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Abstract

Sporozoite vaccination of both humans and rodents elicits potent anti-malarial immunity, but the
dose of sporozoites and the number of immunizations required varies with vaccination approach.
Here we examine the immunological basis for superior protection afforded from single-dose
vaccination with virulent sporozoites administered under prophylatic chloroquine-cover, referred
to as infection-treatment-vaccination (ITV), compared to the well-studied approach of
administering radiation-attenuated Plasmodium sporozoites (RAS). Earlier rodent studies utilizing
ITV and RAS vaccination suggested a major role of CD8 T cells in reducing liver parasite burden
after sporozoite challenge in a BALB/c mouse model. Consistent with this, we find that in C57BI/
6 mice ITV elicits substantially higher parasite-specific CD8 T cell responses than RAS
vaccination and enhances immunity against P. yoelii infection. However, we show ITV-induced
CD8 T cells are not necessary for protection following liver-stage sporozoite or blood-stage
parasite challenge. Mechanistically, we found protection afforded from single-dose ITV is
associated with low grade, transient parasitemia shortly following cessation of chloroquine
treatment and generation of potent antibody responses to blood-stage parasites. Collectively, our
data show the mechanistic basis for enhanced protective immunity against P. yoelli elicited by
ITV in highly susceptible C57BI/6 mice is independent of CD8 T cells. These studies may be
relevant in understanding the potent immunity observed with ITV in humans.

Keywords
Plasmodium infections; CD8 T cells; vaccination; antibodies; subpatent infection

© 2013 Elsevier Ltd. All rights reserved.

"Corresponding author: John T. Harty, Ph.D., University of lowa, Department of Microbiology, 3-512 Bowen Science Building, 51
Newton Road, lowa City, |1A 52242, Phone: 319-335-9720, FAX: 319-335-9006, john-harty@uiowa.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest Statement
The authors have no financial conflicts of interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

Plasmodium infection exacts a significant toll on human public health with more than
375,000 malaria-related deaths reported in 2010 [1]. Anti-malarial vaccination represents an
attractive intervention to break the cycle of disease transmission. Whole-parasite based
approaches, specifically vaccination with radiation-attenuated sporozoites (RAS), have
proven capable of generating immunity in humans [2]. Despite this success, RAS induced
protection appears to require immunization with very large numbers of parasites (>1000
bites from mosquitoes harboring RAS [2]) and needle delivered RAS has yet to induce
protection in humans [3]. Another approach first described in rodents (infection-treatment-
vaccination, 1TV) [4-7] also elicits protection against subsequent sporozoite exposure in
human subjects [8, 9]. In this approach, human subjects receive mosquito bite inoculation of
virulent P. falciparum sporozoites while concurrently undergoing chloroquine (CQ)
chemoprophylaxis [8, 9]. Importantly, this ITV approach required fewer mosquito bites
(~36-45 bites over 3 exposures) to elicit full protective immunity [8, 9]. Thus, in humans
ITV appears to induce much more potent immunity compared to RAS vaccination.

Protection afforded from whole-sporozoite vaccinations, such as ITV and RAS, is reported
to involve liver-stage directed CD8 T cells [4, 10-12]. For example, in a rodent model of
ITV whereby BALB/c mice were given a single dose of 10° virulent P. yoelii 265BY
sporozoites followed by 10 consecutive days of CQ chemoprophylaxis, reduction in liver
parasite burden after challenge 15 days later involved CD8 T cells, IFN-y and NO™ as the
primary immune effectors [4]. Similarly, ITV-induced protection in humans correlates with
T cells producing effector cytokines [8]. In rodent models of RAS immunization, protection
is critically linked to CD8 T cells exhibiting activity against the liver-stage of infection [13].
Collectively, these results highlight that CD8 T cell-mediated liver-stage protection can be
achieved following whole-sporozoite vaccination approaches, such as ITV or RAS.

Although protection in rodents and humans receiving attenuated whole-sporozoite
vaccination is associated with CD8 T cells against liver-stage antigens, it remains unclear
how a single dose of ITV can afford immunity in rodents whereas multiple, high-doses of
RAS are required [4]. These two whole-sporozoite vaccination approaches differ in that
RAS vaccination results in only transient, non-replicative infection of hepatocytes, whereas
ITV using chloroquine (CQ) allows for productive infection of hepatocytes, release of
merozoites and infection of red blood cells (RBC). Due to the blood-stage specific inhibitory
effects of CQ [7, 14], merozoites are unable to undergo further rounds of replication in
RBC. Thus, critical differences in antigen load, and antigen targets may lead to differences
in the protective T cell response and/or humoral responses, which may underlie the
exceedingly potent immunity induced by ITV compared to RAS.

Although the widespread prevalence of CQ-resistant P. falciparum complicates direct
clinical application of this approach, protection elicited by ITV platforms in human subjects
further underscores the potential for whole-parasite approaches to elucidate the cellular and
immunologic requirements for successful anti-malarial vaccination. At a minimum,
experimental 1TV may directly aid identification of both host and parasite-specific factors
that determine high levels of protective anti-Plasmodial immunity. Thus, understanding the
immunological mechanisms that underlie enhanced immunity following low-dose 1TV
would fill a critically important knowledge gap. Here, we analyzed the immunological basis
of superior immunity induced by ITV compared to RAS vaccination in a stringent parasite-
host model.
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Materials and Methods

Mice and immunizations

Female 6-8 week old C57BL/6 mice were purchased from the National Cancer Institute
(Frederick, MD) and housed at the University of lowa animal care unit at the appropriate
biosafety level. C57BL/6 pS-AlID™/~ mice deficient in the immunoglobin heavy-chain ;-
chain secretory domain and activation-induced cytidine deaminase [15], were a gift from F.
Lund (University of Alabama, Birmingham) and were bred at the University of lowa. The
Institution Animal Care and Use Committee approved animal experiments. P. yoelii 17XNL
(Py) sporozoites were isolated from the salivary glands of infected A. stephensi mosquitoes
obtained from New York University insectary and radiation attenuated by exposure to 200
Gy (20,000 rads). Mice were vaccinated intravenously (1.V.) with 10,000 radiation-
attenuated or virulent sporozoites. Mice vaccinated with virulent sporozoites were given 10,
25, or 30 daily I.P. injections of 100 p;l (8mg/mL) chloroquine (CQ) diphosphate salt
(Sigma, St. Louis, MO) in PBS from d0—-d9, d0—d24 or d0—d29, respectively.

Parasites for immunizations and challenges

Naive and immunized mice were challenged 1.V. >60 days post-immunization with the
indicated number of virulent Py sporozoites or 106 Py-infected red blood cells. Low-grade,
transient, parasitemia following CQ drug cessation was quantified by evaluating Giemsa
stain of thin blood smear at least every two days from day 13-20 by examining at least 20
fields containing at least 150 red blood cells. Naive mice used for challenge studies received
ten daily injections of chloroquine >50 days prior to challenge to control for potential
residual drug activity. Patent parasitemia following challenge was evaluated by Giemsa stain
of thin blood smear at least every two days from day 4-10 post-challenge. Protection is
defined as the absence of detectable blood-stage parasites at all time-points examined. At
least 20 fields containing at least 150 red blood cells were examined for each mouse
designated as exhibiting protection. Mice exhibiting less than 5% parasitemia at all time-
points examined, and never for more than four consecutive days of detectable parasitemia
were classified as resistant.

Detection of parasite-specific CD8 T cells in blood

Vaccine-induced CD8 T cell populations were identified by staining peripheral blood with
anti-CD8a (53-6.7; Biolegend, San Diego, CA) and anti-CD11a (M17/4; Biolegend)
antibodies as described [16, 17]. Cells were analyzed using a BD FACSCanto or BD LSR
Fortessa and data were analyzed using FLOWJO Software (Tree Star, Inc, Ashland, OR).
Animals were pre-bled prior to vaccination to establish individual background of circulating
CD8qintermediate cp11aNi T cell frequencies.

T cell depletion

Mice were depleted of CD8 T cells or CD4 T cells by two I.P. injections of 50u;g or 200y;g
anti-CD8 (2.43; BioXCell, West Lebanon, NH) or 200y;g anti-CD4 (GK1.5; BioXCell).
Depletion was confirmed in tissues for preliminary experiments or prior to challenge by
staining PBMCs with anti-CD8 (53-6.7; Biolegend) and anti-CD4 (RM4-5; Biolegend).

Blood-stage reactive antibody detection

Mice were administered 10,000 Py sporozoites with 10 or 25 days of daily I.P. CQ
injections, and serum was collected >40 days post immunization. Dilutions of serum were
allowed to react to parasitized red blood cell lysate (prepared as described [18]) immobilized
onto Maxisorb Immunoplates (Nunc-Immuno, Rockford, IL). Total 1gG antibodies were
detected with horseradish peroxidase-conjugated goat anti-mouse 1gG (Jackson

Vaccine. Author manuscript; available in PMC 2015 January 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Doll et al. Page 4

ImmunoResearch, Pike Grove, PA) and tetramethylbenzidine substrate (Sigma). Results are
presented as absorbance (450 nm) as a function of serum dilution.

Liver parasite burden

Mice were administered 10,000 Py sporozoites with or without 10 days of daily I.P. CQ
injections. Naive mice were administered 10 days of daily 1.P. CQ. Mice were challenged
>60 days after immunization with 40,000 Py sporozoites. Liver RNA was extracted at 44
hours post challenge using TRIzol (Invitrogen) and one-step quantitative real-time reverse
transcription PCR analysis for P. yoelii 18S rRNA was performed on 2y;g of liver RNA. P.
yoelii 18S rRNA was detected using 5-GGGGATTGGTTTTGACGTTTTTGCG-3’
(forward primer), 5-AAGCATTAAATAAAGCGAATACATCCTTAT-3 (reverse primer),
and 5’-FAM-CAATTGGTTTACCTTTTGCTCTTT-TAMRA-3’ (probe), which generates a
133-bp fragment [19]. Data were normalized to GAPDH control Ct value and infected naive
control Ct values by calculating 2*(—AACt). Data plotted as % parasite burden +/- S.E.M.
with values normalized relative to infected naive controls.

Detection of persisting parasites under CQ treatment

Mice were administered 10,000 Py sporozoites with or without 10 days of daily I.P. CQ
injections. Naive mice were administered 10 days of daily 1.P. CQ. Mice were euthanized
and spleens were excised on day 9 post-immunization (on last day of CQ treatment). Splenic
RNA was extracted using TRIzol (Invitrogen) for quantitative real-time PCR analysis for P.
yoelii 18S rRNA using primers described above. 18s rRNA copy numbers was estimated
using a standard curve generated from known amounts of plasmid copy containing the
identified 18s DNA insert.

Statistical Analysis
Data were analyzed using Prism4 software.

Results

ITV is associated with significantly larger anti-Plasmodial CD8 T cell responses and
protection from challenge compared to RAS vaccination

Several whole-sporozoite vaccination models in rodents have been used to study the
requirements for protective liver-stage immunity against stringent sporozoite challenge [20—
26]. For example, RAS-vaccinated C57BI/6 (B6) mice are more difficult to protect than
RAS-vaccinated BALB/c against Plasmodium yoelii 17XNL (Py) infection, with the former
requiring multiple sporozoite immunizations to elicit similar protection [10, 13]. Similarly,
ITV was more potent in inducing protection than RAS in BALB/c mice [4]. B6 mice are
more susceptible to Py than BALB/c mice and are harder to protect by RAS vaccination [10,
12, 13]. To understand the cellular basis of protective immunity in a stringent parasite-host
model, we studied B6 mice vaccinated by single administration ITV or RAS. Naive B6 mice
subjected to ITV or RAS vaccination were challenged >60 days after immunization by 1.V.
injection of 102 virulent Py sporozoites (~300x the 1Dsg). Challenged mice were evaluated
from 4-10 days post challenge for evidence of blood-stage parasites. All naive control mice,
whether treated with CQ or not, exhibited blood-stage parasitemia, a single administration of
ITV under 10 days of CQ treatment induced protection (no evidence of blood-stage parasites
by evaluation of Giemsa stained thin blood smear) in 90% of mice, whereas mice receiving
a single RAS vaccination exhibited no protection (Table 1). Thus, single administration ITV
can induce protection against sporozoite challenge at a memory time point even in a
stringent B6-Py model.

Vaccine. Author manuscript; available in PMC 2015 January 16.
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Memory CD8 T cells induced by whole-sporozoite vaccines (RAS, genetically attenuated
parasites (GAP), and I1TV) have been reported to mediate liver-stage protection against
sporozoite challenge [4, 10, 12, 23, 26]. Thus, we hypothesized that quantitative and/or
qualitative features of the CD8 T cell response would account for the enhanced protection
following single administration 1TV compared to RAS vaccination in B6 mice. To examine
this, we used a surrogate activation marker approach, developed in our laboratory [16, 17],
which allowed us to measure the magnitude and kinetics of the total CD8 T cell response to
vaccination in the peripheral blood of individual mice without a priori knowledge of MHC-
restriction, antigen-specificity, or precise epitopes. This method relies on the stable changes
in surface marker expression of CD8a and CD11a on CD8 T cells in response to T cell
receptor mediated activation following infection or immunization in vivo [17]. Thus, naive
CD8 T cells are CD8aM, CD11aintermediate (int) \yhereas antigen-specific effector and
memory CD8 T cells are CD8ai", CD11aM [16, 17]. Naive B6 mice have low frequencies of
CD8a'N, cD11aM T cells at do, prior to vaccination (Fig. 1A-B). Following ITV the total
vaccine-induced CD8 T cell response was 2—-3x larger at both effector (d6) and memory
(d68) time points compared to RAS vaccination (Fig. 1A-B). Additionally, homologous
challenge with 104 virulent Py sporozoites at a memory time point (day 69) led to >2x larger
CD8 T cell secondary responses in ITV mice compared to secondary responses in RAS
vaccinated mice (Fig. 1B, P < 0.00001, d76). These data show that superior protection
afforded by single administration ITV compared to RAS vaccination correlates with the
induction of significantly larger total effector (P <0.00001), memory (P = 0.00143) and
secondary CD8 T cell responses.

ITV-induced CD8 T cells are not required for protection from liver-stage challenge

It has been argued that CD8 T cells mediate 1TV-induced protection in humans and BALB/c
mice [4, 8, 27]. We evaluated the requirement for ITV-induced CD8 T cells in mediating
protection against a sporozoite (liver-stage) challenge in B6 mice by antibody-mediated
depletion of these cells at a memory time point prior to challenge. Groups of mice were
given a single administration of ITV and >60 days later were administered 50;g of anti-
CD8 depleting antibody twice over three days. Successful depletion was verified by
analyzing blood, spleen and liver. This treatment resulted in >98.5% CD8 T cell depletion in
all tissues examined (Fig. 2A). A different group of mice received a single administration of
ITV and >60 days later were administered 200y;g of anti-CD8 depletion antibody one day
prior and one day after sporozoite challenge to ensure depletion of CD8 T cells in peripheral
tissues. For these mice, CD8 T cell depletion was verified by analyzing peripheral blood of
individual mice one day after the last antibody treatment (>98% depletion, data not shown).
CD8 T cell depleted and control rat IgG treated mice were challenged with 103 Py
sporozoites. In contrast to previous studies [10, 12], CD8 T cell depletion did not decrease
the frequency of protected mice as determined by evaluation of Giemsa stained thin blood
smear, compared to non-depleted control mice (Fig. 2B). However, ITV mice that were not
protected (~25% in each group) exhibited substantial control of infection compared to naive
control mice that develop parasitemia lasting >25 days. These ITV mice were categorized as
“resistant” if parasitemia did not exceed 5% or was cleared below the level of detection
(blood smear negative) by 10 days after challenge. Thus, in a stringent host-parasite model
of protection, CD8 T cells induced by single administration ITV are not required to provide
protection or substantial resistance against sporozoite challenge.

To determine if a liver-stage specific protective role for ITV-induced CD8 T cells could be
documented, we measured Py-specific 18s rRNA in the liver after a high dose sporozoite
challenge in CD8-depleted and non-depleted ITV mice. Mice were given a single ITV
administration and depleted of CD8 T cells or given rat 1gG control prior to challenge with
40,000 Py sporozoites (Figure 2C). Parasite burdens were modestly reduced in ITV mice
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with this high-dose challenge, however, depletion of CD8 T cells did not significantly
increase liver Py-specific 18s rRNA compared to non-depleted controls (Figure 2C).
Collectively, these data demonstrate that single administration 1TV-induced CD8 T cells are
not required to achieve immunity against sporozoite challenge.

ITV-induced protection is associated with transient blood-stage parasite exposure

ITV allows for complete liver-stage development and merozoite entry into red blood cells
before infection is truncated by the blood-stage-specific inhibitory effects of CQ [4, 7, 14].
In a human model trial, Plasmodium-specific nucleic acids were detectable for several days
in the blood of all ten patients following the first administration of ITV with CQ
chemoprophylaxis [8]. Further, when patients received a second and third ITV
administration, 6 and 3 patients had detectable Plasmodium-specific nucleic acid in the
blood, respectively [8]. Thus, it is possible that CQ chemoprophylaxis allows for a sustained
subpatent (not detectable by blood smear) blood-stage infection, which may potentiate the
generation of blood-stage-specific cellular and humoral immune responses that contribute to
protection. We evaluated single administration 1TV in B6 mice for evidence of sustained
subpatent blood-stage infection by testing for Py-specific 18s rRNA in the spleen on the last
day of CQ chemoprophylaxis [19]. Despite CQ treatment, Py-specific 18s rRNA was above
the limit of detection in 60% of the ITV mice (Fig. 3A). The presence of Py-specific RNA
suggests that metabolically active, viable blood-stage parasites may persist for the duration
of the 10 day CQ chemoprophylaxis.

CDA T cells are a critical cellular component necessary for control of blood-stage parasite
replication and persistence [28, 29]. To further address a role for persisting blood-stage
parasites, naive mice undergoing single administration TV were immunocompromised by
CDA T cell depletion from day 0 through day 9, post sporozoite infection (Suppl. Fig. 1A),
and subsequently monitored for the appearance of blood-stage parasites. Following cessation
of CQ chemoprophylaxis, CD4 T cell depleted ITV mice had uncontrolled blood-stage
infection (Fig. 3B). Strikingly, all ITV immunocompetent (no depletion) mice also exhibited
detectable, albeit very low levels of blood-stage parasitemia following CQ cessation (Fig.
3B, lower panel). Higher resolution analyses revealed that approximately 3-5 days
following cessation of CQ chemoprophylaxis all mice exhibited patent (albeit low-grade)
parasitemia (Fig. 3C). The duration of low-grade, transient, parasitemia was between 3-6
days, and ranged from slightly above the limit of detection (greater or equal to 1 parasite out
of 3000 red blood cells, 0.033% parasitemia) to 5% parasitemia. By day 7 after cessation of
CQ, all ITV mice cleared the infection without requirement for further intervention. This
low-grade, transient, parasitemia is not a consequence of insufficient CQ dosing: doubling
the dose of CQ for the ten day time period still resulted in low-grade, transient parasitemia
after drug withdrawal (data not shown), despite our observation that two low-dose CQ
treatments can reduce patent blood-stage infection to undetectable frequency in heavily
parasitized mice (Suppl. Fig. 1B). Taken together, these results indicate that after single
administration ITV, viable blood-stage parasites persist in B6 mice following ten
consecutive days of CQ chemoprophylaxis.

ITV-induced protection is associated with induction of blood-stage reactive antibodies

Low-grade, transient parasitemia after CQ cessation in single administration ITV mice may
increase the duration or amount of exposure to blood-stage antigens and contribute to
protective immunity. We next tested if abrogating low-grade patent parasitemia decreased
protection in single administration ITV mice. Mice received ITV with 10 or 25 days of CQ
chemoprophylaxis. All 10 day CQ mice exhibited low-grade, transient, parasitemia after CQ
withdrawal, however 25 day treated CQ mice did not exhibit patency after cessation of drug
treatment (data not shown). Both groups were challenged >60 days after start of
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immunization (>35 days after end of CQ treatment). ITV mice exhibiting parasitemia after
CQ cessation exhibited greater than 65% protection as determined by evaluation of Giesma
stained thin blood smear (Fig. 3D). Conversely, single administration ITV mice treated for
25 days with CQ, which did not exhibit low-grade, transient, parasitemia after CQ cessation,
were not protected. Nevertheless, these mice still exhibited control of infection and were
thus, relatively resistant to challenge (Fig. 3D).

It is well established that antibodies are elicited against asexual blood-stage parasites during
Py infection [30, 31]. Since ITV-induced protection does not require CD8 T cells, but is
associated with multi-day exposure to blood-stage infection (control of which depends on
CD4 T cells), we hypothesized that ITV may elicit antibodies reactive against blood-stage
antigens that overcomes specific requirements for CD8 T cells in protection. To evaluate
this, we determined levels of total IgG against parasitized red blood cell lysate in serum
from ITV mice experiencing low-grade, transient parasitemia compared to no parasitemia
ITV mice. As expected, both vaccination groups had detectable levels of total 1gG against
blood-stage antigens. However, serum from mice that had experienced low-grade, transient
parasitemia after ITV contained significantly higher titers of parasite-specific 19G (P < 0.01,
Fig. 3D). Next, we determined if ITV-induced antibodies were required for control of blood-
stage parasites. To address this question, we utilized p;s-AID™/~ mice on a C57BI/6
background, as these mice lack the ability to secrete functional antibodies, but still maintain
B cells [15]. Naive p;s-AID~/~ mice and wild-type B6 mice were vaccinated with 104
virulent Py sporozoites with 10 days of CQ chemoprophylaxis. After cessation of CQ
chemoprophylaxis, 1;s-AID~/~ mice exhibited uncontrolled parasitemia and all eventually
succumbed to hyperparasitemia (data not shown). Thus, we administered 25-30 days of CQ
to W;s-AlD™~ mice in an attempt to prevent the occurrence of parasitemia. In 7 out of 15 of
the p;s-AID ™/~ mice administered ITV with 25-30 days of CQ, parasitemia still occurred
after CQ cessation, and these mice also all eventually succumbed to hyperparasitemia
(Suppl. Fig. 2A). These results demonstrate the ability of Py blood-stage parasites to persist
for a long duration under CQ chemoprophylaxis specifically in the absence of secreted
antibodies. Further, as an extension for the requirement for CD4 T cells to control low-
grade, transient parasitemia (Fig. 3B), antibodies appear to be necessary to control the low-
grade, transient parasitemia that occurs after CQ treatment cessation. We challenged the
surviving vaccinated ;s-AlD™~ mice with 103 virulent Py sporozoites. All 8 challenged
ITV p;s-AlID™/~ mice developed patent parasitemia and 7 out of 8 succumbed following the
challenge (Suppl. Fig. 2B). Taken together, these data suggest ITV elicits antibodies reactive
against blood-stage antigens, which are critical for the control of low-grade, transient
parasitemia after CQ cessation, and protection following sporozoite challenge.

ITV confers protection against blood-stage challenge

Our results demonstrate that ITV induces antibodies reactive against blood-stage antigens
and does not require CD8 T cells for protection against liver-stage, sporozoite challenge in
the Py model of infection in B6 mice. To further define the role of antibodies in ITV-
induced protection, mice were administered 102 sporozoites with 10 days of CQ
chemoprophylaxis, to permit low-grade, transient parasitemia after CQ cessation and
induction of higher blood-stage reactive antibody titers. One day prior to challenge at a
memory time point, some mice were depleted of both CD8 and CD4 T cells. T cell depleted
and control mice were then challenged with 108 Py parasitized red blood cells, which
resulted in patent parasitemia in all non-depleted, naive mice. Strikingly, T cell depletion did
not reduce the fraction of ITV mice exhibiting protection or resistance to this blood-stage
challenge compared to IgG treated ITV mice (Fig. 4). Taken together, these data indicate
that neither CD4 nor CD8 T cells are required for protection against blood-stage challenge
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in this model of single administration 1TV in B6 mice. Collectively, our results suggest that
ITV-induced antibodies are the primary mediator of protection from blood-stage infection.
Discussion

ITV elicits superior protection compared to RAS vaccination in human and rodents [2, 4, 8].
However, the precise mechanisms of this superior protection are unknown. We addressed
this knowledge gap using the B6-Py 17XNL model because of the more stringent
requirements to achieve protection (no evidence of blood-stage parasites after evaluation of
Giemsa stained thin blood smear) after challenge in B6 mice given RAS and GAP
vaccinations compared to BALB/c mice challenged with Py or P. berghei [10, 12, 13].
Unexpectedly, we found evidence for patent blood-stage infection after cessation of CQ
chemoprophylaxis in the ITV mice, permitting not only liver-stage immunity but also
protective T cell-independent blood-stage immunity.

Whole-sporozoite vaccine-induced, liver-stage directed CD8 T cells are required for
protection in multiple rodent models. This requirement applies to both RAS [10, 11, 13] and
genetically attenuated parasite (GAP) vaccination [12]. Thus, as expected, ITV also induces
CD8 T cells that are capable of reducing the liver parasite burden. Indeed, in a BALB/c-P.
yoelii 265BY model of ITV, CD8 T cells, IFN-y and NO™ were the primary immune
effectors of protection [4, 11]. Similarly, in a B6 model using P. berghei ANKA sporozoites,
protection from challenge was correlated with the amount of IFN-y produced by memory
CD8 T cells [11]. In accordance with rodent studies, ITV-induced protection in humans
correlates with the presence of T cells producing effector cytokines [8]. Collectively, these
results highlight that significant CD8 T cell-mediated liver-stage protection can be achieved
following whole-sporozoite vaccination approaches, such as ITV, GAP or RAS.

Previously, we have shown that protection against sporozoite challenge correlates with
larger vaccine-induced effector and memory CD8 T cell responses [12]. The larger
magnitude of CD8 T cell response was a result of additional liver-stage antigens expressed
during GAP vaccination compared to RAS (reviewed in [32]). Surprisingly, we found that
despite significantly larger effector and memory CD8 T cells induced from ITV compared to
RAS vaccination, CD8 T cells were not required for protection from sporozoite challenge in
the B6 model of Py 17XNL ITV. RAS and GAP vaccination require multiple immunizations
to achieve CD8 T cell mediated protection from challenge in the B6-Py17XNL model [12].
For instance, in Py fabb/f~ GAP vaccination, wherein the parasite is blocked late in liver-
stage differentiation, a single immunization with 2 x 10* attenuated sporozoites failed to
protect B6 mice from sporozoite challenge [12]. These results highlight the requirement for
numerically boosting RAS- and GAP-induced CD8 T cell responses to provide protective
immunity against sporozoite challenge. In the B6-Py 17XNL ITV model, a single
immunization dose elicited protective immunity, but this was dependent on low-grade,
transient parasitemia after cessation of CQ treatment. Thus, an explanation for the larger
CD8 T cell response from ITV may be exposure to blood-stage antigens. Several studies
suggest that CD8 T cells are induced from exposure to blood-stage parasites [33, 34]. The
specificity of the ITV-induced effector and memory CD8 T cell responses is unknown since
both liver- and blood-stage antigens are expressed during immunization. However, our data
indicate in the B6-Py 17XNL model of ITV, CD8 T cells are not required for immunity
against liver-stage or blood-stage challenge. Therefore, our results suggest other
component(s) of the immune response elicited by 1TV may be primarily responsible for
immunity. It is possible the ITV-induced CD4 T cells could contribute to reducing liver-
stage parasites [4]. However, neither memory CD4 nor CD8 T cells were required for
protection against blood-stage challenge, highlighting that the potent blood-stage immunity
we observe is independent of memory T cells.
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Sporozoites administered with CQ chemoprophylaxis are competent to undergo a full
program of amplification and differentiation in the liver and are released from the liver to
undergo a round of infection in the blood as blood-stage merozoites. Due to the inhibitory
effects of CQ, further replication is prevented by newly released blood-stage merozoites [7,
14]. In the B6-Py 17XNL ITV model, we found that CQ chemoprophylaxis does not
completely eliminate the parasites during the 10 day course of treatment. Unexpectedly, we
show subpatent parasites persist during CQ chemoprophylaxis, which can replicate to patent
levels once CQ treatment ends. Further, multiple days (3—-6 days) of patent, low-grade
parasitemia were required for the induction of immunity. Moreover, depletion of CD8 and
CDA T cells prior to blood-stage challenge did not abrogate ITV-induced protection. Low-
grade, transient parasitemia during ITV with CQ chemoprophylaxis is not limited to rodent
studies, but has also been observed in human ITV studies [8, 9]. Indeed, in these two studies,
gPCR analysis of the blood revealed the majority of patients had subpatent infection
following the first administration of ITV. Interestingly, in one study, 2 of the 15 human
subjects undergoing ITV were reported to have a positive thick blood smear on day 7 and
received atovaquone/proguanil treatment before continuation in the study [9]. The
mechanism of blood-stage parasite persistence during CQ chemoprophylaxis in humans and
rodents is unknown. CQ interrupts the capacity of merozoites to detoxify heme by
preventing the polymerization of heme into hemazoin in red blood cells [35]. Recently
Wykes et al. provided evidence that rodent blood-stage parasites can be found to persist in
plasmocytoid dendritic cells (pDCs) [36]. Persistence in a non-red blood cell, where heme is
not present and thus not utilized by the parasites, is a potential mechanism whereby
Plasmodia may avoid the impact of CQ chemoprophylaxis. It remains to be determined
whether human Plasmodium blood-stage parasites can similarly persist in pDCs, but such
persistence could provide an explanation for patent parasitemia observed following the
cessation of CQ treatment in rodents.

In the B6-Py 17XNL model of ITV, we demonstrate the requirement of low-grade, transient
parasitemia in induction of protective blood-stage directed antibody responses to provide
protection. The role of subpatent, or low-grade, transient parasitemia, in the human studies
was not further investigated, but it is possible low-grade blood-stage infections could elicit
blood-stage immunity. Indeed, Pombo et al. demonstrated the induction of blood-stage
immunity from low-grade blood-stage infection through the vaccination of human subjects
with three administrations of ~30 P. falciparum-infected red blood cells followed by drug
treatment 8-14 days later [28]. This vaccination strategy resulted in complete protection in 3
of the 4 human subjects when challenged with ~30 P. falciparunm+infected red blood cells.
The delayed treatment, compared to immediate treatment in human studies of ITV [8, 9],
could allow sufficient replication and host exposure to blood-stage specific antigens during
subpatent parasitemia to induce blood-stage immunity. However, the authors could not link
protection to measureable 1gG responses against blood-stage antigens. Rather, they
correlated protection with induction of a Th1 response [28]. Conversely, when the human
subjects receiving ITV were challenged with ~2,000 viable P. falciparum-infected
erythrocytes 1.V, the subjects were not protected and did not differ from naive controls in
the pre-patent period as detected by thick blood smear or PCR [9]. From these results, the
authors concluded that ITV in human subjects did not elicit functional blood-stage
immunity. However, it is important to note the human model precludes the ability to
determine if vaccine-induced blood-stage immunity can control parasitemia, because these
patients must be treated when blood-stage parasites are first detected to prevent symptoms of
malaria. Indeed, we found that the pre-patent period did not dramatically differ in mice
containing antibodies reactive to blood-stage antigens compared to naive mice.
Nevertheless, blood-stage specific antibodies ultimately contribute to demonstrable control
and earlier clearance of parasitemia [34]. Thus, it is possible the restricted analysis of
antibodies produced against only one liver-stage and two blood-stage antigens [9], combined
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with the inability to directly test whether blood-stage immunity can control parasitemia, may
explain the lack of support for blood stage immunity in humans receiving ITV.

Based on such ethical constraints in human studies, rodent models are essential to
understand the immunological mechanism underlying immunity elicited by whole-
sporozoite and blood-stage parasite vaccinations. Indeed, the scalability of production,
potential for drug resistance, and requirement of multiple immunizations complicates the
application of whole-parasite vaccination approaches in the field, whereas a subunit
vaccination approach could circumvent all these issues. The rodent model of RAS
vaccination has predicted a strategy that provides protection in humans [2, 37, 38].
Therefore, continued studies in rodent models, and the analysis of the targeted antigens
responsible for cellular and antibody-dependent immunity from sporozoite and blood-stage
challenges, may reveal potent components for eliciting protection which can be translated
for use in a human subunit vaccine.

In conclusion, our data provide insight into the cellular and immunological basis for
enhanced protective immunity following vaccination with virulent sporozoites under
chloroquine chemoprophylaxis. Our data reveal 1TV-induced immunity against homologous
challenge is not solely mediated by memory CD8 T cells, but is also mediated by T-cell
independent blood-stage immune responses induced following exposure of the host to low-
grade blood-stage parasitemia. A major issue in protection against Plasmodium in the field
is the antigenic diversity of human malaria strains. Thus, it will be of major interest to
determine whether ITV can provide heterologous immunity. In sum, these data further
strengthen the rationale for mechanistic studies focused on identifying the cellular and
humoral antigenic targets of whole parasite vaccine-induced, protective anti-Plasmodial
immunity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ITV induceslarger effector, memory, and permits higher secondary CD8 T cell

responsesthan RAS vaccination in B6 mice

B6 mice were immunized with 104 Py either as RAS or ITV with 10 days CQ
chemoprophylaxis. Arrows indicate day of vaccination or rechallenge. (A), Representative
CD8 T cell responses in blood at the indicated days post vaccination. Numbers indicate the
frequency of CD8 T cells exhibiting an antigen-experienced (CD8a/", CD11a") phenotype.
(B), Cumulative and kinetic analysis of ITV versus RAS vaccine-induced CD8 T cell
responses. Secondary effector responses were measured after administration of 104 virulent
sporozoites on day 68. Data are Mean +/- SD for 30 mice (through d68) and 10 mice (d68

to d88). **, P <0.0001; *, P = 0.00143.
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Figure2. ITV-induced CD8 T cellsare not required for protection from homologous spor ozoite
challenge
(A) CD8 T cell depletion in blood, spleen and liver of ITV mice (day 60) given control 1g or

anti-CD8 antibody (50 ug, day 57 and 59 post ITV). (B), Percent of ITV (day 60) or naive
B6 mice exhibiting protection (black shading), resistance (grey shading, defined in Materials
and Methods), or no protection (open) to sporozoite challenge with or without depletion of
CD8 T cells. Data are pooled from four independent experiments. P = 0.9324 for protection
between rat IgG and anti-CD8 groups as assessed by Chi-square analysis. (C), Liver parasite
burden 44 hours after 40,000 Py sporozoite challenge in ITV (day >50) or naive mice
depleted of CD8 T cells or treated with control 1g. Py-specific 18s ribosomal RNA transcript
numbers were quantified via gRT-PCR. Data are normalized to GAPDH and infected naive
control Ct values (set at 100%) +/- S.E.M. Data are pooled from two independent
experiments.
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Figure 3. Transient parasitemia after CQ cessation correlates with protection and induction of
anti-blood stage parasite antibodiesduring ITV

(A), Py-specific ribosomal RNA copy number in the spleen of Py infected control (day 9) or
ITV (day 9) B6 mice. Data represent individual mice and are pooled from two independent
experiments. (B) Parasitemia in CD4 T cell depleted 1TV mice after cessation of CQ (top
panel). Low frequency parasitemia in control 1g treated mice after CQ cessation (bottom
panel) in ITV B6 mice receiving 10 days of CQ chemoprophlyaxis. Error bars in bottom are
mean +/- SD. (C), Parasitemia after CQ cessation in five individual ITV B6 mice receiving
10 days of CQ chemoprophylaxis. (D) Percent of B6 ITV mice, given 10 days or 25 days of
CQ chemoprophylaxis, or RAS vaccinated mice exhibiting protection (black shading),
resistance (grey shading), or no protection (no shading) after challenge with 103 virulent
sporozoites >60 days after vaccination. Data are pooled from four independent experiments.
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P < 0.0001 by Chi-Square analysis comparing 1TV-10d CQ to ITV-25d CQ for protection.
(E), Total serum IgG recognizing parasitized red blood cell lysates from naive or ITV B6
mice (ITV-10d CQ or ITV-25d CQ). The ITV-25d CQ group did not exhibit patent
parasitemia after CQ cessation. Results are representative of two independent experiments.
** P <0.01; *, P <0.05.
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Figure4. T cellsarenot required for protection from blood-stage challengein single
administration ITV mice

Percent of ITV or naive B6 mice exhibiting protection (black shading), resistance (grey
shading), or no protection (no shading) with or without depletion of CD4 and CD8 T cells
prior to challenge with 10° blood-stage Py parasites. Data are pooled from three independent
experiments.
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Table 1

Single-dose infection-treatment vaccination (ITV) provides sterilizing protection from Py sporozoite challenge
in B6 mice.

Attenuated Sporozoite  Day challenged % Sterilizing

Vaccination® post-vaccination  protection®
Naive+CQC N/A 0% (0/10)
10,000 RAS 62 days 0% (0/10)
10,000 ITV 62 days 90% (9/10)

aAge matched C57BL/6 female mice were vaccinated 1.V. with 104 P. yoelii RAS or with virulent P. yoelii 17XNL sporozoites plus once daily I.P.
injection of CQ for 10 ays, (ITV).

bSterilizing protection is defined as complete absence of detectable blood-stage parasitemia when assessed on days 3, 5, 7, 9 and 10 post-challenge

with 103 P. yoelii sporozoites.

CNaive C57BI/6 female mice were administered CQ similarly as ITV group.
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