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Abstract

Recurrent pregnancy loss (RPL) and recurrent implantation failure (RIF) are two well-defined clinical
entities, but the role of the monocytes in their pathophysiology needs to be clarified. This study aimed
to evaluate the role of the three monocyte subsets (classical, intermediate, and non-classical) and
relevant cytokines/chemokines in a cohort of RPL and RIF women to better characterize a baseline
proinflammatory profile that could define inflammatory pathophysiology in these two different
conditions. We evaluated 108 non-pregnant women: 53 RPL, 24 RIF, and 31 fertile healthy controls
(HC). Multiparametric flow cytometry was used to quantify the frequency of surface chemokine
receptors (CCR2, CCR5, and CX3CR1) on the monocyte subsets. Cytokines were assessed in plasma
samples using a multiplex assay. The CX3CR1" and CCR5" intermediate monocytes were significantly
higher in RPL and RIF compared to HC. A significant positive correlation was observed between
CX3CR1" intermediate monocytes and IL-17A (P=.03, r=.43). The Boruta algorithm followed by a
multivariate logistic regression model was used to select the most relevant variables that could help
define RPL and RIF: in RPL were CX3CRL1 non-classical monocytes, TGF-1, and CCRS5 intermediate
monocytes; in RIF: CCR5 intermediate monocytes and TGF-$3. The combination of these variables
could predict RPL and RIF with 90% and 82%, respectively. Our study suggests that a combination of
specific blood monocyte subsets and cytokines could aid in identifying RPL and RIF women with a pro-
inflammatory profile. These findings could provide a more integrated understanding of these

pathologies. Further investigation and validation in independent cohorts are warranted.

Keywords: Recurrent Pregnancy Loss; Recurrent Implantation Failure; Monocytes; CCR5; CX3CR1
Introduction

Classically, recurrent reproductive failure (RRF) encompasses two different clinical conditions:
recurrent pregnancy loss (RPL) and recurrent implantation failure (RIF) in women undergoing in vitro
fertilization (IVF) techniques. The exact prevalence of RPL is quite challenging to estimate because it
depends on the definitions and criteria used and the characteristics of the study population. Some
groups have reported that RPL affects 2%—-5% of couples (El Hachem et al., 2017). Limited studies
have addressed RIF's incidence or prevalence (Bashiri et al., 2018) due to the variations in definitions.
Some authors propose a prevalence of 10% (Somigliana et al., 2018).

It is well-established that these two entities have different etiologies and pathophysiology. Growing
evidence highlights that immune dysregulation is associated with both RPL and RIF, although through

diverse processes. Recently, it has been described how these conditions have a different immune
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profile (Vomstein et al., 2020). Vomstein et al. showed lower peripheral T regulatory cells in RPL and
higher uterine NK cells (uNK) in RIF patients. Other authors have found a differential expression of
selected genes between RPL and RIF (Lédée et al., 2011). They observed that in RIF, cell-mediated
immune response and nervous system development and function are highly dysregulated, while in
RPL, the dysregulations mainly affect the humoral immune response, organ and tissue development,
and muscular system development and function. Scarce data have been published comparing the role
of monocytes in RPL and RIF, respectively.

RPL is a heterogeneous reproductive condition with multiple etiologies and contributing factors.
However, in 50% of the patients, the case remains unexplained. (Mekinian et al., 2016; Rai and
Regan, 2006). On the other hand, several risk factors for RIF that could be classified into maternal and
embryonic factors have been described. (Bashiri et al., 2018; Simon and Laufer, 2012)

The disturbance of the maternal immune tolerance to the allogenic fetus could contribute to their
etiopathogenesis (Mekinian et al., 2016). During normal pregnancy, there is an increase in innate
immune cells at the feto-maternal interface, such as uterine natural killer (UNK) cells (~70%) and
macrophages (Tang et al., 2015a) (20-30% of maternal immune cells). Monocytes are short-lived cells
that emerge from a myelomonocytic precursor in the bone marrow, and they comprise about 5-10% of
the total circulating blood leukocytes (M. M. Faas and de Vos, 2017). In the last few years, growing
evidence shows that circulating monocytes infiltrate the decidua at the onset of pregnhancy and
differentiate into macrophages or dendritic cells (DCs). Decidual macrophages contribute to tolerance
to fetal antigens. They are involved in essential processes for a successful pregnancy, like trophoblast
invasion and tissue and vascular remodeling (Nagamatsu and Schust, 2010). In the last years, the
M1/M2 macrophage polarization has been described based on their phenotypical and functional
characteristics (Barros et al., 2013; Mills et al., 2000), and their development is regulated by several
chemokines (Xuan et al., 2015). M1 macrophages are primarily involved in inflammatory responses
with the secretion of TNF-a and IL-12. Meanwhile, M2 macrophages have immunosuppressive activity
and participate in apoptosis or tissue remodeling (Mantovani et al., 2013).

Pregnancy has three distinct immunological phases characterized by distinct biological processes: the
implantation requires a pro-inflammatory state, while the second phase is predominantly anti-
inflammatory, and finally, a predominantly pro-inflammatory state governs parturition again (Férger and
Villiger, 2020; Mor et al., 2011). Cytokines and cell surface receptors mediate communication between
trophoblastic and decidual cells. Cytokines are elicited by trophoblastic and immune cells present

within the decidua (natural killer cells, macrophages, and lymphocytes ) (Saini et al., 2011). According
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to that, there is a correlation between the M1/M2 macrophage polarization and the inflammatory phase
during pregnancy. During the pre-implantation stage, activated M1 macrophages produce inflammatory
cytokines such as IL-6, IL-1B, and TNF-a, promoting embryo implantation. Later and progressively,
there is a switch towards the M2 subtype, promoting an anti-inflammatory state. Finally, M1
macrophages predominate over the M2 subset during the parturition period, predominantly
inflammatory (Zhang et al., 2017).

Several cytokines and chemokines regulate the recruitment of monocytes to the decidua: monocyte
chemoattractant protein-1 (MCP-1, CCL2), macrophage inflammatory protein 1-a (MIP-1a, CCL3), and
regulated on activation normal T cell expressed and secreted (RANTES, CCL5) (Nagamatsu and
Schust, 2010). C-C motif chemokine receptor-2 (CCR2) is a chemokine receptor expressed on
monocytes (Bjorkander et al., 2013) and found on NK cells, immature DCs, and activated T cells.
CCR2 is the receptor of MCP-1/CCL2, the main chemokine recruiting monocytes to tissues and
produced by trophoblasts (Fest et al., 2007). One of the main functions of CCR2 is to mediate
monocyte chemotaxis during inflammation (Yang et al., 2014). Monocytes also express the C-C motif
chemokine receptor-5 (CCR5), the RANTES/CCLS5 receptor (Bjorkander et al., 2013). CX3CRL1 is the
fractalkine receptor (CX3CL1), which exists in two forms: a membrane-anchored form that functions as
an adhesion molecule and a soluble form that acts as a chemoattractant (Panek et al., 2015). CX3CR1
is expressed in monocytes, T cells, NK cells, and platelets (Postea et al., 2012) and mediates
leukocyte migration and adhesion (Imai et al., 1997).

Three monocyte subsets have been described (Ziegler-Heitbrock et al., 2010) based on the expression
of the lipopolysaccharide (LPS) receptor, CD14, and the Fcy-lll receptor, CD16: classical monocytes
(CD14™°CD16), intermediate monocytes (CD14"°CD16"), and non-classical monocytes
(CD14'CD16™"). Classical monocytes are the most common subset, representing 80-95% of total
monocytes, and express a higher percentage of CCR2 and lower CX3CR1 (Weber et al., 2000; Yang
et al., 2014). They are mainly phagocytic and preferentially express genes involved in angiogenesis
and wound healing (Wong et al., 2011). The intermediate monocyte subset represents about 2-11% of
total blood monocytes (Yang et al., 2014). They express high levels of CX3CR1 and the cytokine
receptor CCR5 and display an inflammatory function with a high capacity to produce and release IL-13
and TNFa. The non-classical subset accounts for 2-8% of total monocytes and expresses high
CX3CR1 and low CCR2 (Yang et al., 2014). They are recruited to non-inflamed tissues by CX3CR1
and are characterized by patrolling the resting vasculature, removing cell debris, and repairing the

endothelium (Wolf et al.,, 2019). They are also characterized by secreting high amounts of
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proinflammatory cytokines after TLR activation (Wong et al., 2011). It had been hypothesized that
intermediate and non-classical monocytes arise from classical monocytes (Patel et al., 2017).

The main goal of this study was to evaluate the role of the three monocyte subsets and relevant
cytokines/chemokines in a cohort of patients with RPL and RIF to better characterize a group of
patients with a baseline proinflammatory profile that could define inflammatory pathophysiology (iRPL

and iRIF).

Material and methods

Study population

Women referred to our Reproductive Immunology Unit of the San Carlos Clinical Hospital due to prior
history of RRF were evaluated from 2017 to 2018. Those patients that fulfilled the criteria of RPL and
RIF were considered for the study. A group of non-pregnant healthy control women (HC) between 20
and 45 years old was constituted as the control group with two or more children (proven fertility) and no
spontaneous miscarriage. RPL was defined as the loss of two or more pregnancies, including non-
visualized pregnancy losses (biochemical pregnancy losses with urine or serum positive pregnancy
test but no ultrasound confirmation), according to the European Society for Human Reproduction and
Embryology (ESHRE) (ESHRE, 2017) and in agreement with the last Practice Committee published by
the American Society for Reproductive Medicine (ASRM) (Committee of the American Society for
Reproductive Medicine, 2020). RIF was defined as the failure to achieve embryo implantation in at
least three consecutive IVF attempts, in which one to two embryos of high-grade quality are transferred
in each repeated IVF cycle, according to the ASRM (Simon and Laufer, 2012). According to this, RIF
was defined as the failure to achieve a clinical pregnancy after transferring at least 4 good-quality
embryos in at least 3 fresh or frozen cycles in women below 40 years of age (Coughlan, 2018).

As routine care, a full fertility screening was performed for all women and their partners. This screening
included complete medical history and physical examination, per routine clinical practice, pelvic
ultrasound scan to assess ovarian morphology and the uterine cavity, and hysterosalpingography if
indicated. The genetic evaluation included the karyotype of parents and tests for inherited
thrombophilia (factor V Leiden, prothrombin G20210A mutation), serum homocysteine, and
deficiencies of protein C, protein S, and antithrombin Ill. In addition, the hormonal analysis was
performed for thyroid-stimulating hormone (TSH), free thyroxin (fT4), estradiol (E2), progesterone (P4),
and vitamin D. An immunological screening included antinuclear antibodies (by indirect

immunofluorescence; HELIOS, Aesku), IgG and IgM anticardiolipin and anti-beta-2-glycoprotein
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antibodies (Bio-Rad) and lupus anticoagulant, antithyroid antibodies (anti-peroxidase and anti-
thyroglobulin antibodies), IgA antitransglutaminase-2 and IgG anti-deamidated gliadin peptide, and
serum complement C3 and C4, was performed as per the routine analysis. The Ethics Committee of

our hospital approved the study protocol, and all subjects provided signed informed consent.

Analysis of peripheral lymphocyte subpopulations

Multiparametric flow cytometry was used to quantify the frequency of peripheral blood monocytes and
their subsets based on the expression of their surface markers. The data were obtained and analyzed
using FACSCanto Il with the BD FACSDiva software (BD Biosciences, San José, CA, USA) and
Kaluza software (version 2.1, Beckman Coulter, Brea, CA, USA). Briefly, blood samples were extracted
in EDTA vacuum tubes and processed within 2 hours of collection. Peripheral blood lymphocytes were
stained with the following monoclonal antibodies according to the manufacturer's recommendations:
CD14-APC-Cy7 (BD Pharmingen), CD16-FITC (Cytognos), HLA-DR-BV510 (BD Bioscience), CD69-
PE-Cy7 (BD Bioscience), CCR2-APC (BD Bioscience), CCR5-BV421 (BD Horizon), and CX3CR1-
PerCP Cy5.5 (Biolegend, San Diego, CA, USA).

Subpopulations of human monocytes were obtained according to their size, granulation, expression of
HLA-DR, and expression of CD14 and CD16, obtaining three subpopulations: Classical monocytes
(CD14™CD16), the intermediate monocytes (CD14"°CD16"), and the non-classical monocytes
(CD14'°WCD16+), defined as the percentage of the total monocyte population (Figure 1). The surface
markers CCR2, CCR5, CX3CR1, and CD69, were expressed as percentages on each monocyte
subset.

Multiplex cytokine assay

Determination of cytokines was performed in plasma samples using a cytokine multiplex assay (Bio-
Rad, Hercules, CA, USA). The assay was based on magnetic beads and conducted following the
manufacturer's instructions. Briefly, the samples were centrifuged at 1,000 x g at 4°C for 15 min. Next,
the plasma was collected and froze at —20°C until processing. Wells of a 96-well filter plate were
loaded with 50 pl of 1:4 diluted plasma and 50 pl of the diluted beads mix and incubated on a shaker at
850 rpm for 30 minutes at room temperature. Wells were then washed three times with 100 pl wash
buffer. Then, samples were incubated with 25 pl of biotinylated detection antibody at 850 rpm for 30
minutes at room temperature. After three washes, 50 pl of streptavidin-phycoerythrin was added to
each well and incubated for 10 minutes at 850 rpm at room temperature in the dark. After three more

washes, the beads were resuspended in 125 pl assay buffer for measurement with Luminex MAGPIX
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(Luminex, Austin, TX, USA). The complete cytokine panel and the detection limits (LOD) are shown in

table 1.

Statistics

Descriptive data are presented as median and interquartile range (IQR) when data are non-normally
distributed and mean and standard deviation (SD) when they are normally distributed. The normality of
the distribution of data values was assessed with the Kolmogorov—Smirnov and Shapiro-Wilk normality
test. The differences among groups were analyzed by Kruskal-Wallis analysis of ranks for
nonparametric data following Dunn's post hoc test, and for parametric data, one-way ANOVA and post
hoc Tukey's multiple comparisons test were performed. Pearson's correlation was used to analyze the
relation between plasma cytokines/chemokines and the frequency of the chemokine receptors in the
monocyte subsets. We used SPSS software (Version 27.0, SPSS Inc, Chicago, IL, USA) to perform
the statistical analysis. Graphics were made using Rstudio (ggplot2 and corrplot packages) and
GraphPad Prism (version 9.3.1, GraphPad Software, San Diego, California, USA). The Boruta
algorithm (Kursa and Rudnicki, 2010) in Rstudio was used to make the feature selection, followed by a
multivariate logistic regression analysis to develop the predictive model. Receiver operating
characteristic (ROC) curves were used to validate the selected variables for predicting the
development of RPL or RIF on the optimum sensitivity and specificity. Statistical significance was

determined as P<.05 (*P<.05, **P<.01, **P<.001).

Results

Epidemiological and clinical characteristics of the study subjects

In this study, we evaluated 53 non-pregnant women who rigorously fulfilled the definition of RPL and
24 with RIF, consecutively studied at the Reproductive Immunology Unit at Hospital Clinico San
Carlos, Madrid. In addition, a group of 31 non-pregnant fertile women with at least two pregnancies at
term and without any adverse pregnancy event was included as a control group. The clinical and

epidemiological features of all these three groups are shown in Table 2.

Phenotype characterization of the monocyte subsets in our cohort
The gating strategy for monocyte identification is shown in Figure 1A. According to previously
published studies (Yang et al., 2014), our cohort of patients and controls confirmed that the percentage

of CCR2 was higher on circulating classical monocytes than on the other subsets. In addition, the



© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

8

percentage of CX3CR1 and CCR5 was higher on the intermediate subset. Finally, a higher percentage

of CX3CR1 was found on the non-classical monocytes and lower CCR2 and CCR5 (Figure 1B).

The percentage of the CCR2", CX3CR1", and CCR5"classical monocyte subset was higher in the
reproductive failure groups

A higher frequency of peripheral monocytes (Figure 2A) was observed in RPL and RIF compared to
HC (2.48 (1.53-4.65), only significant between HC and RIF (4.54 (3.48-5.22), P=.001). There were no
significant differences in the frequency of classical monocytes between groups, although we observed
a higher frequency of intermediate monocytes in RPL (median (IQR), 6.58 (5.01-8.32)) and RIF (6.36
(4.83-8.59)) than HC (5.42 (4.16-6.68)), but not statistically significant (P=.097). We also observed no
significant differences in the percentage of non-classical monocytes between groups although there
was a trend (P=.079) slightly higher in HC (Figure 2B). Interestingly, there was a significantly increased
proportion of classical monocyte CCR2" in RPL (P<.001) and RIF (P<.001) compared to HC (Figure
2C). We also found that the classical monocytes expressing CX3CR1 were significantly higher in RPL
(P<.001) and RIF (P<.001) compared to HC. The same pattern was observed in the classical

monocytes expressing CCR5 (Figure 2C).

The frequency of the intermediate monocytes expressing CX3CR1 and CCR5 was increased in
the reproductive failure groups

The percentage of intermediate monocytes expressing CX3CR1 (Figure 2D) was significantly higher in
RPL (84.43 (76.76-92.42), P=.001) and RIF (85.02 (76.96-93.72), P=.001) compared to HC (74.48
(59.36-83.36)). In addition, the frequency of the intermediate monocytes CCR5" was significantly
increased in both groups (P<.001) compared to HC (Figure 2D).

The fractalkine receptor (CX3CR1) on the non-classical monocyte subset was higher in the
reproductive failure groups

We found that the percentage of the non-classical monocyte subset expressing CX3CR1 was

significantly higher in RPL (P=.039) and RIF (P.002) compared to HC (Figure 2E).

Monocyte subsets and cytokines correlations

The crucial role of cytokines and chemokines during different phases of pregnancy is well known. The
present study evaluated the plasma levels of different cytokines/chemokines and the differential
production in a subgroup of RPL, RIF, and HC subjects at baseline (Table 3). Furthermore, we studied

the correlations between these cytokines/chemokines' mediators and the different blood monocyte
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subsets.

We found lower levels of IL-1ra in RPL and RIF compared to HC, although they did not reach
statistically significant differences (P=.057). Other anti-inflammatory cytokines such as IL-4 and IL-13
were also decreased in RPL and RIF, with no statistically significant effect. By contrast, we observed
significantly higher levels of PDGF-BB, TGF- 1, and TGF-f3 in RPL and RIF, compared to HC. We
also found that the levels of IL-18 were significantly increased in HC compared to RPL (P=.028) and
significant differences in the levels of IL-8 between RPL and RIF (P=.044).

Besides, we observed differential associations between monocyte subsets and the studied plasma
cytokines in the three groups (Figure 3). Firstly, we found common significant positive correlations in all
three groups: eotaxin levels significantly correlated with IL-4 or IL17A that correlated with PDGF-BB
and TNF- a.

In the HC group (Figure 3A), we found significant positive correlations between the CX3CR1" classical
monocytes and BasicFGF (P=.002, r=0.78), IL-9 (P=.008, r=0.67), IL-17A (P=.04, r=0.66), MIP-13
(P=.003, r=0.73), PDGF-BB (P=<.001, r=0.89), RANTES (P=.01, r=0.64), TNF-a (P=.02, r=0.62), TGF-
B1 (P=.04, r=0.55) and TGF-p2 (P=.02, r=0.60). This pattern of correlation also occurred in BasicFGF,
which positively correlated with IFN-a (P=.03, r=0.60), IL-9, IL-17A, MIP-13, PDGF-BB, RANTES, TNF-
a, and in this case with TGF-B3. Of note, this correlation pattern did not appear in RIF and only partially
in RPL (with IFN-a, IL-17A, PDGF-BB, and TNF-a). No correlations were observed between CX3CR1”,
CCR2", and CCR5" intermediate monocytes and the studied cytokines/chemokines. Interestingly,
highly significant correlations were found between PDGF-BB and TGF-B1 (P<.001, r=0.83), TGF-B2
(P=.004, r=0.69), and TGF-B3 (P=.002, r=0.73) in HC and RIF, being only weak with TGF-B3 in RPL

(P=.05, r=0.37).

Otherwise, some correlations were present only in the RPL group (Figure 3B). In this group, we found
a significantly positive correlation between CX3CR1" intermediate monocytes and plasma IL-17A
(P=.03, r=0.43). Moreover, the CCR5" intermediate monocytes correlated negatively with TGF-B1
(P=.01, r= -0.47) and TGF-B3 (P=.001, r= -0.58) and the CCR2" classical monocytes exerted a
negative significant correlation with IL-8 (P=.01, r= -0.87) and TRAIL (P=.04, r= -0.40). As expected,
the percentage of CCR2 in all monocyte subsets (classical, intermediate, and non-classical) were
positively correlated with the CCR2 ligand, MCP-1 (P=.01, r=0.46; P=.04, r=0.39, and P=.02, r=0.44,
respectively). There was also a significant positive correlation between IP10 and TRAIL (P=<.001,

r=0.67) and a significative negative correlation between IFN-y and IL-9 also present in RIF, although
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not significant. In the HC group, there was a positive correlation between IFN-y and IL-9, which was
also not significant.

By contrast, in the RIF group (Figure 3C), CCR2" intermediate monocytes presented a significant
positive correlation with the proinflammatory cytokines: IFN-a (P=.009, r=0.64), IP-10 (P=.01, r=0.62),
and TNF-a (P=.004, r=0.69). Moreover, non-classical CCR2" monocytes correlated with IL-8 (P=.01,
r=0.96) and IL-1B (P=.04, r=0.96) and intermediate CCR5" monocytes also positively correlated with
IL-7 (P=.04, r=0.54). Otherwise, a significant negative correlation was observed between classical

CX3CR1" monocytes and IL-18 (P=.003, r= -0.99).

Feature selection and prediction model

The Boruta algorithm selected the potentially relevant predictors among all studied variables. The
variables considered unimportant by the Boruta algorithm were no longer taken for further
consideration in the study. The algorithm selected four important variables for the RPL group (Figure
4A): TGF-B1, CD69 classical monocytes, CCR5 intermediate monocytes, CX3CR1 classical
monocytes, and four tentative: TGF-3, CX3CR1 non-classical monocytes, IL-18, and MIP-1B. The
variables selected by the algorithm for the RIF group (Figure 4B) were one important, CCR5
intermediate monocytes, and two tentatives: TGF-B3 and MIP-1.

Then, we run a multivariate logistic regression analysis and ROC curves (Supplementary figure 1) to
evaluate the performance of these two proposed models, one for RPL and the other for RIF. The
multivariate logistic regression analysis showed that TGF-f1, CCR5 intermediate monocytes, and
CX3CR1 non-classical monocytes remained independent predictors of RPL and TGF-3 and CCR5
intermediate monocytes for RIF (Table 4). The predictive model elicited a global accuracy of 90% y
82% for RPL and RIF, respectively, with higher sensitivity and specificity than every variable alone

(Table 4).

Discussion

To the best of our knowledge, we have identified a subgroup of RPL and RIF patients with a baseline
active inflammatory profile by analyzing peripheral blood monocytes and plasma cytokines levels for
the first time. To evaluate which of the variables included in the study are the most relevant to
characterize the RPL and the RIF groups, we used the Boruta algorithm. Eight variables in RPL (TGF-
B1, CD69 classical monocytes, CCR5 intermediate monocytes, CX3CR1 classical monocytes, TGF-

B3, CX3CR1 non-classical monocytes, IL-18 and MIP-13) and three in RIF (CCRS intermediate
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monocytes, TGF-B3 and MIP-18) were identified as most relevant. Then, multivariate logistic
regression analysis was applied to evaluate the performance of the two proposed models. Finally, the
variables included in the multivariate model were: TGF-B1, intermediate CCR5, and non-classical
CX3CR1 monocytes for RPL and TGF-p3 and intermediate CCR5 monocytes for RIF. The
combination of these variables could predict RPL and RIF with 90.0% and 82.1% accuracy,
respectively. Our model provided a more accurate identification of clinically meaningful outcomes for
individual biomarkers, which might allow early identification and the choice of immunomodulatory
strategies in selected patients on a personalized approach.

Given the complexity of immune adaptation to pregnancy, the functional relevance of a baseline pro-
inflammatory profile of blood monocytes is challenging to interpret. RPL and RIF exhibit totally different
pathologies. We can hypothesize in terms of the "degree" of inflammation. For example, in RPL,
implantation occurs, but the fetus may be lost later due to the failure to mount the essential immune
tolerance. On the other hand, in RIF, implantation fails, which is inherently an inflammatory process.
However, too much inflammation can be deleterious, for instance, in the setting of autoimmune
diseases. In fact, anti-inflammatory treatments are frequently used in active inflammation patients with
RIF and autoimmune disease. In this context, an excessive baseline proinflammatory status can
convey the same outcome in two different situations and by different mechanisms, such as RPL and
RIF. We found that the proportion of total monocytes was significantly higher in RIF compared to HC.
Our results show that the intermediate monocyte subset, called proinflammatory, was increased in RPL
and RIF compared to HC, although this increment was not significant. Other authors have described
(Tang et al., 2015b) the correlation between intermediate monocytes with the severity of preeclampsia,
pointing to this population as a relevant player in the pathogenesis of this pregnancy complication.
Elevated peripheral blood intermediate monocytes have also been involved in several inflammatory
and autoimmune diseases, like rheumatoid arthritis (Kawanaka et al., 2002; Rossol et al., 2012), acute
Kawasaki disease (Katayama et al., 2000), sarcoidosis (Okamoto et al., 2003), and type 1 diabetes
(Groen et al., 2015).

In humans, the placenta is hemochorial, implying an intimate contact between the trophoblast
(embryol/fetal) tissue and the maternal systemic immune system (Marijke M. Faas and de Vos, 2017).
In addition, most maternal immune cells at the placental bed are innate immune cells, mainly uNK cells
and macrophages (Trundley and Moffett, 2004). Different authors defend the trophoblast's and the
placenta’s ability, together with soluble actors, to mature monocytes towards deciduous macrophages

(Aldo et al., 2014). Therefore, monocytes are recruited into the uterus to generate macrophages with
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essential immunological functions (Nagamatsu and Schust, 2010).

It has been reported that the adherence of monocytes to the syncytiotrophoblast is mediated by
fractalkine (CX3CL1) (Siwetz et al., 2015), among other factors. These interactions may contribute to
the monocyte activation at the maternal-fetal interface. The differential expression of chemokine
receptors (CX3CR1, CCR2, CCR5) in monocytes seems to be related to different migratory cell
patterns from the blood to the tissues in response to inflammation. In this study, the percentages of
CCR5 and CX3CR1 intermediate monocytes were significantly higher in RIF and RPL groups than in
HC, suggesting enhanced migratory capabilities of this subset and their potential role in inflammatory
pregnancy morbidity. CCR5 binds the chemokine CCL5/RANTES, which activates signaling pathways
that can induce migration and monocyte recruitment to inflamed tissues (Shi and Pamer, 2011; Tacke
et al., 2007). According to that, levels of RANTES were higher in RPL and RIF than in HC, although
without statistical significance. In human decidual stromal cells CCRS5 is highly expressed, and CCL5 is
secreted by decidual tissue and acts as a chemoattractant for invading trophoblasts (Du et al., 2014).
A significantly higher expression of CCR5 in the intermediate monocyte subset in pre-eclamptic
pregnant women than normal pregnancy (Al-ofi et al.,, 2012) has been reported. CCL5/RANTES
promotes a correct pro-implantation microenvironment that influences trophoblast cell survival and
modulates the balance of maternal regulatory and effector T lymphocytes in favor of maternal
tolerance. However, an increase in CCL5 and CCR5 has been described in the transcriptome of villitis
of unknown etiology placentas, a destructive inflammatory lesion of the villous placenta (Grasso et al.,
2014; Kim et al., 2009). Therefore, RANTES seems to be a key player in successful implantation, but it
must be present at an optimal concentration (Ramhorst et al., 2006). Some authors previously showed
that preghant and non-pregnant women with systemic lupus erythematosus (SLE) had a higher
expression of CCR5 on inflammatory monocytes (CD16") compared with healthy women (Bjérkander
et al.,, 2013). This finding could indicate that women with SLE have a more activated phenotype
underlying an ongoing inflammatory process. Other studies pointed out the role of intermediate
monocytes in several inflammatory diseases such as obesity (Devévre et al., 2015), osteoarthritis
(Raghu et al., 2017), or type 1 diabetes mellitus (Ren et al., 2017).

Classical monocytes comprise 90% of the circulating monocytes, and their main functions are
phagocytosis and inflammatory effectors. They preferentially express the chemokine receptor CCR2
(Tang et al., 2015a). CCR2 and its ligand have been described as crucial for recruiting inflammatory
monocytes in several diseases like cardiovascular disease (Verweij et al., 2018). In our cohort, RPL

and RIF patients showed a significantly increased percentage of CCR2 classical monocytes compared
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to HC. This finding could indicate a proinflammatory profile underlying these diseases. Decidual
stromal cells express CCL2 (also known as MCP-1, CCR2 ligand) and its receptor, CCR2 (Du et al.,
2014). CCL2 is upregulated by pregnancy hormones like progesterone and B-hCG, playing an
essential role in the maternal-fetal interface (He et al., 2007). Furthermore, it has been described that
CCL2 controls Th2 polarization by inducing IL-4 production and suppressing IFN-y secretion by
decidual stromal cells (Gu et al., 2000; He et al., 2012).

Non-classical monocytes characterized by low expression of CD14 and high expression of CD16
display the highest CX3CR1 (fractalkine receptor) expression, which is an important receptor for
adhesion and migration. In addition, they have a patrolling function and efficiently invade inflamed
tissue via CX3CRL1 that interacts with vascular endothelium allowing rapid tissue invasion in case of
damage (Auffray et al., 2007). CX3CR1 patrolling monocytes respond to fractalkine (CX3CR1 ligand)
that can function as an apoptotic recognition receptor and mediate the removal of damaged endothelial
cells under inflammatory conditions (Thomas et al., 2015). In our cohort, the percentage of CX3CR1
non-classical monocytes was significantly higher in RPL and RIF compared with HC. Recent works
have found that non-classical monocytes are significantly increased in pre-eclamptic groups than in
healthy controls (Alahakoon et al., 2018; Jabalie et al., 2019).

We found a significantly higher level of TGF-B1 in the plasma of RPL and RIF patients compared to
HC. It has been described by other authors how in non-pregnant women with severe recurrent
miscarriage, the levels of TGF-31 were elevated compared to controls (Ogasawara et al., 2000), in line
with our findings. One potential explanation could be that the levels of TGF-B1 are higher during
normal pregnancy, but excessive production could lead to spontaneous miscarriage. We also found
that the plasma levels of TGF-33 were higher in RPL and RIF than in HC.

There was a significant positive correlation between TGF-B1, TGF-f3, and PDGF-BB in HC and RIF,
only between PDGF-BB and TGF-B3 in RPL. It has been described that the levels of TGF-1 and
PDGF-BB increase in peripheral blood of systemic lupus erythematosus patients (Yuan et al., 2017).
We found that PDGF-BB and TGF-3 were significantly increased in RPL and RIF compared with HC.
This finding was in agreement with a recent work that described higher levels of TGF-f in RPL patients
in plasma samples (Zhu et al., 2019). TGF-B is a growth inhibitor for several cell types, including
endothelial cells and lymphocytes, and it is also a potent pro-fibrotic factor (Najem et al., 2020). TGF-
secreted by decidual stromal cells may regulate trophoblast invasion in normal pregnancy, but
excessive production of this molecule by aberrantly activated macrophages may prematurely restrict

the invasive capacity of this molecule in trophoblast cells (Renaud and Graham, 2008). TGF-3 inhibits
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trophoblast differentiation toward an invasive phenotype in first-trimester human placental explants. It
has been described that pre-eclamptic placentae overexpress TGF-B3 (Caniggia et al., 1999). Besides,
it has been proposed that the ability of TGF-B1 to educate T regulatory (Treg) in the feto-maternal
interface could be reduced in RPL patients, and dysregulation of TGF-B1 may be related to the
development of RPL (Yang et al., 2021). Some significant positive correlations appeared in the three
groups, indicating maybe a basic immunological status. One was eotaxin with IL-4, and the other was
PDGF-BB with the pro-inflammatory cytokines IL-17A and TNF-a. The presence of eotaxin at the
maternal-fetal interface and its role during placentation has been described (Chau et al., 2013). An
intriguing finding is the presence of some correlations between functional cell subsets and certain
analytes within the HC group that are not present in the RPL and RIF groups. Of note is the positive
correlation between classical monocytes CX3CR1" and several cytokines and growth factors, like
MIP13, PDGF-BB, RANTES, or TGF-f1 and TGF-B3. These correlations might be related to the
cytokine milieu favoring the recruitment of these monocytes, which were dysregulated in the pathologic
groups. Another potential explanation might be a defect in the monocyte's differentiation in the studied
groups of women.

PDGF-BB is a growth factor that elicits chemotaxis and chemokinesis of endometrial stromal cells at
the implantation site (Schwenke et al., 2013). Additionally, it has been described how PDGF-BB acts
with TGFB to potentiate TNF-a-induce release of pro-inflammatory cytokines (van der Kroef et al.,
2020). This finding could explain the positive correlation between PDGF-BB and TNF-a in our cohort.
In this study, the anti-inflammatory cytokines IL-1ra, IL-4, and IL-13 were higher in HC than in RPL and
RIF. These results agree with previous studies (Ahmadi et al., 2017; Saito et al., 2010). Our data,
however, were not in line with other authors regarding TNF-a and IFN-y (Al Jameil et al., 2018; Daher
et al., 2004; Kumar et al., 2014), which are lightly raised in the HC group compared to RPL and RIF.
The present study shows some limitations. One of the weaknesses is the relatively small size of the
cohort. Another limitation was that we performed the analysis in peripheral blood and not in
endometrial samples, which lost local underlying inflammatory processes without systemic changes.
However, biomarkers in peripheral blood are easier to perform and reproduce, which is optimal in the
clinical setting. Finally, a validation group will be essential to cross-validate these findings. Another
limitation is that cytokines were identified in plasma samples as we sought blood biomarkers, and
therefore, we could not discriminate which cells were secreting these cytokines. Cytokines often
operate in a local tissue milieu at very low concentrations and have short half-lives. In further studies,

we will choose a more precise method to measure functional data, like isolation of monocytes and in-
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vitro activation of peripheral blood monocytes stimulated by various ligands and measuring the
production of cytokines. We have included parous women as HC. It is worthy of note that after
pregnancy, there is a development of long-term immunological memory, as has been published
previously (Huang et al., 2021) through epigenetic modifications that occurred in some specific immune
cell subpopulations, like NK or T cells. This memory may help produce a specific immunity capable of
alloimmunization and tolerogenic phenotype that can benefit subsequent pregnancies.

In conclusion, this study showed a combination of biomarkers, including blood monocyte subsets and
cytokines, that may reflect a pro-inflammatory profile in RPL and RIF women. We built a predictive
model with a global accuracy of 90% y 82% for RPL and RIF, respectively, as a potential diagnostic
tool to use in the clinic. These findings could provide a better understanding of these pathologies and

establish a correct therapeutic intervention.
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Tables

Table 1. Cytokines and chemokines and their limits of detection (LOD).

Cytokine/Chemokine LOD (pg/mL)
Eotaxin 25
Basic FGF (FGF-2) 1.9
IFN-a 4.3
IFN-y 6.4
IL-18 0.6
IL-1ra 5.5
IL-4 0.7
IL-7 1.1
IL-8 (CXCL8) 1.0
IL-9 25
IL-13 0.7
IL-17 3.3
IL-18 0.2
IP-10 (CXCL10) 6.1
MCP-1 (CCL2) 1.1
MIP-18 (CCL4) 24
PDGF-BB 29
RANTES (CCL5) 1.8
TNF-a 6.0
TRAIL 2.1
TGF-B1 3.9
TGF-B2 1.9

TGF-83 0.5
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IL: interleukin; IL-1ra: IL-1 receptor antagonist; CXCL: C-X-C motif ligand; FGF: fibroblast growth factor; IFN: interferon; IP: interferon- y-
inducible protein; MCP: monocyte chemotactic protein; CCL: C-C chemokine motif ligand; MIP: macrophage inflammatory protein; PDGF-
BB: platelet-derived growth factor-BB; RANTES: Regulated on activation, normal T cell expressed and secreted; TNF: tumor necrosis factor;

TRAIL: TNF-related apoptosis-inducing ligand); TGF: transforming growth factor.

Table 2. Age and obstetrical histories of women with RPL, RIF, and healthy controls. Values are expressed as

mean * SD.
RPL RIF HC P
(n=53) (n=24) (n=31)

Age (years) 36.7+3.8 35.8+45 379164 NS

No. of miscarriages 3.0£13 0.3+0.5 0 <.001

No. of IVF cycles 1.2+2.0 3.0+1.4 0 .005

No. of embryos 22+14 9.0+4.2 0 <.001

IVF: in vitro fertilization. NS: no significant.

Cytokine/Chemokine HC (n=14) RPL (n=29) RIF (n=15)
Eotaxin 93.35 + 43.89 70.17 £24.81 85.43 £ 39.33
Basic FGF (FGF-2) 124.13 + 44.58 150.23 + 42.16 143.03 + 48.20
IFN-a 113.28 + 20.62 111.82 £ 29.75 110.31 + 26.49
IFN-y 6.24 + 3.82 5.29 + 2.66 9.37 £ 15.69
IL-18 1.97 £ 0.67 3.18+3.79 2.14+1.23
IL-1ra 597.75 + 159.14 511.23 + 166.24 511.41 + 160.23
IL-4 5.96 + 2.00 5.03+1.17 5.35+1.43
IL-7 74.63 = 32.80 90.15 £ 27.59 74.34 + 33.87
IL-8 (CXCLS8) 19.77 £ 5.96 16.11+2.36" 24.59 + 7.67
IL-9 364.34 £ 78.61 392.63 +43.16 390.29 + 62.07
1L-13 5.41+1.68 5.30+2.29 4.84+1.25
IL-17A 22.03 £9.03 18.90 + 7.45 19.53 £ 9.64
IL-18 209.20 + 95.57 151.65 £ 49.18 * 166.19 + 65.50
IP-10 (CXCL10) 1204.42 + 604.39 1074.64 + 649.65 1060.47 + 469.39
MCP-1 (CCL2) 56.48 + 22.98 37.54 £17.39 54.10 £ 40.24
MIP-1B8 (CCL4) 265 (232.80-303.00) 297.70 (280.29-314.55) 295.77 (271.79-339.93)
PDGF-BB 1,659 (900.50-2,163.36) 2,926.04 (2,445.79-3,656.11) ** 3,498 (1,295.76-5,308.11) *
RANTES (CCL5) 35,065.23 + 12477.16 36,395.16 + 11,869.85 39,185.62 + 9,247.23
TNF-a 138.13 + 37.66 135.15 + 25.93 133.17 + 28.64
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TRAIL 181.33 * 64.65
TGF- g1 15,566.70 (10,462.43-25,023.30)
TGF- B2 1,191.34 + 168.90

TGF- B3 140.28 (81.97-196.48)

24
162.49 £ 51.03 149.18 + 27.09
29,968.50 (24,151.61-36,201.01) *** 25,816.66 (17,308.03-36,420.22) *
1,213.84 +281.91 1,179.53 + 388.18
244.12 (208.47-260.59) ** 248.83 (142.81-276.95) **

Table 3. Levels of cytokines (pg/mL) in healthy controls (HC), recurrent pregnancy loss (RPL), and recurrent

implantation failure (RIF). Data are displayed as mean + standard deviation (SD) or median (interquartile range,

IQR). P values are represented: * P<.05, ** P<.01, and **P<.001. The symbol # means a statistically significant

difference between RPL and RIF.

IL: interleukin; IL-1ra: IL-1 receptor antagonist; CXCL: C-X-C motif ligand; FGF: fibroblast growth factor; IFN: interferon; IP: interferon- y-inducible

protein; MCP: monocyte chemotactic protein; CCL: C-C chemokine motif ligand; MIP: macrophage inflammatory protein; PDGF-BB: platelet-

derived growth factor-BB; TNF: tumor necrosis factor; TRAIL: TNF-related apoptosis-inducing ligand); TGF: transforming growth factor.

Table 4. Backward stepwise logistic regression and ROC analysis for RPL and RIF.

Multivariate analysis ROC analysis

Variable P OR Cl AUC P Cl Sens | Spec
TGF-B1 0.011 | 1.000 | 1.000-1.000

RPL Model | CCR5 intermediate 0.038 | 1.065 | 1.004-1.131 | 0.934  <0.001 | 0.839-1.000 | 88.9 | 92.9
CX3CR1 non-classical | 0.035 | 1.137 | 1.009-1.282
CCRS5 intermediate 0.057 | 1.060 | 0.998-1.127

. .002 .667-0. . T

RIF Model TGF-p3 0011 1.017 1.004-1.030 0.833 | 0.00 0.667-0.999  80.0 | 85

RPL: recurrent pregnancy loss; RIF: recurrent implantation failure; OR: odds ratio; Cl, confidence interval; AUC: area under the curve; Sens:

sensitivity; Spec: specificity.

Figure legends
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Figure 1. Gating strategy to identify the three monocyte subsets by flow cytometry. (A) First,
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(FCS), and side scatter (SSC) dot plot was used to identify monocytes. Then, an HLA-DR/CD16 plot was used

to exclude the HLA-DR-/CD16+ population. Subsequently, the remaining cells were shown on a CD14/CD16

plot and defined the three monocyte subsets (classical, purple; intermediate, orange; and non-classical, blue).

(B) Histograms show the frequency of chemokine receptor-2 (CCR2), fractalkine receptor (CX3CR1), and

chemokine receptor-5 (CCR5) in the three monocyte subsets.
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Figure 2. Box-plots depicting the percentage of the total monocytes (A) and the three monocytes subsets (B).
The percentage of CCR2, CX3CR1, and CCRS5 in the classical monocyte subset (C), the percentage of CCR2,
CX3CR1, and CCRS5 in the intermediate monocyte subset (D), and the percentage of CCR2, CX3CR1, and
CCRS5 in the non-classical monocyte subset (E) in the three study groups (HC in light pink, RPL in purple, and
RIF in green). The whiskers represent the percentiles 5 and 95. P values are represented as follows: * P<.05, **

P<.01, **P<.001.
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Figure 3. Comparison of the correlation map between monocyte subsets and cytokines/chemokines on healthy
controls (A), recurrent pregnancy loss (RPL) (B), and recurrent implantation failure and (C). The circle color
shows Pearson's correlation coefficient (red indicates a positive correlation and blue a negative correlation).
Asterisks represent the statistically significant correlations (*p<.05, **p<.01, ***p<.001).

Abbreviations: CL: classical; In: intermediate; NC: non-classical; IL: interleukin; IL-1ra: IL-1 receptor
antagonist; CXCL: C-X-C motif ligand; FGF: fibroblast growth factor; IFN: interferon; IP: interferon- y-inducible
protein; MCP: monocyte chemotactic protein; CCL: C-C chemokine motif ligand; MIP: macrophage inflammatory
protein; PDGF-BB: platelet-derived growth factor-BB; TNF: tumor necrosis factor; TRAIL: TNF-related

apoptosis-inducing ligand); TGF: transforming growth factor.
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Figure 4. The Boruta algorithm plot shows the selected variables and, therefore, more relevant for RPL (A) and
RIF (B) groups. The green box plots confirm important attributes, and the red box plots are considered
unimportant. The yellow box plots are tentative, which means the algorithm was not able to conclude this

importance.

Supplementary figure 1. ROC curve analysis of the univariate model of the variables selected by the
multivariate logistic regression model in the RPL group (A) and the RIF group (B). The ROC curves of the
variable combination obtained in the multivariate logistic regression analysis in the RPL (C) and RIF (D) groups

were depicted.

Highlights
Monocytes/macrophages play a critical role in pregnancy success.
CX3CR1" and CCR5" intermediate monocytes were significantly higher in RPL than in healthy mothers.
High intermediate monocytes may reflect a baseline pro-inflammatory state in a subgroup of patients.

We present a Boruta algorithm as a valuable tool to identify women with inflammatory RPL.





