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ABSTRACT In addition to their intended use, progesterone (P4)-based contracep-
tives promote anti-inflammatory immune responses, yet their effects on the out-
come of infectious diseases, including influenza A virus (IAV) infection, are rarely
evaluated. To evaluate their impact on immune responses to sequential IAV infec-
tions, adult female mice were treated with placebo or one of two progestins, P4 or
levonorgestrel (LNG), and infected with a mouse-adapted H1N1 (maH1N1) virus.
Treatment with P4 or LNG reduced morbidity but had no effect on pulmonary virus
titers during primary H1N1 infection compared to placebo treatment. In serum and
bronchoalveolar lavage fluid, total anti-IAV IgG and IgA titers and virus-neutralizing
antibody titers but not hemagglutinin stalk antibody titers were lower in progestin-
treated mice than placebo-treated mice. Females were challenged 6 weeks later with
either an maH1N1 drift variant (maH1N1dv) or maH3N2 IAV. The level of protection
following infection with the maH1N1dv was similar among all groups. In contrast,
following challenge with maH3N2, progestin treatment reduced survival as well as
the numbers and activity of H1N1- and H3N2-specific memory CD8� T cells, includ-
ing tissue-resident cells, compared with placebo treatment. In contrast to primary
IAV infection, progestin treatment increased the titers of neutralizing and IgG anti-
bodies against both challenge viruses compared with those achieved with placebo
treatment. While the immunomodulatory properties of progestins protected immu-
nologically naive female mice from the severe outcomes from IAV infection, it made
them more susceptible to secondary challenge with a heterologous IAV, despite im-
proving their antibody responses against a secondary IAV infection. Taken together,
the immunomodulatory effects of progestins differentially regulate the outcome of
infection depending on exposure history.

IMPORTANCE The impact of hormone-based contraceptives on the outcome of in-
fectious diseases outside the reproductive tract is rarely considered. Using a mouse
model, we have made the novel observation that treatment with either progester-
one or a synthetic analog found in hormonal contraceptives, levonorgestrel, impacts
sequential influenza A virus infection by modulating antibody responses and de-
creasing the numbers and activity of memory CD8� T cells. Progestins reduced the
antibody responses during primary H1N1 virus infection but increased antibody ti-
ters following a sequential infection with either an H1N1 drift variant or an H3N2 vi-
rus. Following challenge with an H3N2 virus, female mice treated with progestins ex-
perienced greater mortality with increased pulmonary inflammation and reduced
numbers and activity of CD8� T cells. This study suggests that progestins signifi-
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cantly affect adaptive immune responses to influenza A virus infection, with their ef-
fect on the outcome of infection depending on exposure history.

KEYWORDS H1N1, H3N2, progesterone, levonorgestrel, memory CD8� T cells, stalk
antibody, tissue-resident memory cells, memory CD8� T cells, women’s health

Adults worldwide are exposed to multiple influenza viruses and viral antigens
during their lifetimes through both natural infection and vaccination. In the United

States, since 2010, vaccination has been recommended for all individuals ages 6
months and older (1). By 6 years of age, all children have been exposed to at least one
influenza virus, with infections with novel antigenically distinct viruses occurring every
5 to 10 years (2, 3). By adulthood, most individuals are no longer immunologically naive
to influenza virus, which is rarely considered in animal models of influenza A virus (IAV)
pathogenesis.

Protective immune responses to sequential IAV infections include cross-reactive
antibody responses, including those involving broadly neutralizing antibodies which
target the conserved stalk region of the hemagglutinin (HA) antigen, and CD8� T cell
responses, with the latter being the primary mechanism of cross protection against
heterosubtypic influenza virus strains, as CD8� T cells can recognize conserved viral
proteins, including the nucleoprotein (NP) (4–6). In addition to circulating memory T
cells and T central memory (TCM) cells that traffic through the lymph nodes, tissue-
resident memory (TRM) cells promote local and immediate protection in the lungs and
have the ability to expand rapidly, kill virus-infected cells, recruit circulating memory T
cells, and release cytokines, with the result being that TRM cells are indispensable for
heterosubtypic protection (7–9).

Several factors, including the sex, age, and reproductive status of the host, can
influence adaptive immune responses and the outcome of IAV infection (10–12). During
IAV infection, sex steroids, in general, and progesterone (P4), in particular, can alter the
functioning of immune cells and respiratory epithelial cells to reduce pulmonary
inflammation, improve pulmonary repair and function, and cause faster recovery from
primary infection with IAV (13–15). Data from the Klein lab (13) and others (16–20)
illustrate that P4 has broad anti-inflammatory properties, resulting in the reduced
activity of NK and T cells, lower antibody responses, greater concentrations of trans-
forming growth factor �, and increased numbers of regulatory T cells and regulatory
Th17 cells with increased activity.

In addition to natural exposure to P4 through ovarian and placental production
during reproductive cycles and pregnancy, respectively, females can be exposed to
synthetic forms of P4 (i.e., progestins) through the use of hormone-based contracep-
tives, all of which contain some form of progestin (21). It is estimated that 88% of all
adult women in the United States have been exposed to progestins in some form of
contraceptives (22). Progestins, such as levonorgestrel (LNG), are more commonly used
in contraceptives than P4 because they bind to the progesterone receptor with a
greater affinity, have a longer half-life, and cause fewer side effects (23). Despite the
broad use of progestins and their known anti-inflammatory properties, their effects on
viral infections at mucosal sites outside the reproductive tract have not been ade-
quately explored.

The goal of this study was to evaluate the effects of both P4 and LNG on adaptive
immune responses and the outcome of sequential infection with an IAV drift variant or
heterosubtypic IAV. We hypothesized that, similar to the effects of P4 treatment in
ovariectomized mice, exposure to either P4 or LNG in ovary-intact mice would improve
the outcome of a primary IAV infection in immunologically naive female mice by
reducing the level of inflammation and the adaptive immune responses that contribute
to immune-mediated pathology (13). Following a secondary challenge with either a
drift variant or a heterosubtypic strain of IAV, we speculated that the reduced adaptive
immune responses to the primary infection, while beneficial for recovery from the
primary infection, may cause reduced protection against a subsequent infection. Our
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findings demonstrate that following treatment with either P4 or LNG, female mice were
better protected from a primary IAV infection, despite generating lower antibody and
memory CD8� T cell responses. Following secondary infection with a heterosubtypic
IAV but not an IAV drift variant, female mice treated with either P4 or LNG suffered a
worse disease outcome from infection, which was likely mediated by insufficient
memory T cell responses, as opposed to antibody responses from the primary infection.

RESULTS
Progesterone and levonorgestrel protect against primary IAV infection but

reduce systemic and pulmonary antibody responses against IAV. Adult female
mice were treated with subcutaneous placebo, P4, or LNG pellets, which delivered a
continuous dose of hormone over the course of 60 days, and were infected with a low
dose of mouse-adapted A/California/04/09 H1N1 (ma2009 H1N1) virus. Similar to
previously published results obtained with ovariectomized female mice (13), treatment
of ovary-intact female mice with P4 reduced the rate of morbidity following IAV
infection by decreasing body mass loss, hypothermia, and clinical disease compared to
those achieved with placebo treatment (Fig. 1A and B and data not shown) (P � 0.05).
One of the most common progestins (i.e., a synthetic analog of P4) used in hormonal
contraceptives is LNG, which signals through the progesterone receptor with a greater
affinity than P4 (24). Similar to the results obtained with P4 treatment, mice treated with
LNG and infected with a low dose of ma2009 H1N1 virus had less morbidity than
placebo-treated female mice during infection, including reduced body mass loss,
hypothermia, and clinical signs (Fig. 1A and B and data not shown) (P � 0.05). Even
though P4 and LNG treatment reduced the rates of morbidity, neither P4 nor LNG
treatment significantly affected pulmonary virus titers prior to (5 days postinoculation
[dpi]) or during (9 dpi) peak disease compared with those achieved with placebo
treatment (Fig. 1C).

The serum titers of anti-ma2009 H1N1 virus IgG antibodies were measured at 14, 21,
28, and 35 dpi and did not differ between placebo- and P4-treated female mice but
were transiently lower at 21 dpi following LNG treatment (Fig. 1D) (P � 0.05). The serum
titers of neutralizing antibodies against the ma2009 virus measured at 14, 21, 28, and
35 dpi were significantly reduced in female mice treated with P4 (at 21 dpi) or LNG (at
14 and 35 dpi) compared to those in female mice treated with placebo (Fig. 1E) (P �

0.05). Progestins reduced the neutralizing antibody responses; however, the titers at 35
dpi remained at about the 1/640 dilution, which is high enough to protect mice against
a homologous challenge (25). Antibody titers in bronchoalveolar lavage (BAL) fluid
were also analyzed at 14, 21, and 28 dpi to assess the mucosal immune response at the
local site of infection. The titers of both anti-ma2009 virus IgA and neutralizing
antibodies against ma2009 in BAL fluid were reduced in female mice treated with either
P4 (at 28 dpi) or LNG (at 21 and 28 dpi) compared to those in female mice treated with
placebo (Fig. 1F and G) (P � 0.05). In summary, P4 and, to a greater extent, LNG
protected female mice against IAV infection but significantly reduced the produc-
tion of systemic and local antibodies during a primary infection.

Protection against an H1N1 drift variant and hemagglutinin stalk antibody
responses are not affected by treatment with progestins. To assess whether the P4-
and LNG-induced reductions in serum and, to a greater extent, BAL fluid antibody titers
(Fig. 1D to G) could impact the outcome of sequential infection with a closely related
H1N1 virus, female mice were treated with P4, LNG, or placebo, inoculated with the
ma2009 H1N1 virus, and then challenged 6 weeks later with an H1N1 ma2009 drift
variant (ma2009dv) which contained a mutation at position 166 in the HA head domain
(K166Q) (26) (Fig. 2A). All female mice, regardless of hormone treatment, were equally
protected against ma2009dv H1N1 (Fig. 2B). Hemagglutinin stalk-specific antibodies
recognize the conserved stalk region of the HA protein of IAVs and contribute to cross
protection against diverse IAVs (27, 28). To assess whether the titers of broadly
neutralizing antibodies against the stalk of H1 may contribute to the similar levels of
protection against ma2009dv observed in both placebo- and hormone-treated female
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mice following challenge, we measured the stalk-specific antibody responses in serum
at several time points following the primary ma2009 H1N1 virus infection. Stalk
antibody titers increased over time, peaking at 28 dpi in all female mice, and did not
differ between placebo-treated and either P4- or LNG-treated female mice (Fig. 2C).

To assess whether the P4-based treatments affected the antibody responses against
the primary virus following the ma2009dv challenge, we measured serum anti-ma2009
virus-neutralizing antibody and IgG titers pre- and postchallenge with ma2009dv.
Following challenge with a drift variant virus, antibody responses to the primary virus
were boosted at 21 days postchallenge in all treatment groups (Fig. 2D and E) (P �

0.05). Among all treatment groups, despite minimal titers of preexisting serum neu-
tralizing and IgG antibodies against the drift variant, following challenge with

FIG 1 P4 and LNG treatment reduced the rate of morbidity and the level of antibody production during primary H1N1 IAV infection. (A,
B) Adult female mice were treated with placebo, P4, or LNG and inoculated intranasally with a low dose of ma2009 H1N1 virus. Mice were
monitored daily for 21 dpi (as indicated on the y axis) for changes in body mass (A) and clinical disease (B). (C) Infectious virus titers in
the lungs were measured prior to (5 dpi) and during (9 dpi) peak influenza disease (n � 6 to 7 mice per treatment). (D, E) Serum was
collected at 14, 21, 28, and 35 dpi (as indicated on the y axis), and anti-ma2009 IgG titers were measured by ELISA (D) and
ma2009-neutralizing antibody titers were analyzed by a neutralization assay (E) (n � 30 mice per treatment per time point). (F, G) BAL
fluid was collected at 14, 21, and 28 dpi and analyzed for anti-ma2009 IgA titers (F) and neutralizing antibody titers (G) (n � 8 to 10 mice
per treatment per time point). The stippled line represents the antibody levels for naive animals. Data represent the means � SEMs from
three independent replications. Significant differences between P4-treated and placebo-treated mice are represented by asterisks, and
significant differences between the LNG-treated and placebo-treated mice are represented by pound signs. nAb, neutralizing antibody;
N.D., not detectable.
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FIG 2 Neither P4 nor LNG treatment altered protection following challenge with an ma2009 H1N1 drift variant in female
mice. (A) Adult female mice were treated with placebo, P4, or LNG and inoculated intranasally with a low dose of the
ma2009 H1N1 virus. Six weeks later, the mice were challenged intranasally with a high dose of an ma2009 drift variant
(K166Q) H1N1 virus and euthanized at the indicated time points. (B) Mice (n � 10 mice per treatment) were monitored for
changes in body mass for 21 days postchallenge (as indicated on the y axis). (C) The titers of broadly neutralizing stalk
antibodies in serum collected at 14, 21, 28, and 35 days after primary infection were measured using a stalk antibody ELISA
with a chimeric protein with an exotic HA head and conserved ma2009 H1N1 stalk (cH6/1) (n � 25 to 30 mice per
treatment per time point). (D, E) The neutralizing antibody responses (D) and titers of IgG antibodies (E) against the
primary ma2009 H1N1 virus were measured in serum collected prior to challenge (21 days after primary infection) and
21 days after challenge (n � 10 mice per treatment per time point). (F, G) Neutralizing antibody responses (F) and
titers of IgG antibodies (G) against the ma2009dv H1N1 virus were measured in serum collected prior to challenge
(21 days after primary infection) and 2, 6, 14, or 21 days after challenge (n � 10 mice per treatment per time point).
The stippled line represents the antibody levels for naive animals. Data represent the means � SEMs from two
independent replications. Significant differences between P4-treated and placebo-treated female mice are repre-
sented by an asterisk, significant differences between LNG-treated and placebo-treated female mice are represented
by a pound sign, and significant differences within a treatment group between the results before and after challenge
are represented by plus signs.
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maH1N1dv, serum neutralizing antibodies to the drift variant were detectable as early
as 2 days postchallenge and were associated with complete clearance of the virus from
the lungs (Fig. 2F and data not shown). Serum anti-IAV IgG antibody responses against
ma2009dv also increased as early as 2 days postchallenge but were lower in the
placebo-treated than the P4- or LNG-treated female mice at 21 days postchallenge (Fig.
2G) (P � 0.05). Taken together, these data suggest that the P4-based treatments did
not alter broadly neutralizing stalk antibody responses or protection against a drift
variant of H1N1 but increased total IgG antibody responses following challenge
with ma2009dv.

Progestins reduce protection against a heterologous IAV challenge while in-
creasing the titers of antibodies against the challenge virus. Treatment with either
P4 or LNG did not affect the outcome of challenge with a homologous group 1 drift
variant (Fig. 2B), but during influenza seasons, both the H1N1 and H3N2 subtypes
circulate. H1 and H3 IAVs are antigenically distinct, belonging to the group 1 and group
2 HA phylogenetic groups, respectively (29). To analyze the effects of progestins on a
heterologous IAV challenge with an HA group 2 IAV, female mice were treated with
either P4, LNG, or placebo, infected with the ma2009 H1N1 virus, and challenged 6
weeks later with an maH3N2 virus, A/Hong Kong/2/68 (HK68), at a dose that is
uniformly lethal in naive animals (data not shown). In contrast to the results obtained
with primary IAV infection, placebo-treated female mice were protected against lethal
maH3N2 virus challenge, with 87% (13/15) of placebo-treated, 53% (8/15) of P4-treated,
and 43% (6/14) of LNG-treated female mice surviving the challenge (Fig. 3B) (P � 0.05).
In the mice that survived the challenge, however, progestin treatment promoted faster
recovery than placebo treatment did (Fig. 3C) (P � 0.05), a finding which is consistent
with the effects during a primary infection (Fig. 1A and B). Treatment with either P4 or
LNG did not alter H3N2 titers or clearance in the lungs (Fig. 3D).

To determine whether the humoral immune responses during the heterosubtypic
challenge were affected by progestins in the mice that survived the challenge, neu-
tralizing and total IgG antibody responses against the primary ma2009 IAV and the
secondary heterologous HK68 IAV were measured both prior to and after challenge. In
contrast to the neutralizing antibody titers after ma2009dv challenge (Fig. 2D), when
female mice were challenged with a heterosubtypic maH3N2 virus, the titers of
neutralizing antibody against the primary H1N1 IAV (i.e., the ma2009 H1N1 virus) were
not altered (Fig. 3E). Preexisting serum neutralizing antibodies against HK68 were not
detected in the serum prior to the challenge in any of the treatment groups (Fig. 3F),
but the titers of antibodies against HK68 were significantly greater in P4- and LNG-
treated female mice than placebo-treated female mice at 14 and 21 days postchallenge
(Fig. 3F) (P � 0.05). Similarly, serum anti-HK68 IgG antibodies were not detected prior
to challenge, but at 21 days postchallenge their titers were significantly greater in both
P4- and LNG-treated mice than in placebo-treated female mice (Fig. 3G) (P � 0.05).
Although treatment with progestins reduced the neutralizing antibody responses to
primary IAV infection, these hormones significantly increased the neutralizing antibody
responses against a sequential infection with an antigenically unrelated IAV. Taken
together, these data illustrate that in the context of a heterologous challenge, proges-
tins increase the antibody responses to sequential influenza A virus infection, without
having an effect on antibodies against the primary virus, which may be beneficial for
vaccine responses.

Progestins increase pulmonary immunopathology following challenge with a
heterologous IAV. Because the titers of antibodies against HK68 early after challenge
were not different between the placebo- and progestin-treated female mice (Fig. 3E),
we sought to identify other possible mechanisms of differential mortality between the
placebo- and progestin-treated female mice following a heterologous challenge. We
analyzed the pulmonary immunopathology in female mice that were treated with
either P4, LNG, or placebo, infected with ma2009 H1N1 virus, and challenged 6 weeks
later with an maH3N2 virus. The lungs were inflated and fixed at 6 and 8 days
postchallenge to encompass the average day of death for female mice in each of the
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progestin treatment groups (average day of death for P4- and LNG-treated mice, 7.8 �

0.7 and 6.6 � 0.2, respectively). No differences in overall inflammation scores across the
treatment groups were observed at day 6 after H3N2 challenge, but by day 8 post-
challenge, female mice treated with either P4 or LNG had greater inflammation, as
characterized by increased alveolitis, necrosis, and edema, than placebo-treated female
mice (Fig. 4A to C) (P � 0.05). Taken together, these data indicate that the increased
mortality following a heterologous H3N2 challenge in progestin-treated female mice
may be caused by excessive immunopathology in the lungs at the time of death.

Progestins reduce memory CD8� T cell responses against a heterologous IAV
challenge. Although antibody responses to the primary ma2009 H1N1 infection were
significantly lower in P4- and LNG-treated female mice than placebo-treated female
mice, antibody-mediated immunity is not the primary mechanism of cross protection
against different groups of IAVs, which possess distinct surface antigens but share
common core proteins that could be recognized by T cells. Populations of memory T
cells mediate cross protection against different groups of IAVs (4–6, 30) and were
analyzed at several time points prior to and after challenge with the H3N2 IAV to

FIG 3 P4 and LNG treatments reduced survival but increased antibody titers following challenge with a heterosubtypic H3N2 influenza A virus. (A) Adult female
mice were treated with placebo, P4, or LNG and inoculated intranasally with a low dose of ma2009 H1N1 virus. Six weeks later, ma2009 H1N1-infected mice
were challenged intranasally with a high dose of HK68 H3N2 virus and euthanized at the indicated days postchallenge. (B, C) These female mice (n � 15 mice
per treatment) were monitored for changes in mortality (B) and body mass (C) for 21 days postchallenge (as indicated on the y axis). (D) Infectious virus titers
in the lungs were measured at 2, 4, 6, and 8 days postchallenge (n � 5 to 8 mice per treatment per day). (E) The titers of neutralizing antibodies against the
primary ma2009 H1N1 virus were measured in serum collected prior to challenge (21 days after primary infection) and 21 days after challenge (n � 10 mice
per treatment per time point). (F, G) Neutralizing antibody responses (F) and titers of IgG antibodies (G) against the HK68 H3N2 virus were measured in serum
collected prior to challenge (21 days after primary infection) and 6, 14, or 21 days after challenge (n � 10 mice per treatment per time point). The stippled line
represents the antibody levels for naive animals. Data represent the means � SEMs from two independent replications. Significant differences between
P4-treated and placebo-treated female mice are represented by asterisks, and significant differences between LNG-treated and placebo-treated female mice
are represented by pound signs.
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determine if suppressed memory T cell numbers and activity in progestin-treated
female mice may underlie the increased susceptibility to heterosubtypic infection.
Treatment with either P4 or LNG did not alter the numbers of total virus-specific CD4�

T cell, Th2 cell, or Th17 cell subsets in the lungs but reduced the numbers of Th1 cells
after challenge (Table 1). The frequencies of total CD8� T cells and naive CD8� T cells
also were not significantly different between placebo-, P4-, and LNG-treated mice prior
to or after heterosubtypic IAV challenge (Table 1).

Following challenge with a heterosubtypic maH3N2, the frequency of most virus-
specific CD8� T cell populations in the lungs increased over time, regardless of
hormone treatment (Fig. 5A to D). Treatment of female mice with either P4 or LNG
significantly reduced the total number of ma2009 virus-specific CD8� T cells producing
gamma interferon (IFN-�), tumor necrosis factor alpha (TNF-�), or both cytokines
compared to treatment with placebo at 6 days postchallenge (Fig. 5A to C) (P � 0.05).
The numbers of tetramer-specific CD8� T cells that recognized either the ma2009-
specific (i.e., primary IAV) or HK68-specific (i.e., secondary IAV) immunodominant NP

FIG 4 P4 and LNG treatments increased pulmonary immunopathology following challenge with a
heterosubtypic H3N2 influenza A virus. Adult female mice were treated with placebo, P4, or LNG and
inoculated intranasally with a low dose of ma2009 H1N1 virus. Six weeks later, the mice were challenged
intranasally with a high dose of HK68 H3N2 virus. (A) H&E-stained lung sections collected at 6 and 8 days
postchallenge were scored for inflammation, given as a cumulative score for perivasculitis, bronchiolitis,
alveolitis, edema, and necrosis. (B) Separate scores at 8 days postchallenge (dpc) for perivasculitis,
bronchiolitis, alveolitis, edema, and necrosis are shown. (C) Representative images of overall inflamma-
tion (2� magnification) and focused areas (10� magnification) with cellular infiltration and edema are
shown (n � 5 mice per treatment per day). Data represent the means � SEMs from two independent
replications. Significant differences between P4-treated and placebo-treated female mice are repre-
sented by asterisks, and significant differences between LNG-treated and placebo-treated female mice
are represented by pound signs.
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peptides also were lower at 6 days postchallenge in female mice treated with either P4
or LNG than in female mice treated with placebo (Fig. 5D) (P � 0.05).

The total numbers of CD8� memory (CD44�) T cells following ex vivo stimulation
with a peptide from ma2009 were also decreased at 6 days following heterosubtypic
IAV challenge in the female mice treated with either P4 or LNG compared to those in
mice treated with the placebo (Fig. 6A and B). This included both CD8� tissue-resident
memory (TRM; CD8� CD44� CD69� CD103�) and CD8� T central memory (TCM; CD8�

CD44� CD62L�) cells (Fig. 6C and D) (P � 0.05). The total numbers of virus-specific
memory CD8� T cells producing IFN-� with or without TNF-� production at days 2 and
6 postchallenge and memory CD8� T cells producing TNF-� at day 6 postchallenge
were also significantly decreased in progestin-treated female mice compared to female
mice treated with placebo (Fig. 6E to G) (P � 0.05). Similarly, when memory CD8� T cells
were stimulated ex vivo with an HK68 peptide, the numbers of TNF-�-producing
(TNF-��) CD8� T cells, IFN-�-producing (IFN-��) and TNF-�-producing (TNF-��) CD8�

T cells, memory CD8� T cells, CD8� TRM cells, and CD8� TCM cells were lower in the
lungs of P4- and LNG-treated female mice than the lungs of placebo-treated female
mice at day 2, day 6, or both days postchallenge (Table 2) (P � 0.05). Taken together,
these data illustrate that IAV-specific memory CD8� T cell numbers and activity but not
total CD8� or CD4� T cell numbers were significantly reduced by progestin treatment
during the heterosubtypic challenge.

DISCUSSION

A significant majority of women in the United States are exposed to some form of
progestin in either hormone contraceptives or hormone replacement therapy (22).

TABLE 1 Total numbers of virus-specific CD4� and CD8� T cells recognizing ma2009 in
the lungs of female mice following challengea

Total cells Treatment

No. of virus-specific CD8� T cells on the following
days postchallenge:

0 2 6

CD4� T cells Placebo 8,230 � 662 6,829 � 1,480 32,752 � 3,067
P4 8,093 � 1,720 9,511 � 1,951 29,904 � 3,816
LNG 7,018 � 857 7,017 � 1,424 27,204 � 3,200

IFN-�� CD4� T cells Placebo 86.35 � 9.2 185.7 � 32.3 883 � 114
P4 93.04 � 21.1 244 � 35.1 551.6 � 101*
LNG 83.63 � 12.2 159.8 � 35.3 454 � 81.3#

IL-4� CD4� T cells Placebo 19.72 � 5.6 8.71 � 4.0 22.84 � 6.1
P4 28.36 � 10.8 14.88 � 7.8 26.75 � 5.4
LNG 20.72 � 7.6 5.96 � 2.8 18.63 � 4.4

IL-17� CD4� T cells Placebo 46.76 � 14.2 26.62 � 9.5 34.24 � 11.0
P4 67.85 � 24.5 33.64 � 7.7 29.27 � 11.3
LNG 42.76 � 24.2 41.68 � 11.3 31.31 � 12.3

CD8� T cells Placebo 8,958 � 823 11,275 � 2,590 55,003 � 13,269
P4 9,798 � 400 15,512 � 5,861 44,293 � 7,757
LNG 12,192 � 2,273 12,215 � 1,289 45,214 � 9,833

Naive CD8� T cells Placebo 4,413 � 608 3,500 � 1,271 5,530 � 380
P4 4,372 � 1,272 2,365 � 650 5,633 � 814
LNG 2,815 � 817 3,360 � 283 4,800 � 1,126

aAdult female mice were treated with placebo, progesterone (P4), or levonorgestrel (LNG) and inoculated
intranasally with a low dose of ma2009 H1N1 virus. Six weeks later, the mice were challenged intranasally
with a high dose of HK68 H3N2 virus. Lung single-cell suspensions were harvested for flow cytometry
analysis at 42 days after primary infection (i.e., prior to challenge; referred to as day 0 postchallenge) and at
days 2 and 6 days postchallenge and stimulated ex vivo with ma2009-specific antigen in the presence of
brefeldin A. The total numbers of live T cells were analyzed. Data represent means � standard errors of the
means from two independent replications (n � 8 mice per treatment per day). Significant differences
between P4-treated and placebo-treated female mice are represented by an asterisk and boldface, and
significant differences between LNG-treated and placebo-treated female mice are represented by a pound
sign and boldface.

Progestins and Influenza Virus Infection History Journal of Virology

April 2017 Volume 91 Issue 8 e02160-16 jvi.asm.org 9

http://jvi.asm.org


Concurrently, women (and men) are exposed to novel strains of IAVs approximately
every 5 to 10 years over the life course (3). The impacts of progestins on the outcome
and responses to infectious diseases at mucosal sites outside the reproductive tract are
rarely considered. In the present study, we show that while both P4 and LNG improved
the outcome of IAV infection in immunologically naive female mice, these hormones
significantly reduced the memory CD8� T cell responses and thereby increased the

FIG 5 Treatment with either P4 or LGN reduced the numbers of virus-specific CD8� T cells in the lungs
of female mice challenged with a heterosubtypic H3N2 influenza A virus. Adult female mice were treated
with placebo, P4, or LNG and inoculated intranasally with a low dose of ma2009 H1N1 virus. Six weeks
later, the mice were challenged intranasally with a high dose of HK68 H3N2 virus. Lung single-cell
suspensions were harvested for flow cytometry analysis at 42 days after primary infection (i.e., prior to
challenge; labeled day 0 postchallenge) and at days 2 and 6 days postchallenge and stimulated ex vivo
with an ma2009-specific antigen in the presence of brefeldin A. The total numbers of live CD8� T cells
expressing IFN-� (A), TNF-� (B), and both IFN-� and TNF-� (C) and the total numbers of live tetramer-
specific CD8� T cells (D) were quantified. Data represent the means � SEMs from two independent
replications (n � 8 mice per treatment per day). Significant differences between P4-treated and
placebo-treated female mice are represented by asterisks, and significant differences between LNG-
treated and placebo-treated female mice are represented by pound signs.
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susceptibility of the mice to heterosubtypic challenge with novel strains of IAV.
Surprisingly and possibly beneficially for vaccine responses, both P4 and LNG improved
the antibody responses to subsequent IAV challenges.

Following H1N1 infection and subsequent challenge with an H1N1 drift variant,
placebo-, P4-, and LNG-treated female mice were equally protected, despite the low
preexisting antibody responses to ma2009dv and the reduced antibody responses to
the primary H1N1 infection in progestin-treated female mice. The K166Q mutation is
located in the globular head region of the HA, with the stalk regions of both the
ma2009 H1N1 and the ma2009dv H1N1 viruses being conserved (26). To address
whether the protection that was found following a drift variant virus challenge was due
to antibody responses to the stalk region of the HA, we measured broadly neutralizing
antibody responses to the conserved stalk region of the H1 HA using a chimeric HA
containing an exotic H6 head and the stalk from the ma2009 H1N1 HA. Broadly
neutralizing antibodies target epitopes within the HA stem region that are conserved
within each phylogenetic HA group. In our study, broadly neutralizing stalk antibody
responses were not affected by hormone treatment, which may explain why there was
equal protection against another group 1 virus and complete clearance of the virus by
2 days postchallenge (28, 31). Additionally, the neutralizing antibody response to the

FIG 6 Treatment with P4 or LGN reduced the virus-specific memory CD8� T cell responses in the lungs of female mice challenged with a heterosubtypic H3N2
influenza A virus. Adult female mice were treated with placebo, P4, or LNG and inoculated intranasally with a low dose of ma2009 H1N1 virus. Six weeks later,
the mice were challenged intranasally with a high dose of HK68 H3N2 virus. Lung single-cell suspensions were harvested for flow cytometry analysis at 42 days
after primary infection (i.e., prior to challenge; labeled day 0 postchallenge) and at 2 and 6 days postchallenge and stimulated ex vivo with an ma2009-specific
NP antigen in the presence of brefeldin A. (A) Cells were gated on lymphocytes (side scatter [SSC] versus forward scatter [FSC]) and doublets (FSC-H versus
FSC-A), and dead cells (viability dye positive) were excluded. CD8� or CD4� T cells were determined from the live cell gate. Memory T cells (CD44� CD62L�),
T central memory (TCM) cells (CD44� CD62�), and naive CD8� T cells (CD44� CD62L�) were gated on the CD8� T cell subset. Tissue-resident memory (TRM)
cells were gated on the basis of their expression of CD103 and CD69 from the CD44� CD62L� memory T cell gate. (B to G) The total numbers of live memory
CD8� T cells (B), TRM CD8� T cells (C), TCM cells (D), and memory CD8� T cells expressing IFN-� (E), TNF-� (F), or both IFN-� and TNF-� (G) were quantified.
Data represent the means � SEMs from two independent replications (n � 8 mice per treatment per day). Significant differences between P4-treated and
placebo-treated female mice are represented by asterisks, and significant differences between the LNG-treated and placebo-treated female mice are
represented by pound signs.
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drift variant was boosted as early as 2 days postchallenge with the drift variant virus
and may explain why these female mice were fully protected.

Following H1N1 infection and subsequent challenge with a heterologous H3N2
strain of IAV, female mice treated with either P4 or LNG suffered greater mortality
between 6 and 8 days postchallenge. The increased susceptibility to the secondary
heterologous IAV challenge was not caused by the effects of either P4 or LNG on virus
replication or clearance but was associated with increased pulmonary immunopathol-
ogy, including edema, alveolitis, and necrosis, and impaired memory CD8� T cell
responses. Memory CD8 T cells are indispensable in the control of heterosubtypic IAV
infection, and TRM cells, in particular, are the primary mediator of protection against
secondary IAV challenge. Studies in mice show that if the entry of any nonresident,
circulating, memory T cells to the lungs is blocked, then the presence of tissue-
embedded TRM cells alone is sufficient to induce heterosubtypic immunity (9). In the
current study, reduced virus-specific memory CD8� T cell and CD8� TRM cell activity
was associated with an inability to survive heterosubtypic IAV challenge in P4- or
LNG-treated mice. Although the total numbers of pulmonary CD4� or CD8� T cells
following H3N2 virus challenge in female mice were not affected by progestins, the

TABLE 2 Total numbers of virus-specific CD8� T cells recognizing HK68 in the lungs of female mice following challengea

Total T cells Treatment

No. of virus-specific CD8� T cells on the following days
postchallenge:

0 2 6

IFN-�� CD8� T cells Placebo 73.3 � 17.3 246.7 � 92.7 12,183 � 4,127
P4 52.5 � 11.6 352.9 � 124.9 6,993 � 31.22
LNG 65.3 � 13.1 235.7 � 85.6 7,204 � 125.6

TNF-�� CD8� T cells Placebo 209.4 � 78.6 1,125 � 582 26,323 � 8,405
P4 171.0 � 42.0 207.1 � 25.74 10,609 � 5,160*
LNG 120.2 � 39.6 1,296 � 586.7 12,849 � 5,691#

IFN-�� TNF-�� CD8� T cells Placebo 37.5 � 8.8 74.7 � 39.3 262.8 � 41.9
P4 28.9 � 4.6 25.39 � 4.5 107.0 � 23.6*
LNG 21.7 � 3.8 53.56 � 43.4 66.09 � 12.2#

Memory CD8� T cells Placebo 3,462 � 566.2 5,395 � 1,793 47,865 � 5,875
P4 2,523 � 627.0 3,439 � 765.4 26,862 � 5,207*
LNG 3,384 � 556.5 4,548 � 1,152 23,661 � 4,660#

TRM CD8� T cells Placebo 82.0 � 14.6 167.6 � 66.8 1,843 � 449.3
P4 51.7 � 18.2 176.0 � 53.6 826.6 � 318.6*
LNG 64.3 � 9.8 152.5 � 46.0 710.8 � 258.4#

TCM CD8� T cells Placebo 1,765 � 401.3 842.0 � 297.0 12,804 � 2,494
P4 1,261 � 277.9 617.0 � 206.1 8,660 � 2,075*
LNG 1,404 � 259.6 1,174 � 121.8 5,641 � 710.0#

IFN-�� CD8� memory T cells Placebo 21.0 � 7.1 365.1 � 164.7 444.3 � 96.3
P4 11.9 � 4.6 342.5 � 120.3 258.8 � 98.8
LNG 17.0 � 3.9 232.9 � 119.3 242.0 � 52.0

TNF-�� CD8 memory T cells Placebo 106.5 � 48.8 706.9 � 376.2 1,071 � 209.1
P4 60.1 � 14.7 81.3 � 26.8* 373.8 � 94.1*
LNG 45.2 � 16.5 398.7 � 259.8 320.0 � 84.9#

IFN-�� TNF-�� CD8 memory T cells Placebo 12.1 � 2.1 79.2 � 50.3 45.9 � 10.4
P4 7.7 � 1.1 11.15 � 3.8* 20.96 � 8.2
LNG 7.7 � 2.9 28.2 � 16.8# 16.5 � 5.3

aAdult female mice were treated with placebo, progesterone (P4), or levonorgestrel (LNG) and inoculated intranasally with a low dose of ma2009 H1N1 virus. Six
weeks later, the mice were challenged intranasally with a high dose of HK68 H3N2 virus. Lung single-cell suspensions were harvested for flow cytometry analysis at
42 days after primary infection (i.e., prior to challenge; labeled as day 0 postchallenge) and at days 2 and 6 days postchallenge and stimulated ex vivo with HK68-
specific antigen in the presence of brefeldin A. The total numbers of live T cells were analyzed. Data were analyzed by a two-way ANOVA followed by Tukey tests
and represent the means � standard errors of the means from two independent replications (n � 8 mice per treatment per day). Significant differences between
P4-treated and placebo-treated female mice are represented by asterisks and boldface, and significant differences between LNG-treated and placebo-treated female
mice are represented by pound signs and boldface.
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expansion of virus-specific CD8� T cells that recognize both H1N1 and H3N2 IAVs was
restricted in progestin-treated female mice compared to placebo-treated female mice.
Furthermore, the expansion of memory CD8� T cell subsets occurred following stim-
ulation ex vivo with either the H1N1 or H3N2 NP immunodominant peptide, which,
despite a 3-amino-acid difference, is conserved across group 1 and group 2 viruses and
elicits similar memory CD8� T cell responses.

The ability of CD8� T cells to rapidly expand and produce antiviral cytokines,
including TNF-� and IFN-�, which can have synergistic effects, is crucial for both the
clearance of the virus and the resolution of inflammation (32, 33). Mice with IFN-�-
deficient CD8� T cells or complete TNF-� knockout mice have extensive inflammation
and lung pathology with impairment of lung function following IAV infection, demon-
strating the importance of these cytokines not only in the clearance of the virus but also
in the resolution of the infection-induced lung pathology (34, 35). The production of
TNF-� and IFN-� by effector and memory CD8� T cells in response to heterosubtypic
IAV challenge was significantly impaired in female mice treated with either P4 or LNG.
Consequently, both P4- and LNG-treated female mice had increased pulmonary inflam-
mation and lung pathology immediately following heterosubtypic IAV challenge. Pro-
gestins may prevent the production of IFN-� and TNF-� by IAV-specific CD8� T cells by
inhibiting signaling pathways in these cells. When bound to the progesterone receptor,
progestins can directly interfere with the NF-�B pathway and the mitogen-activated
protein kinase pathway, respectively, which control the transcription of TNF-� and
IFN-� (36–39), suggesting a potential mechanism for the progestin-mediated reduction
of IFN-� and TNF-� within IAV-specific CD8� T cells.

The impacts of progestins on sequential exposure and memory responses to viral
infection have been evaluated in only a few vaccine studies, mostly in the context of
herpes simplex virus (HSV) infection. Following HSV-2 vaccination, progestin treatment
decreases protection against a challenge, reduces virus-specific IgG and IgA antibody
levels, and increases virus shedding (40, 41). Several studies have illustrated that
progestins inhibit antibody production (17, 42), but most studies considered this effect
only after an exposure to antigen in immunologically naive animals. Consistent with
these findings, in the current study, progestins significantly reduced the titers of
neutralizing and virus-specific IgG and IgA in both the serum and the BAL fluid of naive
female mice infected with IAV. A secondary virus infection with a drift variant virus
resulted in a boost in the titers of antibodies against the primary virus in all treatment
groups. However, the titers of both neutralizing and total IgG antibodies against the
secondary challenge virus were significantly higher in P4- and LNG-treated female mice
than placebo-treated female mice. Whether progestins, binding to either the proges-
terone receptor or the glucocorticoid receptor in B cells, have differential effects on the
transcriptional activity of naive versus memory B cells to directly alter antibody pro-
duction (i.e., reduce the levels of antibody production in naive B cells and increase the
levels of antibody production in memory B cells) must be considered in future studies.
Following secondary challenge with a drift variant of H1N1, progestin treatment
reduced the antibody responses to a primary IAV infection and increased the antibody
responses to a secondary IAV challenge compared with placebo treatment, which may
be beneficial in the context of vaccination.

The current usage of hormonal contraceptives is on the rise, with over 100 million
women worldwide taking some form of progestin-based hormonal contraceptives.
These hormone-based contraceptives are listed by the World Health Organization
(WHO) as an essential medication because of their role in preventing excessive preg-
nancies and maternal morbidity. Additionally, in light of concerns about infectious
diseases that can be transmitted from mother to fetus (e.g., Zika virus), the WHO, the
Centers for Disease Control and Prevention in the United States, and other national
health agencies recommend the use of hormonal contraceptives to prevent pregnan-
cies and the transmission of infections to the fetus. In this study, we demonstrate that
exposure to progestins in ovary-intact female mice has beneficial effects on primary
infection with IAV but detrimental effects on the generation and activation of memory
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CD8 T cell responses and the outcome of secondary infection. The impact of these
responses in humans should be considered in human surveillance studies as well as
vaccine trials to determine if contraceptives alter the outcome of IAV infection and
responses to vaccination in women.

MATERIALS AND METHODS
Animals. Adult (age, 7 to 9 weeks) female C57BL/6 mice were purchased from Charles River

Laboratories (Frederick, MD) and housed at up to 5 mice per microisolator cage under standard biosafety
level 2 housing conditions, with food and water being provided ad libitum. All animal procedures were
approved by the Johns Hopkins University Animal Care and Use Committee under animal protocol
M015H236. At 8 to 12 weeks of age, the mice were anesthetized with an intramuscular injection of a
ketamine (80 mg/kg of body weight) and xylazine (8 mg/kg) cocktail, and hormones were administered
in the form of a subcutaneous dorsal implant: (i) 15 mg progesterone (P4) 60-day-release pellets
(Innovative Research of America), (ii) 5 mm levonorgestrel (LNG; Sigma) in a silastic capsule (inside
diameter, 0.040 in; outside diameter, 0.085 in), or (iii) a placebo as an empty silastic capsule. The capsules
were equilibrated in sterile physiological saline at 37°C overnight prior to implantation. The doses of P4
and LNG increase the P4 concentrations, uterine horn mass, or both to within the physiological range for
young nonpregnant female mice (13, 43, 44).

Virus infection, quantification, and purification. Mouse-adapted influenza A virus A/California/
04/09 (ma2009; H1N1; generated by Andrew Pekosz from a published sequence [45]) and a mouse-
adapted A/California/04/09 drift variant (ma2009dv; H1N1) containing the K166Q mutation of the HA
sequence (generated by reverse genetics) were used. Viral RNA was extracted (QIAamp viral RNA kit;
Qiagen) from existing ma2009 IAV and transcribed into cDNA (with SuperScript III reverse transcriptase;
Invitrogen). HA-specific cDNA was PCR amplified and purified on a 1% agarose gel. Purified HA cDNA was
digested and cloned into the pHH21 plasmid vector (46). The K166Q HA mutation (26) was introduced
by site-directed mutagenesis (QuikChange Lightning site-directed mutagenesis kit; Agilent Technolo-
gies). Viruses whose genomes encoded the K166Q HA mutation were generated entirely from cDNA
using a 12-plasmid rescue system (46, 47). The HA sequence of the rescued virus was confirmed by
sequencing the coding region of the HA gene. Viral stocks were generated by infecting Madin-Darby
canine kidney (MDCK) cells at a multiplicity of infection of 0.01, and the infected cell supernatant was
collected at 72 h postinfection. A/Hong Kong/2/68 (HK68; H3N2) was given to us courtesy of Innocent
N. Mbawuike. All three viruses were used in these studies, and infectious virus titers were determined
using the 50% tissue culture infective dose (TCID50) assay. For infections, mice were anesthetized with a
ketamine (80 mg/kg) and xylazine (8 mg/kg) cocktail and inoculated intranasally with 30 �l of a low dose
of the ma2009 virus (0.04 50% mouse lethal dose [MLD50]) or mock infected with Dulbecco modified
Eagle medium (DMEM) alone. For challenge experiments, animals were inoculated with 30 �l of a lethal
dose of HK68 (162 MLD50s in 30 �l of DMEM) or ma2009dv (32 MLD50s) at 6 weeks following the initial
infection.

For virus quantification, a TCID50 assay was used. In that assay, log10 dilutions of lung homogenates
were plated onto a monolayer of MDCK cells in replicates of 6 for 6 days at 32°C. Cells were stained
with naphthol blue black (Sigma-Aldrich) and scored for cytopathic effects. The titer (the TCID50) was
calculated according to the Reed-Muench method. For virus purification, viruses were grown in
MDCK cells at 37°C for 4 days and pelleted by centrifugation on a 20% sucrose gradient in a Beckman
SW28TI rotor at 26,000 rpm for 1 h at 4°C. The virus pellet was resuspended in 1� phosphate-
buffered saline (PBS), protein was quantified by a bicinchoninic acid assay (Pierce), and aliquots were
stored at �80°C.

Morbidity and mortality studies. Clinical scores as well as body mass, rectal temperature, and
survival were recorded daily over the course of the study. Clinical disease scores for IAV-infected mice
were based on four parameters, with one point being given for each of the following: dyspnea,
piloerection, hunched posture, and the absence of an escape response (13).

Serum and BAL fluid sample collection. Serum and bronchoalveolar lavage (BAL) fluid samples
were collected at relevant time points to measure antibody and neutralizing antibody titers. Mice were
bled from the cheek for the survival experiments or from the retro-orbital sinus for terminal procedures.
Serum was heat inactivated at 56°C for 30 min and stored at �80°C. For BAL fluid collection, the mice
were euthanized by cervical dislocation and the lungs were lavaged twice with 0.5 ml of a 0.9% saline
solution. The BAL fluid was centrifuged at 500 � g for 10 min to remove cells and debris, and the
supernatant was collected, heat inactivated at 56°C for 30 min, and stored at �80°C.

Histopathology and immunohistochemistry. Lungs were inflated at constant pressure, fixed in
Z-fix fixative (Anatech) for at least 48 h, embedded in paraffin, cut into 5-�m sections, and mounted on
glass slides. Tissue sections were stained with hematoxylin and eosin (H&E) and used to evaluate lung
inflammation. Histopathological scoring was performed by a single veterinary pathologist blind to the
treatment, and scores given on a scale ranging from 0 to 3 (0, no inflammation; 1, mild inflammation; 2,
moderate inflammation; 3, severe inflammation) were used for the following parameters: bronchiolitis,
alveolitis, vasculitis, perivasculitis, necrosis, consolidation, and edema (13). The percentage of lesioned
areas within each tissue section was also evaluated. Images were taken using a Nikon Eclipse E800
microscope.

Antibody neutralization. Serially diluted serum was mixed with 100 TCID50s of virus (ma2009 or
HK68) for 1 h at room temperature and used to infect quadruplicate wells of confluent MDCK cells for
24 h at 37°C. After 16 to 18 h of incubation, the inoculum was removed, the cells were washed with 1�
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PBS (with calcium and magnesium), and fresh medium was added. The cells were incubated for 6 days
at 32°C and then fixed with 4% formaldehyde and stained with naphthol blue black for 6 h. The titer was
calculated as the highest serum dilution that eliminated virus cytopathic effects in 2 out of 4 wells per
dilution.

Anti-influenza ELISA. Enzyme-linked immunosorbent assay (ELISA) plates (Microlon 96-well high-
binding plates; Greiner Bio-One) were coated with 100 ng of purified virus overnight at 4°C in carbonate
buffer (pH 9.6). For IgG ELISAs, the plates were washed 3 times with PBST (1� PBS plus 0.1% Tween 20
[Sigma]) and blocked for at least 1 h at 37°C with 10% dry milk powder in 1� PBS. The plates were
washed 3 times prior to the addition of serially diluted serum to the plates for 1 h at 37°C at a starting
dilution of 1:1,000. Anti-mouse horseradish peroxidase (HRP)-conjugated secondary IgG (1:5,000;
Thermo) was added, and the plates were incubated for 1 h at 37°C. The plates were washed 3 times with
PBST, and the reactions were developed with 3,3=,5,5=-tetramethylbenzidine (TMB; BD Biosciences) and
stopped using 1 N HCl. The absorbance at 450 nm of the plates was read on a plate reader. For IgA
ELISAs, the plates were washed 3 times with 1� Tris-buffered saline (TBS) plus 0.1% Tween (TBST) and
blocked for at least 1 h at 37°C with 10% dry milk powder in 1� TBS. The plates were washed 3 times
prior to the addition of serially diluted BAL fluid to the plates for 1 h at 37°C at a starting dilution of 1:1.
Anti-mouse alkaline phosphatase (AP) secondary IgA (1:2,000; Southern Biotech) was added, and the
plates were incubated for 1 h at 37°C. The plates were washed 3 times with TBST, and the reactions were
developed with p-nitrophenyl phosphate (PNPP) substrate (Thermo) and stopped using 2 N NaOH. The
absorbance at 405 nm of the plates was read on a plate reader. To determine the antibody titer, a cutoff
value was determined by multiplying the average optical density (OD) values for the negative controls
at each dilution by 3. The titer for the sample was calculated as the highest serum dilution with an OD
value above the cutoff.

Stalk antibody ELISA. Flat-bottom Immuno 4HBX 96-well plates (Thermo) were coated overnight at
4°C with 100 ng of recombinant HA using the chimeric cH6/1 protein (with the A/mallard/Sweden/81/02
H6 head and a A/California/04/09 stalk domain, generated as described previously [48]) in carbonate
buffer (pH 9.4). The plates were washed 3 times with PBST and blocked for at least 1 h at room
temperature with 3% goat serum (Gibco) and 0.5% milk powder in PBST. The plates were washed 3 times
prior to the addition of serially diluted (2-fold dilution) samples, which were added at a starting dilution
of 1:100. Samples were incubated for 2 h at room temperature and washed, anti-mouse IgG secondary
antibody conjugated to peroxidase (HRP; 1:3,000; catalog number A9044; Sigma) was added, and the
plates were incubated for 1 h at room temperature. The plates were washed 3 times and developed with
o-phenylenediamine dihydrochloride (OPD; Sigma), and the reactions were stopped after 10 min using
3 M HCl. The absorbance at 490 nm of the plates was read on a plate reader. To determine the antibody
titer, a cutoff value was determined by calculating the average OD values for the negative controls for
each plate and adding the standard deviation. The titer for the sample was calculated as the highest
serum dilution with an OD value above the cutoff.

Flow cytometry analysis of T cells. Lungs were excised, and single-cell suspensions were generated
following red blood cell lysis. The total numbers of viable cells were determined using a hemocytometer
and trypan blue (Invitrogen) exclusion, and the cells were resuspended at 1 � 106 cells/ml in RPMI 1640
(Cellgro) supplemented with 10% fetal bovine serum (Fisher Scientific) and 1% penicillin-streptomycin.
For IAV-specific T cell enumeration, cells were cultured for 5 h with IAV peptide antigen (for CD8, NP from
residues 366 to 374 [NP366 –374]; for CD4, HA from residues 211 to 255 and NP from residues 311 to 325;
ProImmune), phorbol myristate acetate (Sigma), and ionomycin (Sigma) or medium alone (unstimulated)
in medium containing brefeldin A (GolgiPlug; BD Biosciences). The viability of cells was determined by
use of a fixable Live/Dead aqua viability dye (Invitrogen), and Fc receptors were blocked using anti-
CD16/32 (BD Biosciences). The T cell populations were stained with the following antibodies: fluorescein
isothiocyanate (FITC)-conjugated anti-CD3 (antibody 17A2; BD Biosciences), Alexa Fluor 700-conjugated
anti-CD4 (antibody RM4-5; BD Biosciences), peridinin chlorophyll protein-Cy5.5-conjugated anti-CD8
(antibody 53-6.7; eBioscience), allophycocyanin (APC)-conjugated anti-CD44 (antibody IM7; BD Biosci-
ences), eVolve 605-conjugated anti-CD62L (antibody MEL-14; eBioscience), eFluor 450-conjugated anti-
CD69 (antibody H1.2F3; eBioscience), phycoerythrin (PE)-conjugated anti-CD103 (antibody M290; BD
Biosciences), PE-conjugated DbNP366 –374 tetramer for ma2009 (ASNENVETM; NIH Tetramer Core Facility),
and BV421-conjugated DbNP366 –374 tetramer for HK68 (ASNENMDAM; NIH Tetramer Core Facility).
Intracellular staining with PeCy7-conjugated anti-IFN-� (antibody XMG1.2; BD Biosciences), FITC-
conjugated anti-TNF-� (antibody MP6-XT22; BD Biosciences), BV412-conjugated anti-interleukin-4 (anti-
IL-4; antibody 11B11; BD Biosciences), or APC-conjugated IL-17 (eBio17B7; eBioscience) was performed
following permeabilization and fixation with Cytofix/Cytoperm and Perm/Wash buffer (BD Biosciences).
Data were acquired using a Fortessa fluorescence-activated cell sorter (with FACSDiva software) and
analyzed using FlowJo (v.10) software (Tree Star, Inc.). Total cell counts were determined based on the
percentages of live cells in the live cell gate multiplied by the total live cell counts acquired prior to
staining by the trypan blue exclusion counts obtained on a hemocytometer.

Statistical analyses. Morbidity and clinical data were analyzed with a multivariate analysis of
variance followed by planned comparisons. Antibody titers, virus titers, and histopathological data were
analyzed using two-way analyses of variance (ANOVAs) or t tests, and significant interactions were further
analyzed using the Tukey method for pairwise multiple comparisons. Survival was analyzed using a
Kaplan-Meier survival curve, followed by a log-rank test. Mean differences were considered statistically
significant if P was �0.05.
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