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Sepsis is more common among males than females, and the unequal estrogen levels

have been suspected to play a vital role in gender differences. Recently, trained immunity

is reported to be a novel strategy for the innate immune system to fight infection.

However, it has not been clarified whether β-glucan-induced trained immunity causes

different responses to early sepsis between male and female mice. In this study, sepsis

was induced in mice by intraperitoneal injection of Escherichia coli (E. coli). The changes

of inflammatory cytokines expression, and macrophage polarization in male, female,

and ovariectomized C57BL/6 mice in sepsis model were investigated. For in vitro

studies, different macrophages were treated with LPS. The function of estradiol (E2) on

macrophage cell lines was verified and the mechanism of E2 affecting trained immunity

was explored. We demonstrated that β-glucan-induced trained immunity was more

resistant to sepsis in female than male mice. Macrophage polarization toward the M1

phenotype, which exhibited enhanced trained immunity, was related to the difference in

sepsis resistance between female and male mice. Moreover, ovariectomized (OVX) mice

manifested serious sepsis consequences with a weaker trained immunity effect than

female mice. Female bone marrow-derived macrophages (BMDMs) were also apt to be

polarized to the M1 phenotype in response to trained immunity in vitro. Furthermore,

E2 promoted trained immunity in macrophage cell lines J774 and RAW264.7. E2 was

also verified to facilitate trained immunity in primary BMDMs from female and male mice.

Mechanistically, we found that E2 inhibited the nuclear translocation of RelB, which is a

member of non-canonical pathway of NFκB and contributes to macrophage polarization

to change the intensity of trained immunity. This study is the first to indicate the role of

E2 in the trained immunity induced by β-glucan to protect against E. coli-induced sepsis

via the non-canonical NFκB pathway. These results improve our understanding of the

molecular mechanisms governing trained immunity in gender differences.
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FIGURE 1 | β-glucan induced trained immunity is more resistant to sepsis in female than male mice. (A) In vivo model of trained immunity (TI) by two intraperitoneal

(i.p.) β-glucan injections and secondary i.p. E.coli challenge (n = 5/group). (B) Histological analysis of the lung was visualized by H&E staining. The lung was

microscopically analyzed and histologically scored by a pathologist. (C) Kidney homogenates after dilution were plated on LB agar plates at 37◦C for 24 h to count

CFUs. (D) Kidney E.coli burden at indicated time points was shown in the mouse model as (A). (E,F) Levels of serum ALT and AST were detected in female and male

mice treated with E. coli or TI + E. coli groups. (G) Serum lactate concentration was detected by ELISA in female and male mice treated with E. coli or TI + E. coli

groups. (H) Serum concentration of estradiol (E2) was analyzed by ELISA in E. coli and TI + E. coli groups. (I,J) Serum IL-6 and TNFα were measured by ELISA to

characterize the extent of the immune response. Each panel is representative of at least three independent biological replicates. In (D–J), single dots correspond to

individual mice. #p < 0.05, ##p < 0.01, and ###p < 0.001, paired Student’s t-test comparing E. coli group, TI + E. coli group and control group in same gender.

*p < 0.05, **p < 0.01, and ***p < 0.001, paired Student’s t-test comparing in the same experimental group. ∧ p < 0.05, ∧∧p < 0.01, and ∧ ∧ ∧p < 0.001, paired

Student’s t-test comparing E. coli group and TI + E. coli group in same gender.
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during the process. Thus, we focused on macrophage content
and polarization. By detecting the percentage of macrophages
in the spleen, we found that macrophages in female mice
are more abundant than male mice, and trained immunity
significantly increased the content of female macrophages
(Figure 2A). Sepsis promoted the polarization of macrophages
to M1 and trained immunity aggravated this trend. Notably,
females showed more changes than males (Figure 2B). On
the other hand, females inhibited the polarization of M2
macrophages (Figure 2C). Trained immunity simulated M1-
type polarization of macrophages, and this effect was more
pronounced for females.

OVX Mice Shows Serious Septic
Consequences With a Weaker Trained
Immunity Effect Than Female Mice
By analyzing the experiments above, we found that the difference
between male and female responses to sepsis was due to the
difference in macrophage polarization in vivo, and the difference
in estrogen content in the different genders was very significant.
To verify that differences in the estrogen level play a vital
role, OVX mice were made, since the ovary is the main organ
to produce E2. The same sepsis model was established with
OVX mice (Figure 1A). Firstly, the serum E2 concentration was
significantly decreased (Figure 3A). The degree of lung injury
was much higher than that of female mice as well as TI + E. coli
group (Figure 3B). The kidney E. coli burden was also evaluated.
The results showed that OVX mice also had more severe kidney
injury (Figure 3C) as well as lung injury, as measured by
serum ALT (Figure 3D) and AST (Figure 3E) concentrations,
in comparison to female mice. With a lower serum IL-6 and
TNFα concentration in OVX mice in the TI + E. coli group, the
data suggested that OVX mice have a lower trained immunity
response than female mice (Figures 3F,G). Finally, similar to
male mice, OVX mouse PBMCs began polarizing to M2-type at
24 h after i.p. E. coli (Figure 3H). Taken together, these results
demonstrated that E2 does facilitate trained immunity in the
body to resist sepsis, and simultaneously inhibits macrophage
polarization to M2.

Female BMDMs in Trained Immunity Are
More Inclined to M1-Type Polarization
in vitro
Since the macrophages are mostly derived from bone marrow
cells, and also the cytokines up-regulated in trained immunity
are pro-inflammatory cytokines. Although the upregulation of
inflammatory cytokines after trained immunity of macrophages
is determined, no research has studied the polarization of
macrophages during this process. Therefore, exploring the
polarization of BMDM as an important primary macrophage in
trained immunity is very significant and necessary to understand
the nature of trained immunity. To determine whether BMDMs
are similar to macrophage polarization in PBMCs, we tested
the polarization of microphages from male or female mice
when challenged with LPS or trained immunity plus LPS.
We considered F4/80+iNOS+ BMDMs as M1-type BMDMs

and F4/80+CD206+ BMDMs as M2-type BMDMs. The results
demonstrated that female BMDMs are more polarized to M1 in
both the LPS group (7.04–5.12%) and TI + LPS group (28.8–
17.9%) (Figure 4A). Also, male BMDMs began to transform to
M2 in 24 h, which did not occur in female BMDMs. Trained
immunity also prevented both male and female BMDMs from
M2 polarization as well as PBMCs (Figure 4B).

E2 Facilitates Trained Immunity in
Macrophage Cell Lines J774 and RAW264.7
In order to examine the effect of estradiol on trained immunity,
we decided to pre-treat the macrophage cell lines with estradiol
before trained immunity model. Since the concentration of
estradiol that can stimulate the macrophage cell lines RAW264.7
and J774 is unknown, we made a concentration gradient of
estradiol on the activity of the macrophage cell lines. The
results showed that the response of the macrophage cell lines
to the stimulation of estradiol is not particularly sensitive, and
the viability of J774 begins to increase significantly under the
stimulation of 50 nM estradiol. Thus, the concentration of E2
used in cell experiments was verified as 50 nM (Figures 5A,B).
The in vitro trained immunity model was established with
RAW264.7 and J774 (Figure 5C) cell lines derived frommale and
female mice, respectively. Using TNFα and IL-1β as the marker
of inflammation, our data suggested that E2 can induce stronger
trained immunity both in RAW264.7 and J774 (Figures 5D,E).

E2 Facilitates Trained Immunity in Primary
BMDMs From Female and Male Mice
We also made a trained immunity model of BMDMs
(Figure 6A). M-CSF was used to induce BMDM with a purity of
over 95% from both male and female mice (Figure 6B). Then,
the mRNA levels (Figure 6C) and protein levels (Figure 6D) of
TNFα and IL-6 were measured. The results suggested that female
BMDMs can have a more intensive response to LPS as well as a
trained immunity response than male BMDMs. Phosphorylation
of Akt and mTOR targets (S6 and 4EBP1) are considered to be
key hallmarks of trained immunity (23). To clarify the effect of
E2 on trained immunity, these hallmarks are checked by western
blot, which indicated that E2 as well as β-glucan induced trained
immunity in BMDMS (Figure 6E). In addition, the data showed
that E2 further boosted the polarization of M1-type macrophage
in trained immunity. Consistently, this effect of E2 is more
apparent in female BMDMs, and E2 inhibited M2 polarization in
trained immunity (Figure 6F).

E2 Inhibits Nuclear Translocation of RelB to
Modulate Macrophage Polarization, Which
Regulates the Intensity of Trained Immunity
NFκB signaling pathway is involved in the regulation of many
cellular physiological processes. Previous articles have reported
that RelB−/− mice, or inhibiting the nucleus translocation of
RelB, led to a higher basal inflammatory level (29, 30). Other
reviews declared that E2 could regulate nuclear translocation
of NFκB through ERs. Since it has been widely studied that
TNFα can combine with TNFR on the cell membrane surface
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FIGURE 2 | Macrophage polarization toward M1 phenotype is related to different resistance to sepsis between female and male mice. The enhanced trained immunity

exhibited the increased M1 phenotype macrophage. (A) The percentage of F4/80+CD11b+ marked macrophage was significantly increased in the spleen from both

E. coli and TI + E. coli groups (n = 3/group). (B) The percentage of F4/80+ iNOS+ M1 macrophage was significantly increased in PBMCs from both E. coli and TI + E.

coli groups (n = 3/group). (C) The percentage of F4/80+CD206+ M2 macrophage in PBMCs from both E. coli and TI + E. coli groups (n = 3/group). Data with error

bars are presented as the mean± standard error (SEM). Each panel is a representative experiment of at least three independent biological replicates. *p < 0.05,

**p < 0.01, and ***p < 0.001, paired Student’s t-test comparing E. coli group, TI + E. coli group and control group in same gender. #p < 0.05, ##p < 0.01, paired

Student’s t-test comparing E. coli group and TI + E. coli group.
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FIGURE 3 | OVX mice manifest serious sepsis consequences with a weaker trained immunity effect than female mice. (A) Serum E2 concentration was significantly

decreased in OVX mice. (B) The lung was visualized by H&E staining, microscopically analyzed, and histologically scored by a pathologist. (C) Kidney E. coli burden in

OVX mice compared with female mice at indicated time points following model in Figure 1A. (D,E) Level of serum ALT and AST were detected in OVX and female

mice treated with E. coli or TI + E. coli groups. (F,G) Serum IL-6 and TNFα were measured by ELISA to characterize the different extent of the trained immunity

response between OVX and female mice. (H) PBMCs from OVX mice trended toward M2 polarization in E. coli group compared to female mice (n = 5/group). *p <

0.05, **p < 0.01, and ***p < 0.001 as determined by Student’s t-test.

to promote NFκB translocate into the nucleus. Also, because
TNFα as a representative inflammatory cytokine is secreted
by macrophages and will stimulate back to macrophage. We
use TNFα as a positive control to study NFκB entry into the
nucleus. We use immunofluorescence to explore the intracellular
localization of NFκB protein. In immunofluorescence, the results
indicated that when TNFα is used to stimulate cells, it does not
affect the colocalization of ERα and the nucleus but increases the
colocalization area of P65 and RelB with the nucleus. On the
contrary, E2 treatment appeared to induce nuclear positioning
of ERα and kept RelB distribution in the cytoplasm in both
HEK293T and BMDMs (Figures 7A,B). However, stimulation of
E2 did not affect the distribution of P65 in cells. Next, we used
the RNA interference system to further verify the impact of E2 on
the nuclear translocation of RelB. The silencing performance of
interfering small RNA sequence was evaluated both at the mRNA
level (Figure 7C) and protein level (Figure 7D). By extracting
nuclear protein, we found that estrogen could reduce the content
of RelB protein in the nucleus; by silencing the expression of

ERα, the content of RelB protein in the nucleus was also restored
(Figure 7E). As markers of M2 macrophage polarization, IL-
4 and IL-10 are also the downstream genes regulated by RelB
(30, 31). We found that E2 inhibited the mRNA expression
level of IL-10 and IL-4 by regulating nuclear translocation of
RelB (Figure 7F). In conclusion, these results indicated that
E2 could block RelB translocation to the nucleus; to further
inhibit M2-associated gene expression, E2 suppressed BMDMs
M2 polarization.

DISCUSSION

During the development of sepsis, many systemic organ
abnormalities occur including damage to the lung, liver and
kidney; the normal operation of the body’s neurosensory system
may even be affected (32). Since LPS is a component in
the cell wall of gram-negative bacteria, it is wildly used as
an ideal stimulus to establish sepsis models. When TLR4 on
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FIGURE 4 | Female BMDMs are apt to be polarized to M1 phenotype in responses to trained immunity in vitro. (A) Female BMDMs M1 polarization was stronger than

male BMDMs treated with LPS or TI + LPS groups. (B) Very few female BMDMs to polarized to M2 in LPS group, while male BMDMs showed the polarization of M2

phenotype. TI suppressed BMDMs to M2 polarization from both male and female mice (n ≥ 3/group). ***p < 0.001, paired Student’s t-test comparing LPS group and

TI + LPS group in the same gender. #p < 0.05, ###p < 0.001, paired Student’s t-test comparing same group between different genders.

the macrophage cell membrane recognizes LPS, a series of
signaling pathways will be initiated to stimulate macrophages to
produce pro-inflammatory cytokines, which can induce potent
systemic inflammatory responses in vivo. Therefore, TNFα, IL-
1β, and IL-6 are currently considered to be markers of the early
phase of sepsis (33). The development of sepsis begins with
systemic inflammatory response syndrome (SIRS) (34), which
is considered as the early phase of sepsis. Elevated expression
of pro-inflammatory cytokines could help the body return to a
normal state in early sepsis (35). After SIRS, the body enters the
CARS (compensatory anti-inflammatory response syndrome)
stage. In the CARS stage, the immune system will undergo
the decline-regulation (36). The hyper-inflammatory response of
SIRS will normally be restored by the subsequent CARS stage.
The patients can return to normal state after the CARS stage (37).

However, if the CARS phase fails, it can cause death from sepsis.
As one of the important ways to protect the body from foreign
microbes and antigens, the role of trained immunity is very
significant. This study focused on the effects of E2 on early sepsis
by promoting trained immunity. In the development of early
sepsis, estrogen induced a stronger trained immunity response
of macrophages to remove antigens and microorganisms from
the body. Simultaneously, estrogen promoted the polarization
of macrophages to M1 in vivo and inhibited the polarization of
M2, which is considered anti-inflammatory in the early phase
of sepsis. In summary, estrogen can maintain the higher pro-
inflammatory state of macrophages. This also illustrates the
reason why females are more tolerant to sepsis than males in
one aspect. However, further research is needed to understand
the role of estrogen in the later stages of sepsis.
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FIGURE 5 | E2 promotes trained immunity in macrophage cell lines J774 and RAW264.7. (A,B) The effect of E2 on both J774 and RAW264.7 cell viability for 24 h

was tested with CCK-8 assay kit. (C) In vitro trained immunity model for J774 and RAW264.7 cell line. (D) The mRNA levels of TNFα and IL-1β in J774 were detected

by qPCR to determine the trained immunity effect with or without E2. (E) The mRNA levels of TNFα and IL-1β in RAW264.7 were detected by qPCR to determine the

trained immunity effect with or without E2 (n ≥ 3/group). #p < 0.05, ###p < 0.001, paired Student’s t-test comparing β-glucan + LPS group and LPS group. *p <

0.05, ***p < 0.001, paired Student’s t-test comparing with control group. ∧p < 0.05, ∧∧p < 0.01, and ∧ ∧ ∧p < 0.001, paired Student’s t-test comparing between

β-glucan + LPS groups with or without E2.

Frontiers in Immunology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1591

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sun et al. Estradiol Promotes Female Trained Immunity

FIGURE 6 | E2 is verified to facilitate trained immunity in primary BMDMs from female and male mice. (A) In vitro trained immunity model for BMDMs. (B) Flow

cytometry was used for testing the purity of BMDMs induced by in vitro culture. (C) The mRNA levels of TNFα and IL-6 in male/female BMDMs were detected by

qPCR to determine the different intensity of trained immunity between genders. (D) The protein concentrations of TNFα and IL-6 from the supernatant from

male/female BMDM cultures were detected by ELISA to determine the different intensity of trained immunity between genders. (E) E2 activated hallmarks of trained

immunity, such as Akt, 4EBP1, and S6 by western blot. (F) E2 promoted M1 polarization in TI + LPS group from male and female mice. Meanwhile, E2 maintained the

M2 polarization to inhibit the effect of TI (n ≥ 3/group). #p < 0.05, ##p < 0.01, and ###p < 0.001, paired Student’s t-test comparing β-glucan + LPS group and

LPS group. *p < 0.05, **p < 0.01, and ***p < 0.001, paired Student’s t-test comparing with control group. ∧∧p < 0.01, paired Student’s t-test comparing between

β-glucan + LPS groups with or without E2.

Frontiers in Immunology | www.frontiersin.org 11 July 2020 | Volume 11 | Article 1591

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sun et al. Estradiol Promotes Female Trained Immunity

FIGURE 7 | Inhibition of E2 on nuclear translocation of RelB contributes to macrophage polarization to change the intensity of trained immunity. (A)

Immunofluorescence indicated that E2 treatment inhibited nucleus translocation of RelB but not P65 in the HEK293T cell line. (B) Immunofluorescence indicated that

E2 treatment inhibited nuclear translocation of RelB but not P65 in BMDMs. (C) The knockdown function of ERα siRNA was verified by testing the ERα mRNA level in

HEK293T and RAW264.7. (D) The knockdown function of ERα siRNA was verified by testing ERα protein expression level in RAW264.7. (E) Nuclear protein was

extracted to determine the effect of E2 on the content of RelB in nuclear in RAW264.7. (F) The effect of E2 on the downstream gene of RelB, IL-4, and IL-10, in

RAW264.7 was confirmed by PCR (n ≥ 3/group). *p < 0.05, **p < 0.01, and ***p < 0.001, paired Student’s t-test comparing with control group.

Here, we demonstrated that β-glucan-induced trained
immunity was more resistant to sepsis in female than male
mice. OVX mice manifested serious sepsis consequences

with a weaker trained immunity effect than female mice.
Macrophage polarization toward M1 phenotype is thought
to exhibit the enhanced trained immunity. E2 promoted
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trained immunity in vitro and in vivo. Inhibition of E2 on
the nucleus translocation of RelB contributed to macrophage
polarization to change the intensity of trained immunity. Our
results indicated that E2 is involved in the trained immunity in
gender differences.

Since trained immunity was discovered in 2014, although
there are many articles about trained immunity, there is no article
to find the fundamental way of trained immunity activation
but only about the changes of immune cell characterization
after trained immunity activation. Such as epigenetic changes,
upregulation of glycolysis, autophagy level, Akt phosphorylation,
and so on. In this study, we found that E2 promotes trained
immunity by suppressing RelB entry into nucleus, while
inhibiting macrophage polarization to M2 in inflammation (A
way reverse the inflammatory response). It is possible that E2
can change the epigenetics of macrophages through estrogen
receptors to affect the trained immunity. This hypothesis needs
further researches.

Trained immunity is a way of immunization that occurs in
the innate immune cells through the first stimulation to fight
the later secondary infections. By obtaining trained immunity,
the body can fight various infections from bacteria, fungi and
even viruses timely. It is worth mentioning that in countries and
regions with underdeveloped scientific research capabilities, it
may be an economical and quick means of protection against
Covid-19 to enhance people’s trained immunity ability. Sepsis
is a clinically common infectious disease with obvious gender
differences. In this article, sepsis model is used as an infection
model to evaluate the role of estradiol in enhancing trained
immunity. The mechanism and effects of estradiol in promoting
trained immunity also need subsequent study in other types of
infectious diseases.

The purpose of this paper was to explore the reasons why
different genders have different tolerance effects on sepsis. An
article reported that estradiol and DHT (dihydrotestosterone)
did not influence BCG-induced trained immunity, and the
article only focused on the inflammatory cytokines of monocytes
induced by BCG in vitro (22). Apart from this, almost
no articles study the effects of E2 on trained immunity
and its biological significance. Our research attempted to
explain its effects on trained immunity and understand
how it causes women to be more tolerant of sepsis than
men. However, in terms of gender differences, many factors,
such as androgen concentration, genetic differences, metabolic
differences, and physiological differences may all be the
result of different tolerances for sepsis between genders
(12, 38, 39). Gender differences are a very complex and
exquisite scientific issue (40), and all of the factors that

contribute to gender differences are worth exploring for
subsequent experiments.

CONCLUSION

In summary, we demonstrated that as one of the key factors
for gender differences, E2 plays a vital role in the stronger
tolerance of females to sepsis than males. One the one hand, E2
can better facilitate trained immunity by increasing expression
of inflammatory cytokines and inducing macrophage M1-type
polarization; on the other hand, E2 can inhibit or delay
the macrophage M2-type polarization by regulating nucleus
translocation of RelB and its down-stream M2-associated genes.
Thus, this may provide a new idea for the clinical treatment
of sepsis. Drugs with a structure similar to estrogen may be
developed to treat sepsis. More importantly, the treatment of
some diseases may able to find better solutions by addressing the
different characteristics of different genders.
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