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Abstract

Studies have shown that mesenchymal stem cells (MSCs) have low immunogenicity and immune
regulation. Human umbilical cord Wharton’s jelly provides a new source for MSCs that are highly
proliferative and have multi-differentiation potential. To investigate immunomodulatory effects of
human Wharton’s jelly cells (WJCs) on lymphocytes, we successfully isolated MSCs from human
umbilical cord Wharton’s jelly. WJCs expressed MSC markers but low levels of human leukocyte
antigen (HLA)-ABC and no HLA-DR. These results indicate that WJCs have low
immunogenicity. Both WJCs and their culture supernatant could inhibit the proliferation of
phytohemagglutinin-stimulated human peripheral blood lymphocytes and mouse splenocytes.
Additionally, WJCs suppressed secretion of transforming growth factor-p1 and interferon-y by
human peripheral blood lymphocytes. We conclude that the immunomodulatory effect of WJCs
may be related to direct cell contact and inhibition of cytokine secretion by human peripheral
blood lymphocytes.
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1. Introduction

Mesenchymal stem cells (MSCs) are derived from the mesoderm and have self-renewal and
multi-differentiation capacity. Under appropriate conditions in vivo and in vitro, they can
differentiate into various tissue cells, such as osteoblasts, chondrocytes, adipocytes, muscle
cells, and neurocytes (1-7). For these reasons, MSCs are considered important seed cells for
tissue engineering and cell transplantation. Until now, the study of MSCs has mainly
focused on bone marrow mesenchymal stem cells (BMSCs). However, the invasiveness of
the bone marrow aspiration procedure and the age-dependent degradation in quantity and
quality of the BMSCs limit their clinical potential (8, 9). Research is ongoing to identify
alternative sources of MSCs that can be derived from a wide range of ethically approved
sources. The human umbilical cord Wharton’s jelly provides a new source of MSCs that
exhibit a high degree of self-renewal capacity and multi-differentiation potential. Wharton’s
jelly is the connective tissue that surrounds the umbilical vessels. Wharton’s jelly cells
(WJCs) have a wider range of collection sources than do BMSCs and can be easily collected
with fewer ethical constraints. As an alternative source of MSCs, WJCs have promising
clinical application prospects.

Recent studies have shown that BMSCs have low immunogenicity and do not stimulate T-
cell proliferation in vitro. It has been confirmed that MSCs do not express major
histocompatibility complex class Il (MHC-11) and only express low levels of MHC-I. The
function of MHC-I is to protect MSCs from destruction by natural killer cells (NK); MHC-II
can aid MSCs in escaping immune recognition by CD4* T cells (10). Furthermore, MSCs do
not express costimulatory molecules such as CD40, CD80, and CD86, which are necessary
for T-cell activation (11).

Recent studies have indicated that MSCs can suppress lymphocyte proliferation induced by
phytohemagglutinin (PHA) and are not restricted by MHC. Allograft has been proven to
minimize the risk of rejection after transplantation, even between unmatched individuals
(12). These unique immunological properties of MSCs increase the prospects that they
might be useful for treating organ transplant rejection or autoimmune disease. Research has
shown that MSCs can effectively reduce the immune rejection after major organ
transplantations, such as those for heart and kidney (13, 14). Studies have also shown that
MSCs have a potent therapeutic effect in graft-versus-host disease, which is caused by
hematopoietic stem cell transplantation (15). In addition, MSCs have been used for the
treatment of autoimmune diseases, and their therapeutic effects have already been tested in
animal models of systemic lupus erythematosus and experimental autoimmune
encephalomyelitis (16-18).

The immunomodulatory effects of MSCs are not only apparent in T lymphocytes but also in
B lymphocytes, dendritic cells (DC), and NK. MSCs can inhibit immune cell proliferation,
reduce immune cell cytokine secretion, and alter immune cell subtypes (19-22). Although
the immunomodulatory effects of MSCs have been confirmed by many experiments, the
specific immune suppression mechanisms are debated. Some researchers believe that the
contact between cells plays an important role in the immune regulation process. Others think
that the immunomodulatory effects of MSCs may be linked to soluble factors, such as
hepatocyte growth factor, interleukin (IL)-10, and transforming growth factor (TGF)-B1(23).
Further study revealed that some signaling pathways were involved in the immune
regulation of MSCs (24-26). Merging these theories portrays the immune regulatory
mechanism as a complex interconnected network that combines micro-environment,
cytokines, and signaling pathways.
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Although the immunogenic behavior of BMSCs has been characterized (10, 27), the
immunoregulatory properties of the human WJCs have not been defined. TGF-B1 is an
important negative immune regulator that inhibits proliferation and function of lymphocytes.
As a critical signal factor, TGF-p1 might shut down the local immune system. Interferon-y
(IFN-v) activates and promotes lymphocyte function as a positive immune regulator in
immune rejection. In this study, we established a protocol for isolation and culture of human
WIJCs, investigated their effects on lymphocyte proliferation and secretion of TGF-1 and
IFN-vy, and explored whether direct cell-to-cell interactions and soluble factors such as TGF-
B1 and IFN-y are important for balancing WJC-mediated immune regulation.

2. Materials and methods

2.1. Cell isolation and culture

Human umbilical cords were obtained under sterile conditions from full-term infants
delivered by caesarean section; residual blood was fully washed by phosphate-buffered
saline (PBS). The umbilical cord membrane was stripped, and the umbilical cord blood
vessels (two arteries and one vein) were removed to retain the Wharton’s jelly. The
Wharton’s jelly was cut into 1 mm3 pieces and then cultured in DMEM/F12 (GIBCO, USA)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, USA) and 5 ng/ml basic
fibroblast growth factor (bFGF) (Sigma, USA). The cytokine bFGF promotes WJC
proliferation by increasing the mitotic activity of the cells. The culture was maintained at
37°C with saturated humidity and 5% (v/v) CO,. The medium was changed every 3 days.
WJCs were passaged at 80% confluence after 1-min treatment with 0.25% trypsin (Sigma,
USA) and 0.02% EDTA (Sigma, USA) at 37°C, and centrifugation at 2000 rpm for 10 min.

2.2. Immunophenotype analysis

The third passage (P3) of WJCs was selected for its optimal proliferation capability. WJCs
were trypsinized, suspended in DMEM/F12 at a concentration of 2x108/ml, and cultured
until they reached 80% confluence. Aliquots of cells (100 ul) were incubated for 30 min at
4°C with mouse anti-human monoclonal antibodies conjugated with fluorescein
isothiocyanate (FITC)-CD44, FITC-HLA-ABC, FITC-HLA-DR, phycoerythrin-conjugated
CD34-PE, PerCP, or CD45-PerCP (BD, USA). After incubation, the cells were washed
twice with PBS. Mous e isotypic antibodies PerCP-1gG1, PE-1gG1, and FITC-1gG1(BD,
USA) were used as experimental controls. The cells were then resuspended and analyzed by
flow cytometry.

2.3. Measurement of WJC proliferation activity

Passages 1, 3, and 5 were selected for their high proliferation capabilities. WJCs were
trypsinized, suspended in DMEM/F12 medium supplemented with 10% FBS and 5 ng/ml
bFGF at a concentration of 2x10%/ml, and grown until they reached 80% confluence. WJCs
(100 ul) were then seeded into 96-well plates and incubated at 37°C with 5% CO> in a fully
humidified atmosphere. Cell proliferation was assessed on days 1, 3, 5, 7, and 9. Ten
microliters of Cell Counting Kit-8 (CCK-8) solution (Beyotime, China) were added to each
well in the absence of light and incubated at 37°C with an environment of 5% CO, for 2 h.
The absorbance of each well at 450 nm was determined using an enzyme-linked
immunosorbent assay reader; the growth curve was then drawn accordingly. Each trial was
repeated in triplicate.

2.4. Lymphocyte proliferation assay

Human peripheral blood lymphocytes were isolated from healthy donors by Ficoll-Paque
(1.077 g/ml) density gradient centrifugation. The cell concentration was adjusted to 1x106 /
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ml by RPMI-1640 medium (GIBCO, USA) supplemented with 10% FBS for use.
Splenocytes were obtained from mice by using a standard protocol. The spleen was removed
quickly by aseptic technique and washed thoroughly with PBS. The spleen cells were then
released by trituration. After being resuspended in PBS, the spleen mononuclear
lymphocytes were obtained by Ficoll-Paque (1.077g/ml) density gradient centrifugation.
The pellets were then resuspended in PBS, and the erythrocytes were lysed. Splenocytes
were washed two more times with PBS, and the cell concentration was adjusted to 1x10%/m
in RPMI-1640 medium supplemented with 10% FBS. Human peripheral blood lymphocyte
count, splenocyte count, and viability were assessed by trypan blue prior to final plating.

WJCs at passage 3 were harvested and adjusted to 1x10%/ml, 5x10%/ml, or 2x10%/ml in
DMEM/F12 containing 10% FBS. A 100-ul suspension of WJCs was plated into 96-well
plates. The plates were incubated for 72 h at 37°C with 5% CO». After the WJCs reached
70% confluence, the medium was removed, and 100 pl of fresh medium containing 5 pl of
mitomycin-C (1 pg/ul; Sigma, USA) were added for 30 min at 37°C to mitotically inactivate
the WJCs. After the medium was removed, the inactivated WJCs were washed twice with
PBS. WJCs were resuspended in 100 ul of lymphocyte medium (RPMI-1640 containing
10% FBS), co-cultured with 1x10° lymphocytes (splenocytes or human peripheral blood
lymphocytes), and stimulated by 5 ul of PHA (Sigma, USA) for 72 h at 37°C and 5%
CO,.The groups were divided as follows: lymphocytes + PHA (positive control); WJCs
(1x10%) + lymphocytes; WJICs (5x103) + lymphocytes; WJCs (2x103) + lymphocytes;
WIJCs (1x10%) + lymphocytes + PHA; WJCs (5x103) + lymphocytes + PHA; WJCs (2x103)
+ lymphocytes + PHA; unstimulated lymphocytes (negative control). Three ratios of WJCs
to lymphocytes were used: 1:10, 1:20, and 1:50. Each trial was repeated in triplicate. A
CCK-8 kit was used to assess the immunomodulatory impact of WJCs on mouse splenocytes
and human peripheral blood lymphocytes after PHA stimulation. The procedure was carried
out according to the manufacturer’s protocol as mentioned above. The inhibitory effect of
WIJCs on lymphocyte proliferation was evaluated by comparing the optical density (OD) in
wells co-cultured on inactivated WJCs with the OD of lymphocytes grown alone.

2.5. Indirect co-culture assay

P3 WJCs were cultured at 37°C with 5% CO» until 70% confluence; then the medium was
exchanged to low-serum medium for 48 h. After the incubation period, WJC supernatants
were collected. Lymphocytes were suspended at a concentration of 1x10%/ml in RPMI-1640
medium supplemented with 10% FBS (control), RPMI-1640 medium supplemented with
50% WJC culture supernatant and 10% FBS, or WJC culture supernatant supplemented with
10% FBS. PHA (5 pl at 1 pg/ul) was then added into each well to stimulate lymphocyte
proliferation. The protocol was performed as described above.

2.6. ELISA array

After being trypsinized, P3 WJCs were adjusted to 5x10%/ml and plated (1 ml) in 24-well
plates. After the WJCs reached 70% confluence, 10 ul of mitomycin-C (1 pg/ul) were added
into each well. After 1 h at 37°C and 5% CO», the medium was removed and cells were
washed twice with PBS. Then 2x10° human peripheral blood lymphocytes in 1 ml of
lymphocyte medium were added and co-cultured in the presence of 10 ul of PHA for 72 h at
37°C and 5% CO,. The groups were the following: WJCs (1x10%) + lymphocytes + PHA,;
lymphocytes + PHA; WJCs. The supernatants of each group were collected and evaluated
by ELISA detection kit (RD, USA) for TGF-p1 and IFN-y. P3 WJCs (5%103) were plated in
24-well plates and treated with 10 pl of mitomycin-C (1 ug/ul) for 1 h until they reached
70% confluence. The medium was then removed, and the cells were washed twice with
PBS. Human peripheral blood lymphocytes (2x10° in 1 ml of lymphocyte medium) were
added and co-cultured for 48 h at 37°C and 5% CO,. Then, the non-adherent cells were
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harvested, washed extensively, and stimulated with10 pl of PHA (1 pg/ul) for another 24 h.
The level of IFN-y was measured with the ELISA detection Kit.

2.7. Statistical analysis

Data are presented as means + standard deviation. The results were analyzed with the
statistical package SPSS 13.0 (SPSS Inc., Chicago, IL). The statistical significance was
assessed by paired Student’s t-test and ANOVA,; p value < 0.05 was considered statistically
significant.

3. Results

3.1. Morphology, surface molecules, and proliferation activity observed in WJCs

Three to five days after the Wharton’s jelly was placed in culture, adherent single-spindled
or triangular cells became visible around the tissue. After 2 weeks, some adherent cells had
dissociated around the adherent tissue pieces and were visible under the inverted
microscope. Cells gradually multiplied and grew into a radial-like array around the adherent
tissue pieces (Fig. 1a). After the WJCs were passaged, they showed strong proliferative
ability. They adhered rapidly and expanded without visible changes in either the growth
pattern or morphology, which was primarily spindle-shaped or triangular. The cells reached
confluence after approximately 5 days, at which time they became homogeneous
fibroblastoid with smooth borders and a whirlpool-like or parallel array (Fig. 1b-d).

Flow cytometry analysis showed that the WJCs expressed elevated levels of matrix marker
CD44 and integrin marker CD29 and a low level of HLA-ABC (MHC-1). The cells did not
express hematopoietic lineage markers (CD34, CD45) or HLA-DR (MHC- I1), which are
closely related to graft-versus-host disease (Fig. 2).

The cell growth curve showed that P1, P3, and P5 possessed good proliferation activity.
WJCs rapidly adhered and expanded in a short time after subculture. After 3 days, WJCs
entered into the logarithmic growth phase. After 5 days, the proliferative activity decreased,
and WJCs entered the stagnate phase. P1, P3, and P5 WJCs exhibited no significant
differences in proliferation capability (p>0.05, n=5; Fig. 3).

3.2. Immunomodulatory effect of WJCs

To investigate the mechanism of immunosuppression mediated by WJCs, we co-cultured
PHA-induced mouse splenocytes and human peripheral blood lymphocytes with different
concentrations of WJC culture supernatant. The supernatant dose dependently suppressed
splenocyte and lymphocyte proliferation, even in the absence of cell-to-cell contact.
Splenocyte proliferation was reduced to 23.1+5.2% of control when grown in 50% WJC
culture medium (p<0.05, n=5) and to 7.4+1.1% of control when grown in 100% WJC
culture medium (p<0.001, n=5). Likewise, the proliferation of human peripheral blood
lymphocytes was reduced to 27.3+6.1% of control when grown in 50% WJC culture
medium (p<0.05, n=5) and to 8.3+1.5% of control when grown in 100% WJC culture
medium ((p<0.001, n=5).

PHA-induced proliferation of mouse splenocytes and human peripheral blood lymphocytes
was significantly suppressed by co-culture with different numbers of mitotically inactivated
WJCs. The average suppression of lymphocytes after 3 days was 49.9+12.5% with 1x104
WIJCs, 47.3+10.8% with 5x103 WJCs, and 55.1+20.7% with 2x103 WJCs (p<0.01 each,
n=>5); the average suppression of splenocytes was 38.3+7.9% with 1x10* WJCs, 43.1+9.5%
with 5x103 WJCs, and 44.9+13.4% with 2x103 WJCs (p<0.01 each, n=5). The inhibitory
effect of WICs was slightly less on splenocytes than on lymphocytes (p>0.05, n=5). Dose-
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dependent effects were not observed. WJCs added directly to the lymphocyte co-cultures
had a stronger inhibitory effect (p<0.01, n=5). The results imply that the inhibitory effect of
WIJCs is mediated by both cell contact and soluble factors.

3.3. ELISA array

TGF-B1 was 834+152 pg/ml in the medium of WJCs cultured alone, 583+93 pg/ml in the
medium of WJC-human peripheral blood lymphocyte co-cultures, and 1725+307 pg/ml in
the medium of human peripheral blood lymphocyte cultured alone. The results indicate that
WAJCs significantly reduce TGF-B1 secretion by human peripheral blood lymphocytes
(p<0.01, n=3). IFN-y secretion by human peripheral blood lymphocytes was 294+44 pg/ml
in the absence of WJCs but decreased to 115+16 pg/ml when co-cultured with WJCs
(p<0.01, n=3). IFN-y was absent from the medium of WJCs cultured alone; thus, WJCs do
not secrete IFN-y in an autocrine fashion. These results indicate that the immunomodulatory
effect of WJCs may be associated with inhibition of TGF-B1 and IFN-y secretion by human
peripheral blood lymphocytes.

4. Discussion

MSCs can be isolated from many human tissues, such as amniotic fluid, bone marrow,
muscle, blood, and umbilical cord blood (28-30). However, the collection of these tissue-
derived MSCs is restricted because of limited stem cell numbers and culture techniques.
These unfavorable conditions necessitate the identification of alternative sources of MSCs.
Wharton’s jelly is an ideal source because its collection is not painful and is associated with
limited ethical controversy. WJCs can be used in autologous cell therapy, and they lower the
risk of viral contamination.

Within Wharton’s jelly, MSCs have been isolated from three relatively indistinct regions--
the perivascular zone, the intervascular zone, and the subamnion (31-33). Two main
methods are used to isolate MSCs—enzymatic digestion and tissue culture. For enzymatic
digestion, trypsin and collagenase are used to digest the umbilical cord after the membrane
and veins have been removed. Although cells obtained by enzymatic digestion have a short
primary culture growth cycle, trypsin and collagenase may damage the WJCs and reduce the
number that can be harvested. In addition, compared with tissue culture, enzymatic digestion
is more expensive, more time consuming, and more difficult to control; it also carries a
higher risk for contamination.

In our study, we isolated WJCs successfully by the tissue culture method. We were able to
isolate 1x107 WJCs (per centimeter of human umbilical cord length) after primary culture
and could expand them approximately 300 fold until the fifth passage. The cell growth curve
showed that WJCs had good differentiation capability and that they could rapidly attach and
proliferate in vitro by serial passages every 5 days without visible changes in either growth
patterns or morphology.

The morphology of MSCs from Wharton’s jelly resembles that of BMSCs. Remarkably, the
WJCs did not exhibit contact-inhibited cell growth and continued to grow in multiple layers,
even after reaching 100% confluence. Furthermore, the surface marker expression of WJCs
was almost the same as that of BMSCs. Analysis of cell surface markers on WJCs showed a
lack of hematopoietic markers, such as CD34 and CD45, and high expression of CD44 and
CD29. The similarity to BMSCs indicates that WJCs may have biological characteristics
similar to those of BMSCs.

Studies have reported that WJCs can be differentiated into many different cell types in vitro,
including bone, cartilage, fat, and neural cells (33-35). This capacity suggests that WJCs are
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potentially useful for tissue engineering and could be used as an important source of MSCs
for cell therapy in the future. Recent reports from several laboratories indicate that WJCs
have therapeutic potential for neurodegenerative disease, stroke, photoreceptor degeneration,
and breast cancer (36-40). Additional investigation is needed to assess WJC responsiveness
toward cardiomyogenic, endothelial, hepatic, neuronal, and pancreatic differentiation.

WIJCs can be a suitable cell source for tissue engineering and optimal for use in cellular
therapy if they are tolerated by a host’s immune system. Research has indicated that WJCs
are unable to stimulate the proliferation of allogeneic human peripheral blood lymphocytes
in vitro (11). In our study, WJCs expressed low amounts of HLA-ABC (MHC-I) and did not
express HLA-DR (MHC-I1), findings consistent with what has been reported previously
(41). Our results indicate that strict matching may not be required before MSC
transplantation and that allogeneic or xenogeneic cell transplantation may be achievable.
This possibility has been supported by Medicetty et al. (42), who reported that pig WJCs
underwent a moderate expansion following transplantation into immune-competent rat brain
and were not acutely rejected.

The immunosuppressive properties of WJCs are broad, no matter whether the stimulation is
specific or nonspecific. Our data showed that WJCs significantly inhibited the proliferation
of both mouse splenocytes and human peripheral blood lymphocytes induced by PHA in
vitro, specifically in allogeneic and xenogeneic formats (43). These immunosuppressive
characteristics are consistent with those of BMSCs. In addition, we found that the
immunosuppressive effect of WJCs on lymphocytes was dependent on cell number, a trait
that might be related to laboratory conditions and the absolute number of cells per unit area.
Studies have shown that MSCs have immunomodulatory effects not only on T lymphocytes
but also on B lymphocytes, DC, and NK (19-22). These immunomodulatory effects occur
primarily through inhibiting the proliferation and cytokine secretion of immune cells or
changing immune cell subtypes.

Although the immunomodulatory effect of MSCs has been confirmed by many experiments
(10, 23), the specific mechanism of immune suppression is still controversial. Some scholars
believe that intercellular contact plays an important role in the immune suppression process
[58]. Others think that the effect is produced by soluble factors, such as hepatocyte growth
factor, IL-10, and TGF-B1 (10, 23, 42, 43). We found that the proliferation of homologous
and heterologous lymphocytes was inhibited by both WJCs and the medium in which the
WJCs were grown. Although the effect of the medium alone was smaller than that achieved
in the presence of WJCs, the results suggest that suppression is induced by both soluble
factors and direct cell contact.

The cytokines involved in the immunomodulatory process have not yet been determined.
Nasef et al. (23) reported that MSCs appear to induce T-cell tolerance by two distinct
mechanisms. The first mechanism is that the tolerogenic genes, such as IDO, LIF, and HLA-
G, are induced without cell-to-cell contact. The second mechanism is cell contact-dependent
through modulating IL-10 and TGF-B gene expression. These two mechanisms probably
play separate roles in MSC-induced tolerance in allogeneic hematopoietic stem cell
transplantation.

The soluble factors involved in MSC immune regulation require additional research. Based
on the finding that adding TGF-B1 neutralizing antibody to BMSC-inhibited T lymphocytes
can partially restore proliferation, TGF-p1 appears to act as a negative immune regulator
that can inhibit the activation and proliferation of T lymphocytes (44). Our results showed
that both WJCs and human peripheral blood lymphocytes secrete TGF-B1. However, when
the two cell types were co-cultured, the level of TGF-B1 secreted by the lymphocytes

Cell Immunol. Author manuscript; available in PMC 2012 September 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhou et al.

Page 8

decreased substantially, a finding consistent with those of previous studies (10, 45, 46). IFN-
v modulates cell-mediated immunity and immune rejection. Our results showed that,
although WJCs did not secrete IFN-y, they significantly reduced IFN-y secretion by human
peripheral blood lymphocytes, suggesting that WJCs might reduce the incidence of immune
rejection by this mechanism.

In summary, we have shown that isolation of MSCs from human Wharton’s jelly is feasible
and that WJCs share morphological, immunogenic, and immunoregulatory characteristics
with BMSCs. The immunomodulatory effects of MSCs are likely mediated by both direct
cell-to-cell interactions and soluble factors such as TGF-p1 and IFN-y. Multiple cytokines
may be involved in the immunomodulation, but they have yet to be identified. Additional in
vivo studies are required to fully evaluate the immunomodulatory functions of WJCs.
Elucidating the immunoregulatory mechanisms of WJCs will greatly improve the prospects
for the use of WJC transplantation to treat immune system-related diseases in the future.
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Fig. 1.

The morphology of human Wharton’s jelly mesenchymal stem cells. (a) After the Wharton’s
jelly tissue pieces were plated and cultured for 2 weeks, some fibroblastoid cells dissociated
from the tissue and adhered to the culture dish. (b) After 1 day in culture, passage-3
Wharton’s jelly mesenchymal stem cells appeared to be mostly spindle-shaped or triangular.
(c) After 3 days in culture, the morphology changed to homogeneous fibroblastoid cells with
a smooth border. (d) At 5 days in culture, the cells reached 100% confluence in a whirlpool-
like or parallel array.
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Fig. 2.
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Phenotype of the human Wharton’s jelly mesenchymal stem cells. Cells were cultured for
three passages, harvested, and labeled with mouse anti-human monoclonal antibodies CD29,

CD44, CD34, CD45, major histocompatibility complex HLA-ABC, and HLA-DR and
analyzed by flow cytometry. n=3.
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Fig. 3.

Growth curve of human Wharton’s jelly mesenchymal stem cells (WJCs). Proliferation of
human WJCs was measured by the Cell Counting Kit-8 method at passages 1, 3, and 5 (P1,
P3, P5). After 3 days in culture, the cells entered the logarithmic growth phase. Five days
later, the proliferation activity decreased, and the cells entered into the stagnate phase. n=5.
OD, optical density.
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