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Abstract: Background/Objectives: Histone modifications play a key role in the regulation of gene
transcription, with alterations in these modifications influencing trophoblast invasion and migration,
crucial for placental development. Previously, we observed reduced trimethylated histone H3K4me3
and acetylated H3K9ac levels in the placentas of women with preeclampsia, associated with impaired
transcriptional access. This study aims to investigate the impact of SARS-CoV-2 infection on histone
modifications in placentas. Methods: Immunohistochemical Staining and Double-staining
Immunofluorescence were performed on placentas of patients during after a SARS-CoV-2 infection
during pregnancy as well as vaccinated and not vaccinated controls. Results: Our findings reveal
that both H3K4me3 and H3K9ac are significantly reduced in placentas following SARS-CoV-2
infection during pregnancy, with more pronounced alterations observed compared to infections
during birth. Additionally, vaccination did not exhibit a stronger effect than infection itself on histone
modifications. Conclusions: Reduced H3K9ac and H3K4me3 suggest a more repressive chromatin
state, likely silencing key placental genes through increased HDAC activity. These epigenetic changes
may impair placental function and lead to pregnancy complications, underscoring the need for
further research.

Keywords: histone modifications; SARS-CoV-2 infection; Placental function; H3K4me3 and H3K9ac;
Epigenetics in pregnancy

1. Introduction

The emergence of the novel coronavirus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), responsible for the coronavirus disease 2019 (COVID-19) pandemic, has brought
unprecedented challenges to global healthcare systems [1]. While much attention has rightfully been
directed towards understanding the clinical manifestations and epidemiology of COVID-19 in the
general population [2, 3,4], there is a pressing need to elucidate its effects on vulnerable populations,
particularly pregnant individuals and their developing fetuses.

Pregnancy represents a unique immunological state characterized by profound physiological
changes that modulate maternal immune responses to accommodate the semi-allogeneic fetus [5,6].
Emerging evidence suggests that pregnant individuals may experience altered immune responses,
potentially rendering them more susceptible to severe outcomes upon SARS-CoV-2 infection [7,8].
Moreover, concerns have been raised regarding the potential vertical transmission of the virus from
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mother to fetus, highlighting the importance of understanding the impact of maternal infection on
placental health and fetal development [9,10,11].

Epigenetic mechanisms, including histone modifications, play crucial roles in regulating gene
expression and chromatin structure, thereby influencing various physiological processes during
pregnancy [12,13]. Among these modifications, histone methylation at lysine 4 (H3K4) and lysine 9
(H3K9) have garnered significant attention for their involvement in placental development,
trophoblast differentiation, and maternal-fetal communication [14,15]. As we already investigated
H3K4 and H3K9 in patients with praeclampsia, we were able to demonstrate that levels of H3K4me3
and H3K9ac are significantly reduced in placentas from individuals with preeclampsia compared to
normotensive controls, suggesting a potential link between epigenetic alterations and the
pathophysiology of this pregnancy complication [16,17].

Inspired by these findings, our study aims to explore the impact of maternal SARS-CoV-2
infection on histone modifications, particularly H3K4me3 and H3K9%ac, in placental tissues. Given the
similarities between the pathophysiological features of preeclampsia and COVID-19-related
pregnancy complications, such as endothelial dysfunction and inflammation, we hypothesize that
maternal SARS-CoV-2 infection may induce epigenetic changes reminiscent of those observed in
preeclampsia.

Despite the growing body of literature elucidating the role of histone modifications in normal
pregnancy, our understanding of their dysregulation in the context of maternal SARS-CoV-2
infection remains limited.

This study aims to provide a comprehensive overview of the current understanding of H3K4
and H3KO9 histone modifications in pregnancies affected by SARS-CoV-2. By immunohistochemistry
we seek to elucidate the potential mechanisms underlying epigenetic alterations in response to
maternal viral infection and their implications for pregnancy outcomes. Furthermore, we will discuss
the therapeutic potential of targeting histone-modifying enzymes as a novel approach to mitigate the
adverse effects of COVID-19 on maternal-fetal health.

In conclusion, unraveling the complex interplay between SARS-CoV-2 infection and histone
modifications in pregnancy holds promise for identifying novel biomarkers, therapeutic targets, and
preventive strategies to improve maternal and neonatal outcomes in the face of this ongoing global
health crisis.

2. Materials and Methods
2.1. Sample — Placenta Tissue

This study collected placenta samples at the department of obstetrics and gynecology at Hospital
Grofshadern of the LMU. The cohort of patients was stratified into four distinct groups, encompassing
two control groups: one group of women who had received SARS-CoV-2 vaccination(n=13) and
another group of women who had not (n=17). Notably, no distinction was made among the available
vaccines. The two groups of interest consisted of women who got infected with SARS-CoV-2 during
gestation (n=19) and those who tested positive for the virus upon parturition (n=18). Promptly
postpartum, following explicit patient consent, the placenta samples were collected. The specimens
were divided, with one portion subject to fixation in 4% formalin. Subsequent processing involved
paraffin embedding of the fixed samples for utilization in immunohistochemistry and
immunofluorescence.

2.2. Immunohistochemical Staining (IHC)

Employing established methodologies as previously described by (Meister et al.,, 2020)
immunohistochemical staining was carried out. Briefly, following multiple washing steps and
antigen retrieval via citric acid solution, a blocking agent was used to prevent unspecific staining
(Detection system ZytoChem Plus HRP polymer system (mouse/rabbit), Zytomed, nr. POLHRP-100).
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Next, incubation with primary antibodies (Anti-H3K9ac, Order no. Ab32129 Rabbit monoclonal, and
Anti-H3K4me3, Order no. Ab8580 Rabbit polyclonal) followed for a duration of 16 hours overnight.
Post-incubation, a post-blocking step was carried out, followed by visualization of the staining using
liquid chromogen 3,3'-Diaminobenzidine (Liquid DAB+ Substrate Chromogen System (Dako;
Best.Nr. K3468) with an individual incubation period for each antibody. Lastly, counterstaining
followed by putting the slides into Mayer’s hemalaun.

2.3. Staining Evaluation
2.3.1. Staining Evaluation via IRS

The semi-quantative immunoreactive score (IRS) served as the evaluation tool, integrating the
staining intensity and the proportion of positively stained cells. Intensity gradation (0 = no reaction,
1 = weak intensity, 2 = moderate intensity, 3 = high intensity) was multiplied by the percentage of
positively stained cells (0 =none, 1 =1ess than 10%, 2 =10-50%, 3 = 51-80%, 4 = more than 81%), thereby
resulting in the IRS. Three scores were obtained for each slide — one for the fetal part of the placenta,
the syncytiotrophoblasts, and two for the maternal part of the placenta, the decidua. Within the
decidua the extravillous trophoblasts (EVT) and decidual stromal cells were evaluated.

2.3.2. Staining Evaluation via QuPath

To objectify the staining results the program QuPath (v0.5.1) was used. To distinguish between
the fetal and maternal part of the placenta, the syncytiotrophoblasts and decidua were evaluated
separately.

2.4. Double-Staining Immunofluorescence

The immunofluorescence staining followed established protocols as described by (Meister et al.,
2020). Initially the slides underwent deparaffinization in Roticlear, followed by rehydration in a
descending alcohol series. Incubation overnight followed a blocking step to prevent unspecific
staining. The primary antibodies (H3K4me3, H3K%ac) were mixed with CD163, a marker for
macrophages. The next day, the slides were incubated with secondary antibodies functioning as the
fluorochromes (AlexaFluorTM Plus 555, Donkey Anti-rabbit, Thermofisher A32794, CyTMS5
AffiniPureTM, Donkey Anti-mouse, Jackson Immuno Research, Order-No 715-175-151). For nucleus
staining 4’,6’-Diamino-2-phenylindole (DAPI) was used.

2.5. Statistics

Statistical analysis was undertaken using the SPSS software (Version 29; IBM company, Chicago,
IL). Non parametric tests were used for statistical analysis, due to the not normally distributed
variables. The Mann-Whitney-U-test was used for independent samples and the Wilcoxon-signed-
rank-test for paired samples. The results are given as mean value + standard deviation. The
Spearman-Rho correlation test was used to examine the correlations. The correlation coefficient r
indicates the strength of the correlation (r < 0.3 weak relation, r > 0.3 medium relation, r > 0.5 strong
relation). For the western blot analysis the unpaired student’s T-test was used to examine differences
between the two groups. The significance level for all tests was assumed at p < 0.05.

3. Results
3.1. Down-Regulation of H3K4me3 and H3K9ac in COVID Placentas

3.1.1. Trimethylated Histone H3K4me3 Reduced in COVID Placentas

After staining four groups of placenta sections with anti- H3K4me3 antibody we have
determined IRS score for each sample. As shown in Figure 1 obtained results show broad distribution
and individual variability within groups. Nevertheless, SCT of infected patiens showed significantly
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lower levels of the H3K4me3 mark (mean=2.95 +/- 1.9; p=0.001). IRS in SCT was highest in not
vaccinated healthy women (mean=9.29 +/- 3.31) followed by vaccinated (mean=7.62 +/- 3.45). Similar
results could be shown in the decidua resembling the maternal side. Here IRS was lowest in placentas
with an Sars-CoV-2 infection during pregnancy (p=0.003).

In the EVT there was no significant downregulation of trimethylated histone H3K4me3 after a
Sars-CoV-2 infection (p=0.743).

To objectify the results via IHC IRS we conducted examinations via Qupath applying automated
detection and measurement of signal and calculation of H score. Here we were able to show similar
results. The trimethylated histone H3K4me3 was lowest in the SCT of COVID placentas (p=0.001) and
with no significant difference in the decidua (p=0.179).
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Figure 1. Staining results of the methylated histone H3K4me3. Boxplots of the IRS in the (A) syncytiotrophoblast
(B) the decidua (C) EVT as mean + SD p values were with Mann-Withney-U-Test, pH3K4me3Ksyn = 0.001,
pH3k4me3Kdec = 0.003, pH3k4me3KEVT = 0.743 representative immunohistochemical images of H3K4me3 in
Sars-Cov-2 placenta (D) were chosen, continuous line: syncytium, dotted line: decidua; (E) shows a control

placenta.

3.1.2. Acetylated Histone H3K9ac Reduced in COVID Placentas

Next we wanted to asses the pattern of occurrence of H3K9ac, another epigenetic marker
involved in gene regulation. After staining four groups of placenta sections with anti- H3K%ac
antibody we have determined IRS score for each sample. As shown in Figure 2 obtained results show
broad distribution and individual variability within groups. In H3K9ac the results were not as clear.
Here in IHC IRS in SCT was highest in not vaccinated healthy controls (8.18+/-3.33) followed by an
acute infection (6.47+/-3.84) infection during pregnancy (6.00+/-2.65) and vaccination in healthy
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women (5.78+/-3.35; p=0.236) shown in Figure 2A. In the decidua IRS of H3K9ac as H3K4me3 was
highest in healthy not vaccinated women followed by not vaccinated controls, acute infection and
infection during pregnancy (p=0.042) shown in Figure 2B. The gestational age was no confounder.

In the EVT there was also a significant downregulation of acetylated histone H3K%ac after a Sars-
CoV-2 infection (p=0.046). To objectify the results via IHC IRS we conducted examinations via
Qupath. Here we were able to show similar results. With IRS lowest in healthy vaccinated placentas
in the SCT (p=0.007) and after a Sars-Cov-2 infection in the decidua (p=0.042). The values between
male and female did not show any significant difference in the staining both histone modifications
neither in the decidua nor in the syncytiotrophoblast. The analysis of correlations between histone
acetylation and maternal age and gestational age showed no significant results.
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Figure 2. Staining results of the acetylated histone H3K9ac. Boxplots of the IRS in the (A) syncytiotrophoblast
(B) the decidua (C) EVT as mean + SDD p values were with Mann-Withney-U-Test, pH3K9acsyn = 0.236,
pH3k9acdec = 0.042, pH3k9acEVT = 0.046 representative immunohistochemical images of H3K9ac in Sars-Cov-

2 placenta (D) were chosen, continuous line: syncytium, dotted line: decidua; (E) shows a control placenta.

3.2. Double-Staining Immunofluorescence

In the double staining we were able to reproduce the results that we showed in IHC.
Trimethylated histone H3K4me3 was downregulated after an infection with Sars-CoV-2 (p=0.038).

Acetylated histone H3K9ac was also downregulated after an infection with Sars-CoV-2
(p=0.003), CD 163 positive macrophages were increased during infection (p=0.012)
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DAPI

DAPI H3K4me3 o

Figure 3. Inmunofluorescence staining of H3K9%ac (A-C) and H3K4me3 (E-G) in the SCT of Sars-Cov-2placentas.

Single immunofluorescence of DAPI in Sars-Cov-2 placenta (A and E), single immunofluorescence of H3K9ac in
Sars-Cov-2 placenta (B), merge of H3K9ac and DAPI in Sars-Cov-2 placenta (C), immunofluorescence of
H3K4me3 in Sars-Cov-2 placenta (F), merge of H3K4me3 and DAPI in Sars-Cov-2 placenta (G).

4. Discussion

Protein modifications of histones are known for the exhibit strong effect on the regulation of
transcription [18]. In a previous study we were able to show an influence of preeclampsia on histone
modifications trimethylated histone H3K4me3 and the acetylated H3K%ac [16] which both were
reduced in the study group compared to healthy controls and therefore associated with a reduction
in transcription access [16]. Histones facilitate the dense packing of a large amount of DNA, while
their N-terminal tails remain flexible [19]. These N-terminal tails of histone proteins can undergo
post-translational modifications by enzymes, adding chemical modifications that alter the DNA
packaging structure and either allow or prevent gene transcription [20]. When the configuration is
open (“decondensed”) transcription factors are enabled to access binding sites, while a closed
(“condensed”) configuration blocks these sites, thus regulating gene transcription [21].

Various histone modifications have been implicated in mechanisms similar to those occurring
in Sars-Cov-2 Infection [16]. Additionally, histone modifications have been shown to affect the
expression of specific growth factors. Vascular endothelial growth factor (VEGF) exhibits abnormal
trimethylation of H3K9 in its promoter region [22], while changes in histone acetylation of H3 and
H4 in the promoter region due to hypoxia impact placental growth factor (PIGF) [23]. Importantly,
histone modifications regulate factors essential for trophoblast invasion and migration, which are
defective in preeclampsia and potentially in Sars-Cov-2 Infection [24,25,26]. This becomes relevant in
trophoblast invasion and migration and results in insufficient placentation and higher risks for IUGR,
elevated blood pressure and preterm birth [27]. Now we wanted to investigate the role of histone
modifications in placentas of women with or after an infection with Sars-CoV-2. Our data show that
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trimethylated histone H3K4me3 and the acetylated H3K9ac after a Sars-CoV-2 infection during
pregnancy are reduced in comparison to control placentas. More precisely when compared to an
infection during pregnancy to an infection during birth trimethylated histone H3K4me3 and the
acetylated H3K9ac are more affected during pregnancy. In a next step we also focused on the
vaccination. Here we were able to show that methylated H3K4 me3 as well as acetylated H3K9ac
were more affected through the Sars-Cov-2 infection, followed by women who got vaccinated.
Despite the observed differences in histone modifications, we found no significant variation in
staining between placentas of male and female foetuses for either histone modification, indicating
that sex does not influence these specific epigenetic changes. Correlation analyses between histone
acetylation and maternal epidemiological data yielded no significant results, suggesting that the
observed changes may be driven more by direct viral interaction rather than external factors.
Acetylation of histones, particularly H3K9ac, is generally associated with transcriptional activation
and increased gene accessibility [28]. The observed decrease in H3K9 acetylation suggests a shift
towards a more repressive chromatin state in the placenta post-infection. This reduction could be
attributed to several factors linked to the viral infection. SARS-CoV-2 has been shown to induce a
pro-inflammatory response, leading to the upregulation of histone deacetylases (HDACs) as part of
the cellular response to stress and inflammation [29,30]. Increased HDAC activity can result in the
removal of acetyl groups from histones, thereby silencing genes crucial for placental health and
function [31]. Similarly, the downregulation of trimethylated H3K4 (H3K4me3) is particularly
noteworthy, as this modification is commonly associated with active transcription and is found
enriched at promoter regions of actively expressed genes [32]. The loss of H3K4me3 in the placenta
could indicate a broader repression of gene expression, potentially affecting trophoblast function,
nutrient transport, and immune modulation. This is especially concerning in the context of
pregnancy, where the placenta plays a critical role in maintaining a favorable environment for fetal
development. The interplay between viral infection and epigenetic modifications could lead to
significant consequences for placental biology. The downregulation of these histone marks may
hinder the placenta’s ability to adapt to the demands of a changing environment, particularly under
inflammatory conditions induced by the virus. This could result in impaired trophoblast proliferation
and differentiation, ultimately affecting placental structural integrity and function [33]. Moreover,
the altered epigenetic landscape may have long-term implications for fetal development. The genes
affected by the loss of H3K9ac and H3K4me3 are likely involved in critical processes such as cell
signaling, immune response, and metabolic regulation. As a result, the downregulation of these
histone modifications may contribute to adverse pregnancy outcomes, including preterm birth, low
birth weight, or even fetal developmental issues.

5. Conclusion

In conclusion, the downregulation of acetylated H3K9 and methylated H3K4 in the placenta
following SARS-CoV-2 infection underscores the intricate relationship between viral infections and
epigenetic regulation. Future studies should focus on identifying specific genes impacted by these
modifications and elucidating the functional consequences on placental health and fetal
development. Understanding these mechanisms will be crucial for developing therapeutic strategies
to mitigate the effects of viral infections on pregnancy outcomes.
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The following abbreviations are used in this manuscript:
IHC Immunohistochemical Staining

IRS semi-quantative immunoreactive score

SCT syncytiotrophoblast

EVT extravillous trophoblast

H3K4 histone methylation at lysine 4

H3KO histone acethylation at lysine 9
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