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Background and Objectives: As a stem cell group, Human amniotic epithelial cells (HAECs) have numerous advantages
over their embryonic and adult counterparts for therapeutic utility. They are closer to clinical applications compared
to other stem cell types. Additionally, the anti-inflammatory and immunoregulatory properties of HAECs toward several
immune cells have been shown previously. Nevertheless, despite the ever-increasing importance of neutrophils in the
immune and non-immune processes, a few studies investigated the interaction of neutrophils and HAECs. To increase
the current knowledge of HAECs immunology which is necessary for optimizing their future clinical applications, here
we explored the effect of HAECs on two chief neutrophil functions; respiratory burst and phagocytosis.

Methods and Results: Freshly isolated human blood neutrophils were co-cultured with different number of HAECs
for about 24 or 48 hours, then the oxidative burst and phagocytosis of stimulated neutrophils were assessed and
compared. The results demonstrated a substantial elevation in the phagocytosis percentage, conversely a significant
reduction in the oxidative burst of HAECs-cocultured neutrophils. These effects were dose-dependent, but did not
show similar patterns. Likewise, the elongation of coculture period inversely influenced the HAECs-induced effects
on the two neutrophil functions.

Conclusions: The present study, for the first time, investigated the HAECs-mediated effects on the two main neutrophil
functions. The findings suggest that HAECs by enhancement of phagocytic ability and simultaneously, attenuation
of oxidative burst capacity of neutrophils protect the fetus from both microbial treats and oxidative stress and their
consequent inflammation; thus corroborate the current anti-inflammatory vision of HAECs.
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Human amniotic epithelial cells (HAECs), among other
stem cells, have attracted a lot interest in the therapeutic
fields. HAECs are derived from the amniotic layer of the
placenta which is a biological waste that discarded at
birth. Thus, compared to most adult stem cells (ASCs)
(e.g. from blood, bone marrow, adipose tissue or teeth),
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HAECs are available with noninvasive methods and re-
duced moral obstacles. Moreover, HAECs can be obtained
in a larger number and comprise a younger population
with higher differentiation potential in respect to most
other ASCs (1-3).

The chief advantages of HAECs over embryonic stem
cells (ESCs) are the lack of tumorigenicity as well as the
ease of accessibility without ethical problems (1).

The special immunological properties of HAECs, be-
sides the above mentioned features, also make the use of
them in clinical settings more rational. HAECs do not ex-
press histocompatibility antigens (HLA-A, B or DR) and
costimulatory molecules but express immunoregulatory
molecules like HLA-G and CD95, so they are poorly im-
munogenic (4). Additionally, HAECs have anti-inflam-
matory properties, they possess inhibitory capacity toward
activated inflammatory cells and directed the ongoing im-
mune responses to a more immunoregulatory and tolero-
genic condition (5).

A lot of scientists focused on lymphocytes, especially T
cells, and demonstrated that HAECs can hinder their cyto-
kine production and proliferation (6). Some researches, al-
so have considered the innate immune cells like as macro-
phages, monocytes and dendritic cells and reinforced that
HAECs can skew the immune system to an anti-in-
flammatory phenotype (7). However, a few reports have
investigated the interaction of neutrophils and HAECs.
Indeed, except limited reports on the migration and apop-
tosis (8-10), we could not find scientific data on other
functions of HAECs-affected neutrophils such as phag-
ocytosis, oxidative burst, chemotaxis or NET (neutrophil
extracellular trap) formation. Reviewing the scientific lit-
erature, it appears that the effect of HAECs on neu-
trophils is the least-studied immunological aspect of
HAECs.

Interestingly, neutrophils, the majority of polymorpho-
nuclear (PMN) leukocytes, form an important part of the
innate immunity. In the conventional view, they are the
most abundant leukocytes that quickly reach the infection
site and their long-known function is phagocytosis (11).
Recent studies, however, have revealed that neutrophils
are much more important cells than we traditionally
thought. In addition to the killing of microorganisms, they
have key roles in tissue homeostasis, inducing and resolv-
ing the inflammation as well as regulation of the immune
system and angiogenesis. Also, their aberrant functionality
is involved in the pathobiology of many human diseases
(12). Overall, based on the current findings, neutrophils
are versatile cells which actively participate in many of
physiologic and pathologic processes (13).

Given the newfound key roles of neutrophils in various
biological processes, further understanding of how HAECs
interact with neutrophils is crucial to design and develop
successful therapeutic modalities using HAECs. Hence, in
the present study, we investigated the effect of HAECs on
the two important functions of neutrophils; oxidative
burst and phagocytosis to increase the current under-
standing of HAECs immunology, in order to improve the
clinical utility of them. To this end, freshly isolated hu-
man neutrophils were co-cultured with different numbers
of HAECs for about 24 or 48 hours, then the oxidative
burst and phagocytosis of stimulated neutrophils were as-
sessed and compared.

Materials and Methods

Blood collection

About 20 ml venous blood was collected from healthy
volunteers into polypropylene tubes contained EDTA-Acid
Citrate Dextrose (ACD) (10% [w/v]~15% [v/v]).

The study was approved by the Ethics Committee of the
Isfahan University of Medical Sciences and performed in
accordance with the Declaration of Helsinki. All partic-
ipates were obtained with written informed consent.

Human neutrophil isolation

After removing platelet-rich-plasma (PRP) by cen-
trifugation (250 g, 18°C, 15 min), and then red blood cells
(RBCs) sedimentation by 6% dextran (Sigma-Aldrich), the
obtained leukocyte rich suspension decanted onto a 2-lay-
ered discontinuous density gradient of Percoll (86% and
55% isotonic Percoll [Santa Cruz]), and was spun (480 g,
18°C, 17 min, brake off) to separate the mononuclear cells
and granulocytes in two distinct layers. To prevent the
mixing, the mononuclear cells layer was firstly aspirated,
then the neutrophils layer was carefully removed and cells
were washed by RPMI 1640 (Gibco) (5 min, 300 g, 18°C).
Cell viability and count were evaluated by the Trypan
blue exclusion method and neutrophils were suspended
gently in RPMI medium at known concentration.

Preparation of HAECs

The vials of frozen HAECs were thawed according
standard protocol (14) and were cultured in 25-cm’ tissue
culture flasks in high glucose Dulbecco’s modified Eagle’s
medium (high glucose DMEM; Gibco) supplemented with
15% FCS (Sigma-Aldrich) and 1% penicillin/streptomycin
(Sigma-Aldrich, USA). These cells have been already iso-
lated from full-term human placenta obtained from
healthy women (15). Approximately, after 24 h of in-
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cubation (5% CO2, 37°C, 90% humidity) the adherent
cells were trypsinized and plated at diminishing numbers
on 24-well plates (4><105, 2x10°, 8x10* and 4x10* cell/well)
for further coculture with neutrophils. Before the adding
neutrophils, HAECs were allowed to adhere to the plate
for 16 to 18 h.

Cocultures

In this experiment, the same number of human gran-
ulocytes were cultured alone or co-cultured with HAECs
at different ratios (1 :1,1:2,1:5 and 1 : 10). For this,
the medium of HAECs cultures (in 24-well plates) were
aspired and 4x10° freshly isolated human PMNs in 1 ml
of RPMI, completed by 10% FCS and 1% penicillin/
streptomycin, were added to each well. The cocultures in-
cubated for 24 h and 48 h at 37°C in a humidified atmos-
phere of 5% CO2. All assays were performed in duplicate.

Measurement of oxidative burst

Once the designated incubations were complete, neu-
trophils were harvested by aspirating the medium, washed
and resuspended in RPMI without serum, then divided in-
to two aliquots for further phagocytosis and respiratory
burst study. The measurement of neutrophil respiratory
burst (the release of reactive oxygen species [ROS]) was
done using oxidation of dihydrorhodamine-123 (DHR)
(Santa Crug). The neutrophils suspension was activated by
Cell Activation Cocktail (Biolegend) for 20 min at 37°C,
5% CO2, 90% humidity. Then, DHR at final concen-
tration of 1 #M was added and the cells were re-in-
cubated for another 20 min (37°C, 5% CO2, 90% humid-
ity). Afterwards, the cells were placed into an ice bath to
stop reaction (10 min). After washing once with cold PBS
(300 g, 3 min, 18°C), cells were resuspended in FACS sol-
ution (flow cytometry sheath fluid) contained 0.5% form-
aldehyde and analyzed by the flow cytometry. Negative
controls were also treated in the same way but without
activation.

Phagocytosis assay

To determine the function of HAECs-cocultured neu-
trophils, the amount of the phagocytosis of them after ac-
tivation was assessed; briefly, an aliquot of the washed
neutrophils (after coculture) were stimulated with 50
ng/ml endotoxin (LPS from Escherichia coli, serotype
0111: B4, Sigma) at 37°C, 5% CO2, 90% humidity for 30
min in 96-well v-bottom plate. Afterwards, fluorescent la-
tex beads (1.0 ~m mean size, Sigma) were added (the fi-
nal concentration of beads were about 2x10° beads/ml)
and neutrophils were incubated for another 30 min (37°C,

5% CO2, 90% humidity). After incubation, the cells were
washed twice with a large volume of cold PBS and re-
suspended in cold FACS solution contained 0.5% form-
aldehyde, then were run on the flow cytometer. Negative
controls were treated as mentioned except LPS stimulation.

Flow cytometry was performed using a FACSCalibur
flow cytometer (Becton Dickinson). The data were ac-
quired using CellQuest (Becton Dickson) and then ana-
lyzed by Flow]Jo software version X.

Statistical analysis

Statistics were calculated using IBM SPSS Statistics
software (version 25). Results are expressed as mean=+
standard error of the mean (SEM). Tests of ANOVA or
repeated measurements ANOVA (indicated in the figures
legends) were used to statistically evaluate the difference
between groups, as appropriate. In all cases, p-values low-
er than 0.05 were considered as statistically significant.

Results

HAECs inversely affected the phagocytosis and
oxidative burst of neutrophils

In the phagocytosis assessment, the percentage of fluo-
rescent neutrophils (which phagocytosed the beads) were
shown as phagocytosis percentage (Fig. 1). For the oxida-
tive burst experiments, the results were expressed as an
oxidative burst index (OBI); that is, the ratio of mean flu-
orescence of stimulated neutrophils to mean fluorescence
of unstimulated neutrophils (Fig. 2A).

As a first approach, we compared the neutrophils cul-
tured alone vs those cocultured with HAECs and found
that HAECs reduced the level of oxidative burst sig-
nificantly (Fig. 3A). In contrast, HAECs increased mark-
edly the amount of phagocytosis (Fig. 3B).

The number of HAECs as well as the duration of
coculture differently affected the interaction between
neutrophils and hAECs

Then we inspected the effects of coculture duration
(time) and HAECs number (ratios) as well as their inter-
action on the two functions of granulocytes.

In cell-ratio effect analysis, HAECs significantly aug-
mented the phagocytosis in all ratios (1:1, 1:2,1:5,
and 1 : 10); (p=0.012) and at the 1 : 10 ratio (of HAECs
to neutrophils), the highest level of phagocytosis was seen
(Fig. 2B and 4B). In the case of respiratory burst, all four
cocultures showed a reduced level of OBI that was statisti-
cally significant except at 1:1 ratio (hAECs : neu-
trophils) (p=0.00). The strongest inhibition was seen at
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Fig. 1. HAECs influenced the phag-
ocytosis of human blood granulo-
cytes in cocultures. lIsolated blood
granulocytes were cocultured with
hAECs at various ratio and time (as
detailed in the text). After coculture,
neutrophils and HAECs were sepa-
rated by adherence. For phagocytosis
assay, the neutrophils were stimu-
lated and added by fluorescent 1.0
/2m diameter beads and run on the
flow cytometer. The uptake of fluo-
rescent beads causes the neutrophils
become fluorescent too; thus the per-
cent of fluorescent granulocytes pre-
sented as phagocytosis percentage
(A); unstimulated neutrophils were
used as negative control (B).

Fig. 2. The effects of HAECs number
on the functions of granulocytes.
The oxidative burst capacity of hu-
man granulocytes changed when
they were cocultured with different
number of HAECs. The levels of res-
piratory burst were assessed by flow
cytometry and for comparison of the
results, OBI (oxidative burst index)
was calculated; that is the ratio of
mean fluorescence of stimulated
neutrophils to mean fluorescence of
unstimulated neutrophils (A). The
coculture of human granulocytes
with various number of hAECs al-
tered the phagocytosis percentage of
the neutrophils (B).
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1 : 2 ratio which had the lowest level of OBI. Although
not significant, there was a tendency for higher OBI from
1:2 to 1:10 ratios (Fig. 2A and 4A).

Regarding the coculture duration, the amounts of the
oxidative burst, as well as phagocytosis, were elevated sig-
nificantly in 48 h - cocultures when compared to 24 h -
cocultures (for OBL: p=0.034; and for phagocytosis per-
centage: p=0.00). This means that the inhibitory effect of
HAECs on oxidative burst diminished, but the stim-
ulatory effect of HAECs on phagocytosis increased by the
time (Fig. 4).

Considering the statistical interplay between the two
variables, there was no interaction between time and cell
ratio for oxidative burst, as the overall trends of OBI
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change over the ratios did not significantly differ between
the two individual periods of co-culture (24 h and 48 h)
(Fig. 4A). Conversely, the patterns of changes of phag-
ocytosis over the ratios were altered statistically significant
between the two co-culture’s periods, indicating the ex-
istence of an interaction between the two factors (i.g. time
and ratio) (Fig. 4B).

Discussion

Human amniotic epithelial cells (HAECs), isolated
from human amniotic membrane (AM) of term placenta,
possess all criteria of stemness. Due to many superiorities
over other stem cells, HAECs have been viewed as more
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Fig. 4. HAECs affected neutrophil functions time- and dose-dependently. The HAECs-induced inhibition of respiratory burst of neutrophils
differed in the presence of different number of HAECs and diminished by time. However, the ratio groups do not differ statistically significant
in their degree of change in the OBI over time (Repeated measurement ANOVA, n=5, p=0.104) (A). The phagocytic activity of neutrophils
were raised considerably in all ratios of HAECs to neutrophils, and the lowest ratio caused the highest level; it also showed an increase
by time. Additionally, there was an interaction between time and cell ratio; the effect of cell numbers on the phagocytosis varied over

time (Repeated measurement ANOVA, n=5, p=0.034) (B).
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attractive candidates for many therapeutic settings.
Additionally, compared to many of their counterparts,
HAEQGs are closer to clinical applications, because AM has
been using in several medical fields including ocular sur-
gery and burn or wound healing for more than one hun-
dred years (1, 16).

Like other stem cells, special immunoregulatory proper-
ties have been known for HAECs; so far, numerous studies
have investigated the influence of HAECs on phenotype,
activation, and functions of various leukocytes including
T cells and their subsets, B cells, NK cells, monocytes, and
dendritic cells (6, 7).

Despite the ever-increasing importance of neutrophils
as immune cells and also as cells which participate in
many physiological and pathological processes (12), the
studies which explored the effect of HAECs on neu-
trophils are infrequent (8-10). In the present study, there-
fore, the modulation of two important neutrophil func-
tions, namely respiratory burst and phagocytosis, by
HAECs have been addressed in vitro. As past studies have
shown that the effect of HAECs are time and dose-de-
pendent (17-19), here we examined the effect of different
number of HAECs on the neutrophil functions at different
times; after 24 and 48 hours of coculturing.

Our results demonstrate a strong inhibition of HAECs
on the oxidative burst of isolated blood granulocytes.
Unlike to the respiratory burst, HAECs potentiated the
phagocytic ability of neutrophils dramatically. We could
not find any other research focusing on these neutrophil
activities in the presence of HAECs. But these findings
are in agreement with the previous results implying the
increasing of phagocytic activity and or decreasing the
production of ROS by both activated and resting PMNs
upon contact with various types of human mesenchymal
stem cells (H-MSCs) or their conditioned media (20-23).
HAECs are common in many immunoregulatory proper-
ties with H-MSCs (6, 17) and it is not unexpected that
they affect neutrophils in a similar way to H-MSCs.

We also found the inhibition of oxidative burst as well
as the enhancement of phagocytosis are time dependent
as the inhibition was impaired after prolongation of co-
culture time from 24 h to 48 h, but by extension of period
of contact to HAECs, neutrophil phagocytosis further aug-
mented meaningfully. No human study compared the res-
piratory burst and phagocytic activity of neutrophils in
the presence of stem cells during the time. Indeed, one
of the limitations of the current work is that the changes
in the two functions of human neutrophils upon contact
with HAECs and other stem cells, particularly H-MSCs,
under similar conditions were not compared and its pro-

viding data were cofounded to HAECs only. However,
analogous to our report, in studies on rats, the increased
levels of oxidative burst and or the decreased levels of
phagocytic ability of neutrophils were observed after 48 h
of coculturing with MSCs, compared to 24 h cocultures
(24, 25).

The dose-dependency of the immunoregulatory capacity
of HAECs on different immune cells have been high-
lighted before (17-19); it seems that HAECs exert their ef-
fect on phagocytosis and oxidative burst of neutrophils in
a dose-dependent manner too. But none of neutrophil
functions evaluated here replicate exactly the results of
past researches in which usually progressive dilution of
HAECs numbers are accompanied with less pronounced
inhibition on leukocytes (17-19). As it is seen (in the
Results section), when HAEC : neutrophil ratio was high-
est (1 :1), the level of respiratory burst did not differ
significantly. Instead, the highest inhibition was at the ra-
tio of 1 : 2 and by decreasing the ratio the inhibition de-
creased too but not significantly. In the case of phag-
ocytosis, of note, by decreasing the ratio of HAECs : neu-
trophils, the phagocytic activity increased, as we observed
the lowest and highest level of phagocytosis, respectively
at the highest and lowest ratio of HAECs to neutrophils.
These incompatible findings may be due to the fact that
HAECs differentially regulate different populations of im-
mune cells as it has been presented recently (26, 27).

The present dominant view of HAECs is that they are
immunomodulatory cells which express or secrete sur-
face/soluble immunoreactive molecules (10, 27, 28). Some
of these molecules such as HLA-G (29), PGE2 (30, 31),
IL-10 (32), and IDO (33) have already been shown that
can influence neutrophils as well. Therefore, HAECs are
expected to modify neutrophil activities. However, the ob-
tained results showed that the effect of HAECs on neu-
trophils was not exclusively suppressive. We observed that
HAECs significantly enhanced the phagocytic ability of
cocultured neutrophils and decreased the production of
ROS from PMA-stimulated neutrophils. Although these
results need to be verified by future studies on HAECs,
reviewing the physiological mission of AM help explain-
ing the results.

One of the important roles of the placenta is to protect
the embryo from various threats, namely traumas, oxida-
tive stress, microbial infections and also maternal immune
responses to the semi-allogenic fetus (16, 34, 35). Since the
anatomical lactation, AM and therefore HAECs have a
specific role in the protection. These cells are in contact
to amniotic fluid in which the fetus is floating (16, 36).
The amniotic fluid harbor a little population of immune
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cells including neutrophils (37). Thus the interaction of
HAECs and immune cells should be regulated stringently
to inhibit the unnecessary immune processes (such as an-
ti-fetus maternal immunity) and prevent the uncontrolled
inflammation that can endamage the fetus. At the same
time, HAECs should preserve the anti-microbial immune
responses, otherwise, the fetus may be injured.

Regarding neutrophils, the oxidative burst is one of
their cytotoxic mechanisms to destroy invader microbes,
but the improper or excessive production of ROS can re-
sult in oxidative stress and subsequently inflammation
(38). On the other hand, neutrophils phagocytosis is an
effective defense mechanism that eliminates pathogens
from the fetus milieu (39); protects the fetus from their
pathogenicity and also prevents the prolongation of
inflammation.

Overall, we can speculate that HAECs act simulta-
neously through strengthening the phagocytic ability and
attenuating the oxidative burst capacity of neutrophils to
provide the best fetus protection from both microbial
threats and potential oxidative stress and their consequent
inflammation. This speculation is supported by the ob-
servation that the phagocytosis was increased by the re-
duction of the number of HAECs in cocultures and by in-
creasing the incubation time. As far as the studies found
out, neutrophils exist in amniotic fluid in low number
(37), it means that the natural ratio of HAECs to neu-
trophils is high in normal condition. When an in-
tra-amniotic infection happens and the subsequent phag-
ocytic activity is needed, the increased number of neu-
trophils in amniotic fluid occurs (37, 40) and consequently
the ratio of HAECs to neutrophils reduces, this may in-
duce HAECs to potentiate phagocytic ability of neu-
trophils more and help to resolve the infection.

To our knowledge, this is the first study investigated
the HAECs-mediated effects on the two main neutrophil
functions; phagocytosis and respiratory burst. HAECs dif-
ferently influenced the phagocytic ability and respiratory
burst capacity of neutrophils in a time- and dose-depend-
ent manner. However, the dose- and time- dependent im-
pacts of HAECs on the neutrophils seen here were not the
same as reported previously for the HAECs-induced ef-
fects on other immune cells. The findings of the present
study suggest that HAECs regulate neutrophil functions
in a way to protect the fetus from microbial infections
while prevent potentially harmful production of ROS, con-
sequently dampen detrimental hyperactive inflammation
in the fetus environment. The present results corroborate
the current anti-inflammatory vision of HAECs.
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