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The immune system during pregnancy teeters between maintaining fetal tolerance and
providing protection against pathogens. Due to this delicate balance, pregnant women
and their offspring often have increased suscepitibilities to infection. During the first year of
life, infant immunity against infection is mainly mediated via passively transferred maternal
antibodies. However, our understanding of the route of transfer of the maternal antibodies
for conferring protection to influenza A virus (IAV) infection in offspring is incomplete. Here
we have demonstrated that offspring from IAV-infected mice were significantly protected
against |AV infection. This remarkable increase in survival is mediated via the elevated
maternal serum IgG1. By cross-fostering, we further showed that this enhanced host
resistance was only achieved in mice born to and nursed by IAV-infected mothers.
Collectively, our data suggest that the prolonged protection of offspring against 1AV
infection requires maternal IgG1 from both the placenta and breast milk.

Keywords: pregnancy, influenza A virus, breast milk (colostrum), passive antibody transfer, immunity

INTRODUCTION

Pregnancy has been long thought of as a state of immunosuppression, however, emerging evidence
is drawing attention to unique and dynamic processes that differently influence the severity of
maternal responses to infectious disease and vaccine outcomes (1, 2). Therefore, strategic
intervention during specific gestational periods which support the generation of abundant and
efficient pathogen-specific antibodies will protect both the mother and infant against severe illness.

Infants under one year of age are at the highest risk of increased morbidity and hospitalization
following infection with pathogens like influenza A virus (IAV), therefore, vaccination is
recommended but only beyond 6 months of age (3) (4). During this vaccination gap when
children are immunologically immature and harbor a respiratory system that is still developing,
maternal immunoglobulins (Ig) are critical for conferring protection against pathogens (5). The
magnitude of protection in the offspring is directly correlated with previous maternal exposure to
influenza and the concentration of maternal antibodies resulting from natural infection or from
vaccination to specific subtypes (with some degree of cross-protection) (5-7). Notably, in humans,
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maternal vaccination during the second and early third trimester
yields higher antibody titers in cord blood and consequently
prolongs the window of protection in offspring against influenza
and pertussis (8, 9). As a result, public health strategies, especially
during the current COVID-19 pandemic, are reinforcing the
basis that maternally transferred antibodies can protect
newborns from potentially fatal respiratory illness (8, 10, 11).

The lower and upper respiratory tract are kept under
surveillance by IgG and IgA, respectively (12). IgG is the most
abundant antibody in the serum of which IgGl and IgG2
subtypes have been implicated in the protection against severe
influenza infection in pre-clinical models through their ability to
activate complement, neutralize viral particles, and mediating
antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (13-17). Due to
differences in Fc receptor binding and structure, there is a
transfer efficiency hierarchy to the neonate among the IgG
subclasses with IgG1 being most abundantly transferred (5, 12,
13, 18, 19).

Natural IAV infection is known to trigger longer-lasting
antibody responses compared to vaccination (12). Although
transplacental maternal antibodies circulate in the infant blood
circulation for a limited time, passive immunity continues after
birth through nursing where IgA and IgG, are transferred via breast
milk (5, 12, 20, 21). IgA provides mucosal immunity in the upper
airways against IAV infection through comparable mechanisms to
IgG in the lungs (12, 22). Though maternal antibodies are known
to protect infants from IAV infection (23), whether protection is
mediated through transplacental or colostrum IgG and/or IgA and
the duration of protection remains unclear. Thus, understanding
the underlying mechanism of maternal antibody-mediated
protection in offspring can be used for developing vaccine
strategies to boost immunogenicity in pregnant women to
generate and enhance a specific antibody profile. Using a model
of mid-gestation IAV infection and pre-conception infection, we
have provided evidence that offspring born to IAV-infected
mothers are significantly protected against IAV infection.
Furthermore, by cross-fostering, we demonstrated that maternal
IgG1 antibodies passively transferred through both the placenta
and the colostrum are required to confer the prolonged protection
in offspring infected with IAV.

MATERIALS AND METHODS

Mice and Litter Swaps

8-10-week-old female C57BL/6] mice were purchased from
Jackson Laboratories, housed, and bred at the animal facility of
the Research Institute of the McGill University Health Centre.
IAV infections were performed 10 days after mating (E10)
following visual identification of a copulation plug or two
weeks prior to mating for pre-conception infection. All
protocols were approved by the Animal Care Committee of
McGill University. In the litter swap experiments, pups were
cross-fostered at 3 days old. In the long-term experiments,
pupswere weaned at 3-4 weeks and housed by sex. Survival

experiments performed on female offspring while all other
experiments were performed on both male and females at 6-8
weeks of age.

Infection

Experiments were performed using the mouse adapted HIN1
influenza virus A/Puerto Rico/8/34 (PR8) virus provided by J.A.
McCullers (St. Jude Children’s Research Hospital). The virus was
propagated in eggs and titrated in Madin-Darby Canine Kidney
(MDCK) cells by plaque assays. Mice were intranasally
challenged with a sublethal dose of 25 or 250 pfu and LDs,
dose of 500 pfu for survival experiments. Two different stocks
derived from the same parental strain were thawed and titrated
to determine the LDs5, and the sublethal doses to be used for
experimentation. Viral titers were determined in lung
homogenates using standard MDCK plaque assays on days 3
and 6 as previously described (24-27).

Type | IFN Assays

Total bioactive IFN-o and IFN-f were measured in
bronchoalveolar lavage fluid (BALF) and lung homogenates
using the murine B16-Blue IFN-a/-B reporter cell line (In vivo
Gen, San Diego, CA) which monitors the activation of JAK/
STAT/ISGF3 and/or IRF3 pathways via recognition of IFNAR by
type I IFN. The assay was performed according to the
manufacturer’s specifications on days 0, 3, and 6 post infection
as previously described (24-27).

Anti-Influenza Antibody Quantification

BALF was collected with a 26-gauge needle though a tracheal
cannula using 3 x 1 mL cold PBS and spun at 15,000 rpm for 10
minutes. Lung tissue was homogenized in 500 pl RPMI and spun
at 15,000 rpm for 5 minutes. BALF and lung supernatants were
stored at -80°C until use. Whole blood was collected by cardiac
puncture into microtainer separator tubes (BD # 365967, BD
Biosciences, Franklin Lakes, NJ) and was centrifuged at 13,300
rpm for 2 minutes to separate serum. ELISA plates (96 well
medium binding microplates, Corning, NY) were coated
overnight at 4°C with 2x10” pfu of purified HIN1. Plates were
washed and blocked for 2 h with 1% BSA in PBS. Serum, BALF,
and lung samples of naive mice were added, and plates were
incubated at room temperature for 2 h. Anti-mouse IgGl
(Southern Biotech #1070-05, Birmingham, AL), anti-mouse
IgG20. (Southern Biotech #1081-05), and goat anti-mouse IgA
(Southern Biotech #1040-05) secondary antibodies (1:1000) were
added. After 2 h incubation at room temperature, reactions were
developed with 3,3',5,5" tetramethylbenzidine, halted using a
sulfuric acid stop solution, and read at 450 nm absorbance on
a plate reader.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version
9 (GraphPad Software, San Diego, California, USA). All data are
presented as mean + SEM. Statistical differences determined by
two-way ANOVA followed by Sidak’s multiple comparison test,
Unpaired Student T test or Multiple Student T-tests followed by
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Bonferroni correction for multiple comparison identified in
figure legends.

RESULTS

Maternal IAV-Infection Confers IgG1-
Mediated Protection to IAV-Infected
Offspring

Peak antibody transfer in humans following maternal vaccination
occurs in the second and early third trimesters (Supplemental
Figure 1A), although the exact timing is still unclear (28). Poor
placental transfer of maternal antibodies during natural infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) and influenza virus have been observed in women infected in
their final trimester, however, transfer efficiency increases if
infection occurs at an earlier gestational period (2, 8, 29, 30). In a
mouse model, embryonic day 10 (E10) is the initial phase of type 2
immunity and fetal development in mice (1) and IgG1 antibodies
which are the primary neutralizing antibodies during influenza
infection are known to be produced in a Th2 environment (12).
Therefore, we infected pregnant mice with a sublethal dose of the
mouse adapted HIN1 A/Puerto Rico/8/34 (PR8) on E10, mirroring
this critical window of pregnancy that allows for optimal and
selective antibody transfer (Supplemental Figure 1A). Following
maternal infection, antibodies were assessed in naive offspring at 4
and 8 weeks after birth as well as the immune response to secondary
IAV infection at 8 weeks (Figure 1A). Offspring born to IAV-
infected dams had a significant survival advantage following
infection with a lethal dose of IAV coupled with negligible weight
loss compared to control offspring (Figure 1B). Oftspring born to
IAV-infected dams also showed significantly reduced pulmonary
viral burden (Figure 1C), which was correlated with a lower
induction of type I interferons (IFNs) in the BALF and in the
lung tissues (Figure 1D).

To determine the link between protection and specific serum
antibodies, IgG1, IgG20., and IgA levels were measured in dams 4
weeks postpartum and in offspring at 4 weeks of age and prior to
TAV infection at 8 weeks of age. Serum IgG1 levels were elevated in
the IAV-infected dams (Figure 1E) and were associated with an
elevated serum concentration of IgG1 in naive offspring at 4 weeks
old which was maintained even at 8 weeks of age (Figure 1F), for
both male and female offspring (Supplemental Figure 1).

Pre-Conception IAV Infection Confers
lgG1-Specific Protection to IAV-Infected
Offspring

To determine whether IgG1 antibodies generated against IAV
infection prior to pregnancy persist and confer protection to
offspring, 8-week-old female mice were infected with IAV two-
weeks prior to mating. Offspring from control and pre-conception
IAV-infected dams (PreC-IAVm) were then infected with IAV at 8
weeks of age (Figure 2A). Offspring born to PreC-IAVm dams had
a reduced pulmonary viral burden (Figure 2B) with a subsequent
reduction in I IFNs in the BALF and lungs (Figure 2C). Unlike
infection during pregnancy, pre-conception IAV infection

generated a broader antibody profile with elevated maternal IgG1,
IgG20, and IgA in the serum 3 weeks postpartum (Figure 2D)
which mirrored elevated levels in the 3-week-old offspring
(Figure 2E). However, only IgGl antibodies were maintained
prior to IAV infection in the 8-week-old offspring (Figure 2E).

Antibodies From Placenta or Colostrum
Alone Are Insufficient to Confer Protection
to IAV-Infected Offspring

To determine the route of antibody transfer mediating protective
immunity, pups from control and IAV-infected dams were cross-
fostered. Naive offspring nursed by IAV-infected dams (IAVm
dams + CTLm offspring) and offspring born to IAV-infected dams
nursed by control dams (CTLm dam + IAVm offspring) were then
infected with IAV at 8 weeks of age (Figure 3A). The levels of
pulmonary viral load were comparable in both CTLm offspring
and IAVm offspring (Figure 3B). Similarly, there was no
difference in the levels of type I IFNs in the BALF and lungs
(Figure 3C). Although IAV-infected dams had significantly higher
levels of IgG1 compared to control dams (Figure 3D), this was not
reflected in the offspring at 3 weeks old nor prior to IAV infection
at 8 weeks old (Figure 3E). There was also no difference in IgA
levels detectable in the BALF and lungs of offspring at 8 weeks of
age (Supplemental Figure 1C). Collectively, these results indicate
that the IgGl-mediated protection in IAV-infected offspring
required both passive transfer of the antibody from placenta and
colostrum of IAV-infected mother.

DISCUSSION

In our study, passively transferred IgGl through both the
placenta and colostrum provided protection in 6-8-week-old
offspring from IAV-infected dams. Studies have shown
protection against IAV in the offspring following maternal
vaccination from 2 weeks in ferrets (31) to 5 weeks of age in
mice, with maternal antibody titers in the murine study declining
after 2 weeks of age (7, 16). In our model of mid-gestation IAV
infection, we found significant levels of maternal IgGl in the
offspring at 3 weeks old which persisted even at 8 weeks of age.
Although antibodies produced after viral infections are
predominantly of the IgG2a subtype (9, 14-16, 32, 33), our
data are in accordance with previous studies which highlight the
critical role of IgG1 during IAV infection (12, 14, 17). While IgG
: Fc interactions were not assessed in this study, IgG1 has the
longest half-life of about 3 weeks in the newborn and the highest
affinity for Fcy receptors, and thus IgG1 is particularly efficient in
neutralizing virus and mediating FcR-dependent effector
functions (12).

It has been previously shown that vaccination against
pertussis during pregnancy enhances transplacental transfer of
IgGl and subsequent protection to offspring compared to
immunization pre-conception (34). In our model, offspring
from IAV-infected dams were better protected and presented
with a lower pulmonary viral burden from subsequent IAV
infection than offspring from PreC-IAVm infected mice,

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 823207


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

Chronopoulos et al.

Influenza Infection, Pregnancy, and IgG1

despite the production of a broader antibody profile including
IgG1, 1gG2a, and IgA in the latter. Although IgGl is
predominantly associated with a Th2 response, it has higher
neutralizing abilities against influenza virus compared to the
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FIGURE 1 | Maternal IAV-infection confers IgG1-mediated resistance to offspring. (A) Schematic representation of experimental design. 8-10-week-old C57BL/6
females were given PBS (CTLm; n=2 dams) or infected with 250 pfu A/Puerto Rico/8/34 (PR8) (IAVm; n=3 dams) intranasally on E10. Created with BioRender.com.
(B) Survival curve and morbidity graph following lethal infection (500 pfu PR8) of 6-week-old females born to control dams (n=8 offspring) or IAV-infected dams (n=9
offspring). (C) Kinetics of viral load in whole lung homogenates by MDCK plaque assay and (D) type | IFNs in BALF and lungs by B16 assay of 6-week-old offspring
infected with 25 pfu PR8 (n=3-5 offspring). (E) Serum antibody levels of control and IAV-infected dams 4 weeks postpartum (n=2). (F) Serum antibody levels of naive
offspring at 4 weeks and 8 weeks of age prior to secondary infection (n=3-4). Data pooled for male and female offspring. Two-way ANOVA ***p < 0.001, ***p <
0.0001. License acquired for schematics from BioRender.com.

other IgG subtypes (12, 17). While it is not possible to directly
compare pregnancy and pre-conception IAV infection due to the
differences in immune status of the female, the maternal Th2
environment at E10 could potentially bias antibody production
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FIGURE 2 | Pre-conception IAV infection confers IgG1-specific protection to offspring. (A) Schematic representation of experimental design. 8-10-week-old C57BL/6
females were given PBS (CTLm; n=3 dams) or infected with 250 pfu PR8 (PreC-IAVm; n=4 dams) intranasally two weeks prior to mating. Created with BioRender.com
(B) Kinetics of viral load in whole lung homogenates by MDCK assay (n=3-4 offspring) and (C) type | IFNs in BALF and lungs by B16 assay of 8-week-old offspring born
to control or PreC-IAV dams infected with 25 pfu PR8 (n=4-10 offspring). Multiple Student T-tests with Bonferroni correction for multiple comparisons were performed on
BALF on day 0 and day 3 *p<0.05. No statistical analysis was performed on day 6 (CTLm n=2). (D) Serum antibody levels of control and PreC-IAVm dams 3 weeks
postpartum (n=3-4). (E) Serum antibody levels of naive offspring at 3 weeks and 8 weeks of age prior to secondary infection (n=3-7 offspring). Data pooled for male and
female offspring. Two-way ANOVA *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. License acquired for schematics from BioRender.com.

towards IgG1. Thus, the timing of infection during the course of ~ (35). In addition, recent studies of vaccination against SARS-
pregnancy can impact the quantity as well as the quality of = CoV-2 highlighted the importance of qualitatively distinct
antibodies produced and differentially modulate the offspring  antibody profiles with altered kinetics of pregnant and
immune system (13). In pertussis infection, it has been shown  lactating women compared to the general population (2, 36).
that Fc glycan modifications during pregnancy allow for the  Glycan modifications regulate IgG-Fc receptor interactions
specific placental selection and transfer of NK-activating  yielding differences in antibody effector functions and transfer
antibodies mediated by the neonatal Fc receptor and Fc  efficiency (9, 12, 37) and are influenced by inflammation, female
gamma receptor Illa which provide immunity to offspring  reproductive hormones, and epigenetic modifications during
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pregnancy (37-41). Therefore, antibodies generated in a
pregnant environment encompass different Fc glycovariants
than those generated pre-conception with different binding
affinities to specific Fc receptor subtypes and may account for
the differences seen in the viral load in their offspring following
secondary infection. Thus, Fc glycan profiles and their
interactions with placental Fc receptors in the context of IAV
infection requires further investigation. Furthermore, in the
current study there is a difference in the time elapsed from
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FIGURE 3 | Antibodies transferred solely through placenta or colostrum are insufficient in conferring prolonged protection to offspring against IAV infection. (A)
Schematic representation of experimental design. 8-10-week-old C57BL/6 females were given PBS (CTLm; n=3 dams) or infected with 250 pfu PR8 (IAVm; n=3 dams)
intranasally on E10. Three days after birth, pups were cross-fostered. Created with BioRender.com (B) Kinetics of viral load in whole lung homogenates by MDCK assay
(n=4-8 offspring) and (C) type | IFNs in BALF and lungs by B16 assay of 8-week-old offspring born to IAV dams and fostered by control dams (CTLm dam + IAVm
offspring) and of offspring born to control dams and fostered by IAV dams (IAVm dam + CTLm offspring) infected with 25 pfu PR8 (n=4-6 offspring). (D) Serum antibody
levels of control and IAV-infected dams 3 weeks postpartum (n=3). (E) Serum antibody levels of naive cross-fostered offspring at 3 weeks and 8 weeks of age prior to
secondary infection (n=4-6 offspring). Data pooled for male and female offspring. Two-way ANOVA *p<0.05. License acquired for schematics from Biorender.com.

infection of the mother to the assessment of antibodies in the
offspring between infection in pre-conception and during
pregnancy. This may also impact the magnitude of antibody
subtype produced.

To determine the route of IgG1 transfer conferring protection,
pups from control and IAV-infected dams were cross-fostered.
Unlike reported protection through the colostrum against
infection by H5N1 and H3N2 influenza strains (16, 31, 42), our
data suggest that antibody transfer from either nursing or through
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the placenta alone is insufficient to provide prolonged protective
immunity against the HIN1 influenza subtype. The differences in
the route, length, and degree of protection among studies may be
due to the strain of influenza and the animal model used. Finally,
the abundance and contribution of IgG and IgA in mediating
protection in these studies could reflect differences in vaccine-
induced immunity vs. naturally acquired immunity (36).

CONCLUSION

In conclusion, pregnant women and their offspring are
vulnerable to both seasonal and pandemic strains of influenza,
however, vaccine-elicited immunity and the subsequent transfer
of antibodies to the fetus is influenced by the immune status of
the mother (2, 9, 29). Boosting maternal IgG1 antibody titers
during critical gestational windows in tandem with breast
feeding can provide robust and extended protection to
offspring against subsequent IAV infection. Understanding the
unique immunological milieu during pregnancy and deciphering
the maternal-fetal dialogue can guide the development of vaccine
regiments to optimize specific maternal antibody profiles and
generate long-lasting protection in mother and offspring.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
Committee of McGill University.

REFERENCES

1. Mor G, Aldo P, Alvero AB. The Unique Immunological and Microbial
Aspects of Pregnancy. Nat Rev Immunol (2017) 17(8):469-82. doi: 10.1038/
nri.2017.64

2. Atyeo C, DeRiso EA, Davis C, Bordt EA, De Guzman RM, Shook LL, et al.
COVID-19 MRNA Vaccines Drive Differential Antibody Fc-Functional
Profiles in Pregnant, Lactating, and Non-Pregnant Women. Sci Transl Med
(2021) 13:eabi8631.

3. Centers for Disease, C. Flu & Young Children (2021). Available at: https://
www.cdc.gov/flu/highrisk/children.htm.

4. Thompson MG, Levine MZ, Bino S, Hunt DR, Al-Sanouri TM, Simoes EAF,
et al. Underdetection of Laboratory-Confirmed Influenza-Associated
Hospital Admissions Among Infants: A Multicentre, Prospective Study.
Lancet Child Adolesc Health (2019) 3(11):781-94. doi: 10.1016/S2352-4642
(19)30246-9

5. Niewiesk S. Maternal Antibodies: Clinical Significance, Mechanism of
Interference With Immune Responses, and Possible Vaccination Strategies.
Front Immunol (2014) 5:446. doi: 10.3389/fimmu.2014.00446

6. Mbawuike IN, Six HR, Cate TR, Couch RB. Vaccination With Inactivated
Influenza a Virus During Pregnancy Protects Neonatal Mice Against Lethal
Challenge by Influenza a Viruses Representing Three Subtypes. J Virol (1990)
64(3):1370-4. doi: 10.1128/jvi.64.3.1370-1374.1990

7. van der Lubbe JEM, Vreugdenhil J, Damman S, Vaneman J, Klap J, Goudsmit
J, et al. Maternal Antibodies Protect Offspring From Severe Influenza

AUTHOR CONTRIBUTIONS

JC performed experiments, analyzed data, and wrote the
manuscript with inputs from JM and MD. JC, ]M, and MD
conceptualized and designed the experiments and discussed the
results. JM and MD conceived the project. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the Richard and Edith
Strauss Foundation.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Erwan Pernet and other
members of the Divangahi Lab for their insightful discussions
and technical guidance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
823207/full#supplementary-material

Supplementary Figure 1 | (A) Schematic comparison of the immunology of
pregnancy in humans versus mice. (B) IgG1 antibody levels of naive 6-8-week-old
male (n=7-13) and female (n=5-7) offspring born to control (n=5) and IAV-infected
dams (n=6) Unpaired Student T-test **p<0.005. (C) IgA antibody levels in BALF and
lungs of offspring from CTLm (n=9), IAVm (n=3), PreC-IAVm (n=5), CTLm dam +
IAVm offspring (n=6), IAVm dam + CTLm offspring (n=5). Unpaired Student T-test
**p < 0.005.

Infection and do Not Lead to Detectable Interference With Subsequent
Offspring Immunization. Virol J (2017) 14(1):123. doi: 10.1186/s12985-017-
0787-4
. Zhong Z, Haltalli M, Holder B, Rice T, Donaldson B, O'Driscoll M, et al. The
Impact of Timing of Maternal Influenza Immunization on Infant Antibody
Levels at Birth. Clin Exp Immunol (2019) 195(2):139-52. doi: 10.1111/
cei.13234
9. Fouda GG, Martinez DR, Swamy GK, Permar SR. The Impact of Igg
Transplacental Transfer on Early Life Immunity. Immunohorizons (2018) 2
(1):14-25. doi: 10.4049/immunohorizons.1700057
10. Reuman PD, Ayoub EM, Small PA. Effect of Passive Maternal Antibody on
Influenza Illness in Children: A Prospective Study of Influenza a in Mother-
Infant Pairs. Pediatr Infect Dis J (1987) 6(4):398-403. doi: 10.1097/00006454-
198704000-00011
11. Zaman K, Roy E, Arifeen SE, Rahman M, Raqib R, Wilson E, et al.
Effectiveness of Maternal Influenza Immunization in Mothers and Infants.
N Engl ] Med (2008) 359(15):1555-64. doi: 10.1056/NEJM0a0708630
12. Krammer F. The Human Antibody Response to Influenza a Virus Infection
and Vaccination. Nat Rev Immunol (2019) 19(6):383-97. doi: 10.1038/s41577-
019-0143-6
13. Vidarsson G, Dekkers G, Rispens T. Igg Subclasses and Allotypes: From
Structure to Effector Functions. Front Immunol (2014) 5:520. doi: 10.3389/
fimmu.2014.00520
14. Hocart MJ, Mackenzie JS, Stewart GA. The Immunoglobulin G Subclass
Responses of Mice to Influenza a Virus: The Effect of Mouse Strain, and the

ol

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 823207


https://www.frontiersin.org/articles/10.3389/fimmu.2022.823207/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.823207/full#supplementary-material
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1038/nri.2017.64
https://www.cdc.gov/flu/highrisk/children.htm
https://www.cdc.gov/flu/highrisk/children.htm
https://doi.org/10.1016/S2352-4642(19)30246-9
https://doi.org/10.1016/S2352-4642(19)30246-9
https://doi.org/10.3389/fimmu.2014.00446
https://doi.org/10.1128/jvi.64.3.1370-1374.1990
https://doi.org/10.1186/s12985-017-0787-4
https://doi.org/10.1186/s12985-017-0787-4
https://doi.org/10.1111/cei.13234
https://doi.org/10.1111/cei.13234
https://doi.org/10.4049/immunohorizons.1700057
https://doi.org/10.1097/00006454-198704000-00011
https://doi.org/10.1097/00006454-198704000-00011
https://doi.org/10.1056/NEJMoa0708630
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.3389/fimmu.2014.00520
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Chronopoulos et al.

Influenza Infection, Pregnancy, and IgG1

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Neutralizing Abilities of Individual Protein a-Purified Subclass Antibodies.
J Gen Virol (1989) 70(Pt 9):2439-480. doi: 10.1099/0022-1317-70-9-2439
Markine-Goriaynoff D, van der Logt JT, Truyens C, Nguyen TD, Heessen FW,
Bigaignon G, et al. IFN-Gamma-Independent Igg2a Production in Mice
Infected With Viruses and Parasites. Int Immunol (2000) 12(2):223-30.
doi: 10.1093/intimm/12.2.223

Hwang SD, Shin JS, Ku KB, Kim HS, Cho SW, Seo SH, et al. Protection of
Pregnant Mice, Fetuses and Neonates From Lethality of H5N1 Influenza
Viruses by Maternal Vaccination. Vaccine (2010) 28(17):2957-64.
doi: 10.1016/j.vaccine.2010.02.016

Huber VC, McKeon RM, Brackin MN, Miller LA, Keating R, Brown SA, et al.
Distinct Contributions of Vaccine-Induced Immunoglobulin G1 (Iggl) and
Igg2a Antibodies to Protective Immunity Against Influenza. Clin Vaccine
Immunol (2006) 13(9):981-90. doi: 10.1128/CV1.00156-06

Clements T, Rice TF, Vamvakas G, Barnett S, Barnes M, Donaldson B, et al.
Update on Transplacental Transfer of Igg Subclasses: Impact of Maternal
and Fetal Factors. Front Immunol (2020) 11:1920. doi: 10.3389/
fimmu.2020.01920

Schroeder HW Jr, Cavacini L. Structure and Function of Immunoglobulins.
J Allergy Clin Immunol (2010) 125(2 Suppl 2):S41-52. doi: 10.1016/
jjaci.2009.09.046

Atyeo C, Alter G. The Multifaceted Roles of Breast Milk Antibodies. Cell
(2021) 184(6):1486-99. doi: 10.1016/j.cell.2021.02.031

Sumaya CV, Gibbs RS. Immunization of Pregnant Women With Influenza
a/New Jersey/76 Virus Vaccine: Reactogenicity and Immunogenicity in
Mother and Infant. J Infect Dis (1979) 140(2):141-6. doi: 10.1093/infdis/
140.2.141

Freyn AW, Han J, Guthmiller JJ, Bailey MJ, Neu K, Turner HL, et al. Influenza
Hemagglutinin-Specific Iga Fc-Effector Functionality is Restricted to Stalk
Epitopes. Proc Natl Acad Sci U S A (2021) 118(8). doi: 10.1073/
pnas.2018102118

Albrecht M, Arck PC. Vertically Transferred Immunity in Neonates: Mothers,
Mechanisms and Mediators. Front Immunol (2020) 11:555. doi: 10.3389/
fimmu.2020.00555

Coulombe F, Jaworska J, Verway M, Tzelepis F, Massoud A, Gillard J, et al.
Targeted Prostaglandin E2 Inhibition Enhances Antiviral Immunity Through
Induction of Type I Interferon and Apoptosis in Macrophages. Immunity
(2014) 40(4):554-68. doi: 10.1016/j.immuni.2014.02.013

Pernet E, Downey ], Vinh DC, Powell WS, Divangahi M. Leukotriene B4-Type
I Interferon Axis Regulates Macrophage-Mediated Disease Tolerance to
Influenza Infection. Nat Microbiol (2019) 4(8):1389-400. doi: 10.1038/
$41564-019-0444-3

Jaworska J, Coulombe F, Downey J, Tzelepis F, Shalaby K, Tattoli I, et al.
NLRX1 Prevents Mitochondrial Induced Apoptosis and Enhances
Macrophage Antiviral Immunity by Interacting With Influenza Virus PB1-
F2 Protein. Proc Natl Acad Sci U S A (2014) 111(20):E2110-9. doi: 10.1073/
pnas.1322118111

Downey J, Pernet E, Coulombe F, Allard B, Meunier I, Jaworska J, et al. RIPK3
Interacts With MAVS to Regulate Type I IFN-Mediated Immunity to
Influenza a Virus Infection. PLoS Pathog (2017) 13(4):e1006326.
doi: 10.1371/journal.ppat.1006326

Vermillion MS, Klein SL. Pregnancy and Infection: Using Disease
Pathogenesis to Inform Vaccine Strategy. NPJ Vaccines (2018) 3:6.
doi: 10.1038/s41541-017-0042-4

Atyeo C, Pullen KM, Bordt EA, Fischinger S, Burke J, Michell A, et al.
Compromised SARS-CoV-2-Specific Placental Antibody Transfer. Cell (2021)
184(3):628-42.€10. doi: 10.1016/j.cell.2020.12.027

Blanchard-Rohner G, Meier S, Bel M, Combescure C, Othenin-Girard V,
Swali RA, et al. Influenza Vaccination Given at Least 2 Weeks Before Delivery
to Pregnant Women Facilitates Transmission of Seroprotective Influenza-

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Specific Antibodies to the Newborn. Pediatr Infect Dis J (2013) 32(12):1374~
80. doi: 10.1097/01.inf.0000437066.40840.c4

Sweet C, Jakeman KJ, Smith H. Role of Milk-Derived Igg in Passive Maternal
Protection of Neonatal Ferrets Against Influenza. ] Gen Virol (1987) 68(Pt
10):2681-6. doi: 10.1099/0022-1317-68-10-2681

Coutelier JP, van der Logt JT, Heessen FW, Vink A, van Snick J. Virally
Induced Modulation of Murine Igg Antibody Subclasses. | Exp Med (1988)
168(6):2373-8. doi: 10.1084/jem.168.6.2373

Coutelier JP, van der Logt JT, Heessen FW, Warnier G, Van Snick J. Igg2a
Restriction of Murine Antibodies Elicited by Viral Infections. ] Exp Med
(1987) 165(1):64-9. doi: 10.1084/jem.165.1.64

Healy CM, Rench MA, Baker CJ. Importance of Timing of Maternal
Combined Tetanus, Diphtheria, and Acellular Pertussis (Tdap)
Immunization and Protection of Young Infants. Clin Infect Dis (2013) 56
(4):539-44. doi: 10.1093/cid/cis923

Jennewein MF, Goldfarb I, Dolatshahi S, Cosgrove C, Noelette FJ, Krykbaeva
M, et al. Fc Glycan-Mediated Regulation of Placental Antibody Transfer. Cell
(2019) 178(1):202-15.14. doi: 10.1016/j.cell.2019.05.044

Gray K]J, Bordt EA, Atyeo C, Deriso E, Akinwunmi B, Young N, et al.
Coronavirus Disease 2019 Vaccine Response in Pregnant and Lactating
Women: A Cohort Study. Am ] Obstet Gynecol (2021) 225(3):303.e1-
303.e17. doi: 10.1016/j.aj0g.2021.03.023

Bordt EA, Shook LL, Atyeo C, Pullen KM, De Guzman RM, Meinsohn MC,
et al. Maternal SARS-CoV-2 Infection Elicits Sexually Dimorphic Placental
Immune Responses. Sci Transl Med (2021) 13(617):eabi7428. doi: 10.1126/
scitranslmed.abi7428

Prados MB, La Blunda ], Szekeres-Bartho J, Caramelo J, Miranda S.
Progesterone Induces a Switch in Oligosaccharyltransferase Isoform
Expression: Consequences on Igg N-Glycosylation. Immunol Lett (2011)
137(1-2):28-37. doi: 10.1016/j.imlet.2011.01.017

Chen G, Wang Y, Qiu L, Qin X, Liu H, Wang X, et al. Human Igg Fc-
Glycosylation Profiling Reveals Associations With Age, Sex, Female Sex
Hormones and Thyroid Cancer. J Proteomics (2012) 75(10):2824-34.
doi: 10.1016/j.jprot.2012.02.001

Selman MH, de Jong SE, Soonawala D, Kroon FP, Adegnika AA, Deelder AM,
et al. Changes in Antigen-Specific Iggl Fc N-Glycosylation Upon Influenza
and Tetanus Vaccination. Mol Cell Proteomics (2012) 11(4):M111 014563.
doi: 10.1074/mcp.M111.014563

Alter G, Ottenhoff THM, Joosten SA. Antibody Glycosylation in
Inflammation, Disease and Vaccination. Semin Immunol (2018) 39:102-10.
doi: 10.1016/j.smim.2018.05.003

Reuman PD, Paganini CM, Ayoub EM, Small PA Jr. Maternal-Infant Transfer
of Influenza-Specific Immunity in the Mouse. ] Immunol (1983) 130(2):932-6.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chronopoulos, Martin and Divangahi. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 823207


https://doi.org/10.1099/0022-1317-70-9-2439
https://doi.org/10.1093/intimm/12.2.223
https://doi.org/10.1016/j.vaccine.2010.02.016
https://doi.org/10.1128/CVI.00156-06
https://doi.org/10.3389/fimmu.2020.01920
https://doi.org/10.3389/fimmu.2020.01920
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1016/j.cell.2021.02.031
https://doi.org/10.1093/infdis/140.2.141
https://doi.org/10.1093/infdis/140.2.141
https://doi.org/10.1073/pnas.2018102118
https://doi.org/10.1073/pnas.2018102118
https://doi.org/10.3389/fimmu.2020.00555
https://doi.org/10.3389/fimmu.2020.00555
https://doi.org/10.1016/j.immuni.2014.02.013
https://doi.org/10.1038/s41564-019-0444-3
https://doi.org/10.1038/s41564-019-0444-3
https://doi.org/10.1073/pnas.1322118111
https://doi.org/10.1073/pnas.1322118111
https://doi.org/10.1371/journal.ppat.1006326
https://doi.org/10.1038/s41541-017-0042-4
https://doi.org/10.1016/j.cell.2020.12.027
https://doi.org/10.1097/01.inf.0000437066.40840.c4
https://doi.org/10.1099/0022-1317-68-10-2681
https://doi.org/10.1084/jem.168.6.2373
https://doi.org/10.1084/jem.165.1.64
https://doi.org/10.1093/cid/cis923
https://doi.org/10.1016/j.cell.2019.05.044
https://doi.org/10.1016/j.ajog.2021.03.023
https://doi.org/10.1126/scitranslmed.abi7428
https://doi.org/10.1126/scitranslmed.abi7428
https://doi.org/10.1016/j.imlet.2011.01.017
https://doi.org/10.1016/j.jprot.2012.02.001
https://doi.org/10.1074/mcp.M111.014563
https://doi.org/10.1016/j.smim.2018.05.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Transplacental and Breast Milk Transfer of IgG1 Are Both Required for Prolonged Protection of Offspring Against Influenza A Infection
	Introduction
	Materials and Methods
	Mice and Litter Swaps
	Infection
	Type I IFN Assays
	Anti-Influenza Antibody Quantification
	Statistical Analysis

	Results
	Maternal IAV-Infection Confers IgG1-Mediated Protection to IAV-Infected Offspring
	Pre-Conception IAV Infection Confers IgG1-Specific Protection to IAV-Infected Offspring
	Antibodies From Placenta or Colostrum Alone Are Insufficient to Confer Protection to IAV-Infected Offspring

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


