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Abstract

Adult females of reproductive ages develop greater antibody responses to inactivated
influenza vaccine (11V) than males. How sex, age, and sex steroid changes impact B cells
and durability of I1V-induced immunity and protection over 4-months post-vaccination
(mpv) was analyzed. Vaccinated adult females had greater germinal center (GC) B cell
and plasmablast frequencies in lymphoid tissues, higher neutralizing antibody responses
1-4 mpv, and better protection against live HIN1 challenge than adult males. Aged mice,
regardless of sex, had reduced B cdll frequencies, less durable antibody responses, and
inferior protection after challenge than adult mice, which correlated with diminished
estradiol among aged females. To confirm that greater 11V-induced immunity was caused
by sex hormones, four core genotype (FCG) mice were used, in which the testes
determining gene, S'y, was deleted from ChrY and transferred to Chr3, to separate
gonadal sex (i.e., ovaries or testes) from sex chromosome complement (i.e., XX or XY
complement). Vaccinated, gonadal female FCG mice (XXF and XY F) had greater
numbers of B cells, higher antiviral antibody titers, and reduced pulmonary virustiters
following live HIN1 challenge than gonadal FCG males (XYM and XXM). To establish
that lower estradiol concentrations cause diminished immunity, adult and aged females
received either a placebo or estradiol replacement therapy prior to 11V. Estradiol
replacement significantly increased 11V-induced antibody responses and reduced
morbidity after the HIN1 challenge among aged females. These data highlight that
estradiol is atargetable mechanism mediating greater humoral immunity following

vaccination among adult females.
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46 Importance
47  Females of reproductive ages develop greater antibody responses to influenza vaccines
48  than males. We hypothesized that female-biased immunity and protection against
49 influenzawas mediated by estradiol signaling in B cells. Using diverse mouse models
50 ranging from advanced age mice to transgenic mice that separate sex steroids from sex
51 chromosome complement, those mice with greater concentrations of estradiol
52  consistently had greater numbers of antibody producing B cellsin lymphoid tissue,
53 higher antiviral antibody titers, and greater protection against live influenza virus
54  challenge. Treatment of aged female mice with estradiol enhanced vaccine-induced
55  immunity and protection against disease, suggesting that estradiol signalingin B cellsis
56  critical for improved vaccine outcomesin females.

57
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58  Introduction
59 Human and animal studies illustrate that after receipt of either seasona or
60 pandemic influenza vaccines, adult females produce significantly greater quantity and
61 quality of antibodies, which in turn provide better protection after influenza virus
62 infection than males, at least in mice (1-6). With aging, antibody production after
63  vaccination and protection from live influenza virus infection is reduced (3, 7, 8), with
64 evidence that the age-associated decline in immunity is greater for females than malesin
65 response to seasonal influenza vaccines in humans (9), the pandemic monovalent 2009
66 HIN1 vaccine in humans (3), and universal influenza vaccine candidates in mice (10).
67 Several studiesillustrate that the effectiveness of the influenza vaccine decreases over an
68 influenza season, likely due to waning levels of virus-specific antibodies (11-13), but
69 whether age and sex influence the waning of influenza vaccine-induced antibody
70  responses and protection has not been reported.
71 Greater vaccine-induced immunity and protection among adult females appear to
72  be mediated by differential regulation of genes associated with B cell function. Toll-like
73 receptor 7 (TIr7) plays an important function in antibody isotype switching and antibody
74  production in the germina centers (GC) (14, 15). Adult female mice have a greater
75 expression of the X-linked TIr7 gene in splenic B cells following vaccination as
76  compared to adult males, with deletion of TIr7 eliminating sex differences in vaccine-
77  induced immunity and protection (4). Increased DNA methylation in the promoter of Tir7
78  contributes to greater TIr7 expression in B cells from vaccinated female than male mice
79  (4), but with known and putative estrogen response elements in the promoter of Tlr7 (16),

80 regulation of Tlr7 expression by estrogen receptor signaling cannot be ruled out.
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81 Expression of activation-induced cytidine deaminase (Aicda) mRNA, the gene
82 that encodes activation-induced deaminase (AID) enzyme, is involved in somatic
83 hypermutation (SHM), and shows greater expression in splenic B cells isolated from
84  vaccinated adult females than adult male mice, with deletion of Aicda eiminating sex
85 differences vaccine-induced immunity and protection (6). These data suggest that sex
86 differences humoral immunity is dependent on greater class switch recombination and
87 SHM in B célls from female than male mice. Regulation of these processes in B cells by
88  sex steroids has been established in autoimmune disease mouse models (17, 18), but less
89 so0in the context of inactivated vaccines, where humoral immunity is the correlate of
90 protection (19). Both in humans and mice, estradiol is positively, and testosterone is
91 negatively, associated with antibody titers after influenza vaccination (2, 3). Moreover, in
92  adult mice, sex differences in vaccine-induced immunity are eliminated by removal of the
93 gonads and restored by exogenous sex steroid replacement in gonadectomized male and
94  female mice (3). The contributions of gonadal sex versus sex chromosome complement
95 to sex differences in influenza vaccine-induced immunity and protection have not been
96 systematically investigated. Because the estrogenic changes with aging affect vaccine-
97 induced immunity (3), we hypothesized that sex steroids more than sex chromosome
98 complement would mediate sex differences in influenza vaccine-induced immunity and
99 protection againgt infection. Whether changes in sex steroid concentrations affect
100 numbers of antibody producing B cells, titers of antiviral antibody, or both was further
101 explored. Finally, consideration was given to the therapeutic use of estrogen replacement
102  therapy for improving vaccine-induced immunity and protection in aged female mice.

103
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104 Resaults

105 Vaccinated adult females have greater number s of antibody producing B cells,

106  antibody responses, and protection against influenza than males, which changes

107  with advanced age

108 Previous studies from our group reveal that after receipt of an inactivated 2009
109 HI1N1 vaccine, adult females have greater neutralizing antibody responses, more cross-
110 reactive IgG antibodies, more GC B cells in spleens, and greater SHM frequencies in
111  regions of the recombined V genes in splenic GC B cells than males (3, 4, 6). Whether
112  these sex differences in humoral immunity change with aging has not been explored. In
113  draining lymph nodes (i.e., inguinal, and popliteal) (20) collected at 35 dpv (i.e., 14-days
114  post boost) from vaccinated animals, frequencies and total numbers of GC B cells and
115 plasmablasts were determined by flow cytometry (Fig. 1A). Adult mice had significantly
116  greater frequencies and numbers of GC B cells (Fig. 1B-C) and plasmablasts (Fig. 1D-E)
117  in their draining lymph nodes than aged mice. Adult females had significantly greater
118 numbers of GC B cdls (Fig. 1C) as well as greater frequencies and numbers of
119 plasmablasts (Fig. 1D-E) in draining lymph nodes than adult males. Sex differencesin B
120 cell numbers and proportions were not observed in lymph nodes from aged mice (Fig.
121  1B-E). Thefrequencies and numbers of GC B cells were also determined at 35 dpv in the
122  spleen. As observed in the lymph nodes, the frequencies, and numbers of GC B cellsin
123  the spleens of vaccinated mice were greater among adult than aged mice, with adult
124  females having more GC B cells than adult males (Fig. 1F-G). Splenic GC B cells were
125 sorted and the J44 intronic regions of the recombined V genes were sequenced.

126  Consistent with previous results (6), the mutation frequency in the J44 intronic region
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127  showed atrend of greater frequenciesin splenic GC B cells from adult females than adult
128 males (Fig. 1H, p=0.1), with the sex difference in SHM not observed among aged
129  animals who generally had greater variability in SHM frequencies in splenic GC B cells
130 than among adult animals (Fig. 1H). These data illustrate an age-associated reduction in
131  the numbers of GC B cells and plasmablasts, but not in SHM, with adult females having
132  greater numbers of GC B cells and plasmablasts in lymphoid tissues than adult males,
133  whichis mitigated with aging.
134 In addition to having more antibody producing cells in draining lymph nodes and
135 spleens at 1-mpv, vaccinated adult females had greater titers of anti-2009 H1IN1-specific
136  1gG, 1gG2c, and virus neutralizing, but not 1gG1, antibodies than adult males (Fig. 2A-
137 D). While adult mice had greater antibody responses than aged mice, no sex differences
138 in antibody titers were observed among aged mice (Fig. 2A-D). Concentrations of
139 estradiol were greater in adult females than either males or aged females (Fig. 2E),
140 reflecting the patterns observed for both antibodies producing cells and antibody titers. In
141  contrast, adult males had greater testosterone concentrations than either females or aged
142  males (Fig. 2F), which did not reflect the patterns of vaccine-induced immunity. These
143  data suggest that numbers of antibody producing B cells and titers of antiviral antibody
144  aregreatest in the animals that have the highest circulating concentrations of estradiol.
145
146  Sex differences in vaccine-induced antiviral antibody responses are durable over
147  time among adult, but not aged, mice
148 To explore sex and age differences in the durability of vaccine-induced antibody

149  responses and protection, vaccinated adult and aged male and female mice were followed
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150 for 4-mpv, and plasma samples were collected at each month to measure anti-2009 HIN1
151 antibody responses. Adult mice maintained highly detectable anti-2009 H1IN1 IgG,
152 1gG2c, and nAb titers for up to 4-mpv, with females maintaining greater antibody
153  responses than males for the duration of the study (Fig. 3A-C). In contrast, after 1-mpv
154  anti-2009 HIN1 IgG, 1gG2c, and nAb titers fell below the limits of assay detection
155 among aged mice, with no sex differences observed (Fig. 3A-C). Vaccinated adult and
156 aged male and female mice were challenged with a 2009 HIN1 drift variant virus at
157 ether 1 or 4 mpv. Infectious virus titers were measured in the lungs at 3 dpc and were
158 significantly lower among adult than aged mice, with adult females having lower
159  pulmonary virus titers than either adult males or aged males and females both at 1 and 4
160 mpv (Fig. 4A, C). Subsets of mice were followed for 14 dpc for morbidity. At 1 mpv,
161 vaccinated aged mice lost significantly more body mass compared with adult mice, with
162  adult males losing more body mass than adult females after challenge with 2009 HIN1
163  drift variant virus (Fig. 4B). In contrast, after live virus challenge at 4 mpv, sex
164  differencesin protection from disease were not observed either in adult or aged animals,
165  but adult mice were still better protected from morbidity than aged mice (Fig. 4D). Taken
166 together, these data suggest that the greater vaccine-induced immunity and protection
167 against infection, but not disease, in adult female mice were durable over time, but lost
168  with age.
169
170  Sex steroids mor e than chromosomal complement cause sex differencesin influenza

171  vaccine-induced antibody responses and protection
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172 Our previous work illustrated that adult females develop greater 2009 HIN1

173  vaccine-induced immunity and protection against 2009 HIN1 drift variant virus, which is
174  mediated by both greater expression of the X-linked gene Tlr7 in B cells and estrogenic
175  enhancement of immune responses (3, 4, 6). Our current work (Fig. 1-4) also indicated
176 that greater estradiol concentrations were associated with more durable antibody

177  responses and protection against infection. To determine the contribution of sex steroids
178  versus sex chromosome complement to sex differences in vaccine-induced immunity and
179  protection, we used the FCG mouse modd. The FCG mouse model involves deletion of
180 Sy from ChrY and insertion of a Sty transgene on Chr3, resulting in: XX gonadal

181 femaes (XXF), XY - gonadal females (XY F), XX&y gonadal males (XXM), and XY -Sy
182 gonadal maes (XYM). The immunity phenotype of these FCG mice can be compared in
183  2x2 experimental design to separate the contribution of gonadal sex and sex steroid (i.e.,
184  testesor ovariesthat produce high concentrations of androgens or estrogens, respectively)
185 from sex chromosome complement (i.e., XX or XY) (21).

186 Among gonadally intact adult FCG mice, estradiol concentrations were greater in
187 gonada females (XXF and XYF) than gonadal males (Fig. 5A) and testosterone

188  concentrations were greater in gonadal males (XYM and XXM) than gonadal females
189 (Fig. 5B). At 28 dpv, we measured 1gG and 1gG2c binding to 2009 HIN1 as well as

190 neutralizing antibody responses against the vaccine virus and observed that gonadal

191 femaes (XXF and XYF) produce significantly greater antibody titers than gonadal males
192 (XYM and XXM) (Fig. 5C-E). At 35 dpv, gonadal females (XXF and XYF) also had
193  greater numbers of GC B cells and plasmablastsin the draining lymph nodes than

194  gonadal maes (XYM and XXM) (Fig. 5F-G).


https://doi.org/10.1101/2023.11.27.568847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.27.568847; this version posted November 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Dhakal, Park et al. 10

195 Vaccinated FCG mice were challenged with adrift variant of 2009 H1N1 virus,
196 and five days later euthanized to extract lungs to measure pulmonary titers of virus.

197  Gonadal females (XXF and XY F) had lower pulmonary titers of virus than gonadal males
198 (XYM and XXM) (Fig. 5H). A separate cohort of vaccinated and infected FCG mice was
199 followed for morbidity (i.e., mass loss after infection) as a measure of how well

200 vaccination protected not only against infection but also disease. V accine-induced

201  protection against disease revealed a gonadal sex by sex chromosome complement

202 interaction, in which while gonadal males experienced greater disease than gonadal

203 females, among gonadal females, X XF mice suffered significantly less morbidity than
204  XYF mice (Fig. 5I). Taken together, these data suggest that sex steroids have a greater
205  effect on vaccine-induced antibody producing B cells and protection against infection
206  than sex chromosome complement.

207

208 Estradiol supplementation in aged femalesimprovesinfluenza vaccine-induced

209 antibody response and protection

210 Both the aging and FCG modelsillustrated that sex steroids are critical regulators
211  of vaccine-induced humoral immunity and protection against infection with influenza
212  virus. If reduced estradiol concentrations, in particular, cause worse vaccine-induced
213  immunity and protection, then estradiol supplementation in aged females might rescue
214  immunity by improving antibody responses after vaccination and protection against

215 infection. To test this hypothesis, adult and aged female mice were implanted either with
216  placebo or estradiol-filled capsules and vaccinated with inactivated 2009 H1IN1 vaccine.

217 At 35dpv, IgG and IgG2c binding to 2009 H1N1 as well as neutralizing antibody
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Dhakal, Park et a. 11
responses against the vaccine virus were measured. Estradiol supplementation in aged
females significantly improved anti-2009 HIN1 1gG, 1gG2c, and neutralizing antibody
responses after vaccination (Fig. 6A-C). Specifically, vaccinated aged females with
estradiol produced antiviral antibody responses that were comparable to adult females
with either endogenous (i.e., placebo) or exogenous estradiol and were greater than aged
females that received placebo treatment. Vaccinated adult and aged female mice were
challenged with 2009 H1N1 drift variant virus at 42 dpv, and infectious virustiters were
measured in the lungs at 3 dpc. Estradiol supplementation in aged female mice did not
significantly reduce replicating virustitersin the lungs of vaccinated mice as compared
with aged females that received placebo treatment (Fig. 6D). In contrast, among mice that
were followed for 14 dpc for morbidity, estradiol supplementation significantly reduced
infection-induced morbidity as compared with placebo treatment in aged female mice
(Fig. 6E). Vaccinated aged females treated with estradiol were as protected against
severe influenza disease as vaccinated adult females that had either endogenous or
exogenous estradiol. Taken together, these data highlight that estradiol replacement
improves vaccine-induced antibody responses and reduces the burden of disease, but not

virus replication, after infection in aged female mice.

Discussion

Using diverse mouse models and hormone replacement, we explored how sex and
aging impact the cellular mechanisms and durability of immunity and protection to
inactivated influenza vaccine (11V). Following vaccination, greater numbers and

frequencies of GC B cells and plasmablasts, as well as antiviral antibody responses are
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241  associated with better protection against infection and disease following influenza virus
242  challenge. The novelty of our work isthat we show that elevated estradiol concentrations
243  morethan other biological factors are a strong predictor of better B cell-mediated
244 immunity and protection against infection in females as compared with males. Loss of
245  estradiol either through aging or through use of transgenic mice significantly impairs B
246  cdl immunity and long-term protection against influenza infection and disease.
247 Both aged males and females have lower numbers of plasmablasts and GC B
248  cdlls, less durable antibody responses, and reduced protection against both infection and
249  diseasefollowing live virus challenge as compared with adult mice. Due to the waning of
250 antibodies, influenza virus vaccine effectiveness declines significantly even within the
251 sameinfluenza season (11, 22). Such antibody waning after influenza virusinfection or
252  vaccination is more prominent among older than younger adults (13, 23). The age-
253  associated decline in antibody responses can be broadly attributed to geriatric
254  immunosenescence, with several B cdll-specific defects associated (7, 24). After
255  vaccination, activated B cells undergo rapid proliferation and differentiation in the GCs
256  within the secondary lymphoid tissues, including the spleen and lymph nodes (25). SHMs
257  and class switch recombination (CSR) occurs within the GC and together underly the
258  production of high-affinity class-switched antibodies (26). Reduced serum antibody titers
259  areobserved among older compared to younger individuals after receipt of seasonal
260 influenzavaccination, which is associated with lower numbers of plasmablasts (27). In
261 humans receiving seasonal influenza vaccination, aged individuals have reduced SHM of
262  plasmablasts as compared with younger aged individuals that results in an inability to

263  mount antibody responses to the drifted epitopes of influenza virus (28). Reduced SHM
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was not observed with aging in our mice, which might reflect species-specific differences
or kinetic differences in the timing of sample collection.

Sex chromosome complement (i.e., having XX or XY) can directly cause sex
differences in a phenotype (e.g., humora immunity) through an imbalance in the
expression of X and Y genes that can affect immunity (29). For example, Tlr7 is encoded
on the X chromosome, can escape X inactivation in immune cells from females (30), and
has greater expression in B cells from females than males following influenza vaccination
(4). Sex chromosome complement also can indirectly cause sex differencesin a
phenotype by altering concentrations of sex steroids that can bind to nuclear receptorsin
immune cells to transcriptionally regulate immune cell function (31). For example,
elevated testosterone in males dampens inflammatory (32) and antibody responses (2) to
alter the outcome of influenza virus infection and vaccination. There can aso be
combined effects of genes and hormones; some X-linked genes, e.g., TIr7, contain
estrogen response elements and their expression can be regulated by sex steroids (16).
Using the FCG mouse model, we explored whether sex differences in humoral immunity
to 11V is caused by direct effects of sex chromosome complement, effects of sex steroids
on immune cell function, or both. While gonadal sex, especially production of higher
levels of estradiol, in adult females mediated higher levels of vaccine-induced antibody
production and pulmonary virus clearance, combination of gonadal sex and sex
chromosome complement appeared to modulate protection from severe disease, at least in
females.

We showed that estradiol treatment can improve I1V-induced antibody production

in aged females. Previous studies illustrate that estradiol treatment increases antibody
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287  response and protects female mice from influenza virus infection and these effects are
288  mediated through ERa signaling (33). In a postmenopausal mouse model, estradiol
289  treatment restored antibody production after vaccination with an inactivated influenza
290 virus split vaccine (34). Because B cells have estrogen receptors, estrogens, including
291  17B-estradiol, can transcriptionally regulate cellular activity and function (35), in part by
292  binding to estrogen response elements in the promoter region of estrogen-responsive
293  genes, such as Aicda and directly activating AID transcription resulting in increased CSR
294  and SHM (36, 37). In contrast, testosterone suppresses splenic B cells function by
295  dowregulating BAFF, which is a cytokine essential for survival of splenic B cells (38).
296  Greater serum testosterone concentrations also are associated with reduced antibody
297  response during malaria vaccination (39).
298 Estradiol treatment in aged females was able to improve disease outcomes, but
299  not virus replication, after influenza virus infection, indicating that estradiol treatment
300 canrescue some, but not all, aspects of age-associated reductionsin I1V-induced
301 immunity. Theinability of estradiol treatment to improve pulmonary virus clearancein
302 aged miceislikely associated with age-specific changes in the pulmonary integrity and
303 function, which are irreversible with hormone treatment. For example, in aged female
304 mice, influenza virusinfection-induced inflammation promotes fibrosis in a greater
305 extent than in adult female mice (40). Aged female mice also have neutrophilsin the
306 lungswith altered chemotactic gene expression and tissue localization, and lymphocytes
307  with impaired effector and memory functions as compared with adult females (40).
308 Overall, our study highlights that estradiol is abiological factor contributing to

309 improved outcomesto |1V vaccine. Future studies must consider how to harness this for
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adjuvants or other treatments to improve vaccine outcomes in post-menopausal women.
Future studies also must consider the mechanisms by which estrogens and even
androgens alter the activity of B cells to impact antibody responses, which are the
primary correlate of protection from influenza. Consistent observations of sex-specific
effects of aging on antibody responses, we are now showing sex-specific effects of aging
on numbers of antibody producing cells, including GC B cells and plasmablasts, which
should be considered during the design and dosing of seasonal and universal influenza
vaccines.

Future studies should explore the role of sex steroids in genetic and epigenetic
regulation of GC B cell and plasmablast activity. Although AID enzyme activity was not
measured in this study, the observation that 11V-specific IgG2c, but not IgG1, was greater
among adult females than males and regulated by gonadal steroids highlights a
fundamental role of biological sex differencesin CSR. Future studies will need to
consider the differential effects of gonadal steroids on the kinetics of the secretory
functions of GC B cells and plasmablasts and B cell proliferation.

In humans, prior immunity caused by previous exposure to influenza viruses
through infection or vaccination plays an important role in determining immune
responses after subsequent influenza vaccination (41, 42). In the current study, influenza-
naive mice were used, which does not incorporate the impact of pre-existing immunity on
sex or age differences in vaccine effectiveness. High-dose or adjuvanted vaccines are
recommended in aged individuals for influenza and we and others have shown that
females maintain greater season to season antibody durability than males among

individuals 75+ years of age (9). Whether high-dose or adjuvanted vaccines could
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333 overcomethe deficiency in GC B cells and plasmablasts numbers and functionsin
334 individuals with lower circulating estrogens should be explored.
335
336 Materialsand Methods
337 Mice. Adult (8-10 weeks old) male and female C57BL/6CR mice were purchased
338 from Charles River Laboratories (Frederick, MD) while the aged (17 months old) mice,
339 originating from the Charles River Laboratories, were obtained from the National
340 Ingtitute on Aging (NIA). Dr. Arthur P. Arnold gifted breeder males for the FCG mouse
341 model from the University of California, Los Angeles (43). The FCG mouse colony was
342 maintained in-house by mating XY™ males with wild-type C57BL/6J females purchased
343  from the Jackson Laboratory (Bar Harbor, ME). Genotypes were determined at weaning
344 (i.e, at 3 weeks) by PCR analysis for the presence or absence of the S’y gene as
345  described (44). Pups of the same genotype were housed together and were used at 8-10
346 weeks of age. Mice were housed 5/cage under standard biosafety level (BSL)-2
347  conditions in the Johns Hopkins Bloomberg School of Public Health animal facility with
348 ad libitum food and water. All animal procedures were approved by the Johns Hopkins
349  University Animal Care and Use Committee (MO20H236).
350 Vaccination, challenge, and morbidity measurement. Mice were vaccinated
351 twice, at 3-week intervals, with 20ug of mouse-adapted A/California/04/09 H1N1
352 (ma2009 HIN1) inactivated vaccine through the intramuscular route in the right thigh
353 muscle (3, 4, 6). Blood samples were collected at different time points after vaccination
354 through the retroorbital route under isoflurane anesthesia Vaccinated mice were

355  challenged with 10°> TCIDs, of a mouse-adapted A/California/04/09 H1N1 drift variant
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356  virus (ma2009 H1N1dv) through the intranasal route under ketamine-xylazine anesthesia
357 (3, 4, 6). To measure morbidity, body mass of the virus-challenged animals was recorded
358 daily for aperiod of 14 days post-challenge (dpc).
359 Hormone supplement. For estradiol supplement, adult (8-10 weeks old) or aged
360 (17 months old) female C57BL/6CR mice were implanted subcutaneously either with an
361 empty silastic capsule (i.e., placebo) or with a capsule loaded with17p-estradiol (5mm
362 long), prepared as described (3).
363 Antibody measurements. The levels of anti-2009 HIN1 IgG, 1gG1, and IgG2c
364 antibodies in plasma samples collected at different time points after vaccination were
365 measured using our in-house enzyme-linked immunosorbent assays (ELISAS) (3, 4, 6).
366 Briefly, plates were coated with 50uL/well of sodium carbonate and sodium bicarbonate
367  coating buffer containing 2ug/mL of mouse-adapted 2009 H1IN1 whole virus protein and
368 were incubated overnight at 4°C. Next day, plates were washed 3-times, blocked with
369 10% skim milk solution for 1h at 37°C, and then serially diluted plasma samples were
370 added. After 1hr incubation at 37°C, plates were washed and horse-radish peroxidase
371 (HRP)-conjugated secondary 1gG (Invitrogen), IgG1 (Invitrogen), and IgG2c antibodies
372  (Invitrogen) were added. After 1hr incubation at 37°C, plates were washed and reactions
373  were developed using 3,3 ,5,5 -tetramethylbenzidine (TMB, BD Biosciences) for 20min,
374  stopped using 1 N hydrochloric acid (HCL). Plates were read at 450nm wavelength using
375 the ELISA plate reader (Molecular Devices) and the endpoint titer was calculated as the
376  highest serum dilution with an average optical density (OD) value greater than 3-times
377 the average OD of negative controls. Likewise, the virus-neutralizing antibody (nAb)

378 titers on plasma samples, against the vaccine virus (i.e., ma2009 H1IN1 virus), were
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379 measured using a Madin-Darby canine kidney (MDCK) cells-based microneutralization
380 assay, as previously described (3, 4, 6).

381 Sex steroid measurement. Concentrations of sex steroids on plasma samples were
382 measured using commercial testosterone (IBL America, Minneapolis, MN) and estradiol
383 (Cabiotech Inc., EI Caon, CA) ELISA Kits, as per the manufacturer's instructions (3,
384 10).

385 Virus titration in lungs. For virus titration, lung samples collected at 3 or 5-dpc
386  were homogenized, lung-homogenates were 10-fold serially diluted in serum-free media
387  and then transferred in six replicates in 96-well cell culture plates confluent with MDCK
388 cels. Plates were incubated for 6 days at 32°C followed by fixation with 4%
389 formaldehyde, staining with naphthol blue-black solution, and virus titer calculation by
390 Reed and Muench method (6, 10).

391 Flow cytometry. The number of GC B cells (CD4B220°CD38'GL7") and
392 plasmablasts (CD4'B220°'CD138") in the lymph nodes (i.e, mix of popliteal and
393 inguinal) or spleens collected at 35dpv were determined using flow cytometry (6).
394  Antibodies used were PerCP-cy5.5 rat anti-mouse CD4 (#55095, clone: RM4-5, BD
395 Biosciences), PE-Cy7 rat anti-mouse CD45R/B220 (#552772, clone RA3-6B2, BD
396 Biosciences), BV421 rat anti-mouse CD38 (#562768, clone 90/CD38, BD Biosciences),
397 FITC rat anti-mouse T- and B-cell activation antigen (clone GL7, #553666, BD
398 Biosciences), and APC rat anti-mouse CD138 (#558626, clone 281-2, BD Biosciences).
399 Cells were acquired using the LSR 11 instrument (BD Biosciences) and analyzed using

400 FlowdJo softwarev.10.8.1 (BD Life Sciences).
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401 Somatic hypermutation (SHM). For SHM, splenic GC B cells (B220°CD38
402  GL7") were sorted at 35dpv using BD FACS Aria Fusion (BD Biosciences). Sorted cells
403  were then lysed in a digestion buffer, genomic DNA was isolated by phenol/chloroform
404  extraction and ethanol precipitation, and the J44 intronic region was amplified using a
405 nested polymerase chain reaction (PCR) protocol. The J44 intronic DNA (492 bp) was
406  sequenced and mutations in the unique VDJ clones were analyzed as described earlier
407  (6).

408 Statistical analysis. Data were analyzed in GraphPad Prism version 10.1.0. Sex
409  steroids concentration, antibody titers, virus titers in the lungs, numbers of GC B cells
410 and plasmablasts, and SHM frequencies were compared using two-way ANOVA
411  followed by Tukey’s multiple comparisons. Antibody responses up to 4-mpv and change
412  in body mass after virus challenge were compared using repeated measures ANOV A
413 (mixed effects model) with Tukey’s multiple comparisons. Data were considered
414  satisticaly significant at p<0.05.

415 Data availability. All datawill be made publicly available upon publication and upon
416  request for peer review.
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Figure legends.
Figure 1. Thefrequency and number of germinal center (GC) B cellsand
plasmablasts are greater in the draining lymph nodes and spleens from vaccinated
adult, but not aged, females than males. Adult (8-10 weeks old) and aged (17 months
old) male and female C57BL/6CR mice were vaccinated twice with inactivated 2009
H1N1 vaccinein a3-week interval. At 35 days post-vaccination (i.e., 14 days post-
boost), draining lymph nodes and spleens were collected, single-cell suspensions were
prepared, and flow cytometry was performed to measure the frequencies and numbers of
GC B cels and plasmablasts. (A) Representative flow plots are shown from the lymph
nodes of one adult female mouse. Frequencies and numbers of (B, C) GC B cdlsand (D,
E) plasmablasts in the lymph nodes were quantified. The frequencies and numbers of GC
B cellsin the spleen were quantified (F, G), GC B cells were sorted, and (1) mutation
frequency in the 344 intronic region of sorted splenic GC B cells was measured. Data
represent the mean + standard error of the mean (n=5-19/group), and asterisks (*)
represent significant differences (p<0.05) between the groups based on two-way

ANOVAs followed by Tukey's multiple comparisons testsin GraphPad Prism 10.1.0.

Figure 2. Adult, but not aged, females have higher antibody titersat 1-month post-
vaccination (mpv). Adult (8-10 weeks old) and aged (17 months old) male and female
C57BL/6CR mice were vaccinated twice with inactivated 2009 HIN1 vaccinein a 3-
week interval. At 35 days post-vaccination (i.e., 1 mpv), plasma samples were collected
to determine the titers of anti-2009 H1N1 influenza virus-specific (A) 19G, (B) 1gGL1, (C)

1gG2c, and (D) virus-neutralizing antibody (nAb) titers and to measure the concentrations
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of (E) estradiol and (F) testosterone. Data represent the mean = standard error of the
mean (n=5-20/group), asterisks (*) represent significant differences (p<0.05) between the
groups based on two-way ANOV As followed by Tukey’s multiple comparisons testsin

GraphPad Prism 10.1.0.

Figure 3: Adult female mice maintain higher titers of influenza vaccine-induced
antibodies up to 4 months post-vaccination (mpv), which is mitigated with aging.
Adult (8-10 weeks old) and aged (17 months old) male and female C57BL/6CR mice
were vaccinated twice with inactivated 2009 HIN1 vaccine at a 3-week interval. Plasma
samples were collected each month until 4 mpv and anti-2009 HIN1 influenza virus-
specific (A) 1gG, (B) 1gG2c, and (C) virus-neutralizing antibody (nAb) titers were
measured. Data represent the mean + standard error of the mean (n=15-20/group) and
significant differences between the groups are denoted by asterisks (* p<0.05) based on
repeated measures two-way ANOV As followed by Tukey’ s multiple comparisonstestsin

GraphPad Prism 10.1.0.

Figure 4. Female-biased vaccine-induced protection against infection, but not
disease, ismaintained for up to 4 months post-vaccination (mpv) among adult, but
not aged, animals. Adult (8-10 weeks old) and aged (17 months old) male and female
C57BL/6CR mice were vaccinated twice with inactivated 2009 HIN1 vaccine at a 3-
week interval. At 1 or 4 mpv, vaccinated mice were challenged with 10° TCIDs, of adrift
variant of the 2009H1N1 virus. (A, B) Replicating virustiters in the lungs were measured

in a subset of mice at 5 days post-challenge (dpc), and (C, D) changes in body mass over


https://doi.org/10.1101/2023.11.27.568847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.27.568847; this version posted November 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

available under aCC-BY-NC-ND 4.0 International license.

Dhakal, Park et a. 26
aperiod of 14 dpc were measured in another subset of mice to compare protection from
severe disease. Data represent the mean + standard error of the mean (n=15-20/group)
and significant differences between the groups are denoted by asterisks (* p<0.05) based
on two-way ANOV As or repeated measures two-way ANOV As followed by Tukey’'s

multiple comparisons tests in GraphPad Prism 10.1.0.

Figure 5. Gonadal sex mor e than sex chromosomal complement mediates influenza
vaccine-induced immunity and protection. Eight to ten-week-old four core genotype
(FCG) C57BL/6J mice were vaccinated twice with inactivated 2009 HIN1 vaccine at a 3-
week interval. Plasma samples were collected at 28 days post-vaccination (dpv) and
concentrations of (A) estradiol and (B) testosterone along with 2009 HIN1 influenza
virus-specific (C) IgG, (D) 1gG2c, and (E) virus-neutralizing antibody (nAb) titers were
measured. At 35 dpv (i.e., 14 days post-boost), popliteal and inguinal lymph nodes were
collected, single-cell suspensions were prepared, and the numbers of (F) germinal center
(GC) B cdllsand (G) plasmablasts were quantified using flow cytometry. At 42 days
post-vaccination (dpv), mice were challenged with 10° TCIDs of adrift variant of the
2009 HIN1 virus and (H) replicating virustitersin the lungs were measured in a subset
of mice at 5 days post-challenge (dpc) and (I) the percentage change in body mass over a
period of 14 dpc was measured in another subset of mice to evaluate protection from
severe disease. Data represent the mean + standard error of the mean (n=5-27/group) and
significant differences between the groups are denoted by asterisks (* p<0.05) based on
two-way ANOV As or repeated measures two-way ANOV As followed by Tukey’s

multiple comparisons tests in GraphPad Prism 10.1.0.


https://doi.org/10.1101/2023.11.27.568847
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.27.568847; this version posted November 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Dhakal, Park et al. 27

659

660 Figure®6: Estradiol replacement improves influenza vaccine-induced antibody
661 responsesand protection in aged female mice. Adult (8-10 weeks old) or aged (17
662 monthsold) female C57BL/6CR mice were subcutaneously implanted either with a
663 placebo or estradiol (E2)-loaded capsules. One week after capsule implantation, mice
664  werevaccinated with inactivated 2009 H1N1 vaccine and boosted after 3 weeks. At 35
665 days post-vaccination (dpv), plasma samples were collected and anti-2009 HIN1

666 influenzavirus-specific (A) 1gG, (B) 1gG2c, and (C) virus-neutralizing antibody (nAb)
667 titerswere measured. At 42 dpv, vaccinated mice were challenged with 10° TCIDs of a
668  drift variant of the 2009 H1N1 virus. (D) Replicating virustitersin the lungs were

669 measured in asubset of mice at 3 days post-challenge (dpc) and (E) changes in body
670 massover aperiod of 14 dpc were measured in another subset of mice to compare

671  protection from severe disease. Data represent the mean + standard error of the mean
672 (n=7-15/group) and significant differences between the groups are denoted by asterisks
673  (*p<0.05) based on two-way ANOV As or repeated measures two-way ANOV AS

674 followed by Tukey’s multiple comparisonstests in GraphPad Prism 10.1.0.
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