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Abstract

The uterus is a unique mucosal site where immune responses are
balanced to be permissive of a fetus, yet protective against infec-
tions. Regulation of natural killer (NK) cell responses in the uterus
during infection is critical, yet no studies have identified uterine-
specific factors that control NK cell responses in this immune-
privileged site. We show that the constitutive expression of IFNε in
the uterus plays a crucial role in promoting the accumulation,
activation, and IFNγ production of NK cells in uterine tissue during
Chlamydia infection. Uterine epithelial IFNε primes NK cell
responses indirectly by increasing IL-15 production by local immune
cells and directly by promoting the accumulation of a pre-pro-like
NK cell progenitor population and activation of NK cells in the
uterus. These findings demonstrate the unique features of this
uterine-specific type I IFN and the mechanisms that underpin its
major role in orchestrating innate immune cell protection against
uterine infection.
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Introduction

The interactions between infection and the mucosal immune
environment in the female reproductive tract (FRT) are complex,
and how many of the factors that restrict infection are regulated,
versus those that allow for tolerance of a semi-allogeneic fetus, are

yet to be clarified. Chlamydia trachomatis frequently causes severe
reproductive tract sequelae in women, such as pelvic inflammatory
disease (PID), tubal infertility and ectopic pregnancy. Strong
interferon (IFN)γ and adaptive Th1 responses promote the
clearance of Chlamydia and limit the development of disease
(Cohen et al, 2005; Cotter et al, 1997; Debattista et al, 2002;
Johansson et al, 1997; Kaiko et al, 2008; Perry et al, 1997; Wang
et al, 1999) and the production of IFNγ during the early stages also
plays an important role in controlling Chlamydia infections.
Previous studies showed that NK cells are the predominant source
of IFNγ early during Chlamydia infections, with NK cell depletion
resulting in diminished IFNγ expression, a shift from Th1-
dominant to Th2-dominant responses, and delayed clearance
(Tseng and Rank, 1998).

The expression of cytokines and activating receptors by both
host epithelial and accessory immune cells recruit NK cells and
promote their cytokine production and cytolytic activity. Signifi-
cantly, type I IFNs play important roles in regulating NK cell
responses by direct and indirect mechanisms, and protective NK
cell responses are dependent on type I IFN signaling during other
intracellular infections, however, the particular IFN responsible has
not been characterized (Martinez et al, 2008; Zhu et al, 2008).

We previously showed that the novel type I IFN, IFNε, is
constitutively and most highly expressed in the uterus by
endometrial epithelial cells, is under hormonal regulation, and
protects against Chlamydia and herpes simplex virus (HSV)-2
infections from the earliest stages (Fung et al, 2013; Stifter et al,
2018). This indicates that IFNε is critical in potentiating protective
innate immune responses in the FRT, however, how it affects
immune responses and the mechanisms by which it mediates
defense against infection are not yet known.

In this study, we show that IFNε is responsible for promoting
the infiltration, activation, and IFNγ production of NK cells in the
uterus during Chlamydia infection. IFNε primes for these
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protective NK cell responses by increasing IL-15 production,
promoting the accumulation of a pre-pro-like NK cell progenitor
population, and directly activating NK cells in the uterus. These
IFNε-mediated effects on NK cells are important in protecting
against infection. These findings represent new functions for IFNε
in driving protective immunity in this unique mucosal site.

Results

IFNε deficiency results in decreases in NK cell responses
in the uterus

We previously showed that Ifne-/- mice have increased Chlamydia
load from 3 days post-infection (dpi) in a mouse model of FRT
infection (Fung et al, 2013). To determine if IFNε is involved in the
recruitment of immune cells to the FRT during the early stages of
infection, we performed flow cytometry to quantify common
leukocyte populations (Hickey et al, 2011) in uterine tissues from
Chlamydia-infected WT and Ifne-/- mice. Ifne-/- mice have 42.7%
fewer conventional (c)NK cells (CD45+CD3-NK1.1+) in uterine
tissues compared to WT mice during infection at 3dpi (mean total
number of NK cells: IFNε-/- mice [9.46 × 103], WT controls
[1.65 × 104]; Fig. 1A). cNK cells are also the most abundant
immune cell in the FRT at this time point of infection (Fig. EV1A).
There are no significant differences in macrophages, plasmacytoid
DCs, myeloid DCs, CD4+ T cells, CD8+ T cells, B cells, or NK
T cells and a small reduction in neutrophils in infected Ifne-/-

compared to WT mice. We also assessed the effects on innate
lymphoid cells (ILC1-3: CD45+ Lin- IL-7Rα+ CD90.2+ T-bet+/-) in
the uterus, however, they were absent, or too few present to
examine, during Chlamydia infection (Fig. EV1B). The changes in
NK cell numbers early during infection are associated with an
increase in gross oviduct pathology, measured by oviduct cross-
sectional area, in Ifne-/- mice at 14dpi (Fig. EV1C). Increases in
oviduct size are indicative of the development of hydrosalpinx, one
of the key features of Chlamydia-induced pathology in both
humans and mice (Lee et al, 2020). Since previous studies also
showed 3dpi to be the peak of NK cell infiltration in this model of
Chlamydia infection (Tseng and Rank, 1998), we focused on this
time point to further characterize the effects of IFNε on NK cell
responses.

We used intracellular cytokine staining and flow cytometry to
determine the effects of IFNε deficiency on NK cell number,
phenotype, activation, and IFNγ production during Chlamydia
infection in the FRT following the gating strategy shown in Fig.
EV1D–F. Ifne-/- mice not only had fewer cNK cells (Fig. 1A), but
also fewer tissue-resident uterine (u)NK cells
(CD45+CD3-NK1.1-CD49b-CD122+; Fig. 1B) during infection
compared to WT mice. However, outside of pregnancy, uNK cells
constitute a small proportion of the NK cell population in the FRT
(here they were 4.32% of NK cells). The following analyses focused
on cNK cells and all NK cells are conventional unless otherwise
specified. Populations of activated CD69+ and IFNγ+ and IFNγ- NK
cells are also altered in the absence of IFNε (Figs. 1C–G and
EV2A–F). Ifne-/- mice have fewer CD69+IFNγ+ double-positive
(Fig. 1C,D) and CD69+IFNγ- (Fig. 1C,E) single-positive NK cells in
the upper FRT during infection compared to WT controls.
Curiously, however, there are no differences in the numbers of

CD69-IFNγ+ single-positive (Fig. 1C,F) and CD69-IFNγ- double-
negative NK cells (Fig. 1C,G). Additionally, the proportion of the
NK cell population expressing CD69 and/or IFNγ is reduced while
the proportion negative for both factors is increased in infected
Ifne-/- compared to WT mice (Figs. 1C and EV2F). This
demonstrates that the reductions in the numbers of active and
IFNγ-producing NK cells in the FRT are not solely due to a
decrease in the total numbers of NK cells present, but are also due
to a shift in the frequency of activation and cytokine production. In
WT mice, NK cells represented ~60% of all IFNγ-producing
leukocytes during infection and the decreases in IFNγ-producing
NK cells in Ifne-/- mice correspond with reductions in the total
numbers of IFNγ-producing leukocytes (Fig. EV2G). Importantly,
the reductions in IFNγ+ cells in infected Ifne-/- mice correlate with
decreases in IFNγ protein production in uterine lavage measured
by ELISA (Fig. 1H).

Since NK cells can influence T cell polarity and T cells are
another source of IFNγ during Chlamydia infection, we also
assessed the effect of IFNε on IFNγ production by T cells during
infection. However, very few T cells are present in the upper FRT
and the numbers of IFNγ-producing T cells are unaltered in Ifne-/-

mice at this time-point of infection (Fig. EV2H).

IFNε deficiency results in decreases in systemic NK cells
during FRT infection

We next examined whether these IFNε-mediated effects on NK cell
number, activity, and IFNγ production are specific to the FRT or
are also systemic, both at baseline and during infection. Ifne-/- mice
have similar numbers of splenic NK cells at baseline, but fewer
total (Fig. 1I) and activated (Fig. EV2I) splenic NK cells during
Chlamydia infection, compared to WT controls. However, the
proportions of CD69+/-IFNγ+/- splenic NK cells are similar between
WT and Ifne-/- mice, both at baseline and during infection (Figs. 1J
and EV2J–M). This indicates that the decreases in activated splenic
NK cells in Ifne-/- mice are due to overall reductions in total
numbers of NK cells rather than a change in the frequency of their
activation. No differences are observed in numbers of splenic
IFNγ+ NK cells between Ifne-/- and WT mice (Fig. EV2N).

cNK cells develop and mature in the bone marrow before entering
the circulation. Immature NK cells express NK1.1 but do not acquire
CD49b and CD11b until they reach functional maturity (Fathman
et al, 2011; Kim et al, 2002; Rosmaraki et al, 2001; Williams et al, 2000).
We show that, while there are no differences in the numbers of
immature NK cells (CD45+Lin-CD122+NK1.1+CD11b-) in bone
marrow between Ifne-/- and WT mice (Fig. EV2O), there is a
significant reduction in the numbers of CD11b+ mature NK cells
(CD45+CD3-CD122+NK1.1+CD11b+) in bone marrow from infected
Ifne-/- compared to WT mice (Fig. 1K).

IFNε deficiency reduces numbers of pre-pro NK cell
progenitor-like cells in the uterus

Given that IFNε deficiency results in decreases in mature NK cell
numbers systemically and locally in the infected FRT, we next
determined if NK cell progenitors are also affected. The bone marrow
is the primary site of NK cell haematopoiesis, however, early NK cell
progenitors also reside in secondary lymphoid tissues and migrate to
the uterus and other organs where they proliferate and differentiate
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(Chantakru et al, 2002; Male et al, 2010; Vacca et al, 2011). Thus, we
assessed the numbers of two NK cell progenitor populations in the
bone marrow, uterus, lymph nodes and spleens of Chlamydia- and
sham-infected Ifne-/- and WT mice. Pre-pro NK cells are the earliest
committed progenitors of NK cells (Fathman et al, 2011).

In bone marrow, numbers of murine pre-pro NK cells
(CD45+Lin-FLT3-IL-7Rα+C-kitlow/-CD122-NK1.1-CD49b-NKG2D+Sca-1+

(Yu et al, 2013)) are similar between Ifne-/- and WT mice (Fig. 2A).

However, using bone marrow as a positive control and to set gating for
these progenitor populations, we also identify a small population of pre-
pro NK cells in the uterus (Fig. 2B). These uterine pre-pro NK cells are
rare in sham-infected controls but accumulate during early infection to a
more substantial population and are reduced in both Chlamydia-and
sham-infected Ifne-/- compared to WT mice. Ifne-/- and WT mice have
similar proportions of pre-pro-like NK cells present in the lymph nodes
(lumbar aortic and medial iliac lymph nodes) and spleen (Fig. 2C,D).
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The next stage of NK cell development is differentiation into an IL-15
receptor-expressing precursor NK cell by acquisition of the IL-2 receptor β
chain (CD122) (Rosmaraki et al, 2001). We identify precursor NK cells
(CD45+Lin-FLT3-IL-7Rα+C-kitlow/-CD122+NK1.1-CD49b-NKG2D+ (Yu
et al, 2013)) in the bone marrow, lymph nodes and spleen but not the
uterus and numbers were not significantly altered between Ifne-/- and WT
mice (Fig. 2E–G). Together, these data suggest that IFNε is priming a pool
of NK progenitors locally that could give rise to protective NKs.

IFNε deficiency results in a reduction in IL-15 levels
in the uterus

To elucidate how IFNε primes for local and systemic NK cell
responses, we then assessed expression levels of factors involved in
NK cell development, chemoattraction, activation, and IFNγ
responses in uterine tissue from Chlamydia- and sham-infected,
Ifne-/- and WT mice. Il15 transcript expression is reduced in Ifne-/-

mice (~40%) at baseline (p = 0.056) and during infection (p = 0.076)
compared to WT mice (Fig. 3A). Similarly, IL-15 protein levels are
reduced (~25%) in uterine lavage from Ifne-/- compared to WT
mice, particularly during infection (p < 0.05; Fig. 3B). Cxcl10, Il12b
and Il18 expression levels are unaltered between Ifne-/- and WT
mice (Fig. EV3A–C).

IFNε expression is linked to NK cell responses in
human uterine tissue

We then determined if the link between IFNε, and IL-15 and NK
cell responses is also present in humans. mRNA expression levels of
IFNE, IL15, and NCR1 (NKp46), an activating NK cell receptor
whose expression is indicative of NK cell responses in tissue
(Ascierto et al, 2013), were assessed in biopsies of healthy uterine
tissue from women, and correlation analyses performed between
these factors. Both IL15 (Fig. 3C) and NCR1 (Fig. 3D) levels
positively correlate with IFNE expression. NCR1 levels also
positively correlate with IL15 levels (Fig. 3E).

IFNε and IL-15 are expressed by different cells

Then, to determine whether IFNε and IL-15 are expressed by the
same cells, we performed immunofluorescence staining on uterine
tissue sections of IL-15-CFP reporter mice. As expected, IFNε
occurs in luminal and glandular epithelial cells (Fig. 3F; arrowhead)
but no IL-15 is detected in these cells. Instead, IL-15 expressing
cells are detected in uterine stroma (Fig. 3F; filled arrows).

Surprisingly, a subpopulation of stromal cells expressed IFNε and
some of these cells also co-expressed IL-15 (Fig. 3F; open arrow).

We then performed flow cytometry to further characterize these
cells (Fig. EV3D–G). As expected, almost all epithelial cells expressed
IFNε (Fig. 3G), but not IL-15 (Fig. 3H). Notably, a large population of
CD45+ leukocytes expressed IL-15 (Fig. 3H) while only a small subset
of leukocytes expressed IFNε (Fig. 3G). Further analysis of the IL-15+

CD45+ population revealed that these cells did not express NK cell
(NKp46), B cell (CD19; Fig. 3I), or T cell (CD4, CD8; Fig. 3J) markers
but were primarily CD11b+ CD11cneg-low MHC-II- Ly6G- cells
(Fig. 3K,L), a surface marker expression pattern indicative of
monocytes/macrophages. To determine the extent to which IL-15 is
co-expressed with IFNε, we then characterized the expression of both
cytokines in common immune cell subsets in the uterus. In uninfected
uteri, NK cells are a minor immune cell population (~1–2% of CD45+

cells). Small proportions of the immune cell subsets assessed co-
expressed IFNε and IL-15, with 14.2% of NK cells, 2% of B cells, 2% of
CD4+ cells, 3.2% of CD8+ cells and 5.5% of monocytes/macrophages
expressing both cytokines (Fig. EV3I–K).

Collectively, these data show that the majority of IFNε and IL-15
are produced by distinct populations of cells. Epithelial cells are the
main producers of IFNε but do not express IL-15. Most IL-15 is
produced by CD45+ CD11b+ CD11cneg-low MHC-II- Ly6G- cells.
However, a minor subset of uterine immune cells expresses both
IFNε and IL-15 which could also contribute to the regulation of NK
cell accumulation and function.

IFNε and IL-15 have independent and synergistic effects
on NK cell function

We next determined if IFNε has direct effects on NK cell function
and delineated these from IL-15-dependent effects. Circulating
CD49b+ NK cells were isolated from the spleen of naïve mice and
stimulated with recombinant (r)IFNε, rIL-15, or a combination,
with/without neutralizing anti-IL-15 antibody. Activation and
cytokine production upon PMA/ionomycin stimulation (needed
in order to detect cytokines in these cells by flow cytometry), and
cytolytic activity against YAC-1 target cells was assessed at 18 hours
of cytokine stimulation, a timepoint previously shown to be
appropriate for the assessment of these responses (Fehniger et al,
2007; Keppel et al, 2015). rIFNε has no effect while rIL-15 increases
the numbers of NK cells in overnight cultures (Fig. 4A).
Stimulation with either rIFNε or rIL-15 increases the proportion
of CD69+IFNγ+ NK cells (2.81- and 3.44-fold, respectively),
whereas stimulation with both cytokines in combination increases

Figure 1. Interferon (IFN)ε deficiency results in decreases in the numbers, activation, and IFNγ production of conventional (c) and tissue-resident uterine (u) natural
killer (NK) cells in the uterus and decreases in the numbers, but not activation of, NK cells in the spleen and bone marrow during Chlamydia infection.

(A) Flow cytometry of uterine horn cells from Ifne-/- and wild-type (WT) C57BL/6 mice on day 3 of Chlamydia muridarum infection, showing cNK cells (FSClow-int SSClow

CD45+ CD3- NK1.1+) and quantification. (B) Flow cytometry of uterine horn cells as in (A), showing uNK cells (FSClow-int SSClow CD45+ CD3- NK1.1- CD49b- CD122+) and
quantification. (C–G) (C) Flow cytometry of uterine horn cells as in (A), showing CD69+/- IFNγ+/- cNK cells and quantification of (D) CD69+ IFNγ+, (E) CD69+ IFNγ-, (F)
CD69- IFNγ+, and (G) CD69- IFNγ- cNK cells in uterine horns. (H) Concentrations of IFNγ in uterine lavage fluid. (I) Flow cytometry of splenocytes from Ifne-/- and WT
C57BL/6 mice on day 3 of Chlamydia muridarum (Cmu) or sham (SPG) infection, showing conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) and quantification.
(J) Flow cytometry of splenocytes as in (I), showing CD69+/- IFNγ+/- conventional NK cells. (K) Flow cytometry of bone marrow from femurs of mice as in (I), showing
mature conventional NK cells (FSClow-int SSClow CD45+ lin- CD11b+ CD122+ NK1.1+) and quantification. Data information: The % displayed on the flow cytometry plots are
the % of the parent population the cells within the gates/quadrants comprise. All data presented as mean ± SEM, with individual values. *p < 0.05, **p < 0.01 ((A, B, D–H):
two-tailed Mann–Whitney test; (I–K): one-way ANOVA). (A–G): n ≥ 15 (data are from three experiments), (H): n= 8 (data from one experiment), (I–K): n ≥ 15 (data from
two experiments; all biological replicates). For flow cytometry on uterine tissue, uteri from 2 to 4 mice were pooled for each biological replicate and at least 15 pooled
samples were analyzed. See also Figs. EV1 and EV2. (B) is repeated in Fig. EV1F. Source data are available online for this figure.
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this population to a much greater extent (14.23-fold) (Fig. 4B,C).
rIFNε alone increases the proportion of CD69+IFNγ- NK cells,
however rIL-15 alone has no effect on this population and no
additive effect occurs with combination (Fig. 4B,D). Conversely,
stimulation with rIL-15 increases the proportion of CD69-IFNγ+

NK cells, whereas rIFNε has no effect and no additive effects are
observed (Fig. 4B,E). The proportion of CD69-IFNγ- NK cells is
reduced by either rIFNε or rIL-15, and combination further reduces
this population (Fig. 4B,F). rIFNε does not affect cytolytic activity,
however, rIL-15 increases lysis of YAC-1 cells and the combination
increases this further (Fig. 4G). Anti-IL-15 antibody was used to
inhibit any autocrine IL-15 produced in response to rIFNε,
however, the addition of anti-IL-15 to rIFNε-stimulated NK cell
cultures has no effect on their function compared to rIFNε alone
(Fig. 4A–G). NK cells from Ifne-/- mice have reduced cytolytic
activity compared to WT controls (Fig. 4H). Stimulating NK cells
from Ifne-/- mice with rIL-15 restores their cytolytic activity,
however, rIFNε stimulation of these cells has no effect. Thus, rIFNε
alone directly stimulates NK cell CD69 expression, while rIL-15 is
required to increase NK cell number, IFNγ production, and
cytolytic activity.

Local rIFNε administration increases IL-15 and NK cell
responses and reduces Chlamydia infection

To confirm the role of IFNε in inducing IL-15 and NK cell responses,
we then performed gain-of-function studies in WT mice by
transcervical and intravaginal administration of rIFNε prior to
infection (Fig. EV4A,B). rIFNε-treated mice have significantly more
NK cells in the uterus at 3dpi compared to vehicle (PBS)-treated
controls (Fig. 5A). Treatment increases CD69+ and - IFNγ+ and - NK cell
populations in the uterus during infection (Figs. 5B–F and EV4C,D)
but does not increase the numbers of mature NK cells systemicly
(Fig. 5G). There is, however, a trend towards increases in the numbers
of immature NK cells in the bone marrow (Fig. EV4E). Treatment also
increases the numbers of pre-pro-like NK cells in the uterus during
infection (Fig. 5H). These changes in NK cell responses are associated
with increases in Il15 expression in the uterus (Fig. 5I) and decreases in
vaginal Chlamydia load (Fig. 5J) at 3dpi.

Local rIL-15 administration increases local and systemic
NK cell responses and reduces Chlamydia infection

We next determined the role of IL-15 in mediating protective NK cell
responses downstream of IFNε in vivo. rIL-15 was transcervically and
intravaginally administered to WT mice prior to Chlamydia infection,

and its effects on NK cell responses and infection assessed. Like with
rIFNε, rIL-15 treatment significantly increases NK cells in the uterus at
3dpi, compared to vehicle-treated controls (Fig. 6A). Treatment also
increases CD69+ and - IFNγ+ and - NK cell populations during infection,
however, there are greater increases in CD69- and IFNγ- populations,
as differences in CD69+IFNγ+, total CD69+ (IFNγ+ or -) and total
IFNγ+ (CD69+ or -) populations do not quite reach statistical
significance (p > 0.074; Figs. 6B–F and EV4F,G). Unlike with rIFNε,
rIL-15 treatment increases mature NK cell numbers systemically
during infection (Fig. 6G). There is also a trend towards increases in
immature bone marrow NK cell numbers (Fig. EV4H). Treatment
does not significantly affect pre-pro-like NK cell numbers in the uterus
during infection (Fig. 6H) and does not change Ifne expression
(Fig. 6I), demonstrating that IL-15 is incapable of driving IFNε
expression and acts downstream. These changes in NK cell responses
track with decreases in vaginal Chlamydia infection (Fig. 6J).

Local rIL-15 administration to Ifne-/- mice partially
restores NK cell numbers but not activation in the uterus

We next determined if restoring IL-15 levels in Ifne-/- mice could
restore protective NK cell responses during infection. rIL-15 was
administered to Ifne-/- mice transcervically and intravaginally prior
to infection, and NK cell responses and infection assessed. rIL-15-
treated Ifne-/- mice had no significant increases in total NK cell
numbers in the uterus during infection compared to vehicle-treated
Ifne-/- controls (p = 0.254; Fig. 7A). Treatment of Ifne-/- mice is also
unable to restore CD69+ populations of active NK cells
(CD69+IFNγ+, p = 0.338; CD69+IFNγ-, p = 0.221) during infection,
however, there are increases in inactive CD69-IFNγ- NK cells to
similar levels as in WT mice (Figs. 7B–F and EV5A,B). This
increase in inactive NK cells is associated with increases in mature
(Fig. 7G) and immature (Fig. EV5C) NK cells in the bone marrow.
Treatment also substantially reduces Chlamydia infection (Fig. 7H).

Local rIFNε administration to Il15-/- mice does not
augment protective responses or decrease
Chlamydia infection

We next compared the effects of IL-15 and NK cell deficiency to
those of IFNε deficiency and determined if IL-15 and NK cells are
required for IFNε-mediated protection against infection. Due to
the importance of IL-15 in NK cell development, Il15-/- mice are
completely deficient in mature NK cells (Kennedy et al, 2000) and
thus, we do not detect NK cells in their FRTs during infection (Fig.
EV5D). This absence of NK cells is associated with reduced total

Figure 2. Interferon (IFN)ε deficiency results in decreases in the numbers of pre-pro natural killer (NK) cell progenitors in the uterus but not systemically in the bone
marrow, lymph nodes, or spleen.

(A) Flow cytometry of bone marrow from femurs of wild-type (WT) and Ifne-/- C57BL/6 mice on day 3 of Chlamydia muridarum (Cmu) or sham (SPG) infection, showing
pre-pro NK cell progenitors (FSClow-int SSClow CD45+ lin- FLT3- IL-7Rα+ C-kitlow/- CD122- NK1.1- CD49b- NKG2D+ Sca-1+) and quantification. (B) Flow cytometry of uterine
horn cells from mice as in (A), showing pre-pro NK cells and quantification. (C) Flow cytometry of lymph node cells from mice as in (A), showing pre-pro NK cells and
quantification. (D) Flow cytometry of splenocytes from mice as in (A), showing pre-pro NK cells and quantification. (E) Flow cytometry of bone marrow from femurs of
Ifne-/- and WT C57BL/6 mice on day 3 of Chlamydia muridarum (Cmu) or sham (SPG) infection showing precursor NK cells (FSClow-int SSClow CD45+ lin- FLT3- IL-7Rα+

C-kitlow/- CD122+ NK1.1- CD49b- NKG2D+) and quantification. (F) Flow cytometry of lymph node cells as in (E), showing precursor NK cells and quantification. (G) Flow
cytometry of splenocytes as in (E) showing precursor NK cells and quantification. Data information: The % displayed on the flow cytometry plots are the % of the parent
population the cells within the gates comprise. All data presented as mean ± SEM, with individual values. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA). n ≥ 6, all
data from one experiment; biological replicates. For flow cytometry on uterine and lymph node cells, uteri or lymph nodes from 4 mice were pooled for each biological
replicate and at least 6 pooled samples were analyzed. (A, E) are repeated in Fig. EV1G. Source data are available online for this figure.
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Figure 3. Interferon (IFN)ε expression correlates with IL-15 production in the murine and human uterus.

(A) qPCR analysis of Il15 expression, normalized to the expression of the housekeeping gene Hprt, in uterine horns from Ifne-/- and wild-type (WT) C57BL/6 mice on day 3
of Chlamydia muridarum (Cmu) or sham (SPG) infection. (B) Concentrations of IL-15 protein in uterine lavage fluid from mice as in (A). (C–E) qPCR analysis and correlation
between (C) IL15 and IFNE, (D) NCR1 and IFNE, and (E) NCR1 and IL15 expression, normalized to the expression of the housekeeping genes, GAPDH or HPRT1, as indicated, in
human endometrial tissue samples from 13 donors. (F) Immunofluorescence staining of IFNε (red) and IL-15 (green) in uteri from IL-15-CFP reporter mice. Nuclei are
counterstained with DAPI (blue). Left micrograph shows isotype control staining, middle micrograph shows stained section and right micrograph shows a higher
magnification of the boxed area indicated in middle micrograph. Arrowheads indicate IFNε immunoreactivity in luminal and glandular epithelial cells, filled arrows indicate
IL-15 immunoreactivity in uterine stroma, open arrows indicate IFNε and IL-15 dual immunoreactivity in a subpopulation of stromal cells. (G) Flow cytometry of IFNε
expression in epithelial (Pan-Cytokeratin+) and immune cells (CD45+), respectively, from uteri of IL-15-CFP reporter mice. (H) IL-15 expression in epithelial and immune
cells, respectively. (I) Expression of NKp46 and CD19 on IL-15+ CD45+ cells. (J) Expression of CD4 and CD8 on IL-15+ CD45+ cells. (K) Expression of CD11b and CD11c on
IL-15+ CD45+ cells. (L) Expression of MHC-II and Ly6G on CD11b+ CD11cneg-low IL-15+ CD45+ cells. Data information: The % displayed on the flow cytometry plots are the %
of the parent population the cells within the gates/quadrants comprise. Data in (A) and (B) presented as mean ± SEM, with individual values, data in (C–E) presented as
individual values. *p < 0.05 ((A, B): one-way ANOVA; (C–E): Pearson correlation analysis). (A): n ≥ 5, (B): n ≥ 7, (C–E): n= 13 (data are from one experiment each; all
biological replicates). Immunofluorescence micrographs are representative of 4 different uteri. For flow cytometry, uteri from 3 mice were pooled and 4 pooled samples
were analyzed. See also Fig. EV3. (G, H) are repeated in Fig. EV3F,G. Source data are available online for this figure.
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numbers of IFNγ-producing leukocytes (Fig. EV5E) and Ifng
transcript levels in the upper FRT during infection (Fig. 7I). Il15-/-

mice have a 24-fold increase in Chlamydia burden compared to
WT controls (Fig. 7J). WT and NK cell-deficient Il15-/- mice were
then treated with rIFNε prior to infection. In WT mice, rIFNε
treatment increases Ifng transcript levels in the uterus during
infection, however, rIFNε treatment does not induce these IFNγ
responses in Il15-/- mice (p = 0.527; Fig. 7K). Il15-/- mice have
increased Chlamydia burden compared to WT controls that is not
reduced by rIFNε treatment (p = 0.517; Fig. 7L).

Thus, restoring IL-15 increases the numbers of inactive, but has
little effect on CD69+ NK cells during infection in Ifne-/- mice,
indicating that IFNε and its IL-15-independent effects are required for
local activation. Similar to Ifne-/- mice, NK cell deficient Il15-/- mice
have reduced IFNγ responses during infection and rIFNε is unable to
induce IFNγ responses or protect against infection in NK cell-deficient
Il15-/-mice. This provides further evidence that NK cells are required to
mediate the protective effects of IFNε and that IL-15 mediates some,
but not all, of the NK cell mediated effects of IFNε.

Discussion

Here, we demonstrate that IFNε deficiency leads to a reduction in
NK cell numbers that is associated with increased infection and
upper RT pathology. We also used NK cell deficient Il15-/- mice and
rIFNε to show that NK cells are the major contributors to IFNε-
mediated infection control in vivo. This extends our previous
studies where we found that bacterial burden is higher throughout
Chlamydia infection in Ifne-/- mice, from as early as 3dpi and out to
30dpi (Fung et al, 2013). Notably, Tseng and Rank showed that
depletion of NK cells is associated with delayed clearance of
Chlamydia infection, however, their study did not investigate the
role of NK cells in protection against ascending infection and
pathology in the upper FRT (Tseng and Rank, 1998). We also
previously found that IFNε has direct effects on infection in
epithelial cells (Stifter et al, 2018). Thus, collectively, these findings
show that IFNε has important roles in protecting the FRT from
infection and associated pathology, largely by increasing NK cell
responses, in addition to directly suppressing infection in
epithelial cells.

Previous studies showed that NK cells are important in immune
protection against Chlamydia infections through the production of
IFNγ (Jiao et al, 2011; Tseng and Rank, 1998), subsequent
promotion of protective Th1 adaptive immunity via modulation
of DC function (Jiao et al, 2011), and killing of Chlamydia-infected

cells (Hook et al, 2004; Ibana et al, 2012). Here we demonstrate, for
the first time, that IFNε is an important mediator of these critical
immune responses in the uterus. We also show the mechanisms by
which IFNε primes for NK cell responses to infection are through
driving the accumulation of NK cell progenitors and the expression
of IL-15 in the uterus and by directly stimulating NK cell activation.
Our data is consistent with reports of conventional type I IFNs
(Andoniou et al, 2005; Gill et al, 2011; Lucas et al, 2007) mediating
NK cell responses in other tissues, including the production of
IFNγ and cytolytic activity. In this study, we show, using Ifne-/- mice
and rIFNε, that it is the constitutive, local and hormonally-induced
production of IFNε that regulates the accumulation, maturation,
cytotoxicity, CD69 expression and effector IFNγ levels of NK cells
in the FRT through IL-15-dependent and -independent mechan-
isms (Athié-Morales et al, 2008; Borrego et al, 1999; Moretta et al,
1991; Jiao et al, 2011).

We demonstrate that the effects of IFNε on NK cell activation
and IFNγ-production are restricted to the uterus and do not occur
systemically. However, we show that IFNε does increase the
numbers of NK cells systemically during infection. The bone
marrow is the primary site of NK cell haematopoiesis (Colucci
et al, 2003; Haller and Wigzell, 1977), with NK cells mobilizing
into the circulation and homing to specific organs or sites of
immune responses upon maturation (Mayol et al, 2011; Sciumè
et al, 2011). Interestingly, we also identify a population of early NK
cell committed progenitors in the uterus and demonstrate that they
are regulated by IFNε. These findings are consistent with studies
showing that mature NK cells both expand in the periphery upon
stimulation (Tsujimoto et al, 2005; Warren, 1996), and early NK
progenitors reside in secondary lymphoid tissues and migrate to
the uterus and other organs where they proliferate and differentiate
(Chantakru et al, 2002; Male et al, 2010; Vacca et al, 2011). Our
novel data suggest that IFNε mediates NK cell accumulation in the
uterus by not only promoting their bone marrow haematopoiesis
and increasing the systemic pool but by uniquely driving their
expansion and differentiation locally. This shows a unique role for
uterine IFNε regulating NK homeostasis in a non-lymphoid organ.

IFNε promotes NK cell responses in the uterus, in part, via the
induction of IL-15. This is consistent with reports that other type I
IFNs induce IL-15 (Baranek et al, 2012; Lucas et al, 2007). This
cytokine is essential for NK cell development and survival
(Kennedy et al, 2000; Mrozek et al, 1996; Puzanov et al, 1996;
Ranson et al, 2003), and contributes to their recruitment,
expansion, activation, and IFNγ production during infection
(Allavena et al, 1997; Elpek et al, 2010; Lucas et al, 2007; Nguyen
et al, 2002). It also plays a critical role in in situ maturation of uNK

Figure 4. Recombinant interferon (rIFN)ε directly and independently increases activation, while rIL-15 is required to increase the number, IFNγ production and
cytolytic activity of NK cells in vitro.

(A) Flow cytometry of conventional NK cells (FSClow-int SSClow CD45+ CD3- CD49b+) isolated from the spleens of wild-type (WT) C57BL/6 mice, incubated ex vivo with
rIFNε, rIL-15 and/or anti-IL-15 antibody for 13 h then stimulated with PMA and ionomycin with Brefeldin A for a further 5 h and quantification. (B) Flow cytometry of
samples as in (A), showing CD69+/- IFNγ+/- NK cells. (C–F) Frequency of (C) CD69+ IFNγ+, (D) CD69+ IFNγ-, (E) CD69- IFNγ+ and (F) CD69- IFNγ- NK cells in samples as
in (B). (G) Percent specific lysis of YAC-1 target cells after 4 h of co-culture with NK cells from the spleens of WT C57BL/6 mice, pre-stimulated with rIFNε, rIL-15 and/or
anti-IL-15 antibody for 18 h, at an effector cell:target cell (E:T) ratio of 10:1. (H) Percent specific lysis of YAC-1 target cells after 4 h of co-culture with NK cells isolated from
WT and Ifne-/- C57BL/6 mice, pre-stimulated with rIFNε or rIL-15 for 18 h at the indicated E:T ratios. Data information: The % displayed on the flow cytometry plots are the
% of the parent population the cells within the gates/quadrants comprise. All data presented as mean ± SEM. *p < 0.05, ****p < 0.0001; #p < 0.05, ##p < 0.01, ###p < 0.001,
####p < 0.0001 compared to (A, C–F) PMA and ionomycin only control or (G) media only control (A, C–G: one-way ANOVA). (A, C–G): n= 6 (data from one experiment;

biological replicates), (H): n ≥ 3 (data from one experiment; technical replicates). Source data are available online for this figure.
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cells (Allen and Nilsen-Hamilton, 1998; Ye et al, 1996). Our studies
on human tissue show a close association between IFNE and IL15
expression. The levels of the NK cell marker, NCR1, also positively
correlate with both IFNE and IL15 expression in uterine tissue
providing evidence of links between IFNε, IL-15, and NK cell
responses in the humans. We also show that IL-15 is produced by
myeloid cells in response to IFNε signaling from endometrial
epithelial cells. The combination of high CD11b, low CD11c and

absence of MHC-II expression indicates that these IL-15-producing
cells are not one of the common DC subtypes, while the absence of
Ly6G precludes neutrophils (Liu et al, 2020; Merad et al, 2013;
Yasuda et al, 2020). This surface marker expression profile is
consistent with monocyte/macrophage phenotypes reported across
many mouse tissues (Liu et al, 2020). IL-15 is produced by
macrophages and stromal cells in the decidua (Gordon, 2021),
however, studies characterizing cytokine and surface marker

Figure 5. Local administration of recombinant interferon (rIFN)ε increases NK cells, pre-pro NK cell progenitors and IL-15 expression, and decreases Chlamydia
infection in the female reproductive tract (FRT).

(A) Flow cytometry of uterine horn cells from wild-type (WT) C57BL/6 mice prophylactically administered rIFNε or phosphate-buffered saline (PBS) vehicle control
transcervically, on day 3 of Chlamydia muridarum infection showing conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) and quantification. (B) Flow cytometry of
uterine horn cells as in (A), showing CD69+/- IFNγ+/- conventional NK cells. (C–F) Quantification of (C) CD69+ IFNγ+, (D) CD69+ IFNγ-, (E) CD69- IFNγ+ and (F) CD69-

IFNγ- conventional NK cells in uterine horns as in (B). (G) Flow cytometry of bone marrow from femurs as in (A), showing mature NK cells (FSClow-int SSClow CD45+ lin-

CD11b+ CD122+ NK1.1+) and quantification. (H) Flow cytometry of uterine horn cells as in (A), showing pre-pro NK cell progenitors (FSClow-int SSClow CD45+ lin- FLT3- IL-
7Rα+ C-kitlow/- CD122- NK1.1- CD49b- NKG2D+ Sca-1+) and quantification. (I) qPCR analysis of Il15 expression, normalized to the expression of the housekeeping gene Hprt,
in uterine horns as in (A). (J) qPCR analysis of Chlamydia numbers normalized to inclusion forming unit (ifu) standards of Chlamydia in vaginal lavage fluid from mice as in
(A). Data information: The % displayed on the flow cytometry plots are the % of the parent population the cells within the gates comprise. All data presented as
mean ± SEM, with individual values. *p < 0.05, **p < 0.01 ((A, C–J): one-tailed Mann–Whitney test). (A–F, H–I): n ≥ 4, (G): n ≥ 5, (J): n ≥ 8 (all data from one experiment;
biological replicates). For flow cytometry on uterine tissue, uteri from 1 to 3 mice were pooled for each biological replicate and at least 4 pooled samples were analyzed.
See also Fig. EV4. Source data are available online for this figure.
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expression profiles of these cells in the non-pregnant mouse uterus
are few. One limitation of our current study is that we do not
identify whether IFNε-mediated increases in IL-15 production are
due to increases in the recruitment and/or proliferation of IL-15
producing cells in the uterus or increases in the amount of IL-15
produced per cell. Further investigation is required to determine
the role of IFNε in mediating IL-15 responses by monocytes/
macrophages in the non-pregnant uterus.

Consistent with our previous studies showing IFNε regulation of
CD69 expression on NK cells in whole splenocytes stimulated
ex vivo (Stifter et al, 2018), we show that IFNε alone directly
stimulates NK cell activation (CD69 expression). However, IL-15 is
required to increase NK cell number, IFNγ production, and
cytolytic activity. Increases in NK cell number observed with 18 h
IL-15 stimulation are likely due to increased survival, rather than
proliferation, as others showed that the time to first division in

Figure 6. Local administration of recombinant (r)IL-15 increases NK cells in the female uterus and bone marrow and decreases Chlamydia infection, but does not alter
pre-pro NK cell progenitors or interferon (IFN)ε expression.

(A) Flow cytometry of uterine horn cells from wild-type (WT) C57BL/6 mice prophylactically administered rIL-15 or 0.1% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) vehicle control transcervically, on day 3 of Chlamydia muridarum infection showing conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) and
quantification. (B) Flow cytometry of uterine horn cells as in (A), showing CD69+/- IFNγ+/- conventional NK cells. (C–F) Quantification of (C) CD69+ IFNγ+, (D) CD69+

IFNγ-, (E) CD69- IFNγ+, and (F) CD69- IFNγ- conventional NK cells in uterine horns as in (B). (G) Flow cytometry of bone marrow from femurs as in (A), showing mature
NK cells (FSClow-int SSClow CD45+ lin- CD11b+ CD122+ NK1.1+) and quantification. (H) Flow cytometry of uterine horn cells as in (A), showing pre-pro NK cell progenitors
(FSClow-int SSClow CD45+ lin- FLT3- IL-7Rα+ C-kitlow/- CD122- NK1.1- CD49b- NKG2D+ Sca-1+) and quantification. (I) qPCR analysis of Ifne expression, normalized to the
expression of the housekeeping gene Hprt, in uterine horns as in (A). (J) qPCR analysis of Chlamydia numbers normalized to inclusion forming units (ifu) standards in
vaginal lavage fluid as in (A). Data information: The % displayed on the flow cytometry plots are the % of the parent population the cells within the gates/quadrants
comprise. All data presented as mean ± SEM, with individual values. *p < 0.05, **p < 0.01 ((A, C–J): one-tailed Mann–Whitney test). ((A–F, H–I): n ≥ 4, (G): n ≥ 5, (J): n ≥ 8
(all data from one experiment; biological replicates). For flow cytometry on uterine tissue, uteri from 1 to 3 mice were pooled for each biological replicate and at least 4
pooled samples were analyzed. See also Fig. EV4. Source data are available online for this figure.
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response to IL-15 is ~32.5 h (Zhao and French, 2012). Our results
suggest that IFNε does not directly affect NK cell survival but
contributes to NK cell accumulation via the actions of IL-15. CD69
is both an early marker of NK cell activation induced by various
stimuli including type I IFNs and bacteria (Athié-Morales et al,
2008) and an activating receptor that, when ligated, induces NK cell

cytolytic activity, proliferation, adhesion molecule expression, and
cytokine production that sustain NK cell responses (Borrego et al,
1999). Thus, the increase in CD69 surface expression by IFNε may
also contribute to these NK cell functions in the presence of CD69
ligands, such as galectin-1 on the surface of macrophages and DCs
in vivo, however, in monoculture, IFNε stimulation alone is unable

Figure 7. Local administration of recombinant (r)IL-15 to Ifne-/- mice partially restores NK cell populations in the uterus and bone marrow and decreases Chlamydia
infection, while rIFNε administration in Il15-/- mice does not restore protective responses.

(A) Flow cytometry of uterine horn cells from Ifne-/- and wild-type (WT) C57BL/6 mice prophylactically administered rIL-15 (Ifne-/-) or 0.1% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) vehicle control (WT and Ifne-/-) transcervically, on day 3 of Chlamydia muridarum infection showing conventional NK cells (FSClow-int SSClow

CD45+ CD3- NK1.1+) and quantification. (B) Flow cytometry of uterine horn cells as in (A), showing CD69+/- IFNγ+/- conventional NK cells. (C–F) Quantification of (C)
CD69+ IFNγ+, (D) CD69+ IFNγ-, (E) CD69- IFNγ+, and (F) CD69- IFNγ- conventional NK cells in uterine horns as in (B). (G) Flow cytometry of bone marrow from femurs as
in (A), showing mature NK cells (FSClow-int SSClow CD45+ lin- CD11b+ CD122+ NK1.1+) and quantification. (H) qPCR analysis of Chlamydia numbers normalized to inclusion
forming unit (ifu) standards in vaginal lavage fluid from mice as in (A). (I) qPCR analysis of Ifng expression, normalized to the expression of the housekeeping gene Hprt, in
uterine horns from Il15-/-, Ifne-/-, andWT C57BL/6mice on day 3 of C. muridarum infection. (J) qPCR analysis of Chlamydia numbers normalized to ifu standards in vaginal lavage
fluid from mice as in (I). (K) qPCR analysis of Ifng expression in uterine horns from Il15-/- and WT C57BL/6 mice prophylactically administered rIFNε or PBS vehicle control
transcervically, on day 3 of C. muridarum infection. (L) qPCR analysis of Chlamydia numbers normalized to ifu standards in vaginal lavage fluid from mice as in (K). Data
information: The% displayed on the flow cytometry plots are the % of the parent population the cells within the gates/quadrants comprise. All data presented as mean ± SEM,
with individual values. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 ((A, C–L): one-way ANOVA). (A–H): n ≥ 10 (data from one experiment), (I–J): n ≥ 9 (data from one
experiment), (K): n ≥ 7 (data from one experiment), (L): n ≥ 14 (data from two experiments; all biological replicates). For flow cytometry on uterine tissue, uteri from 1 to 3 mice
were pooled for each biological replicate and at least 4 pooled samples were analyzed. See also Fig. EV5. Source data are available online for this figure.
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to increase IFNγ production or cytolytic activity. Notably, co-
stimulation with IFNε and IL-15 had synergistic effects, indicating
that they may act in concert to maximize NK cell responses. The
effects of rIFNε stimulation in combination with anti-IL-15
neutralizing antibody were like those of rIFNε alone, demonstrating
that the direct effects of IFNε on NK cell activation are independent
of autocrine IL-15 production, and confirming that NK cells
themselves are not the source of IFNε-induced IL-15. (Souza-
Fonseca-Guimaraes et al, 2012).

We show that rIFNε and rIL-15 have similar effects on NK cell
accumulation during infection in WT mice, consistent with IFNε
mediating this NK cell response through the actions of IL-15
in vivo. Interestingly, we also show that rIFNε promotes the
accumulation of pre-pro NK cell progenitors independent of IL-15.
Pre-pro NK cells are characterized by the absence of CD122, a
component of the IL-15 receptor, and so are unable to respond to
IL-15 at this differentiation stage (Fathman et al, 2011; Goh and
Huntington, 2017). Local administration of rIL-15 increased the
production of mature NK cells in the bone marrow during infection
but rIFNε failed to replicate this. This may be due to the
requirement for IL-15 production downstream of IFNε for the
production of mature NK cells and insufficient time between rIFNε
treatment and analysis to allow these processes to occur
systemically. rIL-15 treatment in vivo had a modest effect in
reducing Chlamydia burden compared to the effect of complete
genetic ablation of IL-15. This is likely due to the degree of loss/
gain of function in these experiments and rIL-15 not reaching the
target cells and/or for a sufficient duration. Higher doses of rIL-15
or alternate routes of administration may be required to induce
stronger protective NK cell IFNγ responses in vivo and have a
greater impact on Chlamydia burden. In Ifne-/- mice, local
administration of rIL-15 prior to infection increases inactive NK
cell numbers in the uterus and the production of mature NK cells in
the bone marrow, but has no effect on active and IFNγ-producing
populations locally. This indicates that, in vivo, the presence of
IFNε and its direct IL-15-independent effects are required to
potently induce NK cell activation locally.

Our findings demonstrating direct, IL-15-independent effects of
IFNε on NK cells are consistent with reports that NK cell
expression of the type I IFN receptor (IFNAR) is required to
mediate their cytolytic activity and IFNγ production in other sites
during viral infections (Gill et al, 2011; Martinez et al, 2008; Zhu
et al, 2008). However, these studies do not identify which of the 17
type I IFNs act directly on NK cells for these responses. Similarly,
our data showing IL-15-dependent effects of IFNε on NK cells are
supported by reports that, downstream of IFNAR signaling, specific
NK cell functions are mediated through the actions of IL-15 (Lucas
et al, 2007) but these studies also do not identify the type I IFN
responsible.

This study used C. muridarum in mice to define the relation-
ships between IFNε and NK cell responses in the uterus. The
advantage of using C. muridarum in murine models is that it is the
natural mouse pathogen, making it the most appropriate serovar
for investigating host-pathogen relationships in the FRT. This is
especially true for the study of acute infection, protective immunity,
and pathogenesis (De Clercq et al, 2013; Morrison and Caldwell,
2002). In mice a low inoculum of C. muridarum establishes a
productive infection that ascends the FRT and induces sustained
endometrial inflammation and tubal pathology in immune-

sufficient mice, and therefore, it reliably recapitulates the course
of C. trachomatis FRT infections observed in women. C.
trachomatis is not a natural pathogen in mice, and in immune-
sufficient animals, it does not ascend the FRT beyond the cervix.
This is unless the cervix is bypassed by infecting via the intrauterine
or intrabursal route (Gondek et al, 2012; Tuffrey et al, 1990) or
extremely large inocula are administered (~107 IFU) (Darville et al,
1997). This bacterium also does not induce the cardinal features of
Chlamydia-induced disease in women (Darville et al, 1997; Gondek
et al, 2012). Furthermore, IFNε is expressed by epithelial cells
throughout the FRT but most strongly in the uterine epithelium,
therefore, for these studies we used C. muridarum that reliably
ascends into the epithelium of the upper reproductive tract to
investigate the regulation of immune responses by IFNε.

IFNγ is associated with protection in both C. muridarum and C.
trachomatis infections, however, Chlamydia species do differ in
their susceptibility to IFNγ-mediated immune responses, with C.
muridarum being more resistant to IFNγ-mediated effects (Morri-
son, 2000; Perry et al, 1999). This is a limitation of our study, as
IFNε-mediated NK cell IFNγ responses may have a greater impact
on C. trachomatis infection and suggests that C. muridarum and C.
trachomatis could also differ in their resistance to other cytokines.
Future studies are needed to determine if the novel IFNε-mediated
immune responses we describe during C. muridarum infection have
a similar impact on C. trachomatis, and other Chlamydia spp. and
FRT pathogens. We also have not determined the relative
contribution of NK cell responses in long-term sequelae. Such
studies would require substantial optimization and additional
animal experimentation. These are beyond the scope of the current
study that shows a novel functional relationship between IFNε, IL-
15 and NK cells in FRT host defense for the first time.

It would also be informative to assess IL-15 sufficient but NK
cell deficient mice to further assess any NK cell independent effects
of IFNε via other resident tissue or early innate immune cells.
However, collectively our data show that NK cells are the main
contributors to IFNε-mediated protective responses. We have
previously shown the direct effects of IFNε on epithelial cells
(Stifter et al, 2018), and here we show that numbers of other
common immune cell populations in the uterus are unaffected by
IFNε deficiency, and use Il15-/- mice, that are devoid of mature NK
cells, to determine the NK cell-independent effects of IFNε in vivo.
IL-15 deficiency may have effects on other cell types (Il15-/- mice
also exhibit defects in NKT, intraepithelial lymphocytes and
memory CD8 T cells) and so these mice are not exclusively NK
cell deficient (Huntington, 2014). However, all currently available
tools for depleting NK cells have non-specific effects and there are
no markers expressed exclusively by NK cells to target with
antibody depletion that are not also expressed by other cell types.
Genetic deletion of factors required for NK cell development and
function commonly affect T and B cell function, leads to the
development of severe autoimmune disorders, or only target
cytolytic activity (Zamora et al, 2015). Thus, Il15-/- mice are the
most appropriate tool available to determine if there are NK cell-
independent effects of IFNε on infection and protective responses.

Endometrial cells in the upper FRT are histologically similar
between humans and mice, consisting of simple columnar luminal
epithelium and tubular glands within a specialized stroma (Rendi
et al, 2012; Yamaguchi et al, 2021). To add further clinical relevance
to our findings we performed correlation analysis on endometrial
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biopsies. We show that in women, IFNε expression is linked to both
the expression of IL-15 and NCR1, a marker of NK cell
recruitment. It was not possible to obtain endometrial tissues at
early time points during infection due to ethical and logistical
reasons, and studies in human tissues ex vivo do not incorporate
the influx of immune cells from the circulation or the effects on
bone marrow haematopoiesis, which are key responses to infection.

In conclusion, regulation of NK cell responses in the uterus is
crucial for maintaining FRT function and protection against
infection. As a result, the regulation of NK cells in the uterus is
unique. To date, no studies have identified uterine-specific factors
that control NK cell responses in this immune-privileged site in
response to infection. To the best of our knowledge this manuscript
is the first to identify a crucial role for the constitutive expression of
a uterine-specific factor, IFNε, in controlling NK cell responses in
the uterus and protecting against FRT infections. Since the uterus is
an immunologically privileged organ that is dependent on NK cell
responses for its reproductive functions, the ramifications of our
findings may reach beyond protection against infection.

Methods

Mice

WT and Ifne-/- C57BL/6 mice were purchased from Australian
BioResources or Monash University, Australia. Il15-/- (and matched
WT controls) and IL-15-CFP mice were from the Walter and Eliza
Hall Institute of Medical Research (WEHI), Australia. Mice were
housed 4 per cage in individually ventilated and filtered cages under
positive pressure in an SPF facility on a 12-h light:dark cycle with
controlled temperature (22 ± 2 °C) and humidity (30-70%). Each cage
was equipped with autoclaved corn cob bedding, a shelter, nesting
paper, paper coils, and a wooden tongue depressor for environmental
enrichment. Mice acclimatized for at least 5 days prior to
experimentation. All mice were fed a standard mouse diet available
ad libitum (Specialty Feeds, WA, Australia). All animal procedures
used in this study were performed in accordance with the
recommendations set out in the Australian code of practice for the
care and use of animals for scientific purposes issued by the National
Health and Medical Research Council (Australia). All protocols were
approved by the University of Newcastle (approval number: A-2011-
109) andWEHI (approval number: 2018.002) Animal Care and Ethics
Committees. Mice were monitored daily for signs of disease as per the
approved protocol. Their weight, appearance, and behavior were
within normal parameters before being assigned to groups. Interven-
tion by veterinary treatment or euthanasia was indicated by the
development of signs of severe disease. There were no interventions
required as a result of our experimental protocol.

Chlamydia muridarum infection

Mice were allocated into groups using a minimization strategy to
balance variables, namely age and weight, across groups. Age
matched, adult (6–8 weeks old), female WT, Ifne-/-, or Il15-/- C57BL/
6 mice were pre-treated with 2.5 mg depot medroxyprogesterone
acetate (Depo-Provera; Pfizer, NY, USA) subcutaneously to prime
for infection and synchronize their estrogenic cycles. Seven days
later, mice were infected by intravaginal inoculation with 5 × 104

IFU C. muridarum (ATCC VR-123) in 10 μL sucrose-phosphate-
glutamate buffer (SPG; 10 mM sodium phosphate [pH 7.2], 0.25 M
sucrose, 5mM L-glutamic acid) or sham-infected with SPG alone
under ketamine:xylazine anesthesia (80 mg/kg:5 mg/kg IP; Ilium
Ketamil® and Ilium Xylazil-20®; Troy Laboratories, Glendenning,
Australia), as described previously (Asquith et al, 2011; Fung et al,
2013; Fig. EV4A). Mice were sacrificed by sodium pentobarbital
(250 mg/kg IP; Lethabarb; Virbac, Milperra, NSW, Australia)
overdose at 3dpi for characterization of immune responses or
14dpi for quantification of FRT pathology.

In vivo administration of recombinant cytokines

Some groups of mice were administered recombinant mouse (r)
IFNε (1.36 × 105 IU/mg; generated in-house as described previously
(Fung et al, 2013)), rIL-15 (R&D Systems, Minneapolis, MN, USA),
or vehicle transcervically 24 h before and again intravaginally 6 h
before infection. For transcervical treatments, mice were anesthe-
tized with isoflurane (1.5–5% in O2) and 100 µL rIFNε (7 µg) in
PBS, rIL-15 (285 ng) in PBS with 1% BSA, or either vehicle alone
was injected into the uterine lumen using a small animal endoscope
with a working sheath and flexible needle (Mainz COLOVIEW®
System, Karl Storz, Tuttlingen, Germany). For intravaginal
treatments, mice were anesthetized with isoflurane and 20 µL
rIFNε (3 µg) in PBS, rIL-15 (285 ng) in 1% BSA in PBS, or either
vehicle alone was deposited into the vaginal vault using a pipette
(Fig. EV4A,B). Specialist reagents are available subject to stocks.

Flow cytometry

Uterine horn tissue was processed into single-cell suspensions by
gently dissociating in HEPES buffer (10 mM HEPES-NaOH
[pH7.4], 150 mM NaCl, 5 mM KCI, 1 mM MgCl2, 1.8 mM CaCl2)
and enzymatic digestion with collagenase-D (2 mg/mL; Roche) and
DNase I (40 U/mL; Roche; 37 °C, 30 min). Spleens and lumbar
aortic and medial iliac lymph nodes were dissociated by passing
through a sterile sieve. Bone marrow was obtained by flushing the
left femur with 1 mL FACS buffer (2% fetal bovine serum [FBS],
2 mM EDTA in PBS). Debris was removed from single cell
suspensions using a 70 μm nylon cell strainer. Erythrocytes were
removed by incubation with red blood cell lysis buffer (155 mM
NH4Cl, 12 mM NaHCO3, 0.1 mM ethylenediaminetetraacetic acid
[EDTA], pH 7.35; 5 min, 4 °C) and cells enumerated using a
Countess™ automated cell counter (Invitrogen).

Cells (0.5–3 × 106 cells/sample) were incubated with mouse Fc
receptor block (anti-mouse CD16/32; BioXCell; 10 ng/mL, 15 min,
4 °C). Cell surface markers (CD45, CD3, NK1.1, CD122, CD11b,
CD49b, NKG2D, CD4, B220, GR1, C-kit, Sca-1, FLT3, IL-7Rα, and/
or CD69) were labeled by incubation with fluorochrome or biotin-
conjugated antibodies (Table EV1; 20 min, 4 °C). Biotin-conjugated
antibodies were subsequently labeled with streptavidin-conjugated
fluorochromes. Stained cells were fixed in 4% paraformaldehyde in
PBS and analyzed using a FACSCanto™ II or FACSAria™ III flow
cytometer and FACSDiva software (BD Biosciences) (Beckett et al,
2012). After exclusion of debris, cell populations were identified
based on forward- and side-scatter and characteristic surface
marker expression profile (Table EV2; gating strategy shown in Fig.
EV1) and proportion (as a percentage) and total numbers in each
tissue calculated (Beckett et al, 2012; Yadi et al, 2008).
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For cytokine detection, single cell suspensions were incubated
with ionomycin (1 μg/mL), phorbol 12-myristate 13-acetate (PMA;
50 ng/mL), and Brefeldin A (5 μg/mL; Sigma-Aldrich), in supple-
mented RPMI 1640 media (10% FBS, 2mM L-glutamine, 2 mM
sodium pyruvate, 100 μg/mL penicillin, 100 μg/mL streptomycin,
50 μM 2-mercaptoethanol; Gibco®, Thermo Fisher Scientific; 5 h,
37 °C) prior to staining for surface markers (Essilfie et al, 2012).
Cells were then fixed in 4% paraformaldehyde (30 min; 4 °C),
permeabilized with saponin buffer (0.25% saponin in FACS buffer;
10 min), and stained with PE- or BV711-conjugated anti-IFNγ
(Table EV1; 30 min). Control samples were stained with isotype-
matched control antibody to assist in analysis.

To detect IL-15 and IFNε expressing cells, uterine horn tissue
from IL-15-CFP reporter mice was incubated in HBSS (Gibco)
supplemented with 2% FBS (Bovogen Biologicals) and 2.5 mM
EDTA (30 min) followed by digestion in RPMI supplemented with
5% FBS, 1 mg/mL Collagenase type III (Scimar) and 2 µg/mL
DNase I (Sigma; 90 min). Single-cell suspensions were prepared by
passing through a 70 µm filter (Falcon). Uterine single cells were
incubated with Brefeldin A (1 μg/mL; Sigma-Aldrich) in supple-
mented RPMI 1640 media (4 h, 37 °C) prior to staining. Viability
staining was performed with Zombie Red fixable viability dye
(Biolegend), prior to performing Fc block and surface stain using
BV510-labeled anti-CD45, APC Cy7-labeled anti-CD11b, PE Cy7-
labeled anti-CD11c, Pacific Blue-labeled anti-Ly6G, AF700-labeled
anti-MHC-II, BV650-labeled anti-CD19, and BV711-labeled anti-
NKp46, or BV785-labeled anti-CD4 and APC-Cy7-labeled anti-
CD8 (Table EV1). Cells were fixed and permeabilized with the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience), and
stained with APC-labeled anti-IFNε monoclonal IgG2a (generated
in-house (Fung et al, 2013)), PE-labeled anti-pan Cytokeratin and
AF488-labeled anti-GFP. Fluorescence minus one controls were
used to assist in analysis. Samples were analyzed using a Fortessa
X20 flow cytometer and FlowJo V10 software (BD).

Gross oviduct pathology

In mice, the extent of swelling of the oviducts has been shown to be
proportional to the severity of disease (O’Meara et al, 2014; Shah
et al, 2005). FRT pathology was quantified by measuring the
longitudinal and transverse diameters of the oviduct using digital
calipers and multiplying these values to determine the oviduct
cross-sectional area in mm2.

Immunofluorescence

Uteri from IL-15-CFP reporter mice were fixed in 10% neutral
buffered formalin and embedded in paraffin. Four µm sections were
cut and deparaffinized routinely. Heat-induced epitope retrieval
(HIER) was performed in citrate buffer (10 mM trisodium citrate,
pH 6.0) under pressure using a Biocare decloaking chamber
(Biocare; 5 min, 110 °C). To detect IFNε protein, sections were
labeled with mouse anti-IFNε (3 μg/mL; generated in-house (Fung
et al, 2013)), biotinylated anti-mouse IgG secondary antibody
(Table EV1), followed by AF594-labeled Streptavidin (Invitrogen).
Background staining was prevented using goat serum (Vector
Laboratories). CFP expression was detected with AF488-labeled
anti-GFP. Slides were counterstained with 4’,6-diamidine-2’-
phenylindole dihydrochloride (DAPI; Molecular Probes) and

coverslipped with Fluorescence mounting medium (Agilent). Slides
were scanned at 20x magnification using a VS120 Virtual Slide
Microscope (Olympus) and analyzed with OlyVIA software
(Olympus).

ELISA

Concentrations of IFNγ and IL-15 were measured in uterine lavage
fluid (flushed with 100 μL PBS supplemented with cOmplete™ Mini
protease and phosSTOP phosphatase inhibitor cocktails, Sigma-
Aldrich) by ELISA (R&D Systems), as per the manufacturer’s
instructions.

Human endometrial tissue collection

Human protocols were approved by the University of Newcastle
Human Research Ethics Committee (approval number: H-2022-
0202) and conformed to the principles set out in the WMA
Declaration of Helsinki and the Department of Health and Human
Services Belmont Report. Informed consent was obtained from all
human subjects as per approved guidelines. Normal endometrial
tissue was collected from patients (mean age, 66.23; SD, 11.46)
undergoing surgical interventions for uterine cancer at the John
Hunter Hospital, Newcastle. A pathologist confirmed the suitability
of collected samples by histopathology. Tissues were collected in
HBSS, transported on ice, and extensively washed in PBS to remove
excessive blood then stored in LN2 until use.

Gene expression analysis

Total RNA was extracted from homogenized uterine tissue using
TRIzol® Reagent (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Concentration and purity of RNA was
quantified using a NanoDrop™ 1000 Spectrophotometer (Thermo
Fisher Scientific). RNA (1 µg) was treated with DNase I (Sigma-
Aldrich) and reverse transcribed using BioScript™ reverse transcriptase
enzyme and random hexamer primers (Bioline), according to the
manufacturer’s instructions (Starkey et al, 2013). Gene expression was
evaluated by real-time qPCR using custom designed primers (Table
EV3; IDT) and SYBR Green Supermix (KAPA Biosystems), or
TaqMan® Gene Expression Assays (mIfne: Mm00616542_s1; mHprt:
Mm00446968_m1; hIfne: Hs00703565_s1; hHprt1: Hs02800695_m1;
Thermo Fisher Scientific), on a Mastercycler® ep realplex2 system
(Eppendorf) (Horvat et al, 2010; Phipps et al, 2007). Expression levels
of genes were calculated relative to the reference gene using the 2−ΔΔCt

method. Crucial qPCR data (e.g., Il15 expression in uterine tissue) was
confirmed by assessing protein levels in uterine lavage fluid by ELISA
(Fig. 3B).

NK cell isolation and stimulation

Splenic NK cells were isolated from single-cell suspensions of
splenocytes from WT female C57BL/6 mice using the EasySep™
Mouse CD49b Positive Selection Kit, which simultaneously labels the
cNK cell marker, CD49b, and EasyEights™ EasySep™Magnet (Stemcell
Technologies, Vancouver, BC, Canada). Isolated NK cells were then
cultured in supplemented RPMI 1640 media containing 100pM/mL
rIFNε (Stifter et al, 2018), 100 ng/mL rIL-15, 10 µg/mL anti-IL-15
(#ab7213; Abcam, UK) and/or isotype control antibody (#ab171870;
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Abcam; Table EV1) for 18 h (37 °C, 5% CO2). For intracellular
cytokine detection, PMA, ionomycin, and Brefeldin A were added in
the final 5 h of culture and cells analyzed by flow cytometry.

Cytotoxicity assay

After stimulation, NK cells were co-cultured with YAC-1 target
cells (mouse lymphoma lymphoblast fibroblast; ATCC TIB-160;
authenticated and mycoplasma tested) at the indicated effector
cell:target cell (E:T) ratios for 4 h (37 °C and 5% CO2). Co-cultures
were then stained with Fixable Viability Dye™ (FVD) eFluor™ 506
(eBioscience) and fluorochrome-conjugated antibodies specific for
cell surface markers (CD45, CD3 and NK1.1) to differentiate NK
and YAC-1 cells and analyzed by flow cytometry. NK cell only and
YAC-1 only controls were used to determine spontaneous lysis of
target cells and set gating strategy. Percent specific lysis was
calculated as the proportion of YAC-1 cells (FSCint SSCint-hi CD45+

CD3+ CD49b-) positive for FVD, minus spontaneous lysis (Littwitz-
Salomon et al, 2018; Valiathan et al, 2012).

Chlamydia load

Vaginal lavage fluid was collected from mice by lavaging the vagina
with sterile SPG (2 ×60 μL). Total DNA was extracted using a GF-1
Bacterial DNA Extraction Kit (Vivantis, Malaysia), according to the
manufacturer’s instructions. Chlamydia numbers (in IFU) were
then determined by SYBR Green-based real-time qPCR using

primers specific for genomic C. muridarum ompA (Table EV3) and
standards of known concentrations of C. muridarum (determined
by infection of McCoy cells), as described previously (Asquith et al,
2011; Berry et al, 2004; Fung et al, 2013; Horvat et al, 2010; Kaiko
et al, 2008).

Statistics

Investigators were blinded to experimental groups during analysis
of samples. Sample size was chosen based on power calculations
(80% power, alpha=0.05) using means and SDs of NK cell
frequencies from pilot experiment shown in Fig. EV1A. Data are
presented as mean ± SEM and/or individual values, as indicated.
Outlier testing (ROUT) was performed on all datasets and any
statistical outliers removed. Statistical significance for comparisons
between two groups was determined using an unpaired Mann-
Whitney test, two-tailed or one-tailed, where appropriate. Statis-
tical significance for comparisons involving three or more groups
was determined by one-way ANOVA with Fisher’s Least Significant
Difference (LSD) post hoc test. Statistical analyses were performed
using GraphPad Prism 6 software (San Diego, CA).

Data availability

This study includes no data deposited in external repositories.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44321-023-00018-6.

Peer review information

A peer review file is available at https://doi.org/10.1038/s44321-023-00018-6

References

Allavena P, Giardina G, Bianchi G, Mantovani A (1997) IL-15 is chemotactic for

natural killer cells and stimulates their adhesion to vascular endothelium. J

Leukoc Biol 61:729–735

Allen MP, Nilsen-Hamilton M (1998) Granzymes D, E, F, and G are regulated

through pregnancy and by IL-2 and IL-15 in granulated metrial gland cells. J

Immunol 161:2772–2779

Andoniou CE, van Dommelen SLH, Voigt V, Andrews DM, Brizard G, Asselin-

Paturel C, Delale T, Stacey KJ, Trinchieri G, Degli-Esposti MA (2005)

Interaction between conventional dendritic cells and natural killer cells is

integral to the activation of effective antiviral immunity. Nat Immunol

6:1011–1019

Ascierto ML, Idowu MO, Zhao Y, Khalak H, Payne KK, Wang X-Y, Dumur CI,

Bedognetti D, Tomei S, Ascierto PA et al (2013) Molecular signatures mostly

associated with NK cells are predictive of relapse free survival in breast cancer

patients. J Transl Med 11:145

Asquith KL, Horvat JC, Kaiko GE, Carey AJ, Beagley KW, Hansbro PM, Foster PS

(2011) Interleukin-13 promotes susceptibility to chlamydial infection of the

respiratory and genital tracts. PLoS Pathog 7:e1001339

Athié-Morales V, O’Connor GM, Gardiner CM (2008) Activation of human NK

cells by the bacterial pathogen-associated molecular pattern muramyl

dipeptide. J Immunol 180:4082–4089

The paper explained

Problem
The female reproductive tract (FRT) is a unique mucosal site where the
regulation of immune responses is finely balanced to be permissive of a
semi-autologous fetus yet protective against sexually transmitted
infections (STIs) such as Chlamydia, HSV and HIV. The regulation of NK
cells, in health and in response to infection, in this location is unique. To
date, no studies have identified uterine-specific factors that control NK
cell responses in this immune-privileged site in response to infection.

Results
Here, we demonstrate that the constitutively expressed type I IFN, IFNε,
is a critical regulator of NK cell responses in the uterus. We show that
IFNε promotes NK cell accumulation, activation, and effector cytokine
production in response to Chlamydia infection through IL-15-dependent
and -independent mechanisms. Even small changes in these responses
would have large ramifications in the often chronic infections of the
FRT.

Impact
This study is the first to identify a crucial role for the constitutive
expression of a uterine-specific factor, IFNε, in controlling NK cell
responses in the uterus and protecting against FRT infections. Since the
uterus is an immunologically privileged organ that is dependent on NK
cell responses for its reproductive functions, the ramifications of our
findings may reach beyond protection against Chlamydia infection.
These mechanisms are likely to have broader significance in under-
standing and manipulating FRT immunity to other STIs (e.g., HIV, HSV,
HPV) and gynecological cancers, where similar regulation of protective
immunity is required, and in NK cell-mediated maintenance of uterine
function and physiology.

EMBO Molecular Medicine Jemma R Mayall et al

282 EMBO Molecular Medicine Volume 16 | February 2024 | 267 – 293 © Crown

https://doi.org/10.1038/s44321-023-00018-6
https://doi.org/10.1038/s44321-023-00018-6


Baranek T, Vu Manh T-P, Alexandre Y, Maqbool Muhammad A, Cabeza Joaquin

Z, Tomasello E, Crozat K, Bessou G, Zucchini N, Robbins Scott H et al (2012)

Differential responses of immune cells to type I interferon contribute to host

resistance to viral infection. Cell Host Microbe 12:571–584

Beckett EL, Phipps S, Starkey MR, Horvat JC, Beagley KW, Foster PS, Hansbro PM

(2012) TLR2, but not TLR4, is required for effective host defence against

Chlamydia respiratory tract infection in early life. PLoS ONE 7:e39460

Berry L, Hickey D, Skelding K, Bao S, Rendina A, Hansbro P, Gockel C, Beagley K

(2004) Transcutaneous immunization with combined cholera toxin and CpG

adjuvant protects against Chlamydia muridarum genital tract infection. Infect

Immun 72:1019–1028

Borrego F, Robertson MJ, Ritz J, Peña J, Solana R (1999) CD69 is a stimulatory

receptor for natural killer cell and its cytotoxic effect is blocked by CD94

inhibitory receptor. Immunology 97:159–165

Chantakru S, Miller C, Roach LE, Kuziel WA, Maeda N, Wang W-C, Evans SS,

Croy BA (2002) Contributions from self-renewal and trafficking to the uterine

NK cell population of early pregnancy. J Immunol 168:22–28

Cohen CR, Koochesfahani KM, Meier AS, Shen C, Karunakaran K, Ondondo B,

Kinyari T, Mugo NR, Nguti R, Brunham RC (2005) Immunoepidemiologic

profile of Chlamydia trachomatis infection: importance of heat-shock protein

60 and interferon-γ. J Infect Dis 192:591–599

Colucci F, Caligiuri MA, Di Santo JP (2003) What does it take to make a natural

killer? Nat Rev Immunol 3:413–425

Cotter T, Ramsey K, Miranpuri G, Poulsen C, Byrne G (1997) Dissemination of

Chlamydia trachomatis chronic genital tract infection in gamma interferon

gene knockout mice. Infect Immun 65:2145–2152

Darville T, Andrews Jr. CW, Laffoon KK, Shymasani W, Kishen LR, Rank RG

(1997) Mouse strain-dependent variation in the course and outcome of

chlamydial genital tract infection is associated with differences in host

response. Infect Immun 65:3065–3073

De Clercq E, Kalmar I, Vanrompay D (2013) Animal models for studying female

genital tract infection with Chlamydia trachomatis. Infect Immun 81:3060–3067

Debattista J, Timms P, Allan J (2002) Reduced levels of gamma-interferon

secretion in response to chlamydial 60 kDa heat shock protein amongst

women with pelvic inflammatory disease and a history of repeated Chlamydia

trachomatis infections. Immunol Lett 81:205–210

Elpek KG, Rubinstein MP, Bellemare-Pelletier A, Goldrath AW, Turley SJ (2010)

Mature natural killer cells with phenotypic and functional alterations

accumulate upon sustained stimulation with IL-15/IL-15Rα complexes. Proc

Natl Acad Sci USA 107:21647–21652

Essilfie A-T, Simpson JL, Dunkley ML, Morgan LC, Oliver BG, Gibson PG, Foster

PS, Hansbro PM (2012) Combined Haemophilus influenzae respiratory

infection and allergic airways disease drives chronic infection and features of

neutrophilic asthma. Thorax 67:588–599

Fathman JW, Bhattacharya D, Inlay MA, Seita J, Karsunky H, Weissman IL (2011)

Identification of the earliest natural killer cell–committed progenitor in murine

bone marrow. Blood 118:5439–5447

Fehniger TA, Cai SF, Cao X, Bredemeyer AJ, Presti RM, French Anthony R, Ley TJ

(2007) Acquisition of murine NK cell cytotoxicity requires the translation of a

pre-existing pool of granzyme B and perforin mRNAs. Immunity 26:798–811

Fung KY, Mangan NE, Cumming H, Horvat JC, Mayall JR, Stifter SA, De Weerd N,

Roisman LC, Rossjohn J, Robertson SA et al (2013) Interferon-ε protects the

female reproductive tract from viral and bacterial infection. Science

339:1088–1092

Gill N, Chenoweth MJ, Verdu EF, Ashkar AA (2011) NK cells require type I IFN

receptor for antiviral responses during genital HSV-2 infection. Cell Immunol

269:29–37

Goh W, Huntington ND (2017) Regulation of murine natural killer cell

development. Front Immunol 8:130

Gondek DC, Olive AJ, Stary G, Starnbach MN (2012) CD4+ T cells are necessary

and sufficient to confer protection against Chlamydia trachomatis infection in

the murine upper genital tract. J Immunol 189:2441–2449

Gordon SM (2021) Interleukin-15 in outcomes of pregnancy. Int J Mol Sci 22:11094

Haller O, Wigzell H (1977) Suppression of natural killer cell activity with

radioactive strontium: effector cells are marrow dependent. J Immunol

118:1503–1506

Hickey DK, Patel MV, Fahey JV, Wira CR (2011) Innate and adaptive immunity at

mucosal surfaces of the female reproductive tract: stratification and

integration of immune protection against the transmission of sexually

transmitted infections. J Reprod Immunol 88:185–194

Hook CE, Telyatnikova N, Goodall JC, Braud VM, Carmichael AJ, Wills MR,

Gaston JSH (2004) Effects of Chlamydia trachomatis infection on the

expression of natural killer (NK) cell ligands and susceptibility to NK cell lysis.

Clin Exp Immunol 138:54–60

Horvat JC, Starkey MR, Kim RY, Phipps S, Gibson PG, Beagley KW, Foster PS,

Hansbro PM (2010) Early-life chlamydial lung infection enhances allergic

airways disease through age-dependent differences in immunopathology. J

Allergy Clin Immunol 125:617.e6–625.e6

Huntington ND (2014) The unconventional expression of IL-15 and its role in NK

cell homeostasis. Immunol Cell Biol 92:210–213

Ibana JA, Aiyar A, Quayle AJ, Schust DJ (2012) Modulation of MICA on the

surface of Chlamydia trachomatis-infected endocervical epithelial cells

promotes NK cell-mediated killing. FEMS Immunol Med Microbiol 65:32–42

Jiao L, Gao X, Joyee AG, Zhao L, Qiu H, Yang M, Fan Y, Wang S, Yang X (2011)

NK Cells promote type 1 T cell immunity through modulating the function of

dendritic cells during intracellular bacterial infection. J Immunol 187:401–411

Johansson M, Schon K, Ward M, Lycke N (1997) Genital tract infection with

Chlamydia trachomatis fails to induce protective immunity in gamma

interferon receptor-deficient mice despite a strong local immunoglobulin A

response. Infect Immun 65:1032–1044

Kaiko GE, Phipps S, Hickey DK, Lam CE, Hansbro PM, Foster PS, Beagley KW

(2008) Chlamydia muridarum infection subverts dendritic cell function to

promote Th2 immunity and airways hyperreactivity. J Immunol 180:2225–2232

Kennedy MK, Glaccum M, Brown SN, Butz EA, Viney JL, Embers M, Matsuki N,

Charrier K, Sedger L, Willis CR et al (2000) Reversible defects in natural killer

and memory CD8 T cell lineages in interleukin 15–deficient mice. J Exp Med

191:771–780

Keppel MP, Saucier N, Mah AY, Vogel TP, Cooper MA (2015) Activation-specific

metabolic requirements for NK Cell IFN-γ production. J Immunol

194:1954–1962

Kim S, Iizuka K, Kang H-SP, Dokun A, French AR, Greco S, Yokoyama WM

(2002) In vivo developmental stages in murine natural killer cell maturation.

Nat Immunol 3:523–528

Lee JM, Mayall JR, Chevalier A, McCarthy H, Van Helden D, Hansbro PM, Horvat

JC, Jobling P (2020) Chlamydia muridarum infection differentially alters

smooth muscle function in mouse uterine horn and cervix. Am J Physiol

Endocrinol Metab 318:E981–e994

Littwitz-Salomon E, Malyshkina A, Schimmer S, Dittmer U (2018) The cytotoxic

activity of natural killer cells is suppressed by IL-10+ regulatory T cells during

acute retroviral infection. Front Immunol 9:1947

Liu Z, Gu Y, Shin A, Zhang S, Ginhoux F (2020) Analysis of myeloid cells in

mouse tissues with flow cytometry. STAR Protoc 1:100029

Lucas M, Schachterle W, Oberle K, Aichele P, Diefenbach A (2007) Natural killer

cell-mediated control of infections requires production of interleukin 15 by

type I IFN-triggered dendritic cells. Immunity 26:503–517

Male V, Hughes T, McClory S, Colucci F, Caligiuri MA, Moffett A (2010)

Immature NK cells, capable of producing IL-22, are present in human uterine

mucosa. J Immunol 185:3913–3918

Jemma R Mayall et al EMBO Molecular Medicine

© Crown EMBO Molecular Medicine Volume 16 | February 2024 | 267 – 293 283



Martinez J, Huang X, Yang Y (2008) Direct action of type I IFN on NK cells is

required for their activation in response to vaccinia viral infection in vivo. J

Immunol 180:1592–1597

Mayol K, Biajoux V, Marvel J, Balabanian K, Walzer T (2011) Sequential

desensitization of CXCR4 and S1P5 controls natural killer cell trafficking. Blood

118:4863–4871

Merad M, Sathe P, Helft J, Miller J, Mortha A (2013) The dendritic cell lineage:

ontogeny and function of dendritic cells and their subsets in the steady state

and the inflamed setting. Annu Rev Immunol 31:563–604

Moretta A, Poggi A, Pende D, Tripodi G, Orengo AM, Pella N, Augugliaro R,

Bottino C, Ciccone E, Moretta L (1991) CD69-mediated pathway of

lymphocyte activation: anti-CD69 monoclonal antibodies trigger the

cytolytic activity of different lymphoid effector cells with the exception of

cytolytic T lymphocytes expressing T cell receptor alpha/beta. J Exp Med

174:1393–1398

Morrison RP (2000) Differential sensitivities of Chlamydia trachomatis strains to

inhibitory effects of gamma interferon. Infect Immun 68:6038–6040

Morrison RP, Caldwell HD (2002) Immunity to murine chlamydial genital

infection. Infect Immun 70:2741–2751

Mrozek E, Anderson P, Caligiuri M (1996) Role of interleukin-15 in the

development of human CD56+ natural killer cells from CD34+ hematopoietic

progenitor cells. Blood 87:2632–2640

Nguyen KB, Salazar-Mather TP, Dalod MY, Van Deusen JB, Wei X-q, Liew FY,

Caligiuri MA, Durbin JE, Biron CA (2002) Coordinated and distinct roles for

IFN-αβ, IL-12, and IL-15 regulation of NK cell responses to viral infection. J

Immunol 169:4279–4287

O’Meara CP, Armitage CW, Harvie MC, Andrew DW, Timms P, Lycke NY,

Beagley KW (2014) Immunity against a Chlamydia infection and disease may

be determined by a balance of IL-17 signaling. Immunol Cell Biol 92:287–297

Perry L, Feilzer K, Caldwell H (1997) Immunity to Chlamydia trachomatis is

mediated by T helper 1 cells through IFN-gamma-dependent and -independent

pathways. J Immunol 158:3344–3352

Perry LL, Su H, Feilzer K, Messer R, Hughes S, Whitmire W, Caldwell HD (1999)

Differential sensitivity of distinct Chlamydia trachomatis isolates to IFN-

gamma-mediated inhibition. J Immunol 162:3541–3548

Phipps S, Lam CE, Mahalingam S, Newhouse M, Ramirez R, Rosenberg HF,

Foster PS, Matthaei KI (2007) Eosinophils contribute to innate antiviral

immunity and promote clearance of respiratory syncytial virus. Blood

110:1578–1586

Puzanov IJ, Bennett M, Kumar V (1996) IL-15 can substitute for the marrow

microenvironment in the differentiation of natural killer cells. J Immunol

157:4282–4285

Ranson T, Vosshenrich CAJ, Corcuff E, Richard O, Müller W, Di Santo JP (2003)

IL-15 is an essential mediator of peripheral NK-cell homeostasis. Blood

101:4887–4893

Rendi MH, Muehlenbachs A, Garcia RL, Boyd KL (2012) 17 - Female reproductive

system. In: Treuting PM, Dintzis SM (eds) Comparative Anatomy and

Histology. Academic Press, San Diego, p 253–284

Rosmaraki EE, Douagi I, Roth C, Colucci F, Cumano A, Di Santo JP (2001)

Identification of committed NK cell progenitors in adult murine bone marrow.

Eur J Immunol 31:1900–1909

Sciumè G, De Angelis G, Benigni G, Ponzetta A, Morrone S, Santoni A, Bernardini

G (2011) CX3CR1 expression defines 2 KLRG1+ mouse NK-cell subsets with

distinct functional properties and positioning in the bone marrow. Blood

117:4467–4475

Shah AA, Schripsema JH, Imtiaz MT, Sigar IM, Kasimos J, Matos PG, Inouye S,

Ramsey KH (2005) Histopathologic changes related to fibrotic oviduct

occlusion after genital tract infection of mice with Chlamydia muridarum. Sex

Transm Dis 32:49–56

Souza-Fonseca-Guimaraes F, Adib-Conquy M, Cavaillon JM (2012) Natural killer

(NK) cells in antibacterial innate immunity: angels or devils? Mol Med

18:270–285

Starkey MR, Essilfie AT, Horvat JC, Kim RY, Nguyen DH, Beagley KW, Mattes J,

Foster PS, Hansbro PM (2013) Constitutive production of IL-13 promotes

early-life Chlamydia respiratory infection and allergic airway disease. Mucosal

Immunol 6:569–579

Stifter SA, Matthews AY, Mangan NE, Fung KY, Drew A, Tate MD, Soares da

Costa TP, Hampsey D, Mayall J, Hansbro PM et al (2018) Defining the

distinct, intrinsic properties of the novel type I interferon, IFNϵ. J Biol Chem
293:3168–3179

Tseng C-TK, Rank RG (1998) Role of NK cells in early host response to chlamydial

genital infection. Infect Immun 66:5867–5875

Tsujimoto H, Uchida T, Efron PA, Scumpia PO, Verma A, Matsumoto T, Tschoeke

SK, Ungaro RF, Ono S, Seki S et al (2005) Flagellin enhances NK cell

proliferation and activation directly and through dendritic cell-NK cell

interactions. J Leukoc Biol 78:888–897

Tuffrey M, Alexander F, Inman C, Ward ME (1990) Correlation of infertility with

altered tubal morphology and function in mice with salpingitis induced by a

human genital-tract isolate of Chlamydia trachomatis. J Reprod Fertil

88:295–305

Vacca P, Vitale C, Montaldo E, Conte R, Cantoni C, Fulcheri E, Darretta V,

Moretta L, Mingari MC (2011) CD34(+) hematopoietic precursors are present

in human decidua and differentiate into natural killer cells upon interaction

with stromal cells. Proc Natl Acad Sci USA 108:2402–2407

Valiathan R, Lewis JE, Melillo AB, Leonard S, Ali KH, Asthana D (2012) Evaluation

of a flow cytometry-based assay for natural killer cell activity in clinical

settings. Scand J Immunol 75:455–462

Wang S, Fan Y, C.Brunham RC, Yang X (1999) IFN-γ knockout mice show Th2-

associated delayed-type hypersensitivity and the inflammatory cells fail to

localize and control chlamydial infection. Eur J Immunol 29:3782–3792

Warren HS (1996) NK cell proliferation and inflammation. Immunol Cell Biol

74:473–480

Williams NS, Kubota A, Bennett M, Kumar V, Takei F (2000) Clonal analysis of

NK cell development from bone marrow progenitors in vitro: orderly

acquisition of receptor gene expression. Eur J Immunol 30:2074–2082

Yadi H, Burke S, Madeja Z, Hemberger M, Moffett A, Colucci F (2008) Unique

receptor repertoire in mouse uterine NK cells. J Immunol 181:6140–6147

Yamaguchi M, Yoshihara K, Suda K, Nakaoka H, Yachida N, Ueda H, Sugino K,

Mori Y, Yamawaki K, Tamura R et al (2021) Three-dimensional understanding

of the morphological complexity of the human uterine endometrium. iScience

24:102258

Yasuda I, Shima T, Moriya T, Ikebuchi R, Kusumoto Y, Ushijima A, Nakashima A,

Tomura M, Saito S (2020) Dynamic changes in the phenotype of dendritic

cells in the uterus and uterine draining lymph nodes after coitus. Front

Immunol 11:557720

Ye W, Zheng L-M, Young J, Liu C-C (1996) The involvement of interleukin (IL)-15

in regulating the differentiation of granulated metrial gland cells in mouse

pregnant uterus. J Exp Med 184:2405–2410

Yu J, Freud AG, Caligiuri MA (2013) Location and cellular stages of natural killer

cell development. Trends Immunol 34:573–582

Zamora AE, Grossenbacher SK, Aguilar EG, Murphy WJ (2015) Models to study

NK cell biology and possible clinical application. Curr Protoc Immunol

110:14.37.11–14.37.14

Zhao YM, French AR (2012) Two-compartment model of NK cell proliferation:

insights from population response to IL-15 stimulation. J Immunol 188:2981–2990

Zhu J, Huang X, Yang Y (2008) A critical role for type I IFN-dependent NK cell

activation in innate immune elimination of adenoviral vectors in vivo. Mol Ther

16:1300–1307

EMBO Molecular Medicine Jemma R Mayall et al

284 EMBO Molecular Medicine Volume 16 | February 2024 | 267 – 293 © Crown



Acknowledgements
This work was funded by grants from the National Health and Medical

Research Council (NHMRC) of Australia to PMH, PJH, and JCH (1059242,

1003591) and by MJB via the Hunter New England Local Health District

(HNELHD). PMH is funded by a Fellowship and Investigator grant from the

NHMRC (1079187, 1175134). We thank Tegan Hunter (research assistant,

University of Newcastle), Nicole Cole (Central Analytical Facilities, University

of Newcastle), and the staff of the University of Newcastle BioResearch

Facilities for their technical assistance and support.

Author contributions
Jemma R Mayall: Formal analysis; Investigation; Methodology; Writing—original

draft; Project administration; Writing—review and editing Jay C Horvat:

Conceptualization; Formal analysis; Supervision; Funding acquisition;

Investigation; Methodology; Writing—original draft; Project administration;

Writing—review and editing. Niamh E Mangan: Formal analysis; Supervision;

Investigation; Methodology; Project administration; Writing—review and editing.

Anne Chevalier: Formal analysis; Investigation; Methodology. Huw McCarthy:

Formal analysis; Investigation; Methodology. Daniel Hampsey: Investigation;

Methodology. Chantal Donovan: Investigation; Methodology. Alexandra C

Brown: Investigation; Methodology. Antony Y Matthews: Investigation;

Methodology. Nicole A de Weerd: Investigation; Methodology. Eveline D de

Geus: Formal analysis; Investigation; Methodology; Writing—review and editing.

Malcolm R Starkey: Formal analysis. Richard Y Kim: Formal analysis. Katie Daly:

Formal analysis. Bridie J Goggins: Formal analysis. Simon Keely: Formal analysis.

Steven Maltby: Formal analysis. Rennay Baldwin: Formal analysis. Paul S Foster:

Supervision. Michael J Boyle: Conceptualization; Funding acquisition;

Investigation; Methodology; Writing—review and editing. Pradeep S Tanwar:

Formal analysis; Investigation; Methodology; Writing—original draft. Nicholas D

Huntington: Conceptualization; Supervision; Investigation; Methodology; Writing

—original draft; Project administration. Paul J Hertzog: Conceptualization;

Formal analysis; Supervision; Funding acquisition; Investigation; Methodology;

Writing—original draft; Project administration; Writing—review and editing.

Philip M Hansbro: Conceptualization; Resources; Formal analysis; Supervision;

Investigation; Methodology; Writing—original draft; Project administration;

Writing—review and editing.

Disclosure and competing interests statement
The authors declare no competing interests.

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

International License, which permits use, sharing, adaptation, distribution and

reproduction in any medium or format, as long as you give appropriate credit to

the original author(s) and the source, provide a link to the Creative Commons

licence, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons licence,

unless indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended use is not

permitted by statutory regulation or exceeds the permitted use, you will need to

obtain permission directly from the copyright holder. To view a copy of this

licence, visit http://creativecommons.org/licenses/by/4.0/. Creative Com-

mons Public Domain Dedication waiver http://creativecommons.org/public-

domain/zero/1.0/ applies to the data associated with this article, unless

otherwise stated in a credit line to the data, but does not extend to the graphical

or creative elements of illustrations, charts, or figures. This waiver removes legal

barriers to the re-use and mining of research data. According to standard

scholarly practice, it is recommended to provide appropriate citation and

attribution whenever technically possible.

© Crown 2024

Jemma R Mayall et al EMBO Molecular Medicine

© Crown EMBO Molecular Medicine Volume 16 | February 2024 | 267 – 293 285

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/


Expanded View Figures

Figure EV1. Effect of interferon (IFN)ε deficiency on the frequency of leukocyte populations in the uterus at 3 days and oviduct pathology at 14 days post Chlamydia
infection and flow cytometry gating strategy for identification of natural killer (NK) cell and progenitor populations.

(A) Frequency of natural killer (NK) cells (FSClow-int SSClow CD3- NK1.1+), macrophages (FSCint SSCint F480+), neutrophils (FSClow-int SSCint-high F480- CD11b+ GR1+),
plasmacytoid dendritic cells (pDCs; FSClow-int SSClow-int CD11c+ CD11b- GR1+ PDCA+), myeloid (m)DCs (FSClow-int SSClow-int CD11c+ CD11b+ GR1- PDCA-), CD4+ T cells (FSClow-int

SSClow CD3+ CD4+), CD8+ T cells (FSClow-int SSClow CD3+ CD8+), B cells (FSClow-int SSClow CD3- B220+), and NK T cells (FSClow-int SSClow CD3+ NK1.1+) in uterine horns from
Ifne-/- and wild-type (WT) C57BL/6 mice on day 3 of Chlamydia muridarum infection measured by flow cytometry. (B) Flow cytometry of uterine horn cells from Ifne-/- and
WT mice on day 3 of C. muridarum infection showing gating for innate lymphoid cell (ILC) populations (ILC1-3: FSClow-int SSClow CD45+ Lin- CD90.2+ IL-7Rα+ T-bet+/-). (C)
Cross-sectional area of the oviducts (in mm2) from Ifne-/- and WT mice on day 14 of C. muridarum (Cmu) or sham (SPG) infection. (D–H) Flow cytometry gating strategy
for NK cell populations. (D) For all stains doublets and debris were first excluded, leukocytes (CD45+ cells) selected and then lymphocytes selected based on size (forward
scatter [FSC]) and granularity (side scatter [SSC]). (E) Conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) and T cells (FSClow-int SSClow CD45+ CD3+ NK1.1-) were
gated based on NK1.1 and CD3 expression. (F) CD3- NK1.1- cells were gated and tissue-resident uterine (u)NK cells (FSClow-int SSClow CD45+ CD3- NK1.1- CD49b- CD122+)
identified based on CD49b and CD122 expression. (G) Lineage marker (lin; CD3, CD4, B220, GR1, and CD11b)- cells were gated followed by FLT3- and IL-7Rα+ C-kitlow/-

cells. CD122- NK1.1- cells were gated and pre-pro NK cell progenitors (FSClow-int SSClow CD45+ lin- FLT3- IL-7Rα+ C-kitlow/- CD122- NK1.1- CD49b- NKG2D+ Sca-1+) gated based
on CD49b, NKG2D and Sca-1 expression. CD122+ NK1.1- cells were gated and precursor NK cell progenitors (FSClow-int SSClow CD45+ lin- FLT3- IL-7Rα+ C-kitlow/- CD122+

NK1.1- CD49b- NKG2D+) gated based on CD49b and NKG2D expression. (H) In the bone marrow lin- CD11b-cells were gated and immature NK cells (FSClow-int SSClow

CD45+ lin- CD11b- CD122+ NK1.1+) gated based on NK1.1 and CD122 expression. Lin- CD11b+ cells were gated and mature NK cells (FSClow-int SSClow CD45+ lin- CD11b+

CD122+ NK1.1+) gated based on NK1.1 and CD122 expression. Data information: Data in (A) and (C) is presented as mean ± SEM, with individual values. **p < 0.01,
****p < 0.0001 ((A): two-way ANOVA; (C): one-way ANOVA). (A): n= 4 (data from one experiment), (C): n= 18-19 (data from two experiments; all biological replicates).
For flow cytometry analysis of NK cells, single cell suspensions from (D–F) uterine horn, (D–F) spleen, (D, G) lymph node and (D, G, H) bone marrow tissues were stained
with various antibodies (D, E) with or (D, F–H) without stimulation. (F) is repeated in Fig. 1B and pre-pro and precursor NK cell panels in (G) are repeated in Fig. 2A, E.
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Figure EV2. Effect of interferon (IFN)ε deficiency on the numbers and proportions of activated and IFNγ-producing natural killer (NK) cells in the uterus and spleen,
numbers of IFNγ-producing T cells in the uterus, and numbers of immature NK cells in bone marrow.

(A, B) Quantification of (A) CD69+ and (B) IFNγ+ conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) in uterine horns from Ifne-/- and wild-type (WT) C57BL/6
mice on day 3 of Chlamydia muridarum infection measured by flow cytometry. (C–F) Frequency of conventional NK cells expressing (C) CD69+ IFNγ+, (D) CD69+ IFNγ-, (E)
CD69- IFNγ+, and (F) CD69- IFNγ- in uterine horns. (G) Flow cytometry of uterine horn cells showing CD69+/- IFNγ+/- leukocytes (CD45+) and quantification. (H) Flow
cytometry of uterine horn cells showing CD69+/- IFNγ+/- T cells (FSClow-int SSClow CD45+ CD3+) and quantification. (I) Quantification of CD69+ conventional NK cells
(FSClow-int SSClow CD45+ CD3- NK1.1+) in spleens. (J–M) Frequency of conventional NK cells expressing (J) CD69+ IFNγ+, (K) CD69+ IFNγ-, (L) CD69- IFNγ+, and (M) CD69-

IFNγ- in spleens. (N) Quantification of IFNγ+ conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) in spleens. (O) Flow cytometry of bone marrow from femurs
showing immature conventional NK cells (FSClow-int SSClow CD45+ lin- CD11b- CD122+ NK1.1+) and quantification. Data information: The % displayed on the flow cytometry
plots are the % of the parent population the cells within the gates/quadrants comprise. All data presented as mean ± SEM, with individual values. *p < 0.05, **p < 0.01,
***p < 0.001 ((A–H): two-tailed Mann–Whitney test; (I–O): one-way ANOVA). (A–H): n ≥ 15 (data from three experiments), (I–O): n ≥ 15 (data from two experiments; all
biological replicates).
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Figure EV3. Effect of interferon (IFN)ε deficiency on CXCL10, IL-12, and IL-18 expression in the uterus and flow cytometry gating strategy for identification of
interferon (IFN)ε and IL-15 expressing cells in uteri and frequency of co-expression in common immune cell populations.

(A–C) qPCR analysis of Cxcl10 (A), Il12b (B) and Il18 (C) expression normalized to the expression of the housekeeping gene Hprt in uterine horns from Ifne-/- and wild-type
(WT) C57BL/6 mice on day 3 of Chlamydia muridarum (Cmu) or sham (SPG) infection. All data presented as mean ± SEM, with individual values (A-C: not significant, one-
way ANOVA). (A–C): n ≥ 5 (data from one experiment). (D) Single-cell suspensions of uteri from IL-15-CFP reporter mice were stained with antibodies against cell surface
markers followed by intracellular staining. Single, viable cells were selected. (E) Epithelial cells (Pan-Cytokeratin+) and immune cells (CD45+) were gated based on Pan-
Cytokeratin and CD45 expression. (F) IFNε and IL-15 expression was gated in epithelial cells and (G) immune cells, followed by identification of immune cell type shown in
Fig. 3. (F, G) are repeated in Fig. 3G, H. (H–K) (H) To determine frequency of IFNε and IL-15 co-expression in immune cell subsets, CD45+ cells were gated for (I) NK cells
(NKp46+), B cells (CD19+), (J) T cells (CD4+ or CD8+), and (K) monocytes/macrophages (CD11b+ CD11cneg-low MHC-II- Ly6G-) then IFNε and IL-15 expression was
characterized these populations.
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Figure EV4. In vivo administration and effect of recombinant (r)interferon (IFN)ε or rIL-15 on the numbers of activated and IFNγ-producing NK cells in the uterus and
immature NK cells in bone marrow during Chlamydia infection.

(A) Seven days prior to infection mice were administered progesterone subcutaneously. Twenty-four hours prior to infection rIFNε, rIL-15 or phosphate-buffered saline
(PBS))/PBS with 0.1% bovine serum albumin (BSA) vehicle was delivered into the uterine lumen using a small animal endoscope. Six hours prior to infection rIFNε, rIL-15 or
vehicle was delivered into the vagina using a pipette. On day 0 mice were infected intravaginally with C. muridarum. At 3 days post infection, mice were culled and immune
responses assessed. (B) Staining throughout uterus of mouse administered 100 µL Evan’s blue dye transcervically demonstrating the distribution of substances delivered
using this technique. (C, D) Quantification of (C) CD69+ and (D) IFNγ+ conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) in uterine horns from wild-type (WT)
C57BL/6 mice prophylactically administered rIFNε or phosphate-buffered saline (PBS) vehicle control transcervically on day 3 of Chlamydia muridarum infection. (E) Flow
cytometry of bone marrow from femurs as in A, showing immature conventional NK cells (FSClow-int SSClow CD45+ lin- CD11b- CD122+ NK1.1+) and quantification. (F, G)
Quantification of (F) CD69+ and (G) IFNγ+ conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) in uterine horns from wild-type (WT) C57BL/6 mice
prophylactically administered rIL-15 or 0.1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) vehicle control transcervically on day 3 of Chlamydia
muridarum infection. (H) Flow cytometry of bone marrow from femurs as in (D), showing immature conventional NK cells (FSClow-int SSClow CD45+ lin- CD11b- CD122+

NK1.1+) and quantification. Data information: The % displayed on the flow cytometry plots are the % of the parent population the cells within the gates comprise. All data
presented as mean ± SEM, with individual values. *p < 0.05 ((A, B, D, E): one-tailed Mann–Whitney test; (C, F): two-tailed Mann–Whitney test). (C–E): n ≥ 4 (data from one
experiment), (F–H): n ≥ 4 (data from one experiment; all biological replicates).
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Figure EV5. Recombinant (r)IL-15 has no effect on the numbers of activated and interferon (IFN)γ-producing NK cells in the uterus and increases immature NK cells
in the bone marrow in Ifne-deficient (-/-) mice and Il15-/- mice have no NK cells and reduced IFNγ+ leukocytes in the uterus during Chlamydia infection.

(A, B) Quantification of (A) CD69+ and (B) IFNγ+ conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) in uterine horns from Ifne-/- and wild-type (WT) C57BL/6
mice prophylactically administered rIL-15 (Ifne-/-) or 0.1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) vehicle control (Ifne-/- and WT) transcervically
on day 3 of Chlamydia muridarum infection. (C) Flow cytometry of bone marrow from femurs as in (A) showing immature conventional NK cells (FSClow-int SSClow CD45+ lin-

CD11b- CD122+ NK1.1+) and quantification. (D) Flow cytometry of uterine horn cells from Il15-/-, Ifne-/- and wild-type (WT) C57BL/6 mice on day 3 of Chlamydia muridarum
infection showing conventional NK cells (FSClow-int SSClow CD45+ CD3- NK1.1+) and quantification. (E) Flow cytometry of uterine horn cells, showing IFNγ+ leukocytes
(CD45+ cells) and quantification. Data information: The % displayed on the flow cytometry plots are the % of the parent population the cells within the gates comprise. All
data presented as mean ± SEM, with individual values. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA). (A, B): n ≥ 11, (C): n= 10 (data from one experiment), (D, E):
n= 8 (data from one experiment; all biological replicates).
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