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Allogenic adipose derived
mesenchymal stem cells are
effective than antibiotics

In treating endometritis
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Endometritis is a uterine inflammatory disease that causes reduced livestock fertility, milk production
and lifespan leading to significant economic losses to the dairy industry. Mesenchymal stem cells
(MSC) may act as an alternative for inefficacy of antibiotics and rising antibiotic resistance in
endometritis. The present study aimed to cure the chronic endometritic buffaloes using allogenic
adipose-derived MSCs (AD-MSC). AD-MSCs were isolated from buffalo adipose tissue and
characterized by multilineage differentiation as well as MSC-specific markers. The in vivo safety and
efficacy were assessed after infusion of AD-MSCs. In safety trial, cells were administered in healthy
buffaloes via different routes (IV and IC) followed by examination of clinical and hematological
parameters. In efficacy study, AD-MSCs treatments (IV and IC) and antibiotic therapy (ABT) in
endometritic buffaloes were comparatively evaluated. AD-MSCs did not induced any immunological
reaction in treated buffaloes. PMN count, CRP levels and VDS were significantly (p <0.05) reduced
after AD-MSCs infusions in IV and IC groups and no significant difference was observed in antibiotic
group. The IV group was marked with 50% absolute risk reduction in endometritis and 50% live calf
births after artificial insemination in comparison with ABT group. Anti-inflammatory cytokines (/L4
and /IL10) and anti-microbial peptides (P13, CATHL4, LCN2 and CST3) expressions were significantly
(p<0.05) upregulated in IV group. The calf delivery rate after the treatments in IV group was higher
(50%, 3 calves) than the other groups (IC: 33.3%, 2 calves; ABT: 16.6%, 1 calf). In conclusion, the
administration of AD-MSCs through IV route was found to be safe and efficacious for alleviating
chronic endometritis in dairy buffaloes.

Endometritis is one of the most important postpartum disorders, defined as inflammation of the endometrium
marked by postpartum viscous vaginal discharge that persist for more than 21 days. It is caused by a variety
of bacteria viz. Fusobacterium necrophorum, Fusobacterium nucleatum, Escherichia coli, Porphyromonas levii,
Trueperella pyogenes and Bacteroides pyogenes'. Failure to eliminate such infection may lead to reduced fertility,
milk production and substantial dairy economic losses'?. Endometritis has been shown to disrupt luteal develop-
ment and function, which leads to suboptimal fertilization and increased pregnancy loss®*. The infection due to
endometritis triggered extended postpartum anestrous periods (6 months) in buffaloes, with persisting corpora
lutea in 28% of instances and inactive ovaries that appeared to be devoid of large follicles and corpora lutea in
72% of cases®. In addition to reproduction, endometritis also has a negative impact on milk production®’. A
significant positive correlation between the prevalence of endometritis and reduced milk yield (15% reduction per
day) has been demonstrated in zero-grazed dairy herds®. The resultant significantly longer calving intervals, low
milk yields, and decreased reproductive efficiency drive up the culling rates in dairy herds’. Due to the inherent
tendency of buffalo towards wallowing, prevalence rate of endometritis around the world ranges from 3 to 50%"°.
Given a share of 15% of total worldwide milk production by buffalo!!, the net economic loss due to endometritis
represents a significant concern. Nonetheless, the extensive use of antibiotics to treat metritis generally achieved
sub-optimal healing'?-'°. In addition, using antibiotics often results in the development of anti-microbial resist-
ance in animals'®™'® and the persistence of antibiotic residues in milk, both of which pose a significant risk.

Cell and Molecular Biology Lab, Animal Biotechnology Centre, National Dairy Research Institute, Karnal,
India 132001. *email: dhrubamalakar@gmail.com

Scientific Reports | (2023) 13:11280 | https://doi.org/10.1038/s41598-023-36820-y nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-36820-y&domain=pdf

www.nature.com/scientificreports/

Mesenchymal stem cells (MSCs) are a type of adult stem cells that have the potential of indefinite self-renewal,
differentiation into multiple cell lineages and immunomodulation. Conversely, MSCs does not impart adverse
immune reaction'* and modulate the immune system through paracrine interaction with innate immunity cells
along with secretion of soluble factors. Briefly, MSCs exhibit anti-inflammatory actions via inhibition of prolif-
eration of dendritic cells, natural killer cells, T- and B-lymphocytes -2, A variety of secreted factors, such as
transforming growth factor B, prostaglandin E2, interleukin-10 (IL10), indolamine 2,3 dioxygenase and tumor
necrosis factor-stimulated gene-6, have been reported to aid the immunomodulatory activities of MSCs .
Besides the indirect modulations, MSCs actively mitigate the pathogen load by secreting multiple antimicrobial
proteins like LL-37 B-defensin, lipocalin-2 (LCN2), cystatin C (CST3), IDR-1, elafin (peptidase inhibitor, PI3),
hepcidin and cathelicidin-4 (CATHL4)*-%". The aforementioned reports along with others**-*° advocates the
effectivity of MSCs against infections.

In recent years, stem cell therapy employing allogenic MSCs has emerged as an alternative approach to
counter a variety of diseases in livestock®'~*. The serious negative impact of endometritis on the productivity
of dairy buffalo and the immunomodulatory potential of MSCs as well as their ability to inhibit polymicrobial
infections prompted us to design this study. We hypothesized that administering AD-MSCs intravenously (IV)
and intracervically (IC) to buffaloes with endometritis would enable the delivery of MSC-derived bioactive
components at sites of infection, where they may immunomodulate the local immune responses, strengthen
antimicrobial defenses against the disease pathogen, and eventually promote the native regenerative process of
the damaged tissues. The focus of the present study was to isolate the MSCs from buffalo adipose tissue without
enzymatic treatment, followed by its characterization according to the criteria laid down by the international
society for cell and gene therapy (ISCT)*. Keeping in view the potential risks and benefits associated with stem
cell therapy, we also investigated the safety and efficacy of these stem cells for chronic endometritis treatment
in buffalo (Bubalus bubalis).

Results

AD-MSCs grow in monolayer and form colonies when cultured in vitro. As a primary require-
ment of the study, AD-MSCs were isolated and in vitro cultured until 80% confluency. We isolated the cells using
explant culture (Fig. 1A). Cells began to adhere as monolayer to the surface of culture flask and a steady growth
with fusiform to polygonal fibroblast-like morphology was observed after at about 2 weeks of explant seeding
(Fig. 1B). Cells were passaged after 80% confluency (Fig. 1C).

AD-MSCs produce ALP and differentiate into multilineage cells. For estimation of the prolifera-
tive and clonogenicity of MSCs in culture, AD-MSCs were seeded in low densities (i.e., 5x10° cells/60 mm
petri dish) and cultured. Eventually, AD-MSCs formed colonies with outward radiating cells at day 5-10 of the
in vitro culture (Fig. 2A). In order to characterize, AD-MSCs were subjected to multiple mesodermal lineage
differentiation at third passage. Differentiation into adipocytes, chondrocytes and osteocytes was achieved by
culturing cells in different differentiation media containing specific biochemicals. When stained for alkaline
phosphatase (ALP) activity, these colonies were observed to retain the dark red stain (Fig. 2B) as compared to
the fibroblasts (Fig. 2C) which were lightly stained. The results indicated a fairly high ALP activity in AD-MSCs.

AD-MSCs cultured in the osteogenic differentiation medium a shift in the cellular morphology from a fibro-
blastic to cuboidal shape. The cells, during the culture period, started depositing calcium that were verified by a
brick red color after alizarine red S staining (Fig. 2N). The control culture retained their fusiform morphology
with inability to take up stain. When conditioned with adipogenic differentiation medium, AD-MSCs trans-
formed into cell containing varying sizes of densely populated lipid vacuoles, which retained the oil red O stain
(Fig. 20). Whereas, the control culture showed few sparse cells forming vacuole and getting stained. After induc-
tion with chondrogenic differentiation medium, AD-MSCs transformed into a packed and rounded morphology.
Toluidine blue staining which stains the glycosaminoglycans (GAG), imparted dark blue color to differentiated
cells (Fig. 2P) and a very fade blue color in control cells. This signified a greater amount of accumulation of
GAGs in AD-MSCs as compared to control cells with no induction. These findings show that the isolated cells
are capable of ALP production and differentiating into various mesodermal lineages, which are key features of
mesenchymal stem cells.

Figure 1. In vitro culture of AD-MSCs. (A) fat tissue explant on the culture dish. The fat globules are visible
at this magnification. (B) AD-MSCs attaching to the surface of culture dish and growing in numbers. (C)
AD-MSCs cultured in vitro and observed on day 20. Scale Bar represents 50 pm.
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Figure 2. Characterization of AD-MSCs. (A) Colony Forming Units (CFU) as obtained after seeding low
density of AD-MSCs, where the arrows represent distinctive colonies. (B, C) Alkaline phosphatase staining:
Darkly stained MSCs (B) and Lightly stained fibroblast cells (C). (D-L) Immunostaining of AD-MSCs against
characterization markers: anti-CD90 (D-F), anti-CD73 (G-I) and anti-CD105 (J-L). FITC filter (D, G, J);
Nuclei stained with Hoechst 33342 dye (E, H, K); Merged (F I, L). (M) RT-PCR based characterization of
AD-MSCs. Expression of positive cell markers: CD73, CD90 and CD105 and expression of negative markers:
CD34, CD45 and CD79a. 100 bp ladder was used as ruler. NC Non-template control. (N-P) Multiple
mesodermal lineage differentiation. Osteogenic lineage differentiated cells stained with Alizarin Red S dye
characterized by prominent brick red color (N). Adipogenic lineage differentiated cells stained with Oil Red
O dye characterized by red-colored fat droplets (O). Chondrogenic lineage differentiated cells stained with
Toluidine Blue dye which imparted dark blue colour to AD-MSCs (P). Scale bar represents 50 um.

AD-MSCs displayed positive mesenchymal stem cell markers. Based on the norms defined by the
ISCT, a set of positive and negative markers were used to characterize the cells. AD-MSCs were evaluated by RT-
PCR to be positive for CD73, CD90, CD105 and negative for CD34, CD45, CD 79a gene expression (Fig. 2M).
The positive expression of markers was further confirmed by positive immunostaining with anti-CD73, anti-
CD90, anti-CD105 antibodies (Fig. 2D-L).

Intravenous and intracervical administration of allogenic AD-MSCs in healthy buffaloes induce
no clinical effect orimmune rejection.  After the characterization, safety of the allogeneic AD-MSCs for
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the treatment of endometritis in buffalo was examined. Briefly, stem cells were introduced intravenously and
intracervically in the healthy buffaloes on Day-0 and Day-7. Blood was collected from jugular vein for evaluation
of clinical and hematological parameters at day-0, 1, 3, 7 and 15. Clinical parameters viz. RR (respiratory rate),
HR (heart rate) and RT (rectal temperature) were within the reference range and remained stable (p>0.05) after
injection of AD-MSCs. The reference range for the same were adapted from elsewhere””. Hematological vari-
ables viz. hemoglobin, PCV (packed cell volume), leukocyte, erythrocyte, neutrophil, lymphocytes, monocytes
and eosinophil levels were also within the reference range and demonstrated no significant difference (p>0.05)
between sampling days (Table 1). Additionally, the basophils and ESR (erythrocyte sedimentation rate) levels
between the sampling days did not alter significantly (p>0.05). In total, the administration of allogenic AD-
MSCs into healthy animals did not alter the clinical or hematological parameters, indicating stable health with
no signs of immune rejection of transplanted AD-MSCs.

Intravenous and intracervical administration of allogenic AD-MSCs in buffaloes with endome-
tritis demonstrated significant reduction in inflammation. To determine the therapeutic efficacy,
we administered allogenic AD-MSCs in buffaloes through different routes viz. jugular vein (IV) and intrac-
ervical (IC). Clinical parameters were evaluated at day 0, 1, 3, 7 and 15. The inflammatory marker, C-reactive
protein (CRP) was quantified in blood serum collected at day-0 and -15. Additionally, cervical vaginal fluid was
also collected at day 0 and Day 15 for vaginal cytology analysis by Giemsa staining and vaginal discharge score
(VDS) analysis.

Clinical parameters (HR, RR, RT) in all the treatment groups remained stable (p>0.05) between days after
treatment (Table 2). However, the VDS values significantly dropped in IV and IC groups in contrast to the ABT

Parameters® Reference® | Day0* Dayl Day3 Day7¢ Dayl5 p values
RR (bpm) 12-36 30.2+0.2 29.8+1.4 293+1.3 29.5+0.8 3115 0.2015
HR 40-80 54.2+0.3 53.5%1 53.6+0.4 52.3+0.7 54.5+1.4 0.2541
RT (°C) 38-39 37.4+0.5 37.7+0.2 38.2+0.3 38.4+0.1 37.7+0.2 0.2079
HEMOGLOBIN (g/dL) 8-15 11.2+0.9 10.9+0.1 11.1+£0.04 |11+0.1 11.2+0.1 0.0599
PCV % 24-46 29.1+0.1 29+0.07 29.1+0.1 29+0.1 29.1+0.1 0.0706
LEUKOCYTE (1x 103/pL) 4-12 10.6+0.1 10.5+0.07 | 10.6+0.09 |10.6+0.07 | 10.6+0.07 | 0.215
ERYTHOCYTE (1% 10/pL) 5-10 6.2+0.05 6.07+0.02 | 6.1+£0.02 6.1+0.08 6.1+0.06 0.9371
NEUTROPHIL (1 x10%/pL) 0.6-4 3.1+0.1 3+£0.09 3.1+0.09 3.3+0.15 35+0.2 0.1381
LYMPHOCYTES (1x 10%/uL) 2.5-7.5 54+0.1 5.3+0.09 5.4+0.06 55+0.1 5.6+0.1 0.6576
MONOCYTES (1 x10%uL) 0.025-0.84 | 0.08+0.03 | 0.1+£0.06 0.1+0.04 0.1+0.05 0.8+0.03 0.2301
EOSINOPHIL (1 x 10*/uL) 0-2.4 1.3+£0.08 1.4+0.06 1.45+£0.09 | 1.5%£0.05 1.2+0.17 0.8021
BASOPHIL 0 0 0 0 0 0

ESR (mm/hr) 39.8+1.2 42.1+1.7 423+1.7 41.6+0.9 425+1.1 0.3407

Table 1. Clinical and hematological parameters in healthy dairy buffaloes treated with intravenous and
intracervical suspension of AD-MSCs. *RR respiratory rate, HR heart rate, RT rectal temperature. *Reference
values were adopted from Smith, 2020%. <2 x 107 cells were administered intravenously and intracervically on
day-0 and day-7. Repeated measures one-way ANOVA (n=6) with Tukey’s post hoc test was performed using

GraphPad PRISM 8.

Parameters® | Treatment group | Day 0" Day 1 Day 3 Day 7° Day15 | pvalue
v 30.3+0.8 31.+£0.9 31+£0.9 30+£0.9 31£0.9 |0.9951

RR IC 30.3+0.8 30+£0.9 31+£0.9 29.8+0.8 |29.1£1.2 |0.6821
ABT 30.8+1.1 |[29.3+1.4 |30.1+0.8 31+1 30.5+1.5 |0.2965
v 535+1.6 |31.3+13 |54.8+1.2 54.1+0.8 |51.1x1.1 |0.6864

HR IC 52.8+1.3 56+1.9 55+1.4 52.3+1.5 |51.6+x1.3 |0.3453
ABT 555+1.1 |53.6+1 55.5+1.2 52.8+0.9 |53.5+0.5 |0.3314
v 38.4+03 |54.1+0.8 |37.9+0.12 |38.4+0.1 |37.9+£0.2 |0.7974

RT IC 38.5+0.3 55+1.2 |38.1+0.3 38.6+0.2 |37.9+0.1 |0.8971
ABT 39+0.2 |385+0.2 |38.8+0.2 38.6+0.2 |37.9+0.2 |0.7946

Table 2. Clinical parameters of endometritic buffaloes treated with AD-MSCs via different routes. *RR
respiratory rate, HR heart rate, RT rectal temperature. ®2 x 107 cells were administered on day-0 and day-7.

IV =intravenous infusion, IC = intracervical infusion, ABT = antibiotic therapy. Values are means+ SD with
six animals in each group. The repeated measures one-way ANOVA was performed and significant differences
between the groups were evaluated by Tukey’s post hoc test.
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groups at 15 days after treatment (Fig. 3B). Upon further analysis of VDS score data (Table S2), assuming anti-
biotic treatment group as baseline, ARR (absolute risk reduction) from metritis was calculated to be significant
(50%) in IV group, as compared to IC (16.67%) group. In comparison to day-0, PMN count was also recorded
significantly (p>0.01) low at day-15 in both IV and IC groups (Fig. 3D-G). ABT treatment group did not dem-
onstrate significant variation in PMN count. Moreover, CRP levels in the blood serum significantly (p>0.01)
reduced in IV and IC treatment groups (Fig. 3C) as compared to antibiotic-treatment (ABT) group at Day 15.
The reduction in CRP levels and PMN count indicates a decreased infection in animals undergoing IV and IC
treatment. Whereas, the overall healing of the endometrium inversely corresponds to the VDS score, which is
significantly lowest in the IV group followed by IC group.

Intravenous administration of AD-MSCs causes significant increase in systemic expression of
anti-inflammatory cytokines and anti-microbial peptides. In order to investigate the effects of dif-
ferent modes of AD-MSCs administration on the expression of immunological and anti-microbial markers, we
performed qPCR of IL10, IL4, IL6, P13, LCN2, CST3 and CATHL4 genes on PBMCs isolated from IV, IC and
ABT administered animals. Interleukins, IL10 and IL4 are the anti-inflammatory markers and IL6 is the pro-
inflammatory marker. PI3, LCN2, CST3 and CATHL4 are the anti-microbial peptides released in response to
microbial infection. The expression of all the genes was assessed relative to day 0 (Fig. 4).

The expression of IL10 was significantly upregulated in all the groups after day 0 treatment. However, in IV
group its expression on day 0 elevated up to 1500 folds on day 3 as compared to IC and ABT groups with 18 and
250 folds respectively. The expression of IL4, significantly increased after treatment at day 0 in IV group (7-folds)
and remained approximately stable throughout the observation period (15 days). Whereas, its expression in IC
group first increased significantly on day 3 which, thereafter, returned to basal level. The levels of IL4 did not
significantly increase until day 15 in ABT group. IL6 expression did not vary significantly in IV and IC groups
throughout the experimental period. Conversely, its expression increased gradually, reaching significant levels
at day 7 and then decreased to non-significant value at day 15 in ABT group.

The expression levels of anti-microbial peptide PI3 increased significantly in all the groups after day 0, with
its levels reaching up to 75 folds in IC group. LCN2 increased significantly in IV and IC groups and its expres-
sion remained elevated throughout the 15-day period. In ABT group, LCN2 rose to significant levels followed by
downregulation to below basal levels at the end of 15-day trial period. The expression of CST3 initially increased
significantly on day 1 in IC and ABT groups, which gradually downregulated to non-significant levels at day-15.
However, its expression in IV groups significantly hiked up to 47 folds and maintained the significant levels till
the end of study period. CATHL4 expression did not varied significantly throughout the study in IC and ABT
groups. Conversely, its expression in IV group significantly upregulated to 50 folds.

It is noteworthy, here, that the expression of IL10 was much higher in the IV group as compared to the other
treatments and its expression is maintained at around 500-fold during the treatment period. The expression
of IL4, although around 7-folds, remained at significant levels throughout the trial period in IV group. LCN2
remained significantly upregulated in only IC and IV treatment groups for the duration of 15 days. Briefly, IL10,
IL4, LCN2 and CST3, upregulated significantly during the treatment as compared to their scattered expression
between days in other treatment groups.

A higher proportion of delivered calves were obtained in buffaloes treated with intravenous
administration of AD-MSCs. In order to evaluate the improvement in reproductive efficiencies, the buffa-
loes in different treatment groups were subjected to Al procedures after the end of 15 days experimental period.
Calving percentage (CP) was highest in IV group. Out of 6 animals in each treatment group, a total of 3 success-
ful deliveries were recorded in IV group (CP: 50%) (Fig. S1), followed by IC group with 2 positive deliveries (CP:
33.3%) (Fig. S2). The ABT group showed the lowest delivery rate with successful delivery of only one animal
(CP: 16.6%) (Fig. S3).

Discussion
The present study was conducted to examine the effectivity and optimum administration route of characterized
allogenic AD-MSCs in promoting alleviation of chronic endometritis in buffaloes. As no previous studies were
conducted for treatment of endometritis by AD-MSCs and that too in buffaloes, the decision on dosage of cells
to be administered in the present study was established on results of the previous studies in equine and bovine
with other diseases®***-%%. Allogenic AD-MSCs provide marvelous prospect of off-the shelf stem cell therapy
especially for large herd of diseased animals where time is a limiting factor. The infused AD-MSCs translocate
to the damaged tissues utilizing systemic as well as non-systemic homing mechanisms*"*?, where they exhibit
plethora of mechanisms to suppress pathogens, reduce inflammation and regenerate the damaged tissues. The
present study, thus, analyzed both the intravenous and local routes to AD-MSC administration, in order to assess
their comparative efficacies in treating endometritis. The health status of animals in abattoirs is often suspicious,
therefore we derived the adipose tissues, for MSC isolation, surgically from healthy animals under observation.
Several reports #*~* demonstrated the rejection and adverse immunological reactions upon allogenic MSCs
administration in animal models, making it absolutely necessary to evaluate the safety of allogenic administra-
tion of AD-MSCs before treatment of diseased animals.

Stem cells from adipose tissue are generally isolated by enzymatic method using collagenase. We developed
a method of derivation of MSCs without the use of enzyme in order to avoid the enzymatic damage to the cells
and reducing the cost of production. Our cell culture procedure involving explant culture yielded a homogenous
population of AD-MSCs with healthy morphology (Fig. 1C). The isolated AD-MSCs exhibited all the mesen-
chymal stem cell markers as confirmed by cytochemical staining (ALP staining) (Fig. 2B), RT-PCR (Fig. 2M)
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Figure 3. Effect of different treatments of AD-MSCs on Vaginal discharge score (VDS), C-reactive protein
(CRP) levels and Polymorphonuclear leukocytes (PMN) count over 15 days period. (A) VDS scoring system.
0=clear discharge, 1 =mucus with white flacks along with off-white pus, 2 = discharge containing <50% pus
and 3 =discharge containing >50% pus. Higher score represents the high severity of infection in endometrium.
(B) Mean VDS score of different interventions plotted against treatment period. (C) Mean CRP levels in serum
of animals undergoing different treatments at day 0 vs. day 15. (D) Mean PMN count in vaginal fluid cytology
of animals under different therapeutic treatments compared between day-0 and day-15. IV- Intravenous.
Two-tailed paired t-test was performed with 6 animals in each group. *p <0.05; **p<0.01. (E-G) Vaginal fluid
cytology for IV (E), IC (F), and ABT (G) groups, stained with Giemsa at day 15. Arrow indicates PMNs.
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Figure 4. Gene-expression of anti-inflammatory, anti-microbial peptides and pro-inflammatory genes after
different therapeutic interventions in buffaloes suffering from endometritis. The fold change in expression

of anti-inflammatory (IL4, IL10), pro-inflammatory (IL6) and anti-microbial peptide (PI3, LCN2, CST3,
CATHL4) genes in PBMCs of buffaloes suffering from endometritis. (A) The expression of genes in IV, (B)

IC and, (C) ABT groups were analyzed for all the days with respect to Day 0 (control). The X-axis represents
the various genes and Y-axis represents the fold change in gene expression. Bars represent mean number of
transcripts (+ SEM) of three repeats. Bars that have asterisk mark are significantly different (*p<0.05; **p<0.01;
***p<0.001) by one-way ANOVA with Dunnett post hoc test.
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and immunocytochemistry (Fig. 2D-L). Moreover, these cells were capable of multiple mesodermal lineage
differentiation when conditioned with specific reagents and culture milieu (Fig. 2N-P). The cultured AD-MSCs
were characterized by every possible parameter, in order to use them safely for the downstream administrations
in animals.

In the present study, the safety analysis revealed fairly stable clinical and hematological parameters (Table 1)
in healthy buffaloes upon administration of two consecutive doses of AD-MSCs separated by 7 days. Addition-
ally, the basophils and ESR levels showed no significant variation during the experimental period of 15 days,
which indicates the absence of any sign of clinical distress, substantial inflammation or adverse systemic immune
reaction in animals after allogenic treatment by AD-MSCs. Our results are in line with the previous studies *-*
which advocates the safety of allogenic MSC therapy even with repeated cell infusions. Nevertheless, the safety
concerns, regarding the use of MSCs in allogenic therapies, raised by other studies ***6 should not be overlooked
and safety trials must be conducted prior to their allogenic usage.

During the efficacy analysis, the administration of AD-MSCs did not elicit any clinical distress as indicated
by the relatively stable clinical variables between the days, in all the treatment groups (Table 2). CRP levels in the
blood serum were found to decline significantly in IV and IC treatment groups after 15 days (Fig. 3C). However,
higher percentage of animals with CRP values below 5% were recorded in IV group (data not shown) than IC
group. It is well-established that CRP plays important functional role in inflammatory process and is, thus, a
key acute systemic marker of underlying inflammation *°. The non-significance in CRP levels in ABT group of
animals represents failure in inflammation reduction during the trial period. CRP is released by hepatocytes in
response to increased levels of proinflammatory cytokine, IL6 *'. Therefore, it is not surprising to expect a high
CRP in serum in response to an increased IL6 expression (Fig. 4C) in antibiotic (ABT) group, contrast to IV
and IC groups. Similar results were obtained in vaginal discharge cytology, where IV as well as IC treatments
significantly reduced the PMN counts, with no variation after ABT treatment. As PMNs are the first recruits of
the acute inflammation *2, their population in the vaginal secretions inversely corresponds to the healing status of
the tissue. Additionally, we observed a significant decline in VDS score in vaginal mucus of the IV and IC group
buffaloes at day 15 in comparison with ABT at same time. For examining animals with clinical endometritis, a
basic scoring method (Fig. 3A) based on the consistency of the vaginal mucus is widely employed to assess the
severity of disease and is a potential prognostic marker for the effect of treatment °. The decline in VDS from
day 0 to day 15 corresponds to the reduction in inflammation in the IV and IC treatment groups. The animals
in IV group delivered highest proportion of calves (CP: 50%) as compared to the IC (CP: 33.3%) and ABT (CP:
16.6%) groups. Despite the small sample size for the pregnancy data, a 50% calving percentage (in IV) may be
viewed as a significant improvement, considering the previously recorded 50% decrease in conception rates
due to endometritis ** and a 35% success rate of artificial insemination in buffalo®’. During the designing of
the study, we have taken caution to opt the animals which have the past record of persistent endometritis (data
shown in supplementary table) and multiple failed conceptions. At our farm, it has been observed that the
animals having clinical endometritis are completely sterile and failed to deliver live births. Although there are
scarce studies on buffalo endometritis, another group reported that the untreated endometritic buffaloes failed
to conceive and deliver calf, which is in line with our observation®. Therefore, the sample size, although small,
was a representative group of the endometritis affected buffaloes and improvement in fertility appears to be a
promising outcome. The present study was originally a hypothesis-generating study and the data obtained will
be used to design larger confirmatory studies.

Furthermore, absolute risk reduction refers to the actual difference in risk between the different
interventions®, which was observed as highest (50%) in IV group, clearly demonstrating the healing efficacy of
the intravenous treatment as compared to antibiotic treatment. According to the institutional ethics committee’s
guidelines, which forbid leaving ruminant animals untreated, the current study lacks a non-treatment control
group. This leaves a possibility of self-healing in the animals irrespective of the treatment. However, achievement
of 50% absolute risk reduction as well as a higher proportion of successful calf deliveries by subjects following
artificial inseminations (Fig. S1), strongly justifies the healing potential of AD-MSCs administration through
IV route. Surprisingly, we and the other research groups®**”*® observed the positive effects of administering
the small quantity of cells in the animals. Although reasons unknown, this observation may prove beneficial in
rendering stem cell therapy a cost-efficient intervention. The antibiotic therapy was performed on cows following
the standard protocols of the institutional farm, however, the sub-optimal response to antibiotic therapy points
towards the possible antibiotic resistance among the animals selected under the study. This observation opens
a rather alarming area for further investigational studies. Whatsoever may be the reason, the cows in MSC and
EV groups recovered swiftly from the infected state.

Overall results of the study indicate towards the better healing and reduced inflammation in the animals
administered with IV injections of AD-MSCs followed by IC administration. The expression of anti-inflammatory
cytokines and antimicrobial peptides in the blood isolated during the course of different therapeutic interven-
tions strongly advocates the effectiveness of IV administration. PI3, LCN2, CST3 and CATHL4 are the potent
anti-microbial proteins produced by diverse range of innate immunity cells. The relatively high and stable expres-
sion of these genes in IV administered animals (Fig. 4A) throughout the treatment period, in contrast to other
groups, demonstrates the efficacy of the treatment in decreasing the pathogen load. Although, MSCs have been
demonstrated to inhibit the microbial growth via secretion of LCN2, CST3 and CATHL4* the present results hint
towards a possible mechanism where MSCs induce leucocytes to secrete these antimicrobial peptides. Leucocytes
have been long known to secrete LCN2** CST3* and CATHL4** in response to infections. MSCs have been found
to regulate the production of inflammatory cytokines by inflammatory cells as well as activate immune cells to
engage in phagocytosis and bacterial killing®. Similar to the parent cells, MSC derived vesicles have also been
suggested to exhibit stimulation of immune system cells®’. The CRP as well as PMN count presents the IC inter-
vention almost equally effective as the IV treatment, but the expression of anti-microbial peptides in IC group
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is comparable to that of ABT group. Due to the lack of global gene expression analysis and small experimental
group, the present study is inept to explain this anomaly in expression in IC group. One of the most important
anti-inflammatory cytokines, produced via MSC-antigen presenting cell contact is IL10°', which was highly
upregulated in IV group of present study. This common observation among other studies®-* brands IL10, a key
intermediate in healing by AD-MSCs. IL6 is a pro-inflammatory cytokine that causes increased systemic CRP
levels. In concurrence with other studies®>, its expression was significantly reduced after IV and IC AD-MSC
injections (Fig. 4A,B). IL4 is a pleotropic cytokine whose expression by T-helper cells increase after interaction
with MSCs®, functions mainly by suppressing the pro-inflammatory milieu. The significantly high and stable
IL4 expression after IV intervention in our study labels the intravenous route as a potent mode of AD-MSC
administration. Consequently, we suggest to use the IV and IC routes of AD-MSC administration in concert, in
order to mutually adjunct the positive effects of both the interventions. The underlying mechanisms of action of
allogenic AD-MSCs on uterine physiology are still largely unknown and needs to be comprehensively explored
in order to further increase their safety and efficacy.

Conclusions

To the best of our knowledge, this is the first study involving the safety and efficacy of allogeneic treatment of
AD-MSC in chronic endometritis affected livestock species. In the present study, administration of repeated
doses of allogenic AD-MSC:s to buffaloes did not elicit any immunological rejection or inflammation as well as
nor did the clinical complications. The allogenic use of MSCs in buffaloes was found to be safe. Although, not
considered in the present study, the species-specific as well as disease-specific optimal dose of AD-MSC admin-
istration should be standardized prior for more effective healing of animals. Moreover, employment of allogenic
AD-MSCs in buffaloes though IV route was found to be most effective against suppression of endometritis in
buffaloes. The observations of the study were limited by the small population of experimental animal and lack
of global gene expression analysis. The present study is an endeavor towards transforming stem cell therapy into
a routine commercial veterinary practice.

Methods

Chemicals and consumables.  All the chemicals used in this study were purchased from Millipore Sigma,
USA and cell culture plasticware/consumables were purchased from Thermo Scientific, USA unless otherwise
stated.

Surgical tissue sample collection. An intramuscular injection of local anesthetic, Lignocaine Hydro-
chloride (2% w/v), was administered as per the prescribed dosage in the loin region of the 27 months old buffalo
calves (N=6) from a local livestock shelter. Topical disinfectant (povidone-iodine) was applied on the site of sur-
gery after shaving scrubbing followed by multiple sprays of 70% ethanol. An incision of around 3 cm was made
in the skin and adipose tissue was sampled out and collected in DPBS containing 100 IU/mL penicillin, 100 mg/
mL streptomycin and 2.5 mg/mL amphotericin B. The tissue samples were collected from 6 healthy animals,
pooled together and were immediately transported to laboratory for further experiments. Using the lock-stitch
pattern, suturing of incision was performed employing catgut and silk thread followed by application of antibi-
otic powder (Tetracycline Hydrochloride) on the surgical site. Post-surgery antibiotic injections (Ceftriaxone,
25 mg/kg body weight) were given for 3 days and antibiotic powder (Povidone Iodine) was applied for 5 days
along with dressing of the area. Silk suture threads were removed after 10 days.

Isolation, culture and characterization of adipose derived mesenchymal stem cells
(AD-MSCs). Adipose tissue was rinsed thrice in DPBS containing antibiotics (100 mg/L penicillin and
100 mg/L streptomycin) and minced into fine pieces (~2-3 mm). The dissected fat without any vascularization
was collected and care was taken not to dissect out any fibrous tissue along with adipose tissue. The small pieces
were embedded on the surface of tissue culture petri-dishes by applying pressure with forceps and cultured in
DMEM/F-12 containing 10% FBS and 50 pg/ml gentamycin (called standard medium) at 38 °C, 5% CO,, and
95% relative humidity. After 2 weeks, the tissue segments were removed from the dishes and cells were cultured
one additional week to reach confluence. Upon 80% confluence, cells were trypsinized (using 0.25% Trypsin-
EDTA) and reseeded in T-25 flasks at a density of 5x 10*/cm? and incubated again at 38 °C, 5% CO, and 95%
relative humidity. The cells were also seeded in a separate 60 mm culture dish at density of 5x10° cells/dish
and cultured in pre-mentioned conditions for 2 weeks, in order to assess the colony forming potential of the
cells. The cells at 3" passage were used to analyze the expression of mesenchymal stem cell specific markers by
RT-PCR and immunostaining. The cells were also subjected to alkaline phosphatase (ALP) staining and in vitro
differentiation into multiple mesodermal lineages (i.e. osteocytes, adipocytes and chondrocytes), which were
confirmed by lineage specific biochemical stains. The detailed procedure of ALP staining, immunostaining, RT-
PCR and in vitro differentiation assays are provided in supplementary file (methods: M1).

Experimental animals and management. Ethical approval for the current study was obtained from
Institute ethics committee. In compliance with the guidelines of the ethical committee, all experiments were
carried out to ensure minimum possible suffering to animals. The study was performed on female buffaloes
of Murrah breed (within 3-5 parity and 40-80 days of parturition) during March, 2020. All the animals were
obtained from institutional farm and were allotted for the study by the institutional research committee. The
animals which did not responded to the prior antibiotic therapies were opted for the efficacy study (supplemen-
tary table S3). Animals having other clinical diseases along with endometritis were not included in the study.
The animals in different experimental groups were contained in separate loose housing system, which included
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a covered shelter with manger inside a paddock. All the animals had free access to clean drinking water. A stand-
ardized balanced feed consisting of dry fodder, green fodder and silage was supplied according to the animal’s
physiological state.

Endometrial cytology assessment by PMN leucocyte count. Endometrial samples (cervical dis-
charge) were collected using a device created by modifying disposable cytobrush (Axcata-cybrush, New Delhi,
India) for use in buffaloes®. After collection of samples from the genital tract, cytobrush was rolled on glass
slides to make a uniform thin smear and air dried. The endometrial smears were fixed in methanol for 2-3 min,
stained with field stain B (eosin 0.4%; lobachemie, India) for 15-20 s, rinsed with distilled water and stained with
field stain A (methylene blue 0.5%; lobachemie, India) for 10 s. Slides were finally rinsed with water, air- dried
and examined under the microscope (IX51, Olympus, Japan). At least 100 nucleated cells were counted in each
slide and percentage of PMN leucocytes was calculated. The reference values established for cows®>* were used
as the cut-off values for PMN leucocyte to classify normal and endometritis affected animals, because the same
for buffaloes are not established till date. Animals with cytobrush cytology showing <5% PMN leucocyte and
clear cervical discharge were screened as normal. However, those with > 14% PMN leucocyte and turbid cervical
discharge were marked as clinical endometritic.

Administration of AD-MSCs for safety evaluation. For evaluation of treatment safety, 2x 107 cells/
injection (AD-MSCs in 2 ml PBS) were introduced into the jugular vein (IV) and cervix (IC) of healthy buffaloes
(N=6) on day-0 and day-7. Post MSC administration, blood samples were collected from jugular vein at day-0,
-1, -3, -7 and -15 for examination of clinical and hematological parameters. At day-0, blood samples were col-
lected before the MSC administration. Clinical parameters included in the study were RR (respiratory rate), HR
(heart rate) and RT (rectal temperature). The hematological parameters like hemoglobin, PCV (packed cell vol-
ume), leukocyte, erythrocyte, neutrophil, lymphocytes, monocytes and eosinophil levels were evaluated in order
to examine any adverse effect of allogenic AD-MSCs treatment on buffaloes. The above-mentioned parameters
were analyzed by a commercial diagnostic lab (PCC&VDL, Karnal, India).

Treatment of endometritic animals using antibiotics and AD-MSCs for efficacy evalua-
tion.  For the efficacy analysis, animals with clinical endometritis, based on poly morphonuclear (PMN) leu-
cocyte percentage (>5%) and turbid vaginal discharge, were selected for experiments. Three different groups of
diseased animals, marked as antibiotic (ABT), intravenous (IV) and intracervical (IC), were sorted comprising
6 animals in each group. On Day-0, cervical discharge and blood sample from jugular vein of the endometritis
affected animals of all the experimental groups were collected. Thereafter, characterized AD-MSCs (at 3rd pas-
sage) were administered to groups IC and IV through injections containing 2 x 107 cells in 2 ml PBS. Animals
in group ABT were subjected only to intra-uterine infusion of Oxytetracycline (UltrOx, Neospark Drugs and
Chemicals Pvt. Ltd., India) according to standard treatment procedure (3 gm/animal for 3 days) of the institu-
tional farm”. The dosage of MSCs was repeated on day-7 in IV and IC groups. Evaluation of clinical parameters
viz. RR, HR and RT was performed daily from day 1 to day 15. Additionally, blood samples were collected on
day-0, -1, -3, -7 and -15 from jugular vein of all the animals for isolation of peripheral blood mononuclear cells
(PBMC). The evaluation of C-reactive protein (CRP) and vaginal discharge score (VDS) was conducted on day-0
as well as day-15 serum and vaginal discharge samples respectively. CRP levels in serum were quantified by
latex immune turbidity assay in a commercial diagnostic laboratory (PCC&VDL, Karnal, India). For evaluation
of VDS, a score (on a scale of 0-3) was assigned to each vaginal fluid discharge based on visual turbidity and
distinct characters (Fig. 3A). Further, absolute risk reduction (ARR) in endometritis was calculated by assuming
VDS value of 0 as clinically cured (baseline) with 95% confidence interval (CI).

Isolation of PBMC from blood samples. Lymphocytes were isolated from blood collected in EDTA
coated vacutainers using Histopaque-1077. Three ml of blood was layered carefully upon 3 ml of histopaque in a
centrifuge tube and centrifuged at 400 g for 30 min. The opaque ring at the plasma-histopaque interphase com-
prising lymphocytes and other mononuclear cells was aspirated carefully into another tube and 10 ml DPBS was
added with gentle mixing. The tube was centrifuged again at 250 g for 10 min. Supernatant was discarded and
cell pellet was resuspended in 5 ml of DPBS. Centrifugation with DPBS was repeated two times. The resulting
pellet was stored in Trizol at —80 °C for RNA extraction.

Total RNA isolation, RT-PCR and quantitative RT-PCR. Total RNA was isolated from cultured MSCs
and PBMCs using the TRIzol method. RNA quantification and quality check were performed using spectro-
photometer (Infinite 200 NanoQuant, Tecan group Ltd., Switzerland). First-strand cDNA was synthesized from
500 ng RNA using RevertAid First Strand cDNA Synthesis Kit (Invitrogen, USA), according to the manufac-
turer’s manual. All the gene specific primer pairs (Table S1) were designed manually (using OligoCalc) from two
different exons of the gene, employing BLAT (BLAST-like alignment tool, UCSC). Conserved sequences from
different transcript variants (employing ClustalW) were utilized for primer designing from the Bubalus bubalis
CDS sequences available in KEGG database. The PCR was performed on thermocycler (S1000TM Thermal
Cycler, BioRad, USA) using Dream Taq Green PCR master mix (Invitrogen, USA) according to manufacturer’s
instructions. The PCR reaction conditions were, initial denaturation at 95 °C for 5 min, 35 cycles of denaturation
at 95 °C for 20 s followed by annealing at 61 °C for 20 s and extension at 72 °C for 20 s. Subsequently, a final exten-
sion at 72 °C for 5 min. The amplified products were loaded onto agarose gel, electrophoresed, and photographed
on gel imaging system (Gel Doc TM XR+, Bio-Rad, USA). The amplified products were loaded onto agarose gel,
electrophoresed, and photographed on gel imaging system (Gel Doc TM XR+, Bio- Rad, USA). Quantitative
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PCR was performed on LC-480 light cycler (Roche, Germany) using DyNAmo SYBR green (Thermo Fisher
Scientific, USA). The qPCR program consisted of 40 cycles of denaturation at 95 °C for 10 s, annealing at 61 °C
for 15 s, and extension at 72 °C for 20 s. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as nor-
malizing control. Each experiment was repeated independently at least three times, and the fold change in the
expression of each gene was analyzed employing the 2722 method.

Artificial insemination of animals.  After the end of 15-day experimental period, the animals pertaining
to all the treatment groups were subjected to artificial insemination. The animals were estrus synchronized by
Prostaglandin F2a administration and inseminated according to am-pm rule using frozen-thawed bull semen
at institutional farm. The animals were followed for entire pregnancy period until successful delivery of calves.

Statistical analysis. The clinical and hematological data in safety and efficacy analysis were analyzed using
repeated measures one-way analysis of variance (ANOVA). The VDS, PMN count and CRP levels values were
analyzed by two-tailed paired t-test. The QPCR data was analyzed using one-way ANOVA with Dunnett post hoc
test. The entire statistical analysis was performed using GraphPad PRISM 8 (GraphPad Software Inc, CA, USA).
All experiments were repeated at least three times. Variations between replicates are indicated with the standard
error mean (+ SEM in error bars on graphs). The statistical significance was set at p<0.05, 0.01, and 0.001.

Ethics approval. The study was conducted according to the ARRIVE guidelines of pre-clinical trials and
approved by the Institutional Review Board (or Ethics Committee) of National Dairy Research Institute, Karnal,
India with approval no. 42-IAEC-18-24, dated-30th June 18.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 15 January 2023; Accepted: 10 June 2023
Published online: 12 July 2023

References
1. Sheldon, I. M., Lewis, G. S., LeBlanc, S. & Gilbert, R. O. Defining postpartum uterine disease in cattle. Theriogenology 65, 15161530
(2006).
2. Walsh, S. W,, Williams, E. J. & Evans, A. C. O. A review of the causes of poor fertility in high milk producing dairy cows. Anim.
Reprod. Sci. 123, 127-138 (2011).
3. Pande, M. et al. Endometritis impairs luteal development, function, and nitric oxide and ascorbic acid concentrations in buffalo
(Bubalus bubalis). Trop. Anim. Health Prod. 45, 805-810 (2013).
4. Gilbert, R. O. The effects of endometritis on the establishment of pregnancy in cattle. Reprod. Fertil. Dev. 24, 252-257 (2011).
5. Hanafl, E. M., Ahmed, W. M., El-Moez, S. I. A, El-Khadrawy, H. H. & El-Hameed, A. R. A. Effect of clinical endometritis on
ovarian activity and oxidative stress status in Egyptian buffalo-cows. Am. J. Agric. Environ. Sci. 4, 530-536 (2008).
6. Bell, M. J. & Roberts, D. J. The impact of uterine infection on a dairy cow’s performance. Theriogenology 68, 1074-1079 (2007).
7. Burke, C. R. et al. Relationships between endometritis and metabolic state during the transition period in pasture-grazed dairy
cows. J. Dairy Sci. 93, 5363-5373 (2010).
8. Nyabinwa, P,, Kashongwe, O. B., Hirwa, C. D. A. & Bebe, B. O. Influence of endometritis on milk yield of zero-grazed dairy cows
on smallholder farms in Rwanda. Vet. Anim. Sci. 10, 100149 (2020).
9. Sheldon, I. M., Cronin, J., Goetze, L., Donofrio, G. & Schuberth, H. J. Defining postpartum uterine disease and the mechanisms
of infection and immunity in the female reproductive tract in cattle. Biol. Reprod. 81, 1025-1032 (2009).
10. Azawi, O. I. Postpartum uterine infection in cattle. Anim. Reprod. Sci. 105, 187-208 (2008).
11. FAO. OECD-FAO agricultural outlook 2020-2029 (OECD, 2020). https://doi.org/10.1787/1112c23b-en.
12. Mileva, R. et al. Oxytetracycline pharmacokinetics after intramuscular administration in cows with clinical metritis associated
with trueperella pyogenes infection. Antibiotics 9, 1-13 (2020).
13. McLaughlin, C. L. et al. Evaluation of two doses of ceftiofur crystalline free acid sterile suspension for treatment of metritis in
lactating dairy cows. J. Dairy Sci. 95, 4363-4371 (2012).
14. Goshen, T. & Shpigel, N. Y. Evaluation of intrauterine antibiotic treatment of clinical metritis and retained fetal membranes in
dairy cows. Theriogenology 66, 2210-2218 (2006).
15. Lima, E S. et al. Efficacy of ampicillin trihydrate or ceftiofur hydrochloride for treatment of metritis and subsequent fertility in
dairy cows. J. Dairy Sci. 97, 5401-5414 (2014).
16. Santos, T. M. A. et al. Antimicrobial resistance and presence of virulence factor genes in Arcanobacterium pyogenes isolated from
the uterus of postpartum dairy cows. Vet. Microbiol. 145, 84-89 (2010).
17. Rezanejad, M., Karimi, S. & Momtaz, H. Phenotypic and molecular characterization of antimicrobial resistance in Trueperella
pyogenes strains isolated from bovine mastitis and metritis. BMC Microbiol. 19, 305 (2019).
18. Jeon, S.J. et al. Shift of uterine microbiota associated with antibiotic treatment and cure of metritis in dairy cows. Vet. Microbiol.
214, 132-139 (2018).
19. Le Blanc, K., Tammik, C., Rosendahl, K., Zetterberg, E. & Ringdén, O. HLA expression and immunologic properties of differenti-
ated and undifferentiated mesenchymal stem cells. Exp. Hematol. 31, 890-896 (2003).
20. Nauta, A. ]. & Fibbe, W. E. Inmunomodulatory properties of mesenchymal stromal cells. Blood 110, 3499-3506 (2007).
21. Corcione, A. et al. Human mesenchymal stem cells modulate B-cell functions. Blood 107, 367-372 (2006).
22. Spaggiari, G. M. et al. Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine production: Role
of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood 111, 1327-1333 (2008).
23. Chiesa, S. et al. Mesenchymal stem cells impair in vivo T-cell priming by dendritic cells. Proc. Natl. Acad. Sci. USA 108, 17384—
17389 (2011).
24. Voga, M., Adamic, N., Vengust, M. & Majdic, G. Stem cells in veterinary medicine—current state and treatment options. Front.
Vet. Sci. https://doi.org/10.3389/fvets.2020.00278 (2020).
25. Marrazzo, P,, Crupi, A. N,, Alviano, E, Teodori, L. & Bonsi, L. Exploring the roles of MSCs in infections: Focus on bacterial diseases.
J. Mol. Med. 97, 437-450 (2019).

Scientific Reports |

(2023) 13:11280 | https://doi.org/10.1038/s41598-023-36820-y nature portfolio


https://doi.org/10.1787/1112c23b-en
https://doi.org/10.3389/fvets.2020.00278

www.nature.com/scientificreports/

26.

27.

28.

29.

30.

Alcayaga-Miranda, E, Cuenca, J. & Khoury, M. Antimicrobial activity of mesenchymal stem cells: Current status and new perspec-
tives of antimicrobial peptide-based therapies. Front. Immunol. 8, 339 (2017).

Brahma, B. et al. Diversity, antimicrobial action and structure-activity relationship of buffalo cathelicidins. PLoS ONE 10, e0144741
(2015).

Lee, J. W. et al. Therapeutic effects of human mesenchymal stem cells in ex vivo human lungs injured with live bacteria. Am. J.
Respir. Crit. Care Med. 187, 751-760 (2013).

Krasnodembskaya, A. et al. Human mesenchymal stem cells reduce mortality and bacteremia in gram-negative sepsis in mice in
part by enhancing the phagocytic activity of blood monocytes. Am. J. Physiol. Lung Cell. Mol. Physiol. 302, L1003-L1013 (2012).
Sutton, M. T. et al. Antimicrobial properties of mesenchymal stem cells: Therapeutic potential for cystic fibrosis infection, and
treatment. Stem Cells Int. 2016, 1-12 (2016).

31. Malakar, D. et al. Stem cells. in Advances in Animal Genomics vol. 34 33-48 (Elsevier, 2021).

32. Horak, J. et al. Evaluation of mesenchymal stem cell therapy for sepsis: A randomized controlled porcine study. Front. Immunol.
11, 126 (2020).

33. Gugjoo, M. B. et al. Mesenchymal stem cell research in veterinary medicine. Curr. Stem Cell Res. Ther. 13, 645-657 (2018).

34. Peralta, O. A. et al. Safety and efficacy of a mesenchymal stem cell intramammary therapy in dairy cows with experimentally
induced Staphylococcus aureus clinical mastitis. Sci. Rep. 10, 2843 (2020).

35. Ghai, S. et al. Allogenic umbilical cord blood-mesenchymal stem cells are more effective than antibiotics in alleviating subclinical
mastitis in dairy cows. Theriogenology 187, 141-151 (2022).

36. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 8, 315-317 (2006).

37. Smith, B. P. Large Animal Internal Medicine. Large Animal Internal Medicine (Elsevier, 2020). https://doi.org/10.1016/
C2016-0-01788-6.

38. Ardanaz, N. et al. Inflammatory response to the administration of mesenchymal stem cells in an equine experimental model: Effect
of autologous, and single and repeat doses of pooled allogeneic cells in healthy joints. BMC Vet. Res. 12, 65 (2016).

39. Bertoni, L. et al. Intra-articular injection of 2 different dosages of autologous and allogeneic bone marrow- and umbilical cord-
derived mesenchymal stem cells triggers a variable inflammatory response of the fetlock joint on 12 sound experimental horses.
Stem Cells Int. 2019, 1-17 (2019).

40. Mambelli, L. I. et al. Changes in expression pattern of selected endometrial proteins following mesenchymal stem cells infusion
in mares with endometrosis. PLoS ONE 9, €97889 (2014).

41. Ullah, M., Liu, D. D. & Thakor, A. S. Mesenchymal stromal cell homing: Mechanisms and strategies for improvement. iScience 15,
421-438 (2019).

42. Nitzsche, F. et al. Concise review: MSC adhesion cascade—insights into homing and transendothelial migration. Stem Cells 35,
1446-1460 (2017).

43. Zangi, L. et al. Direct imaging of immune rejection and memory induction by allogeneic mesenchymal stromal cells. Stem Cells
27,2865-2874 (2009).

44. Nauta, A. J. et al. Donor-derived mesenchymal stem cells are immunogenic in an allogeneic host and stimulate donor graft rejec-
tion in a nonmyeloablative setting. Blood 108, 2114-2120 (2006).

45. Badillo, A. T, Beggs, K. J., Javazon, E. H., Tebbets, J. C. & Flake, A. W. Murine bone marrow stromal progenitor cells elicit an
in vivo cellular and humoral alloimmune response. Biol. Blood Marrow Transplant. 13, 412-422 (2007).

46. Poncelet, A. J., Vercruysse, J., Saliez, A. & Gianello, P. Although pig allogeneic mesenchymal stem cells are not immunogenic
in vitro, intracardiac injection elicits an immune response in vivo. Transplantation 83, 783-790 (2007).

47. Lalu, M. M. et al. Safety of cell therapy with mesenchymal stromal cells (SafeCell): A systematic review and meta-analysis of clinical
trials. PLoS ONE 7, e47559 (2012).

48. Van Velthoven, C. T. ]., Kavelaars, A., Van Bel, F. & Heijnen, C. J. Repeated mesenchymal stem cell treatment after neonatal hypoxia-
ischemia has distinct effects on formation and maturation of new neurons and oligodendrocytes leading to restoration of damage,
corticospinal motor tract activity, and sensorimotor function. J. Neurosci. 30, 9603-9611 (2010).

49. Hatsushika, D. et al. Repetitive allogeneic intraarticular injections of synovial mesenchymal stem cells promote meniscus regenera-
tion in a porcine massive meniscus defect model. Osteoarthr. Cartil. 22, 941-950 (2014).

50. Sproston, N. R. & Ashworth, J. ]. Role of C-reactive protein at sites of inflammation and infection. Front. Immunol. 9, 754 (2018).

51. Tanaka, T., Narazaki, M. & Kishimoto, T. II-6 in inflammation, Immunity, And disease. Cold Spring Harb. Perspect. Biol. 6,a016295-
2016295 (2014).

52. Fine, N. et al. Primed PMNs in healthy mouse and human circulation are first responders during acute inflammation. Blood Adyv.
3,1622-1637 (2019).

53. Kasimanickam, R. et al. Endometrial cytology and ultrasonography for the detection of subclinical endometritis in postpartum
dairy cows. Theriogenology 62, 9-23 (2004).

54. Singh, I. & Balhara, A. K. New approaches in buffalo artificial insemination programs with special reference to India. Theriogenol-
ogy 86, 194-199 (2016).

55. Azawi, O., Omran, S. & Hadad, J. A study of endometritis causing repeat breeding of cycling Iraqi buffalo cows. Reprod. Domest.
Anim. 43, 735-743 (2008).

56. Ranganathan, P, Pramesh, C. & Aggarwal, R. Common pitfalls in statistical analysis: Absolute risk reduction, relative risk reduc-
tion, and number needed to treat. Perspect. Clin. Res. 7, 51 (2016).

57. Kim, Y. S. et al. The therapeutic effects of optimal dose of mesenchymal stem cells in a murine model of an elastase induced-
emphysema. Tuberc. Respir. Dis. (Seoul) 78, 239-245 (2015).

58. Eylert, G. et al. Skin regeneration is accelerated by a lower dose of multipotent mesenchymal stromal/stem cells—a paradigm
change. Stem Cell Res. Ther. 12, 82 (2021).

59. Maxson, S., Lopez, E. A., Yoo, D., Danilkovitch-Miagkova, A. & LeRoux, M. A. Concise review: Role of mesenchymal stem cells
in wound repair. Stem Cells Transl. Med. 1, 142-149 (2012).

60. Jafarinia, M., Alsahebfosoul, E, Salehi, H., Eskandari, N. & Ganjalikhani-Hakemi, M. Mesenchymal stem cell-derived extracellular
vesicles: A novel cell-free therapy. Immunol. Investig. 49, 758-780 (2020).

61. Shi, Y. et al. How mesenchymal stem cells interact with tissue immune responses. Trends Immunol. 33, 136-143 (2012).

62. Pedrazza, L. et al. Mesenchymal stem cells decrease splenocytes apoptosis in a sepsis experimental model. Inflamm. Res. 63,719-728
(2014).

63. Aggarwal, S. & Pittenger, M. E Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 105, 1815-1822
(2005).

64. Yang, S. H. et al. Soluble mediators from mesenchymal stem cells suppress T cell proliferation by inducing IL-10. Exp. Mol. Med.
41, 315-324 (2009).

65. Petryk, N. & Shevchenko, O. Mesenchymal stem cells anti-inflammatory activity in rats: Proinflammatory cytokines. J. Inflamm.
Res. 13, 293-301 (2020).

66. Chao, Y. H. et al. An increase in CD3+CD4+CD25+ regulatory T cells after administration of umbilical cord-derived mesenchymal
stem cells during sepsis. PLoS ONE 9, 110338 (2014).

Scientific Reports|  (2023) 13:11280 | https://doi.org/10.1038/s41598-023-36820-y nature portfolio


https://doi.org/10.1016/C2016-0-01788-6
https://doi.org/10.1016/C2016-0-01788-6

www.nature.com/scientificreports/

67. Le Blanc, K. & Ringdén, O. Immunomodulation by mesenchymal stem cells and clinical experience. J. Intern. Med. 262, 509-525
(2007).

68. Gahlot, S. C. et al. Biochemical analysis of uterine fluid for identification of indicators for subclinical endometritis in the water
buffalo (Bubalus bubalis). Reprod. Domest. Anim. 53, 48-53 (2018).

69. SooChan, L. et al. Cytological endometritis in dairy cows: Diagnostic threshold, risk factors, and impact on reproductive perfor-
mance. J. Vet. Sci. 19, 301-308 (2018).

70. Manimaran, A. et al. Oxytetracycline is more suitable antibiotic for clinical endometritis cows. Indian J. Anim. Sci. 89, 501-505
(2019).

Acknowledgements

The research work was supported by Indian Council of Agricultural Research (ICAR), Government of India.
We would like to thank Department of Biotechnology (DBT), India for providing the financial assistance in the
form of fellowships to the authors. We are extremely grateful to the ICAR-NDRI (ICAR-National Dairy Research
Institute) for administrative support and providing institutional resources.

Author contributions

Conceptualization, V.B. and S.S.; methodology V.B and S.S.; software, S.A. and S.G; validation, V.B. and S.S.;
formal analysis, S.A. and A.T.; investigation, V.B. and S.S.; resources, D.M.; data curation, S.S. and S.A.; writing—
original draft preparation, S.S.; writing—review and editing, S.C,; visualization, V.B., S.G., V.V. and S.S.; supervi-
sion, A.T,, S.K. and D.M.; project administration, D.M.; funding acquisition, S.K. and D.M. The final manuscript
was critically reviewed for key intellectual contents by all the authors and thereby, approved for publication.

Funding

This research received no external funding except the institutional general financial support.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-36820-y.

Correspondence and requests for materials should be addressed to D.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:11280 | https://doi.org/10.1038/s41598-023-36820-y nature portfolio


https://doi.org/10.1038/s41598-023-36820-y
https://doi.org/10.1038/s41598-023-36820-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Allogenic adipose derived mesenchymal stem cells are effective than antibiotics in treating endometritis
	Results
	AD-MSCs grow in monolayer and form colonies when cultured in vitro. 
	AD-MSCs produce ALP and differentiate into multilineage cells. 
	AD-MSCs displayed positive mesenchymal stem cell markers. 
	Intravenous and intracervical administration of allogenic AD-MSCs in healthy buffaloes induce no clinical effect or immune rejection. 
	Intravenous and intracervical administration of allogenic AD-MSCs in buffaloes with endometritis demonstrated significant reduction in inflammation. 
	Intravenous administration of AD-MSCs causes significant increase in systemic expression of anti-inflammatory cytokines and anti-microbial peptides. 
	A higher proportion of delivered calves were obtained in buffaloes treated with intravenous administration of AD-MSCs. 

	Discussion
	Conclusions
	Methods
	Chemicals and consumables. 
	Surgical tissue sample collection. 
	Isolation, culture and characterization of adipose derived mesenchymal stem cells (AD-MSCs). 
	Experimental animals and management. 
	Endometrial cytology assessment by PMN leucocyte count. 
	Administration of AD-MSCs for safety evaluation. 
	Treatment of endometritic animals using antibiotics and AD-MSCs for efficacy evaluation. 
	Isolation of PBMC from blood samples. 
	Total RNA isolation, RT-PCR and quantitative RT-PCR. 
	Artificial insemination of animals. 
	Statistical analysis. 
	Ethics approval. 

	References
	Acknowledgements


