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Recommended by Brynn Levy

Human umbilical cord blood is an excellent primitive source of noncontroversial stem cells for treatment of hematologic disorders;
meanwhile, new stem cell candidates in the umbilical cord (UC) tissue could provide therapeutic cells for nonhematologic
disorders. We show novel in situ characterization to identify and localize a panel of some markers expressed by mesenchymal
stromal cells (MSCs; CD44, CD105, CD73, CD90) and CD146 in the UC. We describe enzymatic isolation and puribcation
methods of di erent UC cell populations that do not require manual separation of the vessels and stroma of the coiled, helical-like

UC tissue. Unique quantitation of in situ cell frequency and stromal cell counts upon harvest illustrate the potential to obtain high
numerical yields with these methods. UC stromal cells caergintiate to the osteogenic and chondrogenic lineages and, under
specibc culturing conditions, they exhibit high expandability with unique long-term stability of their phenotype. The remarkable

stability of the phenotype represents a novel bnding for human MSCs, from any source, and supports the use of these cells as

highly accessible stromal cells for both basic studies and pdtgritiarapeutic applications such as allogeneic clinical use for
musculoskeletal disorders.

Copyright © 2009 Rebecca C. Schugar et al. This is an open access article distributed under the Creative Commons Attribution

License, which permits unrestricted use, distribution, and rdprtion in any medium, provided the original work is properly
cited.

1. Introduction includes the vessels and surrounding connective tissue called
WhartonOs jelly (WJ), may be such a source. During gestation
For years, blood from the UC has been regarded as the human UC develops up to 30D60cm in length @0b
noncontroversial, readily accessible source of hematopoietisO g at birth in order to provide the fetus with nutrient
stem and progenitor cellslfB]. The donation and banking rich, oxygenated blood, and presumably contains stem and
of UC blood has increased in popularity, providing patients progenitor cells involved in development.
with a new source of allogeneic donods%] and accelerating Here, we performed in situ analysis to determine if cells
the identibcation time of appropriate donors. The presenceexpressing MSC markers are present in the full-term UC
of nonblood stem cells from this abundant primitive tissue, (WJ matrix and vessels). Previous reports have described
which may be applied for therapies beyond the hematopoithe isolation of myobbroblasts and endothelial cells from
etic lineage, may have similar benepts and is attractive to théis tissue B8]. Others have described the isolation of cells
Peld of regenerative medicine. The human UC proper, whichwhich display markers of MSCs at 1D3 weeks postisolation
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(CD90, CD105, CD73, and CD44), using either explant orand Streptavidin-Cy3 (Sigma, St Louis, MO) and DAPI. An
enzymatic isolation techniques. However, it has not beensotype-matched negative antibody was used as control.
determined if or to what extent stem cells are present in situ,

and if these cells are present at the time of isolation or if the

expressions of MSC markers (many of which have adhesiof-2- Cell IsolationFull-term male UCs were received, foI_-
related functions 0BL7)) are activated postisolation. In 0wing UC blood removal, from Magee WomenOs Hospital

some reports, adherent cells derived from the W.J matrix weréPittsburgh, PA) under IRB Number 0606126. Three separate
examined for their expression of MSC markers at approxi-'Solation techniques were employed: (1) mechanical disso-
mately 7 days postisolatiod J15]; vet, it is not clear if the ~ ¢iation and explant culture, (2) enzymatic digestion with
various markers were upregulated after culture adherenc&lisPase, and (3) collagenase digestiechanical dissocia-
Covas et al. isolated cells from the UC veins and examinefion and explant culturezhole UCs were manually dissected
MSC marker expression after 3 weeks of cell cultd@. [ into smaller sections! (5-6 grams UC tissues per isolation)
Another region of the UC called the perivascular regiona”d plated in polystyrene tissue_culture Rasks V\_/ith serum-
which immediately surrounds the vessels and is part of th&UPPlemented DMEM ((Lonza) with 10% fetal bovine serum
WJ matrix, also has been the focus of UC cell isolatiorlGiPco, Carlsbad, CA), 10% horse serum (Gibco, Carlsbad,
[17, 18. Recently, Baksh et all§ described the diuse CA), and 1% Penicillin/Streptomycin (Gibco, Carlsbad, CA)
expression of CD146 in the UC vessels and surroundind®f 7 days in a 37, humidibed environment with 5%
perivascular region, and on UC cells approximately 3 week 0. Enzymatic digestiodCs were manually blunt-cut into
after isolation. CD146 is an endothelial and progenitor cellSmaller sections, then placed into either dispase (Sigma,
marker recently described by some of 48,20 and others ~ 2-4 units/mL) or collagenase type | (Sigma, St Louis, MO,
[21E24] as a marker of pericytes which may be an origin for 1 M@/mL in PBS) enzyme, and digested atG7or 6 hours
MSCs. However, until now, questions remained as to whetheWith occasional shaking. Following digestion, the isolates
the MSC-like cells existed in situ in the UC or whether the Were Pltered several times to remove remaining tissue using

MSC markers were upregulated with culture adherence, an@ 1004m pore blter. Cells were placed in culture with fresh
also what may be the optimal method t8 eiently isolate Medium for 7 days in a 3T, humidibed environment with
such cells from the UC. 5% CQ. A portion of freshly isolated cells was removed for

In this report, we perform in situ analysis of the entire Bow cytometry analysis and cell enumeration. This portion

cord (WJ matrix and vessels) using several MSC markelyas resuspended in 10mL of RT Erythrocyte Iy§|5eh)u
(CD44, CD73, CD90, and CD105) and several progenitof0-154M NH4CI, 10mM KHCO3, 0.1mM EDTA; pH

and endothelial cell markers (CD146, CD34, CD144). We/-4) for up to 3 minutes before centrifugation, aspiration,
determine the frequency and location of the markers andg®nd Subsequent resuspension and labelfggtisolation Cell
identify various isolation methods which yield! girent cell Yield:on day 0 of enzymatic isolations, freshly isolated cells
types from the whole human UC. We show the isolation Were counted using a hemocytometer. Unlysed anucleate red

of endothelial cells by certain methods, and we show thaP!0od cells could be visually excluded. Additionally, DAPI
another method that does not require tedious removal of?Vas added to cell suspension to conPrm quantibcation of

vessels yields a population which expresses MSC markers afgnblood cells only. The total cell yield was determined by
is capable of multilineage 'dérentiation. Finally, we identify Multiplying total cells yielded by digestion divided by the UC
a culturing scheme which shows unique quantitative eXpan_sample weight to arrive at cells/gram ratio. _Explant isolated
sion of UC stromal cells (UCSCs) along with remarkableCe!lS were quantiped at day 7910 postisolation.

stability of their marker phenotype.

2.3. Cell Culture7 days postisolation, adherent cells were
removed by trypsin. Following this initial passage, UCSCs
2. Materials and Methods were cultured in proliferation medium, EGM2 (Lonza,
. , ) .. Walkersville, MD), at an initial seeding density of 800
2.1.In Situ AnalysisUC tissue was snap frozen in lig- cejis/cn? in polystyrene tissue culture Rasks and incubated
uid nitrogen-cooled 2-methyl butane and cryosectioned atj, 5 37 C., humidiPed environment with 5% CO Routine

10ur_n. qu histologigal analysis,. sections were bxed in 3,0/8ell passaging was performed as above every 3 to 4 days.
acetic acid and stained by Alcian Blue (Sigma, St Louis,

MO) and Nuclear Fast Red (Sigma, St Louis, MO). Placental

and fetal ends of the cord were not used, and portions of2.4. Cell Morphology/Area and Diameter Measurem@atis.
tissue within the main UC length were randomly selectedseeded at a density of 800 cellsfdma 24-well plate were

for freezing and analysis. For cell density and phenotypexamined over 96 hours using a live automated microscopic
analysis, sections were bxed in cold 3:1 methanol: acetomaging systemZ5, 26]. Using 30 measurements per UC
solution and incubated with mouse antihuman primary sample, we obtained the average 2D monolayer cell area for
antibodies CD34, CD146, CD44, CD73, CD105, and CD9@ll time points to yield a mean cell area for the population.
(BD Biosciences, San Jose, CA) and CD144 (eBioscience, Sardetermine the mean diameter of the cells, we examine the
Diego, CA) followed by directly coupled secondary antibodycells when they were in a 3D spherical state after replating
goat antimouse Alexa 488 (Molecular Probes, Carlsbad, CAgnd prior to cell adherence. We obtained measurements of 40
or biotinylated goat antimouse IgG (DAKO, Carpinteria, CA) cells per UC sample. For both 2D and 3D size measurements,
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Table 1: Physical properties and cell distributions are used to calcthlattheoretical cell numbers in each location. Measurements (mean
+ st. dev.) are based on bxed, frozen sections and as shdviguire 1and Supplemental Table 1.

Parameter Measurement
(1) Mean length of human umbilical cord (cm) 30D60

(2) Mean diameter of human umbilical cord (cm) 1£30.25
(3) Arterial diameter am) 2040+ 66
(4) Vein diameter gm) 3550+ 190
(5) Perivascular region, radial distance (thickngss) 4230+ 120
Potential cell harvest yields

Vessels, Theoretical Total Number of Cells per gram 8.1D8®
Perivascular regions, Theoretical Total Number of Cells per gram 1 1# 106°
WhartonOs jelly, Theoretical Total Number of Cells per gram 1.3000%

we examined = 3 UC samples isolated with collagenase and3. Results
n= 3 UC samples isolated with dispase. . ) ) N
3.1. In Situ Detection of Mesenchymal Markers in Umbilical

Cord TissueHuman UC (Figure 1a)) sections were ana-
2.5. Flow CytometntyCSCs were analyzed for Surfacetlyzed by histology and immunohistochemistry. Histostaining

marker expression by Sow cytometry (BD FACSCalibur) a ith Alcian blue clearly distinguishes the vascular regions
each passage using mouse antihuman antibodies HLA-A,B, fom the WJ matrix and epithelium Rigure 1b) and see

(MHC-T), HLA-DP, DQ, DR (MHC-Il), CD34, CD73, CD90, Figure 1 in Supplementary Material available online at

CD146 (BD Biosciences, San Jose, CA), CD44, CD.105(lnvani:10.1155/2009/789526). Cellular density decreases pro-

Diego, CA). Secondary antibodies used as above. Unlabell(g(ﬁess’iver from the vascular regions to the Prst 400-micron

control cells were used to set gates. For comparisons iﬁdlal region surrounding the vessels and which constitutes
n

cell phenotype by Row cytometry at day 0, seven isolatio e perivascular area of the matrix and Pnally to the outer

were performed side-by-side using dispase or coIIagena§ egr:girss C;I] trs]ieiuv?h;rrl:gtlgritzlsast,il:)er\’ \cl)vthg:a::r?c:]herngWgsatrlfgr"
methods, and statistical comparisons were performed. y. e nchy .
expression in the UC has not been previously described.

, i o , ) Tissue was immunostained to detect (hematopoietic) stem
2.6. Proliferation Kinetics and Expansibaor media cOm-  co|| marker and endothelial marker CD34, endothelial cell
parisons, low passage UCSCs were examined by time-lap$g,rkers CD144 and CD146, and MSC markers CD44,
imaging over a 4-day perio@BER7]. Cells were plated at 800 CD105, CD73, and CD9®{gure 1d)) and the percentage of
cells/cntand received either EGM2 or DMEM. Cell counts g|is expressing these markers was quantiBiglie 1e)).
were made directly from 18 images at 12 hours intervals e detected CD34 and CD144 in the endothelial lumen
(n = 3 UCSCs populations). For long-term expansion jining of the vessels, but not in other regions of the UC.
assays, cells were cultured in EGM2 media. At passagewle opserved CD146 expression in the vessel walls (100%)
postisolation, cultures were initiated with 800 cellsfcm and perivascular region of the WJ (62%). Expression patterns
After 3-4 days of growth, the cells were trypsinized, countedss, cp44 and CD105 were similar; positive cells were found
and replated at a density of 800 cellsfciihis process was i, the vessels (2.5%) and in the perivascular (7%BD14%)
repeated for more than 10 passages. The hemocytometghy outermost regions of WJ matrix (12%). CD105 also
cell counts and cellular dilution factor were rec;orded atyyas expressed notably in the endothelial lumen lining. CD73
each passage and used to calculate the expansion potentiglyression is found throughout the vessels and endothelium,
or theoretical yield, number of population doublings, and 5jpeit low intensity, absent in the perivascular region, and
doubling time [2§, n = 13 UCSCs populations expanded pighest in the epithelium and subepithelial regions of the WJ
for 10 passages amd= 3 UCSCs populations expanded matrix (759%). CD90 positivity was detected in most regions
for 20 passages. To measure cellular division time (DT) angg094) bhut absent in the endothelial lumen lining. Previous
the mitotic fraction (or the fraction of daughter cells which renrts have described neither the in situ localization of cells
are dividing), during the course of the expansion, cells wergyressing these mesenchymal markers nor their presence on
examined via time-lapsed imaging as described above angc cejis immediately following isolatiofFigure 3.
elsewhereZ5ER7).

2.7. Statistical AnalysiBor all data sets, normality of data 3.2. High Cell Yields of MSC Cells from the Primitive Cell
was brst tested using SigmaStat (Kolmogorov-Smirnov tes§ource We estimated the theoretical number of cells per
Jandel Scientibc). Parametric or nonparametric ANOVAgram of UC tissue by (1) analyzing the double-stranded
analysis was performed, with 2-tailed signibcance d&tat DNA (dsDNA) content and (2) examining in situ cell density
.05. Mean and standard deviation or error anmdre reported  and models of cell packing. Standard curves estimated about
for each analysis. 16.1 pg dsDNA per cell, and 1#91(° ng dsDNA per gram
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Figure 1: In situ examination of human umbilical cords. (a) UCs range in length up to 60 cm; shown is a cut 10 cm portion with UC blood
removed. (b) Histology of 10 micron thick cryosections stained wiltiah blue. (c) Schematic of UC cross-section. Green dots represent

cells; all other structures are as indicated. (d) Detection of CD34, CD144, CD146, CD44, CD105, CD73, and CD90. CD34 and CD144 are
expressed only in the endothelial lumen of the UC vessels. CD146 expression is present in both the vascular and perivascular regions, but not
in the bulk of the WJ. CD44- and CD105-positive cells are found in the WJ, perivascular region, and in the vessels. CD105 is also in the lumen.
A low level of CD73 expression is found throughout the vessels and high in the region just beneath the epifigsnpositivity only in

the region just below epithelium). CD90 positivity was detected in all regions, except the endothelium. Scale bars on whole vessel images

represent 20Qm; all others represent 1Qin. (e) The percentage of cells expressing these markers was determined by immunostaining: (PV:
perivascular region).
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Figure 2: Tissue processing and method of isolatibreet total cell yield and population phenotype. (a) Physical properties of the UC
tissue provide an estimate that 10-11 million cells per gram can be isolated from the tissue (dmoesdand Table 1 in Supplementary

Material available online at doi:10.1155/2009/789526). (b) The theoretical yield of 10-11 million cells/UC gram includes 79% vascular cells,
9% perivascular cells, and 12% WJ cells. Distinct phenotypes based on enzymatic method are evident by both morphology (c) and molecular
phenotype (d)D(f). (c) Cell area or spreading in 2D monolayer is signibcantly larger for dispase-isolated cells versus collagenase-isolated cells
(meant s.e.m.P < 001), although the cells have similar diameter or size when measured prior to surface adhesion. (d) Mean surface marker
expression on day 0 of isolation. Collagenase-isolated gelllgiions have a signibcantly higher level of expression of CB44.005),

CD105 f=.014), and CD90R < .001), as compared to dispase-isolated cells that exhibit a signibcantly higher level of endothelial marker
expression, CD34(< .001), CD144R < .001), and CD146R =.049), and CD73F < .001) which was also detected in the endothelium. (e)

Marker expression at week 1 postisolation. SigniPcdrgrdinces were detected for expression of C45.01), CD34 P < .001), CD144
(P=.006), and CD90R = .003). (f) Marker expression at week 3 postisolation. Signibcaertreinces were detected for expression of CD144
(P=.017), CD146R = .008), and CD90R = .001). The use of collagenase enzyme yields a cell population with signibcantly higher MSC
marker expression levels in comparison to both dispase enzyme digestion and mechanical dissociation.The latter two methods, however,
yield populations with signibcantly higher endothelial cell marker expression levels than the collagenase enzyme digest.
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tissue (Supplementary Figure 1). Together, this estimate@ = .034,P = .014 andP < 001 resp.). On the contrary,
11.7+ 2.7# 10 cells per gram of UC tissue. This value is dispase-isolated cells expressed signibcantly higher levels of
consistent with calculations based of a numerical method, irthe endothelial markers CD34 and CD144 on the day of
which the mean cell-cell distance is used along with physicasolation (both P < 001). On the day of isolation, the
properties of full-term UCs and particle packing models to dispase-isolated cells also showed a higher level of expression
determine the number of cells or particles in a given volumeof CD146 as compared to collagenase-isolated cells (38
With the numerical method, we estimated the theoretical18% versus 16.6 9.4%,P = .050). Finally, in comparison
yield of cells that could be obtained utilizing a fully optimized to the collagenase-isolated cells, the dispase-isolated cells
isolation procedure to be 10-11 million cells per gram of UC showed higher expression levels of CD73, which was detected
tissue Table 1land Supplementary Table 1); this is in closein situ in both the endothelium and the subepithelial region
agreement to the estimate by DNA analysis. The numericadf the WJ. In sum, at the time of isolation, cells derived
method can also provide estimates in thé elient regions: from the whole UC using collagenase expressed high levels
8-9# 1(P cells per UC gram in the vessels (79%),# 1P of MSC markers and low levels of endothelial markers, while
cells per gram in the perivascular region (9%), antl5# the dispase-isolated cells expressed low levels of most MSC
10° cells per gram in the WJ matrix (12%, Figu(®)and  markers and high levels of endothelial markers.

2(b)). The di erences in the 2 UC-derived populations per-
Cell isolation and processing techniques ched the sisted after growth in culture for 1 and 3 weeks. In com-
number and phenotype of isolated cells, both of which areparison to dispase-isolated cells, the collagenase digestion
critical to cell-based therapeutic®9 30. To investigate yielded a population with signibcantly more CD90 at week

which isolation method yields the greatest number of UC-1 and week 3 X95%, Figure2(e) and 2(f)). These cells
derived cells which express MSC markers, we examined ntinued to have low levels of CD34 (absent) and CD144
isolation methods: (1) mechanical dissociation and explan{5.0% at week 1 and 0.7% at week 3 Fig@es and 2(f)).
culture, (2) enzymatic digestion with dispase, and (3)UC cells isolated with collagenase showed moderate levels of
collagenase digestion £ 3 each). Collagenase digest yieldedCD146 (48%; week 1, and 42%; week 3, Fig@@3 and
5.3+ 1.5# 10 cells per gram of digested UC tissue; in 2(f)). Consistent with their endothelial morphology, dispase-
comparison, we observed that the dispase digest resulteésiolated cells expressed higher levels of CD34 and CD144,
in a 10 times lower cell yield of 54 3.4# 10 cells per at week 1 P < .001 andP = .006, resp.), and CD144, at
gram (Figure 2(b). Cells derived by the mechanical disso- week 3, as compared to the collagenase-isolated population
ciation and explant culture technique required 7910 day¢P = .017, Figure2(e) and 2(f)). Dispase-isolated cells
in culture for su' cient cellular emigration; in the highest exhibited lower level expression of CD90 at both week 1
yield, we isolated 1.7% 1 total cells per gram by day 10 (4%, P = .003) and week 3 postisolation (6.6%,= .001,
(Figure 2(b), although cellular divisions occurring during Figures2(e) and 2(f)). Dispase-isolated cells also expressed
this period confound the actual cell isolation counts. Forhigh levels of CD146 (week 1: 82®,> .05 and week 3:
these reasons, explant isolations were not explored furthef9%,P = .008). The explant isolation, like dispase isolation,
and subsequent comparisons were made between dispagielded cells that were high in both CD144 (38%) and CD146
and collagenase isolated cells. Morphologicadledinces (68%) and low in MSC marker CD90 (4%). Finally, both
were apparent between these populations; cells isolated frooollagenase and dispase populations show a rapid increase in
either the collagenase method or dispase method had similaxpression levels of CD73, CD105, and CD44 during the brst
size (diameters 17.1um and 17.4m, resp.P > 05) when  few weeks of culture during which time levels rea®5% in
measured as nonadhered round spherical cells. Howevea)l cases. This rapid increase may be a result of the presence
dispase digestion yielded cells with a noticeable endothelialf cells analyzed on day 0 that have been stripped of their
morphology and a signibcantly larger area of spreading irsurface markers following extensive enzyme treatment. On
monolayer as compared to cells obtained from collagenasie other hand, it is not surprising to see an increase in these
digestion (monolayer 2D area 33@® versus 1630m, resp., markers in culture, as in addition to being characteristic of
P < 05,Figure 2(c). MSCs, these surface markers are also well known as both
We determined that cells expressing surface markers afell adhesion and signaling moleculd®g12]. Thus it is
MSCs could be identibed at the time of isolation, and distinctimportant to note that CD73, CD105, and CD44 are just a
cell populations could be obtained based on surface markeiew of numerous markers shown to be present on MSCs,
expression (day Gigure 2(d) following the initial isolation  and as described below, despite their presence on the dispase-
period and according to the method of isolation. In side- isolated cells, these markers alone are nbtgant to confer
by-side analysis, we compared the marker probles from cellaultipotentiality.
obtained from dispase isolations & 7) and collagenase Therefore, we have determined that the collagenase
isolations ( = 8) on day 0. Cells were analyzed for surfacedigestion process will consistently isolate a specibc cell
marker expression of MHC-1 and MHC-II antigens, CD45, population expressing MSC surface markers and CD146, but
CD34, CD144, CD146, CD44, CD105, CD73, and CD90not endothelial markers (CD44+/CD73+/CD105+/CD90+
UC cells isolated by the collagenase method showed and CD148°% and CD144B), when compared to the
signibcantly higher level of MSC marker expression at dagispase digest and mechanical dissociation/explant culture
ONCD44, CD105, and CD90 expressions were higher in thisnethods (CD44+/CD73+/CD105+/CD90P and CDi%¥#
UC population as compared to cells isolated using dispasand CD144+). Furthermore, while the cells isolated by the
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dispase method show an increase in expression of CD44heir long-term in vitro self-renewal and phenotypic sta-
CD73, and CD105, but not CD9O0, after cell culture, thesebility during ex vivo expansion. We Pprst found that the
cells continue to highly express CD144 and CD146. Togetherells showed a signibcantly higher level of proliferation in
these markers (CD144 and CD146) suggest an endotheli@lGM2 growth medium as compared to serum-supplemented
phenotype (Supplementary Figure 2(a)). On the other handDMEM (population doubling time, PDT, for UCSCs in
collagenase-isolated cells maintain high expression of thiEGM2= 18+ 1.0 hours, versus PDT for DMEM 43 +
panel of MSC markers and moderate but steady levels df3 hoursFigure 3(a), which is the most frequently used
CD146. Additionally, these cells do not express endotheliahedia for culturing various UC populationd 4, 17, 18 33
marker CD144 at any point through 35 days of passaging34. Furthermore, cells grown in DMEM exhibit a distinct
While the role of CD146 on mesenchymal-like cells hasnorphology and have signibcantly greater 2D monolayer cell
yet to be determined 43 24, 31, 32, Baksh reported spreadingascompared to cells grown in EGHiggre 3(b).
similar expression levels for UC perivascular cdl [Also,  We observed signibcantly more CD146 expression on UCSCs
we performed Buorescence-activated cell sorting (FACS) tgrown in DMEM as compared to EGM2 (6212 versus 28
purify for a fraction of collagenase-isolated cells which werd 1,P<.01). However there was noldirence in expression of
>98% positive for CD146; however, within 48 hours, the CD44, CD73, CD90, and CD105 (Supplementary Figure 4).
population reverted to 50% CD146 positive. Therefore, for Thus, we determined EGM2 to be a preferable proliferation
the remainder of the experiments, we studied the UC cellsnedium for the UCSCs. In fact, we were able to expand
derived by the collagenase and dispase methods as oppode@SCs for more than 55 population doublings (PDs) after
to FACS-puribed cells. 22 passages, or 70 days in cultuFgg(re 3(c), and we
could obtain a theoretical yield ob10?! cells from an
initial seeding density of 2 10* cells. We expanded

3.3. UCSCs Multipotencyo examine multipotency, we :
performed side-by-side examination of the osteogenic13 populations through 10 passages, and 3 of these UC

and chondrogenic dierentiation capabilities of these 2 populations were continued for an additional 10 passages.

populationsNMSC-like cells (CD90+/CD144B/CDF4%) While the pqpu]auons continued to be v'|able, the'asse.lys were
; I nded at this time. The mean population doubling time of
isolated by the collagenase method and endothelial-like cel

Pe UCSCs was 24 1.1 hours (mear: standard error) for

0%) i i .

Ve detecied increased prasence of akaline phosphaiase S 2 0P10PDS, 3317 hours at 10020PDs, which are
P phosp signibcantly fasteR= .02 andP = .02, resp.,) than the PDT

collagenase-isolated cells induced with bone morphogemgf 28+ 1.3 hours at 20030 PDBigure 3(d). We observed
protein-4 (BMP4) as compared o the nonstimulated con- no signibcant changes in cellular division timEgyire 3(e)

trols, and in comparison to day 1 control® & .04,t-test, fé?r cells at 0D10 PDs (14:80.4 hours), 10020 PDs (151

-BMP4 versus +BMP4 day 7). The d!spase-lsolated ceI_Is di ? hours), and 20D30 PDs (15.90.8 hours). The mitotic
not express detectable levels of alkaline phosphatase eitherat . . . - oy
fraction, or fraction of actively dividing cells, within the

g?;egﬂﬁ gzt;gte;'r?gﬂ;ﬁ:g(rgnnﬂzgﬂgéigep dpi:eernserz]atlasl:)yeljﬁil:)rife CSC populations was 80%D88% of cells at 0020 PDs, which
chondro enic. otential through the use of the classic pellet’ signibcantly higher than the mitotic fraction of cells at
9 P g P 0b30PDs, which was &07% (mean+ s.e.m., data not

assay. Cells were treated with chondrogenic medium con- ; r
taining TGF! 1. By day 10, the pellet constructs showedShown)' Dispase-isolated cells showed slower growth rates

. . with a mean PDT= 27.3 hours through the course of 10
increased proteoglycan content, increased collagen content . :
the morphological appearance of lacunae, and a uantibeas‘c"”lges (shown earlier in Supplementary Figure 2(b)).
. pholog PP . L q Flow cytomety histogramsF{gure 3(f) demonstrate
increase in extracellular matrix deposition (ECM) at day 10 S o

that the population is homogeneously positive for MHC-I

as compared to day 1 (Supplementary Figures 3(c) and 3(d)) 5+ 1.7%), CD44 (98 0.7%), CD73 (9% 0.6%), CDI0

In all attempts, the dispase-isolated endothelial-like cell 98 + 0.7%), and CD105 (9% 0.6%) and negative for
failed to form pellets or high-density aggregates in the Chon'l\/IH(E-II '(0 6 " 0.1%), CD34 (0 7'& 0’50%) C%45 (0.5
drogenic assay(= 3 UC samples, 20 attempted runs total). 0.3%) a.md_CD.144’(1.6 0_7%) at th.e onsét of in vitfo

Based on the marker expression and the mUIt'pOteméxpansion. The population also shows positivity for CD146

di! erentiation capacity of the cells isolated by the colla- : .
genase method ?CDX4+/CD73+/CD90+/CD10g+/CD144E)(53 + 18%). The UCSCs were continuously expanded in

/ICD146°%), we term these cells multipotent UC stromal culture for a minimum of 10 passages, or approximately

cells, UCSCs. By comparison, the dispase isolation methogjﬁ ddi/lyligﬁurzz 3§gz;itTh(iI;§§c():tssrhec§m)Mrzri;irﬁ)%sétl\g:i)\l/ e
selectively puribes for a population of CD146+ endothelial g y ' 9

cells (CD90D/CD144+/CD148%). Based on the clear lack 2513234’ CD45, ?nd |C|?144’ and eﬁhltg(t)(; (;]onsstt[]ent
of multipotency in the dispase-isolated cells (albeit they were | expression Aeve Oh apprommatﬁ Y UCSOCt rougl out
CD105+/CD44+/CD73+) our subsequent studies focused on! ture expansion. At each passage, the population

. . - Is consistently highly positived7%) for all MSC markers
the UCSCs which showed multipotent activity. analyzed. PCR analysis of low-passage and high-passage cells

conbrmed the presence of mMRNA transcripts corresponding
3.4. UCSCs have Long-Term In Vitro Self-Renewal, Highthe MSC markersKigure 3(h). This remarkable stability
Expandability, and Phenotype Stabilify. further support of the UCSCs phenotype represents a novel bnding for
the progenitor cell nature of the UCSCs, we next testednesenchymal stromal cells, from any source.
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Figure 3: UCSCs demonstrate a high level of ex vivo expansion and retain MSC surface marker phenotype for up to 10 passages, or 5 weeks
in culture. (a) UCSCs showed a signibcantly higher level of proliferation in EGM2 growth medium as compared to DMEM (7Phours,
=.038, 96 hours? = .10). (b) Cells cultured in the dierent media were distinct morphologically; DMEM-cultured cells were signibcantly

larger in 2D as compared to cells grown in EGM2 (meas.e.m.). (c) We expanded UCSCs for more than 55 population doublings, PDs.
Thirteen UCSC populations were expanded for 10 passages, and 3 of these UCSC populations were continued for another 10 passages. Th
theoretical expansion yield is2@ells from an initial 2¢ 10* cells. (d) Mean population doubling time of the UCSCs was 24.1 hours

for the populations at 0B10 PDs, 231.7 hours at 10020 PDs, which are signibcantly faster than the PDTtof ZBhours for UCSCs at

20D30 PDsR < .05, bars represent means.e.m.). (e) We observed no signibcant changes in cellular division times which was similar for

cells at 010 PDs (14£80.4 hours), 1020 PDs (15:10.7 hours), and 20D30 PDs (15.9.8 hours). (f) Histograms are representative

of UCSCs surface marker expression 7 days postisolation. The population is homogeneously positive for mesenchymal cell markers CD44,
CD105, CD73, and CD90, and50% positive for endothelial cell marker CD146, and negative for hematopoietic cell markers CD34 and
CD45, and endothelial cell marker CD144. (g) Surface marker expression levels through 10 passages. UCSCs have steady but moderat
CD146 expression levels and remain negative for CD45, CD34, and CD144 expression. The cells are consistently highippeésjtive (

all mesenchymal markers analyzed throughout the Pve-week period and support the reproducibility of the isolation method and stability

of the MSC-like phenotype. (h) Representative PCR analysis of low-passage and high-passage UCScs conbrmed the presence of mRN/
transcripts for MSC genes. Lane 1: UCSCs at passage 2; Lane 2: UCSCs at passage 8; Lane 3: human vascular endothelial cells (HUVEC
Lane 4: no DNA.

4. Discussion were digested using the process described here, we estimate
that 21 million cells could be isolated on day 0. Further
The therapeutic potential of cells expressing MSC markersptimization is possible since the entire cord contains a
is well described in terms of tissue repa85] 36, and  theoretical yield of 500 million cells. These numbers suggest a
more recently, immunoprotection37, 3§. We show for the  viable, plenteous source of cells, which overcomes challenges
prst time that cells expressing mesenchymal markers CD44f other adult-derived sources including limited control
CD105, CD73, and CD90 are present in situ in both the WJof harvest yields, donor age, and sex. Various methods
and UC vessels. We also show that the UCSCs express théswe been used to isolate! drent cell types from the
markers at the time of isolation from the whole UC, and that UC [13 14, 17, 18 33 including myobbroblasts and
this method can generate large numbers of cells at the time afndothelial cellsgeg]. We show that the isolation method
isolation. These cells are multipotent, as previously describeal ects population phenotype. While some reports describe
for other UC-derived cellsl[3 18 39 and can undergo long- cell isolation following UC dissection, we found that a
term expansion in culture as shown here. The UC could be arollagenase-based digestion applied to the whole UC will
excellent postnatal, yet primitive, tissue source to yield higlconsistently isolate a specibc cell population expressing
numbers of stromal cells of consistent donor age for bothhigh levels of MSC surface markers and moderate levels of
basic studies and cell technologies in regenerative medicin€cD146 (40%D50%). These cells also were negative for MHC-
We report here that the UC contains, by conservativell allowing for potential increased immunocompatability
estimate, approximately 11 million cells per gram of tissueduring allogeneic transplantation. Conversely, mechanical
and the average cord is 40 grams. We were able to obtaiissociation and explant culture and digestion by dispase
approximately 5.3t 1 cells per gram of digested tissue. yield cell populations high in endothelial markers CD144
Although few reports describe isolation yields, this yield isand CD146 (100%). The expression of CD146 on endothelial
higher than previous reports using!dirent isolation and cells is well documented and we suspect that the cells
processing methodslfl, 17]. If the entire length of the UC identiPed here as expressing both CD144 and CD146 are



10 Journal of Biomedicine and Biotechnology

likely di erentiated endothelial cells as they also showed\cknowledgments
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Legends for Supplementary Material

Supplemental Table 1. Physical propertie s of UC and in situ cell frequency

guantifications. Volumetric cell densities are based on body-centered closed packing and face-
centered closed packing models using the mean intracellular distance obtained from images of
10-micron thick sections. Within the WhartonOs Jelly, there are 2 regions with significantly
different cell distributions; region 1 immediately surrounds the vessels as shown in the
schematic, while region 2 is the outer ring of the UC cross-section. Values are based on

physical measurements taken from images of frozen sections (meanz standard deviation).

Supplemental Figure 1. Histological sections of human umbilical cord vein (A-C) and artery (D-
F) stained with Alcian blue to show proteoglycan connective tissue (A,B,D,E) and hematoxylin
and eosin (C,F). The tunica intima includes the endothelial lining of the lumen, and elastin
connective tissue layer. Shown are the tunica media which includes smooth muscle and the
perivascular region which immediately surrounds the vessels. The UC vessels lack a tunica
adventitia and it is believed that the entire WhartonOs Jelly is the connective tissue which may
act as the adventitia. (G) Standard curve to determine the amount of dsDNA per gram whole UC
tissue: 187,000 ng / gram. (H) Standard curve to determine the mean amount of DNA per UC

cell; 16.1 pg/ cell.

Supplemental Figure 2. (A) MSC marker analysis on endothelial / dispase-isolated UC cells
through 10 passages. Cells were examined for their expression of CD34, CD144, CD146,
CD44, CD105, CD73 and CD90 by flow cytometry. Levels of CD144 and CD146 remain high in
this endothelial cell population. (B) Cell proliferation through 10 passages, number of cumulative

population doublings versus time, days (mean population doubling time = 27 hours).

Supplemental Figure 3. UCSCs exhibit osteogenic and chondrogenic activity. (A) After

stimulation with bone morphogenic protein BMP4, more collagenase-isolated UCSCs express
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the osteogenic marker alkaline phosphatase as compared to the prestimulated (day 1) and
unstimulated cells (day 7). (B) Quantification of the mean area of ALP positivity supports (p =
0.04, t-test, -BMP4 vs. +BMP4 day 7) the qualitative observations. (C) UCSCs increase
production of proteoglycans (detected by Alcian blue staining) and collagens (detected by
MassonOs Trichrome staining) after stimulation with chondrogenic media (day 10) which includes
human TGF-H, ITS mix and dexamethasone. Prior to stimulation (day 1), proteoglycan and
collagen staining is low. (D) In comparison to UCSC-pellets at day 1, or day 10 without TGF- E
stimulation, we detect significantly more relative amounts of ECM in pellets which received
TGF- Estimulation (p < 0.01 in both cases). (E) Side-by-side comparisons of collagenase and
dispase isolated cells in osteogenic and chondrogenic assays. UC cells expressing markers of
MSCs show multilineage activity, however UC cells expressing endothelial markers do not show

signs of osteogenic or chondrogenic activity after several attempted assays.

Supplemental Figure 4. MSC marker analysis on USCS grown in EGM2 and DMEM. Side-by-
side comparisons of UCSCs marker profile after culture in EGM2 or DMEM; 4 days after initial

seeding density of 800 cells/ cm?



Supplementary Table 1. Parameter Measurement

Total cord Mean Length of Human Umbilical Cord (cm) 30 b 60
Mean Diameter of Human Umbilical Cord (cm) 1.3+£0.25
Vessels-artery @ Diameter (cm) 0.204 + 0.007
@ Wall thickness (cm) 0.080 + 0.008
Area of artery (cm?) 0.033 + 0.006
@ Area of artery lumen (cm?, fixed section) 0.0009 + 0.0005
Mean Intercellular Distance (um) 24.0+ 3.6
Vessel-vein @ Diameter (cm) 0.355 + 0.019
@ Wall thickness (cm) 0.0598 + 0.019
Area of vein (cm?) 0.081 + 0.01
@ Area of vein lumen (cm?, fixed section) 0.0180 £ 0.0005
Mean Intercellular Distance (um) 27.0+3.3
E\e/nvra(\asgciglr?r, Radial distance (um) or thickness (um) 430 + 120
Area of region (cm?) 0.013 + 0.002
Mean Intercellular Distance (um) 50.1+4.7
WhartonQOs Jelly
region 1 @ Diameter of region 1, cm 0.91
Mean Intercellular Distance (um) 81.2+16.1
region 2 Diameter of region 2, cm
(same as UC diameter) 1.30+0.25
Mean Intercellular Distance (um) 105.7+5.4
Cell Estimates ) 8.1x10°P
Vessels, Theoretical Total Number of Cells per gram 8.9 x 10°
Perivascular Regions, Theoretical Total Number of ~1 x 10°

Cells per gram

WhartonOs Jelly, Theoretical Total Number of Cells per 1.3 x 10° B
gram 1.4 x 10°

Volumetric cell densities are based on body-centered closed packing and face-centered closed
packing models using the mean intracellular distance obtained from images of 10-micron thick
sections. Within the WhartonOs Jelly, there are 2 regions with significantly different cell
distributions; region 1 immediately surrounds the vessels as shown in this figure below, while
region 2 is the outer ring of the UC cross-section. Values are based on measurements taken
from images of frozen sections stained with Hoechst. Physical measurements are mean +
standard deviation obtained from n = 4 UC samples.
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Supplemental Figure 2
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Supplemental Figure 3,

! Osteogenic Activity of UCSCs
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Supplemental Figure 4

120 1 Marker Expression After Cultur e in EGM2 or DMEM media
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