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The risk of severe outcomes of influenza increases during pregnancy. Whether vaccine-induced T cell memory–primed
prepregnancy retains the ability to mediate protection during pregnancy, when systemic levels of several hormones with
putative immunomodulatory functions are increased, is unknown. Here, using murine adoptive transfer systems and a
translationally relevant model of cold-adapted live-attenuated influenza A virus vaccination, we show that preexisting
virus-specific memory T cell responses are largely unaltered and highly protective against heterotypic viral challenges
during pregnancy. Expression of the transcription factor T-bet, which is upregulated in antiviral T cells responding in
pregnant mice, is critical in preventing hormone-associated gain of detrimental T helper type 2 (TH2) attributes reported in
other settings. Beyond antiviral effects, preexisting vaccine-primed T cell immunity prevents metabolic dysfunction in
gravid dams and adverse neonatal outcomes often associated with maternal influenza infection. These results
demonstrate robust protection of the maternal-fetal unit from severe consequences of respiratory virus infection by
preexisting T cell immunity.
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Introduction
Pregnant women and their developing infants suffer disproportion-
ally high morbidity and mortality from influenza-related compli-
cations (1). Changes in cardiovascular physiology (2), the immune 
system (3), low vaccine efficacy (4), and a reluctance to be vacci-
nated (5, 6) all increase the likelihood that exposure to respiratory 
viruses during pregnancy will result in serious infection. In recent 
years, increasing proportions of  expectant mothers suffering from 
influenza have required hospitalization (7). Likewise, the odds of  
requiring critical care, adverse fetal outcomes, and death following 
development of  COVID-19 increase during pregnancy (8).

While vaccination is the best means to induce protective immu-
nity against influenza A virus (IAV), vaccines must be administered 
with caution during pregnancy (9). Only inactivated IAV vaccines 
that target the generation of  hemagglutinin and neuraminidase-spe-
cific antibodies (Abs) are approved for use (10, 11). Inactivated 
vaccine administration at any trimester of  pregnancy is considered 
safe and effective at preventing seasonal IAV infection (12–15). The 
neutralizing Abs induced by such vaccines have minimal efficacy, 
however, in preventing infection with drifted or emergent pandemic 
strains of  IAV (9). Abs that target conserved stem regions of  hem-
agglutinin (16) and T cell responses specific for conserved internal 
viral proteins, such as those induced by live attenuated cold-adapt-

ed IAV vaccines (LAIV), can protect against drifted and/or shifted 
strains of  the virus, respectively (17–21). Means to induce universal 
protection against IAV in pregnant women through vaccination are 
lacking as LAIV use is contraindicated during pregnancy (11). T 
cell responses against the conserved internal IAV proteins, common-
ly referred to as heterosubtypic immunity, can persist and protect 
against IAV for 9 to 12 months (22–24). Therefore, if  induced by 
vaccination prior to conception, heterosubtypic T cell responses 
against IAV could potentially protect expectant mothers against 
pandemic threats throughout gestation. However, whether and how 
pregnancy impacts the persistence and protective potential of  preex-
isting IAV-specific immunity is not well established.

Beyond tolerance mechanisms at the maternal-fetal interface 
(25, 26), alterations in the frequency and functional capacity 
of  immune cells essential for controlling respiratory infections 
occur during pregnancy (27–29). Pregnancy hormone–associated 
suppression of  immunity (30, 31) and compensatory increases in 
innate immunity result in heightened immunopathology during 
infection (3, 31–34). CD4+ T cell polarization biases driven by 
increased levels of  pregnancy-associated hormones also interfere 
with effective antiviral immunity (35–38). The consensus is that 
pregnancy biases CD4+ T cell responses toward T helper type 2 
(TH2) humoral immune responses, thus weakening antiviral TH1 
cellular responses (39, 40). While debated (41, 42), this view fits 
the broader paradigm that cellular responses that could harm the 
developing fetus are restricted during pregnancy (43–45).

Here, we use well-characterized murine adoptive transfer and 
LAIV prime and challenge models of  IAV infection to address 
whether pregnancy hinders the ability of  memory CD4+ T cells 
to mediate protection against IAV. We show that,when recalled 
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TH2-associated cytokine production was also evaluated. 
As anticipated for primary antiviral responses, the frequency 
of  IL-4–, IL-5–, and IL-13–producing cells derived from naive 
donors was low to undetectable in the spleen, dLNs, and lungs 
in nongravid hosts (Supplemental Figure 2, A and B, left pan-
el). Similar results were seen in gravid hosts, and when memory 
CD4+ T cell responses were compared between nongravid and 
gravid females (Supplemental Figure 2B, right panel). Substantial 
IL-4, IL-5, and IL-13 production (Supplemental Figure 2, C and 
D), but not IFN-γ or IL-17 (Supplemental Figure 2, E and F), was 
readily detectable, however, when a control population of  TH2 
CD4+ T effector cells responding to PR8 in separate nongravid 
and gravid hosts was evaluated.

We next characterized expression of  the transcription factors 
T-bet, EOMES, and GATA-3. The mean fluorescent intensity (MFI) 
of  T-bet expressed by lung effectors derived from naive donor cells 
was higher in gravid than nongravid hosts (Figure 1, J and L). A 
similar increase in T-bet MFI was seen in endogenous lung CD44hi 
CD4+ and CD8+ T cells 7 days after IAV infection (Supplemental 
Figure 3A). Endogenous CD8+, but not CD4+, T cells responding 
against IAV in gravid mice also expressed increased EOMES (Sup-
plemental Figure 3A). No other differences in transcription factor 
MFI were evident (Figure 1, J–M, and Supplemental Figure 3A). 
Collectively, the absence of  detectable shifts away from TH1-associ-
ated cytokine production by donor, as well as endogenous T cells 
(Supplemental Figure 3B), and retention of  TH1 transcription factor 
expression support that the recall of  preexisting IAV-specific mem-
ory CD4+ T cells is not altered by the pregnancy environment.

TH1-polarized CD4+ T cell effector IFN-γ production is unaltered by 
pregnancy levels of  estradiol. Unexpectedly, our in vivo observations 
supported that both primary and secondary antiviral CD4+ T cell 
responses were not altered during pregnancy. Suppressed responses 
and/or shifts toward TH2 characteristics were not evident in at least 
6 experiments. A reproducible and marked 10%–25% increase in 
IL-4–, IL-5–, and IL-13–producing cells was, nonetheless, observed 
when positive controls for intracellular staining, TH2 effector CD4+ 
T cells, were transferred to gravid recipients infected with IAV 
(Supplemental Figure 2, C and D). The latter finding favors the 
hypothesis that the pregnancy environment enhances IL-4–, IL-5–, 
and IL-13–production from cells poised to produce these cytokines 
rather than causing shifts in TH1 polarization toward the TH2 pole.

To test this, purified naive CD4+ T cells were cultured under TH1 
or TH2-polarizing conditions in vehicle or estrogen and/or progester-
one-supplemented media for 4 days. Effector cell cytokine secretion 
into supernatants following anti-CD3 Ab-mediated TcR restimulation 
was evaluated by ELISA. TH1 and TH2 polarization was also con-
firmed by characteristic transcription factor expression (Figure 2, A 
and B). In agreement with our in vivo observations, IFN-γ production 
by TH1 effectors was unaltered by the presence of pregnancy hormones 
at concentrations comparable to those found systemically during preg-
nancy (52) (Figure 2C, top row). When both hormones were present, 
higher concentrations suppressed IFN-γ production by TH1 cells. IL-4 
secretion by TH1 effectors was below the limit of detection regardless 
of pregnancy hormone supplementation (data not shown). In contrast 
to the unaltered TH1 effector responses, TH2 effector cells cultured in 
the presence of supplemental estradiol produced more IL-4 than cells 
cultured with vehicle alone (Figure 2C, bottom row).

by infection during pregnancy, IAV-specific memory CD4+ T cells 
retain protective antiviral TH1 characteristics. Unexpectedly, prima-
ry antiviral TH1 CD4+ T cell responses are also, for the most part, 
unaltered. Mechanistically, rather than being decreased, primary 
IAV-specific effector CD4+ T cells express enhanced levels of  the 
master TH1-associated transcription factor T-bet during pregnan-
cy. Only when CD4+ T cells responding against IAV are deficient 
in T-bet and thus poised to produce TH2 cytokines (46, 47), are 
enhanced TH2 functional response profiles generated during preg-
nancy. Finally, in agreement with the latter findings, LAIV vaccina-
tion prior to pregnancy, which mirrors the scenario of  vaccination 
of  females attempting to conceive, induces a memory T cell pop-
ulation that persists and protects the maternal-fetal unit from the 
severe consequences of  IAV infection.

Results
Antiviral CD4+ T cell functions are retained during pregnancy. IAV-spe-
cific memory CD4+ T cells can mediate protection against IAV 
(48). To interrogate whether the functions of  IAV-specific memory 
T cell are altered during pregnancy, we first employed an adoptive 
transfer model in which naive and resting memory IAV-specific 
CD4+ T cells were transferred separately to nonpregnant female 
(nongravid) and timed-pregnant (gravid) recipient hosts. Donor 
cells were transferred 1 week after the disbanding of  mating cages. 
As shown in Figure 1A, for gravid mice, this timepoint coincided 
with the transition between the first and second trimester of  murine 
pregnancy (49). Memory cells, 3 × 106, a number previously deter-
mined to be capable of  mediating protection against lethal infection 
(50, 51), or a comparable number of  naive cells, were transferred. 
Recipient hosts were infected with a pathogenic 0.5 LD50 dose of  
PR8 (H1N1) virus on the same day.

Nongravid and gravid IAV-infected recipients were monitored 
for morbidity evaluated by weight loss. IAV-specific memory cells 
protected nongravid females from the substantial weight loss asso-
ciated with this dose of  PR8 (Figure 1B). Gravid female weight 
loss after infection was masked by pregnancy-associated weight 
gain; however, recipients of  IAV-specific memory cells gained 
more weight than naive-cell recipients, but less than uninfected, 
gestational, and age-matched gravid dams (Figure 1B). In sepa-
rate experiments, peak lung viral titers were evaluated. Nongravid 
recipients of  IAV-specific memory CD4+ T cells had reduced lung 
viral titers versus naive recipients 4 days after infection (Figure 1C). 
Comparable memory CD4+ T cell–mediated control of  virus was 
evident in gravid recipients. These findings support that protective 
antiviral effector functions of  memory CD4+ T cells are not sup-
pressed by the pregnancy environment.

We next characterized the magnitude and functional responses 
of  the transferred cells in the spleen, draining lymph nodes (dLN), 
and lung 7 days after infection. Representative gating and staining 
for intracellular cytokines are shown in Figure 1, D and E. Nei-
ther the magnitude of  the response (Figure 1, F and G) nor the 
TH1-associated (IFN-γ, IL-2, and TNF) multicytokine producing 
capacity of  naive or memory IAV-specific CD4+ T cells derived 
effectors in the spleen, dLN, and lung differed between nongravid 
and gravid hosts (Figure 1, H and I, and Supplemental Figure 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI179230DS1).
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Figure 1. Naive and memory CD4+ T cell responses against IAV are unaltered during pregnancy. Congenic HNT CD4+ TcR Tg naive or memory CD4+ T 
cells, 3 × 106, were adoptively transferred to unprimed nongravid or timed-pregnant gravid BALB/c female recipients subsequently infected with 0.5 
LD50 PR8. (A) Timeline showing the trimester and embryonic day (e) gravid mice were infected and (B) morbidity following infection. (C) Lung viral 
titers evaluated on 4 days post infection (dpi) (summation of 2 separate experiments with n = 4 per group). On 7 dpi, donor responses in spleen, 
draining lymph nodes (dLN), and lung were characterized by flow cytometry and ICCS. Representative staining is shown in D and E. Enumeration of 
donor cells and dual IFN-γ and IL-2 cytokine production for naive and memory cells (F–I). Representative T-bet, EOMES, and GATA-3 expression and 
corresponding MFI for naive (J and L) and memory (K and M) derived donor cells in the lung 7 dpi (n = 3–4 per group, representative of 2 separate 
experiments). Staining controls in (J and K) are naive CD4+ T cells. Ordinary 1-way ANOVA with Tukey’s multiple comparison post test was used in A 
and Students t test in F–M. 
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nongravid hosts (Figure 3F). Since increased GATA-3 expression is 
associated with TH2 responses (62, 63) and TH1 and TH2 cells differ 
in their expression of  chemokine receptors (64, 65), it is likely that 
differential migration contributes to the reduced numbers of  donors 
observed in the lung and spleen of  gravid hosts. Further compari-
sons are therefore presented as frequencies within the donor CD4+ 
T cell population present. Increased frequencies of  GATA-3hi T-bet 
deficient donors cells were found in the spleen, dLN, and lung of  
gravid versus nongravid recipients (Figure 3G).

Donor multicytokine production day 7 after infection was 
evaluated next. T-bet–deficient effector CD4+ T cells in nongrav-
id recipients retained substantial IFN-γ production (Figure 3H). 
T-bet–deficient effector CD4+ T cells responding in gravid recip-
ients also produced IFN-γ and displayed increased IFN-γ, IL-2, 
and TNF multicytokine-producing capacity, especially in the lung 
(Figure 3, H and I, and Supplemental Figure 4C). When TH2 cyto-
kine production was analyzed, IL-4–, IL-5–, and IL-13–producing 
capacity was evident in all organs and was increased in the lungs 
of  gravid versus nongravid hosts (Figure 3, J and K, and Supple-
mental Figure 4D). Thus, the Th2 cytokine–producing potential of  
antiviral CD4+ T cells responding against IAV is enhanced during 
pregnancy, but only when T-bet is absent.

Persistence and recall of  heterosubtypic T cell immunity induced by 
LAIV is unhindered during pregnancy. We next asked whether endog-
enous T cell memory induced by vaccination before pregnancy per-
sists and retains protective antiviral functions during pregnancy. To 
test this, a translationally relevant model of  LAIV priming followed 
by heterotypic IAV challenge was employed. Female mice were 
primed with LAIV or treated with PBS intranasally (i.n.) at least 
21 days prior to the initiation of  timed pregnancies. At time points 
30 days or greater after LAIV (H3N2) priming, and when gravid 
dams were at the transition between the first and second trimes-
ter of  pregnancy, unprimed and primed nongravid and gravid mice 
were challenged with a pathogenic dose of  PR8 (H1N1) virus and 
CD4+ and CD8+ T cell responses in the spleen, dLN, and lung were 
evaluated. On day 6 after challenge, when all gravid dams were still 
pregnant, differences in total CD4+ or CD8+ T cell frequency and 
number were not evident (Figure 4A and data not shown). Num-
bers of  activated CD44hi CD4+ and CD8+ T cells were increased 
in LAIV-primed mice regardless of  pregnancy status (Figure 4, B 
and C). When T cell responses in nongravid and gravid mice were 
compared, only total numbers of  CD44hi CD8+ T cells were higher 
in the secondary lymphoid organs of  LAIV-primed gravid females 
(Figure 4C). Interestingly, this subset of  immune cells is also found 
at higher frequency in human studies of  pregnancy (66, 67).

We next enumerated IAV-specific CD4+ and CD8+ T cell 
responses by tetramer staining and flow cytometry analysis (Figure 
4, D and E). Increased numbers of  IAV-specific CD4+ and CD8+ T 
cells were present in all organs of  all LAIV-primed versus unprimed 
animals (Figure 4E). Importantly, total numbers of  IAV-specific T 
cells in the spleens, dLNs, and lungs of  LAIV-primed nongravid 
and gravid mice were comparable, although a modest but signif-
icant increase in the number of  IAV-specific CD4+ T cells in the 
spleens of  gravid versus nongravid unprimed mice was noted.

Heterosubtypic T cell immunity induced by LAIV is protective 
during pregnancy. Given the similarity in the T cell responses 
above, we next assessed the capacity of  LAIV priming prior to 

Expression of  Prohibitin-2, an estrogen response gene that 
participates in the regulation of  estrogen signaling pathways in 
CD4+ T cells (53, 54), was also evaluated. Expression of  Prohib-
itin-2 was increased in TH2, but not TH1, effector cells cultured 
with supplemental estradiol (Figure 2D). While indirect effects 
of  pregnancy hormones on antigen-presenting cells (APCs) with-
in the polarizing cultures may also contribute, these findings 
support that TH1 and TH2 effector cells possess the potential to 
differentially respond to estradiol.

As CD4+ T cells preferentially express estrogen receptor α over 
β (55), estrogen receptor α expression by TH1 versus TH2 cells was 
assessed next. Comparable levels of  expression by both CD4+ T cell 
subsets (Figure 2, E and F) further supports that alternative differ-
ences in the effectors, driven either by direct or indirect estrogen-me-
diated signals, contribute to the ability of  estrogen to increase IL-4–, 
IL-5–, and IL-13–production from TH2 but not TH1 cells.

T-bet insulates antiviral CD4+ T cells from the influences of  the 
pregnancy environment. To test whether CD4+ T cells need to be 
poised for TH2 cytokine production to be altered by the pregnan-
cy environment during IAV infection, T-bet–deficient mice were 
employed. T-bet–deficient T cells responding against IAV retain 
the ability to produce IFN-γ but show increased TH2 characteristics 
because negative regulatory mechanisms controlling GATA-3 are 
lacking (56, 57). Nevertheless, T-bet–deficient CD4+ T cells protect 
against IAV (47, 58), in part because of  the actions of  the paral-
og transcription factor EOMES (47, 59, 60). We therefore asked 
whether antiviral T-bet–deficient immune responses, which are 
protective — though prone to produce TH2 cytokines in nongravid 
mice — are altered by the pregnancy environment.

Timed-pregnant WT and T-bet–deficient mice were infected 
with 0.5 LD50 PR8 at the transition between the first and second 
trimesters of  pregnancy, and morbidity, mortality, lung viral bur-
dens, and litter outcomes following parturition were monitored. 
While gravid T-bet deficient dams were indistinguishable from 
WT dams in terms of  weight gain following infection, their surviv-
al was reduced (Figure 3A). Control of  lung viral titers was, how-
ever, comparable between the 2 genotypes (Figure 3B). Though 
litter survival was similar following parturition, pups born to sur-
viving T-bet–deficient versus WT dams were impaired in postnatal 
weight gain (Supplemental Figure 4, A and B). These findings sug-
gest that T-bet expression is critical for the generation of  antiviral 
immune responses capable of  protecting the maternal-fetal unit 
from the adverse outcomes of  IAV infection.

Given that numerous cells that participate in immune respons-
es against IAV express T-bet (61), we next restricted T-bet defi-
ciency to CD4+ T cells. Naive OT-II T-bet–deficient CD4+ T cells 
were transferred to nongravid and gravid T-bet–sufficient mice at 
the transition between the first and second trimester of  pregnancy 
(Figure 3C). Mice were then infected with 0.2 LD50 PR8-OVAII. 
Lack of  T-bet expression by donor cells and expression by T-bet–
sufficient host cells was verified by flow cytometry 7 days after 
infection (Figure 3D). The effect of  pregnancy on donor antiviral 
responses against IAV was then characterized.

The recovery of  T-bet–deficient donor cells was reduced in 
the spleens and lungs, but not dLNs, of  gravid recipients 7 days 
after infection (Figure 3E). When T-bet–deficient donor GATA-
3 expression was analyzed, the MFI was higher in gravid versus 
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Control of  virus and lung histopathology following heterotypic 
IAV challenge were evaluated next. On day 7 after infection, con-
trol of  the virus in the lung was comparable between nongravid and 
gravid LAIV-primed mice (Figure 5B). In agreement with previous 
studies (33, 34, 68) and the increased severity of  IAV infection in 
pregnant females, lung histopathology scores were markedly higher 
for unprimed gravid females than for nongravid females 7 days after 
challenge (Figure 5, C and D). Importantly, LAIV priming prior to 
pregnancy prevented the pronounced lung histopathology associat-
ed with maternal IAV infection, and histopathology scores between 
primed nongravid and gravid mice were similar (Figure 5, C and D).

A focus only on maternal control of  virus and lung histopa-
thology may not reveal all outcomes of  the recall of  LAIV-in-
duced heterosubtypic immunity on the maternal-fetal unit. As 

pregnancy to prevent IAV infection–associated morbidity. In 
agreement with the detection of  increased numbers of  activated 
IAV-specific T cells, LAIV priming of  mice prevented the weight 
loss associated with IAV challenge of  nongravid females (Figure 
5A). The weight gain of  pregnancy masks IAV-associated weight 
loss in gravid females until parturition, limiting the ability of  this 
approach to evaluate the protective nature of  maternal hetero-
subtypic immunity. However, when weight gain following IAV 
challenge was compared, LAIV-primed gravid dams gained more 
weight than unprimed gravid dams with and without normal-
ization to the number of  viable pups born (P < 0.001 and P < 
0.01, 2-tailed Students t test, respectively); LAIV-primed gravid 
dam weight gain matched uninfected, age and gestational age-
matched controls (data not shown).

Figure 2. TH1 effector IFN-γ production is unaltered by pregnancy levels of estradiol. Naive HNT CD4+ T cells were cultured in triplicate for 4 days with 
APC and peptide under TH1- or TH2-polarizing conditions. Media was supplemented with 17-β estradiol (E2), progesterone (P4), 17β-estradiol plus progester-
one, or vehicle control (V) at concentrations comparable to those found systemically during the 1st (0.0176 μM E2 and 0.096 μM P4), 2nd (0.0353 μM E2 
and 0.297 μM P4), and 3rd (0.0053 μM E2 and 0.382 μM P4) trimesters of pregnancy or administered pharmaceutically (Ph) (1 μM of E2 and P4). T-bet, 
EOMES, and GATA-3 transcription factor expression (A–C) ratio of TH1 IFN-γ (top row) and TH2 IL-4 (bottom row) cytokine secretion following culture with 
pregnancy hormones versus vehicle supplemented media. (D) MFI and representative histograms of Prohibitin-2 expression by TH1 and TH2 effectors cul-
tured with and without supplemental 17-β estradiol. Naive (n) cell expression of Prohibitin-2 is shown as dashed line in graphs and nControl histograms. (E 
and F). Expression of estrogen receptor α (ERα) visualized with indirect surface, intracellular, and nuclear staining of polarized cells. Fluorescent-conjugat-
ed secondary Ab only control (2°Ab) histograms are indicated in E. Data representative of 3 replicate experiments. Students t- tests were used for pairwise 
comparisons in A and F, and ordinary 1-way ANOVA with Dunnett’s multiple comparison post test used in C and D.
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nutritional wellness is essential during pregnancy (69), we next 
asked whether LAIV-induced heterosubtypic immunity protects 
maternal metabolic health following IAV infection. Metabolic 
health was evaluated by indirect calorimetry in which oxygen 
consumption, respiratory exchange ratio, energy expenditure, 
food consumption, water intake, and physical activity were con-

tinuously monitored for 6 days following challenge infection 
(70). Beginning 4-days after challenge, oxygen consumption, 
respiratory exchange ratios, and the energy expenditure read-
ings for unprimed gravid females began to decline compared 
with LAIV-primed gravid dams and uninfected gravid female 
controls (Figure 5, E–G). Likewise, the cumulative amount of  

Figure 3. T-bet–deficient immunity is altered during pregnancy and fails to protect the maternal-fetal unit from the adverse outcomes of IAV. C57BL/6J 
WT and T-bet–deficient (KO) timed-pregnant gravid mice were infected with 0.5 LD50 PR8 at the transition between the first and second trimester of preg-
nancy and (A) survival and morbidity, and (B) lung viral titers on 7 dpi were monitored (representative of 2 independent experiments with n = 5–6 per group 
per experiment). Parturition is marked with an arrow. In separate experiments, 2 × 106 naive congenic T-bet–deficient OT-II CD4+ TcR Tg cells were transferred 
to nongravid (NG) or timed-pregnant gravid (G) WT C57BL/6J recipients that were subsequently infected as described above with 0.2 LD50 PR8-OVAII (C). On 7 
dpi, donor responses in the spleen, dLN, and lung were characterized by flow cytometry and ICCS (n = 4 per group, representative of 2 separate experiments). 
Expression of (D) T-bet, and (E) enumeration of donor cells. Control histograms in (D) are WT host T cells. (F) GATA-3hi expression by donor cells and (G) 
frequency of GATA-3hi expressing donor cells in all organs. Representative donor cell ICCS staining and enumeration of dual IFN-γ and IL-2 and IL-4– and IL-5–
and IL-13–producing cells in all organs (H–K). The Log Rank test was used in A, and Students t test for pairwise comparisons in B, E, G, I, and K.
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food and water intake by LAIV-primed gravid females during 
the first 6 days of  the challenge infection was higher than that 
of  unprimed gravid females (Figure 5, H and I) and was almost 
indistinguishable from uninfected gestation-age–matched gravid 
dams. Finally, differences in physical activity, measured by total 
pedestrian locomotion, were evident (Figure 5J) with unprimed 
gravid females displaying markedly less physical activity than 
LAIV-primed gravid females. Collectively, these observations 
support that LAIV priming of  heterosubtypic T cell immunity 
prior to pregnancy can protect metabolic and nutritional wellness 
following maternal IAV infection.

Heterosubtypic T cell immunity protects against the adverse fetal out-
comes of  maternal IAV infection. We next evaluated whether LAIV 
priming prior to pregnancy can prevent the adverse fetal out-
comes associated with maternal IAV infection (71, 72). Female 
mice were primed with LAIV (H3N2) or treated with PBS i.n. 
at least 21 days before the generation of  timed pregnancies. At 
time points of  30 days or greater after priming, unprimed and 
primed mice were challenged with PR8 (H1N1). Gravid dams 
were at the transition between the first and second trimester of  
pregnancy when challenged. Following parturition, litter surviv-
al, birth weight, and pup development were monitored. To not 

Figure 4. LAIV-primed heterosubtypic T cell recall responses against IAV are retained in pregnant mice. Groups of C57BL/6J female mice were 
unprimed or primed with 2,500 TCID50 of LAIV. Timed pregnancies were established within each group. At day 30 after priming, mice were chal-
lenged with 0.5 LD50 PR8. At this timepoint, gravid dams were at the transition between the first and second trimester of pregnancy. On day 7 after 
challenge, CD4+ and CD8+ T cell responses were characterized by flow cytometry and IAV-specific cells in spleens, dLNs, and lungs visualized with 
tetramer staining. Representative (A) frequencies of CD4+ and CD8+ T cells in nongravid and gravid mice, and (B) CD44 expression on CD4+ and CD8+ T 
cells. Enumeration (C) of CD44hi CD4+ and CD8+ T cells. Representative (D) tetramer staining and (E) enumeration of IAV-specific T cells in unprimed 
and primed mice (n = 4 mice per group, representative of 3 separate experiments). Uninfected animals were used as naive (n) controls. Ordinary 1-way 
ANOVA with Šidák’s multiple comparison post test was used in C and E.
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the first and second trimester of  pregnancy had lower 3-day postna-
tal weights than pups born to uninfected dams (the average is repre-
sented as a dashed line, P <0.001, 2-tailed Student’s t-test) (Figure 
6B) recapitulating offspring outcomes observed clinically following 
maternal IAV infection (71, 72). The low postnatal weights of  pups 
born to unprimed dams remained evident to 21 postnatal days and 
is consistent with unprimed gravid dams having lower food and 

compromise litter survival, dams and litters were undisturbed for 
72 hours following parturition and 3 postnatal-day pup weights 
were used in lieu of  birth weight.

The survival of  litters born to unprimed dams maternally infect-
ed with IAV was lower than that of  litters born to LAIV-primed 
dams (Figure 6A). Further evaluation of  litters revealed that pups 
born to unprimed dams infected with IAV at the transition between 

Figure 5. LAIV priming protects pregnant mice against pathogenic IAV infection and preserves maternal metabolic wellness. Groups of C57BL/6J female 
mice were unprimed or primed with 2,500 TCID50 LAIV and timed-pregnant and nongravid controls established within each group. At day 30 after priming, 
mice were challenged with 0.5 LD50 PR8 as described in the legend of Figure 4 and (A) morbidity was monitored (n = 3–4 mice per group, representative of 
2 separate experiments). Parturition is marked with arrows. On day 7 after challenge, (B) viral titers and (C and D) immunopathology in H & E-stained lung 
sections was determined (n = 4–8 mice per group, representative of 2 separate experiments). Representative images in (C) are stitched 20 × magnification 
Z-stacks of whole lung sections and the corresponding 7 × zoom of indicated regions. Following infection, indirect calorimetry parameters were monitored 
with the Promethion Cage Monitoring system and hourly (E–G) and cumulative data (H–J) are shown (n = 4 mice per group, representative of 2 separate 
experiments). In H, uninfected and LAIV-primed datasets are overlapping. Ordinary 1-way ANOVA with Šidák’s multiple comparison post test was used in 
B and D. ANCOVA tests on raw data in E–J were performed by CALR.
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body energy combined with reduced food and nutrient intake causes 
body wasting (79). Maternal weight gain during pregnancy masks 
wasting following IAV infection. Catabolic metabolic responses 
triggered by infection are, nonetheless, of  great concern for the 
maternal-fetal unit (80, 81) as the energy and nutritional demands 
of  pregnancy are high (69). A marked decline in the metabolic 
health of  unprimed gravid dams following maternal IAV infection 
was observed in our study, but we show recall of  LAIV-induced 
heterosubtypic T cell immunity preserves maternal metabolic and 
nutritional wellness that is key for healthy fetal development. These 
findings highlight the importance of  employing alternative metrics 
to determine vaccine efficacy in preclinical models of  maternal 
infection and further support that preexisting heterosubtypic T cell 
immunity can be beneficial for maternal health.

A major concern of  relying on heterosubtypic T cell immunity 
to protect pregnant females from IAV is whether recall will harm 
the developing fetus (45, 82). Increased susceptibility during preg-
nancy to viral and parasitic infections normally well controlled by 
cell-mediated immunity only heightens concerns (83). Full-to-par-
tial protection against the adverse congenital outcomes of  cytomeg-
alovirus and Toxoplasma gondii infection by preexisting maternal 
immunity, however, has been reported (84–86). When offspring 
outcomes of  primary maternal IAV infection were assessed in our 
experiments, a high incidence of  litter loss, which is prevented by 
LAIV vaccination prepregnancy, was observed. Moreover, preexist-
ing maternal heterosubtypic immunity prevented the influenza-as-
sociated low birth weight that is often observed clinically following 
maternal IAV infection (71, 72). The latter observation is notewor-
thy, as the efficacy of  trivalent inactivated vaccine during pregnan-
cy in preventing low birth weight following laboratory-confirmed 
maternal IAV infection is, thus far, inconclusive (15). While further 
in-depth evaluation of  the safety of  the recall of  IAV-specific T cell 
immunity during pregnancy is required, our findings support that 
LAIV-induced maternal heterosubtypic T cell–responses can be 
beneficial for fetal and newborn development.

An unanticipated benefit of  maternal heterosubtypic immu-
nity revealed here is the more efficacious transplacental transfer 
of  maternal IAV-specific Ab to offspring. Maternally transferred 
Ab protects newborns against numerous pathogens in the first 
weeks and months of  life (87–89) and the level transferred posi-
tivity correlates with the degree and longevity of  passive immu-
nity conferred (90–92). Maternal infections can compromise 
transplacental transfer of  pathogen-specific Ab (92–95). Transfer 
of  Ab across the placenta occurs through a receptor-mediated 
process involving the neonatal Fc receptor (FcRn), which prefer-
entially binds digalactosylated Abs (96, 97) that increase in abun-
dance during pregnancy (98). Interestingly, levels of  Ab glyco-
sylation inversely correlate with systemic inflammation and are 
decreased following severe infection (99, 100). The inflammatory 
mediators detected systemically following respiratory viral infec-
tion (101, 102) can also downmodulate FcRn expression (103). It 
is thus conceivable that maternal heterosubtypic T cell immuni-
ty, which effectively controls IAV and prevents severe infection, 
facilitates efficacious transplacental transfer of  IAV-specific Ab 
by promoting retention of  optimal levels of  Ab glycosylation 
and FcRn expression. While the underlying mechanisms driving 
our observations warrant further investigation, this outcome of  

water intake following maternal IAV infection. In contrast, the 
postnatal weights of  pups born to LAIV-primed dams challenged 
with PR8 were not different from pups born to uninfected dams 
(Figure 6B). Similar outcomes were observed when gravid dams 
were challenged with heterotypic IAV at the transition between the 
second and third trimester of  pregnancy (Figure 6B).

To ascertain whether the differences in pup weight discussed 
above were caused by infection associated impacts on morpholog-
ical development, X-ray images of  pups were taken at 3, 7, 14, and 
21 postnatal days. Standard measures of  morphological size, includ-
ing crown-rump length, bizygomatic width, and femur lengths were 
then assessed. Differences in morphological development were not 
evident at any postnatal timepoint between pups born to unprimed 
and LAIV-primed females challenged maternally with heterotypic 
IAV (Figure 6, C and D). These findings suggest that the low post 
natal weights observed in pups born to unprimed dams after IAV 
infection was the result of  lower body mass.

Finally, the impact of  LAIV (H3N2)–primed immunity on the 
transplacental transfer of  maternal virus-specific IgG to offspring 
following PR8 infection at the transition between the first and 
second trimester of  pregnancy was determined. On day 30 after 
PR8 challenge, PR8-specific–IgG convalescent serum Ab titers in 
unprimed and LAIV-primed dams were comparable (Figure 6E, far 
left panel). In contrast, titers of  maternally transferred PR8-specific 
IgG at 21 postnatal days were higher in the sera of  LAIV-primed 
dam offspring than in the sera of  unprimed dam offspring (Figure 
6E, mid-left panel). Similar differences in maternally transferred 
PR8-specific IgG Ab titers at 21 postnatal days were evident when 
gravid dams were challenged with PR8 at the transition between 
the second and third trimesters of  pregnancy. When male and 
female pups were analyzed separately, differences in maternally 
transferred-PR8–specific IgG titers remained evident (Figure 6E, 
right panels). Thus, in addition to protecting the maternal-fetal unit 
from the severe consequences of  maternal IAV infection during 
pregnancy, LAIV priming prior to pregnancy promoted efficacious 
transplacental transfer of  maternal IAV-specific Ab to offspring.

Discussion
Memory T cell responses induced by natural infection or by LAIV 
in mice and humans protect against heterotypic strains of  IAV 
(19–21, 73). Whether such responses persist and retain their anti-
viral functions during the altered physiological state of  pregnancy 
has not, to the best of  our knowledge, been addressed previously. 
Since heterosubtypic T cell immunity protects against IAV infec-
tion for periods of  up to a year (22–24), we reasoned that LAIV 
vaccination prior to pregnancy could provide a means to protect 
the at-risk pregnant population (74–76) against drifted and shifted 
strains of  IAV while also overcoming the contraindication of  LAIV 
use during pregnancy. Alternative strategies to induce universal 
heterosubtypic immunity in pregnant females are currently lacking 
(77). Our findings show that IAV-specific CD4+ and CD8+ memory 
T cells do indeed persist in the pregnant environment, and impor-
tantly, they retain protective antiviral effector functions.

A hallmark of  protective immunity against IAV is prevention of  
infection-associated morbidity, which is typically evaluated in murine 
models as percent weight loss (78). During infection, a generalized 
catabolic metabolic response driven by excessive expenditure of  
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TH2 characteristics (113–116), as well as the potential, and intriguing, 
differential regulation of estrogen signaling pathways in distinct CD4+ 
T cell subsets (53, 54) likely all contribute to the retention of antiviral 
CD4+ T cell responses against IAV in the pregnancy environment.

While further studies are required to discern exactly how anti-
viral T cell functions are retained, our findings demonstrate that 
LAIV vaccination prior to pregnancy induces the generation of  
IAV-specific T cell immunity that persists and protects the mater-
nal-fetal unit from adverse consequences of  IAV-infection. Tar-
geting the generation of  virus-specific T cell immunity against 
respiratory viruses of  concern, such as IAV and SARS-COV-2, 
through vaccination prior to pregnancy has potential to protect 
this vulnerable at-risk population.

Methods
Sex as a biological variable. Both male and female TcR Tg mice were used 

in adoptive transfer experiments. Only females could be used as donor 

cell recipients or infected with IAV.

Mice. BALB/c Thy1.1, HNT TcR Tg, and C57BL/6J WT and T-bet 

(tbx21–/–)–deficient OT-II TcR Tg mice were obtained from the Lake 

Nona Vivarium at the University of Central Florida. C57BL/6J and  

LAIV priming prior to pregnancy is promising for the long-term 
protection of  infants from seasonal and pandemic IAV infection.

Finally, in agreement with LAIV-primed heterosubtypic immu-
nity being protective, adoptively transferred IAV-specific memory 
CD4+ T cells retained the ability to control IAV during pregnancy. 
Primary CD4+ T cells responding against IAV failed to show any 
evidence of a pregnancy-associated shift toward unprotective TH2 
functional response profiles (104) in both C57BL/6J and BALB/c 
strains of mice, the latter of which is more prone to develop stronger 
humoral and TH2 responses (105) and is more susceptible to patho-
gens controlled by TH1 responses (106, 107). Rather, expression of  
the TH1 master transcription factor T-bet was increased in primary 
T cells responding to IAV in gravid hosts, which is in line with pri-
or reports of pregnancy-hormone–associated increases in IFN-γ 
and T-bet expression in murine T cells (108–110) and human T cell 
clones (111). In our studies, T-bet deficiency liberated enhanced TH2 
responses against IAV that are known to be to be detrimental (50, 104) 
and likely underly the inability of T-bet–deficient immunity to prevent 
the adverse outcomes of maternal IAV infection. The potent inflam-
matory response induced by IAV (101, 112), the inaccessibility of  
chromatin and genes with estrogen response elements that promote 

Figure 6. LAIV-primed heterosubtypic immunity protects against the detrimental fetal outcomes of maternal IAV infection. Groups of BALB/c female 
mice were unprimed or primed with 2,500 TCID50 LAIV and timed pregnancies were established. On 30 days after priming, when gravid dams were at the 
transition between the first and second trimester of pregnancy (t1–2) (A–E) or, alternatively at the second and third trimester of pregnancy (t2–3) (B and E), 
unprimed and LAIV-primed gravid mice were challenged with 0.5 LD50 PR8. Following parturition, (A) litter survival was monitored. On the indicated post-
natal days, (B) pup weight, (C and D) crown-rump length (CRL), bizygomatic width (BW), and femur length (FL) were assessed (n = 4 dams per group and n 
= 6–20 pups per group, representative of 2 separate experiments). On postnatal day 21, serum from dams and sexed pups was collected and (E) PR8-spe-
cific Ab titers were determined (n = 3 dams per group and n = 4–7 sexed pups per group, representative of 2 separate experiments). Naive, uninfected dam 
and pups Ab titers are shown as dashed lines. The Log Rank test was used in A and Student’s t test for pairwise comparisons shown in B and E.
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Detection of  IAV titer. At the indicated day after infection, mice 

were euthanized by cervical dislocation followed by exsanguination by 

perforation of  the abdominal aorta. Lungs were harvested and flash 

frozen in liquid nitrogen and viral titer was determined by quantita-

tion of  viral RNA. RNA was prepared from whole-lung homogenates 

using TRIzol (Invitrogen), and 2.5 μg of  RNA was reverse transcribed 

into cDNA using random hexamer primers and Superscript II Reverse 

Transcriptase (Invitrogen). Quantitative PCR was performed to amplify 

the acidic polymerase (PA) gene of  PR8 using the QuantStudio 7 Flex 

Real-Time PCR System (Applied Biosystems) with 50 ng of  cDNA 

per reaction and the following primers and probe: forward primer, 

5′-CGGTCCAAATTCCTGCTGA-3′; reverse primer, 5′CATTGG-

GTTCCTTCCATCCA-3′; probe, 5′-6-FAM-CCAAGTCATGAAG-

GAGAGGGAATACCGCT-3′ (LGC BioSearch Technologies). Data 

were analyzed with QuantStudio 7 software. The copy number of  the 

PA gene per 50 ng of  cDNA was calculated using a PA-containing plas-

mid of  known concentration as a standard. The number of  copies of  

the PA gene is presented as the number of  IAV copies per lung.

Tissue preparation and flow cytometry. At the indicated time points 

following virus infection, mice were euthanized by cervical disloca-

tion, exsanguinated by perforation of  the abdominal aorta, and lungs 

perfused by injecting 10 mL of  PBS in the left ventricle of  the heart. 

Lungs, spleen, and dLN were prepared into single cell suspensions by 

mechanical disruption and passage through a nylon membrane. Cell 

suspensions were washed, resuspended in FACS buffer (PBS plus 0.5% 

BSA and 0.02% sodium azide (NaN3) [Sigma-Aldrich]) and incubated 

on ice with 1 μg anti-FcR (2.4G2, BioXcell) followed by saturating 

concentrations of  the following fluorochrome-labeled Abs for sur-

face staining: anti-Thy1.1 (OX-7), -Thy1.2 (53-2.1), -CD4 (RM4.5), 

-CD8 (H35-17.2), -CD44 (IM7), and-CD45.2 (104), (BD Biosciences, 

eBioscience/Thermo Fisher Scientific, or BioLegend). To enumerate 

IAV-specific polyclonal CD4+ and CD8+ T cells in IAV-primed mice, 

cells were stained for 1 hour at 37°C with I-Ab/NP311-325-fluorochrome–

labeled tetramer (NIH tetramer facility) or for 1 hour at room tempera-

ture with H2Db PA224-233 fluorochrome–labeled tetramer (NIH tetramer 

facility), respectively, prior to surface marker staining.

For intracellular cytokine staining (ICCS), cells were stimulated 

for 4 hours with 10 ng/mL PMA and 50 ng/mL ionomycin (Sig-

ma-Aldrich). After 2 hours, 10 μg/mL Brefeldin A (Sigma-Aldrich) 

was added. Cells were then surface stained and fixed for 20 minutes 

in 4% paraformaldehyde followed by permeabilization for 10 min-

utes by incubation in 0.1% saponin buffer (PBS plus 1% FBS, 0.1% 

NaN3 and 0.1% saponin [Sigma-Aldrich]) and staining for cytokine 

by addition of  anti–IFN-γ (XMG1.2), –IL-2 (JES6-5H4), -TNF 

(MP6-XT22), –IL-17 (TC11-18H10), –IL-4 (11B11), –IL-5 (TRFK5), 

–IL-13 (eBio13A), and –GM-CSF (MP1-22E9) fluorescently labeled 

Ab (BD Biosciences, eBioscience, or BioLegend) for 20 minutes. 

Intracellular staining for transcription factors was performed per the 

manufacturer’s instructions with Transcription Factor Fixation/Per-

meabilization Concentrate and Diluent (eBioscience/Thermo Fisher 

Scientific) and fluorochrome-labeled anti–T-bet (4B10), -EOMES 

(Dan11mag), and –GATA-3 (TWAJ) Ab (BD Biosciences, eBiosci-

ence, or BioLegend). Prohibitin-2 staining was also performed using 

the Transcription Factor Fixation/Permeabilization Concentrate and 

Diluent (eBioscience) with primary anti–Prohibitin-2 (Poly6118) Ab 

(BioLegend) followed by secondary PE-labeled donkey anti-rabbit 

IgG (Poly4064) Ab (BioLegend).

B6.SJL-Ptprca Pepcb/BoyJ (Pepboy) mice were purchased from Jack-

son Laboratories. HNT mice express a TcR (Va15, Vβ8.3) recognizing aa 

126–138 (HNTNGVTAACHSE) of A/Puerto Rico/8/34 hemagglutinin 

presented on I-Ad (117), and OT-II Tg mice express a TcR (Va2, Vβ5) rec-

ognizing aa 323–339 (ISQAVHAAHAEINEAGR) of ovalbumin (OVA) 

presented on I-Ab (118, 119). All infected animals were at least 8 weeks old.

Virus stocks and infections. A/Puerto Rico/8/34 (PR8) (H1N1), orig-

inating from stocks at St. Jude Children’s Hospital (Memphis, Tennes-

see, USA), PR8-OVAII (H1N1) (kindly provided by P. Doherty (St. Jude 

Children’s Hospital), and cold-adapted attenuated A/Alaska/6/77 

CR-29, (H3N2) (120) (kindly provided by S. Epstein, NIH [Rockville, 

Maryland, USA]) viruses were grown in the allantoic cavity of  embry-

onated hen eggs at Trudeau Institute and egg infective dose (EID50), 

tissue culture infective dose (TCID50), and lethal dose (LD50) were char-

acterized. Mice were infected intranasally under light isoflurane anes-

thesia with the stated doses of  virus in 50 μL of  PBS. Timed-pregnant 

female BALB/c and C57BL/6J mice were generated following Jackson 

Laboratories protocols within the University of  Central Florida Lake 

Nona Vivarium. Gravid mice, unless otherwise stated, were infected 

with IAV 1 week after disbanding of  3-day timed-mating cages when 

pregnancies could be confirmed (121). Infected mice were monitored 

daily for percentage weight loss, hunched posture, ruffled fur, and lack 

of  movement and humanely euthanized as described (78).

CD4+ T cell isolations, in vitro culture, and adoptive transfers. Naive 

CD4+ T cells were obtained from pooled spleen and lymph nodes of  

unimmunized mice. Single-cell suspensions were passed over nylon 

wool and separated by Percoll (Sigma-Aldrich) density gradient cen-

trifugation. CD4+ cells were further enriched employing CD4 MACS 

beads (Milteny Biotec). Resulting Tg cells were routinely greater-than 

97% Tg TcR+ and expressed a characteristic naive phenotype (small 

size, CD62Lhi, CD44lo, and CD25lo).

In vitro–generated memory cells were generated from thoroughly 

washed effectors that were recultured in fresh media for 3 days in the 

absence of  Ag and cytokine, as previously described (122). Live cells 

were isolated by Lympholyte separation (CedarLane). Effectors were 

generated from HNT TcR Tg CD4+ T cells as follows: naive cells (2 

× 105 cells/mL) were cultured with APC (1 × 105 cells/mL of  CD90.1 

bead–depleted [Milteny Biotec] spleen cells) in the presence of  5 μM 

peptide and IL-2 (80 U/mL) (Peprotech) for 4 days in RPMI 1640 media 

supplemented with 2 mM L-glutamine, 100 IU penicillin, 100 μg/mL 

streptomycin (Invitrogen), 10 mM HEPES (Gibco), 50 μM 2-mercap-

toethanol (Sigma-Aldrich) and 7.5% FBS (Hyclone). TH1 effectors were 

generated by further adding IL-12 (2 ng/mL) (Peprotech) and anti–IL-4 

(11B11; 10 μg/mL); TH2 effectors were generated by further adding IL-4 

(200 U/mL) (Peprotech) and anti-IFN-γ (XMG1.2; 10 μg/mL). In some 

experiments, varied concentrations of  17-β estradiol (BioTechne), pro-

gesterone (BioTechne), 17-β estradiol-plus-progesterone, or vehicle con-

trol (ethanol) were added to TH1 and TH2 cultures, which were plated on 

the same day. Concentrations of  17-β estradiol (E2) and progesterone 

(P4) comparable to those found systemically during the first (0.0176 μM 

E2 and 0.096 μM P4), second (0.0353 μM E2 and 0.297 μM P4), and 

third (0.0053 μM E2 and 0.382 μM P4) trimester of  pregnancy or admin-

istered pharmaceutically (1 μM of E2 and P4) were employed (52).

Naive or memory CD4+ T cells were adoptively transferred to recip-

ients in 200 μL PBS by i.v. injection. In all experiments, mice received 

equal numbers of  naive and memory CD4+ T cells (2–3 × 106 cells as 

indicated) on the same day that mice were infected with IAV.
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cell infiltration and tissue damage. Stitched Z-stack images of  whole 

lung lobe sections at 20 × magnification were acquired with the Imag-

eXpress Pico Automated Cell Imaging System (Molecular Devices) 

and CellReporterXpress software (V 2.7).

Morphological development of  newborn mice. Body weight and mea-

surements of  crown rump length, bizygomatic width, and femur length 

at the indicated time points were used to monitor the development of  

newborn mice (126, 127). Digital refractive and X-ray images of  anes-

thetized pups placed in prone and lateral positions within a warmed 

chamber were captured using the Bruker In-Vivo Xtreme Imaging Sys-

tem with Molecular Imaging Software. Measurements were determined 

with ImageJ (NIH) software.

Statistics. Group sizes of  n = 3–6 per experiment were employed in 

repeated experiments. GraphPad Prism was used to perform statistical 

tests. Unpaired 1-tailed Students t test, μ = 0.05, was used to assess wheth-

er the means of  2 normally distributed groups differed, unless otherwise 

indicated as 2-tailed. Welch’s correction was applied when variances 

were found to differ. 1-way ANOVA analysis with the appropriate multi-

ple comparison post test was employed to compare multiple means. The 

Log Rank test was used to test for significant differences in Kaplan-Mei-

er survival curves. CALR was used to perform ANOVA and ANCOVA 

tests on raw metabolic health parameter data. All error bars represent the 

SD. P values below 0.05 are considered statistically significant.

Study approval. All experimental animal procedures were conduct-

ed in accordance with guidelines outlined by the Office of  Laboratory 

Animal Welfare (OLAW), National Institute of  Health, USA. Proto-

cols were approved by the Institutional Animal Care and Use Commit-

tee of  the University of  Central Florida (Orlando, Florida, USA).

Data availability. Underlying data is available in the Supplemental 

Data Values file. All underlying raw data files are available directly from 

the corresponding author.
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To detect estrogen receptor α (ERα) expression in different cellu-

lar compartments (123, 124), separate effector cell suspensions were 

prepared for surface, intracellular (cytosolic), and transcription factor 

(nuclear) staining as described above and stained with primary anti-ERα 

Ab (NR3A1) (R&D systems) followed by secondary PE-labeled don-

key anti-rabbit IgG (Poly4064) Ab. Analysis was performed using FACS 

Canto II (BD Biosciences) and Cytoflex (Beckman Coulter) instruments 

and FlowJo (Tree Star) analysis software. Spice 6 software (NIH) was 

used to visualize single, double, and triple cytokine production (125).

ELISA detection of  cytokines and IAV-specific Ab. In vitro polarized TH1 

or TH2 effectors were harvested and restimulated with immobilized anti-

CD3 (2C11, BioXcell) and anti-CD28 (37.51, BioXcell), as previously 

described (122). Culture supernatants from triplicate wells were collect-

ed after 24 hours. ELISA assays using anti–IL-4 (11B11) and anti–IFN-γ 
(R4-6A2) as coating Abs and biotinylated-anti–IL-4 (BVD6-24G2) and 

anti-IFN-γ (XMG1.2) as second step reagents (BD Biosciences) were 

employed to determine levels of  IL-4 and IFN-γ in supernatants. After 

addition of  streptavidin-HRP conjugate and washing, HRP substrate 

o-phenylenediamine dihydrochloride (Sigma-Aldrich) was added and 

the optical density (OD) of  the color reaction was measured at 492 nm. 

Concentrations of  cytokines were quantitated from standard curves 

using recombinant cytokines (BD Biosciences).

Reciprocal endpoint titers of  PR8-specific IgG Ab of  infected dams 

and their offspring at weaning were determined by ELISA. Briefly, ELI-

SA plates (Nunc) coated with UV-inactivated PR8 were washed and 

blocked with PBS containing 2% BSA. Serum samples serially diluted 

in PBS-Tween 20 with 1% BSA were incubated for 2 hours at room tem-

perature. After washing, HRP-conjugated goat anti-mouse IgG (1030-05, 

Southern Biotech) was added at 0.2 μg/mL in PBS-Tween 20 with 1% 

BSA, and plates were incubated 1 hour at room temperature. After wash-

ing, the HRP substrate o-phenylenediamine dihydrochloride (Sigma-Al-

drich) was added and the OD of the color reaction was measured at 492 

nm. Endpoint serum titers were defined by the last serum dilution that 

gave OD readings above 2 SD of the mean of  conjugate blank readings.

Metabolic and behavioral monitoring. Indirect calorimetry and phys-

ical activity data were monitored using the Promethion Cage Moni-

toring System (Sable Systems International). Oxygen consumption, 

carbon dioxide production, food and water intake, and infrared beam 

breaks as a measure of  pedestrian locomotion from individually housed 

animals were collected at 5 minute intervals for 6 days following IAV 

infection. Animals were briefly acclimatized to cages prior to random 

assignment to cages for data collection. Experiments were completed 

prior to anticipated parturition of  pregnant dams. CalR was used to 

generate hourly and cumulative data plots from imported raw data (70).

Histology. For assessment of  immunopathology following IAV 

challenge infection, lungs lobes were isolated and immediately fixed 

in 10% neutral buffered formalin (Thermo Fisher Scientific) on 5 days 

after infection. Lung lobes were embedded in paraffin, sectioned at 5 

μm thickness, placed on L-lysine–coated slides, and stained with H&E 

using standard histological techniques. Sections were graded blindly 

from 0 to 4 by a board-certified pathologist (S. Sell, Palisades Consult-

ing, Williamsburg, Virginia, USA) based on the extent of  mononuclear 

 1. Kourtis AP, et al. Pregnancy and infection. N Engl 

J Med. 2014;370(23):2211–2218.
 2. Soma-Pillay P, et al. Physiological changes in 

pregnancy. Cardiovasc J Afr. 2016;27(2):89–94.

 3. Pazos M, et al. The influence of  pregnancy on 
systemic immunity. Immunol Res. 2012;54(1-
3):254–261.

 4. Paules CI, Fauci AS. Influenza vaccines: good, 

but we can do better. J Infect Dis. 2019;219(sup-
pl_1):S1–S4.

 5. Ding H, et al. Influenza vaccination coverage 
among pregnant women - United States, 2016-17 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 3J Clin Invest. 2025;135(1):e179230  https://doi.org/10.1172/JCI179230

influenza season. MMWR Morb Mortal Wkly Rep. 
2017;66(38):1016–1022.

 6. Wilcox CR, et al. Determinants of  influenza and 
pertussis vaccination uptake in pregnancy: a mul-
ticenter questionnaire study of  pregnant women 
and healthcare professionals. Pediatr Infect Dis J. 
2019;38(6):625–630.

 7. Centers for Disease Control and Prevention 
NCfIaRDN. 2023:https://www.cdc.gov/flu/spot-
lights/2022-2023/pregnant-people-flu-vaccine.htm

 8. Lindsay L, et al. Neonatal and maternal outcomes 
following SARS-CoV-2 infection and COVID-19 
vaccination: a population-based matched cohort 
study. Nat Commun. 2023;14(1):5275.

 9. Sur DK, et al. Vaccinations in pregnancy. Am Fam 

Physician. 2003;68(2):299–304.
 10. Bresee JS, et al. Inactivated influenza vaccines. In: 

Orenstein W, et al, eds. Plotikin’s Vaccines. Elsevi-
er; 2018:456–488.

 11. Luke CJ, et al. Influenza Vaccine–Live. In: Oren-
stein W, et al, eds. Plotikin’s Vaccines. Elsevier; 
2018:489–510.

 12. Sumaya CV, Gibbs RS. Immunization of pregnant 
women with influenza A/New Jersey/76 virus vac-
cine: reactogenicity and immunogenicity in mother 
and infant. J Infect Dis. 1979;140(2):141–146.

 13. Zaman K, et al. Effectiveness of  maternal influen-
za immunization in mothers and infants. N Engl J 

Med. 2008;359(15):1555–1564.
 14. Macias AE, et al. The Global Influenza Initiative 

recommendations for the vaccination of  pregnant 
women against seasonal influenza. Influenza Other 

Respir Viruses. 2015;9 Suppl 1(suppl 1):31–37.
 15. Omer SB, et al. Efficacy, duration of  protection, 

birth outcomes, and infant growth associated 
with influenza vaccination in pregnancy: a pooled 
analysis of  three randomised controlled trials. 
Lancet Respir Med. 2020;8(6):597–608.

 16. Ekiert DC, Wilson IA. Broadly neutralizing 
antibodies against influenza virus and pros-
pects for universal therapies. Curr Opin Virol. 
2012;2(2):134–141.

 17. Powell TJ, et al. Priming with cold-adapted 
influenza A does not prevent infection but 
elicits long-lived protection against supralethal 
challenge with heterosubtypic virus. J Immunol. 
2007;178(2):1030–1038.

 18. Ambrose CS, et al. The relative efficacy of  triva-
lent live attenuated and inactivated influenza vac-
cines in children and adults. Influenza Other Respir 

Viruses. 2011;5(2):67–75.
 19. Wilkinson TM, et al. Preexisting influenza-specif-

ic CD4+ T cells correlate with disease protection 
against influenza challenge in humans. Nat Med. 
2012;18(2):274–280.

 20. Sridhar S, et al. Cellular immune correlates of  
protection against symptomatic pandemic influ-
enza. Nat Med. 2013;19(10):1305–1312.

 21. Hayward AC, et al. Natural T cell-mediated pro-
tection against seasonal and pandemic influenza. 
Results of  the flu watch cohort study. Am J Respir 

Crit Care Med. 2015;191(12):1422–1431.
 22. Ambrose CS, et al. Duration of  protection pro-

vided by live attenuated influenza vaccine in chil-
dren. Pediatr Infect Dis J. 2008;27(8):744–748.

 23. McMichael AJ, et al. Declining T-cell immunity to 
influenza, 1977-82. Lancet. 1983;2(8353):762–764.

 24. Mohn KG, et al. Longevity of B-cell and T-cell 

responses after live attenuated influenza vaccination 
in children. J Infect Dis. 2015;211(10):1541–1549.

 25. Erlebacher A. Mechanisms of  T cell tolerance 
towards the allogeneic fetus. Nat Rev Immunol. 
2013;13(1):23–33.

 26. PrabhuDas M, et al. Immune mechanisms at the 
maternal-fetal interface: perspectives and chal-
lenges. Nat Immunol. 2015;16(4):328–334.

 27. Thong YH, et al. Impaired in vitro cell-mediated 
immunity to rubella virus during pregnancy. N 

Engl J Med. 1973;289(12):604–606.
 28. Shah NM, et al. Progesterone modulation of  preg-

nancy-related immune responses. Front Immunol. 
2018;9:1293.

 29. Lauzon-Joset JF, et al. Pregnancy induces a 
steady-state shift in alveolar macrophage M1/M2 
phenotype that is associated with a heightened 
severity of  influenza virus infection: mecha-
nistic insight using mouse models. J Infect Dis. 
2019;219(11):1823–1831.

 30. Schumacher A, et al. Endocrine factors modulat-
ing immune responses in pregnancy. Front Immu-

nol. 2014;5:196.
 31. Cornish EF, et al. Innate immune responses to 

acute viral infection during pregnancy. Front 

Immunol. 2020;11:572567.
 32. Kay AW, et al. Enhanced natural killer-cell 

and T-cell responses to influenza A virus 
during pregnancy. Proc Natl Acad Sci U S A. 
2014;111(40):14506–14511.

 33. Marcelin G, et al. Fatal outcome of  pandemic 
H1N1 2009 influenza virus infection is associated 
with immunopathology and impaired lung repair, 
not enhanced viral burden, in pregnant mice. J 

Virol. 2011;85(21):11208–11219.
 34. Littauer EQ, et al. H1N1 influenza virus infection 

results in adverse pregnancy outcomes by dis-
rupting tissue-specific hormonal regulation. PLoS 

Pathog. 2017;13(11):e1006757.
 35. Piccinni MP, et al. Progesterone favors the 

development of  human T helper cells producing 
Th2-type cytokines and promotes both IL-4 
production and membrane CD30 expression 
in established Th1 cell clones. J Immunol. 
1995;155(1):128–133.

 36. Lang TJ. Estrogen as an immunomodulator. Clin 

Immunol. 2004;113(3):224–230.
 37. Lambert KC, et al. Estrogen receptor alpha 

(ERalpha) deficiency in macrophages results 
in increased stimulation of  CD4+ T cells while 
17beta-estradiol acts through ERalpha to increase 
IL-4 and GATA-3 expression in CD4+ T cells 
independent of  antigen presentation. J Immunol. 
2005;175(9):5716–5723.

 38. Tai P, et al. Induction of  regulatory T cells 
by physiological level estrogen. J Cell Physiol. 
2008;214(2):456–464.

 39. Wegmann TG, et al. Bidirectional cytokine inter-
actions in the maternal-fetal relationship: is suc-
cessful pregnancy a TH2 phenomenon? Immunol 

Today. 1993;14(7):353–356.
 40. Krishnan L, et al. Pregnancy impairs resistance of  

C57BL/6J mice to Leishmania major infection 
and causes decreased antigen-specific IFN-gam-
ma response and increased production of  T helper 
2 cytokines. J Immunol. 1996;156(2):644–652.

 41. Chaouat G, et al. Reproductive immunology 
2003: reassessing the Th1/Th2 paradigm? Immu-

nol Lett. 2004;92(3):207–214.
 42. Mor G, Cardenas I. The immune system in preg-

nancy: a unique complexity. Am J Reprod Immu-

nol. 2010;63(6):425–433.
 43. Piccinni MP, et al. Role of  hormone-controlled 

Th1- and Th2-type cytokines in successful preg-
nancy. J Neuroimmunol. 2000;109(1):30–33.

 44. Kwak-Kim J, et al. Immunological modes of  preg-
nancy loss: inflammation, immune effectors, and 
stress. Am J Reprod Immunol. 2014;72(2):129–140.

 45. Arenas-Hernandez M, et al. Effector and acti-
vated T cells induce preterm labor and birth that 
is prevented by treatment with progesterone. J 

Immunol. 2019;202(9):2585–2608.
 46. Szabo SJ, et al. A novel transcription factor, 

T-bet, directs Th1 lineage commitment. Cell. 
2000;100(6):655–669.

 47. Dhume K, et al. T-bet optimizes CD4+ T-cell 
responses against influenza through CXCR3-depen-
dent lung trafficking but not functional program-
ming. Mucosal Immunol. 2019;12(5):1220–1230.

 48. Swain SL, et al. Expanding roles for CD4+ T 
cells in immunity to viruses. Nat Rev Immunol. 
2012;12(2):136–148.

 49. Croy BA, et al, eds. The Guide to Investigation of  

Mouse Pregnancy. Academic Press; 2014.
 50. McKinstry KK, et al. Memory CD4+ T cells pro-

tect against influenza through multiple synergizing 
mechanisms. J Clin Invest. 2012;122(8):2847–2856.

 51. Strutt TM, et al. Memory CD4+ T-cell-mediated 
protection depends on secondary effectors that are 
distinct from and superior to primary effectors. Proc 

Natl Acad Sci U S A. 2012;109(38):E2551–E2560.
 52. Gomella LG, Haist SA, eds. Clinician’s Pocket 

Reference: The Scut Monkey. The McGraw-Hill 
Companies; 2007.

 53. He B, et al. A repressive role for prohibi-
tin in estrogen signaling. Mol Endocrinol. 
2008;22(2):344–360.

 54. Chen RY, et al. Estradiol inhibits Th17 cell dif-
ferentiation through inhibition of  RORγT tran-
scription by recruiting the ERα/REA complex 
to estrogen response elements of  the RORγT 
promoter. J Immunol. 2015;194(8):4019–4028.

 55. Phiel KL, et al. Differential estrogen receptor 
gene expression in human peripheral blood 
mononuclear cell populations. Immunol Lett. 
2005;97(1):107–113.

 56. Usui T, et al. T-bet regulates Th1 responses 
through essential effects on GATA-3 function 
rather than on IFNG gene acetylation and tran-
scription. J Exp Med. 2006;203(3):755–766.

 57. Hertweck A, et al. The TH1 cell lineage-deter-
mining transcription factor T-bet suppresses 
TH2 gene expression by redistributing GATA3 
away from TH2 genes. Nucleic Acids Res. 
2022;50(8):4557–4573.

 58. Er JZ, et al. Loss of  T-bet confers survival advan-
tage to influenza-bacterial superinfection. EMBO 

J. 2019;38(1):e99176.
 59. Dhume K, et al. Bona fide Th17 cells without Th1 

functional plasticity protect against influenza. J 

Immunol. 2022;208(8):1998–2007.
 60. Endo Y, et al. Eomesodermin controls interleu-

kin-5 production in memory T helper 2 cells 
through inhibition of  activity of  the transcription 
factor GATA3. Immunity. 2011;35(5):733–745.

 61. Lazarevic V, et al. T-bet: a bridge between innate 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(1):e179230  https://doi.org/10.1172/JCI1792301 4

and adaptive immunity. Nat Rev Immunol. 
2013;13(11):777–789.

 62. Zheng W, Flavell RA. The transcription factor 
GATA-3 is necessary and sufficient for Th2 
cytokine gene expression in CD4+ T cells. Cell. 
1997;89(4):587–596.

 63. Zhang DH, et al. Transcription factor GATA-3 
is differentially expressed in murine Th1 and 
Th2 cells and controls Th2-specific expres-
sion of  the interleukin-5 gene. J Biol Chem. 
1997;272(34):21597–21603.

 64. Sallusto F, et al. The role of  chemokine recep-
tors in primary, effector, and memory immune 
responses. Annu Rev Immunol. 2000;18:593–620.

 65. Lord GM, et al. T-bet is required for optimal 
proinflammatory CD4+ T-cell trafficking. Blood. 
2005;106(10):3432–3439.

 66. Kieffer TE, et al. Pregnancy persistently affects 
memory T cell populations. J Reprod Immunol. 
2017;119:1–8.

 67. Demery-Poulos C, et al. Pregnancy imparts dis-
tinct systemic adaptive immune function. Am J 

Reprod Immunol. 2022;88(5):e13606.
 68. Engels G, et al. Pregnancy-related immune adap-

tation promotes the emergence of  highly virulent 
H1N1 influenza virus strains in allogenically preg-
nant mice. Cell Host Microbe. 2017;21(3):321–333.

 69. Most J, et al. Energy intake requirements in preg-
nancy. Nutrients. 2019;11(8):1812.

 70. Mina AI, et al. CalR: a web-based analysis tool 
for indirect calorimetry experiments. Cell Metab. 
2018;28(4):656–666.

 71. Rasmussen SA, et al. Effects of  influenza on 
pregnant women and infants. Am J Obstet Gynecol. 
2012;207(3 suppl):S3–S8.

 72. Steinhoff  MC, MacDonald NE. Influenza pan-
demics--pregnancy, pathogenesis, and perinatal 
outcomes. JAMA. 2012;308(2):184–185.

 73. Thomas PG, et al. Cell-mediated protec-
tion in influenza infection. Emerg Infect Dis. 
2006;12(1):48–54.

 74. Van Kerkhove MD, et al. Risk factors for severe 
outcomes following 2009 influenza A (H1N1) 
infection: a global pooled analysis. PLoS Med. 
2011;8(7):e1001053.

 75. Hartert TV, et al. Maternal morbidity and perina-
tal outcomes among pregnant women with respi-
ratory hospitalizations during influenza season. 
Am J Obstet Gynecol. 2003;189(6):1705–1712.

 76. Haberg SE, et al. Risk of  fetal death after pandem-
ic influenza virus infection or vaccination. N Engl 

J Med. 2013;368(4):333–340.
 77. Temming LA, Cahill AG. In reply. Obstet Gynecol. 

2018;131(4):740.
 78. Matsuoka Y, et al. The mouse model for influenza. 

Curr Protoc Microbiol. 2009;Chapter 15:Unit 15G.3.
 79. Beisel WR. Metabolic response to infection. Annu 

Rev Med. 1975;26:9–20.
 80. Edwards MJ. Review: hyperthermia and fever 

during pregnancy. Birth Defects Res A Clin Mol Tera-

tol. 2006;76(7):507–516.
 81. Liang L, et al. Metabolic dynamics and prediction 

of  gestational age and time to delivery in pregnant 
women. Cell. 2020;181(7):1680–1692.

 82. Yockey LJ, Iwasaki A. Interferons and proinflam-
matory cytokines in pregnancy and fetal develop-
ment. Immunity. 2018;49(3):397–412.

 83. Caldwell A, Coyne CB. Pregnancy-associated 

morbidity and mortality during pandemics: look-
ing to the past in order to prepare for the future. 
Cell Host Microbe. 2023;31(6):847–850.

 84. Mostrom MJ, et al. Protective effect of  pre-ex-
isting natural immunity in a nonhuman primate 
reinfection model of  congenital cytomegalovirus 
infection. PLoS Pathog. 2023;19(10):e1011646.

 85. Otero CE, et al. Relationship of  maternal cyto-
megalovirus-specific antibody responses and viral 
load to vertical transmission risk following prima-
ry maternal infection in a rhesus macaque model. 
PLoS Pathog. 2023;19(10):e1011378.

 86. Desmonts G, Couvreur J. Toxoplasmosis in preg-
nancy and its transmission to the fetus. Bull N Y 

Acad Med. 1974;50(2):146–159.
 87. Zinkernagel RM. Maternal antibodies, childhood 

infections, and autoimmune diseases. N Engl J 

Med. 2001;345(18):1331–1335.
 88. Pou C, et al. The repertoire of  maternal anti-vi-

ral antibodies in human newborns. Nat Med. 
2019;25(4):591–596.

 89. Sahni LC, et al. Maternal vaccine effectiveness 
against influenza-associated hospitalizations and 
emergency department visits in infants. JAMA 

Pediatr. 2023;178(2):176–184.
 90. Sarvas H, et al. Half-life of  the maternal 

IgG1 allotype in infants. J Clin Immunol. 
1993;13(2):145–151.

 91. Qi Z, et al. Acquisition of  maternal antibodies 
both from the placenta and by lactation protects 
mouse offspring from Yersinia pestis challenge. 
Clin Vaccine Immunol. 2012;19(11):1746–1750.

 92. Martinez DR, et al. Fc characteristics mediate 
selective placental transfer of  IgG in HIV-infected 
women. Cell. 2019;178(1):190–201.

 93. Edlow AG, et al. Assessment of  maternal and 
neonatal SARS-CoV-2 viral load, transplacental 
antibody transfer, and placental pathology in 
pregnancies during the COVID-19 pandemic. 
JAMA Netw Open. 2020;3(12):e2030455.

 94. Atyeo C, et al. Compromised SARS-CoV-
2-specific placental antibody transfer. Cell. 
2021;184(3):628–642.

 95. Atwell JE, et al. Biological factors that may 
impair transplacental transfer of  RSV antibodies: 
implications for maternal immunization policy 
and research priorities for low- and middle-in-
come countries. Vaccine. 2022;40(32):4361–4370.

 96. Jennewein MF, et al. Fc glycan-mediated reg-
ulation of  placental antibody transfer. Cell. 
2019;178(1):202–215.

 97. Rice TF, et al. Antibody glycosylation in pregnan-
cy and in newborns: biological roles and implica-
tions. Curr Opin Infect Dis. 2020;33(3):225–230.

 98. Bondt A, et al. Immunoglobulin G (IgG) Fab 
glycosylation analysis using a new mass spectro-
metric high-throughput profiling method reveals 
pregnancy-associated changes. Mol Cell Proteomics. 
2014;13(11):3029–3039.

 99. De Jong SE, et al. IgG1 Fc N-glycan galactosyla-
tion as a biomarker for immune activation. Sci 

Rep. 2016;6:28207.
 100. Irvine EB, Alter G. Understanding the role 

of  antibody glycosylation through the lens of  
severe viral and bacterial diseases. Glycobiology. 
2020;30(4):241–253.

 101. De Jong MD, et al. Fatal outcome of  human 
influenza A (H5N1) is associated with high 

viral load and hypercytokinemia. Nat Med. 
2006;12(10):1203–1207.

 102. Gomez-Lopez N, et al. Pregnancy-specific 
responses to COVID-19 revealed by high-through-
put proteomics of  human plasma. Commun Med 

(Lond). 2023;3(1):48.
 103. Liu X, et al. Activation of  the JAK/STAT-1 

signaling pathway by IFN-gamma can down-reg-
ulate functional expression of  the MHC class 
I-related neonatal Fc receptor for IgG. J Immunol. 
2008;181(1):449–463.

 104. Graham MB, et al. Influenza virus-specific CD4+ 
T helper type 2 T lymphocytes do not promote 
recovery from experimental virus infection. J Exp 

Med. 1994;180(4):1273–1282.
 105. Zeng M, et al. The genetic background influences 

the cellular and humoral immune responses to 
vaccines. Clin Exp Immunol. 2016;186(2):190–204.

 106. Heinzel FP, et al. Reciprocal expression of  
interferon gamma or interleukin 4 during the res-
olution or progression of  murine leishmaniasis. 
Evidence for expansion of  distinct helper T cell 
subsets. J Exp Med. 1989;169(1):59–72.

 107. Sacks D, Noben-Trauth N. The immunology of  
susceptibility and resistance to Leishmania major 
in mice. Nat Rev Immunol. 2002;2(11):845–858.

 108. Fox HS, et al. Estrogen regulates the IFN-gamma 
promoter. J Immunol. 1991;146(12):4362–4367.

 109. Karpuzoglu-Sahin E, et al. Interferon-gamma 
levels are upregulated by 17-beta-estradiol and 
diethylstilbestrol. J Reprod Immunol. 2001;52(1-
2):113–127.

 110. Karpuzoglu E, et al. IFN-gamma-inducing tran-
scription factor, T-bet is upregulated by estrogen 
in murine splenocytes: role of  IL-27 but not 
IL-12. Mol Immunol. 2007;44(7):1808–1814.

 111. Gilmore W, et al. Effect of  estradiol on cyto-
kine secretion by proteolipid protein-specific 
T cell clones isolated from multiple sclerosis 
patients and normal control subjects. J Immunol. 
1997;158(1):446–451.

 112. Strutt TM, et al. Memory CD4+ T cells induce 
innate responses independently of  pathogen. Nat 

Med. 2010;16(5):558–564.
 113. Eeckhoute J, et al. Positive cross-regulato-

ry loop ties GATA-3 to estrogen receptor 
alpha expression in breast cancer. Cancer Res. 
2007;67(13):6477–6483.

 114. Bourdeau V, et al. Genome-wide identification of  
high-affinity estrogen response elements in human 
and mouse. Mol Endocrinol. 2004;18(6):1411–1427.

 115. Agarwal S, Rao A. Modulation of  chromatin 
structure regulates cytokine gene expres-
sion during T cell differentiation. Immunity. 
1998;9(6):765–775.

 116. Zhu J, et al. Differentiation of  effector CD4+ 
T cell populations (*). Annu Rev Immunol. 
2010;28:445–489.

 117. Scott B, et al. A role for non-MHC genetic poly-
morphism in susceptibility to spontaneous auto-
immunity. Immunity. 1994;1(1):73–83.

 118. Barnden MJ, et al. Defective TCR expression in 
transgenic mice constructed using cDNA-based 
alpha- and beta-chain genes under the control of  
heterologous regulatory elements. Immunol Cell 

Biol. 1998;76(1):34–40.
 119. Robertson JM, et al. DO11.10 and OT-II T cells 

recognize a C-terminal ovalbumin 323-339 epi-



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2025;135(1):e179230  https://doi.org/10.1172/JCI179230

tope. J Immunol. 2000;164(9):4706–4712.
 120. Murphy BR, et al. Evaluation of  A/Alaska/6/77 

(H3N2) cold-adapted recombinant viruses derived 
from A/Ann Arbor/6/60 cold-adapted donor 
virus in adult seronegative volunteers. Infect 
Immun. 1981;32(2):693–697.

 121. Heyne GW, et al. A simple and reliable method 
for early pregnancy detection in inbred mice. J Am 
Assoc Lab Anim Sci. 2015;54(4):368–371.

 122. McKinstry KK, et al. Rapid default transition of  

CD4+ T cell effectors to functional memory cells. 
J Exp Med. 2007;204(9):2199–2211.

 123. Arnal JF, et al. Membrane and nuclear estro-
gen receptor alpha actions: from tissue spec-
ificity to medical implications. Physiol Rev. 
2017;97(3):1045–1087.

 124. Chambliss KL, et al. Estrogen receptor alpha and 
endothelial nitric oxide synthase are organized 
into a functional signaling module in caveolae. 
Circ Res. 2000;87(11):E44–E52.

 125. Roederer M, et al. SPICE: exploration and 
analysis of  post-cytometric complex multivariate 
datasets. Cytometry A. 2011;79(2):167–174.

 126. Wahlsten D. Application of  a morphological time 
scale to heredity differences in prenatal mouse 
development. Development. 1977;42:79–92.

 127. Mu J, et al. In vivo quantification of  embryonic 
and placental growth during gestation in mice 
using micro-ultrasound. Reprod Biol Endocrinol. 
2008;6:34.


