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In both preclinical animal studies and human clinical trials, adult females tend to develop greater
adaptive immune responses than males following receipt of either viral or bacterial vaccines. While there
is currently no approved malaria vaccine, several anti-sporozoite vaccines, including RTS,S/AS01 and
attenuated sporozoite vaccines, are in development, but the impact of sex and age on their efficacy
remains undefined. To examine sex differences in the efficacy of anti-sporozoite stage malaria vaccina-
tion, adult (10 weeks of age) or juvenile (11 days of age) male and female C3H mice were twice vacci-
nated with irradiated transgenic Plasmodium berghei sporozoites expressing the P. falciparum
circumsporozoite (CSP) protein and 45 days post boost vaccination, mice were challenged with
transgenic P. berghei via mosquito bite or intradermal challenge. Immunization with irradiated sporo-
zoites resulted in greater protection against challenge in adult females, which was associated with
greater anti-CSP antibody production and avidity, as well as greater hepatic, but not splenic, CD8+ T cell
IFNƴ production in adult females than adult males. No sex differences in adaptive immune responses or
protection were observed in mice vaccinated prior to puberty, suggesting a role for sex steroid hormones.
Depletion of testosterone in males increased, whereas rescue of testosterone decreased, anti-CSP
antibody production, the number of antigen-specific CD8+ T cells isolated from the liver, and protection
following parasite challenge. Conversely, depletion of sex steroids in female mice did not alter vaccine-
induced responses or protection following challenge. These data suggest that elevated testosterone
concentrations in males reduce adaptive immunity and contribute to sex differences in malaria vaccine
efficacy.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Malaria is a significant global burden of disease worldwide,
with most cases occurring in sub-Saharan Africa. In 2017, malaria
was estimated to result in 216 million clinical cases and 445,000
deaths [1]. Worldwide, malaria causes approximately 5% of all
deaths in children under 5 years of age, primarily due to Plasmod-
ium falciparum in sub-Saharan Africa [2]. In response, the World
Health Organization (WHO) has a goal to achieve a 90% reduction
in malaria cases and mortality by the year 2030 [3]. Current meth-
ods to interrupt malaria transmission include the early diagnosis
and treatment of cases, vector control (e.g., insecticide treated
bed net use and residual indoor insecticide spraying), prophylactic
drug treatment, and healthcare capacity improvements, all of
which are economically costly and unlikely to achieve this goal
on their own [4]. To complement these approaches, the need for
a malaria vaccine that is at least 75% protective has been identified
as the most cost-effective method for controlling malaria [4,5].

The RTS,S/AS01 vaccine is currently the leading candidate
malaria vaccine undergoing pilot implementation in several
regions of sub-Saharan Africa [5]. The RTS,S/AS01 vaccine targets
the pre-erythrocytic stage of the malarial life-cycle and consists
of the carboxy-terminal region of the P. falciparum circumsporo-
zoite (CSP) surface protein along with the hepatitis B surface anti-
gen. In Phase III clinical trials, the RTS,S/AS01 vaccine was
moderately efficacious, with 18–36% protection against clinical
disease in young boys and girls (i.e., ages 6–12 weeks and
5–17 months) [6]. The RTS,S/AS01 vaccine, however, was also asso-
ciated with higher all-cause mortality in girls, but not boys, in both
age groups in which the vaccine was tested [7]. Though significant,
the mechanisms underlying this sex differential outcome remain
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unclear, but these observations highlight the potential for sex-
specific differences in the outcomes of malaria vaccination [8].
Although no other candidate malaria vaccine has reached Phase
III clinical trials, other candidates, including several whole sporo-
zoite vaccines, are currently undergoing preliminary clinical trials
[9]. Regardless of the candidate vaccine, to date, clinical trials have
been conducted solely in healthy adult volunteers or children
without consideration of the influence of sex as a biological vari-
able [10].

Clinical data illustrate that in both children and adults, males
and females can differ in vaccine-induced immune responses and
protection [11]. Following vaccination, juvenile and to a greater
extent adult females often develop higher antibody responses, gen-
erate more robust cell-mediated immunity, and are better pro-
tected by vaccination, but also experience more frequent and
severe adverse reactions than age-matched males [11–13]. The
mechanisms mediating these vaccine-associated differences are
incompletely understood, but have been attributed to the effects
of sex steroid signaling, sex chromosome complement, epigenetic
regulation, and the microbiome on immune responses to vaccine
antigens [11]. Our current knowledge of the influence of sex on
vaccination has generally been informed by vaccines targeting
viruses and bacteria [11,12], with little clinical data pertaining to
vaccines against parasite infections, including malaria.

Preclinical animal models have proven useful for studying
vaccine efficacy and the immune response to malaria [14]. Little
consideration, however, has been given to sex as a biological
variable, with most studies either not reporting the sex of the
animals or only using female animals [15–18]. In murine studies
of malaria blood stage infection, females have reduced mortality,
experience faster resolution of infection-associated anemia and
weight loss, and mount a more robust immune response to infec-
tion (e.g. increased IFNƴ, IL-10, and Plasmodium specific IgG1
antibody production) than males [19]. Consistent with these
observations, females are better protected against challenge than
males following vaccination with the surface membranes of P.
chabaudi-infected red blood cells [20]. To date, no pre-clinical
study has been designed to study sex differences in the immuno-
genicity and efficacy of pre-erythrocytic stage malaria vaccina-
tion. In this study, we examined the influence of sex, age, and
sex hormones on the efficacy and immune response to pre-
erythrocytic malaria vaccination using an irradiated sporozoite
vaccine model.

2. Methods

2.1. Mice

All experiments were performed in compliance with the stan-
dards outlined in the National Research Council’s Guide to the Care
and Use of Laboratory Animals. All animal procedures were
reviewed and approved by the Johns Hopkins Animal Care and
Use Committee (M016H35). All efforts were made to minimize ani-
mal suffering. Adult (8–10 weeks old) male and female C3H/HeNCr
MTV mice were purchased from Charles River (Wilmington, MA)
and housed at 5 animals per microisolator cage. For studies using
juvenile mice, time pregnant (arrived at embryonic day 12) female
C3H/HeNCr MTV mice were purchased from Charles River (Wilm-
ington, MA) and housed as individual dams with pups until wean-
ing. Pups were weaned at post-natal day (PND) 21, separated by
sex, and housed at 3–5 animals per microisolator cage. All mice
were housed under standard BSL-2 housing conditions in a specific
pathogen free facility and given food and water ad libitum. Where
feasible (e.g., for hormone manipulation), animals were randomly
assigned to treatment groups. Details about animal numbers and
replicates are contained in the figure legends.
2.2. Irradiated sporozoite vaccination

Previously generated transgenic P. berghei sporozoites express-
ing the immunodominant P. falciparum circumsporozoite (CSP)
protein (P.b.-P.f.) were used for all vaccinations [21]. For studies
in adult mice, mice were twice vaccinated at 14-day intervals by
tail vein injection with 1 � 105 sporozoites gamma irradiated at a
dose of 25gy using Cs-137 as the source (GammaCell 1000). Due
to the body size and inaccuracy of accessing the tail vein, juvenile
mice were twice vaccinated by intraperitoneal injection at 14-day
intervals beginning at PND 11 with 1 � 105 gamma irradiated
P.b.-P.f. sporozoites. For all studies, whole irradiated sporozoites
were administered in unadjuvanted DMEM (Corning) using a
28 g � 12.7 mm needle (BD) within one hour of irradiation. All vac-
cinations were performed in the afternoon. Because irradiated
sporozoites are processed directly in the spleen and liver to induce
an immune response and are not in solution, doses did not account
for adiposity or body mass.

2.3. Anti-circumsporozoite protein enzyme-linked immunosorbent
assays (ELISA)

ELISA plates (Greiner Bio-One) were coated with 100 ll per well
of purified recombinant CSP peptide [21] diluted in 1X Phosphate
buffered Saline (PBS, Gibco) at a concentration 1 lg/ml. After incu-
bation overnight at room temperature (RT), plates were washed
three times with 200 ll of PBS, before blocking with 200 ll PBS-
BSA (1X PBS with 1% BSA, Sigma) for 2 h at RT. Following three
washes with PBS, serially diluted plasma samples were added,
and incubated at RT for 1 h. The plates were washed two times
with PBS-Tween (1X PBS with 0.5% Tween20, Sigma) followed by
two washes with PBS and 100 ll of secondary antibody (IgG;
KPL, IgG1; ThermoScientific, or IgG2a; Invitrogen) at a 1:1000 dilu-
tion was added for 1 h at RT. Plates were then washed three times
with PBS-Tween followed by three times with PBS and 100 ll of
horseradish peroxidase substrate (KPL) was added to each well
and developed in the dark for 15 min. The reaction was stopped
using 50 ll of 1% SDS (Fisher) and the plates were read at
405 nm. Antibody titers were calculated as the highest plasma
dilution with an optical density (OD) value greater than three
times the average OD of the negative controls. Titer curves were
plotted after normalization to the negative control and the area
under the titer curve (AUC) was calculated and the dilution titer
equal to an optical density of 1 (OD1) was determined by non-
linear regression. For semiquantitative assessment of antibody
concentration, a titer curve was generated using known quantities
of the P. falciparum CSP specific monoclonal antibody 2A10 [22],
with a concentration of 400 lg/ml assigned a value of 1000 ELISA
Units (EU). Non-linear regression was then used to generate an
equation for the reference antibody curve and the OD values for
each experimental sample were interpolated into the reference
antibody equation to determine the relative concentration in EUs.
For all calculations, only the linear portion of the curve was used,
and resulting concentrations were multiplied by the dilution factor
to obtain the final relative antibody concentration for each exper-
imental sample.

2.4. Anti-circumsporozoite (CSP) avidity assay

ELISA plates were coated with of 100 ll per well of purified CSP
peptide [21] diluted in PBS at a concentration 1 lg/ml. After incu-
bation overnight at RT, plates were washed three times with 200 ll
of PBS, before being blocked with 200 ll PBS-BSA for 2 h at RT. Fol-
lowing three washes with 200 ll PBS, plasma samples were plated
in quadruplicate at a 1:200 dilution in PBS-BSA and incubated for
1 h at room temperature. Plates were washed two times with
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200 ll PBS-Tween followed by two washes with PBS. To measure
antibody avidity, 2 M ammonium thiocyanate (NH4SCN; Sigma)
or PBS was added to the plates for exactly 15 min. The plates were
washed two times with PBS-Tween followed by two times with
PBS and peroxidase- labeled goat anti-mouse IgG antibody was
added at a concentration of 500 ng/ml and incubated for 1 h at
RT. Plates were washed three times with PBS-Tween followed by
three times with PBS and 100 ll of horseradish peroxidase sub-
strate was added to each well and developed in the dark for
15 min. The reaction was stopped using 50 ll of 1% SDS and the
plates were read at 405 nm. The antibody avidity index was deter-
mined by dividing the NH4SCN treated optical density values by
the corresponding PBS (untreated) values for each sample in
duplicate.

2.5. Sporozoite challenge

Mice were sedated with Ketamine-Xylazine and challenged by
mosquito bite using 10 P.b.-P.f. infected female Anopheles stephensi
mosquitoes or challenged by intradermal injection with 3 � 103

chimeric P.b.-P.f. CSP sporozoites in the afternoon, 45 days after
the boost vaccination. Hepatic parasite loads were quantified
forty-two hours post-challenge by RT-qPCR targeting P. berghei
18 s rRNA using forward primer 50-TGGGAGATTGGTTTTGACGTT
TATGT-30 and reverse primer 50-AAGCATTAAATAAAGCGAATA
CATCCTTAC-30 as described previously [23]. Resulting parasite
loads were expressed as P. berghei 18 s rRNA copy number as well
as the log and percent reduction relative to naïve controls.

2.6. CD8± T cell responses

Single cells suspensions were generated by homogenizing tissue
through a 100 lm nylon filter (Falcon) followed by ACK lysis of red
blood cells (Quality biologicals) for splenic tissue or Percoll gradient
separation (GE) for hepatic tissue. Due to the low frequency of CSP-
specific CD8+ T cells in the liver, pools of 3 mice were used for Per-
coll gradient separation of hepatic samples. The total numbers of
live cells for both splenic and hepatic samples were determined
using a hemocytometer and trypan blue (Invitrogen) exclusion,
and cells were resuspended at 40 � 106 cells/ml in RPMI 1640 (Cell-
gro) supplemented with 10% fetal bovine serum (Fisher Scientific),
1% L-glutamine (Gibco), and 1% penicillin-streptomycin (Gibco).
Isolated cells were plated out at 2 � 106 cells/well and incubated
for 5–6 h at 37 �C with 5 � 105 cells/well of either peptide pulsed
(DYENDIEKKI – 10 mg/10 � 106 cells) or non-pulsed LM1 target cells
[24] in the presence of GolgiPlug (BD) and GolgiStop (BD) as
described in [21]. LM1 cells express the H-2K MHC haplotype
allowing them to effectively present the protective CD8 epitope of
P. falciparum CSP to CD8+ T cells derived from C3H mice. Following
incubation, Fc receptors were blocked using anti-CD16/32 (BD
Biosciences) and cells were stained with CD8-PerCPCy5.5 (Clone
53–6.7; BD). Cells were then permeabilized and fixed (BD
Cytofix/Cytoperm) prior to intracellular staining with IFNƴ -FITC
(Clone XMG1.2; BD) and TNFa-PE (Clone MP6-XT22; BD). Data
were acquired using a FACSCalibur flow cytometer (BD)
running Cell Quest Pro and analyzed using FlowJo (v.10) software
(Tree Star, Inc.).

2.7. Gonadectomy and hormone replacement

Adult male and female mice (9–10 weeks) were randomly
assigned to be bilaterally gonadectomized (gdx) or receive sham
surgeries [25]. For males, two weeks following gonadectomy, mice
were implanted subcutaneously with silastic tubing capsules
(inner diameter-0.0400, outer diameter- 0.08500; HelixMark) con-
taining crystalline testosterone propionate (gdx + T; 10.0 mm;
Sigma) of left empty (gdx) [26]. The capsules were sealed with
2.5 mm of medical adhesive (Factor II, A-100), and incubated at
37 �C overnight in sterile saline solution prior to implantation. Cap-
sules were replaced prior to depletion every 28 days for the dura-
tion of the study.

2.8. Sex-hormone enzyme immunosorbent assays

Plasma was collected 3 days prior to challenge and total testos-
terone or estradiol concentrations were quantified by commercial
EIA kits according to the manufacturer’s instructions (IBL America
– testosterone; Calbiotech – estradiol), with performance charac-
teristics, including analytical sensitivity and coefficients of varia-
tion contained in the online protocols. To prevent sample
degradation, care was taken to limit light and thermal exposure
of plasma samples prior to hormone quantification.

2.9. Statistical analysis

Data were tested for normality (Shapiro-Wilk test) and did not
meet the assumptions of a normal distribution. Therefore, data
were analyzed by Mann-Whitney U test or Kruskal-Wallis test fol-
lowed by the Dunn’s test for pairwise multiple comparisons. Statis-
tical analyses were performed using GraphPad Prism 8.1.2
software and mean differences were considered significant at a
two-sided P < 0.05. Confidence intervals represent the uncertainty
in the mean differences between comparison groups. Following the
ARRIVE guidelines, specific details about the statistical methods,
numbers of animals analyzed, and estimations for each experiment
are contained in either the Results or individual figure legends.
3. Results

3.1. Adult female mice mount greater antibody responses to irradiated
sporozoite vaccination

To test if the sexes respond differently to malaria vaccination,
we used an established model where adult male and female C3H
mice were twice vaccinated with irradiated P.b.-P.f. sporozoites
[27]. Forty-two days post boost vaccination, anti-CSP IgG titers
were greater in adult females than males (Mann-Whitney:
P < 0.0001, 95% CI [6400, 12800]; Fig. 1A). To confirm these find-
ings, anti-CSP IgG data were further analyzed for the area under
the curve (AUC), the titer equal to an optical density-1 (OD1),
and antibody quantity. Regardless of the method used to quantita-
tively measure anti-CSP IgG antibody responses, adult females
exhibited greater responses following vaccination than adult males
(Mann-Whitney; P < 0.0001, 95% CI [3514, 10427] for AUC,
P = 0.0002, 95% CI [219.3, 828.2] for OD1, and P = 0.0002, 95% CI
[11.76, 44.40] for antibody quantity; Fig. 1B–D).

In addition to antibody quantity, qualitative differences in
humoral responses can influence vaccine efficacy. To assess the
impact of sex on qualitative antibody traits following irradiated
sporozoite vaccination, antibody avidity, which is associated with
protection from sporozoite challenge [16], was measured. Anti-
CSP antibody avidity was greater in adult female than adult male
mice (Mann-Whitney; P = 0.007, 95% CI [0.02, 0.18]; Fig. 1E).
Because avidity can be influenced by antibody isotype and IgG1,
but not IgG2a/c, titers are associated with sterile immunity against
P. berghei [16], we evaluated sex differences in IgG isotypes. Over-
all, females had greater anti-CSP IgG1 (Mann-Whitney; P = 0.005,
95% CI [0.0, 700]; Fig. 1F) and IgG2a antibody titers than males
(Mann-Whitney; P = 0.0007, 95% CI [400, 2400]; Fig. 1G). The
IgG1:IgG2a ratio, however, was similar between the sexes
(Mann-Whitney, P = 0.61; Fig. 1H), suggesting no sex-specific shift
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Fig. 1. Effects of sex on antibody responses to irradiated sporozoite vaccination. Adult (8–10 weeks) male and female mice were twice vaccinated with irradiated sporozoites
at 14-day intervals. Forty-two days post boost vaccination, plasma was collected and anti-CSP IgG titers (A), areas under the curve (AUC) (B), anti-CSP titers equal to an optical
density-1 (C), anti-CSP antibody concentrations (D), anti-CSP antibody avidity (E), anti-CSP IgG1 titers (F), anti-CSP IgG2a titers (G), and the ratio of IgG1/IgG2a (H) were
measured. Data represent means ± the SEM from two independent replications (n = 34–39/sex) and significant differences are denoted with asterisks (**P < 0.01, ***<0.001,
****P < 0.0001).
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in Th2:Th1 skewing. These data suggest that the quality and quan-
tity of antibody following receipt of an irradiated sporozoite vac-
cine is greater in adult female than male mice.
3.2. Adult female mice have increased numbers of antigen-specific
hepatic CD8+ T cells and are better protected following parasite
challenge

To evaluate sex differences in irradiated sporozoite vaccine effi-
cacy, 45 days post boost vaccination adult male and female mice
were challenged by mosquito bite using 10 P.b.-P.f. infected female
mosquitoes. Forty-two hours after challenge, hepatic and splenic
CD8+ T cells were isolated and the number of cells producing
IFNƴ in response to CSP-specific peptide stimulation was quanti-
fied. Following CSP peptide stimulation, the number of hepatic
CD8+ T cells producing IFNƴ was greater in adult females than
males (Mann-Whitney; P = 0.004, 95% CI [2275, 6459]; Fig. 2A).
In contrast, while peptide stimulation increased production of
IFNƴ by splenic CD8+ T cells in vaccinated mice, no sex differences
were observed (Mann-Whitney, P = 0.99 for peptide stimulation;
Fig. 2B).

To assess whether sex differences in immune responses to the
vaccine resulted in differential vaccine efficacy, we measured hep-
atic P. berghei 18 s rRNA copy number as a surrogate for parasite
load 42 h post challenge. Parasite load was lower in vaccinated
mice relative to naïve mice of both sexes; mean parasite load
among vaccinated adult females, however, was lower relative to
adult males (Kruskal-Wallis; P = 0.003, 95% CI [�688.7, �11.1];
Fig. 2C). To determine whether sex differences in parasite load
were reflective of differential mosquito bite numbers, and hence
exposure, the number of blood fed mosquitoes (i.e. those with vis-
ible midgut blood content) was recorded for each mouse. Though
the number of challenge mosquito bites varied among individual
mice, no sex differences in mosquito bite numbers were observed
in either vaccinated or naïve mice (Kruskal-Wallis, P = 0.30;
Fig. 2D).
Because of the variation in mosquito bite numbers, and pre-
sumably challenge dose, challenge experiments were repeated
using intradermal inoculation with 3 � 103 P.b.-P.f. sporozoites
at 45 days post boost vaccination. Consistent with mosquito bite
challenge, vaccinated mice had greater numbers of IFNƴ + CD8+ T
cells in the liver and spleen following ex vivo peptide simulation
(Mann-Whitney, P < 0.05 in each case; Fig. 2E and F). Following
CSP-specific peptide stimulation, numbers of CD8+ T cells pro-
ducing IFNƴ in the liver, but not the spleen, were greater in vac-
cinated female than male mice following intradermal challenge
(Mann-Whitney; P = 0.009 and 95% CI [1000, 16500] for hepatic
CD8+ T cells and P = 0.99 for splenic CD8+ T cells; Fig. 2E and F).
Also, consistent with mosquito bite challenge, hepatic P. berghei
18s rRNA copy number was reduced in both sexes following vac-
cination, with the magnitude of the reduction being greater in
adult females than males (Kruskal-Wallis; P = 0.0006, 95% CI
[�288.9, �24.1]; Fig. 2G). As another way to analyze the change
in parasite load following vaccination, we calculated the log
reduction in parasite load relative to the average parasite load
in naïve mice for each sex and experimental replication. Consis-
tent with the relative parasite load (Fig. 2G), as compared with
naïve mice, the log reduction in parasite load was greater for
vaccinated females than males (Mann-Whitney; P = 0.0002, 95%
CI [�0.45, �2.17]; Fig. 2H). These data demonstrate that irradi-
ated sporozoite vaccine efficacy is greater in adult females than
in male mice.
3.3. Prior to puberty, vaccine responses and efficacy do not differ
between the sex

Sex differences in the immune responses to vaccines are often
not evaluated in studies of childhood vaccines [11], but there are
some vaccines, including the RTS,S vaccine, that are primarily or
exclusively administered prior to puberty [5,28]. To characterize
the impact of sex on irradiated sporozoite vaccine response and
efficacy prior to puberty, juvenile mice were twice vaccinated by
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Fig. 2. Effects of sex on CD8+ T cell responses and protection from sporozoite challenge. Naïve and irradiated sporozoite vaccinated adult (8–10 weeks) male and female mice
were challenged by mosquito bite 45 days post boost vaccination. The numbers of hepatic (n = 3 pools of 3/sex/treatment) (A) and splenic (n = 16–18/sex/treatment) (B) CD8+

T cells producing IFNƴ in response to CSP-specific peptide stimulation were measured 42 h post challenge. Hepatic P. berghei 18s rRNA copy number (C) was measured (n = 9–
15/sex/treatment) in naïve and vaccinated male and female mice. The number of blood fed mosquitos was recorded for each challenge (n = 18–20 mice/sex/treatment) (D).
Challenge experiments were repeated with intradermal inoculation, and the numbers of hepatic (n = 6 pools of 3/sex/treatment) (E) and splenic (n = 16–18/sex/treatment) (F)
CD8+ T cells producing IFNƴ in response to CSP peptide stimulation were measured 42 h post challenge. Hepatic P. berghei 18s rRNA copy number was measured (n = 15/sex/
treatment) (G) and the log reduction (H) in parasite load relative to naïve controls was determined (n = 15/sex). Data represent means ± the SEM from two independent
replications and significant differences are denoted with asterisks (**P < 0.01, ***<0.001, ****P < 0.0001).
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intraperitoneal injection beginning at PND 11. Forty-two days post
boost vaccination, antibody responses were analyzed by measuring
anti-CSP IgG titers, AUC, the OD1 titer, and antibody quantity.
Although vaccination resulted in detectable antibody responses
against CSP, no sex differences in any measure of the antibody
response to CSP were detected among mice vaccinated as juveniles
(Mann-Whitney, P = 0.37; Fig. 3A and Suppl. Fig. 1). The avidity of
anti-CSP IgG also did not differ between males and female vacci-
nated as juveniles (Mann-Whitney, P = 0.27; Fig. 3B). Finally, the
titers of anti-CSP IgG1 and IgG2a were quantified and neither titers
of IgG isotypes nor the ratio of IgG1:IgG2a differed between sexes
among mice vaccinated as juveniles (Mann-Whitney; P = 0.85,
P = 0.57, and P = 0.32 respectively; Fig. 3C–E).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2019.06.
075.

As adults, mice that were vaccinated with irradiated sporo-
zoites as juveniles received an intradermal challenge with trans-
genic P.b.-P.f. parasites. Unlike mice that were both vaccinated
and challenged as adults, among mice vaccinated as juveniles
and challenged as adults there was no significant increase in
the number of hepatic or splenic CD8+ T cells producing IFNƴ
in response to CSP specific peptide stimulation, which also did
not differ between the sexes (Kruskal-Wallis, P = 0.99 for both;
Fig. 3F and G). Although juvenile vaccination was efficacious,
there was no sex difference in the log reduction in parasite load
(Mann-Whitney; P = 0.06, 95% CI [�1.40, 0.07]; Fig. 3H). These
data suggest vaccination prior to puberty does not result in
sex differences in vaccine efficacy, suggesting that sex steroid
hormones may be involved.

3.4. Removal of ovaries has no effect on vaccine-induced immune
responses or protection among adult females

To begin to test whether sex hormones in females contribute to
greater vaccine-induced immune responses and protection, a sub-
set of female had their ovaries removed thereby reducing concen-
trations of sex steroids, including 17b-estradiol (Mann-Whitney;
P = 0.0002, 95% CI [�3.6, �14.7]; Fig. 4A). Removal of the ovaries
in adult female mice, however, did not s alter either the quality
or quantity of anti-CSP IgG at 42 days post boost vaccination as
compared with gonad-intact (i.e., sham) female mice (Mann-
Whitney; P = 0.61 for antibody quantity, P = 0.61 for avidity,
P = 0.54 for IgG1 titers, and P = 0.22 for IgG2a titers; Fig. 4B–E
and Suppl. Fig. 2). Following sporozoite challenge, while peptide
stimulation increased production of IFNƴ by both splenic and hep-
atic CD8+ T cells from vaccinated mice, ovariectomy increased CSP-
specific splenic, but not hepatic, CD8+ T cell production of IFNƴ fol-
lowing peptide stimulation (Kruskal-Wallis; P = 0.04, 95% CI [8.5,
348.4] for splenic CD8+ T cells and P = 0.99 for hepatic CD8+ T cells;
Fig. 4F and G). Finally, the log reduction in hepatic parasite load fol-
lowing intradermal challenge did not differ between intact or
gonadectomized female mice (Mann-Whitney, P = 0.82; Fig. 4H).
These data suggest that immunity and protection from parasite
challenge in female mice may be independent of female gonadal
sex hormones.

https://doi.org/10.1016/j.vaccine.2019.06.075
https://doi.org/10.1016/j.vaccine.2019.06.075


Fig. 4. Effects of ovariectomy on irradiated sporozoite vaccination in adult female mice. Adult (8–10 weeks) female mice were assigned to remain intact (i.e., receive a sham
surgery) or be ovariectomized (ovx) two weeks prior to being twice vaccinated with irradiated sporozoites. Plasma was collected 42 days post boost vaccination and estrogen
(A) (n = 8–9/treatment), anti-CSP IgG antibody concentrations (B), anti-CSP antibody avidity (C), anti-CSP IgG1 titers (D), and anti-CSP IgG2a titers (E) were measured (n = 15–
18/treatment). Mice were challenged by intradermal inoculation and the numbers of hepatic (n = 4 pools of 3/treatment) (F) and splenic (n = 9–10/treatment) (G) CD8+ T cells
producing IFNƴ in response to CSP-specific peptide stimulation were quantified. The log reduction in parasite load was measured (n = 9–10/treatment) (H) relative to naïve
female mice. Data represent means ± SEM from two independent replications and significant differences between treatment groups are denoted by asterisks (*P < 0.05,
***<0.001, ****P < 0.0001).

Fig. 3. Effects of sex on vaccine-induced immunity and protection in juvenile mice. Pre-pubertal (2 weeks of age) male and female mice were twice vaccinated with irradiated
sporozoites. Forty-two days post boost vaccination, plasma was collected and anti-CSP IgG concentrations (A), anti-CSP antibody avidity (B), anti-CSP IgG1 titers (C), anti-CSP
IgG2a titers (D), and the ratio of IgG1/IgG2a (E) were measured (n = 15–18/sex). Naïve and vaccinated juvenile mice were challenged as adults by intradermal inoculation 45
days post boost vaccination and the numbers of hepatic (n = 4–5 pools of 3/sex) (F) and splenic (n = 11–14/sex) (G) CD8+ T cells producing IFNƴ in response to CSP peptide
stimulation were measured 42 h post challenge. The log reduction (H) in parasite load relative to naïve controls was determined (n = 9–12/sex). Data represents means ± SEM
from two independent replications. No differences by sex were observed in mice vaccinated as juveniles.
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3.5. Testosterone suppresses vaccine-induced immune responses and
protection in male mice

To determine whether testosterone in males affected irradiated
sporozoite vaccine responses, adult male mice underwent sham
surgeries or gonadectomy, with half the gonadectomized males
receiving endogenous testosterone, which increased circulating
testosterone to within the physiological range of gonad-intact
males (Kruskal-Wallis; P = 0.022, 95% CI [�8.44, �0.23] for sham
vs gdx and P = 0.0004, 95% CI [4.82, 11.18] for gdx vs gdx + T;
Fig. 5A). Following vaccination, depletion of testosterone signifi-
cantly increased, whereas rescue of testosterone significantly
decreased, anti-CSP IgG antibody titers (P = 0.0003, 95% CI [5.77,
22.61] for sham vs gdx and P < 0.0001, 95% CI [�29.31, �10.13]
for gdx vs gdx + T) and avidity (P = 0.025, 95% CI [0.00, 0.20] for
sham vs gdx and P < 0.0001, 95% CI [�0.30, �0.08] for gdx vs
gdx + T) as well as anti-CSP IgG1 antibody titers (Kruskal-Wallis;
P = 0.001, 95% CI [300–1500] for sham vs gdx and P < 0.0001, 95%
CI [�1500, �300] for gdx vs gdx + T; Fig. 5B–D and Suppl. Fig. 3).
Rescue of testosterone in gonadectomized males significantly
reduced IgG2a antibody titers (Kruskal-Wallis; P = 0.0013, 95% CI
[�1005.0, 11.7]; Fig. 5E) and the ratio of IgG1:IgG2a relative to
testosterone-depleted males (Kruskal-Wallis; P = 0.0014, 95% CI
[�3.0, 0.0]; Fig. 5F).

Following intradermal parasite challenge, the depletion of
testosterone increased the number of hepatic CD8+ T cells produc-
ing IFNƴ in response to CSP-specific peptide stimulation, while the
rescue of testosterone levels reduced hepatic CD8+ T cell produc-
tion of IFNƴ to levels comparable with gonad-intact male mice
(Kruskal-Wallis; P = 0.021, 95% CI [1600, 15510] for sham vs gdx
and P = 0.012, 95% CI [�17160, 300] for gdx vs gdx + T; Fig. 5G).
Depletion of testosterone also increased the log reduction in para-
site load, whereas the rescue of testosterone reduced the log reduc-
tion in parasite load as compared with naïve mice from the same
Fig. 5. Effects of testosterone on irradiated sporozoite vaccination in adult males. Adult (
testosterone (gdx + T) capsules or received sham surgeries (sham). Mice were twice vacc
collected and testosterone concentrations (A) were quantified (n = 8–9/treatment). Anti
titers (D), anti-CSP IgG2a titers (E), and the ratio of IgG1/IgG2a titers were measured (n =
numbers of hepatic (n = 4–8 pools of 3/treatment) (G) CD8+ T cells producing IFNƴ in r
parasite load (n = 8–15/treatment) (H) relative to naïve male mice was measured 42 h p
significant differences across treatment groups are denoted by asterisks (*P < 0.05, **P <
hormone treatment group (Kruskal-Wallis; P = 0.0011, 95% CI
[�2.98, �0.40] for gdx vs gdx + T; Fig. 5H). These data suggest that
the decreased efficacy of irradiated sporozoite vaccination in adult
males may be mediated, in part, by testosterone.

4. Discussion

Sex differences in vaccine-induced immune responses are doc-
umented primarily for vaccines that protect against viruses and
bacteria [11,29], with less attention paid to parasite vaccines,
including those against malaria. In the present study, following
irradiated sporozoite vaccination, adult female mice were better
protected against sporozoite challenge than age-matched males,
with these differences in protection being associated with greater
malaria-specific antibody and CD8+ T cell responses in females
compared with males. These findings are consistent with both
human and murine studies showing greater immunogenicity and
efficacy of either erythrocytic stage malaria vaccination [20,30]
or Plasmodium infection [19] in adult females relative to males.
Sex differences in sporozoite vaccine-induced immunity and pro-
tection were not observed among mice that were vaccinated prior
to puberty. The surge of testosterone during puberty in males as
opposed to hormonal changes following puberty in females
appeared to be associated with sex differences in vaccine-
induced immunity and protection in adults. Manipulation of sex
steroid hormones (i.e., estradiol and progesterone) via ovariectomy
in females had no impact on vaccine-induced immunity and pro-
tection, whereas manipulation of testosterone in males dramati-
cally affected the outcome of vaccination.

The observation that sex influences the immunogenicity and
efficacy of irradiated sporozoite vaccination in adults, but not in
mice vaccinated as juveniles, led us to hypothesize that changes
in sex hormone concentrations associated with puberty may be
involved. At puberty, the ovaries of females begin synthesizing
8–10 weeks) male mice were gonadectomized and implanted with placebo (gdx) or
inated with irradiated sporozoites and 42 days post boost vaccination, plasma was
-CSP IgG antibody concentrations (B), anti-CSP antibody avidity (C), anti-CSP IgG1
18–29/treatment group). Mice were challenged by intradermal inoculation and the
esponse to CSP-specific peptide stimulation were quantified. The log reduction in
ost challenge. Data represents means ± SEM from two independent replications and
0.01, ***<0.001, ****P < 0.0001).
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and releasing elevated concentrations of estradiol and proges-
terone, whereas the testes of males begin synthesizing greater con-
centrations of testosterone. These sex steroid hormones affect
adaptive immune responses both directly by binding to sex steroid
receptors on B and T cells as well as indirectly by altering the activ-
ity of innate immune cells [31,32].

In females, estradiol, in particular, can enhance antibody
responses to vaccines and infections [11,19,28,33,34]. In murine
models of malaria blood stage infection, treatment of female mice
with estradiol alone or in combination with progesterone
increased Plasmodium-specific IgG1 antibody production as well
as IFNƴ production by splenocytes relative to sex-hormone
depleted females [33]. In the current study, depletion of sex ster-
oids in females did not alter either the adaptive immune response
to vaccination or protection following parasite challenge. Whether
these discordant effects of female sex hormone depletion represent
differences in the context of vaccination versus infection, the route
of inoculation, or differences in the pathways of immune activation
warrant future study. Moreover, there may be other sex-specific
factors (e.g., Y chromosomal factors in males or increased X-
linked gene expression in females) that could be contributing to
the more robust immune response in adult females relative to
adult males.

The immunosuppressive properties of testosterone are well
characterized, but few studies have evaluated the impacts of
testosterone on the immune response to vaccination. In the current
study, depletion of testosterone in vaccinated males increased,
whereas the testosterone treatment of castrated, vaccinated males
decreased, parasite load following sporozoite challenge. These data
are consistent with previous murine studies demonstrating that
testosterone suppresses resistance to blood stage malaria infection
and reduces protection against challenge following erythrocytic
stage vaccination [20,35]. Depletion of testosterone, however, still
did not elevate antibody titers to the level seen in gonad-intact
females, suggesting that other sex-specific factors in addition to
sex hormones are involved.

Anti-CSP IgG1 antibodies, which are associated with a Th2 cel-
lular responses and antibody avidity, play an important role in
sterile immunity against sporozoite challenge [16,36]. In the cur-
rent study, depletion of testosterone increased IgG1, but not Th1
associated IgG2a, titers relative to testosterone-replete males,
resulting in a skewing of the anti-sporozoite IgG1/IgG2a ratio.
Whether testosterone induced changes in CD4+ T helper cell polar-
ization was not evaluated but should be considered in future stud-
ies as these are a likely cell population impacting both antibody
and CD8+ T cell activity following vaccination and challenge.

Most pre-clinical malaria vaccine studies use exclusively female
mice or do not consider the sex of the animals used [15]. In this
study, we demonstrate that testosterone in males is a significant
factor mediating sex differences in the immunogenicity and effi-
cacy of a preclinical, pre-erythrocytic malaria vaccine design.
Greater consideration of biological sex and sex-specific factors
are needed in the experimental design and analysis of preclinical
animal studies as well as clinical trials of malaria vaccines.
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