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Abstract: Cytokines coordinate the intricate choreography of the immune system, directing cellu-
lar activities that mediate inflammation, pathogen defense, pathology and tissue repair. Within
this spectrum, the anti-inflammatory prowess of interleukin-10 (IL-10) predominates in immune
homeostasis. In normal pregnancy, the dynamic shift of IL-10 across trimesters maintains maternal
immune tolerance ensuring fetal development and pregnancy success. Unravelling the dysregulation
of IL-10 in pregnancy complications is vital, particularly in the heightened inflammatory condition
of preeclampsia. Of note, a reduction in IL-10 levels contributes to endothelial dysfunction. In
human immunodeficiency virus (HIV) infection, a complex interplay of IL-10 occurs, displaying a
paradoxical paradigm of being immune-protective yet aiding viral persistence. Genetic variations
in the IL-10 gene further modulate susceptibility to HIV infection and preeclampsia, albeit with
nuanced effects across populations. This review outlines the conceptual framework underlying
the role of IL-10 in the duality of normal pregnancy and preeclampsia together with HIV infection,
thus highlighting its regulatory mechanisms and genetic influences. Synthesizing these findings
in immune modulation presents avenues for therapeutic interventions in pregnancy complications
comorbid with HIV infection.
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1. Introduction

In the delicate symphony of the human immune system, cytokines act as the conductor,
directing and modulating cellular activities for the orchestration of inflammation, defense
against pathogens, tissue repair, and the maintenance of homeostasis [1]. More specifically,
these small pleiotropic proteins serve as messengers, transmitting signals between cells to
regulate immunity, inflammation and hematopoiesis [2,3]. Cytokines exhibit an extensive
range of functions, operating in autocrine, paracrine and endocrine manners to exert their
effects on nearby or distant cells [4]. Their functions span across different stages of the
immune response, from the initial detection of threat to the combating of the pathogen and
tissue repair [5].

At the onset of foreign threat detection, cytokines serve to alert the immune system [6].
Pro-inflammatory cytokines such as Interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-
α), and Interleukin-6 (IL-6) are released in response to pathogens, trauma, or stress. These
molecules initiate and amplify the immune response by recruiting immune cells to the site
of infection or injury and stimulating their activation and proliferation [7]. Once immune
cells are recruited, cytokines modulate their functions [8]. Interferons, for example, help
combat viral infections by interfering with viral replication and enhancing the activity of
natural killer (NK) cells and macrophages [9]. Interleukins such as Interleukin-2 (IL-2)
are critical for T-cell proliferation and activation which are essential for adaptive immune
responses [10].

Moreover, cytokines are essential for maintaining the proper homeostatic balance
between various immune responses. For example, under the influence of specific cytokines,
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T helper (Th) cells can differentiate into distinct subsets (i.e., Th1, Th2, Th17, Treg) [11]. The
different cytokines produced by these subsets of cells lead to mutually exclusive functional
properties. Of note, Th1 cells activate macrophages and mediate immune responses against
intracellular pathogens, while Th2 cells stimulate B cells [11].

Cytokines have a dual function in immune regulation; in addition to immune acti-
vation, they also regulate immune response resolution [4]. Anti-inflammatory cytokines,
including Interleukin-10 (IL-10) and transforming growth factor-beta (TGF-β), act as brakes,
dampening excessive inflammation and preventing collateral tissue damage [12]. They aid
in restoring homeostasis by promoting tissue repair and re-instating the immune response
to a basal state [13].

In addition, cytokines influence various physiological processes such as embryonic
development and even neuroendocrine function [14,15]. Cytokines like erythropoietin
(EPO) and thrombopoietin (TPO) regulate red blood cell and platelet production, respec-
tively, demonstrating their involvement in hematopoiesis [16]. Although cytokines are
indispensable for maintaining health, a dysregulation or imbalance in cytokine production
may lead to pathological conditions [17]. Excessive or prolonged inflammation, often
termed “cytokine storms”, can contribute to autoimmune diseases, allergies, and severe
conditions such as septic shock and SARS-CoV-2 infection [18]. Therefore, understanding
the multifaceted functions of cytokines is paramount and will not only elucidate immune
system complexities but may also unveil potential therapeutic targets for diseases driven
by immune dysregulation.

2. Interleukin-10

Amidst the myriads of cytokines orchestrating immune responses, IL-10 stands out as
a key regulator, revered for its potent anti-inflammatory properties and its crucial role in
maintaining immune homeostasis [19]. Initially discovered for its ability to inhibit cytokine
synthesis by Th1 cells, the IL-10 gene is located on chromosome 1 at position 1q31-32 and
is approximately 4.7 kb in length, containing four introns and five exons [20]. Its core
function lies in its ability to downregulate pro-inflammatory cytokine production via the
inhibition of cytokines such as interferon-gamma (IFN-γ), IL-2, and TNF-α, which are
known drivers of inflammation [21]. By dampening the production of these inflammatory
mediators, IL-10 functions as a robust inhibitor, curbing excessive immune response and
preventing tissue damage that may result from uncontrolled inflammation. In therapeutic
settings, approaches to boost IL-10 production or deliver it to inflamed areas are being
harnessed as prospective therapeutic modalities for mitigating inflammatory disorders [22].
However, the complex interactions within the immune system pose challenges to precisely
modulating the IL-10 response without disrupting overall immune function.

3. The Role of IL-10 in Normal Pregnancy

Interleukin-10 is pivotal in mediating the delicate homeostatic equilibrium between
pro-inflammatory and anti-inflammatory signals required to ensure a successful pregnancy
outcome [23]. During pregnancy, placental trophoblasts and Tregs are the main producers
of IL-10, which binds to its cognate receptor (IL-10R), a heterodimer made up of IL-10R1 and
IL-10R2 subunits and affects macrophages and DCs. IL-10R1 induces a conformational shift
in IL-10 by binding to IL-10 specifically, allowing oligomerization with IL-10R2 [24]. This
triggers the transcription of anti-inflammatory genes by activating the Janus Kinase-Signal
Transducer of Activation (JAK-STAT) signaling pathway, especially STAT3 [25]. As a result,
pro-inflammatory cytokines including TNF-α, IL-6, and IL-12 are suppressed, limiting the
risk of severe inflammatory reactions that could endanger the growing fetus [24]. IL-10
contributes significantly to immune tolerance and fetal development via a multifaceted
role across the trimesters of pregnancy [26]. The transposition of IL-10 across trimesters
establishes a conducive environment for successful gestation and fetal growth as it manages
maternal inflammation and cytokine crosstalk at the maternal–fetal junction [27]. Studies
indicate a surge in IL-10 production during early and middle gestation; however, these
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levels appear to decrease at term, with a subsequent elevation post-delivery [28]. Within the
human placenta, IL-10 expression is localized to the invasive cytotrophoblasts, which are
speculated to prompt the expression of human leukocyte antigen G (HLA-G), thereby aiding
in immune regulation [29]. Early investigations of IL-10 in human pregnancy highlight
its role in modulating placentation by inhibiting matrix metalloproteinase 9 (MMP-9),
an enzyme involved in degrading the extracellular matrix to facilitate cytotrophoblast
migration from the decidua into the myometrium in a set timed sequence [29]. Early in
the first trimester, trophoblasts demonstrate a temporary reduction in IL-10 production,
concomitant with an elevation in MMP-9 levels, indicating a deliberate downregulation of
IL-10 to facilitate their invasive behavior [23]. Moreover, these studies firmly position IL-10
as a crucial participant in the dynamic shift of vascular remodeling, also referred to as the
physiological conversion of spiral arteries required for a successful pregnancy.

4. First Trimester

In healthy pregnancies, the first trimester is characterized by blastocyst implantation
and initial placentation, marking the onset of a critical phase essential for establishing
pregnancy [30]. This initial stage of pregnancy is characterized by a predominance of
pro-inflammatory changes and increased IL-10 production [31]. During implantation,
the blastocyst cleaves the epithelial lining of the uterus with resultant endometrial tissue
degeneration. This is followed by remodeling of the maternal blood vessels involving
replacement of the endothelium and vascular smooth muscle with a fibrinoid type material
in which trophoblastic cells are embedded [32]. This vascular adaptation ensures optimal
blood flow to support nutrient, and oxygen demands by the growing fetus. To facilitate
repair of the uterine epithelium, localized activation of inflammatory mediators occurs [33].
This inflammatory response together with the associated hormonal changes and increased
gonadotropins manifests clinically in the mother as morning sickness [34]. During this time,
IL-10 serves as a key player in fostering maternal immune tolerance towards the fetal semi-
allograft [35]. It contributes to the suppression of immune responses that may otherwise
target the developing embryo [36]. The early embryo itself secretes IL-10, which aids in
regulating the immune milieu at the maternal–fetal interface. This localized production of
IL-10 contributes to the maintenance of a tolerogenic environment, preventing maternal
immune rejection of the embryo [26].

5. Second Trimester

During the second trimester, the symptoms of morning sickness tend to subside,
attributed largely to the predominant anti-inflammatory phase that is characterized by
increased Th2 cytokine production and increased IL-10 levels [37]. The role of IL-10
remains pivotal in maintaining immune tolerance and supporting fetal development, with
the placenta becoming the predominant source of IL-10 production [38]. The placenta
serves as a barrier between the maternal and fetal compartments, secreting IL-10, which
effectively attenuates excessive inflammation and prevents immune-mediated damage
to the developing fetus [28]. Moreover, the anti-inflammatory properties of IL-10 help
in regulating the maternal immune response to fetal antigens, ensuring that the immune
system does not mount an adverse reaction against the growing fetus. During this phase,
the fetus undergoes rapid growth and development. The mother, placenta, and fetus are
now well adapted to one another and have established a symbiotic relationship driven by
the shift of cytokine balance towards the anti-inflammatory Th2 pathway [39,40].

6. Third Trimester

The last phase of pregnancy is parturition, which prompts the re-instatement of the
pro-inflammatory milieu [27]. During this final stage of pregnancy, elevated levels of IL-10
are observed in serum and amniotic fluid and are critical for maintaining pregnancy during
this trimester [36]. Parturition is initiated by an increase of pro-inflammatory cytokines
within the amniotic fluid coupled with an influx of immune cells which invade the fetal
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membranes, cervix, and myometrium [32]. This invasion facilitates the contraction of the
uterus to aid in delivery of the fetus and rejection of the placenta. A premature decline in
IL-10 levels may be associated with pre-term birth [36]. The regulation of inflammation
is therefore essential to a healthy pregnancy, and interruptions or changes to maternal
inflammatory response are associated with several adverse pregnancy outcomes [27]. Un-
derstanding the conceptual framework underlying the paradoxical shift of IL-10 across
pregnancy trimesters is required to better understand its dynamic function and to compre-
hend the complexities of maternal–fetal immune interactions. Furthermore, it offers insight
into potential strategies for managing pregnancy-related complications.

7. Preeclampsia

Preeclampsia is one such pregnancy-associated malady characterized by the onset of
hypertension, and/or proteinuria, and/or end-organ dysfunction [41]. Preeclampsia is one
of the most common direct causes of maternal and perinatal mortality and morbidity. It
affects 2–8% of pregnancies globally [42]. Although clinical symptoms usually present at
20 weeks of gestation, the initiating events of disease are hypothesized to begin as early as
implantation [43]. The precise mechanisms underlying preeclampsia are complex and mul-
tifactorial, with emerging evidence suggesting a dysregulated immune response, involving
altered cytokine production and subsequently weakened immunological tolerance [44,45].

In normal pregnancy, the decidua, which is composed of immune cells such as
macrophages, uterine natural killer (NK) cells, dendritic cells (DCs), and regulatory T cells
(Tregs), establishes the placenta through a process known as decidualization [46]. Dur-
ing decidualization, fetal trophoblast cells invade the decidua and migrate into the my-
ometrium. The extracellular matrix and endometrial vessels undergo remodeling resulting
in high-capacity, low-resistance vasculature capable of supplying increased blood flow
to the placenta and fetus [43]. During preeclampsia however, the imbalance between
pro- and anti-inflammatory cytokines, including diminishing IL-10 levels, preempts an
inflammatory state that promotes oxidative stress, anti-angiogenic milieu, and endothelial
dysfunction [47]. These factors contribute to the systemic vascular abnormalities observed
in preeclampsia, leading to the characteristic symptoms of hypertension, proteinuria, and
impaired blood flow to vital organs [48].

Uterine DCs promote an anti-inflammatory dominant state in the uterus and are critical
for both endometrial decidualization and maternal immunotolerance of the fetus [49]. In
addition, inflammatory DCs and cytotoxic cells decrease in circulation coupled with the
hormonal downregulation of B-cell differentiation and placental reactive B-cells. These
changes are strictly regulated by the release of cytokines and anti-angiogenic factors and
inhibit reactivity to the fetus and placenta [43].

In the context of preeclampsia, studies have indicated aberrant levels of IL-10 in
women with preeclampsia compared to healthy pregnancies [50]. In addition, a study con-
ducted by Ferguson et al. explored the longitudinal trajectories of a panel of inflammatory
markers, including IL-10, in women who developed preeclampsia as well as normoten-
sive pregnancies and demonstrated that inflammatory markers exhibit varying patterns
across pregnancy beginning as early as 10 weeks in preeclamptic pregnancies compared to
normotensive pregnancies [51]. IL-10, known for its anti-inflammatory properties, plays a
crucial role in maintaining immune tolerance by preventing excessive inflammation thus
resulting in the immunosuppressed state observed in normal pregnancy [52]. Preeclampsia
is characterized by chronic inflammation and endothelial damage attributed to impaired IL-
10 signal transduction, thus interrupting the JAK-STAT pathway resulting in downstream
IL-10 downregulation [53]. Rather than promoting immunotolerance alone, immune cells
such as CD4+ Th1 cells, cytotoxic NK cells, and autoreactive B cells secrete factors that
instigate an increase in innate immune activation and inflammation resulting in defective
extravillous trophoblast invasion and impaired remodeling of the spiral arteries [54]. In-
sufficient blood, oxygen, and nutrients are delivered to the fetus, resulting in placental
ischemia and augmented oxidative stress. The hypoxic placenta in turn secretes elevated
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levels of anti-angiogenic factors (soluble fms-like tyrosine kinase-1 and sEnd) that promote
vasoconstriction and increase maternal blood flow in an attempt to increase the supply
of oxygenated maternal blood to the fetus [55]. This shift in immune response illustrates
the role of chronic inflammation in the development and progression of preeclampsia
(Figure 1) [43]. Strategies aimed at restoring immune balance and targeting IL-10 pathways
to mitigate excessive inflammation and promote immune tolerance could hold promise for
therapeutic interventions or the prevention of preeclampsia. However, the complexities of
immune regulation during pregnancy pose a challenge in developing targeted therapies
without compromising the delicate balance required for maternal–fetal tolerance. Further
research into the immune mechanisms and the role of IL-10 in pregnancy complications is
therefore crucial.
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Figure 1. Healthy pregnancy versus preeclampsia. This image depicts the regulation of inflammation
during a healthy pregnancy in comparison to the dysregulation observed during preeclampsia and
the associated outcomes of this dysregulation (Created using BioRender.com).

8. The Influence of IL-10 Promoter Region SNPs on Preeclampsia

The promoter region of IL-10 contains at least 27 polymorphic sites which alter gene
transcription and expression and consequently IL-10 secretion [56]. These polymorphisms
result in aberrant cytokine production which influence disease susceptibility and the
severity of several inflammatory conditions including preeclampsia [57]. Several studies
have since investigated variants within the IL-10 promotor region in an effort to eluci-
date their effect on disease susceptibility based on ethnicity and severity of condition.
A study conducted by Sowmya et al. (2014) explored the relevance of IL-10 promoter
polymorphisms in early onset preeclampsia (EOPE) amongst individuals of Indian ancestry,
specifically −1082G>A, −819C>T, and −592C>A. The authors reported an increased inci-
dence of EOPE in patients expressing the C allele of −819C>T or the A allele of −592C>A
but found no association between EOPE and −1082G>A of the IL-10 gene promoter re-
gion [58]. One year later, Song and Zhong (2015) performed a comparable study involving
individuals of Chinese descent. Their findings supported the absence of a link between
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−1082G>A and −819C>T with EOPE development. The authors did, however, find a
notably higher occurrence of EOPE in patients with the CC and AC + CC genotypes of
−592C>A. Nonetheless, they advised exercising caution in interpreting their results, cit-
ing the limited sample size and the potential for selection bias [59]. In the same year,
another study conducted on a Chinese population assessed the influence of −819C>T
and −1082G>A on the risk of preeclampsia development and reported an absence of
a significant association between −1082G>A and the development of preeclampsia but
did observe an elevated risk of preeclampsia development in individuals with the CC
genotype of −819C>T [60]. Zubor et al. (2015) illustrated an association between the A
allele of −592C>A and the development of severe preeclampsia in a Slovakian population
stratified into normotensive pregnant, preeclamptic, and women diagnosed with hyperten-
sive disorders of pregnancy (HDP) [61]. Conversely, a study involving Sinhalese women
showed no significant association between IL-10 promoter SNPs, specifically −824C>T,
−592 C>A, and −1082G>A, and the risk of developing preeclampsia [62]. Interestingly,
ongoing debate surrounds which −1082G>A allele (A/G) is linked to the development of
preeclampsia in various other populations [63]. In Turkey, a study of the −1082G>A SNP
revealed a three-fold increased risk of preeclampsia development in patients expressing the
AA compared to the GG genotype [64]. Likewise, a study conducted in the Minas Gerais
region of Brazil revealed a protective association between the G allele of −1082G>A and
the development of preeclampsia by demonstrating a higher frequency of the G allele in
normotensive pregnant compared to preeclamptic women. This study, however, consisted
of 226 participants of which only 54 were preeclamptic compared to 172 that were nor-
motensive [65]. Nonetheless, their finding is supported by a more recent study conducted
in Uzbekistan, which consisted of 71 women at risk of developing preeclampsia and 50
already preeclamptic women. The authors reported a significantly increased likelihood
of preeclampsia development in women expressing the A allele of −1082G>A, whilst
those expressing the G allele were significantly less likely to develop preeclampsia [66]. In
direct contrast, Zhou et al. (2018) reported a significantly increased risk of preeclampsia in
women expressing the G allele within a Chinese population [63]. A study conducted in the
North African country of Tunisia revealed a significant association between the T allele and
T/T genotype of −819C>T and susceptibility to preeclampsia development. The authors
further reported that the T variant and T/T genotype corresponded with decreased IL-10
production. They reported no significant association between the SNPs, −1082G>A and
−592C>A and preeclampsia; however, they observed an increased incidence of preeclamp-
sia development with concomitant decreased IL-10 production in women expressing the
ATA haplotype of −1082G>A, −819C>T, and −592C>A [38]. An earlier analysis of IL-10
promotor haplotypes and their influence on susceptibility to preeclampsia reported no
association between the ATA haplotype and risk of preeclampsia. The latter study, however,
reported a two-fold increased risk of preeclampsia development in women expressing the
ACC haplotype [67]. In contrast, a study conducted on Iranian women reported no signifi-
cant association of preeclampsia with any of the three most common reported haplotypes
(ATA/GCC/ACC) of the IL-10 promoter SNPs [68].

Despite numerous attempts to correlate the impact of IL-10 SNPs with increased sus-
ceptibility to preeclampsia development, results remain inconsistent due to variations in
selection criteria, sample size, ethnic diversity, and linkage disequilibrium. To synthesize
findings and direct future research, several reviews and meta-analyses have been under-
taken. A systematic review and meta-analysis conducted by Nath et al. evaluated 56 studies
and concluded that preeclamptic women exhibited decreased IL-10 levels compared to
healthy controls [50]. Zhang et al. (2016) examined the association between chromosome
1 polymorphisms (−1082G>A and −824C>T) of the IL-10 gene and preeclampsia sus-
ceptibility and concluded that there was an absence of a significant link between these
polymorphisms and preeclampsia risk [69]. A more recent review by Che et al. (2021)
similarly found no significant association between susceptibility to preeclampsia and SNPs
−819C>T and −592C>A across diverse ethnicities [70]. However, they did note a significant
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association in patients of Caucasian or Asian ethnicity. These disparities suggest that SNPs
linked to disease susceptibility and severity may be ethnicity-specific, emphasizing the
need for future studies to target overlooked populations. Confounding variables, which
may not have been included in research but could potentially have an impact on IL-10 lev-
els, should also be noted. According to a McLeod et al. study, pregnant women’s perceived
stress is linked to a decrease in IL-10 production [71]. Furthermore, some metabolites have
also been shown to have an impact on the production of IL-10, suggesting that diet may
have a role in controlling the synthesis of IL-10 [36]. According to Steckle et al.‘s research on
asymptomatic pregnant women who went into spontaneous preterm labor, low-intensity
exercise also exhibits an indirect correlation with IL-10 production in pregnant women [72].

9. Human Immunodeficiency Virus

Human Immunodeficiency Virus (HIV) infection poses a significant global health
challenge, ranking as the fourth leading cause of worldwide mortality [73]. The virus
targets CD4+ T cells, leading to immunocompromise, initially infecting mucosal tissues
before spreading to lymphoid organs and the bloodstream within days, with peak infec-
tiousness occurring around 30 days post-infection. Subsequently, viral replication slows,
allowing individuals to live with controlled infection for up to a decade without progress-
ing to AIDS [74]. A prominent aspect of HIV infection involves the expression of multiple
pro-inflammatory cytokines that contribute to immune suppression by engaging in T cell
apoptosis. These cytokines play a critical role in the HIV life cycle, particularly in pro-
moting the virus’s capacity to establish latent reservoirs at the transcriptional level [75].
Certain viral proteins necessary for disease progression have the capability to exploit
pro-inflammatory cytokine signaling, underscoring the significance of inflammation in
HIV’s pathogenesis. In vivo studies have revealed a direct correlation between chronic
inflammation and heightened viremia along with hastened disease progression [76]. The
persistent activation of the innate immune system is responsible for chronic inflammation
in HIV infection and is directly linked to the rapid depletion of CD4+ T cells [77]. This
depletion impairs their ability to mount effective antiviral responses while deteriorating the
intestinal epithelium, facilitating increased circulation of bacterial products and prompting
an observable immune response [78,79]. These insights have drawn attention to the pivotal
role of cytokines in the chronic inflammation characteristic of HIV infection.

IL-10 in particular plays a complex role in the context of viral infections such as HIV.
Its involvement in regulating immune responses during HIV infection has been a subject
of intense study, revealing both beneficial and detrimental aspects of IL-10’s influence
on viral pathogenesis and disease progression [80]. Initially hailed as a protective factor
due to its ability to downregulate inflammatory responses, IL-10 was believed to mitigate
immune activation and limit HIV-induced pathology [81]. Its anti-inflammatory actions
were thought to control the hyperactivation of the immune system, contributing to HIV-
associated immunopathogenesis [82]. However, subsequent research has recently unveiled
a more paradoxical role for IL-10 in HIV infection. While it exerts anti-inflammatory effects,
IL-10 has also been associated with immunosuppression, hampering effective antiviral
immune responses [81]. IL-10 hinders the body’s ability to combat HIV by suppressing
the activation and function of key immune cells like CD4+ T cells and antigen-presenting
cells. This suppression weakens the immune system’s ability to detect and fight the
virus effectively. Moreover, IL-10 encourages the production of regulatory T cells, which
further dampen immune responses by inhibiting the activity of T cells responsible for
targeting HIV. Additionally, IL-10 reduces the production of pro-inflammatory cytokines
needed to coordinate an effective immune response against HIV. In essence, IL-10’s actions
contribute to a less robust immune response, which enables HIV to evade detection and
persist as latent reservoirs in the body. HIV infection triggers increased production of
IL-10 by various immune cells, creating an environment conducive to viral persistence
and immune evasion [83]. Moreover, IL-10’s impact extends beyond its direct effects on
immune cells. It can modulate the activity of other cytokines and chemokines involved in
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the immune response against HIV [80]. For instance, IL-10 can suppress the production of
interferons, which play a crucial role in inhibiting viral replication. This suppression further
contributes to the establishment of a microenvironment that favors HIV amplification and
persistence [84]. IL-10 has the potential to disrupt the delicate balance between immune
activation and regulation. Comprehension of this balance is therefore critical for tailored
treatment interventions aimed at modulating IL-10 levels or activity to restore immune
balance without compromising antiviral responses. However, the dual nature of IL-10’s
effects in HIV infection poses challenges in designing interventions that selectively target
its beneficial aspects while mitigating its detrimental impact on antiviral immunity.

10. IL-10 Gene Polymorphisms and Their Role in HIV Susceptibility

Owing to the clear relationship between IL-10 and HIV infection (Figure 2), the associ-
ation between SNPs in IL-10 and HIV pathogenesis has garnered substantial attention [85].
Naicker et al. (2009) demonstrated that IL-10 gene SNPs linked to heightened IL-10 ex-
pression correlated with a reduced risk of HIV-1 infection; however, individuals with
these SNPs were more prone to higher viral loads during the initial 3 months of infection.
Interestingly, the authors observed a reversal of this association as disease progressed. The
authors further demonstrated that among their South African cohort, those that expressed
the AA genotype of −592 C>A were at higher risk of HIV infection [86]. This finding was
supported by Shin et al. (2000) and Shrestha et al. (2010) who reported similar findings
in their North American cohort and African American cohorts, respectively [85,87]. In
contrast, Erikstrup et al. (2007) reported a protective role of the G allele of the IL-10 pro-
motor polymorphism, −1082 G>A. These authors reported increased IL-10 production,
attenuated by a CD4+ T cell decrease and improved survival in Zimbabwean carriers of
this allele [88]. To date, a number of allelic variants in the HLA system, cellular immunity,
chemokine receptors and ligands, and cytokines have demonstrated an observable effect
on HIV infection, AIDS progression, or outcomes of disease [73].
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[85]. Naicker et al. (2009) demonstrated that IL-10 gene SNPs linked to heightened IL-10 
expression correlated with a reduced risk of HIV-1 infection; however, individuals with 
these SNPs were more prone to higher viral loads during the initial 3 months of infection. 
Interestingly, the authors observed a reversal of this association as disease progressed. 
The authors further demonstrated that among their South African cohort, those that ex-
pressed the AA genotype of −592 C>A were at higher risk of HIV infection [86]. This find-
ing was supported by Shin et al. (2000) and Shrestha et al. (2010) who reported similar 
findings in their North American cohort and African American cohorts, respectively 
[85,87]. In contrast, Erikstrup et al. (2007) reported a protective role of the G allele of the 
IL-10 promotor polymorphism, −1082 G>A. These authors reported increased IL-10 pro-
duction, attenuated by a CD4+ T cell decrease and improved survival in Zimbabwean car-
riers of this allele [88]. To date, a number of allelic variants in the HLA system, cellular 
immunity, chemokine receptors and ligands, and cytokines have demonstrated an observ-
able effect on HIV infection, AIDS progression, or outcomes of disease ([73]).  

 
Figure 2. The role of interleukin-10 in Human Immunodefiency Virus (HIV) infection. This
flow diagram depicts the double-edged role Interleukin-10’s anti-inflammatory properties play
in HIV infection.
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11. Antiretroviral Therapy and Its Effect on Interleukin-10

Antiretroviral therapy (ART), also known in the contemporary literature as Highly
Active Antiretroviral Therapy (HAART) or Combined Antiretroviral Therapy (cART),
encompasses a range of pharmacological interventions aimed at combating HIV by tar-
geting various stages of its life cycle [89]. Nucleoside Reverse Transcriptase Inhibitors
(NRTIs) and Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) play a crucial
role in hindering the reverse transcriptase enzyme through distinct binding sites, thereby
interrupting the conversion of viral RNA into DNA. Examples of this drug class include
Tenofovir, Emtricitabine, Efavirenz, and Rilpivirine as prominent examples [90]. Protease
Inhibitors (PIs), such as atazanavir and darunavir, obstruct HIV’s maturation by inhibiting
the protease enzyme which is indispensable for viral replication [91]. Integrase Strand
Transfer Inhibitors (INSTIs), including Dolutegravir and Bictegravir, impede the integrase
enzyme, thereby preventing the incorporation of viral DNA into the host genome [92].
Lastly, entry inhibitors, represented by enfuvirtide and maraviroc, prevent HIV’s entry into
immune cells by hindering its capacity to bind to these cells [93]. These therapeutic agents
collectively constitute the foundation of current ART regimens, providing a comprehensive
strategy for managing HIV infection by addressing various phases of the virus’s replication
cycle. Initial investigations into the impact of HAART on IL-10 disclosed a significant, albeit
gradual, reduction in IL-10 levels, without normalization, highlighting IL-10’s pathogenic
role in HIV infection [94]. This observation has been corroborated by later studies, which
documented diminished IL-10 levels following ART intervention [81,95,96]. Further evi-
dence of ART’s suppressive effect on IL-10 emerged from the observed increase in IL-10
levels upon ART interruption, leading to reduced IL-10 levels becoming an indicator of
effective ART [97,98]. Notably, variations within the IL-10 gene pathway have also been im-
plicated in influencing immunological response to HAART. While several of these studies
have been conducted in European study populations, fewer investigations have sought to
explore this effect in minority populations [85].

12. The Synergy of HIV-Infected Preeclamptic Women

As elucidated, IL-10 assumes a critical regulatory role in maintaining an anti-inflammatory
milieu conducive to healthy pregnancy [99]. However, in the context of preeclampsia, this
regulatory function is perturbed, leading to diminished IL-10 production and exacerbation
of inflammatory processes [53]. Intriguingly, IL-10 demonstrates a positive correlation with
HIV viral load, whereby heightened IL-10 levels correlate with increased viral replication
and disease progression [29,94,100]. This juxtaposition presents a paradox in treatment-
naïve HIV-infected women who develop preeclampsia. It would be anticipated to observe
a less severe form, if any, of preeclampsia in individuals with elevated viral loads due to
IL-10’s purported anti-inflammatory properties, which could mitigate the inflammatory
milieu during gestation. Conversely, those with lower viral loads and no prior treatment
might manifest more severe forms of preeclampsia. The introduction of antiretroviral
therapy introduces further complexity to this scenario, as it has been posited to suppress
IL-10 levels [96,101]. Consequently, we would hypothesize that individuals with low viral
loads and severe preeclampsia could be observed in this context. While we speculate
about these potential outcomes, it is imperative to conduct further investigations on this
subset of patients to draw more definitive conclusions that can serve as a foundation
for future research endeavors. A promising avenue for therapeutic intervention is the
use of recombinant human IL-10. This method was tested in clinical trials for treating a
plethora of inflammatory conditions including rheumatoid arthritis, inflammatory bowel
disease, psoriasis, organ transplantation, and chronic hepatitis and could be adapted
to preeclampsia [26]. Experimental studies performed by Cheng and Sharma, as well
as others, have demonstrated that the administration of recombinant IL-10 reverses or
alleviates symptoms of many adverse pregnancy outcomes in animal models, suggesting
that the IL-10/IL-10 receptor (IL-10R) axis could potentially become a target for therapeutic
intervention and treatment of adverse pregnancy outcomes [26].
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13. Conclusions

This review elucidates the differential expression of IL-10 across the trimesters of
normal gestation. In the context of preeclampsia, there is, however, a reduction in IL-10
production, which exacerbates inflammatory responses. Concurrently, the equilibrium of
maternal immunity is altered during HIV infection, leading to increased IL-10 levels that
facilitate viral propagation and dissemination. However, in the comorbid presence of HIV
infection and preeclampsia, IL-10 levels are downregulated, attributable to the immune-
restorative effects of ART. It is pertinent to note that both HIV infection and preeclampsia are
implicated in endothelial dysfunction. Moreover, the endothelial dysfunction associated
with preeclampsia may amplify HIV-related complications, including thrombosis and
cardiovascular disease. Vascular alterations induced by preeclampsia may also aggravate
fetal distress, thereby elevating the risk of vertical transmission of HIV. Although the
pivotal role of IL-10 in both pathologies is acknowledged, its utility as a preventive or
therapeutic agent, particularly in comorbid scenarios, remains to be fully elucidated. This
interaction accentuates the need for integrated clinical management, especially in low- to
middle-income regions such as South Africa. Future investigations should aim to delineate
the relationship between IL-10 and the co-occurrence of HIV and preeclampsia, with the
objective of uncovering novel therapeutic avenues.
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8. Druszczyńska, M.; Godkowicz, M.; Kulesza, J.; Wawrocki, S.; Fol, M. Cytokine receptors-regulators of antimycobacterial immune

response. Int. J. Mol. Sci. 2022, 23, 1112. [CrossRef] [PubMed]
9. Walker, F.C.; Sridhar, P.R.; Baldridge, M.T. Differential roles of interferons in innate responses to mucosal viral infections. Trends

Immunol. 2021, 42, 1009–1023. [CrossRef] [PubMed]
10. Mu, P.; Huo, J.; Li, X.; Li, W.; Li, X.; Ao, J.; Chen, X. IL-2 signaling couples the MAPK and mTORC1 axes to promote T cell

proliferation and differentiation in teleosts. J. Immunol. 2022, 208, 1616–1631. [CrossRef]
11. Lee, G.R. Molecular mechanisms of T helper cell differentiation and functional specialization. Immune Netw. 2023, 23, e4.

[CrossRef]
12. Bobhate, A.; Viswanathan, V.; Aravindhan, V. Anti-inflammatory cytokines IL-27, IL-10, IL-1Ra and TGF-Œ≤ in subjects with

increasing grades of glucose intolerence (DM-LTB-2). Cytokine 2021, 137, 155333. [CrossRef] [PubMed]
13. Rodríguez-Morales, P.; Franklin, R.A. Macrophage phenotypes and functions: Resolving inflammation and restoring homeostasis.

Trends Immunol. 2023, 44, 986–998. [CrossRef]
14. Johnson, J.D.; Barnard, D.F.; Kulp, A.C.; Mehta, D.M. Neuroendocrine regulation of brain cytokines after psychological stress. J.

Endocr. Soc. 2019, 3, 1302–1320. [CrossRef] [PubMed]

https://doi.org/10.3390/medicina58020144
https://doi.org/10.3390/vaccines10010078
https://doi.org/10.3389/fimmu.2022.951937
https://www.ncbi.nlm.nih.gov/pubmed/36032161
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.3390/ijms23031112
https://www.ncbi.nlm.nih.gov/pubmed/35163035
https://doi.org/10.1016/j.it.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34629295
https://doi.org/10.4049/jimmunol.2100764
https://doi.org/10.4110/in.2023.23.e4
https://doi.org/10.1016/j.cyto.2020.155333
https://www.ncbi.nlm.nih.gov/pubmed/33045524
https://doi.org/10.1016/j.it.2023.10.004
https://doi.org/10.1210/js.2019-00053
https://www.ncbi.nlm.nih.gov/pubmed/31259292


Int. J. Mol. Sci. 2024, 25, 9434 11 of 14

15. Idrees, M.; Oh, S.H.; Muhammad, T.; El-Sheikh, M.; Song, S.H.; Lee, K.L.; Kong, I.K. Growth factors, and cytokines; understanding
the role of tyrosine phosphatase SHP2 in gametogenesis and early embryo development. Cells 2020, 9, 1798. [CrossRef] [PubMed]

16. Fan, X.; Krzyzanski, W.; Wong, R.S.; Yan, X. Fate determination role of erythropoietin and romiplostim in the lineage commitment
of hematopoietic progenitors. J. Pharmacol. Exp. Ther. 2022, 382, 31–43. [CrossRef] [PubMed]

17. Marcuzzi, A.; Melloni, E.; Zauli, G.; Romani, A.; Secchiero, P.; Maximova, N.; Rimondi, E. Autoinflammatory diseases and
cytokine storms-imbalances of innate and adaptative immunity. Int. J. Mol. Sci. 2021, 22, 11241. [CrossRef]

18. Karki, R.; Kanneganti, T.D. The ‘cytokine storm’: Molecular mechanisms and therapeutic prospects. Trends Immunol. 2021, 42,
681–705. [CrossRef]

19. Neumann, C.; Scheffold, A.; Rutz, S. Functions and regulation of T cell-derived interleukin-10. Semin. Immunol. 2019, 44, 101344.
[CrossRef]

20. Oktariana, D.; Saleh, I.; Hafy, Z.; Liberty, I.A.; Salim, E.M.; Legiran, L. The Role of Interleukin-10 in Leprosy: A Review. Indian J.
Lepr. 2022, 94, 321–334.

21. Herawati, S.; Kandarini, Y.; Mulyantari, N.K.; Prabawa, P.Y. Correlation of Neutrophil to Lymphocyte Ratio with Interleukin-10 in
Diagnosis and Monitoring of Coronavirus Disease-19 Patients. Open Access Maced. J. Med. Sci. 2022, 10, 63–66. [CrossRef]

22. Minshawi, F.; Lanvermann, S.; McKenzie, E.; Jeffery, R.; Couper, K.; Papoutsopoulou, S.; Roers, A.; Muller, W. The generation of
an engineered interleukin-10 protein with improved stability and biological function. Front. Immunol. 2020, 11, 1794. [CrossRef]

23. Thaxton, J.E.; Sharma, S. Interleukin-10: A multi-faceted agent of pregnancy. Am. J. Reprod. Immunol. 2010, 63, 482–491. [CrossRef]
[PubMed]

24. Hutchins, A.P.; Diez, D.; Miranda-Saavedra, D. The IL-10/STAT3-mediated anti-inflammatory response: Recent developments
and future challenges. Brief. Funct. Genom. 2013, 12, 489–498. [CrossRef]

25. Murray, P.J. Understanding and exploiting the endogenous interleukin-10/STAT3-mediated anti-inflammatory response. Curr.
Opin. Pharmacol. 2006, 6, 379–386. [CrossRef] [PubMed]

26. Cheng, S.B.; Sharma, S. Interleukin-10: A pleiotropic regulator in pregnancy. Am. J. Reprod. Immunol. 2015, 73, 487–500. [CrossRef]
[PubMed]

27. Chatterjee, P.; Chiasson, V.L.; Bounds, K.R.; Mitchell, B.M. Regulation of the anti-inflammatory cytokines interleukin-4 and
interleukin-10 during pregnancy. Front. Immunol. 2014, 5, 253. [CrossRef]

28. Han, J.; Yoo, I.; Lee, S.; Cheon, Y.; Yun, C.H.; Ka, H. Interleukin-10 and its receptors at the maternal-conceptus interface:
Expression, regulation, and implication for T helper 2 cytokine predominance and maternal immune tolerance in the pig, a true
epitheliochorial placentation species. Biol. Reprod. 2022, 106, 1159–1174. [CrossRef]

29. Roberts, L.; Passmore, J.A.S.; Williamson, C.; Little, F.; Bebell, L.M.; Mlisana, K.; Burgers, W.A.; van Loggerenberg, F.; Walzl, G.;
Siawaya, J.F.D.; et al. Plasma cytokine levels during acute HIV-1 infection predict HIV disease progression. Aids 2010, 24, 819–831.
[CrossRef]

30. Huang, C.C.; Hsueh, Y.W.; Chang, C.W.; Hsu, H.C.; Yang, T.C.; Lin, W.C.; Chang, H.M. Establishment of the fetal-maternal
interface: Developmental events in human implantation and placentation. Front. Cell Dev. Biol. 2023, 11, 1200330. [CrossRef]

31. Zhao, Y.; Zhang, T.; Guo, X.; Wong, C.K.; Chen, X.; Chan, Y.L.; Wang, C.C.; Laird, S.; Li, T.C. Successful implantation is associated
with a transient increase in serum pro-inflammatory cytokine profile followed by a switch to anti-inflammatory cytokine profile
prior to confirmation of pregnancy. Fertil. Steril. 2021, 115, 1044–1053. [CrossRef]

32. Mor, G.; Cardenas, I.; Abrahams, V.; Guller, S. Inflammation and pregnancy: The role of the immune system at the implantation
site. Ann. N. Y. Acad. Sci. 2011, 1221, 80–87. [CrossRef]

33. Kakar, S. Cytokines evolution: Role in various diseases. Curr. Med. Res. Pract. 2015, 5, 176–182. [CrossRef]
34. Hemalatha, V.T.; Manigandan, T.; Sarumathi, T.; Amudhan, A. Dental considerations in pregnancy—A critical review on the oral

care. J. Clin. Diagn. Res. JCDR 2013, 7, 948.
35. Weng, J.; Couture, C.; Girard, S. Innate and adaptive immune systems in physiological and pathological pregnancy. Biology 2023,

12, 402. [CrossRef] [PubMed]
36. Wang, H.; Wang, L.L.; Zhao, S.J.; Lin, X.X.; Liao, A.H. IL-10: A bridge between immune cells and metabolism during pregnancy. J.

Reprod. Immunol. 2022, 154, 103750. [CrossRef] [PubMed]
37. Spence, T.; Allsopp, P.J.; Yeates, A.J.; Mulhern, M.S.; Strain, J.J.; McSorley, E.M. Maternal serum cytokine concentrations in healthy

pregnancy and preeclampsia. J. Pregnancy 2021, 2021, 6649608. [CrossRef] [PubMed]
38. Raguema, N.; Gannoun, M.B.A.; Zitouni, H.; Meddeb, S.; Benletaifa, D.; Lavoie, J.L.; Almawi, W.Y.; Mahjoub, T. Interleukin-10-

819C>T (-819C/T) and ATA haplotype are associated with preeclampsia in a Tunisian population. Pregnancy Hypertens. 2018, 11,
105–110. [CrossRef]

39. Dutta, S.; Sengupta, P. Defining pregnancy phases with cytokine shift. J. Pregnancy Reprod. 2017, 1, 1–3. [CrossRef]
40. Mohapatra, S.K.; Panda, B.S.; Verma, A.K.; Kapila, R.; Dang, A.K. Implantation associated changes in expression profile of

indoleamine-2, 3-dioxygenase 1, Th1-Th2 cytokines and interferon-stimulated genes on neutrophils and peripheral blood
mononuclear cells of crossbred cows. J. Reprod. Immunol. 2020, 142, 103188. [CrossRef] [PubMed]

41. Magee, L.A.; Brown, M.A.; Hall, D.R.; Gupte, S.; Hennessy, A.; Karumanchi, S.A.; Kenny, L.C.; McCarthy, F.; Myers, J.; Poon,
L.C.; et al. The 2021 International Society for the Study of Hypertension in Pregnancy classification, diagnosis & management
recommendations for international practice. Pregnancy Hypertens. 2022, 27, 148–169.

https://doi.org/10.3390/cells9081798
https://www.ncbi.nlm.nih.gov/pubmed/32751109
https://doi.org/10.1124/jpet.122.001130
https://www.ncbi.nlm.nih.gov/pubmed/35489782
https://doi.org/10.3390/ijms222011241
https://doi.org/10.1016/j.it.2021.06.001
https://doi.org/10.1016/j.smim.2019.101344
https://doi.org/10.3889/oamjms.2022.7721
https://doi.org/10.3389/fimmu.2020.01794
https://doi.org/10.1111/j.1600-0897.2010.00810.x
https://www.ncbi.nlm.nih.gov/pubmed/20163400
https://doi.org/10.1093/bfgp/elt028
https://doi.org/10.1016/j.coph.2006.01.010
https://www.ncbi.nlm.nih.gov/pubmed/16713356
https://doi.org/10.1111/aji.12329
https://www.ncbi.nlm.nih.gov/pubmed/25269386
https://doi.org/10.3389/fimmu.2014.00253
https://doi.org/10.1093/biolre/ioac058
https://doi.org/10.1097/QAD.0b013e3283367836
https://doi.org/10.3389/fcell.2023.1200330
https://doi.org/10.1016/j.fertnstert.2020.10.031
https://doi.org/10.1111/j.1749-6632.2010.05938.x
https://doi.org/10.1016/j.cmrp.2015.07.002
https://doi.org/10.3390/biology12030402
https://www.ncbi.nlm.nih.gov/pubmed/36979094
https://doi.org/10.1016/j.jri.2022.103750
https://www.ncbi.nlm.nih.gov/pubmed/36156316
https://doi.org/10.1155/2021/6649608
https://www.ncbi.nlm.nih.gov/pubmed/33680514
https://doi.org/10.1016/j.preghy.2018.01.011
https://doi.org/10.15761/JPR.1000124
https://doi.org/10.1016/j.jri.2020.103188
https://www.ncbi.nlm.nih.gov/pubmed/32846354


Int. J. Mol. Sci. 2024, 25, 9434 12 of 14

42. Psilopatis, I.; Vrettou, K.; Fleckenstein, F.N.; Theocharis, S. The role of peroxisome proliferator-activated receptors in preeclampsia.
Cells 2023, 12, 647. [CrossRef]

43. Cornelius, D.C. Preeclampsia: From inflammation to immunoregulation. Clin. Med. Insights Blood Disord. 2018, 11,
1179545X17752325. [CrossRef] [PubMed]

44. Deer, E.; Herrock, O.; Campbell, N.; Cornelius, D.; Fitzgerald, S.; Amaral, L.M.; LaMarca, B. The role of immune cells and
mediators in preeclampsia. Nat. Rev. Nephrol. 2023, 19, 257–270. [CrossRef] [PubMed]

45. Gumilar, K.E.; Priangga, B.; Lu, C.H.; Dachlan, E.G.; Tan, M. Iron metabolism and ferroptosis: A pathway for understanding
preeclampsia. Biomed. Pharmacother. 2023, 167, 115565. [CrossRef] [PubMed]

46. Wang, L.; Jiang, P.; Zhao, S.; Liu, H.; Liu, L.; Mor, G.; Liu, C.; Liao, A. The dynamic profile and potential function of B-cell subsets
during pregnancy. Cell. Mol. Immunol. 2021, 18, 1082–1084. [CrossRef] [PubMed]

47. Mukherjee, I.; Singh, S.; Karmakar, A.; Kashyap, N.; Mridha, A.R.; Sharma, J.B.; Luthra, K.; Sharma, R.S.; Biswas, S.; Dhar, R.; et al.
New immune horizons in therapeutics and diagnostic approaches to Preeclampsia. Am. J. Reprod. Immunol. 2023, 89, e13670.
[CrossRef]

48. Dimitriadis, E.; Rolnik, D.L.; Zhou, W.; Estrada-Gutierrez, G.; Koga, K.; Francisco, R.P.; Whitehead, C.; Hyett, J.; da Silva Costa, F.;
Nicolaides, K.; et al. Pre-eclampsia. Nat. Rev. Dis. Primers 2023, 9, 8. [CrossRef] [PubMed]

49. Zhang, Y.; Liu, Z.; Sun, H. Fetal-maternal interactions during pregnancy: A ‘three-in-one’perspective. Front. Immunol. 2023,
14, 1198430.

50. Nath, M.C.; Cubro, H.; McCormick, D.J.; Milic, N.M.; Garovic, V.D. Preeclamptic women have decreased circulating IL-10
(Interleukin-10) values at the time of preeclampsia diagnosis: Systematic review and meta-analysis. Hypertension 2020, 76,
1817–1827. [CrossRef]

51. Ferguson, K.K.; Meeker, J.D.; McElrath, T.F.; Mukherjee, B.; Cantonwine, D.E. Repeated measures of inflammation and oxidative
stress biomarkers in preeclamptic and normotensive pregnancies. Am. J. Obstet. Gynecol. 2017, 216, 527-e1. [CrossRef]

52. Mora, C.E.; Aguilar, E.M.; Avendaño, M.M.; Payán, R.R.; Cortez, M.B.; Lara, L.; Herrera, A.; Murillo, J.; Sanchez, G.; Romero, J.G.
IL-6, IL-10 and TNF-Œ± gene polymorphisms in preeclampsia: A case-control study in a Mexican population. Ginekol. Pol. 2023,
95, 108–113.

53. Herrock, O.; Deer, E.; LaMarca, B. Setting a stage: Inflammation during preeclampsia and postpartum. Front. Physiol. 2023, 14,
1130116. [CrossRef]

54. Aneman, I.; Pienaar, D.; Suvakov, S.; Simic, T.P.; Garovic, V.D.; McClements, L. Mechanisms of key innate immune cells in
early-and late-onset preeclampsia. Front. Immunol. 2020, 11, 1864. [CrossRef] [PubMed]

55. Stepan, H.; Galindo, A.; Hund, M.; Schlembach, D.; Sillman, J.; Surbek, D.; Vatish, M. Clinical utility of sFlt-1 and PlGF in
screening, prediction, diagnosis and monitoring of pre-eclampsia and fetal growth restriction. Ultrasound Obstet. Gynecol. 2023,
61, 168–180. [CrossRef] [PubMed]

56. Moumad, K.; Khaali, W.; Benider, A.; Ayoub, W.; Cherif, M.; Boualga, K. The Involvement of Interleukin-10 Promoter Genetic
Polymorphism in Epstein-Barr Virus-Associated Nasopharyngeal Carcinoma from North Africa. Eurasian J. Med. Oncol. 2022, 6,
232–240.

57. Salman, O.; Merdaw, M.A.Z.; Almaliky, A.A. A Novel Single Nucleotide Polymorphism of Interleukin-10 Gene is Linked to Type
2 Diabetes Mellitus in Iraqi Patients with Toxoplasmosis (Conference Paper). Iraqi J. Pharm. Sci. 2022, 31, 1–8. [CrossRef]

58. Sowmya, S.; Sri Manjari, K.; Ramaiah, A.; Sunitha, T.; Nallari, P.; Jyothy, A.; Venkateshwari, A. Interleukin 10 gene promoter
polymorphisms in women with early-onset pre-eclampsia. Clin. Exp. Immunol. 2014, 178, 334–341. [CrossRef]

59. Song, L.; Zhong, M. Association between Interleukin-10 gene polymorphisms and risk of early-onset preeclampsia. Int. J. Clin.
Exp. Pathol. 2015, 8, 11659.

60. Liu, Q.Y.; Gao, F.Y.; Liu, X.R.; Li, J.; Ji, M.; Dong, J.; Wang, X.T. Investigations into the association between polymorphisms in the
interleukin-10 gene and risk of early-onset preeclampsia. Genet. Mol. Res. 2015, 14, 19323–19328. [CrossRef]

61. Zubor, P.; Lasabova, Z.; Jezkova, E.; Mendelova, A.; Svecova, I.; Danko, J. P41. The role of IL-10 polymorphism in pathology of
hypertensive disorders in pregnancy. Pregnancy Hypertens. Int. J. Women’s Cardiovasc. Health 2015, 5, 245–246. [CrossRef]

62. Andraweera, P.H.; Dekker, G.A.; Jayasekara, R.W.; Dissanayake, V.H.; Roberts, C.T. Polymorphisms in the inflammatory pathway
genes and the risk of preeclampsia in Sinhalese women. J. Matern.-Fetal Neonatal Med. 2016, 29, 1072–1076. [CrossRef]

63. Zhou, L.; Hui, X.; Yuan, H.; Liu, Y.; Wang, Y. Combination of genetic markers and age effectively facilitates the identification of
people with high risk of preeclampsia in the Han Chinese population. BioMed Res. Int. 2018, 1, 4808046. [CrossRef]

64. Vural, P.; Degirmencioglu, S.; Saral, N.Y.; Demirkan, A.; Akgul, C.; Yildirim, G.; Issever, H.; Eroglu, H. Tumor necrosis factor Œ±,
interleukin-6 and interleukin-10 polymorphisms in preeclampsia. J. Obstet. Gynaecol. Res. 2010, 36, 64–71. [CrossRef] [PubMed]

65. Pissetti, C.W.; Bianco, T.M.; Tanaka, S.C.S.V.; Nascentes, G.A.N.; Grecco, R.L.D.S.; Silva, S.R.D.; Balarin, M.A.S. Protective role of
the G allele of the polymorphism in the Interleukin 10 gene (-1082G/A) against the development of preeclampsia. Rev. Bras.
Ginecol. E Obs. 2014, 36, 456–460. [CrossRef]

66. Akhmedov, F.K.; Negmatullaeva, M.N. Comparative Analysis of Rs1800896 Polymorphism of IL-10 Gene (G1082A) in Pregnant
Women at Risk of Preeclampsia and Complications of Preeclampsia. J. Pharm. Negat. Results 2022, 13, 696–700.

67. Sowmya, S.; Ramaiah, A.; Sunitha, T.; Nallari, P.; Jyothy, A.; Venkateshwari, A. Evaluation of interleukin-10 (G-1082A) promoter
polymorphism in preeclampsia. J. Reprod. Infertil. 2013, 14, 62. [PubMed]

https://doi.org/10.3390/cells12040647
https://doi.org/10.1177/1179545X17752325
https://www.ncbi.nlm.nih.gov/pubmed/29371787
https://doi.org/10.1038/s41581-022-00670-0
https://www.ncbi.nlm.nih.gov/pubmed/36635411
https://doi.org/10.1016/j.biopha.2023.115565
https://www.ncbi.nlm.nih.gov/pubmed/37751641
https://doi.org/10.1038/s41423-020-00535-1
https://www.ncbi.nlm.nih.gov/pubmed/32879470
https://doi.org/10.1111/aji.13670
https://doi.org/10.1038/s41572-023-00417-6
https://www.ncbi.nlm.nih.gov/pubmed/36797292
https://doi.org/10.1161/HYPERTENSIONAHA.120.15870
https://doi.org/10.1016/j.ajog.2016.12.174
https://doi.org/10.3389/fphys.2023.1130116
https://doi.org/10.3389/fimmu.2020.01864
https://www.ncbi.nlm.nih.gov/pubmed/33013837
https://doi.org/10.1002/uog.26032
https://www.ncbi.nlm.nih.gov/pubmed/35816445
https://doi.org/10.31351/vol31issSuppl.pp1-8
https://doi.org/10.1111/cei.12402
https://doi.org/10.4238/2015.December.29.42
https://doi.org/10.1016/j.preghy.2015.07.094
https://doi.org/10.3109/14767058.2015.1034102
https://doi.org/10.1155/2018/4808046
https://doi.org/10.1111/j.1447-0756.2009.01111.x
https://www.ncbi.nlm.nih.gov/pubmed/20178529
https://doi.org/10.1590/SO100-720320140005075
https://www.ncbi.nlm.nih.gov/pubmed/23926566


Int. J. Mol. Sci. 2024, 25, 9434 13 of 14

68. Kamali-Sarvestani, E.; Kiany, S.; Gharesi-Fard, B.; Robati, M. Association study of IL-10 and IFN-Œ ≥ gene polymorphisms in
Iranian women with preeclampsia. J. Reprod. Immunol. 2006, 72, 118–126. [CrossRef] [PubMed]

69. Zhang, G.; Zhao, J.; Yi, J.; Luan, Y.; Wang, Q. Association between gene polymorphisms on chromosome 1 and susceptibility to
pre-eclampsia: An updated meta-analysis. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2016, 22, 2202. [CrossRef]

70. Che, G.; Liu, F.; Chang, L.; Jiang, Y. Association of IL-10-819C/T,-592A/C polymorphisms with the risk of preeclampsia: An
updated meta-analysis. Medicine 2021, 100, e27437. [CrossRef] [PubMed]

71. McLeod, C.; Ebeling, M.D.; Baatz, J.E.; Shary, J.R.; Mulligan, J.R.; Wagner, C.L. Sociodemographic factors affecting perceived
stress during pregnancy and the association with immune-mediator concentrations. J. Perinat. Med. 2022, 50, 192–199. [CrossRef]

72. Steckle, V.; Shynlova, O.; Lye, S.; Bocking, A. Low-intensity physical activity may protect pregnant women against spontaneous
preterm labour: A prospective case-control study. Appl. Physiol. Nutr. Metab. 2021, 46, 337–345. [CrossRef]

73. Oleksyk, T.K.; Shrestha, S.; Truelove, A.L.; Goedert, J.J.; Donfield, S.M.; Phair, J.; Mehta, S.; O’Brien, S.J.; Smith, M.W. Extended
IL10 haplotypes and their association with HIV progression to AIDS. Genes Immun. 2009, 10, 309–322. [CrossRef] [PubMed]

74. Deeks, S.G.; Overbaugh, J.; Phillips, A.; Buchbinder, S. HIV infection. Nat. Rev. Dis. Primers 2015, 1, 1–22. [CrossRef]
75. Decrion, A.Z.; Dichamp, I.; Varin, A.; Herbein, G. HIV and inflammation. Curr. HIV Res. 2005, 3, 243–259. [CrossRef]
76. Vinhaes, C.L.; Araujo-Pereira, M.; Tibúrcio, R.; Cubillos-Angulo, J.M.; Demitto, F.O.; Akrami, K.M.; Andrade, B.B. Systemic

inflammation associated with immune reconstitution inflammatory syndrome in persons living with HIV. Life 2021, 11, 65.
[CrossRef]

77. Lu, W.; Feng, Y.; Jing, F.; Han, Y.; Lyu, N.; Liu, F.; Li, J.; Song, X.; Xie, J.; Qiu, Z.; et al. Association between gut microbiota and
CD4 recovery in HIV-1 infected patients. Front. Microbiol. 2018, 9, 1451. [CrossRef]

78. Nasi, M.; De Biasi, S.; Gibellini, L.; Bianchini, E.; Pecorini, S.; Bacca, V.; Guaraldi, G.; Mussini, C.; Pinti, M.; Cossarizza, A. Ageing
and inflammation in patients with HIV infection. Clin. Exp. Immunol. 2017, 187, 44–52. [CrossRef] [PubMed]

79. Fourman, L.T.; Saylor, C.F.; Cheru, L.; Fitch, K.; Looby, S.; Keller, K.; Robinson, J.; Hoffmann, U.; Lu, M.; Burdo, T. Anti-
inflammatory interleukin-10 inversely relates to coronary atherosclerosis in people with HIV. J. Infect. Dis. 2020, 4, 510–515.
[CrossRef] [PubMed]

80. Fu, D.H.; Deng, W.J.; Yang, Z.; Hong, S.; Ding, Q.L.; Zhao, Y.; Chen, J.; Su, D.K. Association between polymorphisms in the
interleukin-10 gene and susceptibility to human immunodeficiency virus-1 infection: A systematic review and meta-analysis.
Medicine 2020, 99, e23069. [CrossRef]

81. Harper, J.; Ribeiro, S.P.; Chan, C.N.; Aid, M.; Deleage, C.; Micci, L.; Pino, M.; Cervasi, B.; Raghunathan, G.; Rimmer, E.; et al.
Interleukin-10 contributes to reservoir establishment and persistence in SIV-infected macaques treated with antiretroviral therapy.
J. Clin. Investig. 2022, 132, e155251. [CrossRef]

82. Jiang, Y.; Yang, M.; Sun, X.; Chen, X.; Ma, M.; Yin, X.; Qian, S.; Zhang, Z.; Fu, Y.; Liu, J.; et al. IL-10+ NK and TGF-Œ≤+ NK cells
play negative regulatory roles in HIV infection. BMC Infect. Dis. 2018, 18, 1–10. [CrossRef]

83. Ngobeni, R.; Ramalivhana, J.N.; Traore, A.N.; Samie, A. Interleukin 10 (IL-10) Production and Seroprevalence of Entamoeba
histolytica Infection among HIV-Infected Patients in South Africa. Pathogens 2022, 12, 19. [CrossRef] [PubMed]

84. Singh, H.; Samani, D.; Nain, S.; Dhole, T.N. Interleukin-10 polymorphisms and susceptibility to ARV associated hepatotoxicity.
Microb. Pathog. 2019, 133, 103544. [CrossRef]

85. Shrestha, S.; Wiener, H.W.; Aissani, B.; Song, W.; Shendre, A.; Wilson, C.M.; Kaslow, R.A.; Tang, J. Interleukin-10 (IL-10) pathway:
Genetic variants and outcomes of HIV-1 infection in African American adolescents. PLoS ONE 2010, 5, e13384. [CrossRef]

86. Naicker, D.D.; Werner, L.; Kormuth, E.; Passmore, J.A.; Mlisana, K.; Karim, S.A.; Ndung’u, T.; CAPRISA Acute Infection Study
Team. Interleukin-10 promoter polymorphisms influence HIV-1 susceptibility and primary HIV-1 pathogenesis. J. Infect. Dis.
2009, 200, 448–452. [CrossRef] [PubMed]

87. Shin, H.D.; Winkler, C.; Stephens, J.C.; Bream, J.; Young, H.; Goedert, J.J.; O’Brien, T.R.; Vlahov, D.; Buchbinder, S.; Giorgi, J.; et al.
Genetic restriction of HIV-1 pathogenesis to AIDS by promoter alleles of IL10. Proc. Natl. Acad. Sci. USA 2000, 97, 14467–14472.
[CrossRef]

88. Erikstrup, C.; Kallestrup, P.; Zinyama-Gutsire, R.B.; Gomo, E.; Butterworth, A.E.; Pedersen, B.K.; Ostrowski, S.R.; Gerstoft, J.;
Ullum, H. Reduced mortality and CD4 cell loss among carriers of the interleukin-10-1082G allele in a Zimbabwean cohort of
HIV-1-infected adults. Aids 2007, 21, 2283–2291. [CrossRef] [PubMed]

89. Eggleton, J.S.; Nagalli, S. Highly Active Antiretroviral Therapy (HAART). In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2024. [PubMed]

90. Holec, A.D.; Mandal, S.; Prathipati, P.K.; Destache, C.J. Nucleotide Reverse Transcriptase Inhibitors: A Thorough Review, Present
Status and Future Perspective as HIV Therapeutics. Curr HIV Res. 2017, 15, 411–421. [CrossRef] [PubMed] [PubMed Central]

91. Ghosh, A.K.; Osswald, H.L.; Prato, G. Recent Progress in the Development of HIV-1 Protease Inhibitors for the Treatment of
HIV/AIDS. J. Med. Chem. 2016, 59, 5172–5208. [CrossRef] [PubMed] [PubMed Central]

92. Park, T.E.; Mohamed, A.; Kalabalik, J.; Sharma, R. Review of integrase strand transfer inhibitors for the treatment of human
immunodeficiency virus infection. Expert Rev. Anti Infect. Ther. 2015, 13, 1195–1212. [CrossRef] [PubMed]

93. Pattnaik, G.P.; Chakraborty, H. Entry Inhibitors: Efficient Means to Block Viral Infection. J. Membr. Biol. 2020, 253, 425–444.
[CrossRef] [PubMed] [PubMed Central]

94. Stylianou, E.; Aukrust, P.; Kvale, D.; Müller, F.; Frøland, S.S. IL-10 in HIV infection: Increasing serum IL-10 levels with disease
progression-down-regulatory effect of potent anti-retroviral therapy. Clin. Exp. Immunol. 1999, 116, 115–120. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jri.2006.04.001
https://www.ncbi.nlm.nih.gov/pubmed/16863661
https://doi.org/10.12659/MSM.896552
https://doi.org/10.1097/MD.0000000000027437
https://www.ncbi.nlm.nih.gov/pubmed/34731117
https://doi.org/10.1515/jpm-2021-0227
https://doi.org/10.1139/apnm-2019-0911
https://doi.org/10.1038/gene.2009.9
https://www.ncbi.nlm.nih.gov/pubmed/19295541
https://doi.org/10.1038/nrdp.2015.35
https://doi.org/10.2174/1570162054368057
https://doi.org/10.3390/life11010065
https://doi.org/10.3389/fmicb.2018.01451
https://doi.org/10.1111/cei.12814
https://www.ncbi.nlm.nih.gov/pubmed/27198731
https://doi.org/10.1093/infdis/jiz254
https://www.ncbi.nlm.nih.gov/pubmed/31077265
https://doi.org/10.1097/MD.0000000000023069
https://doi.org/10.1172/JCI155251
https://doi.org/10.1186/s12879-018-2991-2
https://doi.org/10.3390/pathogens12010019
https://www.ncbi.nlm.nih.gov/pubmed/36678367
https://doi.org/10.1016/j.micpath.2019.103544
https://doi.org/10.1371/journal.pone.0013384
https://doi.org/10.1086/600072
https://www.ncbi.nlm.nih.gov/pubmed/19534595
https://doi.org/10.1073/pnas.97.26.14467
https://doi.org/10.1097/QAD.0b013e3282f153ed
https://www.ncbi.nlm.nih.gov/pubmed/18090276
https://www.ncbi.nlm.nih.gov/pubmed/32119420
https://doi.org/10.2174/1570162X15666171120110145
https://www.ncbi.nlm.nih.gov/pubmed/29165087
https://www.ncbi.nlm.nih.gov/pmc/PMC7219633
https://doi.org/10.1021/acs.jmedchem.5b01697
https://www.ncbi.nlm.nih.gov/pubmed/26799988
https://www.ncbi.nlm.nih.gov/pmc/PMC5598487
https://doi.org/10.1586/14787210.2015.1075393
https://www.ncbi.nlm.nih.gov/pubmed/26293294
https://doi.org/10.1007/s00232-020-00136-z
https://www.ncbi.nlm.nih.gov/pubmed/32862236
https://www.ncbi.nlm.nih.gov/pmc/PMC7456447
https://doi.org/10.1046/j.1365-2249.1999.00865.x
https://www.ncbi.nlm.nih.gov/pubmed/10209514


Int. J. Mol. Sci. 2024, 25, 9434 14 of 14

95. Trabattoni, D.; Schenal, M.; Cesari, M.; Castelletti, E.; Pacei, M.; Goldberg, B.; Gori, A.; Clerici, M. Low interleukin-10 production
is associated with diabetes in HIV-infected patients undergoing antiviral therapy. Med. Microbiol. Immunol. 2006, 195, 125–132.
[CrossRef] [PubMed]

96. Osuji, F.N.; Onyenekwe, C.C.; Ahaneku, J.E.; Ukibe, N.R. The effects of highly active antiretroviral therapy on the serum levels of
pro-inflammatory and anti-inflammatory cytokines in HIV infected subjects. J. Biomed. Sci. 2018, 25, 1–8. [CrossRef] [PubMed]

97. Barqasho, B.; Nowak, P.; Tjernlund, A.; Kinloch, S.; Goh, L.E.; Lampe, F.; Fisher, M.; Andersson, J.; Sönnerborg, A.; QUEST Study
Group. Kinetics of plasma cytokines and chemokines during primary HIV-1 infection and after analytical treatment interruption.
HIV Med. 2009, 10, 94–102. [CrossRef] [PubMed]

98. Twizerimana, A.P.; Mwatha, J.; Musabyimana, J.P.; Kayigi, E.; Harelimana, J.D.D.; Karanja, S.M.; Mutesa, L. Immunological
profiles in HIV positive patients following HAART initiation in Kigali, Rwanda. East Afr. Med. J. 2014, 91, 261–266.

99. Gao, X.; Zhong, Y.; Liu, Y.; Ding, R.; Chen, J. The role and function of regulatory T cells in toxoplasma gondii-induced adverse
pregnancy outcomes. J. Immunol. Res. 2021, 2021, 8782672. [CrossRef]

100. Norris, P.J.; Pappalardo, B.L.; Custer, B.; Spotts, G.; Hecht, F.M.; Busch, M.P. Elevations in IL-10, TNF-Œ±, and IFN-Œ≥ from the
earliest point of HIV type 1 infection. AIDS Res. Hum. Retroviruses 2006, 22, 757–762. [CrossRef]

101. Brockman, M.A.; Kwon, D.S.; Tighe, D.P.; Pavlik, D.F.; Rosato, P.C.; Sela, J.; Porichis, F.; Le Gall, S.; Waring, M.T.; Moss, K.; et al.
IL-10 is up-regulated in multiple cell types during viremic HIV infection and reversibly inhibits virus-specific T cells. Blood J. Am.
Soc. Hematol. 2009, 114, 346–356. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00430-005-0006-6
https://www.ncbi.nlm.nih.gov/pubmed/16437243
https://doi.org/10.1186/s12929-018-0490-9
https://www.ncbi.nlm.nih.gov/pubmed/30501642
https://doi.org/10.1111/j.1468-1293.2008.00657.x
https://www.ncbi.nlm.nih.gov/pubmed/19200172
https://doi.org/10.1155/2021/8782672
https://doi.org/10.1089/aid.2006.22.757
https://doi.org/10.1182/blood-2008-12-191296

	Introduction 
	Interleukin-10 
	The Role of IL-10 in Normal Pregnancy 
	First Trimester 
	Second Trimester 
	Third Trimester 
	Preeclampsia 
	The Influence of IL-10 Promoter Region SNPs on Preeclampsia 
	Human Immunodeficiency Virus 
	IL-10 Gene Polymorphisms and Their Role in HIV Susceptibility 
	Antiretroviral Therapy and Its Effect on Interleukin-10 
	The Synergy of HIV-Infected Preeclamptic Women 
	Conclusions 
	References

