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Ex vivo glycan engineering of CD44 programs human
multipotent mesenchymal stromal cell trafficking to bone

Robert Sackstein!2, Jasmeen S Merzaban!, Derek W Cain!, Nilesh M Dagial, Joel A Spencer?,

Charles P Lin® & Roland Wohlgemuth*

The capacity to direct migration (‘homing’) of blood-borne cells
to a predetermined anatomic compartment is vital to stem cell-
based tissue engineering and other adoptive cellular therapies.
Although multipotent mesenchymal stromal cells (MSCs,

also termed ‘mesenchymal stem cells’) hold the potential for
curing generalized skeletal diseases, their clinical effectiveness
is constrained by the poor osteotropism of infused MSCs

(refs. 1-3). Cellular recruitment to bone occurs within
specialized marrow vessels that constitutively express vascular
E-selectin®3, a lectin that recognizes sialofucosylated
determinants on its various ligands. We show here that

human MSCs do not express E-selectin ligands, but express

a CD44 glycoform bearing «-2,3-sialyl modifications. Using

an a-1,3-fucosyltransferase preparation and enzymatic
conditions specifically designed for treating live cells,

we converted the native CD44 glycoform on MSCs into
hematopoietic cell E-selectin/L-selectin ligand (HCELL)S,
which conferred potent E-selectin binding without effects on
cell viability or multipotency. Real-time intravital microscopy
in immunocompromised (NOD/SCID) mice showed that

o) intravenously infused HCELL* MSCs infiltrated marrow

@within hours of infusion, with ensuing rare foci of endosteally

~ localized cells and human osteoid generation. These findings

establish that the HCELL glycoform of CD44 confers tropism to
bone and unveil a readily translatable roadmap for programming
cellular trafficking by chemical engineering of glycans on a
distinct membrane glycoprotein.

Generalized skeletal diseases, such as osteoporosis and osteogenesis
imperfecta, are currently incurable and cause considerable morbidity
and mortality. MSCs hold great promise for treating or curing
congenital and acquired bone diseases, as well as for regeneration or
recovery of non-osteoid tissues such as ischemic myocardium®71°,
The first essential step in regenerative therapeutics is to ensure
adequate delivery of pertinent cells to the requisite tissue(s). Primary
clinical considerations dictate that the vascular route is the preferred
mode of administration of the cells, especially for treatment of
systemic skeletal diseases, but infused MSCs lack any significant

osteotropism. We therefore sought to determine whether human
MSCs could be engineered to navigate to bone.

Cell migration involves a cascade of events initiated by shear-
resistant adhesive interactions between flowing cells and the vascular
endothelium at the target tissue (step 1)!1. This process is mediated by
‘homing receptors’ expressed on circulating cells that engage relevant
endothelial coreceptors, resulting in cell-tethering and rolling contacts
on the endothelial surface; this is typically followed by chemokine-
triggered activation of integrin adhesiveness (step 2), firm adhesion
(step 3) and extravasation (step 4)!!. The portal for cell migration into
bone is the marrow, and in vivo studies have revealed a key role for
vascular E-selectin (CD62E) in step 1 of this process®. Although
E-selectin expression is typically induced by inflammation, it is
present constitutively on marrow microvasculature®®, where it co-
localizes with the chemokine CXCL12 (SDF-1) uniquely within
endothelial beds that are sites of cellular recruitment?.

Like the other Ca?"-dependent lectins comprising the selectin
family, L-selectin (CD62L) and P-selectin (CD62P), E-selectin binds
specialized carbohydrate determinants, prototypically consisting of
sialofucosylations containing an o-2,3-linked sialic acid substitution
on galactose and an a-1,3-linked fucose modification on N-acetylglu-
cosamine, that are together displayed as the terminal tetrasaccharide
sialyl Lewis X (sLe*, NeuAco2-3GalB1-4[Fuco1-3]GIcNAcB1-R)!H12,
Hematopoietic stem/progenitor cells (HSPCs) express E-selectin
ligands and CXCR4 (the receptor for CXCL12), which are crucial
for directing HSPC homing to bone!®. Two principal ligands for
E-selectin are found on HSPCs: P-selectin glycoprotein ligand-1
(PSGL-1) and a sialofucosylated glycoform of the CD44 protein
known as HCELL (refs. 6,14). CD44 is a rather ubiquitous cell
membrane protein, but the HCELL glycoform is natively expressed
exclusively on human HSPCs. HCELL is functionally defined as a
form of CD44 having binding activity to E-selectin, L-selectin or
both under hemodynamic shear conditions, and it can be identified
in western blots of cell lysates as a CD44 glycoform reactive with an
E-selectin-immunoglobulin chimera (E-Ig) and with the monoclonal
antibody (mAb) HECA452, which recognizes an sLe*-like epitope. On
human HSPCs, HCELL is the most potent E- and L-selectin ligand,
and it displays relevant o-2,3-sialic acid and o-1,3-fucose binding
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Figure 1 MSCs lack E-selectin ligands but express CD44 reactive with SACK-1 mAb, which recognizes
a sialic acid—-dependent epitope displayed on a CD44-specific N-glycan substitution. (a) Flow
cytometric analysis of E-selectin ligand activity (E-1g binding) and of HECA452, CSLEX1, CD44,
PSGL-1, CXCR4, CD49d/CD29 (VLA-4), CD49e/CD29 (VLA-5), CD49d/B7 (LPAM -1) and CD11a/CD18
(LFA-1) expression on MSCs. Dotted line is isotype control, black line is specific antibody (or E-lg
chimera). (b) Western blot analysis of whole cell lysates of KG1a cells showing SACK-1 staining (left)
of a single glycoprotein of ~100 kDa with mobility identical to that stained by 2C5 mAb to CD44
(right). (c) SACK-1 staining of western blots of untreated () or N-glycosidase F-treated (+)
immunoprecipitated CD44 from KGla cells. (d) Left, flow cytometric analysis of isotype control (dotted
line) and SACK-1 expression on untreated (black line) and o-2,3-sialidase-treated (shaded) KG1a cells.
@ Right, SACK-1 staining of western blots of untreated (-) or sialidase-treated (+) immunoprecipitated

CD44 from KG1a cells. (e) Flow cytometric analysis of SACK-1 expression on

isotype control, black line is SACK-1, and the shaded histogram denotes SACK-1 reactivity after
sialidase treatment of MSCs. All results shown are representative of flow cytometry experiments
performed on each MSC culture derived from n = 17 marrow donors and of western blots of lysates

@from each of these cultures.

determinants on N-glycans®!%!>, Aside from E-selectin ligands and
CXCR4, HSPCs express several integrins that are also pivotal in
trafficking to bone, including VLA-4 (also known as oyf; or
CD49d/CD29), VLA-5 (asB, or CD49¢/CD29), LPAM-1 (ayB;) and
LFA-1 (0qB, or CD11a/CD18)'%. Engagement of CXCR4 on HSPCs
(via CXCL12 binding) activates HSPC integrins to bind their respec-
tive endothelial ligands, but E-selectin receptor-ligand interactions are
not influenced by chemokines.

In contrast to abundant data regarding HSPC osteotropism, the
molecular basis of MSC trafficking to bone has not been well studied.
To address this issue, we analyzed the expression of characterized
HSPC homing molecules on MSCs cultured according to an estab-
lished protocol16 from normal human marrow (1 = 17 donors). The
MSCs showed surface markers characteristic of these cell types
(absence of CD34 and CD45 and presence of CD73, CD90 and
CD105; see Supplementary Fig. 1 online), and were capable of
multipotent differentiation in vitro toward cells with osteoblast,
adipocyte and fibroblast phenotypes as previously described!®. As
determined by flow cytometry, all MSCs were devoid of reactivity with
E-Ig, indicating the absence of E-selectin ligands (Fig. 1a); they did
not stain with mAb CSLEX1 or HECA452 (each of which identifies

N-glycosidase F

100 10" 102 10° 10*
SACK-1

sLe*) and did not express PSGL-1 (Fig. 1a).
MSCs also lacked both chains of LFA-1 and
the B, chain of LPAM-1, but expressed the
other oy integrin,VLA-4, and also expressed
VLA-5 (Fig. 1a). Notably, flow cytometry of
suspended cells and immunofluorescence
studies of plate-adherent MSCs (in situ,
without trypsinization) showed no expres-
sion of CXCR4 (Fig. la), and MSCs did
not migrate in response to CXCL12 in either
static or flow-based assays (data not shown).
These data show that MSCs lack many effec-
tors of homing to bone, especially E-selectin
ligands and CXCR4, thus prompting us to
analyze whether programming the expression
of such molecules in these cells could allow
for osteotropism.

As previously reported®'®, CD44 was
strongly expressed by cultured MSCs
(Fig. 1a). Thus, the absence of HCELL
expression is due not to deficiency of CD44
but rather to the lack of pertinent carbohy-
drate decorations, such as glycans modified
with o-2,3-sialic acid, o-1,3-fucose or both.
To provide further insight into CD44 glycans,
we tested whether MSCs react with SACK-1,
a mAb generated against HCELL isolated
from the human myeloid leukemia cell
line KGla (refs. 6,14,15). SACK-1 is a
CD44-specific mAb (Fig. 1b) that identifies
an o-2,3-sialylated epitope expressed exclu-
sively on N-glycan modifications of CD44,
as binding is eliminated after digestion
with N-glycosidase F (Fig. 1c) or after diges-
tion with an o-2,3-specific sialidase from
Streptococcus pneumoniae (Fig. 1d).

Conspicuously, SACK-1 reactivity was
high on all MSCs from all donors and,
appropriately, sensitive to sialidase digestion
(Fig. le). These data indicated that MSCs
express CD44 possessing o-2,3-sialylated N-glycans, suggesting that
the absence of HCELL expression could reflect a relative paucity of
o-1,3-fucose modifications. We thus reasoned that stereoselective
addition of fucose residues to membrane CD44 would yield HCELL.
To test this hypothesis, we used an a-1,3 linkage—specific fucosyl-
transferase, fucosyltransferase VI (FTVI). In the presence of donor
fucose substrate (GDP-fucose), this glycosyltransferase places fucose in
a-1,3 linkage to an acceptor N-acetylglucosamine located specifically
within a terminal type 2 lactosamine unit (Galf1-4GIcNAcB1-R); if
the lactosamine is o-2,3-sialylated, the sLe* determinant is created.

For custom engineering of cell surface glycans, it is essential that
target cells remain viable and retain the requisite native phenotype
after manipulation. The development of glycosyltransferases has been
inspired heretofore by the desire to glycan-modify soluble organic
molecules biocatalytically (for example, glycoproteins for pharmaco-
logic purposes), as the use of enzymes to add relevant glycans in
appropriate linkage(s) is more efficient and precise than traditional
organic synthesis, which requires cumbersome protection-deprotection
loops. Hence, the cell toxicities inherent to glycosyltransferases and
their attendant buffer conditions have been overlooked in the develop-
ment of these reagents and were not appreciated in prior studies
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Figure 2 FTVI treatment of MSCs elaborates sialofucosylations on N-linked glycans of CD44, resulting in HCELL expression. (a) Flow cytometric analysis of
CSLEX1, HECA452 and E-Ig reactivity on untreated and FTVI-treated MSCs. Dotted line is untreated MSCs and black line is FTVI-treated MSCs. (b) Flow
cytometric analysis of CSLEX1 and HECA452 reactivity of FTVI- treated MSCs undigested (solid line) or digested with proteinase K (shaded histogram)
before FTVI treatment; dotted line is isotype control staining. (c) Western blot analysis of HECA452 (left) and E-lg (right) reactivity of MSC lysates. Staining
of FTVI-treated MSCs with E-lg was performed in the presence (+) or absence (-) of Ca2*. FTVI treatment induced HECA452-reactive sialofucosylations
and E-lg binding selectively on a ~100-kDa glycoprotein. (d) CD44 was immunoprecipitated (with Hermes-1 mAb to CD44) from equivalent amounts of
cell lysates from FTVI-treated (+) or untreated (-) MSCs, and immunoprecipitates were digested with N-glycosidase F (+) or treated with buffer (-).
Immunoprecipitates were then electrophoresed and blotted with HECA452, E-Ig or 2C5. Results are representative of experiments performed on each

MSC culture derived from n = 17 marrow donors.

using this technology on live cells'”°. Indeed, when we used the
commercial FTVI preparation and reaction conditions used by
others!” 1%, we found that >95% of MSCs died within 8 h of
fucosylation. We determined that the cytotoxicity resulted from expo-
sure to stabilizers (for example, glycerol) in the enzyme formulation
and exposure to the high concentrations of Mn?* (10 mM) used in the
enzymatic reaction, a catalyst hitherto deemed essential for high-
efficiency fucosyltransferase activity?®. Consistent with prior reports®,
we observed that 10 mM Mn?* alone induced prominent cell death in
MSCs (as well as in HSPCs) evident several hours after exposure
(Mn?"-induced death was uniformly >90% at 8 h; Supplementary
Fig. 2 online). Aside from cytotoxicity, Mn?" triggers signal transduc-
tion?? and stimulates integrin adhesiveness (for example, for VLA-4,
VLA-5 and LFA-1) in human hematopoietic cells at concentrations
far below those used in forced fucosylation (<1 mM)?*?* and with
an activation potency exceeding that of the chemokine CXCLI2
(refs. 23-25). Thus, Mn?*-induced upregulation of integrin-mediated
adhesion itself would profoundly affect cell trafficking, confounding the
effect(s) of a-1,3-fucosylation. To address these problems, we developed

stabilization in buffer chosen specifically for cell compatibility (HBSS),
and we deliberately optimized the FTVI coupling reaction in the
absence of any divalent cations, thus avoiding cytotoxicity and
integrin activation. These new conditions resulted in high-efficiency
a-1,3-fucosylation of CD44 with 100% cell viability.

After enforced o-1,3-fucosylation, all cultured MSCs stained with
mAbs CSLEX1 and HECA452, consistent with strong expression of
sLe* epitopes (Fig. 2a) with concomitant prominent binding of E-Ig
(Fig. 2a) but not P-selectin-immunoglubulin chimera (Supplementary
Fig. 3 online). There were no changes in other cell membrane markers
analyzed (as in Fig. 1a), nor were there any effects on VLA-4 or VLA-5
binding to pertinent fibronectin fragments (data not shown). Protei-
nase K digestion of MSCs before FTVI treatment markedly diminished
CSLEX1 and HECA452 reactivity (mean channel fluorescence consis-
tently <10% of that for undigested cells; see Fig. 2b), indicating that
the sialofucosylated determinants were created principally on mem-
brane glycoproteins, not glycolipids. Western blot analysis of cell lysates
and of immunoprecipitated CD44 from FIVI-treated MSCs revealed
that the only glycoprotein bearing the requisite sialofucosylations
recognized by HECA452 was ‘standard’ (non-alternatively spliced)
CD44 (~100 kDa; Fig. 2¢,d) and the only glycoprotein supporting
Ca?*-dependent E-Ig binding was CD44 (Fig. 2a,c,d). As predicted
by SACK-1 reactivity, the relevant sialofucosylations of CD44 were

la.l a new method for high-titer FTVI production followed by enzyme

displayed on N-glycans, as shown by abrogation of E-Ig binding after
digestion with N-glycosidase F (Fig. 2d). Therefore, a-1,3-fucosylation
of MSCs generated HCELL.

To analyze the E-selectin-ligand activity of a-1,3-fucosylated-MSCs
under physiologic blood flow conditions, parallel-plate flow chamber
studies were performed with human umbilical vein endothelial cells
(HUVECs) stimulated by cytokines to express E-selectin. HCELL*
MSCs showed marked E-selectin ligand activity that was completely
abrogated in the presence of EDTA or by treatment of HCELL* MSCs
with sialidase (Fig. 3). Prominent shear-resistant rolling interactions
were observed at the usual postcapillary venular shear levels (1-4 dyn/
cm?) persisting at upwards of 20 dyn/cm?, well outside the range in
which PSGL-1 supports E-selectin binding®. These data indicate that
engineered HCELL is a highly efficient effector of step 1 interactions,
with properties similar to those of native HCELL displayed on KGla
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Figure 3 HCELL* MSCs have markedly enhanced shear-resistant

adhesive interactions with endothelial E-selectin under defined shear
stress conditions. Untreated MSCs, HCELL* MSCs or sialidase-digested
FTVI-treated (FTVI-sialidase-MSCs) MSCs were perfused over IL-1B and
TNF-o stimulated (stim) or unstimulated (unstim) HUVECs at 0.5 dyn/cm?2.
MSC accumulation was then determined at shear stresses of 0.5, 1, 2, 5,
10, 20 and 30 dyn/cm2. HCELL* MSCs show rolling adhesive interactions
on HUVECs at a shear stress of up to 30 dyn/cm? that were abrogated by
sialidase treatment. To control for the specificity of binding of HCELL*
MSCs, EDTA was added to the assay buffer (EDTA group), or stimulated
HUVECs were pretreated with a function blocking mAb to E-selectin
(anti—E-Sel group) before use in adhesion assays. Values are means + s.e.m.
(n = 4 for each group). P < 0.001 for comparisons of HCELL* MSCs

to all other groups at all shear stress levels.
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Figure 4 Human MSC homing to mouse bone

. . ! a
marrow. (@) Images obtained from intravital
confocal microscopy of the parasagittal region of
the calvarium in representative NOD/SCID mice
at 1 h after infusion of the indicated cells (top).
Results shown in the lower panels are
representative images of one mouse at
1 h (left) and 24 h (right) after infusion of
HCELL* MSCs. Scale bar, 250 um. Bar graph
represents the number of MSCs localized to the
bone marrow 1 h after infusion, mean + s.e.m.
for n = 5 experiments. P < 0.001 for
comparison of HCELL* MSCs to each other
group. The middle bar in the graph (“MSCs")
combines data from untreated MSCs and
BT-MSCs, for which the results were identical.
(b,c) In vivo confocal and two-photon microscopy
showing extravasation of human HCELL* MSCs in
mouse marrow and subsequent migration to the b
endosteal surface after adoptive transfer; images
are representative of n = 12 experiments.
(b) DiD-labeled MSCs (red) primarily line the
vessel walls (visualized by Angiosense 750,
green) 1 h after transfer (left); at 24 h (right),
MSCs have extravasated. The two images were
obtained at the same site with the identical
tissue plane. White boxes correspond to higher- d
maghnification images. Most MSCs are
intravascular at 1 h (arrows), but by 24 h, cells
have infiltrated the marrow parenchyma (arrows).
(c) Second harmonic—generation imaging
microscopy reveals close juxtaposition between
DiD-labeled cells (red) and bone (collagen, blue)
after 9 d. Bone image at right is 10 um above
the image at left, showing the close proximity of
the endosteum to the cells (arrows). Scale bar,
100 pm. (d) Immunofluorescence images of
frozen calvarium sections from NOD/SCID mice
that received intravenous injections of HCELL*
MSCs or BT-MSCs as indicated (5 x 10° cells
per mouse). The leftmost image in each row
is a phase light microscopy image of the bone
section. Twelve weeks after transplantation, the

BT-MSCs Noninjected

HCELL* MSCs

frozen and sectioned. Images are representative
of n = 3 separate experiments (with duplicate
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mice in each group for each experiment). Locations of bone and of bone marrow are designated by B and M, respectively; scale bars, 50 um. Sections were
stained for human CD44 (green) and human osteocalcin (red); in the merged image, arrows indicate cells staining for CD44 in the vicinity of osteocalcin
deposits (yellow). Specificity of mAb to human osteocalcin was confirmed by staining MSC before and after osteogenic differentiation in vitro (see

Supplementary Fig. 6 online).

cells and human HSPCs®!*. Enforced HCELL expression was stable
for 24 h, subsequently declining to undetectable expression by 96 h,
presumably owing to turnover of surface protein, as no changes in
membrane CD44 levels were observed by flow cytometry (data not
shown). MSC viability was unaffected by HCELL expression, and, in
comparing untreated, buffer-treated and HCELL™ MSCs, we found
there were no differences in the number or proliferation of clones or in
their differentiation into osteoblast or adipocyte lineages in clonogenic
assays (>95% of clones showed differentiation to either lineage).
Thus, enforced HCELL expression endows E-selectin binding without
discernible untoward effects on the MSC phenotype in vitro.

To evaluate the effect of engineered HCELL expression on the
homing of MSCs to bone in vivo, we used dynamic real-time confocal
microscopy to visualize marrow sinusoidal vessels in the calvarium of
live, immunodeficient (NOD/SCID) mouse hosts*. MSCs were labeled
with tracer dye before injection into the tail veins of the host mice, and

four cell groups were evaluated: FTVI-treated MSCs (HCELL* MSCs),
FTVI-treated MSCs digested with sialidase (FTVI-sialidase-MSCs),
buffer-treated MSCs (BT-MSCs) and untreated MSCs. In vivo micro-
scopy studies showed robust tethering and rolling interactions and
firm adherence of HCELL* MSCs on sinusoidal vessels, and HCELL*
MSCs infiltrated the marrow parenchyma rapidly, within hours of
infusion (Fig. 4a and Supplementary Video 1 online). In contrast,
untreated MSCs and BT-MSCs showed minimal endothelial binding
interactions and only modest infiltrates, whereas FTVI-sialidase-MSCs
typically showed even lower levels of endothelial interactions and
marrow infiltrates (Fig. 4a and Supplementary Video 2 online). These
results show that MSCs become osteotropic after FTVI treatment and
further indicate that this osteotropism was not a result of o-1,3-
fucosylation per se or of indirect effects on other adhesion molecules
(for example, VLA-4), but is instead a consequence of the induced
HCELL E-selectin ligand activity, requiring concomitant expression
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of o-2,3-sialic acid and «-1,3-fucose modifications. Of note,
immunofluorescence microscopy of lung sections from mice killed
at 1 and 24 h after injection showed substantial accumulations of
MSCs in pulmonary microvessels no different from the other test
groups, presumably a reflection of nonspecific ‘steric trapping’ (data
not shown). However, infiltration of MSCs into marrow parenchyma
was evident only in mice receiving HCELL* MSCs, as observed by
simultaneous staining of MSCs and blood vessels (Fig. 4b). Compared
to those seen in prior studies of HSPCs, these marrow infiltrates are
noteworthy in that they occurred without manipulations of the mice
that markedly enhance trafficking to marrow (for example, splenect-
omy)'® or that induce sinusoidal injury, such as radiation'®, which
notably upregulate endothelial ligands mediating marrow homing?®.
Moreover, unlike HSPCs, the MSCs used here did not bear LFA-1,
LPAM-1 or CXCR4 and did not undergo chemotaxis to CXCL12
(ref. 4); hence these molecules are not compulsory for the trafficking
of MSCs to bone. Collectively, these data show that enforced
expression of HCELL endows cells with the ability to navigate
to bone and distinguish this CD44 glycoform as a bone-
homing receptor.

To determine whether marrow-infiltrating HCELL* MSCs were
localized to endosteal surfaces, we used intravital two-photon micro-
scopy and immunofluorescence microscopy of frozen sections of
mouse calvarium. Second harmonic—generation imaging of intravital
two-photon optical sections®’ revealed focal areas of human MSCs
apposed to mouse bone endosteum within 10 d of injection (Fig. 4c).
Twelve weeks after injection, mouse calvarial bone was harvested and
dual-color immunofluorescence staining for human CD44 and the
bone-specific protein osteocalcin®® was performed, together with
Hoechst 33342 dye staining to identify cells. Sections of bone from
mice that received untreated MSCs and BT-MSCs completely lacked
staining by both mAb to human CD44 and mAb to human osteo-
calcin. However, bone sections of all mice (n = 6) that received
HCELL* MSCs showed foci of human CD44* cells colocalizing with
human osteocalcin deposits (Fig. 4d; Hoechst 33342 staining shown in
Supplementary Fig. 4 online). These islands of human osteoid tissue
were sparse, comprising <0.1% of bone area surveyed, but their

e, presence in all mice receiving HCELL* MSCs indicates that marrow-

@)
@inﬁhrating human MSCs retain the capacity to differentiate into

=" osteoid elements within the mouse bone milieu. The observed scarcity

of human osteoid tissue in normal adult mouse bone may result from
an inhospitable environment for human bone formation, the slow
turnover of native bone elements under steady-state conditions, the
requirement for seeding of appropriate osteogenic niches or some
combination of these factors. Although these results leave unanswered
questions about the properties and efficiency of human bone forma-
tion in a xenogeneic environment, these data provide direct evidence
that extravasated human HCELL* MSCs can seed endosteum and
undergo osteogenic differentiation in vivo.

Our strategy for programming HCELL expression on MSCs con-
sists of several steps (summarized in Supplementary Fig. 5 online)
that should serve as general guiding principles for future efforts in
custom engineering cell surface glycans: (i) identification of a target
glycoconjugate ‘acceptor’ within cells of interest (applying the relevant
probes—for example, SACK-1 mAb), (ii) use of appropriate enzy-
matic reagents and conditions to produce stereospecific carbohydrate
substitution without compromising cell viability or producing
unwanted phenotypic effects, and (iii) confirmation of target mod-
ification, as evidenced by the pertinent biochemical and functional
assays, including in vivo demonstration of the phenotypic effect.
Identification of the glycan-modified molecules is important, as

LETTERS

both lipids and proteins can display acceptor glycoconjugates. Under
hemodynamic shear, membrane proteins are the preferred carriers of
selectin ligand determinants because their extended structure yields
more efficient initial contacts between flowing cells and endothelium.
Our results show that glycolipids are minor carriers, and they also
show that CD44 is the sole glycoprotein carrier of the sLe* determi-
nants elicited on human MSCs by enforced fucosylation (Fig. 2b—d).

MSCs are readily obtained and culture-expanded without loss of
multipotency, but their use for stem cell-based therapies is limited by
poor tissue tropisms. The results presented here demonstrate that
despite the absence of CXCR4 and many other effectors of homing to
bone on MSCs, osteotropism can be conferred to the cells by ex vivo
cell surface carbohydrate modification of a single glycoprotein, CD44,
creating the potent E-selectin ligand HCELL. Engineered HCELL
expression was enabled by rational design and development of the
requisite reagents and conditions to specifically drive surface a-1,3-
fucosylation without detrimental effects on the cell; the resultant
transient HCELL expression allows for temporal MSC homing with
coincident reversion to the native CD44 glycoform soon after
extravasation. By addressing the proximate obstacle in MSC-based
regenerative therapeutics for systemic skeletal diseases, this technology
has immediate clinical applicability. Furthermore, because E-selectin is
universally displayed at sites of ischemia and inflammation in pri-
mates?>3’, programmed HCELL expression should license migration
and infiltration of human MSCs (and, similarly, other stem or
progenitor cells) at affected tissues for regenerative therapeutics of
nonskeletal conditions. Beyond the implications for tissue regenera-
tion, our results also provide a roadmap for testing how augmented
E-selectin ligand activity on other pertinent cells (for example,
regulatory T cells or cytotoxic T cells) could be harnessed to promote
cell migration in adoptive cell therapeutics for a variety of physiologic
and pathologic processes, including immune diseases, infectious
diseases and cancer, all of which are accompanied by upregulated
E-selectin expression in affected endothelial beds.

METHODS

Human cells. We obtained bone marrow cells from marrow bone spicules
deposited on in-line filters of clinical harvests from healthy individuals
(ages 21-55, n = 17) donating marrow at the Brigham & Women’s Hospital
and Massachusetts General Hospital for hematopoietic stem cell transplantation.
We flushed the cells from the filters and released them from bone spicules by
repeated pipetting. We collected bone marrow mononuclear cells by Ficoll-Paque
gradient centrifugation. We used the cells in accordance with protocols approved
by the Human Experimentation and Ethics Committees of Partners Cancer Care
Institutions (Boston, Massachusetts). We obtained HUVECs from a core facility
at Brigham & Women’s Hospital’s Pathology Department and maintained them
in Medium199 (Lonza Group) supplemented with 15% FBS, 5 units/ml heparin,
50 pg/ml endothelial growth factor and 1% penicillin-streptomycin. For adhe-
sion assays, we activated confluent monolayers of HUVECs to express E-selectin
by pretreating them with 1 ng/ml interleukin-1f and 10 ng/ml tumor necrosis
factor-o (both from Research Diagnostics) for 4-6 h.

Multipotent mesenchymal stromal cell culture. We maintained MSCs in a
humidified incubator at 37 °C and 5% CO, (ref. 16). We plated bone marrow
mononuclear cells at an initial density of 2 x 10° cells/cm? in DMEM-low
glucose medium supplemented with 10% FBS from selected lots. After several
days, we removed nonadherent cells and harvested adherent cells by treatment
with 0.05% trypsin, 0.5 mM EDTA and HBSS (Invitrogen) for <3 min at
37 °C and then replated them at a density of 50 cells/cm?. We replaced the
medium at 48-72 h and every third or fourth day thereafter. We replated the
cells when their density approached 40% confluence. For all experiments, we
used MSCs within the first three passages and harvested them by treatment
with 0.05% trypsin, 0.5 mM EDTA and HBSS for <2 min at 37 °C.
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