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Abstract. Repeated intravenous (IV) administration of radiation-attenuated sporozoite (RAS) vaccines induces Plasmo-
dium-specific CD81 liver-resident memory T (Trm) cells in mice and achieves sterile protection against challenge. Our het-
erologous “prime-and-trap” vaccine strategy was previously shown to simplify and improve upon RAS vaccination. Prime-
and-trap vaccination combines epidermal priming by DNA-encoded circumsporozoite protein (CSP) antigen followed by a
single IV dose of freshly dissected RAS (fresh-RAS) to direct and trap activated and expanding CD81 T cells in the liver.
Prime-and-trap vaccination protects mice against wild-type sporozoite (spz) challenge. Assessment of prime-and-trap
vaccines in nonhuman primate (NHP) models and/or humans would be greatly enabled if fresh-RAS could be replaced by
cryopreserved RAS (cryo-RAS). Here, we investigated if fresh-RAS could be replaced with cryo-RAS for prime-and-trap
vaccination in BALB/cj mice. Despite a reduction in spz vaccine liver burden following cryo-RAS administration compared
with fresh-RAS, cryo-RAS induced a similar level of Plasmodium yoelii (Py) CSP-specific CD81 liver Trm cells and
completely protected mice against Py spz challenge 112 days after vaccination. Additionally, when the glycolipid adjuvant
7DW8-5 was co-administered with cryo-RAS, 7DW8-5 permitted the dose of cryo-RAS to be reduced four-fold while still
achieving high rates of sterile protection. In summary, cryo-RAS with and without 7DW8-5 were compatible with prime-
and-trap malaria vaccination in a mouse model, which may accelerate the pathway for this vaccine strategy to move to
NHPs and humans.

INTRODUCTION

Malaria is caused by Plasmodium parasites and is respon-
sible for an estimated 229 million infections and 400,000
deaths each year.1 Human Plasmodium infection begins
when an individual is bitten by an infectious female Anophe-
les mosquito and sporozoites (spz) are transmitted into the
skin. Sporozoites home to the liver and infect hepatocytes,
replicating and differentiating for approximately 6–8 days
before merozoites egress into the bloodstream to invade
and begin replication within red blood cells. Blood stage
infection is responsible for symptomatic malaria and further
transmission.2,3 Candidate malaria vaccines target different
stages of the parasite lifecycle with the most successful vac-
cines thus far targeting the pre-erythrocytic (PE) spz and liver
stages (reviewed in reference 4). Plasmodium PE vaccines
are particularly attractive as they would not only prevent
blood stage infection and all clinical manifestations, but also
stop further transmission of the parasite.
The only PE vaccines to ever induce greater than 90% sterile

protection in humans are live-attenuated whole spz vaccines,
SanariaVR PfSPZ Vaccine and PfSPZ-CVac.5–11 Repeated intra-
venous (IV) administration of radiation attenuated spz (RAS)
vaccines can achieve sterile protection in mice, non-human pri-
mates (NHPs), and humans.5,12–17 These RAS vaccines induce
both humoral and cellular responses, which block spz invasion
of hepatocytes5,15,18 and kill infected cells, respectively.19 The
importance of cellular immune responses in the liver has been
increasingly recognized as necessary for achieving sterile

protection from RAS vaccines in mice.20–24 The induction of
CD81 T cells, specifically liver-resident memory CD81 T (Trm)
cells, appears to be critical for long-term protection.5,13,14,25,26

While the production of aseptic, purified, cryopreserved PfSPZ
vaccines has seen significant advances in manufacturing,
reducing the dosage or number of doses of PfSPZ would
nonetheless significantly reduce the cost of goods.
Previously, we reported that a prime-and-trap vaccine

strategy simplified and improved upon repeated RAS immu-
nization of mice while maintaining the immunogenicity and
protection of whole spz vaccines.27 Prime-and-trap here
comprises a two-step heterologous vaccine strategy that
combines epidermal priming of DNA encoding the well-
characterized circumsporozoite (CSP) spz antigen with a sin-
gle IV dose of RAS to direct and trap the activated and
expanding CD81 T cells in the liver. This strategy induces
robust malaria-specific CD81 Trm cell responses in the liver
and confers sterile protection in the Plasmodium yoelii (Py)
rodent malaria model.27 However, it is not possible to use
freshly dissected RAS to immunize humans as any human
vaccine must go extensive quality control release assay test-
ing before administration.
Sanaria has pioneered the manufacture and use of aseptic,

purified, cryopreserved PfSPZ products for use in humans
including the radiation-attenuated PfSPZ Vaccine,5,8–10,13,28,29

the chemo-attenuated Pf-CVac,8,15 the genetically attenuated
PfSPZ-GA1 vaccine,30 and infectious PfSPZ Challenge para-
sites used in controlled human malaria infections.7,31 Studies
in mice have shown that it requires approximately seven times
as many cryopreserved Py spz (cryo-RAS) as freshly dissec-
ted Py spz (fresh-RAS) to comparably infect mice31 and three
times as many cryo-RAS as fresh-RAS to comparably protect
mice after immunization.13 Sanaria’s PfSPZ vaccine achieved
sterile protection in many malaria-naïve individuals5,26 and
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some malaria-exposed individuals.7,29 These findings sug-
gested that cryo-RAS may be used as an alternative to fresh-
RAS in prime-and-trap vaccination.
Here, we investigated if fresh-RAS can be replaced with

Sanaria-produced irradiated, purified, cryopreserved Py spz
(termed “cryo-RAS”) in our heterologous prime-and-trap vac-
cine. Mice primed with DNA encoding the PyCSP antigen
administered via gene gun followed by trapping with fresh-RAS
or cryo-RAS developed similar numbers of durable PyCSP-
specific liver CD81 Trm cells and were equivalently protected
against Py spz challenge. We also show that the prime-and-
cryo-RAS-trap vaccine can be further improved with the addi-
tion of a dose-sparing glycolipid adjuvant. These findings dem-
onstrate that prime-and-trap is a versatile malaria vaccine that
can induce protective liver-resident memory CD81 T-cells using
a single cryo-RAS dose, thereby making the strategy more fea-
sible for translation into NHPs and humans.

MATERIALS AND METHODS

Mice. BALB/cj mice (4–6 week old) were obtained from
Jackson Laboratories (Bar Harbor, ME) and housed in an
Institutional Animal Care and Use Committee (IACUC)-
approved animal facility at the University of Washington. All
mice were female and used under an approved IACUC pro-
tocol (4317-01 to S. C. M.).
DNA vaccination by gene gun. The PyCSP minigene

DNA vaccine encoding the SYVPSAEQI epitope was con-
structed in the pUb.3 vector and tagged with an N-terminal
ubiquitin tag as described.27,32,33 For all vaccinations,
Escherichia coli heat-labile toxin (LT)-encoding plasmid was
used as an adjuvant in a 1:10 ratio with the PyCSP-minigene
vector.34 DNA was purified using an endotoxin-free purifica-
tion kit (Qiagen, Hilden, Germany, #12362), loaded onto
0.8–1.5mm diameter gold powder (Technic Inc., Cranston,
RI, #12-507), and coated on tubing as cartridges as
described previously.33 Abdominal fur was trimmed and
mice were vaccinated on the abdomen using a PowderJect-
style gene gun by priming using two cartridges per day on
Days 0 and 2 (0.5 mg DNA per cartridge). This method of
priming with PyCSP-minigene/LT-encoding plasmid via
gene gun is referred to as ggCSP.
Freshly-dissected spz vaccination and challenge.

Female Anopheles stephensi mosquitoes infected with wild-
type (WT) Py (strain 17XNL) were reared at Seattle Children’s
Research Institute (Seattle, WA). Fresh spz were obtained by
salivary gland dissection 14–18 days post-infection followed
by Accudenz gradient purification as described.35 Fresh-
RAS were generated by dissecting spz from mosquitoes,
purifying them as above-mentioned, and then irradiating by
X-ray exposure (10,000 rads; Rad Source, Buford, GA). As a
control, heat-killed spz (HK-spz) were generated by incubat-
ing WT Py spz in a 55�C water bath for 30 minutes. All spz
(WT, RAS, or HK) were administered IV in a volume of
100mL of Schneider’s insect media (Gibco, Thermo Fisher
Scientific, Waltham, MA). 1 3 103 freshly dissected WT Py
spz were used for mouse challenge experiments, unless oth-
erwise specified. Blood stage protection after spz challenge
was assessed by Giemsa (Sigma-Aldrich, St. Louis, MO)
stained thin blood smear microscopy on days 3–14 post-
challenge. Mice were deemed protected if blood smears
remained negative for parasites up to Day 14.

Cryopreserved spz vaccination and challenge. Radia-
tion-attenuated (100 Gy by C0-60), purified, vialed, cryopre-
served 17XNL Py spz (cryo-RAS) were produced by Sanaria
Inc. (Rockville, MD) as described.13,36 The vials were
shipped to Seattle and stored in vapor phase liquid nitrogen
per manufacturer recommendations. Cryo-RAS were thawed
in a 37�C water bath for 30 seconds, diluted in 100 mL of
Schneider’s insect media, and administered IV within 30
minutes. Sporozoites counts were confirmed on a hemocy-
tometer within one hour of injection.
Glycolipid adjuvant preparation. Good manufacturing

practice (GMP) grade 7DW8-5 powder was dissolved in
dimethyl sulfoxide (DMSO), aliquoted, and stored at 220�C.
Single use aliquots were thawed at 56�C for 10 minutes and
then sonicated in an ultrasonic water bath for five minutes to
break micelle formation. The 7DW8-5 was mixed with diluted
RAS immediately before administration to mice. All mice
received 2 mg of 7DW8-5 adjuvant per injection.
Mouse plasma ELISA. Interferon-g (IFNg) or interleukin-4

(IL-4) cytokine levels were determined by commercial ELISA
kit according to manufacturer’s instructions (BioLegend, San
Diego, CA, #430801 and #431104). Mouse blood was col-
lected via submental bleed into tubes containing ethylenedi-
aminetetraacetic acid (EDTA), and plasma was isolated and
frozen. Plasma was diluted in the kit assay diluent, and
absorbance was read on the CLARIOstar Plus plate reader
(BMG Labtech, Ortenberg, Germany) according to kit
instructions. Standard curves and cytokine concentrations
were calculated in Microsoft Excel.
CD1d depletion. Mice were injected intraperitoneally (IP)

with 10 mg of anti-mouse CD1d (CD1.1) (BioXcell, Lebanon,
NH, #BE0000) or matched isotype control (BioXcell,
#BE0088) 24 hours before 7DW8-5 injection. Mouse blood
was collected via submental bleed and plasma was isolated
12 and 24 hours postadjuvant administration. Plasma IFNg
cytokine levels were analyzed by ELISA as described earlier.
Liver burden reverse transcription polymerase chain

reaction (RT-PCR). Four hours post-RAS immunization,
mice were euthanized and half of the liver was excised and
pulverized by bead beating in 5 mL NucliSENS lysis buffer
(bioM�erieux, Durham, NC). Total RNA was extracted by
processing 50 mL of the NucliSENS buffer-treated sample
diluted 1:20 in NucliSENS lysis buffer on the EasyMag sys-
tem (bioM�erieux) as described for whole blood.37 RNA was
subjected to reverse transcription polymerase chain reaction
(RT-PCR) using the SensiFAST

TM

Probe Lo-ROX Kit (Bioline,
London, United Kingdom) using a predesigned HEX-labeled
mouse GAPDH RT-PCR assay (IDT Inc, Coralville, IA) multi-
plexed with a Pan-Plasmodium 18S rRNA assay as
described.38 Conditions of 45�C for 10 minutes, 95�C for 2
minutes, and 45 cycles of 95�C for 5 seconds, 50�C for 35
seconds were run on a QuantStudio 5 real-time PCR
machine (ThermoFisher, Waltham, MA). Data were normal-
ized to mouse GAPDH, and copy numbers per reaction were
determined using custom lot of quantified Armored RNA
encoding full-length Plasmodium 18S rRNA (Asuragen, Aus-
tin, TX).
Liver lymphocyte isolation and flow cytometry. Liver

lymphocytes were isolated by mechanical dissociation and
Percoll density gradient as previously described.27,39 Briefly,
livers were perfused, mashed into a single cell suspension, and
intrahepatic lymphocytes were isolated. Final liver lymphocyte
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pellets were resuspended in 150 mL 1X MACs buffer (phos-
phate-buffered saline [PBS], 1 mM EDTA, 0.5% fetal bovine
serum [FBS]) and transferred to a U-bottom 96-well plate for
blocking and staining for flow cytometry. All antibodies and
flow cytometry analyses were as previously described27 with
the minor modification of the addition of a live/dead dye (Zom-
bie NIR Fixable Viability Kit, BioLegend) to enable exclusion of
dead cells from downstream analysis. All reagents used for
flow cytometry are listed in Supplemental Table 1. Briefly, liver
lymphocytes were treated with an Fc block and live/dead dye
for 30 minutes (anti-CD16/32, clone 2.4G2; BD Biosciences),
stained with antibody cocktail for 45 minutes, and fixed for 20
minutes (Cytofix/Cytoperm reagent; BD Biosciences, Franklin
Lakes, NJ).27 Flow cytometry was conducted on the LSRII
instrument (BD Biosciences), and data were analyzed with
FlowJo version 10.7.1 (BD Biosciences).
Statistics. Comparisons of liver burden RT-PCR and ELISA

groups were done using non-parametric Kruskal–Wallis one-
way analysis of variance with Dunn’s multiple comparisons
test. Comparisons of flow cytometry cell counts were done
using the non-parametric two-tailed Mann–Whitney U test.
Protection data was evaluated using Fisher’s exact test. All
groups were compared against the ggCSP prime and 2 3 104

fresh-RAS trap positive control (unless otherwise specified).
Error bars in figures are reported as standard deviation (SD) of
the mean with individual mouse samples shown, if applicable
(unless otherwise specified). All P values and 95% CI of the
mean (if applicable) are listed in corresponding figure legends.
Statistical significance was defined as P, 0.05. Prism Graph-
Pad Prism 9.1.2 Software (San Diego, CA) was used for all
calculations.

RESULTS

DNA prime and Py fresh- or cryo-RAS trap leads to
substantial parasite liver burden. Based on earlier work,
prime-and-trap vaccination using RAS for trapping is predi-
cated on achieving a liver burden upon RAS trapping that is
immunogenic for Trm cell formation.27,33 The working
hypothesis is that if the vaccination phase RAS liver burden
was significantly reduced, Trm cell formation may also be
hindered, and protection could be lost. This was a possibility
since the liver-homing ability of cryo-RAS was previously
shown to be somewhat reduced compared with fresh-
RAS.40 To investigate the liver trapping potential of cryo-
RAS, we DNA primed BALB/cj mice with ggCSP and then
administered 2 3 104 Py fresh- or cryo-RAS trap 4 weeks
later (Figure 1A). Non-viable HK-spz were used as a control.
Four hours post-trapping, livers were harvested for RT-PCR
to compare the liver parasite burden. This time point was
selected to capture the number of parasites that initially
invaded the liver, allowing time for the majority of circulating
spz to home to the liver but not enough time to be targeted
and/or killed there.41 We found that the parasite burden in
cryo-RAS immunized mice was significantly reduced com-
pared with fresh-RAS, but was still very high relative to
HK-spz (Figure 1). Cryo-RAS 18S rRNA copy numbers per
mouse liver were approximately 9-fold lower than after
fresh-RAS (Figure 1B and C). This was in striking contrast to
the HK-spz liver burden, where 18S rRNA was not detect-
able in any mouse liver. Thus, we hypothesized that the
known reduction in viability and motility of Py cryo-RAS

compared with fresh-RAS led to a , 1 log reduction in para-
site liver burden. We next sought to determine whether this
difference would alter the suitability of cryo-RAS as a trap-
ping candidate.
Py fresh- or cryo-RAS trap induce comparable levels of

PyCSP-specific liver CD81 Trm cells. Despite the reduction
of parasite burden following cryo-RAS trap, we hypothesized
that the cryo-RAS present in the liver would be sufficient to
induce protective PyCSP-specific liver CD81 Trm cells. To
investigate, mice were primed with ggCSP and administered
2 3 104 fresh- or cryo-RAS as abovementioned, then mouse
livers were harvested 4 weeks post-trap for flow cytometry to
compare PyCSP-specific CD81 T cell frequencies. We previ-
ously showed that prime-and-trap induced high-frequency
PyCSP-specific liver CD81 Trm cells at this time point.27 To
define liver PyCSP tetramer-stained CD81 Trm cells, we gated
on either CD691/KLRG1lo or CD691/CXCR6hi expression as
previously described.14,27,42 We found that the levels of
PyCSP-specific CD81 Trm cells in livers from cryo- versus
fresh-RAS trapped mice were significantly higher despite the

FIGURE 1. DNA prime and Plasmodium yoelii (Py) fresh- or cryo-
preserved radiation attenuated sporozoite (cryo-RAS) trap leads to
substantial parasite liver burden. (A) Experimental design of prime-
and-trap liver burden studies. (B) Four hours after trapping with either
fresh-RAS, cryo-RAS, or heat-killed sporozoite (HK-spz) mouse livers
were excised and processed for real-time reverse transcription poly-
merase chain reaction (RT-PCR) to measure liver stage parasite bur-
den with 18S pan Plasmodium primers. Data are shown as cycle
thresholds (B) for all mice and for absolute 18S rRNA quantification for
a subset of the mice where absolute calibrators were used (C). Error
bars represent the SD of the mean of N 5 15 mice across two experi-
ments (N 5 7 mice across two experiments for HK-spz). Data points
correspond to individual mice. 95% CI of mean: fresh-RAS 24.1–25.7,
cryo-RAS 27.2–28.9, HK-spz 45 cycles in (B) and fresh-RAS 6.5 3
107–1.53 108, cryo-RAS 8.23 106–1.53 107, HK-spz zero 18S cop-
ies in (C). Kruskal–Wallis with Dunn’s multiple comparisons test: fresh-
RAS vs. all other groups. ND5 not detected. * P, 0.05, ** P, 0.005,
**** P, 0.0001.
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FIGURE 2. Plasmodium yoelii (Py) fresh- or cryopreserved radiation attenuated sporozoite (cryo-RAS) trap induce comparable levels of circum-
sporozoite protein (CSP)-specific liver CD81 Trm cells. (A) Experimental design of prime-and-trap studies. (B) Flow cytometry of CD69hi/KLRG1lo

(Left) or CD69hi/CXCR6hi (Right) tetramer-stained, CSP-specific CD81 liver Trm cells from (A) livers. (C) CSP-specific CD81 liver Trm cell gating
strategies, one representative animal per group is shown. Error bars represent 95% CI of the mean of N 5 7–9 mice across two experiments
(2 3 105 cryo-RAS, ggCSP only, and naïve groups N 5 5 mice from one experiment). 95% CI of mean: fresh-RAS 194.2–7155, 2 3 104

cryo-RAS 6249–29752, 2 3 105 cryo-RAS 7586–46014, ggCSP 185.8–983.6, Naive 16.7–49.6 CSP-specific CD69hi/KLRG1lo Trm cells/g liver
tissue and fresh-RAS 8.4–129.2, 2 3 104 cryo-RAS 87.7–497.0, 2 3 105 cryo-RAS 164.2–2730, ggCSP 0.1–177.2, Naive –7–22.5 CSP-
specific CD69hi/CXCR6hi Trm cells/g liver tissue. Mann–Whitney two-tailed test. ns 5 P . 0.05. * P , 0.05, ** P , 0.008, *** P , 0.0001.



differing parasite liver burdens observed by RT-PCR (Figure 2).
The frequency of PyCSP-specific CD81 Trm cells in the livers
of cryo-RAS trapped mice were also higher than in either of
the control groups, which received ggCSP prime only or
were completely naïve (Figure 2). Furthermore, increasing the
cryo-RAS trap dose 10-fold to 2 3 105 cryo-RAS only mod-
estly increased the PyCSP-specific liver CD81 T cells. Taken
together, this data suggests that despite the reduced para-
site liver burden observed following cryo-RAS trap, this
immunization strategy induces high-frequency PyCSP-spe-
cific liver CD81 Trm cells.
DNA priming followed by cryo-RAS trap protects mice

against Py spz challenge 4–6 weeks post-vaccination.
Next, we investigated whether DNA priming followed by cryo-
RAS trap could protect mice against spz challenge at a mem-
ory time point. Previous studies by our group demonstrated
that ggCSP prime and fresh-RAS trap completely protected
mice when challenged at 4 weeks.27 As CSP-specific liver Trm
cell frequencies were similar in fresh- or cryo-RAS trapped
mice, we hypothesized that cryo-RAS trap would similarly pro-
tect mice against spz challenge at a memory time point. Mice
were ggCSP primed and trapped with 2 3 104 fresh- or cryo-
RAS as before, then challenged with 1 3 103 fresh wild-type
infectious Py spz 4–6 weeks later. Both fresh- and cryo-RAS
achieved comparable protection at the 4-week challenge inter-
val (Figure 3). Protection at 6 weeks was slightly reduced in the
cryo-RAS trapped group compared with fresh-RAS, although

this difference was non-significant (Figure 3). As expected,
fresh- or cryo-RAS trap only or ggCSP prime only control
group mice showed little to no protection (Figure 3). In addition,
no protection was observed in mice that received ggCSP prim-
ing with HK-spz trap at either time point (Figure 3). Taken
together, the data suggest that cryo-RAS can be substituted
for fresh-RAS in prime-and-trap, can induce comparable levels
of liver CD81 Trm cells, and can similarly protect mice against
spz challenge at a memory time point.
Py cryo-RAS trapping can be dose de-escalated by the

co-administration of glycolipid adjuvant 7DW8-5. In
response to the trend for reduced vaccine efficacy following
prime-and-trap with cryo-RAS versus fresh-RAS at the
6-week challenge time point, we investigated whether the
addition of an adjuvant could both increase the vaccine effi-
cacy and extend durability. Earlier studies identified the glyco-
lipid adjuvant 7DW8-5 as a means to increase vaccine effi-
cacy in mice and NHPs.43–45 7DW8-5 is an
a-galactosylceramide (a-GalCer) analog selected for its
potent adjuvant activity and reduced toxicity compared
with other earlier a-GalCer analogs.43 Mechanistically,
7DW8-5 is presented on CD1d molecules to activate invari-
ant natural killer T (iNKT) cells. When activated, iNKT cells
produce Th1 and Th2 cytokines, including IFNg and IL-4.46

7DW8-5 is an attractive adjuvant for malaria as it co-localizes
in the draining lymph nodes with RAS and increases activa-
tion of CD81 T cells.43–45 Here, we tested the effect of

FIGURE 3. DNA priming followed by cryopreserved radiation attenuated sporozoite (cryo-RAS) trap protects mice against Plasmodium yoelii
sporozoite (Py spz) challenge 4–6 weeks post-vaccination. (A) Experimental design of prime-and-trap studies. (B) Results of protection studies
after challenge with 1 3 103 wild-type purified Py spz administered on Day 56 (left) or Day 70 (right). N 5 15 mice across two experiments (N 5 5
mice from one experiment for HK-spz and RAS trap only [no ggCSP prime] groups). Fractions above bars indicate number of animals protected
out of total group size. Protection was assessed with thin blood smears on Days 3–14 post-challenge. Fisher Exact Test: 23 104 fresh-RAS vs. all
other groups. ns5 P. 0.05. ** P, 0.005, **** P, 0.0001.
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7DW8-5 on the required trapping dose and protection dura-
bility of prime and cryo-RAS trap vaccination.
First, we characterized the cytokine responses induced

following IV administration of 7DW8-5. a-GalCer analogs
containing phenyl groups were previously shown to induce
Th1 skewed cytokine responses.47 Here, IV administration of
7DW8-5 induced a potent transient spike of IFNg and to a
lesser extent IL-4 in mouse blood (Figure 4). Consistent with
the literature,44,45 IFNg expression peaked approximately 12
hours post-injection and returned to baseline levels by 48
hours (Figure 4A). To demonstrate the specificity of the adju-
vant response, we transiently blocked mouse CD1d prior to
7DW8-5 injection using an anti-mouse CD1d antibody and
monitored IFNg expression. IFNg was significantly blocked
by anti-CD1d, but not a matched isotype control (Figure 4B).
This data demonstrates that 7DW8-5 can be IV administered
to mice and induces a specific and transient spike of IFNg in
the blood that is cleared within 48 hours.
Expression of IFNg is correlated with protection in NHPs

and human clinical trails.9 Based on our preliminary mouse
studies, we hypothesized that the IFNg induced by 7DW8-5
administration would improve cryo-RAS efficacy and durabil-
ity. Preliminary experiments in the laboratory investigated the
durability of prime-and-trap with fresh-RAS trapping and
found that sterile protection against spz challenge at 4
months could be achieved with a high dose of fresh-RAS (5 3

104) or with the 2 3 104 fresh-RAS combined with a ggCSP
boost (Supplemental Figure 2). Thus, we hypothesized that
prime-and-trap with 2 3 104 fresh- or cryo-RAS would protect
a substantial portion of mice at 4 months and that any reduced
protection could be rescued by addition of 7DW8-5 at the trap-
ping step. To investigate this possibility, mice were ggCSP
primed and then trapped with either 2 3 104 fresh- or cryo-
RAS with or without 7DW8-5. Four months post-trapping, mice
were challenged with 13 103 freshly dissected WT Py spz and
protection was assessed. Somewhat surprisingly, given the
data in Figure 3 suggesting reduced protection with cryo-RAS
trap at 6 weeks, we found that prime-and-trap with fresh- or
cryo-RAS achieve complete protection against spz challenge
at 4 months with or without the addition of 7DW8-5 (Figure 5).
The reasons for slight differences in protection in the 4–6 week

challenge (86–100% protection) versus 4-month challenge
(100% protection) are unclear, but could include interoperator
variations in IV techniques and/or differences in batches of spz.
Nonetheless, in summary, the data indicates that PyCSP DNA
prime and cryo-RAS trap vaccination achieves long-lasting
sterile protection in mice.
Next, we determined whether we could decrease the cryo-

RAS dose required for sterile protection. Preliminary experi-
ments investigating prime-and-trap with fresh-RAS dose
de-escalation in our laboratory suggested that 2 3 104 fresh-
RAS were required for reliable sterile protection (Supplemental
Figure 3). Thus, we investigated whether the cryo-RAS trap-
ping dose could be reduced by co-administration with the gly-
colipid adjuvant 7DW8-5. Mice were ggCSP primed followed
by 2 3 104 or 5 3 103 cryo-RAS with or without the addition
of 7DW8-5. The full dose of 2 3 104 cryo-RAS was required
for complete protection in the absence of 7DW8-5, but the
dose of cryo-RAS could be reduced four-fold by co-adminis-
tration with 7DW8-5 while still maintaining $ 90% sterile pro-
tection (Figure 6). As expected, control mice receiving ggCSP
prime followed by 7DW8-5 trap without any cryo-RAS, and
those immunized with only cryo-RAS17DW8-5 (no ggCSP
prime) were not protected against spz challenge. In summary,
we demonstrate that prime-and-trap vaccination with cryo-
RAS is feasible and durable, and that the cyro-RAS trapping
dose can be reduced by the co-administration of 7DW8-5.

DISCUSSION

In this study, we optimized the two-step malaria prime-
and-trap vaccine strategy for translation to NHPs and
humans. Our original prime-and-trap vaccine combined epi-
dermal priming with DNA encoding the PyCSP antigen fol-
lowed by a single IV dose of freshly dissected liver-homing
RAS and a concurrent ggCSP DNA boost.27 Here, we investi-
gated the potential to substitute fresh-RAS trap with cryo-
RAS, which can be moved to humans based on progress
with PfSPZ Vaccine,5,9 PfSPZ—CVac,15 and PfSPZ Chal-
lenge.31 We demonstrated that prime-and-trap can be
improved with the use of cryo-RAS in the place of fresh-RAS,
and that a lower trapping dose can be used if cryo-RAS are

FIGURE 4. Intravenous (IV) administration of glycolipid adjuvant 7DW8-5 induces a systemic and potent interferon (IFNg) and interleukin 4 (IL-4)
spike. (A) Quantification of IFNg (Left) and IL-4 (Right) in mouse blood plasma induced by 7DW8-5 injection over time measured by ELISA.
Kruskal–Wallis with Dunn’s multiple comparisons test, baseline vs. all other groups. 95% CI of mean for 12 hpi: IFNg 8,792–16,077, IL-4 40.5–84.9
pg/mL. (B) Results of anti-CD1d blocking studies after administration of 7DW8-5. Multiple unpaired t tests. 95% CI of mean for 12 hpi: Isotype
control 9434–15941, anti-CD1d 4458–9238 pg/mL. Error bars represent SD of mean of N 5 10 mice across two experiments. ND 5 not detected;
ns5 P. 0.05. ** P, 0.005, **** P, 0.0001.
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co-administered with the glycolipid adjuvant 7DW8-5. This
trapping approach is therefore quite versatile in that liver-
homing cryo-RAS can be administered either with or without
immunostimulatory 7DW8-5. We further demonstrated that
ggCSP boosting during trapping, which was used in the origi-
nal vaccine strategy,27 is dispensable for achieving protec-
tion by prime-and-trap.
Previously, we showed that the fresh-RAS trap positions pro-

tective CD81 Trm cells in the liver.27 Here, we demonstrated
that despite the reduced liver burden observed following cryo-
RAS trap compared with fresh-RAS, both formulations (fresh
or cryopreserved) are sufficient for inducing durable sterile
protection in mice. The reduction in parasite liver burden is
likely because of reduced cryo-RAS infectivity, as previous
studies in mice have shown a seven-fold decrease in cryo-
RAS liver infectivity compared with fresh-RAS.31,48 However,
despite reduced infectivity, cryo-RAS trapping induced higher
levels of protective PyCSP-specific liver CD81 Trm cells com-
pared with fresh-RAS at 4 weeks and similarly achieved sterile
protection at 4 months in mice. Differences in spz purification
methods (fresh-RAS purified by Accudenz gradient and
cryo-RAS purified at Sanaria) could be responsible for the dis-
crepancy observed between liver burden and liver CD81 Trm
formation. Since it is known that mosquito debris can reduce
spz immunogenicity,38 it is tempting to speculate that ultra-
purified aseptic cryo-RAS are more immunogenic than fresh-
RAS and can thus induce more CD81 Trm cells in the liver. In
contrast, HK-spz did not show any measureable liver burden
in ggCSP DNA-primed mice, and their use as a trap did not

provide any protection against spz challenge. The lack of pro-
tection induced from non-viable HK-spz trapping offers further
evidence that liver invasion by RAS is likely key for protective
CD81 Trm formation. A prior study evaluated HK-spz immuni-
zation in C57Bl/6 mice previously adoptively transferred with
parasite-specific PbT-1 cells. Unadjuvanted HK-spz con-
ferred no sterile protection in such mice, and the addition of
a-GalCer protected only one of eight mice,49 suggesting that
viable spz are critical for protection. RAS have limited intrahe-
patic development but do actively invade hepatocytes.
Based on our findings, RAS trapping induces liver CD81 cells
and achieves sterile protection but HK-spz do not. Thus, our
results suggest that hepatocyte invasion is important for liver
immunity. Recent studies have also demonstrated that liver
CD81 Trm cells are long lasting and can have a half-life of
�425 days and still maintain protective efficacy 200 days
post-vaccination.50 Consistent with this data, we observed
no loss of protective efficacy with our prime-and-trap vaccine
using fresh- or cryo-RAS trap 4 months (112 days) post-trap.
This data suggests that the durability of CSP-specific liver
CD81 Trm cells induced from fresh- or cryo-RAS trap are
similarly long lasting.
Many studies have revealed the beneficial adjuvanting

effects of glycolipids in mice.45,50,51 The a-GalCer analog
7DW8-5 has emerged as a promising candidate adjuvant for
malaria vaccines, demonstrating efficacy in both mice and
NHPs.43–45 Mechanistically, 7DW8-5 is presented on CD1d
molecules to iNKT cells (reviewed in reference 52), which are

FIGURE 5. DNA priming followed by Plasmodium yoelii (Py) fresh-
or cryopreserved radiation attenuated sporozoite (cryo-RAS) trap
1/27DW8-5 induces durable protection in mice. (A) Experimental
design of prime-and-trap studies. (B) Results of protection studies
after challenge with 1 3 103 wild-type purified Py sporozoite (spz)
administered 4 months (Day 140) after trapping. N 5 10 mice across
two experiments. Fractions above bars indicate number of animals
protected out of total group size. Protection was assessed with thin
blood smears on Days 3–14 post-challenge. Fisher Exact Test: fresh-
RAS vs. all other groups. ns5 P. 0.05. **** P, 0.0001.

FIGURE 6. Plasmodium yoelii (Py) cryopreserved radiation attenu-
ated sporozoite (cryo-RAS) trap dose can be reduced by the co-
administration of 7DW8-5. (A) Experimental design of prime-and-trap
studies. (B) Results of protection studies after challenge with 1 3 103

wild-type purified Py sporozoite (spz) administered 4 weeks (Day 56)
after trapping. N 5 10–20 mice across two to four experiments. Frac-
tions above bars indicate the number of animals protected out of total
group size. Protection was assessed with thin blood smears on Days
3–14 post-challenge. Fisher Exact Test: 2 3 104 cryo-RAS vs. all
other groups and 5 3 103 ggCSP1(cryo-RAS17DW8-5) vs. all other
groups. ns5 P. 0.05. * P, 0.05, *** P, 0.0005.
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found normally patrolling liver sinusoids in mice.53 Although
iNKT cells are conserved between mice and humans,54 many
differences exist in iNKT cell frequencies, functions, and
behaviors.55 Despite over 25 years of research, many cancer
and infectious disease clinical trials with a-GalCer have shown
suboptimal results. The majority of a-GalCer studies occur in
preclinical mouse models with no standard protocol for clinical
translation of experimental strategies (reviewed in reference
56). Thus, 7DW8-5 may face similar translational challenges.
However, preclinical studies in mice have shown that 7DW8-5
binds CD1d with a higher affinity and has a 100-fold higher
dose-sparing effect than a-GalCer.57 This data and promising
studies in humanized mice58 and NHPs44 suggest that 7DW8-5
is beneficial as a malaria vaccine adjuvant in larger animal mod-
els and potentially even humans.
This optimized prime-and-trap strategy was designed to

improve translation of the existing strategy, but still has several
shortcomings. First, this vaccine strategy contains two unique
components each with separate regulatory, GMP, storage,
and administration requirements. To our knowledge, there are
no licensed human vaccines utilizing truly heterologous prime/
boost doses, even though heterologous prime/boost strate-
gies are widely understood to maximize immunogenicity in
pre-clinical models59–61 and human clinical trials.62,63 Second,
although widely used in veterinary medicine, DNA vaccines
have not yet been licensed for any disease in humans.64,65

Numerous clinical trials have been completed and are ongoing
demonstrating efficacy and safety of DNA (and mRNA) vac-
cines for various pathogens including P. falciparum, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), Zika
virus, and Ebola virus.66–69 Clinical trials involving gene gun-
delivered DNA have shown good tolerability and immunoge-
nicity for other pathogens,70,71 in agreement with pre-clinical
studies in small and large animal models.72–75 Specifically,
gene gun–delivered vaccines have been shown to increase
immunogenicity,27,76 be highly reproducible,77 painless,
needle-free, and dose-sparing in mice and NHPs.78,79 Lastly,
the use of cryo-RAS for prime-and-trap is an improvement
over the original fresh-RAS-dependent strategy, but faces
some implementation hurdles. Cryo-RAS, like any eukaryotic
cells, require liquid nitrogen vapor phase storage and currently
require IV administration. Ongoing clinical trials involving
PfSPZ vaccines have demonstrated that large-scale imple-
mentation in endemic regions is achievable8,29 and is in fact
easier than distribution of products requiring 4�C storage
because liquid nitrogen does not require electricity in the cold
chain. Coupled with these PfSPZ manufacturing, storage, and
administration successes, the fact that prime-and-trap
requires only a single dose of spz further simplifies their use
here, which may make it easier to translate these findings to
the clinic. To further aid this translation to clinical candidates,
additional studies in our laboratory are also exploring alterna-
tive priming strategies as well as non-IV routes of cryo-RAS
trapping. Beyond DNA vaccination, mRNA vaccines for
malaria are also under consideration here given the recent
successes with safe and efficacious mRNA vaccines to com-
bat SARS-CoV-2.80

In summary, prime-and-trap with cryo-RAS is a vaccine
strategy with considerable clinical potential. For priming,
nucleic acid vaccines are now being widely used to fight
SARS-CoV-2, and there are many other DNA and mRNA
vaccines in clinical development. For trapping, GMP-grade,

aseptic, purified cryopreserved PfSPZ have been used in
clinical trials in thousands of subjects in seven countries
in Africa,7,29 five countries in Europe,81 and at multiple sites
in the United States5,13 and are known to be safe and effica-
cious (reviewed in reference 6). The one-time use of cryo-
RAS in prime-and-trap vaccination here greatly simplifies the
immunization schedule, which will aid manufacturing and
likely improve adherence as well.82 Lastly, the adjuvant
7DW8-5 was dose-sparing for cryo-RAS, which could also
simplify manufacturing. Overall, the data suggest that prime-
and-trap with cryo-RAS and the glycolipid adjuvant 7DW8-5
should be further investigated in preclinical vaccine studies
in NHPs and in human clinical trials.
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