or activation status of the
cell. CD45 is one of the key players in the initiation of T cell receptor signaling by controlling the
activation of the Src family protein-tyrosine kinases Lck and Fyn. CD45 deficiency results in T-
and B-lymphocyte dysfunction in the form of severe combined immune deficiency. It also plays a
significant role in autoimmune diseases and cancer as well as in infectious diseases including
fungal infections. The knowledge collected on CD45 biology is rather vast, but it remains unclear
whether all findings in rodent immune cells also apply to human CD45. Due to increasing
mortality from multiple myeloma and CD45 expression was seldom used before as a prognostic
biomarker in MM patients so, it is important to find new prognostic biomarkers and to find out
prognostic effect of immunophenotyping in MM as little reports were performed on this subject
before.
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CD45 is a central player of immune cell activation. The huge amount of data contributing to our understanding
of CD45 biology is based on experiments using either human blood samples, human cell lines (Jurkat cells)
or non-human sources (mainly rodents). Whether all findings on murine CD45 also apply to human
physiology remains unclear as differences in T cell physiology of humans and mice have been reported
including differences between human and mouse CD45 molecules [1,2], which are distinguished by certain
pathogens [3]. The dispersion of the various CD45 isoforms also differs between species: in mice, B220 is a
pan-B cell-specific CD45 isoform while this particular isoform is developmentally regulated in humans and
downregulated upon acquisition of CD27, a memory B cell-marker [4]{h}. There are a number of excellent
reviews covering a variety of issues of CD45 biology. This review aims to focus on CD45's role in human
physiology and clinical pathology. Literature based on experiments using human material is indicated by {h}
directly after the quotation. 2. CD45 expression and CD45 isoforms CD45 is a receptor protein tyrosine
phosphatase, also known as Ly-5 [5] or leukocyte common antigen [6]{h}. CD45 is expressed on the surface
of all nucleated hematopoietic cells and their precursors, except mature erythrocytes and platelets. It is a large
glycoprotein of 180-220 kDa and constitutes 5-10% of the total glycoprotein on the surface of T- and B-
lymphocytes [7,8]. CD45 expression is not limited to mammals, as there are CD45 homoloques in chicken,
shark and even mosquitos [9], an indication for a long-time existing and highly conserved genetic structure
[10]. Although the sequence of the extracellular CD45 region strongly varies between different species, the
cytoplasmic region of CD45 shows high conservation in all mammalians. In humans, CD45 expression is
found on all leukocytes including peripheral blood fibrocytes [11]{h}, a leukocyte subpopulation that displays
fibroblast-like properties [12]{h}. These cells play a role in children and young adults suffering from
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pulmonary hypertension [13] {h} due to their involvement in vascular remodeling, one of the key elements
of pulmonary hypertension pathophysiology. CD45 is also found on a relatively novel cell population in
humans called peripheral blood insulin-producing cells, whose function is not fully understood [14]{h}.
These cells express CD45 at high levels as well as CD117 (also known as tyrosine-protein kinase Kit) and
CD9 (a member of the transmembrane 4 superfamily). They also express embryonic stem cellassociated
transcription factors, including Oct-4 and Nanog and are negative for CD34, CD3 (T cell marker), CD20 (B
cell markers.

There are several isoforms of CD45 expressed on hematopoietic cells, generated by differential splicing of
exons 4, 5, and 6, thereby generating the CD45RA, RB and RC isoforms, respectively [15-18] (Fig. 1B ).
These exons encode a sequence of about 200 amino acids close to the extracellular N-terminus of CD45,
which contains multiple sites for O-linked glycosylation. Thus, different CD45 isoforms vary in glycosylation
patterns and size. The remaining extracellular domain contains a cysteine-rich region and three fibronectin
type Il repeats, which are heavily N-glycosylated. These complex N-glycans are necessary for CD45 stability
and its transport to the cell surface [19,20]. The membrane-proximal region of CD45 is followed by a single
transmembrane region and a long cytoplasmic tail, which harbors a tandem repeat of two tyrosine phosphatase
domains, D1 and D2. Only D1 has tyrosine phosphatase activity (PTA) while the D2 domain binds to the
cytoskeleton through the linker protein fodrin and acts as a regulator of D1 tyrosine PTA and specificity [21].
CD45 isoform expression varies depending on the stage of T-cell maturation, activation and differentiation.
In humans, there are antibodies to CD45RA, CD45RB and CD45R0, the latter being the smallest isoform
that contains neither exon A, nor B or C [22,23]{h}. Naive human T cells express the high molecular weight
isoform containing exon 4, CD45RA. After cell activation, the extracellular domain of CD45RA undergoes
alternative splicing and is replaced by CD45RO, which is also found on memory T cells [24]{h}[25]. The
percentage of CD45RA+ T cells gradually decreases with age while the percentage of CD45RO+ T cells
increases [16,26]. However, with regard to CD45RA+ cells as being naive and CD45RO+ T cells containing
primed/memory T cells it has to be taken into account that human T cells can revert from CD45RO+ to
CD45RA+ [27,28]{h}. Such highly differentiated CD45RA re-expressing CD4+ and CD8+ T cells seem to
accumulate during aging and in patients with persistent viral infections or chronic inflammatory diseases like
rheumatoid arthritis (RA). These cells can be reactivated to mediate potent effector function but rapidly die
thereafter [29-31]{h}. The expression of alternatively spliced isoforms of CD45 is also modulated throughout
T-cell development. The major populations of CD3—CD4—CD8— triple-negative human thymocytes are
CD45RO— and can express CD45RA, CD45RB and CD45RC. Expression of these isoforms is downregulated
on CD4+CD8+ double-positive thymocytes, which are predominantly CD45RO+RA—. Single positive
CD3+CD4+ and CD3+CD8+ thymocytes initially express CD45R0 but recover CD45RA, RB and RC before
they exit the thymus. As a matter of fact, in human umbilical cord blood, the majority of T cells, representing
virgin cells and recent thymic emigrants, are CD45RA+RB+RO— [22,32-34] {h}. Human natural killer (NK)
cells have the ability to express both CD45RA and the short CD45RO form [35]{h}. Using CD45 isoforms
to identify cells as being leukocytes is a long known technique and CD45bright lymphocytes can easily be
distinguished from CD45dim monocyte/myeloid cells in flow cytometry. In more recent studies, new cell
types were found with distinct CD45 co-expression patterns. The aforementioned fibrocytes for example, are
identifiable by the combined surface expression of CD45R0, 25F9 and S100A8/A9 [11]{h}. The way CD45
interacts with ligands is determined by the level and type of CD45 glycosylation [21]. This is achieved by
different enzymes being active at varying expression levels based on T-cell developmental or differentiation
states. Such enzymes include core-2 O-N-acetylgalactosamine transferase (C2GnT), alpha (2,6)-
sialyltransferase | (ST6Gal-1), alpha (2,3)-sialyltransferase 1V (ST3Gal-1V), and alpha (1,3)-
fucosyltransferase VII (FucT-VII) [36,37]{h}. When these enzymes are modulated, glycosylation of CD45
changes and, thereby, its function. For instance, C2GnT regulates galectin-3 binding to a subset of highly
glycosylated CD45 glycoforms in patients with diffuse large B cell lymphoma (DLBCL) (see below). Also,
the ability of Galectin-1 to bind CD45 (see below) depends on the type and the amount of glycosylation of
the extracellular domain of CD45 [38,39]. 3. CD45 function and regulation When T cells encounter cognate
antigen presented on MHC molecules of antigen presenting cells (APCs) they form long-lasting cell
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conjugates and build an immunological synapse (IS) in the T cell-APC contact zone, which is essential for
T-cell activation. In the IS, CD45 and Lck are initially recruited to the central supramolecular activation
cluster (¢cSMAC) via the TCR. CD45 is then expelled from the cSMAC and clusters in the distal SMAC
(dSMAC) [40—44]. One model, the ‘kinetic-segregation’ model, proposes that TCR signaling requires spatial
segregation of MHC-bound TCRs from phosphatases [45-48]. Exclusion of CD45 from the narrow-spaced
TCR-MHC interaction zone is thought to result from steric hindrance due to the large size and rigidity of the
CD45 extracellular domain [45,49-52]. Indeed, truncation of the CD45 ectodomain enhances CD45
localization with ligated TCRs in the IS and inhibits TCR triggering [50,53,54]. Targeting CD45 activity to
lipid microdomains on the T cell surface, which are associated with Srcfamily tyrosine kinase activity, also
decreased TCR-mediated signaling [55]. The degree of CD45 segregation from TCR-MHC microclusters,
and presumably other small-sized ligand pairs like PD-1-PD-L1 interactions, seems to be higher for
CD45ABC than CD45RO isoforms [52]. Besides spatio-temporal organization, the cell surface density of
CD45 molecules seems to be a decisive factor towards its functional effects. Low or medium local
concentrations of CD45 lead to dephosphorylation of the Src family protein-tyrosine kinase Lck
(lymphocytespecific kinase) at its C-terminal negative regulatory tyrosine Y505, thereby inducing an opening
of the molecule and generating so-called ‘primed’ Lck [56,57]. Interaction of CD45 with Lck and Y505
dephosphorylation of Lck seems to depend on Y192 within the Src homology 2 (SH2)-domain of Lck [58].
A high local concentration of CD45 leads to additional dephosphorylation of Lck at the
auto/transphosphorylation site Y394 within the kinase domain [59,60] (Fig. 1A). Both effects are antagonistic
to each other, the former (Y505 dephosphorylation) being activating in nature, the latter (Y394
dephosphorylation) leading to decreased Lck kinase activity. Thus, CD45 can operate as a positive and
negative regulator of Lck and other Src family kinases, which seems to depend on the cell type, CD45 isoform
expression, and CD45's inclusion or exclusion from clustered signaling complexes [59,61,62]. A negative
regulatory role of CD45 was also detected in integrin- [63] and CD44-mediated adhesion of T cells, where
CD45 is recruited to downregulate Lck activity [64], in neutrophil migration [65], and MyD88-dependent
Toll-like receptor (TLR) signaling [66]. In addition, CD45 dephosphorylates and inhibits tyrosine kinases of
the Janus kinase (JAK) family [67-69]{h}, which activate transcription factors of the STAT (signal
transducers and activators of transcription) family, crucial regulators of cytokine and chemokine gene
expression, thus linking CD45 to cytokine/chemokine responses. The interaction between CD45 and Src
kinases is vital for successful antigen receptor signaling in T and B cells [70-72] and is required for the
development and activation of lymphocytes as shown by genetic experiments using CD45 mutant cell lines
and CD45 knock-out mice [73-77]. Other CD45 substrates have been identified and include the CD3( and
CD3¢ chains [78-80] and tyrosine kinase Zap 70 [81]. DAP12 in NK cells [82] and the transmembrane
adaptor molecule PAG (phosphoprotein associated with GEMSs) [83]{h} in thymocytes are
hyperphosphorylated in the absence of CD45 [84], suggesting that they are direct or indirect substrates of
CD45. CD45 can directly dephosphorylate the receptor-like protein tyrosine phosphatase PTPa in vitro [85],
which dephosphorylates Fyn but not Lck in T cells [86]. How various CD45 ligands (see Section 4) could
regulate CD45 PTA is unresolved [71,87-89]. All CD45 isoforms show basal PTA, but different CD45
isoforms differ in their capacity to modulate TCR signaling [90-97]{h}. Different CD45 monoclonal
antibodies display differing abilities to activate or inactivate CD45 PTA independent of their CD45 cross-
linking capacity [98]. CD45 ligands may exert direct effects on CD45 PTA by ligand-induced conformational
changes or ligand-induced compartimentalization or segregation of CD45 (see above) resulting in altered
accessibility of CD45 to substrates. Other data proposes that spontaneous or ligand-induced dimerization of
CD45 inhibits CD45 PTA [99-103]{h}. Dimerization of EGFR-CD45 chimera proteins in CD45- deficient
cells resulted in the loss of TCR signaling [104]. Different CD45 isoforms exhibit differing capabilities for
homodimerization, with CD45R0O isoforms dimerizing more efficiently than CD45ABC isoforms [105].
Recently, it was reported that hypoxic conditions in monocytic myeloid-derived suppressor cells (MDSC) at
tumor sites facilitate the transport of sialic acid to the cell surface and its binding to CD45. This seems to
result in disruption of CD45 dimerization, enhanced CD45 PTA and dephosphorylation of STATS3, thereby
promoting MDSC differentiation into tumor-associated macrophages [106]. Further, posttranslational
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modification of CD45 might become accessible after ligand binding. Phytohemagglutinin (PHA) [107]{h},
CD3 antibodies [108]{h} and activated tyrosine kinase C-terminal Src kinase (Csk) [109], which
phosphorylates the inhibitory tyrosine in Src kinases, lead to a transient phosphorylation of CD45 tyrosines
and an increase of CD45 PTA. In contrast, the calcium ionophore ionomycin decreases phosphorylation of
serine residues in CD45 reducing CDA45 activity [110]. Another mode to regulate control of substrate access
or CD45 PTA could result from association of CD45 with other molecules at the cell surface or within the
cell [87]. CD45 was found to associate with CD2, CD7, CD28, CD26, CD100 [111-115]{h}, CD4/CD8
[116]{h}, [117], and Thy-1 [118]. Intracellularly, CDA45 interacts with the cytoskeleton proteins fodrin and
spectrin, presumably stimulating CD45 PTA [119,120]. Other molecules interacting with CD45 include
proteins of 29-34 kDa [121-123], one of them being lymphocyte phosphatase associated phosphoprotein
(LPAP) [124,125]{h} as well as CD45-associated protein (CD45-AP) in murine cells [126]. However,
deletion of LPAP in Jurkat cells had no major effect on CD45 enzymatic activity [127]{h} and LPAP- or
CD45-AP-deficient mice showed modest and controversial phenotypes [128-130]. The currently available
data makes it clear that CD45 acts as a rheostat for signal transduction. It is conceivable that CD45 ligands
may employ different modes (utilizing a variety of mechanisms) of CD45 regulation, an issue which remains
controversial and requires further experimentation. Although the function of CD45 was investigated for many
yearsin T cells and to a lesser extend in B cells, it seems that the entire sequence of CD45-dependent signaling
events has never been delineated in experiments where only human blood samples were used. As a result, it
is possible that there are CD45 functions exclusive to human cells that are still undiscovered. There are only
a few publications on humans with CD45 deficiency or minimal CD45 surface expression, a condition leading
to severe combined immunodeficiency (SCID) [131-133]{h}. The first case of an immune cell tyrosine
phosphatase deficiency in humans reports on a 2-year old patient showing a large deletion at one CD45 allele
and a point mutation at the other allele. The peripheral blood T lymphocyte population was greatly diminished
and unresponsive to mitogen stimulation. Moreover, serum immunoglobulin levels decreased with age,
however, the long-term clinical parameters in this child were not further described [131]{h}. At least in mice,
CDA45-deficiency might not fully unmask the role of CD45 in B cells due to the expression of the receptor
protein tyrosine phosphatase CD148 [134]{h}. CD45 and CD148 share a certain level of functional
redundancy in B cells and the myeloid lineage [135]. Indeed, mice doubly deficient in CD45 and CD148
show a very early block in Bcell development [136]. To date, there is no publication of any clinical case of
CD45-CD148-double-deficiency or CD148-single-deficiency in humans. Yet, there seems to be an
involvement of CD148 in Cogan's Syndrome, a rare inflammatory disease characterized by ocular and
audiovestibular symptoms [137]. Its pathogenesis is unclear, but the current hypothesis favors autoimmune
mechanisms with CD148 as an autoantigen. IgG antibodies purified from patients‘ sera, among others,
recognize CD148, which is also expressed on the sensory epithelia of the inner ear and on endothelial cells
[138]. 4. CD45 and its natural ligands For a long time, it has been unclear whether there is any natural CD45
ligand at all. There is a variety of artificially created extracellular ligands, but this review will only focus on
natural extracellular CD45 ligands. A number of CD45 ligands has been identified, but most of them are not
binding exclusively to CD45. Some of the ligands are only present under certain clinical conditions like an
ongoing infection or in pregnancy and there seems to be no natural extracellular ligand that can be found in
all healthy adults (Fig. 2).

One CD45 ligand is pUL11, a transmembrane protein of the cytomegalovirus RL11 (CMV RL11) family
[139]{h}. It is generated from the UL11 open reading frame in CMV-infected human cells. The extracellular
domain of pUL11 interacts with CD45RA and CD45R0, leading to disrupted TCR signaling and inhibition
of T cell proliferation [3]{h}, suggesting that pUL11 reduces CD45 PTA. Indeed, the same group reported
later that high concentrations of pUL11 (in vitro) lead to phosphorylation of the inhibitory Y505 residue of
Lck. This increase in Y505 phosphorylation was mostly lost at intermediate and low concentrations of pUL11.
The activatory Y394 residue of Lck showed comparatively increased phosphorylation at all concentrations
of pUL11. Therefore, the effect on CD45 PTA seems to depend on pUL11's concentration [140]{h}. pUL11
can currently be seen as an exclusive, natural ligand of CD45, although it is a ‘situational ligand as it requires
a CMV-infection. A CD45 ligand that does not require any pathological condition is placental protein 14
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(PP14), also known as Glycodelin-A or PAEP (progesterone-associated endometrial protein) [141]. It is a
glycoprotein expressed by endometrial decidua during the first and second trimesters of pregnancy [142]{h}.
Due to its lectin-like properties, it binds to CD45 (but also other targets on T cells), allegedly leading to
dimerization and disruption of CD45 PTA [143]{h}. It seems that CD45RA+ T cells are significantly more
sensitive to PP14-mediated inhibition than CD45R0O+ T cells, but the underlying mechanisms are not fully
understood. CD45 inhibition by PP14 leads to decreased T cell activity, which can be considered a ‘healthy'
response in a pregnant woman as in formal terms of biological systems, pregnancy is a hostparasite situation
with the fetus being the parasite. Therefore, PP14 can be seen to provide a form of immune suppression during
pregnancy. 5. CD45 and lectins Another group of ligands binding CDA45 are lectins. They are hardly exclusive
CD45 binding partners as they are ubiquitously expressed and are known to interact with a large variety of
molecules. One of the lectins binding CD45 is CD22, a B cell surface molecule belonging to the SIGLEC
family of lectins [144]. CD22 exerts an inhibitory effect on basal B cell receptor (BCR) signaling. CD45
restricts the inhibitory function of CD22 in a phosphatase independent manner, presumably by sequestering
CD22 from the BCR via its ectodomain [145]. Among others, CD22 binds to alpha-2-6-linked sialic acid.
Van der Merwe and colleagues [146] compared the affinity of CD22 binding to CD45, CD22 binding to CD4
carrying alpha-2-6-linked sialic acid and CD22 binding to a synthetic alpha-2-6-sialoglycoconjugate. The
authors found that the affinity of CD22 to either ligand did not differ significantly. Thus, CD22 may bind to
CD45 not because CD45 presents a higher affinity ligand but because it carries multiple copies of alpha-2-6-
linked sialic acid. Galectin-1 is another phylogenetically conserved lectin and binds beta-galactoside-rich
glycoconjugates [147]. Galectin-1 is involved in fetomaternal tolerance [148], at least in mice, and a variety
of other processes in reproduction and reproductive organs [149]. In addition, it plays a role as a possible
predictive marker to evaluate a patient's prognosis in perineurally spread cutaneous head and neck cancer
[150] {h} or after liver transplantation [151]{h}. CD45 PTA is inhibited by galectin-1. This appears to be
essential for galectin-1-induced death of CD45-expressing T cells [2,152,153]{h}. CD45 also enhances
phagocytic clearance of T cells killed by galectin-1 [154]{h}. During galectinl-induced T cell death, CD45-
associated fodrin, a spectrin family member which attaches CD45 to the cytoskeleton, undergoes proteolytic
degradation. CD45 is essential for fodrin degradation, which accompanies apoptosis triggered by many death
signals in many cell types. Macrophages phagocytose dying T cells with cleaved fodrin more efficiently than
dying cells in which fodrin proteolysis is prevented. Another lectin interacting with CD45 is galectin-3, which
is involved in the pathophysiology of different diseases like cancer [155], heart failure [156]{h}, and renal
fibrosis [157]. Galectin-3 also plays a role in DLBCL where it regulates the susceptibility to cell death by
binding to glycans on CD45, thereby reducing CD45 PTA [158]. CD45 function depends on its glycosylation
pattern and can be modified via its N-acetylgalactosamine (GalNAc) moieties. Macrophage galactose-type
lectin (MGL) binds to CD45 carrying terminal GalNAc, thereby regulating macrophage and T-cell
interactions. MGL recognizes all CD45 isoforms, except CD45RO [159]. It reduces the proliferation of
human effector T cells and the production of proinflammatory cytokines and is able to induce T-cell death
[160]{h}. Furthermore, an interaction between the macrophage mannose receptor (MR) and CD45 has been
shown, particularly with low molecular weight isoforms of CD45 [161]. In a recent study, the presence of the
MR on dendritic cells inhibited CD45 PTA of CD8+ T cells and led to cytotoxic T-lymphocyteassociated
protein 4 (CTLA-4) upregulation and induction of CD8+ Tcell tolerance [162]. Thus, endocytic MRs
expressed on DCs contribute to the regulation of T-cell functionality

CD45 possible expression in MM patients

Several studies have confirmed the presence of significant intra-clonal heterogeneity within the clonal PC
population of patients with MM [20], [21], [22], [23]. Similarly, with respect to CD45 expression on clonal
PCs, prior studies have demonstrated the presence of two subsets of clonal PCs within patients with MM [24];
I.e. those that highly express CD45 and those that have dim or do not express CD45. Furthermore, CD45 is
expressed mostly in early stages of clonal PCs and subsequent more mature clonal PCs in patients with MM
lose their CD45 expression [5]. Prior functional studies have evaluated the role of CD45 and its relationship
to the IL-6 cytokine axis and have demonstrated that CD45 expression on clonal PCs can be induced by IL-
6 [25], [26]. However, only the CD45 (+) PC population, but not the CD45 (—) clonal PCs proliferate after
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IL-6 stimulation. Furthermore, CD45 (+) clonal PCs have been found to be the predominantly proliferative
fraction when compared to the CD45 (—) clonal PC population and the proliferation decreases parallel to that
of CD45 expression [27].

References

[1] S.J. van Vliet, |.M. Vuist, K. Lenos, B. Tefsen, H. Kalay, J.J. Garcia-Vallejo, et al., Human T cell activation
results in extracellular signal-regulated kinase (ERK)- calcineurin-dependent exposure of Tn antigen on the
cell surface and binding of the macrophage galactose-type lectin (MGL), J. Biol. Chem. 288 (2013) 27519—
27532.

[2] M. Amano, M. Galvan, J. He, L.G. Baum, The ST6 Gal | sialyltransferase selectively modifies N-glycans on
CD45 to negatively regulate galectin-1-induced CD45 clustering, phosphatase modulation, and T cell death,
J. Biol. Chem. 278 (2003) 7469—-7475.

[3] I. Gabaev, L. Steinbruck, C. Pokoyski, A. Pich, R.J. Stanton, R. Schwinzer, et al., The human
cytomegalovirus ulll protein interacts with the receptor tyrosine phosphatase CD45, resulting in functional
paralysis of T Cells, PLoS Pathog. (2011) 7.

[4] J.). Bleesing, T.A. Fleisher, Human B cells express a CD45 isoform that is similar to murine B220 and is
downregulated with acquisition of the memory B-cell marker CD27 Cytometry Part B, Clin. Cytom. 51 (2003)
1-8.

[5] F.W. Shen, J.S. Tung, E.A. Boyse, Further definition of the Ly-5 system, Immunogenetics 24 (1986) 146—
149.

[6] H. Charbonneau, N.K. Tonks, K.A. Walsh, E.H. Fischer, The leukocyte common antigen (CD45): a putative
receptor-linked protein tyrosine phosphatase, Proc. Natl. Acad. Sci. U. S. A. 85 (1988) 7182—-7186.

[7] T. Woodford-Thomas, M.L. Thomas, The leukocyte common antigen, CD45 and other protein tyrosine
phosphatases in hematopoietic cells, Semin. Cell Biol. 4 (1993) 409-418.

[8] J.A. Donovan, G.A. Koretzky, CD45 and the immune response, J. Am. Soc. Nephrol.: JASN 4 (1993) 976—
985.

[9] G. Cheng, J. Cox, P. Wang, M.N. Krishnan, J. Dai, F. Qian, et al., A C-type lectin collaborates with a CD45
phosphatase homolog to facilitate West Nile virus infection of mosquitoes, Cell 142 (2010) 714—725.

[10] M. Okumura, R.J. Matthews, B. Robb, G.W. Litman, P. Bork, M.L. Thomas, Comparison of CD45
extracellular domain sequences from divergent vertebrate species suggests the conservation of three
fibronectin type lll domains, J. Immunol. 157 (1996) 1569-1575.

[11] D. Pilling, T. Fan, D. Huang, B. Kaul, R.H. Gomer, Identification of markers that distinguish monocyte-
derived fibrocytes from monocytes, macrophages, and fibroblasts, PLoS One (2009) 4.

[12] L. Yang, P.G. Scott, J. Giuffre, H.A. Shankowsky, A. Ghahary, E.E. Tredget, Peripheral blood fibrocytes
from burn patients: identification and quantification of fibrocytes in adherent cells cultured from peripheral
blood mononuclear cells, Lab. Investig. J. Tech. Methods Pathol. 82 (2002) 1183-1192.

[13] M.E. Yeager, C.M. Nguyen, D.D. Belchenko, K.L. Colvin, S. Takatsuki, D.D. lvy, et al., Circulating
fibrocytes are increased in children and young adults with pulmonary hypertension, Eur. Respir. J. 39 (2012)
104-111.

[14] Y. Zhao, Z. Huang, P. Lazzarini, Y. Wang, A. Di, M. Chen, A unique human bloodderived cell population
displays high potential for producing insulin, Biochem. Biophys. Res. Commun. 360 (2007) 205-211.

[15] L. Lefrancois, M.L. Thomas, M.J. Bevan, |.S. Trowbridge, Different classes of T lymphocytes have
different mRNAs for the leukocyte-common antigen, T200, J. Exp. Med. 163 (1986) 1337-1342.

[16] M.L. Hermiston, Z. Xu, A. Weiss, CD45: a critical regulator of signaling thresholds in immune cells, Annu.
Rev. Immunol. 21 (2003) 107-137.

[17] K.W. Lynch, Consequences of regulated pre-mRNA splicing in the immune system, Nat. Rev. Immunol.

2756
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764


https://06101qeow-1104-y-https-www-sciencedirect-com.mplbci.ekb.eg/science/article/pii/S0145212616300303#bib0135

CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

4 (2004) 931-940.

[18] S. Oberdoerffer, L.F. Moita, D. Neems, R.P. Freitas, N. Hacohen, A. Rao, Regulation of CD45 alternative
splicing by heterogeneous ribonucleoprotein, hnRNPLL, Science 321 (2008) 686—691
[19] R. Pulido, F. Sanchez-Madrid, Glycosylation of CD45: carbohydrate processing through Golgi apparatus
is required for cell surface expression and protein stability, Eur. J. Immunol. 22 (1992) 463—-468.

[20] T. Sato, K. Furukawa, M. Autero, C.G. Gahmberg, A. Kobata, Structural study of the sugar chains of
human leukocyte common antigen CD45, Biochemistry 32 (1993) 12694-12704.

[21] L.A. Earl, L.G. Baum, CD45 glycosylation controls T-cell life and death, Immunol. Cell Biol. 86 (2008)
608-615.

[22] D. Mason, Subsets of CD4+ T cells defined by their expression of different isoforms of the leucocyte-
common antigen, CD45, Biochem. Soc. Trans. 20 (1992) 188-190.

[23] S. Poppema, R. Lai, L. Visser, X.J.5 Yan, CD45 (leucocyte common antigen) expression in T and B
lymphocyte subsets, Leuk. Lymphoma 20 (1996) 217-222.

[24] A.N. Akbar, L. Terry, A. Timms, P.C. Beverley, G. Janossy, Loss of CD45R and gain of UCHL1 reactivity is
a feature of primed T cells, J. Immunol. 140 (1988) 2171-2178.

[25] C.E. Rudd, P. Anderson, C. Morimoto, M. Streuli, S.F. Schlossman, Molecular interactions, T-cell subsets
and a role of the CD4/CD8:p56Ick complex in human Tcell activation, Immunol. Rev. 111 (1989) 225-266.

[26] L. McNeill, R.L. Cassady, S. Sarkardei, J.C. Cooper, G. Morgan, D.R. Alexander, CD45 isoforms in T cell
signalling and development, Immunol. Lett. 92 (2004) 125-134.

[27] C.A. Michie, A. McLean, C. Alcock, P.C. Beverley, Lifespan of human lymphocyte subsets defined by
CD45 isoforms, Nature 360 (1992) 264-265.

[28] M.R. Wills, A.J. Carmichael, M.P. Weekes, K. Mynard, G. Okecha, R. Hicks, et al., Human virus-specific
CD8+ CTL clones revert from CD45R0high to CD45RAhigh in vivo: CD45RAhighCD8+ T cells comprise both
naive and memory cells, J. Immunol. 162 (1999) 7080-7087.

[29] E.C. Waller, N. McKinney, R. Hicks, A.J. Carmichael, J.G. Sissons, M.R. Wills, Differential costimulation
through CD137 (4-1BB) restores proliferation of human virus-specific effector memory (CD28(-)
CD45RA(HI)) CD8(+) T cells, Blood 110 (2007) 4360-4366.

[30] D. Di Mitri, R.l. Azevedo, S.M. Henson, V. Libri, N.E. Riddell, R. Macaulay, et al., Reversible senescence
in human CD4 + CD45RA + CD27- memory T cells, J. Immunol. 187 (2011) 2093—-2100.

[31] S.M. Henson, N.E. Riddell, A.N. Akbar, Properties of end-stage human T cells defined by CD45RA re-
expression, Curr. Opin. Immunol. 24 (2012) 476—-481.

[32] M. Egerton, E. Pruski, L.M. Pilarski, Cell generation within human thymic subsets defined by selective
expression of CD45 (T200) isoforms, Hum. Immunol. 27 (1990) 333-347.

[33] Y. Fujii, M. Okumura, K. Inada, K. Nakahara, H. Matsuda, CD45 isoform expression during T cell
development in the thymus, Eur. J. Immunol. 22 (1992) 1843-1850.

[34] K. Fukuhara, M. Okumura, H. Shiono, M. Inoue, Y. Kadota, S. Miyoshi, et al., A study on CD45 isoform
expression during T-cell development and selection events in the human thymus, Hum. Immunol. 63 (2002)
394-404.

[35] E. Krzywinska, N. Allende-Vega, A. Cornillon, D.N. Vo, L. Cayrefourcq, C. Panabieres, et al., Identification
of anti-tumor cells carrying natural killer (NK) cell antigens in patients with hematological cancers,
EBioMedicine 2 (2015) 1364-1376.

[36] W. Gillespie, J.C. Paulson, S. Kelm, M. Pang, L.G. Baum, Regulation of alpha 2,3- sialyltransferase
expression correlates with conversion of peanut agglutinin (PNA) + to PNA- phenotype in developing
thymocytes, J. Biol. Chem. 268 (1993) 3801-3804.

[37] M. Dalziel, C. Whitehouse, |I. McFarlane, I. Brockhausen, S. Gschmeissner, T. Schwientek, et al., The
relative activities of the C2GnT1 and ST3Gal-I glycosyltransferases determine O-glycan structure and
expression of a tumor-associated epitope on MUC1, J. Biol. Chem. 276 (2001) 11007-11015.

2757
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

[38] J.D. Hernandez, L.G. Baum, Ah, sweet mystery of death! Galectins and control of cell fate, Glycobiology
12 (2002) 127R-136R.

[39] M.A. Daniels, K.A. Hogquist, S.C. Jameson, Sweet ‘n’ sour: the impact of differential glycosylationon T
cell responses, Nat. Immunol. 3 (2002) 903-910.

[40] O. Leupin, R. Zaru, T. Laroche, S. Muller, S. Valitutti, Exclusion of CD45 from the T-cell receptor signaling
area in antigen-stimulated T lymphocytes, Curr. Biol.: CB 10 (2000) 277-280.

[41] K.G. Johnson, S.K. Bromley, M.L. Dustin, M.L. Thomas, A supramolecular basis for CD45 tyrosine
phosphatase regulation in sustained T cell activation, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 10138-10143.
[42] P. Anton van der Merwe, S.J. Davis, A.S. Shaw, M.L. Dustin, Cytoskeletal polarization and redistribution
of cell-surface molecules during T cell antigen recognition, Semin. Immunol. 12 (2000) 5-21.

[43] B.A. Freiberg, H. Kupfer, W. Maslanik, J. Delli, J. Kappler, D.M. Zaller, et al., Staging and resetting T cell
activation in SMACs, Nat. Immunol. 3 (2002) 911-917.

[44] M.L. Dustin, The immunological synapse, Cancer Immunol. Res. 2 (2014) 1023-1033.

[45] N.J. Burroughs, Z. lLazic, P.A. van der Merwe, Ligand detection and discrimination by spatial
relocalization: a kinase-phosphatase segregation model of TCR activation, Biophys. J . 91 (2006) 1619-1629.
[46] N.J. Burroughs, P.A. van der Merwe, Stochasticity and spatial heterogeneity in Tcell activation,
Immunol. Rev. 216 (2007) 69-80.

[47] S.). Davis, P.A. van der Merwe, The kinetic-segregation model: TCR triggering and beyond, Nat.
Immunol. 7 (2006) 803—-809.

[48] J.R. James, R.D. Vale, Biophysical mechanism of T-cell receptor triggering in a reconstituted system,
Nature 487 (2012) 64—-69.

[49] K. Choudhuri, D. Wiseman, M.H. Brown, K. Gould, P.A. van der Merwe, T-cell
[50] S.P. Cordoba, K. Choudhuri, H. Zhang, M. Bridge, A.B. Basat, M.L. Dustin, et al., The large ectodomains
of CD45 and CD148 regulate their segregation from and inhibition of ligated T-cell receptor, Blood 121
(2013) 4295-4302.

[51] V.T. Chang, R.A. Fernandes, K.A. Ganzinger, S.F. Lee, C. Siebold, J. McColl, et al., Initiation of T cell
signaling by CD45 segregation at ‘close contacts', Nat. Immunol. 17 (2016) 574-582.

[52] C.B. Carbone, N. Kern, R.A. Fernandes, E. Hui, X. Su, K.C. Garcia, et al., In vitro reconstitution of T cell
receptor-mediated segregation of the CD45 phosphatase, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E9338—-
E9345.

[53] N.J. Burroughs, C. Wulfing, Differential segregation in a cell-cell contact interface: the dynamics of the
immunological synapse, Biophys. J . 83 (2002) 1784-1796.

[54] C. Irles, A. Symons, F. Michel, T.R. Bakker, P.A. van der Merwe, O. Acuto, CD45 ectodomain controls
interaction with GEMs and Lck activity for optimal TCR signaling, Nat. Immunol. 4 (2003) 189-197.

[55] X. He, T.A. Woodford-Thomas, K.G. Johnson, D.D. Shah, M.L. Thomas, Targeting of CD45 protein
tyrosine phosphatase activity to lipid microdomains on the T cell surface inhibits TCR signaling, Eur. J.
Immunol. 32 (2002) 2578—-2587.

[56] R.J. Brownlie, R. Zamoyska, T cell receptor signalling networks: branched, diversified and bounded,
Nat. Rev. Immunol. 13 (2013) 257-269.

[57] L. Philipsen, A.V. Reddycherla, R. Hartig, J. Gumz, M. Kastle, A. Kritikos, et al., De novo phosphorylation
and conformational opening of the tyrosine kinase Lck act in concert to initiate T cell receptor signaling, Sci.
Signal. (2017) 10.

[58] A.H. Courtney, J.F. Amacher, T.A. Kadlecek, M.N. Mollenauer, B.B. Au-Yeung, J. Kuriyan, et al., A
phosphosite within the SH2 domain of Ick regulates its activation by CD45, Mol. Cell 67 (2017) 498-511
(e496).

[59] L. McNeill, R.J. Salmond, J.C. Cooper, C.K. Carret, R.L. Cassady-Cain, M. RocheMolina, et al., The
differential regulation of Lck kinase phosphorylation sites by CD45 is critical for T cell receptor signaling

2758
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

responses, Immunity 27 (2007) 425-437.

[60] J.R. Schoenborn, Y.X. Tan, C. Zhang, K.M. Shokat, A. Weiss, Feedback circuits monitor and adjust basal
Lck-dependent events in T cell receptor signaling, Sci. Signal. 4 (2011) ra59.

[61] M.L. Thomas, E.J. Brown, Positive and negative regulation of Src-family membrane kinases by CD45,
Immunol. Today 20 (1999) 406-411.

[62] U. D'Oro, J.D. Ashwell, Cutting edge: the CD45 tyrosine phosphatase is an inhibitor of Lck activity in
thymocytes, J. Immunol. 162 (1999) 1879-1883.

[63] H. Shenoi, J. Seavitt, A. Zheleznyak, M.L. Thomas, E.J. Brown, Regulation of integrin-mediated T cell
adhesion by the transmembrane protein tyrosine phosphatase CD45, J. Immunol. 162 (1999) 7120-7127.

[64] R. Li, N. Wong, M.D. Jabali, P. Johnson, CD44-initiated cell spreading induces Pyk2 phosphorylation, is
mediated by Src family kinases, and is negatively regulated by CD45, J. Biol. Chem. 276 (2001) 28767-28773.

[65] H. Zhang, F. Meng, C.L. Chu, T. Takai, C.A. Lowell, The Src family kinases Hck and Fgr negatively regulate
neutrophil and dendritic cell chemokine signaling via PIRB, Immunity 22 (2005) 235-246.

[66] J. Piercy, S. Petrova, E.Z. Tchilian, P.C. Beverley, CD45 negatively regulates tumour necrosis factor and
interleukin-6 production in dendritic cells, Immunology 118 (2006) 250-256.

[67] J. Irie-Sasaki, T. Sasaki, W. Matsumoto, A. Opavsky, M. Cheng, G. Welstead, et al.,, CD45 is a JAK
phosphatase and negatively regulates cytokine receptor signalling, Nature 409 (2001) 349-354.

[68] J.M. Penninger, J. Irie-Sasaki, T. Sasaki, A.J. Oliveira-dos-Santos, CD45: new jobs for an old
acquaintance, Nat. Immunol. 2 (2001) 389-396.

[69] T. Yamada, D. Zhu, A. Saxon, K. Zhang, CD45 controls interleukin-4-mediated IgE class switch
recombination in human B cells through its function as a Janus kinase phosphatase, J. Biol. Chem. 277 (2002)
28830—-28835.

[70] J.T. Pingel, M.L. Thomas, Evidence that the leukocyte-common antigen is required for antigen-induced
T lymphocyte proliferation, Cell 58 (1989) 1055—-1065.

[71] I.S. Trowbridge, M.L. Thomas, CD45: an emerging role as a protein tyrosine phosphatase required for
lymphocyte activation and development, Annu. Rev. Immunol. 12 (1994) 85-116.

[72] J.G. Cyster, J.I. Healy, K. Kishihara, T.W. Mak, M.L. Thomas, C.C. Goodnow, Regulation of B-lymphocyte
negative and positive selection by tyrosine phosphatase CD45, Nature 381 (1996) 325-328.

[73] K. Kishihara, J. Penninger, V.A. Wallace, T.M. Kundig, K. Kawai, A. Wakeham, et al., Normal B
lymphocyte development but impaired T cell maturation in CD45- exon6 protein tyrosine phosphatase-
deficient mice, Cell 74 (1993) 143-156.

[74] D.M. Desai, J. Sap, O. Silvennoinen, J. Schlessinger, A. Weiss, The catalytic activity of the CD45
membrane-proximal phosphatase domain is required for TCR signaling and regulation, EMBO J. 13 (1994)
4002-4010.

[75] K.F. Byth, L.A. Conroy, S. Howlett, A.J. Smith, J. May, D.R. Alexander, et al., CD45-null transgenic mice
reveal a positive regulatory role for CD45 in early thymocyte development, in the selection of CD4 + CD8+
thymocytes, and B cell maturation, J. Exp. Med. 183 (1996) 1707-1718.

[76] M.A. Basson, U. Bommbhardt, P.J. Mee, V.L. Tybulewicz, R. Zamoyska, Molecular requirements for
lineage commitment in the thymus—antibody-mediated receptor engagements reveal a central role for Ick
in lineage decisions, Immunol. Rev. 165 (1998) 181-194.

[77] P.J. Mee, M. Turner, M.A. Basson, P.S. Costello, R. Zamoyska, V.L. Tybulewicz, Greatly reduced
efficiency of both positive and negative selection of thymocytes in CD45 tyrosine phosphatase-deficient
mice, Eur. J. Immunol. 29 (1999) 2923-2933.

[78] T. Furukawa, M. Itoh, N.X. Krueger, M. Streuli, H. Saito, Specific interaction of the CD45 protein-tyrosine
phosphatase with tyrosine-phosphorylated CD3 zeta chain, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 10928-
10932.

[79] J.D. Stone, L.A. Conroy, K.F. Byth, R.A. Hederer, S. Howlett, Y. Takemoto, et al., Aberrant TCR-mediated

2759
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

signaling in CD45-null thymocytes involves dysfunctional regulation of Lck, Fyn, TCR-zeta, and ZAP-70, J.

Immunol. 158 (1997) 5773-5782.

[80] Z. Hegedus, V. Chitu, G.K. Toth, C. Finta, G. Varadi, |. Ando, et al., Contribution of kinases and the CD45
phosphatase to the generation of tyrosine phosphorylation patterns in the T-cell receptor complex zeta
chain, Immunol. Lett. 67 (1999) 31—-39.

[81] T. Mustelin, S. Williams, P. Tailor, C. Couture, G. Zenner, P. Burn, et al., Regulation of the p70zap
tyrosine protein kinase in T cells by the CD45 phosphotyrosine phosphatase, Eur. J. Immunol. 25 (1995) 942—
946.

[82] L.H. Mason, J. Willette-Brown, L.S. Taylor, D.W. McVicar, Regulation of Ly49D/ DAP12 signal
transduction by Src-family kinases and CD45, J. Immunol. 176 (2006) 6615—6623.

[83] T. Brdicka, D. Pavlistova, A. Leo, E. Bruyns, V. Korinek, P. Angelisova, et al., Phosphoprotein associated
with glycosphingolipid-enriched microdomains (PAG), a novel ubiquitously expressed transmembrane
adaptor protein, binds the protein tyrosine kinase csk and is involved in regulation of T cell activation, J. Exp.
Med. 191 (2000) 1591-1604.

[84] D. Davidson, M. Bakinowski, M.L. Thomas, V. Horejsi, A. Veillette, Phosphorylation-dependent
regulation of T-cell activation by PAG/Cbp, a lipid raft-associated transmembrane adaptor, Mol. Cell. Biol.
23 (2003) 2017-2028.

[85] L. Maksumova, Y. Wang, N.K. Wong, H.T. Le, C.J. Pallen, P. Johnson, Differential function of PTPalpha
and PTPalpha Y789F in T cells and regulation of PTPalpha phosphorylation at Tyr-789 by CD45, J. Biol. Chem.
282 (2007) 20925-20932.

[86] L. Maksumova, H.T. Le, F. Muratkhodjaev, D. Davidson, A. Veillette, C.J. Pallen, Protein tyrosine
phosphatase alpha regulates Fyn activity and Cbp/PAG phosphorylation in thymocyte lipid rafts, J. Immunol.
175 (2005) 7947-7956.

[87] J.G. Altin, E.K. Sloan, The role of CD45 and CD45-associated molecules in T cell activation, Immunol.
Cell Biol. 75 (1997) 430-445.

[88] D. Filipp, O. Ballek, J. Manning, Lck, membrane microdomains, and TCR triggering machinery: defining
the new rules of engagement, Front. Immunol. 3 (2012) 155.

[89] A.E. Saunders, P. Johnson, Modulation of immune cell signalling by the leukocyte common tyrosine
phosphatase, CD45, Cell. Signal. 22 (2010) 339-348.

[90] Y. Torimoto, N.H. Dang, M. Streuli, D.M. Rothstein, H. Saito, S.F. Schlossman, et al., Activation of T cells
through a T cell-specific epitope of CD45, Cell. Immunol. 145 (1992) 111-129.

[91] J.M. Ferrer, A. Plaza, M. Kreisler, F. Diaz-Espada, Differential interleukin secretion by in vitro activated
human CD45RA and CD45R0 CD4+ T cell subsets, Cell. Immunol. 141 (1992) 10-20.

[92] A.T. Robinson, N. Miller, D.R. Alexander, CD3 antigen-mediated calcium signals and protein kinase C
activation are higher in CD45R0+ than in CD45RA+ human T lymphocyte subsets, Eur. J. Immunol. 23 (1993)
61-68.

[93] R. Schwinzer, R. Siefken, R.A. Franklin, J. Saloga, K. Wonigeit, E.W. Gelfand, Human CD45RA+ and
CD45R0+ T cells exhibit similar CD3/T cell receptormediated transmembrane signaling capacities but differ
in response to co-stimulatory signals, Eur. J. Immunol. 24 (1994) 1391-1395.

[94] T.J. Novak, D. Farber, D. Leitenberg, S.C. Hong, P. Johnson, K. Bottomly, Isoforms of the transmembrane
tyrosine phosphatase CD45 differentially affect T cell recognition, Immunity 1 (1994) 109-119.

[95] D. Chui, C.J. Ong, P. Johnson, H.S. Teh, J.D. Marth, Specific CD45 isoforms differentially regulate T cell
receptor signaling, EMBO J. 13 (1994) 798-807.

[96] H.R. Patel, H. Renz, N. Terada, E.W. Gelfand, Differential activation of p21ras in CD45RA+ and CD45R0O+
human T lymphocytes, J. Immunol. 152 (1994) 2830-2836.

[97] H. Onodera, D.G. Motto, G.A. Koretzky, D.M. Rothstein, Differential regulation of activation-induced
tyrosine phosphorylation and recruitment of SLP-76 to Vav by distinct isoforms of the CD45 protein-tyrosine

2760
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

phosphatase, J. Biol. Chem. 271 (1996) 22225-22230.

[98] S.J. Goldman, S. Uniyal, L.M. Ferguson, D.E. Golan, S.J. Burakoff, P.A. Kiener, Differential activation of
phosphotyrosine protein phosphatase activity in a murine T cell hybridoma by monoclonal antibodies to
CD45, J. Biol. Chem. 267 (1992) 6197-6204.

[99] A. Takeda, J.J. Wu, A.L. Maizel, Evidence for monomeric and dimeric forms of CD45 associated with a
30-kDa phosphorylated protein, J. Biol. Chem. 267 (1992) 16651-16659.

[100] R. Majeti, A.M. Bilwes, J.P. Noel, T. Hunter, A. Weiss, Dimerization-induced inhibition of receptor
protein tyrosine phosphatase function through an inhibitory wedge, Science 279 (1998) 88-91.

[101] R. Majeti, Z. Xu, T.G. Parslow, J.L. Olson, D.l. Daikh, N. Killeen, et al., An inactivating point mutation in
the inhibitory wedge of CD45 causes lymphoproliferation and autoimmunity, Cell 103 (2000) 1059-1070.

[102] M.L. Hermiston, A.L. Tan, V.A. Gupta, R. Majeti, A. Weiss, The juxtamembrane wedge negatively
regulates CD45 function in B cells, Immunity 23 (2005) 635-647.

[103] M.L. Hermiston, J. Zikherman, A.L. Tan, V.C. Lam, N.M. Cresalia, N. Oksenberg, et al., Differential
impact of the CD45 juxtamembrane wedge on central and peripheral T cell receptor responses, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 546-551.

[104] D.M. Desai, J. Sap, J. Schlessinger, A. Weiss, Ligand-mediated negative regulation of a chimeric
transmembrane receptor tyrosine phosphatase, Cell 73 (1993) 541-554.

[105] Z. Xu, A. Weiss, Negative regulation of CD45 by differential homodimerization of the alternatively
spliced isoforms, Nat. Immunol. 3 (2002) 764-771.

[106] V. Kumar, P. Cheng, T. Condamine, S. Mony, L.R. Languino, J.C. McCaffrey, et al.,

[107] M. Autero, C.G. Gahmberg, Phorbol diesters increase the phosphorylation of the leukocyte common
antigen CD45 in human T cells, Eur. J. Immunol. 17 (1987) 1503-1506.

[108] D.R. Stover, H. Charbonneau, N.K. Tonks, K.A. Walsh, Protein-tyrosine-phosphatase CD45 is
phosphorylated transiently on tyrosine upon activation of Jurkat T cells, Proc. Natl. Acad. Sci. U. S. A. 88
(1991) 7704-7707.

[109] M. Autero, J. Saharinen, T. Pessa-Morikawa, M. Soula-Rothhut, C. Oetken, M. Gassmann, et al.,
Tyrosine phosphorylation of CD45 phosphotyrosine phosphatase by p50csk kinase creates a binding site for
p56lck tyrosine kinase and activates the phosphatase, Mol. Cell. Biol. 14 (1994) 1308-1321.

[110] H.L. Ostergaard, 1.S. Trowbridge, Negative regulation of CD45 protein tyrosine phosphatase activity
by ionomycin in T cells, Science 253 (1991) 1423-1425.

[111] B. Schraven, Y. Samstag, P. Altevogt, S.C. Meuer, Association of CD2 and CD45 on human T
lymphocytes, Nature 345 (1990) 71-74.

[112] A.l. Lazarovits, N. Osman, C.E. Le Feuvre, S.C. Ley, M.J. Crumpton, CD7 is associated with CD3 and
CDA45 on human T cells, J. Immunol. 153 (1994) 3956—3966.

[113] M.R. Zocchi, A. Poggi, F. Crosti, S. Tongiani, C. Rugarli, Signalling in human tumour infiltrating
lymphocytes: the CD28 molecule is functional and is physically associated with the CD45R0 molecule, Eur.
J. Cancer 28A (1992) 749-754.

[114] Y. Torimoto, N.H. Dang, E. Vivier, T. Tanaka, S.F. Schlossman, C. Morimoto, Coassociation of CD26
(dipeptidyl peptidase 1V) with CD45 on the surface of human T lymphocytes, J. Immunol. 147 (1991) 2514—
2517.

[115] C. Herold, A. Elhabazi, G. Bismuth, A. Bensussan, L. Boumsell, CD100 is associated with CD45 at the
surface of human T lymphocytes: role in T cell homotypic adhesion, J. Immunol. 157 (1996) 5262-5268.

[116] R.S. Mittler, B.M. Rankin, P.A. Kiener, Physical associations between CD45 and CD4 or CD8 occur as
late activation events in antigen receptor-stimulated human T cells, J. Immunol. 147 (1991) 3434-3440.

[117] D. Leitenberg, T.J. Novak, D. Farber, B.R. Smith, K. Bottomly, The extracellular domain of CD45
controls association with the CD4-T cell receptor complex and the response to antigen-specific stimulation,
J. Exp. Med. 183 (1996) 249-259.

2761
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

[118] S. Volarevic, C.M. Burns, J.J. Sussman, J.D. Ashwell, Intimate association of Thy-1 and the T-cell antigen
receptor with the CD45 tyrosine phosphatase, Proc. Natl. Acad. Sci. U. S. A. 87 (1990) 7085—7089.

[119] V.B. Lokeshwar, L.Y. Bourguignon, Tyrosine phosphatase activity of lymphoma CD45 (GP180) is
regulated by a direct interaction with the cytoskeleton, J. Biol. Chem. 267 (1992) 21551-21557.

[120] N. lida, V.B. Lokeshwar, L.Y. Bourguignon, Mapping the fodrin binding domain in CD45, a leukocyte
membrane-associated tyrosine phosphatase, J. Biol. Chem. 269 (1994) 28576—28583.

[121] B. Schraven, A. Schirren, H. Kirchgessner, B. Siebert, S.C. Meuer, Four CD45/ P56lck-associated
phosphorproteins (pp29-pp32) undergo alterations in human T cell activation, Eur. J. Immunol. 22 (1992)
1857-1863.

[122] J.G. Altin, E.B. Pagler, C.R. Parish, Evidence for an association of CD45 with 32,000-33,000 MW
phosphoproteins on murine T and B lymphocytes, Immunology 83 (1994) 420—429.

[123] A. Takeda, A.L. Maizel, K. Kitamura, T. Ohta, S. Kimura, Molecular cloning of the CD45-associated 30-
kDa protein, J. Biol. Chem. 269 (1994) 2357-2360.

[124] B. Schraven, D. Schoenhaut, E. Bruyns, G. Koretzky, C. Eckerskorn, R. Wallich, et al., LPAP, a novel 32-
kDa phosphoprotein that interacts with CD45 in human lymphocytes, J. Biol. Chem. 269 (1994) 29102—-
29111.

[125] N.A. Kruglova, T.D. Meshkova, A.T. Kopylov, D.V. Mazurov, A.V. Filatov, Constitutive and activation-
dependent phosphorylation of lymphocyte phosphatase-associated phosphoprotein (LPAP), PLoS One 12
(2017) e0182468.

[126] E.D. Cahir McFarland, M.L. Thomas, CD45 protein-tyrosine phosphatase associates with the WW
domain-containing protein, CD45AP, through the transmembrane region, J. Biol. Chem. 270 (1995) 28103—
28107.

[127] E. Bruyns, H. Kirchgessner, S. Meuer, B. Schraven, Biochemical analysis of the CD45-p56(Ick) complex
in Jurkat T cells lacking expression of lymphocyte phosphatase-associated phosphoprotein, Int. Immunol.
10 (1998) 185-194.

[128] A. Matsuda, S. Motoya, S. Kimura, R. Mclnnis, A.L. Maizel, A. Takeda, Disruption of lymphocyte
function and signaling in CD45-associated protein-null mice, J. Exp. Med. 187 (1998) 1863—-1870.

[129] C. Kung, M. Okumura, J.R. Seavitt, M.E. Noll, L.S. White, J.T. Pingel, et al., CD45- associated protein is
not essential for the regulation of antigen receptor-mediated signal transduction, Eur. J. Immunol. 29 (1999)
3951-3955.

[130] I. Ding, E. Bruyns, P. Li, D. Magada, M. Paskind, L. Rodman, et al., Biochemical and functional analysis
of mice deficient in expression of the CD45-associated phosphoprotein LPAP, Eur. J. Immunol. 29 (1999)
3956-3961.

[131] C. Kung, J.T. Pingel, M. Heikinheimo, T. Klemola, K. Varkila, L.I. Yoo, et al., Mutations in the tyrosine
phosphatase CD45 gene in a child with severe combined immunodeficiency disease, Nat. Med. 6 (2000)
343-345.

[132] E.Z. Tchilian, D.L. Wallace, R.S. Wells, D.R. Flower, G. Morgan, P.C. Beverley, A deletion in the gene
encoding the CD45 antigen in a patient with SCID, J. Immunol. 166 (2001) 1308-1313.

[133] J.L. Roberts, R.H. Buckley, B. Luo, J. Pei, A. Lapidus, S. Peri, et al., CD45-deficient severe combined
immunodeficiency caused by uniparental disomy, Proc. Natl. Acade. Sci. U. S. A. 109 (2012) 10456-10461.

[134] F. Autschbach, E. Palou, G. Mechtersheimer, C. Rohr, F. Pirotto, N. Gassler, et al., Expression of the
membrane protein tyrosine phosphatase CD148 in human tissues, Tissue Antigens 54 (1999) 485—-498.

[135] J.W. Zhu, T. Brdicka, T.R. Katsumoto, J. Lin, A. Weiss, Structurally distinct phosphatases CD45 and
CD148 both regulate B cell and macrophage immunoreceptor signaling, Immunity 28 (2008) 183-196.

[136] J. Zikherman, K. Doan, R. Parameswaran, W. Raschke, A. Weiss, Quantitative differences in CD45
expression unmask functions for CD45 in B-cell development, tolerance, and survival, Proc. Natl. Acad. Sci.
U.S.A.109 (2012) E3-12.

2762
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

[137] O.E. Tayer-Shifman, O. llan, H. Tovi, Y. Tal, Cogan’s syndrome—clinical guidelines and novel therapeutic
approaches, Clin. Rev. Allergy Immunol. 47 (2014) 65-72.

[138] D.A. lliescu, C.M. Timaru, M. Batras, A. De Simone, C. Stefan, Cogan’s Syndrome, Rom. J. Ophthalmol.
59 (2015) 6-13.

[139] |. Gabaey, E. Elbasani, S. Ameres, L. Steinbruck, R. Stanton, M. Doring, et al., Expression of the human
cytomegalovirus UL11 glycoprotein in viral infection and evaluation of its effect on virus-specific CDS8T cells,
J. Virol. 88 (2014) 14326-14339.

[140] J. Zischke, P. Mamareli, C. Pokoyski, I. Gabaev, S. Buyny, R. Jacobs, et al., The human cytomegalovirus
glycoprotein pUL11 acts via CD45 to induce T cell IL-10 secretion, PLoS Pathog. 13 (2017) e1006454.

[141] M. Julkunen, R.S. Raikar, S.G. Joshi, H. Bohn, M. Seppala, Placental protein 14 and progestagen-
dependent endometrial protein are immunologically indistinguishable, Hum. Reprod. 1 (1986) 7-8.

[142] D.M. Morrow, N. Xiong, R.R. Getty, M.Z. Ratajczak, D. Morgan, M. Seppala, et al., Hematopoietic
placental protein 14: an immunosuppressive factor in cells of the megakaryocytic lineage, Am. J. Pathol. 145
(1994) 1485-1495.

[143] E. Ish-Shalom, A. Gargir, S. Andre, Z. Borovsky, Z. Ochanuna, H.J. Gabius, et al., alpha2,6-Sialylation
promotes binding of placental protein 14 via its Ca2+-dependent lectin activity: insights into differential
effects on CD45R0 and CD45RAT cells, Glycobiology 16 (2006) 173-183.

[144] P.R. Crocker, E.A. Clark, M. Filbin, S. Gordon, Y. Jones, J.H. Kehrl, et al., Siglecs: a family of sialic-acid
binding lectins, Glycobiology 8 (1998) v.

[145] S. Coughlin, M. Noviski, J.L. Mueller, A. Chuwonpad, W.C. Raschke, A. Weiss, et al., An extracatalytic
function of CD45 in B cells is mediated by CD22, Proc. Natl. Acad. Sci. U. S. A. 112 (2015) E6515-6524.

[146] T.R. Bakker, C. Piperi, E.A. Davies, P.A. Merwe, Comparison of CD22 binding to native CD45 and
synthetic oligosaccharide, Eur. J. Immunol. 32 (2002) 1924-1932.

[147] S.H. Barondes, D.N. Cooper, M.A. Gitt, H. Leffler, Galectins Structure and function of a large family of
animal lectins, J. Biol. Chem. 269 (1994) 20807-20810.

[148] S.M. Blois, J.M. llarregui, M. Tometten, M. Garcia, A.S. Orsal, R. Cordo-Russo, et al., A pivotal role for
galectin-1 in fetomaternal tolerance, Nat. Med. 13 (2007) 1450-1457.

[149] G. Barrientos, N. Freitag, |. Tirado-Gonzalez, L. Unverdorben, U. Jeschke, V.L. Thijssen, et al.,
Involvement of galectin-1 in reproduction: past, present and future, Hum. Reprod. Update 20 (2014) 175—
193.

[150] S. Chawla, T.A. Warren, L.F. Wockner, D.L. Lambie, |.S. Brown, T.P. Martin, et al., Galectin-1 is
associated with poor prognosis in patients with cutaneous head and neck cancer with perineural spread,
Cancer Immunol. Immunother. 65 (2016) 213-222.

[151] M.J. Garcia, F. Jurado, D. San Segundo, M. Lopez-Hoyos, P. Iruzubieta, S. Llerena, et al., Galectin-1 in
stable liver transplant recipients, Transplant. Proc. 47 (2015) 93-96.

[152] H. Walzel, U. Schulz, P. Neels, J. Brock, Galectin-1, a natural ligand for the receptor-type protein
tyrosine phosphatase CD45, Immunol. Lett. 67 (1999) 193-202.

[153] M. Fouillit, R. Joubert-Caron, F. Poirier, P. Bourin, E. Monostori, M. Levi-Strauss, et al., Regulation of
CDA45-induced signaling by galectin-1 in Burkitt lymphoma B cells, Glycobiology 10 (2000) 413-419.

[154] M. Pang, J. He, P. Johnson, L.G. Baum, CD45-mediated fodrin cleavage during galectin-1T cell death
promotes phagocytic clearance of dying cells, J. Immunol. 182 (2009) 7001-7008.

[155] F.T. Liu, G.A. Rabinovich, Galectins as modulators of tumour progression, Nat. Rev. Cancer 5 (2005)
29-41.

[156] D.J. Lok, P. Van Der Meer, P.W. de la Porte, E. Lipsic, J. Van Wijngaarden, H.L. Hillege, et al., Prognostic
value of galectin-3, a novel marker of fibrosis, in patients with chronic heart failure: data from the DEAL-HF
study, Clin. Res. Cardiol. 99 (2010) 323-328.

[157] N.C. Henderson, A.C. Mackinnon, S.L. Farnworth, T. Kipari, C. Haslett, J.P. Iredale, et al., Galectin-3

2763
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



CD45 in clinical medicine and Multiple Myeloma

Section A-Research paper

expression and secretion links macrophages to the promotion of renal fibrosis, Am. J. Pathol. 172 (2008)
288-298.

[158] M.C. Clark, M. Pang, D.K. Hsu, F.T. Liu, S. de Vos, R.D. Gascoyne, et al., Galectin-3 binds to CD45 on
diffuse large B-cell lymphoma cells to regulate susceptibility to cell death, Blood 120 (2012) 4635-4644.
[159] S.J. van Vliet, E. Saeland, Y. van Kooyk, Sweet preferences of MGL: carbohydrate specificity and
function, Trends Immunol. 29 (2008) 83-90.

[160] S.J. van Vliet, S.I. Gringhuis, T.B. Geijtenbeek, Y. van Kooyk, Regulation of effector T cells by antigen-
presenting cells via interaction of the C-type lectin MGL with CD45, Nat. Immunol. 7 (2006) 1200-1208.
[161] L. Martinez-Pomares, P.R. Crocker, R. Da Silva, N. Holmes, C. Colominas, P. Rudd, et al., Cell-specific
glycoforms of sialoadhesin and CD45 are counter-receptors for the cysteine-rich domain of the mannose
receptor, J. Biol. Chem. 274 (1999) 35211-35218.

[162] V. Schuette, M. Embgenbroich, T. Ulas, M. Welz, J. Schulte-Schrepping, A.M. Draffehn, et al., Mannose
receptor induces T-cell tolerance via inhibition of CD45 and up-regulation of CTLA-4, Proc. Natl. Acad. Sci.
U.S. A. 113 (2016) 10649-10654.

2764
Eur. Chem. Bull. 2023, 12(Special Issue 12): 2751-2764



	References
	[1] S.J. van Vliet, I.M. Vuist, K. Lenos, B. Tefsen, H. Kalay, J.J. Garcia-Vallejo, et al., Human T cell activation results in extracellular signal-regulated kinase (ERK)- calcineurin-dependent exposure of Tn antigen on the cell surface and binding of...
	[2] M. Amano, M. Galvan, J. He, L.G. Baum, The ST6 Gal I sialyltransferase selectively modifies N-glycans on CD45 to negatively regulate galectin-1-induced CD45 clustering, phosphatase modulation, and T cell death, J. Biol. Chem. 278 (2003) 7469–7475.
	[3] I. Gabaev, L. Steinbruck, C. Pokoyski, A. Pich, R.J. Stanton, R. Schwinzer, et al., The human cytomegalovirus ul11 protein interacts with the receptor tyrosine phosphatase CD45, resulting in functional paralysis of T Cells, PLoS Pathog. (2011) 7.
	[4] J.J. Bleesing, T.A. Fleisher, Human B cells express a CD45 isoform that is similar to murine B220 and is downregulated with acquisition of the memory B-cell marker CD27 Cytometry Part B, Clin. Cytom. 51 (2003) 1–8.
	[5] F.W. Shen, J.S. Tung, E.A. Boyse, Further definition of the Ly-5 system, Immunogenetics 24 (1986) 146–149.
	[6] H. Charbonneau, N.K. Tonks, K.A. Walsh, E.H. Fischer, The leukocyte common antigen (CD45): a putative receptor-linked protein tyrosine phosphatase, Proc. Natl. Acad. Sci. U. S. A. 85 (1988) 7182–7186.
	[7] T. Woodford-Thomas, M.L. Thomas, The leukocyte common antigen, CD45 and other protein tyrosine phosphatases in hematopoietic cells, Semin. Cell Biol. 4 (1993) 409–418.
	[8] J.A. Donovan, G.A. Koretzky, CD45 and the immune response, J. Am. Soc. Nephrol.: JASN 4 (1993) 976–985.
	[9] G. Cheng, J. Cox, P. Wang, M.N. Krishnan, J. Dai, F. Qian, et al., A C-type lectin collaborates with a CD45 phosphatase homolog to facilitate West Nile virus infection of mosquitoes, Cell 142 (2010) 714–725.
	[10] M. Okumura, R.J. Matthews, B. Robb, G.W. Litman, P. Bork, M.L. Thomas, Comparison of CD45 extracellular domain sequences from divergent vertebrate species suggests the conservation of three fibronectin type III domains, J. Immunol. 157 (1996) 15...
	[11] D. Pilling, T. Fan, D. Huang, B. Kaul, R.H. Gomer, Identification of markers that distinguish monocyte-derived fibrocytes from monocytes, macrophages, and fibroblasts, PLoS One (2009) 4.
	[12] L. Yang, P.G. Scott, J. Giuffre, H.A. Shankowsky, A. Ghahary, E.E. Tredget, Peripheral blood fibrocytes from burn patients: identification and quantification of fibrocytes in adherent cells cultured from peripheral blood mononuclear cells, Lab. ...
	[13] M.E. Yeager, C.M. Nguyen, D.D. Belchenko, K.L. Colvin, S. Takatsuki, D.D. Ivy, et al., Circulating fibrocytes are increased in children and young adults with pulmonary hypertension, Eur. Respir. J. 39 (2012) 104–111.
	[14] Y. Zhao, Z. Huang, P. Lazzarini, Y. Wang, A. Di, M. Chen, A unique human bloodderived cell population displays high potential for producing insulin, Biochem. Biophys. Res. Commun. 360 (2007) 205–211.
	[15] L. Lefrancois, M.L. Thomas, M.J. Bevan, I.S. Trowbridge, Different classes of T lymphocytes have different mRNAs for the leukocyte-common antigen, T200, J. Exp. Med. 163 (1986) 1337–1342.
	[16] M.L. Hermiston, Z. Xu, A. Weiss, CD45: a critical regulator of signaling thresholds in immune cells, Annu. Rev. Immunol. 21 (2003) 107–137.
	[17] K.W. Lynch, Consequences of regulated pre-mRNA splicing in the immune system, Nat. Rev. Immunol. 4 (2004) 931–940.
	[18] S. Oberdoerffer, L.F. Moita, D. Neems, R.P. Freitas, N. Hacohen, A. Rao, Regulation of CD45 alternative splicing by heterogeneous ribonucleoprotein, hnRNPLL, Science 321 (2008) 686–691
	[19] R. Pulido, F. Sanchez-Madrid, Glycosylation of CD45: carbohydrate processing through Golgi apparatus is required for cell surface expression and protein stability, Eur. J. Immunol. 22 (1992) 463–468.
	[20] T. Sato, K. Furukawa, M. Autero, C.G. Gahmberg, A. Kobata, Structural study of the sugar chains of human leukocyte common antigen CD45, Biochemistry 32 (1993) 12694–12704.
	[21] L.A. Earl, L.G. Baum, CD45 glycosylation controls T-cell life and death, Immunol. Cell Biol. 86 (2008) 608–615.
	[22] D. Mason, Subsets of CD4+ T cells defined by their expression of different isoforms of the leucocyte-common antigen, CD45, Biochem. Soc. Trans. 20 (1992) 188–190.
	[23] S. Poppema, R. Lai, L. Visser, X.J.5 Yan, CD45 (leucocyte common antigen) expression in T and B lymphocyte subsets, Leuk. Lymphoma 20 (1996) 217–222.
	[24] A.N. Akbar, L. Terry, A. Timms, P.C. Beverley, G. Janossy, Loss of CD45R and gain of UCHL1 reactivity is a feature of primed T cells, J. Immunol. 140 (1988) 2171–2178.
	[25] C.E. Rudd, P. Anderson, C. Morimoto, M. Streuli, S.F. Schlossman, Molecular interactions, T-cell subsets and a role of the CD4/CD8:p56lck complex in human Tcell activation, Immunol. Rev. 111 (1989) 225–266.
	[26] L. McNeill, R.L. Cassady, S. Sarkardei, J.C. Cooper, G. Morgan, D.R. Alexander, CD45 isoforms in T cell signalling and development, Immunol. Lett. 92 (2004) 125–134.
	[27] C.A. Michie, A. McLean, C. Alcock, P.C. Beverley, Lifespan of human lymphocyte subsets defined by CD45 isoforms, Nature 360 (1992) 264–265.
	[28] M.R. Wills, A.J. Carmichael, M.P. Weekes, K. Mynard, G. Okecha, R. Hicks, et al., Human virus-specific CD8+ CTL clones revert from CD45ROhigh to CD45RAhigh in vivo: CD45RAhighCD8+ T cells comprise both naive and memory cells, J. Immunol. 162 (19...
	[29] E.C. Waller, N. McKinney, R. Hicks, A.J. Carmichael, J.G. Sissons, M.R. Wills, Differential costimulation through CD137 (4-1BB) restores proliferation of human virus-specific effector memory (CD28(−) CD45RA(HI)) CD8(+) T cells, Blood 110 (2007) ...
	[30] D. Di Mitri, R.I. Azevedo, S.M. Henson, V. Libri, N.E. Riddell, R. Macaulay, et al., Reversible senescence in human CD4 + CD45RA + CD27- memory T cells, J. Immunol. 187 (2011) 2093–2100.
	[31] S.M. Henson, N.E. Riddell, A.N. Akbar, Properties of end-stage human T cells defined by CD45RA re-expression, Curr. Opin. Immunol. 24 (2012) 476–481.
	[32] M. Egerton, E. Pruski, L.M. Pilarski, Cell generation within human thymic subsets defined by selective expression of CD45 (T200) isoforms, Hum. Immunol. 27 (1990) 333–347.
	[33] Y. Fujii, M. Okumura, K. Inada, K. Nakahara, H. Matsuda, CD45 isoform expression during T cell development in the thymus, Eur. J. Immunol. 22 (1992) 1843–1850.
	[34] K. Fukuhara, M. Okumura, H. Shiono, M. Inoue, Y. Kadota, S. Miyoshi, et al., A study on CD45 isoform expression during T-cell development and selection events in the human thymus, Hum. Immunol. 63 (2002) 394–404.
	[35] E. Krzywinska, N. Allende-Vega, A. Cornillon, D.N. Vo, L. Cayrefourcq, C. Panabieres, et al., Identification of anti-tumor cells carrying natural killer (NK) cell antigens in patients with hematological cancers, EBioMedicine 2 (2015) 1364–1376.
	[36] W. Gillespie, J.C. Paulson, S. Kelm, M. Pang, L.G. Baum, Regulation of alpha 2,3- sialyltransferase expression correlates with conversion of peanut agglutinin (PNA) + to PNA- phenotype in developing thymocytes, J. Biol. Chem. 268 (1993) 3801–3804.
	[37] M. Dalziel, C. Whitehouse, I. McFarlane, I. Brockhausen, S. Gschmeissner, T. Schwientek, et al., The relative activities of the C2GnT1 and ST3Gal-I glycosyltransferases determine O-glycan structure and expression of a tumor-associated epitope on...
	[38] J.D. Hernandez, L.G. Baum, Ah, sweet mystery of death! Galectins and control of cell fate, Glycobiology 12 (2002) 127R–136R.
	[39] M.A. Daniels, K.A. Hogquist, S.C. Jameson, Sweet ‘n’ sour: the impact of differential glycosylation on T cell responses, Nat. Immunol. 3 (2002) 903–910.
	[40] O. Leupin, R. Zaru, T. Laroche, S. Muller, S. Valitutti, Exclusion of CD45 from the T-cell receptor signaling area in antigen-stimulated T lymphocytes, Curr. Biol.: CB 10 (2000) 277–280.
	[41] K.G. Johnson, S.K. Bromley, M.L. Dustin, M.L. Thomas, A supramolecular basis for CD45 tyrosine phosphatase regulation in sustained T cell activation, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 10138–10143.
	[42] P. Anton van der Merwe, S.J. Davis, A.S. Shaw, M.L. Dustin, Cytoskeletal polarization and redistribution of cell-surface molecules during T cell antigen recognition, Semin. Immunol. 12 (2000) 5–21.
	[43] B.A. Freiberg, H. Kupfer, W. Maslanik, J. Delli, J. Kappler, D.M. Zaller, et al., Staging and resetting T cell activation in SMACs, Nat. Immunol. 3 (2002) 911–917.
	[44] M.L. Dustin, The immunological synapse, Cancer Immunol. Res. 2 (2014) 1023–1033.
	[45] N.J. Burroughs, Z. Lazic, P.A. van der Merwe, Ligand detection and discrimination by spatial relocalization: a kinase-phosphatase segregation model of TCR activation, Biophys. J . 91 (2006) 1619–1629.
	[46] N.J. Burroughs, P.A. van der Merwe, Stochasticity and spatial heterogeneity in Tcell activation, Immunol. Rev. 216 (2007) 69–80.
	[47] S.J. Davis, P.A. van der Merwe, The kinetic-segregation model: TCR triggering and beyond, Nat. Immunol. 7 (2006) 803–809.
	[48] J.R. James, R.D. Vale, Biophysical mechanism of T-cell receptor triggering in a reconstituted system, Nature 487 (2012) 64–69.
	[49] K. Choudhuri, D. Wiseman, M.H. Brown, K. Gould, P.A. van der Merwe, T-cell
	[50] S.P. Cordoba, K. Choudhuri, H. Zhang, M. Bridge, A.B. Basat, M.L. Dustin, et al., The large ectodomains of CD45 and CD148 regulate their segregation from and inhibition of ligated T-cell receptor, Blood 121 (2013) 4295–4302.
	[51] V.T. Chang, R.A. Fernandes, K.A. Ganzinger, S.F. Lee, C. Siebold, J. McColl, et al., Initiation of T cell signaling by CD45 segregation at ‘close contacts', Nat. Immunol. 17 (2016) 574–582.
	[52] C.B. Carbone, N. Kern, R.A. Fernandes, E. Hui, X. Su, K.C. Garcia, et al., In vitro reconstitution of T cell receptor-mediated segregation of the CD45 phosphatase, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E9338–E9345.
	[53] N.J. Burroughs, C. Wulfing, Differential segregation in a cell-cell contact interface: the dynamics of the immunological synapse, Biophys. J . 83 (2002) 1784–1796.
	[54] C. Irles, A. Symons, F. Michel, T.R. Bakker, P.A. van der Merwe, O. Acuto, CD45 ectodomain controls interaction with GEMs and Lck activity for optimal TCR signaling, Nat. Immunol. 4 (2003) 189–197.
	[55] X. He, T.A. Woodford-Thomas, K.G. Johnson, D.D. Shah, M.L. Thomas, Targeting of CD45 protein tyrosine phosphatase activity to lipid microdomains on the T cell surface inhibits TCR signaling, Eur. J. Immunol. 32 (2002) 2578–2587.
	[56] R.J. Brownlie, R. Zamoyska, T cell receptor signalling networks: branched, diversified and bounded, Nat. Rev. Immunol. 13 (2013) 257–269.
	[57] L. Philipsen, A.V. Reddycherla, R. Hartig, J. Gumz, M. Kastle, A. Kritikos, et al., De novo phosphorylation and conformational opening of the tyrosine kinase Lck act in concert to initiate T cell receptor signaling, Sci. Signal. (2017) 10.
	[58] A.H. Courtney, J.F. Amacher, T.A. Kadlecek, M.N. Mollenauer, B.B. Au-Yeung, J. Kuriyan, et al., A phosphosite within the SH2 domain of lck regulates its activation by CD45, Mol. Cell 67 (2017) 498–511 (e496).
	[59] L. McNeill, R.J. Salmond, J.C. Cooper, C.K. Carret, R.L. Cassady-Cain, M. RocheMolina, et al., The differential regulation of Lck kinase phosphorylation sites by CD45 is critical for T cell receptor signaling responses, Immunity 27 (2007) 425–437.
	[60] J.R. Schoenborn, Y.X. Tan, C. Zhang, K.M. Shokat, A. Weiss, Feedback circuits monitor and adjust basal Lck-dependent events in T cell receptor signaling, Sci. Signal. 4 (2011) ra59.
	[61] M.L. Thomas, E.J. Brown, Positive and negative regulation of Src-family membrane kinases by CD45, Immunol. Today 20 (1999) 406–411.
	[62] U. D'Oro, J.D. Ashwell, Cutting edge: the CD45 tyrosine phosphatase is an inhibitor of Lck activity in thymocytes, J. Immunol. 162 (1999) 1879–1883.
	[63] H. Shenoi, J. Seavitt, A. Zheleznyak, M.L. Thomas, E.J. Brown, Regulation of integrin-mediated T cell adhesion by the transmembrane protein tyrosine phosphatase CD45, J. Immunol. 162 (1999) 7120–7127.
	[64] R. Li, N. Wong, M.D. Jabali, P. Johnson, CD44-initiated cell spreading induces Pyk2 phosphorylation, is mediated by Src family kinases, and is negatively regulated by CD45, J. Biol. Chem. 276 (2001) 28767–28773.
	[65] H. Zhang, F. Meng, C.L. Chu, T. Takai, C.A. Lowell, The Src family kinases Hck and Fgr negatively regulate neutrophil and dendritic cell chemokine signaling via PIRB, Immunity 22 (2005) 235–246.
	[66] J. Piercy, S. Petrova, E.Z. Tchilian, P.C. Beverley, CD45 negatively regulates tumour necrosis factor and interleukin-6 production in dendritic cells, Immunology 118 (2006) 250–256.
	[67] J. Irie-Sasaki, T. Sasaki, W. Matsumoto, A. Opavsky, M. Cheng, G. Welstead, et al., CD45 is a JAK phosphatase and negatively regulates cytokine receptor signalling, Nature 409 (2001) 349–354.
	[68] J.M. Penninger, J. Irie-Sasaki, T. Sasaki, A.J. Oliveira-dos-Santos, CD45: new jobs for an old acquaintance, Nat. Immunol. 2 (2001) 389–396.
	[69] T. Yamada, D. Zhu, A. Saxon, K. Zhang, CD45 controls interleukin-4-mediated IgE class switch recombination in human B cells through its function as a Janus kinase phosphatase, J. Biol. Chem. 277 (2002) 28830–28835.
	[70] J.T. Pingel, M.L. Thomas, Evidence that the leukocyte-common antigen is required for antigen-induced T lymphocyte proliferation, Cell 58 (1989) 1055–1065.
	[71] I.S. Trowbridge, M.L. Thomas, CD45: an emerging role as a protein tyrosine phosphatase required for lymphocyte activation and development, Annu. Rev. Immunol. 12 (1994) 85–116.
	[72] J.G. Cyster, J.I. Healy, K. Kishihara, T.W. Mak, M.L. Thomas, C.C. Goodnow, Regulation of B-lymphocyte negative and positive selection by tyrosine phosphatase CD45, Nature 381 (1996) 325–328.
	[73] K. Kishihara, J. Penninger, V.A. Wallace, T.M. Kundig, K. Kawai, A. Wakeham, et al., Normal B lymphocyte development but impaired T cell maturation in CD45- exon6 protein tyrosine phosphatase-deficient mice, Cell 74 (1993) 143–156.
	[74] D.M. Desai, J. Sap, O. Silvennoinen, J. Schlessinger, A. Weiss, The catalytic activity of the CD45 membrane-proximal phosphatase domain is required for TCR signaling and regulation, EMBO J. 13 (1994) 4002–4010.
	[75] K.F. Byth, L.A. Conroy, S. Howlett, A.J. Smith, J. May, D.R. Alexander, et al., CD45-null transgenic mice reveal a positive regulatory role for CD45 in early thymocyte development, in the selection of CD4 + CD8+ thymocytes, and B cell maturation...
	[76] M.A. Basson, U. Bommhardt, P.J. Mee, V.L. Tybulewicz, R. Zamoyska, Molecular requirements for lineage commitment in the thymus–antibody-mediated receptor engagements reveal a central role for lck in lineage decisions, Immunol. Rev. 165 (1998) 18...
	[77] P.J. Mee, M. Turner, M.A. Basson, P.S. Costello, R. Zamoyska, V.L. Tybulewicz, Greatly reduced efficiency of both positive and negative selection of thymocytes in CD45 tyrosine phosphatase-deficient mice, Eur. J. Immunol. 29 (1999) 2923–2933.
	[78] T. Furukawa, M. Itoh, N.X. Krueger, M. Streuli, H. Saito, Specific interaction of the CD45 protein-tyrosine phosphatase with tyrosine-phosphorylated CD3 zeta chain, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 10928–10932.
	[79] J.D. Stone, L.A. Conroy, K.F. Byth, R.A. Hederer, S. Howlett, Y. Takemoto, et al., Aberrant TCR-mediated signaling in CD45-null thymocytes involves dysfunctional regulation of Lck, Fyn, TCR-zeta, and ZAP-70, J. Immunol. 158 (1997) 5773–5782.
	[80] Z. Hegedus, V. Chitu, G.K. Toth, C. Finta, G. Varadi, I. Ando, et al., Contribution of kinases and the CD45 phosphatase to the generation of tyrosine phosphorylation patterns in the T-cell receptor complex zeta chain, Immunol. Lett. 67 (1999) 31...
	[81] T. Mustelin, S. Williams, P. Tailor, C. Couture, G. Zenner, P. Burn, et al., Regulation of the p70zap tyrosine protein kinase in T cells by the CD45 phosphotyrosine phosphatase, Eur. J. Immunol. 25 (1995) 942–946.
	[82] L.H. Mason, J. Willette-Brown, L.S. Taylor, D.W. McVicar, Regulation of Ly49D/ DAP12 signal transduction by Src-family kinases and CD45, J. Immunol. 176 (2006) 6615–6623.
	[83] T. Brdicka, D. Pavlistova, A. Leo, E. Bruyns, V. Korinek, P. Angelisova, et al., Phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG), a novel ubiquitously expressed transmembrane adaptor protein, binds the protein tyrosi...
	[84] D. Davidson, M. Bakinowski, M.L. Thomas, V. Horejsi, A. Veillette, Phosphorylation-dependent regulation of T-cell activation by PAG/Cbp, a lipid raft-associated transmembrane adaptor, Mol. Cell. Biol. 23 (2003) 2017–2028.
	[85] L. Maksumova, Y. Wang, N.K. Wong, H.T. Le, C.J. Pallen, P. Johnson, Differential function of PTPalpha and PTPalpha Y789F in T cells and regulation of PTPalpha phosphorylation at Tyr-789 by CD45, J. Biol. Chem. 282 (2007) 20925–20932.
	[86] L. Maksumova, H.T. Le, F. Muratkhodjaev, D. Davidson, A. Veillette, C.J. Pallen, Protein tyrosine phosphatase alpha regulates Fyn activity and Cbp/PAG phosphorylation in thymocyte lipid rafts, J. Immunol. 175 (2005) 7947–7956.
	[87] J.G. Altin, E.K. Sloan, The role of CD45 and CD45-associated molecules in T cell activation, Immunol. Cell Biol. 75 (1997) 430–445.
	[88] D. Filipp, O. Ballek, J. Manning, Lck, membrane microdomains, and TCR triggering machinery: defining the new rules of engagement, Front. Immunol. 3 (2012) 155.
	[89] A.E. Saunders, P. Johnson, Modulation of immune cell signalling by the leukocyte common tyrosine phosphatase, CD45, Cell. Signal. 22 (2010) 339–348.
	[90] Y. Torimoto, N.H. Dang, M. Streuli, D.M. Rothstein, H. Saito, S.F. Schlossman, et al., Activation of T cells through a T cell-specific epitope of CD45, Cell. Immunol. 145 (1992) 111–129.
	[91] J.M. Ferrer, A. Plaza, M. Kreisler, F. Diaz-Espada, Differential interleukin secretion by in vitro activated human CD45RA and CD45RO CD4+ T cell subsets, Cell. Immunol. 141 (1992) 10–20.
	[92] A.T. Robinson, N. Miller, D.R. Alexander, CD3 antigen-mediated calcium signals and protein kinase C activation are higher in CD45R0+ than in CD45RA+ human T lymphocyte subsets, Eur. J. Immunol. 23 (1993) 61–68.
	[93] R. Schwinzer, R. Siefken, R.A. Franklin, J. Saloga, K. Wonigeit, E.W. Gelfand, Human CD45RA+ and CD45R0+ T cells exhibit similar CD3/T cell receptormediated transmembrane signaling capacities but differ in response to co-stimulatory signals, Eur...
	[94] T.J. Novak, D. Farber, D. Leitenberg, S.C. Hong, P. Johnson, K. Bottomly, Isoforms of the transmembrane tyrosine phosphatase CD45 differentially affect T cell recognition, Immunity 1 (1994) 109–119.
	[95] D. Chui, C.J. Ong, P. Johnson, H.S. Teh, J.D. Marth, Specific CD45 isoforms differentially regulate T cell receptor signaling, EMBO J. 13 (1994) 798–807.
	[96] H.R. Patel, H. Renz, N. Terada, E.W. Gelfand, Differential activation of p21ras in CD45RA+ and CD45RO+ human T lymphocytes, J. Immunol. 152 (1994) 2830–2836.
	[97] H. Onodera, D.G. Motto, G.A. Koretzky, D.M. Rothstein, Differential regulation of activation-induced tyrosine phosphorylation and recruitment of SLP-76 to Vav by distinct isoforms of the CD45 protein-tyrosine phosphatase, J. Biol. Chem. 271 (199...
	[98] S.J. Goldman, S. Uniyal, L.M. Ferguson, D.E. Golan, S.J. Burakoff, P.A. Kiener, Differential activation of phosphotyrosine protein phosphatase activity in a murine T cell hybridoma by monoclonal antibodies to CD45, J. Biol. Chem. 267 (1992) 6197...
	[99] A. Takeda, J.J. Wu, A.L. Maizel, Evidence for monomeric and dimeric forms of CD45 associated with a 30-kDa phosphorylated protein, J. Biol. Chem. 267 (1992) 16651–16659.
	[100] R. Majeti, A.M. Bilwes, J.P. Noel, T. Hunter, A. Weiss, Dimerization-induced inhibition of receptor protein tyrosine phosphatase function through an inhibitory wedge, Science 279 (1998) 88–91.
	[101] R. Majeti, Z. Xu, T.G. Parslow, J.L. Olson, D.I. Daikh, N. Killeen, et al., An inactivating point mutation in the inhibitory wedge of CD45 causes lymphoproliferation and autoimmunity, Cell 103 (2000) 1059–1070.
	[102] M.L. Hermiston, A.L. Tan, V.A. Gupta, R. Majeti, A. Weiss, The juxtamembrane wedge negatively regulates CD45 function in B cells, Immunity 23 (2005) 635–647.
	[103] M.L. Hermiston, J. Zikherman, A.L. Tan, V.C. Lam, N.M. Cresalia, N. Oksenberg, et al., Differential impact of the CD45 juxtamembrane wedge on central and peripheral T cell receptor responses, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 546–551.
	[104] D.M. Desai, J. Sap, J. Schlessinger, A. Weiss, Ligand-mediated negative regulation of a chimeric transmembrane receptor tyrosine phosphatase, Cell 73 (1993) 541–554.
	[105] Z. Xu, A. Weiss, Negative regulation of CD45 by differential homodimerization of the alternatively spliced isoforms, Nat. Immunol. 3 (2002) 764–771.
	[106] V. Kumar, P. Cheng, T. Condamine, S. Mony, L.R. Languino, J.C. McCaffrey, et al.,
	[107] M. Autero, C.G. Gahmberg, Phorbol diesters increase the phosphorylation of the leukocyte common antigen CD45 in human T cells, Eur. J. Immunol. 17 (1987) 1503–1506.
	[108] D.R. Stover, H. Charbonneau, N.K. Tonks, K.A. Walsh, Protein-tyrosine-phosphatase CD45 is phosphorylated transiently on tyrosine upon activation of Jurkat T cells, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 7704–7707.
	[109] M. Autero, J. Saharinen, T. Pessa-Morikawa, M. Soula-Rothhut, C. Oetken, M. Gassmann, et al., Tyrosine phosphorylation of CD45 phosphotyrosine phosphatase by p50csk kinase creates a binding site for p56lck tyrosine kinase and activates the phos...
	[110] H.L. Ostergaard, I.S. Trowbridge, Negative regulation of CD45 protein tyrosine phosphatase activity by ionomycin in T cells, Science 253 (1991) 1423–1425.
	[111] B. Schraven, Y. Samstag, P. Altevogt, S.C. Meuer, Association of CD2 and CD45 on human T lymphocytes, Nature 345 (1990) 71–74.
	[112] A.I. Lazarovits, N. Osman, C.E. Le Feuvre, S.C. Ley, M.J. Crumpton, CD7 is associated with CD3 and CD45 on human T cells, J. Immunol. 153 (1994) 3956–3966.
	[113] M.R. Zocchi, A. Poggi, F. Crosti, S. Tongiani, C. Rugarli, Signalling in human tumour infiltrating lymphocytes: the CD28 molecule is functional and is physically associated with the CD45R0 molecule, Eur. J. Cancer 28A (1992) 749–754.
	[114] Y. Torimoto, N.H. Dang, E. Vivier, T. Tanaka, S.F. Schlossman, C. Morimoto, Coassociation of CD26 (dipeptidyl peptidase IV) with CD45 on the surface of human T lymphocytes, J. Immunol. 147 (1991) 2514–2517.
	[115] C. Herold, A. Elhabazi, G. Bismuth, A. Bensussan, L. Boumsell, CD100 is associated with CD45 at the surface of human T lymphocytes: role in T cell homotypic adhesion, J. Immunol. 157 (1996) 5262–5268.
	[116] R.S. Mittler, B.M. Rankin, P.A. Kiener, Physical associations between CD45 and CD4 or CD8 occur as late activation events in antigen receptor-stimulated human T cells, J. Immunol. 147 (1991) 3434–3440.
	[117] D. Leitenberg, T.J. Novak, D. Farber, B.R. Smith, K. Bottomly, The extracellular domain of CD45 controls association with the CD4-T cell receptor complex and the response to antigen-specific stimulation, J. Exp. Med. 183 (1996) 249–259.
	[118] S. Volarevic, C.M. Burns, J.J. Sussman, J.D. Ashwell, Intimate association of Thy-1 and the T-cell antigen receptor with the CD45 tyrosine phosphatase, Proc. Natl. Acad. Sci. U. S. A. 87 (1990) 7085–7089.
	[119] V.B. Lokeshwar, L.Y. Bourguignon, Tyrosine phosphatase activity of lymphoma CD45 (GP180) is regulated by a direct interaction with the cytoskeleton, J. Biol. Chem. 267 (1992) 21551–21557.
	[120] N. Iida, V.B. Lokeshwar, L.Y. Bourguignon, Mapping the fodrin binding domain in CD45, a leukocyte membrane-associated tyrosine phosphatase, J. Biol. Chem. 269 (1994) 28576–28583.
	[121] B. Schraven, A. Schirren, H. Kirchgessner, B. Siebert, S.C. Meuer, Four CD45/ P56lck-associated phosphorproteins (pp29-pp32) undergo alterations in human T cell activation, Eur. J. Immunol. 22 (1992) 1857–1863.
	[122] J.G. Altin, E.B. Pagler, C.R. Parish, Evidence for an association of CD45 with 32,000–33,000 MW phosphoproteins on murine T and B lymphocytes, Immunology 83 (1994) 420–429.
	[123] A. Takeda, A.L. Maizel, K. Kitamura, T. Ohta, S. Kimura, Molecular cloning of the CD45-associated 30-kDa protein, J. Biol. Chem. 269 (1994) 2357–2360.
	[124] B. Schraven, D. Schoenhaut, E. Bruyns, G. Koretzky, C. Eckerskorn, R. Wallich, et al., LPAP, a novel 32-kDa phosphoprotein that interacts with CD45 in human lymphocytes, J. Biol. Chem. 269 (1994) 29102–29111.
	[125] N.A. Kruglova, T.D. Meshkova, A.T. Kopylov, D.V. Mazurov, A.V. Filatov, Constitutive and activation-dependent phosphorylation of lymphocyte phosphatase-associated phosphoprotein (LPAP), PLoS One 12 (2017) e0182468.
	[126] E.D. Cahir McFarland, M.L. Thomas, CD45 protein-tyrosine phosphatase associates with the WW domain-containing protein, CD45AP, through the transmembrane region, J. Biol. Chem. 270 (1995) 28103–28107.
	[127] E. Bruyns, H. Kirchgessner, S. Meuer, B. Schraven, Biochemical analysis of the CD45-p56(lck) complex in Jurkat T cells lacking expression of lymphocyte phosphatase-associated phosphoprotein, Int. Immunol. 10 (1998) 185–194.
	[128] A. Matsuda, S. Motoya, S. Kimura, R. McInnis, A.L. Maizel, A. Takeda, Disruption of lymphocyte function and signaling in CD45-associated protein-null mice, J. Exp. Med. 187 (1998) 1863–1870.
	[129] C. Kung, M. Okumura, J.R. Seavitt, M.E. Noll, L.S. White, J.T. Pingel, et al., CD45- associated protein is not essential for the regulation of antigen receptor-mediated signal transduction, Eur. J. Immunol. 29 (1999) 3951–3955.
	[130] I. Ding, E. Bruyns, P. Li, D. Magada, M. Paskind, L. Rodman, et al., Biochemical and functional analysis of mice deficient in expression of the CD45-associated phosphoprotein LPAP, Eur. J. Immunol. 29 (1999) 3956–3961.
	[131] C. Kung, J.T. Pingel, M. Heikinheimo, T. Klemola, K. Varkila, L.I. Yoo, et al., Mutations in the tyrosine phosphatase CD45 gene in a child with severe combined immunodeficiency disease, Nat. Med. 6 (2000) 343–345.
	[132] E.Z. Tchilian, D.L. Wallace, R.S. Wells, D.R. Flower, G. Morgan, P.C. Beverley, A deletion in the gene encoding the CD45 antigen in a patient with SCID, J. Immunol. 166 (2001) 1308–1313.
	[133] J.L. Roberts, R.H. Buckley, B. Luo, J. Pei, A. Lapidus, S. Peri, et al., CD45-deficient severe combined immunodeficiency caused by uniparental disomy, Proc. Natl. Acade. Sci. U. S. A. 109 (2012) 10456–10461.
	[134] F. Autschbach, E. Palou, G. Mechtersheimer, C. Rohr, F. Pirotto, N. Gassler, et al., Expression of the membrane protein tyrosine phosphatase CD148 in human tissues, Tissue Antigens 54 (1999) 485–498.
	[135] J.W. Zhu, T. Brdicka, T.R. Katsumoto, J. Lin, A. Weiss, Structurally distinct phosphatases CD45 and CD148 both regulate B cell and macrophage immunoreceptor signaling, Immunity 28 (2008) 183–196.
	[136] J. Zikherman, K. Doan, R. Parameswaran, W. Raschke, A. Weiss, Quantitative differences in CD45 expression unmask functions for CD45 in B-cell development, tolerance, and survival, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) E3–12.
	[137] O.E. Tayer-Shifman, O. Ilan, H. Tovi, Y. Tal, Cogan’s syndrome–clinical guidelines and novel therapeutic approaches, Clin. Rev. Allergy Immunol. 47 (2014) 65–72.
	[138] D.A. Iliescu, C.M. Timaru, M. Batras, A. De Simone, C. Stefan, Cogan’s Syndrome, Rom. J. Ophthalmol. 59 (2015) 6–13.
	[139] I. Gabaev, E. Elbasani, S. Ameres, L. Steinbruck, R. Stanton, M. Doring, et al., Expression of the human cytomegalovirus UL11 glycoprotein in viral infection and evaluation of its effect on virus-specific CD8T cells, J. Virol. 88 (2014) 14326–1...
	[140] J. Zischke, P. Mamareli, C. Pokoyski, I. Gabaev, S. Buyny, R. Jacobs, et al., The human cytomegalovirus glycoprotein pUL11 acts via CD45 to induce T cell IL-10 secretion, PLoS Pathog. 13 (2017) e1006454.
	[141] M. Julkunen, R.S. Raikar, S.G. Joshi, H. Bohn, M. Seppala, Placental protein 14 and progestagen-dependent endometrial protein are immunologically indistinguishable, Hum. Reprod. 1 (1986) 7–8.
	[142] D.M. Morrow, N. Xiong, R.R. Getty, M.Z. Ratajczak, D. Morgan, M. Seppala, et al., Hematopoietic placental protein 14: an immunosuppressive factor in cells of the megakaryocytic lineage, Am. J. Pathol. 145 (1994) 1485–1495.
	[143] E. Ish-Shalom, A. Gargir, S. Andre, Z. Borovsky, Z. Ochanuna, H.J. Gabius, et al., alpha2,6-Sialylation promotes binding of placental protein 14 via its Ca2+-dependent lectin activity: insights into differential effects on CD45RO and CD45RA T c...
	[144] P.R. Crocker, E.A. Clark, M. Filbin, S. Gordon, Y. Jones, J.H. Kehrl, et al., Siglecs: a family of sialic-acid binding lectins, Glycobiology 8 (1998) v.
	[145] S. Coughlin, M. Noviski, J.L. Mueller, A. Chuwonpad, W.C. Raschke, A. Weiss, et al., An extracatalytic function of CD45 in B cells is mediated by CD22, Proc. Natl. Acad. Sci. U. S. A. 112 (2015) E6515–6524.
	[146] T.R. Bakker, C. Piperi, E.A. Davies, P.A. Merwe, Comparison of CD22 binding to native CD45 and synthetic oligosaccharide, Eur. J. Immunol. 32 (2002) 1924–1932.
	[147] S.H. Barondes, D.N. Cooper, M.A. Gitt, H. Leffler, Galectins Structure and function of a large family of animal lectins, J. Biol. Chem. 269 (1994) 20807–20810.
	[148] S.M. Blois, J.M. Ilarregui, M. Tometten, M. Garcia, A.S. Orsal, R. Cordo-Russo, et al., A pivotal role for galectin-1 in fetomaternal tolerance, Nat. Med. 13 (2007) 1450–1457.
	[149] G. Barrientos, N. Freitag, I. Tirado-Gonzalez, L. Unverdorben, U. Jeschke, V.L. Thijssen, et al., Involvement of galectin-1 in reproduction: past, present and future, Hum. Reprod. Update 20 (2014) 175–193.
	[150] S. Chawla, T.A. Warren, L.F. Wockner, D.L. Lambie, I.S. Brown, T.P. Martin, et al., Galectin-1 is associated with poor prognosis in patients with cutaneous head and neck cancer with perineural spread, Cancer Immunol. Immunother. 65 (2016) 213–222.
	[151] M.J. Garcia, F. Jurado, D. San Segundo, M. Lopez-Hoyos, P. Iruzubieta, S. Llerena, et al., Galectin-1 in stable liver transplant recipients, Transplant. Proc. 47 (2015) 93–96.
	[152] H. Walzel, U. Schulz, P. Neels, J. Brock, Galectin-1, a natural ligand for the receptor-type protein tyrosine phosphatase CD45, Immunol. Lett. 67 (1999) 193–202.
	[153] M. Fouillit, R. Joubert-Caron, F. Poirier, P. Bourin, E. Monostori, M. Levi-Strauss, et al., Regulation of CD45-induced signaling by galectin-1 in Burkitt lymphoma B cells, Glycobiology 10 (2000) 413–419.
	[154] M. Pang, J. He, P. Johnson, L.G. Baum, CD45-mediated fodrin cleavage during galectin-1T cell death promotes phagocytic clearance of dying cells, J. Immunol. 182 (2009) 7001–7008.
	[155] F.T. Liu, G.A. Rabinovich, Galectins as modulators of tumour progression, Nat. Rev. Cancer 5 (2005) 29–41.
	[156] D.J. Lok, P. Van Der Meer, P.W. de la Porte, E. Lipsic, J. Van Wijngaarden, H.L. Hillege, et al., Prognostic value of galectin-3, a novel marker of fibrosis, in patients with chronic heart failure: data from the DEAL-HF study, Clin. Res. Cardio...
	[157] N.C. Henderson, A.C. Mackinnon, S.L. Farnworth, T. Kipari, C. Haslett, J.P. Iredale, et al., Galectin-3 expression and secretion links macrophages to the promotion of renal fibrosis, Am. J. Pathol. 172 (2008) 288–298.
	[158] M.C. Clark, M. Pang, D.K. Hsu, F.T. Liu, S. de Vos, R.D. Gascoyne, et al., Galectin-3 binds to CD45 on diffuse large B-cell lymphoma cells to regulate susceptibility to cell death, Blood 120 (2012) 4635–4644.
	[159] S.J. van Vliet, E. Saeland, Y. van Kooyk, Sweet preferences of MGL: carbohydrate specificity and function, Trends Immunol. 29 (2008) 83–90.
	[160] S.J. van Vliet, S.I. Gringhuis, T.B. Geijtenbeek, Y. van Kooyk, Regulation of effector T cells by antigen-presenting cells via interaction of the C-type lectin MGL with CD45, Nat. Immunol. 7 (2006) 1200–1208.
	[161] L. Martinez-Pomares, P.R. Crocker, R. Da Silva, N. Holmes, C. Colominas, P. Rudd, et al., Cell-specific glycoforms of sialoadhesin and CD45 are counter-receptors for the cysteine-rich domain of the mannose receptor, J. Biol. Chem. 274 (1999) 35...
	[162] V. Schuette, M. Embgenbroich, T. Ulas, M. Welz, J. Schulte-Schrepping, A.M. Draffehn, et al., Mannose receptor induces T-cell tolerance via inhibition of CD45 and up-regulation of CTLA-4, Proc. Natl. Acad. Sci. U. S. A. 113 (2016) 10649–10654.



