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Innate immunity limits protective adaptive immune
responses against pre-erythrocytic malaria
parasites
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Immunization with attenuated whole Plasmodium sporozoites constitutes a promising vac-
cination strategy. Compared to replication-deficient parasites, immunization with replication-
competent parasites confers better protection and also induces a type | IFN (IFN-1) response,
but whether this IFN-1 response has beneficial or adverse effects on vaccine-induced adaptive
immunity is not known. Here, we show that IFN-1 signaling-deficient mice immunized with
replication-competent sporozoites exhibit superior protection against infection. This corre-
lates with superior CD8 T cell memory including reduced expression of the exhaustion
markers PD-1and LAG-3 on these cells and increased numbers of memory CD8 T cells in the
liver. Moreover, the adoptive transfer of memory CD8 T cells from the livers of previously
immunized IFN-1 signaling-deficient mice confers greater protection against liver stage
parasites. However, the detrimental role of IFN-1 signaling is not CD8 T cell intrinsic.
Together, our data demonstrate that liver stage-engendered IFN-1 signaling impairs hepatic
CD8 T cell memory via a CD8 T cell-extrinsic mechanism.
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nfection by Plasmodium parasites causes more than 200 mil-

lion malaria clinical cases and results in over 400,000 deaths

annually, mainly in pregnant women and children under the age
of five. No fully protective vaccine exists. Plasmodium parasite
genomes encode over 5000 genes which are differentially transcribed
as the parasite progresses through its vector and mammalian host
multi-organ life cycle, rendering Plasmodium a difficult target for
traditional subunit vaccine approaches that have been successful for
less complex pathogens. The mammalian stages of infection are
initiated when sporozoites are injected into the skin by female
Anopheles mosquitoes!. Sporozoites traverse multiple cell types in
the skin, access capillaries, and transit to the liver. Here, each
sporozoite infects a single hepatocyte, transforms within and
develops as a liver stage (LS), undergoing multiple rounds of genome
replication, to produce tens of thousands of red blood cell-infective
exo-erythrocytic merozoites.

Merozoites are released into the blood where they infect red
blood cells, replicate within, and are released, thereby undergoing
continuous cycles of infection, replication, and release, allowing
parasite numbers in the blood to reach billions. The sporozoite
and LS of infection (referred to as the pre-erythrocytic stages) are
asymptomatic while all malaria-associated morbidity and mor-
tality is associated with the blood stages of infection?. Immuni-
zation with whole attenuated sporozoites unable to cause blood
stage infection constitute an attractive vaccine strategy. These
strategies include radiation-attenuated sporozoites (RAS), the
administration of sporozoites under anti-blood stage drug cover
(known as infection treatment vaccination or ITV) and geneti-
cally attenuated parasites (GAP) in which parasite arrest is
mediated by the targeted deletion of parasite genes critical for LS
development®?, GAPs have the advantage that targeted gene
deletion can determine the degree of parasite replication com-
petence®. Moreover, attenuation by genetic engineering allows for
further modification of the whole sporozoite immunogen to
enhance immunogenicity and subsequent vaccine efficacy. GAPs
confer sterile protection in rodents and data from a recently
published Phase I clinical trial testing the safety profile of a first-
generation early LS-arresting (EA) replication-deficient (RD) P.
falciparum GAP showed that GAPs are safe and can engender
potent immune responses to sporozoite antigens®. Furthermore,
in animal models, late LS-arresting (LA), replication-competent
(RC) Plasmodium yoelii GAPs afford superior pre-erythrocytic
immunity as well as stage- and strain- transcending immunity”~?
as compared to EARD GAPs and RAS. In humans, the superior
immunogenicity of RC whole sporozoite vaccines is demonstrated
by the observation that in comparison to RAS, ITV requires a
fraction of an immunizing sporozoite dose to achieve complete
sterilizing protection against controlled human malaria
infection!0.

In mouse models of Plasmodium infection, adaptive immune
responses engendered by whole sporozoite immunization have
been extensively studied. Antibody responses significantly con-
tribute to protection®!1-1>. Unlike antibodies, however, CD8
T cells alone are capable of conferring complete sterilizing pro-
tection, indicating their critical role in pre-erythrocytic immu-
nity!0-1%. Recently, we and others reported that live parasite
infection and replication in hepatocytes induces an innate
immune response that is dependent on type I IFN (IFN-1)
signaling?0-21. However, it remains unknown whether this IFN-1
response is beneficial, detrimental, or has no effect on vaccine-
induced adaptive immunity. Given the well-established favorable
roles of IFN-1 signaling on the development of adaptive immu-
nity?2-24, we hypothesized that the enhanced adaptive protection
afforded by LARC GAP immunization was in part dependent on
their ability to elicit this potent innate immune response. How-
ever, we here report the observation that the parasite-engendered

IFN-1 response in fact dampens adaptive CD8 T cell immunity
and vaccine-engendered protection. This impaired protection
correlates with a reduction in the magnitude and quality of
memory CD8 T cells in the liver after immunization of mice,
which we investigated further.

Results

Immunized IRF3~/~ and IFNAR/~ mice exhibit superior
protection. Rodent malaria LARC GAP have been generated by
deletion of genes encoding enzymes in the endogenous type II
fatty acid biosynthesis pathway, including FabB/F. These parasites
suffer a growth defect late during LS schizogony, do not form
exo-erythrocytic merozoites, and cannot initiate blood stage
infection?°. Rodent infection with LARC GAP or wild-type (WT)
parasites induces an innate immune response initiated by the
IRF3 transcription factor and propagated through the IFN-1
receptor, IFNAR?20:21,26,

To test the impact of IFN-1 signaling on adaptive immunity,
we immunized C57BL/6 WT (B6), IRF3~/~, and IFNAR~/~ mice
with a partially protective regimen of two doses of 50,000 P. yoelii
(Py) fabb/f- LARC GAP sporozoites. Four weeks after the second
immunization, mice were intravenously (i.v.) challenged with
10,000 Py GFPluc (luciferase-expressing WT P. yoelii 17XNL)?”
(Fig. 1a). Forty-four hours after challenge, we quantified parasite
LS burden by bioluminescent imaging. Compared to mock-
immunized mice, B6 mice immunized with LARC GAP showed a
34-fold reduction in parasite LS burden (Fig. 1b). Immunized
IFNAR~/~ and IRF3~/~ mice showed greater reductions of LS
burden of 1995- and 162-fold, respectively, although the latter
approached but did not reach statistical significance (Fig. 1b).
This enhanced protection against LS infection in immunized mice
lacking competent IFN-1 signaling was reflected in the lack of
onset of blood stage infection (patency) (Fig. 1c). While only 20%
of the immunized B6 mice were completely protected, with the
remaining 80% exhibiting an approximate 2-day delay in the
onset of blood stage patency (Fig. 1c), 90% of the immunized
IFNAR~/~ mice and 100% of immunized IRF3~/~ mice were
completely protected as they exhibited no signs of blood stage
infection (Fig. 1c). To examine the durability of LARC GAP-
engendered protection in the context of IFN-1 signaling, we
immunized cohorts of B6 and IFNAR/~ mice and quantified
patency upon Py GFPluc challenge 3 months after the last
immunization (Fig. 1d). None of the B6 mice immunized with
LARC GAP were completely protected although they exhibited a
1- to 2-day delay in the onset of patency, indicating a partial
reduction of LS burden (Fig. le). In contrast, 75% of the
immunized IFNAR—/~ mice were completely protected.

To confirm these results were due to the lack of IFNAR
signaling, we evaluated protection in LARC GAP-immunized B6
mice that received treatment with an IFNARI1-blocking mono-
clonal antibody (mAb) or its isotype control at the time of
immunization using the same immunization-challenge regimen
as before (Fig. 1f). In agreement with the results in IFNAR~/~
mice, i.v. challenge of each group with 10,000 Py WT sporozoites
4 weeks after the last immunization resulted in sterile protection
in 60% of the LARC GAP immunized mice that received the
IFNARI mAb while only 20% of the isotype control-treated mice
were protected (Fig. 1g).

Next, we set out to determine whether the negative impact of the
innate IFN-1 response on protective adaptive immunity was also
observed using a different RC vaccination type, ITV. For this, we
examined protection in B6 mice and IFNAR/~ mice immunized
with Py GFPluc sporozoites and subsequently treated twice with
atovaquone at 30- and 40-h post infection (hpi) to prevent the
completion of LS development and subsequent blood stage

2 | (2019)10:3950 | https://doi.org/10.1038/541467-019-11819-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a Prime
(50K LARC GAP luc)

Boost
(50K LARC GAP luc)

!

Challenge
(10K Py GFP luc)

1

Liver stage burden
(Bioluminescence)

1

-»

28 56 58 59 73
Patency
b . P=0116 c
10° g 100 .
H l
| = = C57BL/6 Mock (n =
10° '_T:. T: % o 80 = I C57BL/6 Mock (n = 8)
. o8 ks 1 —— C57BL/6 + LARC GAP (n = 10)
° © -1
Q € - | = = [FNAR™ Mock (n=7
2104| o oo s o ) ! (="
x 2 0 | e [FNAR™ + LARC GAP (n=11)
= )(6
E 100 o I S 40+ I": = = IRF3"" Mock (n = 3)
" _+_ g ) —— IRF3™ + LARC GAP (n=5)
D
s o o® o 20 = |
10° 4 : ]
ﬁi |
4 I Background 0 T T T T 1 1 1
10 T T T T T T 0 2 4 6 8 10 12 14
Mock LARC GAP Mock LARC GAP Mock LARC GAP
Days post challenge
C57BL/6 IFNAR™ IRF3™
d e
Prime Boost Challenge 3
(50K LARC GAP luc) (50K LARC GAP luc) (10K Py WT) =
K]
| 5
ay:0 28 118 121 135 8 == = C57BL/6 Mock (n = 6)
3 = C57BL/6 + LARC GAP (n = 8)
Patency € "
] = = IFNAR™ Mock (n=6)
e e |FNAR™" + LARC GAP (n =9)
|
0 T T T T T T 1
0 2 4 6 8 10 12 14
Days post challenge
f g 100
L]
| == == Mock (n =7)
Prime Boost Challenge 80 | == olFNAR1 mAb (n = 10)
(50K LARC GAP luc) (50K LARC GAP luc) (10K Py WT) 3 = Gy ( )
l l = = Mouse IgG, (n =8,
K] I
£ 60+ |
:_1f0 } 35 27 2829 31 3?3 56 59 73 = |
©
2.5 mg alFNART mAb 2.5 mg alFNART mAb Patency g , |
or isotype control or isotype control :,E, 0 : _I
o
D
& 204 :
|
0 ' L] L] L] L] L] L]
0 4 6 8 10 12 14

Days post challenge

Fig. 1 Ablation of type | IFN signaling enhances protection against pre-erythrocytic Plasmodium infection in LARC GAP-immunized mice. a Schematic of the
immunization regimen. Mice were immunized twice with 50,000 LARC GAP sporozoites and then challenged with 10,000 Py GFPluc sporozoites T month
after the final immunization. b Quantification of bioluminescent LS parasite burden 44 h after challenge. LS burden is significantly reduced in the livers of
immunized WT B6 mice and further reduced in IFNAR~/~ mice and IRF3~/~ mice. ¢ Examination of blood stage infection in immunized mice after

sporozoite challenge 30 days post last immunization. d Schematic of the immunization regimen with first challenge at 90 days after the last immunization.
Mice were immunized with LARC GAP sporozoites using the immunization regimen outlined in a and challenged with Py WT sporozoites 3 months after
the last immunization. e Examination of blood stage infection in immunized mice after sporozoite challenge 90 days after thelast immunization. f Schematic
of GAP-immunization regimen after treatment with alFNART-blocking mAbs. g Examination of blood stage infection in B6 immunized mice treated with an
IFNAR1-blocking mADb or isotype control antibody and challenged with WT sporozoites 30 days after the last immunization. Data from panels b, ¢, e and g
are compiled from two independent experiments with at least two mice in each group per experiment. Each dot represents a single mouse. Bar graphs are
expressed as mean + SD. Total number of mice in each experiment is shown in the survival curves. ***p <0.0001 (from unpaired two-tailed Student's t-
test). Components of this figure were created using Servier Medical Art templates, which are licensed under a Creative Commons Attribution 3.0 Unported

License; https://smart.servier.com
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infection (Supplementary Fig. 1A). All immunized mice were
challenged with Py WT sporozoites 4 weeks after the last
immunization. None of the immunized B6 mice were completely
protected but they exhibited a delay in the onset of blood stage
patency. In contrast, 40% of the immunized IFNAR~/~ mice were
completely protected and the remaining 60% exhibited a 3-day
delay to the onset of blood stage patency (Supplementary Fig. 1B).
Our data indicate that the efficacy of the immune response
engendered after immunization with two distinct whole sporozoite
vaccinations, LARC GAP and ITV, is enhanced in the absence of
IFN-1 signaling.

We also examined whether IFN-1 signaling impacted the
development of adaptive immunity after immunization with RD
whole sporozoite vaccines. We immunized B6 mice with the
EARD GAP (p52~/p36~—/sapI~—)® and treated each mouse with
either an IFNARI1-blocking monoclonal antibody or its isotype
control at the time of immunization (Supplementary Fig. 1C). All
mice were challenged with Py GFPluc sporozoites 28 days after the
last immunization. We did not observe a difference in parasite LS
burden (Supplementary Fig. 1D) or time to patency (Supplemen-
tary Fig. 1E) between groups. Furthermore, no difference in time
to patency was observed after EARD GAP immunization of WT
or IRF3~/~ mice (Supplementary Fig. 1F, 1G).

Lastly, we examined whether the enhanced protection observed
in LARC GAP-immunized IRF3~/~ and IFNAR™/~ mice was
simply due to an increase in LS parasite biomass and thus antigen
load when compared to B6 mice. Using a bioluminescent LARC
GAP for immunization, we observed no significant differences in
LS parasite burden or persistence (Supplementary Fig. 2A).
Results were confirmed by quantitative reverse transcription
(qRT) PCR (Supplementary Fig. 2B). As such, we conclude that
the observed enhancement in protective efficacy (Fig. 1) in
IRF3~/~ and IFNAR~/~ mice immunized with LARC GAP is not
due to increased parasite biomass and antigen load in the absence
of IFN-1 signaling.

Together, the data derived from two distinct RC whole
sporozoite immunization strategies clearly indicate that the
innate IFN-1 response curtails the generation of optimal adaptive
protective immunity. This, however, does not occur with RD
parasite immunization.

Hepatic CD8 T cells mediate LARC GAP protection. Protection
after immunization with whole sporozoites is critically dependent
on the generation of memory CD8 T cell responses!®. Moreover,
we have previously shown that B6 mice immunized with LARC
GAP and depleted of CD8 T cells at the time of challenge com-
pletely lose sterile protection!>. We here confirmed the impor-
tance of CD8 T cells in LARC-mediated protection
(Supplementary Fig. 3A, B) but also wanted to ascertain in which
anatomical site these critically protective memory CD8 T cells are
generated and might reside. To this end, we repeated the
immunization-challenge in splenectomized mice and control
mice that had undergone a sham splenectomy (Supplementary
Fig. 3C). Mice that had undergone a splenectomy were com-
pletely protected against sporozoite challenge as were control
mice (Supplementary Fig. 3D). Thus, while CD8 T cells are cri-
tical for protection, the spleen is not required for their develop-
ment nor does it serve as an important reservoir of protective
memory CD8 T cell responses after LARC GAP immunization.
Recent studies indicate that liver-resident memory CD8 T cells
(Try) form the basis of cell-mediated protection after immuniza-
tion with RAS17:18:28.29 However, the contribution of liver Trps
to LARC GAP-engendered protection has not been documented.
Thus, we immunized B6 mice three times with LARC GAP and
examined the proportion of putative Tys in different anatomical

sites (liver, spleen, and blood) 30 days after the last immunization
(Fig. 2a). We characterized putative Trys as CD44hi CXCR3+
CD69 T or CD44hCD6211°CD69 T (Fig. 2b, left panel) as has been
reported for RAS-immunized mice!730. We observed robust
populations of these memory CD8 T cells in the liver but not the
spleens or blood of LARC GAP-immunized mice (Fig. 2b,
quantified in right panel). To determine if the CXCR3-expressing
cells were critical for protection, we immunized B6 mice three
times with LARC GAP and then depleted CXCR3-expressing cells
shortly before challenge (Fig. 2c). We observed a reduction in the
proportion (Fig. 2d) and the absolute numbers (Fig. 2e) of
CD44MCD6211°CD691 CD8 T cells in the livers of immunized
mice that received the CXCR3 monoclonal antibody as compared
to mice that received an isotype control antibody. Moreover,
while mice that received the isotype control antibody were
completely protected, mice that received the CXCR3-depleting
antibody lost sterile protection (Fig. 2f).

Thus, we conclude that CD8 T cells and in particular, CD69+
memory CD8 T cells in the liver are essential for the protective
adaptive immune response engendered by LARC GAP
immunization.

IFNAR~/~ mice generate greater hepatic CD8 T cell memory.
Given our observation that memory CD8 T cells in the liver are
critical for protection by LARC GAP, we examined the impact of
IFN-1 signaling on the memory CD8 T cell population in the
livers of B6 and IFNAR ™/~ mice 30 days after the last LARC GAP
immunization (Fig. 3a). Of note, this time point was chosen since
we have shown enhanced protection in immunized IFN-1 sig-
naling-deficient mice when the sporozoite challenge was given
30 days after the last immunization (Fig. 1b, ¢). We observed no
significant difference in the total number of leukocytes (Fig. 3b)
in the livers of immunized IFNAR~/~ mice as compared to
immunized B6 mice. However, upon stratification of the CD8 T
cell population into the protective CD44MCD69TCXCR3+
memory CD8 T cell population'”, we observed a greater pro-
portion of these cells in immunized IFNAR~/~ mice as compared
to immunized B6 mice (Fig. 3c, left panel). We also observed an
increase in the total number of CD44MCD69TCXCR3+ memory
CD8 T cells in immunized IFNAR/~ mice although this did not
reach statistical significance (Fig. 3c, right panel). We have
observed that in contrast to two-dose LARC GAP-immunized B6
mice, the majority of two-dose LARC GAP immunized
IFNAR ™/~ mice maintain complete sterile protection at 90 days
(Fig. le). To examine whether this correlates with greater mem-
ory CD8 T cell responses, we immunized cohorts of B6 and
IFNAR/~ mice, harvested the livers from each mouse, and
characterized the liver memory CD8 T cell population 90 days
after the last immunization by flow c?itometry (Fig. 3a). The livers
of LARC GAP-immunized IFNAR™/~ mice contained nearly 1.6
times more liver leukocytes (Fig. 3d), a greater proportion of liver
CD44MCD6211°CD69TCXCR3T memory CD8 T cells (Fig. 3e,
left panel), and greater total numbers of liver CD44hCD62L-
l0CD69+CXCR3* memory CD8 T cells (Fig. 3e, right panel) than
the immunized B6 mice. Indeed, by plotting the average number
of CD44hiCD6211°CD69TCXCR3 1 memory CD8 T cells in the
livers of immunized B6 or IFNAR™/~ mice we observed that
while liver CD44hCD6211°CD69TCXCR3 " memory CD8 T cell
numbers are significantly reduced in B6 mice between day 30 and
day 90 post immunization, there is a slower attrition of
CD44hCD6211°CD69TCXCR3T memory CD8 T cells in the
livers of immunized IFNAR~/~ mice (Fig. 39).

The increased attrition of CD44MCD6211°CD69TCXCR3+
memory CD8 T cells in the livers of immunized B6 mice is
likely due to decreased survival signaling in memory CD8 T cells
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Fig. 2 Liver memory CD8 T cells generated in LARC GAP-immunized mice are critical to protection. a Schematic of the immunization regimen. Mice were
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Fig. 3 Lack of type | IFN signaling enhances the generation of liver memory CD8 T cells in LARC GAP-immunized mice. a Schematic of the immunization
regimen. B6 mice and IFNAR—/~ mice were immunized twice with 50,000 LARC GAP sporozoites. Thirty or 90 days after the second immunization liver
non-parenchymal cells were isolated and subjected to FACS analysis. b Quantification of liver leukocytes isolated from immunized B6 mice and immunized
IFNAR~/~ mice, 30 days after the last immunization. ¢ Analysis of liver memory CD8 T cells 30 days after GAP immunization. Liver memory CD8 T cells
are defined as CD44NCXCR34+-CD69+ of CD62LIo CD8+CD4—CD3+ T lymphocytes. d Quantification of liver leukocytes isolated from immunized B6
mice and immunized IFNAR=/~ mice, 90 days after the last immunization. e Analysis of liver memory CD8 T cells 90 days after immunization. Liver
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**p<0.005 (from unpaired two-tailed Student’s t-test). Components of this figure were created using Servier Medical Art templates, which are licensed
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generated in the presence of LS parasite-induced IFN-1 signaling
at the time of immunization. Interestingly, in models of chronic
viral infection, sustained and/or elevated IFN-1 signaling has
been implicated in the induction of a dysfunctional state in the
memory T cell response that is characterized by increased

susceptibility to cell death, impaired cytokine production, reduced
proliferation, and reduced effector function3!-32. This “exhausted”
or “dysfunctional” state is characterized by the increased
expression of co-inhibitory molecules including programmed cell
death protein 1 (PD-1), lymphocyte activation gene 3 (LAG-3),
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and cytotoxic T lymphocyte antigen 4 (CTLA-4) on the surface of
memory T cells®2. As such, we evaluated the impact of IFN-1
signaling on the quality of the memory CD8 T cell response by
examining the expression of two of these inhibitory molecules,
PD-1 and LAG-3 (ref. 32) on memory CD8 T cells isolated from
the livers of LARC GAP-immunized B6 and IFNAR™/~ mice
(Fig. 4a). The proportion of PD-1MCD44MCD8* T cells was
reduced in immunized IFNAR~/~ mice (Fig. 4b, top and middle
panels). Additionally, PD-1 expression was also reduced on
individual CD8 T cells isolated from the livers of immunized
IFNAR~/~ mice (Fig. 4b, bottom panel). In agreement with the
PD-1 data, we also observed fewer LAG-3-expressing CD8 T cells
(LAG-3TCD44hiCcD8+) (Fig. 4c, top and middle panels) as well as
reduced LAG-3 expression on CD8 T cells isolated from the livers
of immunized IFNAR~/~ mice (Fig. 4c, bottom panel).

Thus, without IFN-1 signaling, immunized mice generated
greater numbers of liver memory CD8 T cells and these cells
showed reduced expression of co-inhibitory molecules at the
memory time point.

IFNAR~/~ CD8 T cells display superior effector function. We
identified greater proportions and absolute numbers of liver
memory CD8 T cells in LARC GAP-immunized IENAR~/~ mice.
Moreover, given the reduced PD-1 and LAG-3 expression on liver
memory CD8 T cells isolated from immunized IFNAR~/~ mice,
we predicted that these cells would retain improved effector
responses upon secondary antigen exposure. CD8 T cell elimina-
tion of LS infection is dependent, at least in part, on the production
of TNFa and IFNy33. We thus set out to determine whether CD8
T cells isolated from LARC GAP-immunized IFNAR /= mice
produced higher levels of these cytokines upon re-stimulation
compared to B6 immunized mice. B6 and IFNAR~/~ mice were
immunized with LARC GAP as described in Fig. 1a. Four weeks
after the last immunization, we isolated liver non-parenchymal
cells, enriched for CD8 T cells by negative selection and then sti-
mulated equivalent numbers of CD8 T cells with plate-bound anti-
CD3 and anti-CD28 for 6h to examine if there were any differences
in the effector functions of memory CD8 T cells generated in the
presence or absence of IFN-1 signaling. We did not observe any
differences in the proportion of TNFa producing CD8 T cells (Fig.
4d, top panel), but did observe that a greater proportion of the CD8
T cells isolated from immunized IFNAR~/~ mice produced IFNy
(Fig. 4d, bottom panel). Given the higher proportion of IFNy-
producing CD8 T cells derived from immunized IFNAR™/~ mice,
we next set out to determine if these CD8 T cells would more
effectively eliminate LS-infected hepatocytes in vivo when com-
pared to CD8 T cells from immunized B6 mice. To this end, we
adoptively transferred 2.5 x 106 CD8 T cells isolated from the livers
of LARC GAP-immunized IFNAR~/~ and B6 mice into naive B6
mice and challenged each mouse 24h later with 1.5x 103 Py
GFPluc sporozoites. After 44 h, we measured LS parasite burden by
in vivo bioluminescence imaging. Adoptively transferred CD8
T cells from immunized B6 mice reduced LS burden by 40%, while
transfer of CD8 T cells from immunized IFNAR~/~ mice led to an
80% reduction in LS burden, demonstrating superior effector
function of memory CD8 T cells derived from an environment
lacking IFN-1 signaling (Fig. 4e). Together with the increased
memory CD8 T cell attrition, the observation of impaired effector
responses supports the notion that LS-induced IFN-1 signaling
impairs protection in part through the generation of dysfunctional
memory T cells.

Hepatic T cell expansion is not enhanced in IFNAR~/~ mice.
We observed greater numbers of memory CD8 T cells in the
livers of immunized TFNAR™/~ mice 30 days after the last

immunization, implying that more liver memory CD8 T cells
might be generated in these mice during priming. To determine if
lack of IFN-1 signaling impacts the initial education of antigen-
specific CD8 T cells, we immunized B6 and IFNAR~/~ mice with
a LARC GAP that expresses the chicken ovalbumin protein
(LARC GAP OVA) and examined liver CD8 T cell responses
7 days later (Fig. 5a) using the H-2kP restricted MHC class I
peptide tetramer (SIINFEKL/KP). The proportion of OVA-
specific CD8 T cells (OVA+TCD44hCD62110) was higher in the
livers of immunized IFNAR~/~ mice as compared to immunized
B6 mice (Fig. 5b, left panel). However, we isolated over two times
as many leukocytes from the livers of B6 mice. Thus, upon
enumeration of the absolute number of OVA-specific CD8
T cells, we observed slightly more OV A-specific CD8 T cells in
the livers of immunized B6 mice (Fig. 5b, middle panel). In
agreement with this observation, the absolute number of activated
bulk liver CD8 T cells was higher in immunized B6 mice as
compared to immunized IFNAR™/~ mice (Fig. 5b, right panel).
Thus, while loss of IFN-1 signaling leads to a significant increase
in the number of memory CD8 T cells in the liver at late time-
points after immunization (day 30 and day 90), this is not due to
increased priming and expansion of a greater number of effector
CD8 T cells. The duration and magnitude of inflammatory sig-
naling can also dictate the proportion of effector cells that commit
to long-term memory development®*. In particular, high
inflammatory signaling can tilt the balance of T cell education
towards the production of short-lived effector cells instead of
long-lived memory precursors. Thus, we immunized B6 and
IFNAR~/~ mice with LARC GAP and examined the population
of long-lived memory precursor effector cells (MPECs) as defined
by increased CD127 expression and reduced KLRG1 expression
(KLRG1!°CD127h CD44hi CD8+ T cells) (gating strategy in Fig.
5¢, top panel). We observed nearly two-fold more liver leukocytes
in immunized B6 mice as compared to their IFINAR~/~ coun-
terparts (Fig. 5c, bottom left panel). Moreover, both the pro-
portion (Fig. 5¢, bottom middle panel) and the total number
(Fig. 5c, bottom right panel) of MPECs was not significantly
enhanced in immunized IFNAR~/~ mice. Thus, the greater
number of liver memory CD8 T cells in immunized IFNAR/~
mice at late timepoints does not stem from the generation of
larger numbers of long-lived memory precursors in the absence of
IEN-1 signaling.

IL-7Ra is increased on hepatic CD8 T cells of IEFNAR/~ mice.
If neither the expansion of effector CD8 T cells nor their com-
mitment to long-lived memory precursors is enhanced during
priming, then what accounts for the increase in liver memory CD8
T cells observed late after immunization? We observed a greater
attrition of liver memory CD8 T cells generated in the presence of
LS parasite-induced IFN-1 signaling (Fig. 3f). We thus postulated
that this increased attrition of memory CD8 T cells in the livers of
immunized B6 mice was likely due to decreased survival signaling
or increased death signaling in memory CD8 T cells generated in
the presence of LS parasite-induced IFN-1 signaling. As such, we
immunized B6 and IFNAR™/~ mice once with LARC GAP and
examined the quality of the memory CD8 T cell response in the
liver 30 days later (Supplementary Fig. 4A). We observed reduced
expression of PD-1 (Supplementary Fig. 4B) and LAG-3 (Supple-
mentary Fig. 4C) on memory CD8 T cells isolated from the livers
of IFNAR~/~ mice. Additionally, we also examined the expression
of IL-7Ra (CD127), a receptor critical for the survival and
homeostatic proliferation of memory CD8 T cells>>, on CD8 T cells
isolated from the livers of immunized mice. We observed higher
IL-7Ra expression on liver CD8 T cells isolated from LARC GAP-
primed TFNAR~/~ mice (Supplementary Fig. 4D). Thus, in the
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Fig. 5 CD8 T cell priming, expansion, and generation of long-lived memory precursors is not enhanced in LARC GAP immunized IFNAR~/~ mice. a
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presence of competent IFN-1 signaling, LARC GAP immunization
results in the expression of markers indicative of impaired memory
T cell survival and increased T cell dysfunction. We propose that
this impairment in T cell survival signaling likely contributes to the
decreased numbers of memory CD8 T cells observed late after
immunization.

Impaired CD8 T cell memory is mediated by CD8 T cell-
extrinsic IFNAR. We next asked whether the enhanced memory
CDS8 T cell response in IFNAR~/~ mice is due to a lack of IFNAR
signaling on CD8 T cells or rather due to a lack of IFNAR on other
cells in the environment within which these CD8 T cells are edu-
cated. To address this, we isolated 100,000 naive WT OT-1 CD8
T cells from the spleens of transgenic mice in which the CD8 T cell
receptor has been engineered to recognize the processed SIINFEKL
peptide on MHC-I. These naive OT-1 CD8 T cells were then
transferred into naive B6 or IFNAR~/~ mice 24 h prior to immu-
nization with the OVA expressing LARC GAP. We then examined
liver memory T cell responses in the adoptively transferred OT-1
cell population 30 days later (Fig. 6a). We observed a greater pro-
portion of OT-1 CD8 T cells (Fig. 6b, left and middle panels) and
greater total numbers of OT-1 CD8 T cells (Fig. 6b, right panel) in
the livers of immunized IFNAR~/~ mice. Moreover, while we did
not observe a significant difference in the proportion of OVA-
specific CD44hCD6211°CD69TCXCR3T memory CD8 T cells
within the livers of immunized IFNAR~/~ mice (Fig. 6c, left and
middle panels), the total number of OVA-specific CD44MCD62L-
loCDE9TCXCR3 1 memory CD8 T cells in IFNAR™/~ mice was
significantly increased by nearly twofold as compared to immunized
B6 mice (Fig. 6c, right panel). Lastly, we also observed a reduction
in the expression of PD-1 on memory OT-1 T cells generated in
IFNAR~/~ mice (Fig. 6d). Thus, we conclude that the detrimental
role for the parasite-engendered IFN-1 signaling cascade is due to
IFN-1 signaling in a cell type other than the CD8 T cell.

Discussion

Efforts to develop highly efficacious malaria vaccines have been
buoyed by the the use of whole parasites as immunogens®>.
Replication-competent parasites that unfold their full antigenic
potential in the liver are superior to replication-deficient parasites
that arrest early in liver infection. LARC GAPs likely constitute
the most potent whole sporozoite immunogen given that in
mouse models, they afford superior protection as compared to
RD RAS and EARD GAPs/, and engender stage and species-
transcending protection”8, LARC parasite vaccination also sti-
mulates an innate IFN-1 response and we show here that sur-
prisingly, this negatively impacts the acquisition of protective
adaptive immunity, and thus ablation of IFN-1 signaling
enhances protection. Importantly, the enhanced protection
against a sporozoite challenge in IFN-1-deficient mice correlated
with an increase in the magnitude and quality of memory CD8
T cells in the liver. The impaired quality of the memory response
in the presence of IFN-1 signaling was characterized by the
increased expression of the T cell co-inhibitory molecules PD-1
and LAG-3 as well as reduced expression of the pro-survival IL-
7Ra on memory CD8 T cells isolated from IFN-1 signaling
competent hosts.

Innate immunity serves as the first line of defense against
invading pathogens and is also instrumental for stimulating and
shaping the ensuing adaptive immune response. Type I IFNs have
well documented protective roles against multiple pathogens and
have been targeted to boost the adaptive immune response to a
variety of vaccines??~24. However, recent studies have also
identified unexpected negative roles for IFN-1 in that they
impair optimal adaptive immunity and enhance disease

progression?431,36-39  Immunoregulatory mechanisms that
impair adaptive immunity are induced upon persistent, systemi-
cally elevated IFN-1 signaling in chronic viral3!:3¢ and parasitic
infections including blood stage malaria®®3. In contrast to
chronic blood stage malaria infection, the pre-erythrocytic stage
infection investigated herein is transient and short-lived (2 days
for rodent malaria parasites and 6-10 days for human parasites)
and attenuated parasites do not persist in the liver*0. Additionally,
studies from our laboratory and others indicate that pre-
erythrocytic infection does not result in a systemic, hyper
inflammatory IFN-1 response as has been observed during acute
infections with other pathogens?%?®. Indeed the LS infection-
induced IFN-1 protein is only detected in liver tissue implying
that the IFN-1 mediated inflammatory response is restricted to
the liver20:26, Thus, it is surprising that this limited hepatic IFN-1
response would have such a durable negative effect on the
ensuing adaptive immune response.

Mouse models of Plasmodium infection strongly support a
critical role for CD8 T cells as mediators of protective adaptive
immune responses generated by  whole sporozoite
immunization!*4!. Additionally, with the identification of resi-
dent, non-recirculating memory CD8 T cell populations in organs
such as the skin and gut#?, it was postulated that resident memory
CD8 T cells in the liver would be critical for pre-erythrocytic
immunity against infected hepatocytes. In mice immunized with
RAS, liver resident memory CD8 T cells express distinct markers
including CXCR3, CXCR6, and CD69, which are not expressed
on effector memory CD8 T cells in the liver or memory CD8
T cells isolated from other anatomical sites. While these liver
Trums are blood accessible, they do not recirculate but rather
patrol liver sinusoids to survey for infected hepatocytes!7:18:28,
Here, we report that LARC GAP immunization also induces a
population of memory CD8 T cells that express these afore-
mentioned Tgry markers (i.e CXCR3 and CD69). Moreover,
similar to studies in RAS-immunized mice, we also report that
the LARC GAP immunization induced Tgy population is largely
absent in the blood and spleen. Importantly, the protective
immune response attributed to LARC GAP immunization is
eliminated upon injection of mice with a CXCR3-depleting
antibody. While this circumstantial evidence indicates that these
memory CD8 T cells are liver resident memory CD8 T cells (i.e
TrmsS), in the absence of functional evidence of true liver resi-
dency we cannot formally claim that the memory CD8 T cells
identified in the livers of LARC GAP-immunized mice are
bonafide Tgys. Nonetheless, we show that LARC GAP-
immunized IFNAR~/~ mice are better protected against a spor-
ozoite challenge and generated significantly more memory liver
CD8 T cells as compared to immunized B6 mice, yet the increase
in memory liver CD8 T cells in immunized IFNAR~/~ mice did
not stem from a greater expansion of effector CD8 T cells. We
then thought that the reduced numbers of liver memory CD8
T cells in immunized B6 mice might be driven by an increased
generation of terminal short-lived effector cells as compared to
long-lived memory CD8 T cells in the presence of competent
IFN-1 signaling. Counter to this notion, we actually observed
reduced numbers of long-lived memory precursor effector cells in
immunized IFNAR/~ mice.

So, what accounts for the larger numbers of memory CD8
T cells in the livers of IFNAR™/~ mice? Memory CD8 T cells
isolated from immunized IFNAR~/~ mice are of better quality as
evidenced by reduced expression of the exhaustion markers PD-1
and LAG-3. T cell exhaustion is typified by impairments in
memory T cell survival, as well as cytokine production, pro-
liferation, and effector function upon antigen re-encounter3Z. In
support of this, we show that CD8 T cells isolated from the livers
of immunized TFNAR~/~ mice more readily produce IFNy and
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upon adoptive transfer into naive mice, eliminated LS-infected host. This homeostatic survival is in part driven by engagement of
hepatocytes more effectively. A key feature of memory T cells is  IL-7 with its cognate receptor IL-7Ra (CD127)344344 We show
the development of antigen-independent self-renewal, a property  that although numbers of liver memory CD8 T cells rapidly
that is critical to the long-term survival of memory T cells in the decline in B6 mice between day 30 and day 90 post LARC GAP
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immunization, this decline is less pronounced in immunized
IFNAR~/~ animals. Coinciding with this, we observed higher IL-
7Ra expression on memory CD8 T cells isolated from IFNAR~/~
mice. In chronic viral infections, T cell exhaustion correlates with
reduced expression of IL-7Ra resulting in the poor maintenance
of memory T cells?2. Together, these data strongly indicate that
the LS-engendered IFN-1 signaling cascade drives a dysfunctional
T cell program. This dysfunctional state results in an impairment
of effector CD8 T cell function and enhanced T cell death that
likely explains the reduced liver memory CD8 T cell numbers and
inability to effectively confer protection when suboptimally
immunized B6 mice were challenged.

Pathogenic CD8 T cell intrinsic and extrinsic IFN-1 signaling
have been reported in blood stage Plasmodium infection3%4°, In
our study we utilized the adoptive transfer of naive OT-I CD8
T cells into B6 or IFNAR/~ mice to show that the detrimental
role of IFN-1 signaling after LARC GAP OVA immunization is
not due to IFNAR expression on CD8 T cells. In chronic infec-
tions, conventional dendritic cells upregulate the PD-1 ligands
PD-L1 and PD-L2 and produce immunoregulatory cytokines in
response to IFN-1 signaling, all factors that can promote T cell
dysfunction®®46. LS-engendered IFN-1 signaling induces the
recruitment of multiple leukocytes into the liver?0-26, Indeed, a
recent study indicates that monocyte-derived dendritic cells
recruited into the liver acquire Plasmodium antigen from infected
hepatocytes to prime CD8 T cells*’. Additionally, during blood
stage Plasmodium infection, IRF3 expression modulates chemo-
kine production and MHC-II expression in inflammatory
monocytes8. As such, it is tempting to speculate that IFN-1
signaling in myeloid cell populations detrimentally impacts the
generation of protective pre-erythrocytic adaptive T cell
immunity.

Together, our findings have uncovered a detrimental role of the
innate immune response in development of optimal protective
adaptive immunity against a transient hepatotropic pathogen.
This might inform new strategies to further improve upon the
efficacy of whole parasite malaria vaccines that aim at preventing
infection.

Methods

Ethics statement. Animal studies were performed according to the regulations of
the institutional animal care and use committee. Approval was obtained from the
Seattle Children’s Research Institute Instituitional Animal Care and Use Com-
mittee (IACUC) under protocol 00507. The Seattle Children’s Research Institute
TACUC adheres to the NIH Office of Laboratory Animal Welfare standards
(OLAW welfare assurance # D16-00119).

Mice. Female Swiss Webster (SW) mice for parasite cycles were purchased from
Envigo laboratories. Six- to 8-week-old female C57BL/6 mice were purchased from
Jackson Laboratories. IRF3~/~ and IFNAR1~/~ on the C57BL/6 background were
kindly provided by Dr. Michael Gale at the University of Washington. Six- to 8-
week-old OT-I (C57BL/6-Tg (TcraTcrb)1100Mjb/J) mice were purchased from
Jackson Laboratories. Mice were maintained and bred under specific pathogen-free
conditions at the Center for Global Infectious Disease Research, Seattle Children’s
Research Institute.

Sporozoite isolation. Six- to 8-week-old SW mice were injected intraperitoneally
(i.p.) with blood stage Py GFPluc?’ and Py fabb/f 2> expressing luciferase or the

chicken ovalbumin antigen. Three days later, gametocyte exflagellation was con-

firmed and the infected mice were used to feed female Anopheles stephensi mos-

quitoes. Fourteen to 16 days after the feed, salivary gland sporozoites were isolated
from the mosquitoes and used in mouse infections.

Mouse immunizations and challenges. Age matched, 8- to 12-week-old female
WT C57BL/6, IRE3~/~ or IFNARI~/~ mice were immunized intravenously (i.v.)
either via tail vein or retro-orbital plexus injection with 50,000 sporozoites or as a
control with salivary gland debris from uninfected mosquitos. For immunizations
under drug cover, immunized mice were also treated twice (30 and 40 hpi) with
14.4 mg/kg of Atovaquone. For challenge experiments, immunized mice were

challenged intravenously 4-5 weeks after the last immunization with 10,000 Py WT

or 10,000 Py GFPluc sporozoites. Parasite development in the liver was determined
by in vivo bioluminescent imaging?’ or qRT PCR. Parasitemia was monitored by
Giemsa-stained thin smears beginning on day three post challenge. At least 20
fields of >200 red blood cells per field were examined for patency determination.
Mice showing no evidence of blood stage infection by day 14 were assessed as
sterilely protected.

Organ harvests, cell isolation, and flow cytometry. For the analysis of liver
memory CD8 T cells 4 to 5 weeks after immunization, livers of immunized mice
harvested 4 weeks after the last immunization were cut into small pieces,
mechanically disrupted using the plunger of a 10 mL syringe and strained through
a 100 um nylon filter. The non-parenchymal cell fraction was isolated as outlined
previously?’. For the analysis of liver non-parenchymal cells at day 7 and day 14,
the liver was perfused and digested with collagenase as previously described®’. For
the phenotypic analysis of splenic lymphocytes, mouse spleens were harvested and
homogenized to form single cells suspensions of splenocytes. Red blood cells were
removed by lysis with ACK lysis buffer and the splenocytes strained through a 100
pm nylon filter. For the analysis of peripheral memory CD8 T cells, heparinized
blood was collected from immunized mice and treated with ACK lysis buffer to
remove red blood cells. Isolated cells were incubated with mouse Fc block (#553141
BD Biosciences) for 20 min at 4C and the stained with surface antibodies specific
for CD3 (0.7:100, clone 145-2C11, #100222 or #100351), CD4 (0.7:100, clone
GK1.5,#100548), CD8 (0.7:100, clone 536.7, #100749), CD19 (0.7:100, clone 6D5,
#115541), CD44 (1:200, clone IM7, # 103032), CD62L (1:200, clone MEL-14,
#104417), CD69 (1:100, clone HI.2F3, #104506), PD-1/CD279 (1:100, clone
29F.1A12, #135217 or #135210), CD223/LAG-3 (1:100, clone C9B7W, #125208 or
#125219), CD127/IL-7Ra (1:100, clone A7R34, #135012), KLRG1(1:100, clone 2F1,
#138407), and CXCR3 (1:50, clone CXCR3-173, #4338627). OV A-specific CD8

T cells were identified using an MHC-I tetramer against the H-2kP peptide
SIINFEKL (NIH tetramer core). Labeled cells were run on an LSRII flow cytometer
(BD Biosciences, Franklin lakes NJ) and analyzed with Flow]Jo software (Tree Star).

Depletion of liver memory CD8 T cells. To deplete liver CD8+ T cells, 0.5 mg of
anti-CD8 mAb 2.43 (BioXCell) or 0.5 mg of isotype control rat IgG (BioXCell) was
injected into immunized C57BL/6 WT mice via the retro-orbital plexus 24 h prior
to sporozoite challenge. CD8 T cell depletion was confirmed before each challenge
by collecting 100 uL of peripheral blood via the retro-orbital plexus from each
mouse and assaying peripheral blood lymphocytes by flow cytometry after staining
cells with mAb against CD3 (0.7:100, clone 145-2C11, #100222), CD4 (0.7:100,
clone GK1.5, #100548), CD8 (0.7:100, clone 536.7, #100749), CD19 (0.7:100, clone
6D5, #115541). To deplete liver memory CD8 T cells, LARC-GAP immunized mice
were intravenously injected with two doses (200 and 100 pg) of anti-CXCR3
antibody or the isotype control antibody on days 27 and 29 after the last immu-
nization. On day 30 after the last immunization, each mouse was challenged with
via intravenous inoculation with 10,000 10,000 Py WT sporozoites.

Assessment of effector CD8 T cell function. Liver non-parenchymal cells were
isolated from immunized WT C57BL/6 and IFNAR1~/~ mice as described above.
CD8 T cells were enriched by negative selection using the Easy Sep mouse CD8 T
cell enrichment kit (StemCell Technologies, Vancouver BC Canada). For intra-
cellular IFNy and TNFa staining, 1.5 x 10° liver CD8 T cells were cultured in
complete media containing 1x GolgiPlug (BD Biosciences, Franklin lakes NJ) with
5 ug/mL anti-CD3 and 0.5 pg/mL anti-CD28 mAbs to interrogate polyclonal CD8
T cell responses for 6 h. After activation, the cells were washed and stained for cell
surface markers and the intracellular markers IFNy (1:50, XMG1.2, 554413) and
TNFa (1:50, MP6-XT22, #506305) using the BD Cytofix/Cytoperm reagent (BD
Biosciences, Franklin lakes NJ) according to the manufacturer’s protocol. Samples
were acquired on an LSRII flow cytometer (BD Biosciences, Franklin lakes NJ) as
described above. For adoptive transfer of CD8 T cells, 2.5 x 10° cells liver CD8

T cells were injected intravenously into naive C57BL/6 mice. Twenty-four hours
after the transfer, each mouse was infected with 1500 Py GFPluc sporozoites i.v.
and 44 h later, parasite liver burden was quantified by in vivo bioluminescent
imaging. To determine whether IFNAR expression intrinsic or extrinsic to CD8
T cells was responsible for the phenotypes observed, liver non-parenchymal cells
were isolated from donor naive OT-1 (C57BL/6-Tg (TcraTcrb)1100M;jb/J) mice as
described above. CD8 T cells were enriched by negative selection using the Easy
Sep mouse CD8 T cell enrichment kit (StemCell Technologies, Vancouver BC
Canada). In all, 100,000 OT-1 cells were then injected into each recipient mouse via
the intravenous route. Twenty-four hours later each recipient mouse was immu-
nized with 50,000 Py fabb/f ~ OVA (LARC GAP OVA). Thirty days after the
immunization, livers were harvested from each mouse and liver non-parenchymal
cells were isolated for FACS analysis. Samples were acquired on an LSRII flow
cytometer (BD Biosciences, Franklin lakes NJ) as described above.

Liver stage parasite burden by qRT PCR. Livers were harvested from infected
C57BL/6 or IFNAR~/~ mice into TRIzol reagent (Invitrogen) and homogenized
with a Mini-Beadbeater (Biospec, Bartlesville OK). Total RNA was extracted using
the Direct-zol RNA miniprep kit (Zymo Research, Irvine CA) and transcribed into
cDNA with the QuantiTect Reverse Transcription kit (Qiagen, Venlo Netherlands)
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according to the manufacturers’ instructions. cDNA samples were amplified using
primers for 18S rRNA (forward primer 5'-GGGGATTGGTTTTGACGTTTT
TGCG-3', reverse primer 5'-AAGCATTAAATAAAGCGAATACATCCTTAT-3")
and murine GAPDH (forward primer 5'-CCTCAACTACATGGTTTACAT-3’,
reverse primer 5'-GCTCCTGGAAGATGGTGATG-3'). For semi-quantitative PCR
a standard curve was generated with reference cDNA. Experimental samples were
compared to this standard curve to generate a relative transcript abundance. The
qRT PCR was performed on the ABI 7500 Fast Real-time PCR system (Applied
Biosystems, Waltham MA).

Statistical analyses. Data were analyzed using GraphPad Prism Software (Prism
5, La Jolla CA). Kaplan-Meyer patency curves were compared via the log rank
Mantel-Cox test. All other statistical significance was determined using a non-
paired two-tailed Student’s t-test.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
All pertinent data generated or analyzed during this study are included in this published
article and its accompanying supplementary information files.

Received: 28 June 2018 Accepted: 6 August 2019
Published online: 02 September 2019

References

1. Sinnis, P. & Zavala, F. The skin: where malaria infection and the host immune
response begin. Semin. Immunopathol. 34, 787-792 (2012).

2. Crompton, P. D. et al. Malaria immunity in man and mosquito: insights into
unsolved mysteries of a deadly infectious disease. Annu. Rev. Immunol. 32,
157-187 (2014).

3. Matuschewski, K. Vaccines against malaria-still a long way to go. FEBS J. 284,
2560-2568 (2017).

4. Hollingdale, M. R. & Sedegah, M. Development of whole sporozoite malaria
vaccines. Expert Rev. Vaccin. 16, 45-54 (2017).

5. Vaughan, A. M. & Kappe, S. H. Vaccination using radiation- or genetically
attenuated live sporozoites. Methods Mol. Biol. 923, 549-566 (2013).

6. Kublin, J. G. et al. Complete attenuation of genetically engineered Plasmodium
falciparum sporozoites in human subjects. Sci. Transl. Med. 9, https://doi.org/
10.1126/scitranslmed.aad9099 (2017).

7. Butler, N. S. et al. Superior antimalarial immunity after vaccination with late
liver stage-arresting genetically attenuated parasites. Cell Host Microbe 9,
451-462 (2011).

8. Yazdanbakhsh, M. & Sacks, D. L. Why does immunity to parasites take so long
to develop? Nat. Rev. Immunol. 10, 80-81 (2010).

9. Vaughan, A. M. et al. A plasmodium parasite with complete late liver stage
arrest protects against preerythrocytic and erythrocytic stage infection in mice.
Infect. Immun. 86, https://doi.org/10.1128/TA1.00088-18 (2018).

10. Mordmuller, B. et al. Sterile protection against human malaria by
chemoattenuated PfSPZ vaccine. Nature 542, 445-449 (2017).

11. Potocnjak, P., Yoshida, N., Nussenzweig, R. S. & Nussenzweig, V. Monovalent
fragments (Fab) of monoclonal antibodies to a sporozoite surface antigen
(Pb44) protect mice against malarial infection. J. Exp. Med 151, 1504-1513
(1980).

12. Charoenvit, Y. et al. Monoclonal, but not polyclonal, antibodies protect
against Plasmodium yoelii sporozoites. J. Immunol. 146, 1020-1025 (1991).

13. Vanderberg, J. P. & Frevert, U. Intravital microscopy demonstrating antibody-
mediated immobilisation of Plasmodium berghei sporozoites injected into skin
by mosquitoes. Int. J. Parasitol. 34, 991-996 (2004).

14. Kebaier, C., Voza, T. & Vanderberg, J. Kinetics of mosquito-injected
Plasmodium sporozoites in mice: fewer sporozoites are injected into
sporozoite-immunized mice. PLoS Pathog. 5, €1000399 (2009).

15. Keitany, G. J. et al. Immunization of mice with live-attenuated late liver stage-
arresting Plasmodium yoelii parasites generates protective antibody responses
to preerythrocytic stages of malaria. Infect. Immun. 82, 5143-5153 (2014).

16. Cockburn, I. A,, Tse, S. W. & Zavala, F. CD8+ T cells eliminate liver-stage
Plasmodium berghei parasites without detectable bystander effect. Infect.
Immun. 82, 1460-1464 (2014).

17. Fernandez-Ruiz, D. et al. Liver-resident memory CD8(+) T cells form a front-
line defense against malaria liver-stage infection. Immunity 45, 889-902
(2016).

18. McNamara, H. A. et al. Up-regulation of LFA-1 allows liver-resident memory
T cells to patrol and remain in the hepatic sinusoids. Sci. Immunol. 2, https://
doi.org/10.1126/sciimmunol.aaj1996 (2017).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Van Braeckel-Budimir, N. & Harty, J. T. CD8 T-cell-mediated protection
against liver-stage malaria: lessons from a mouse model. Front. Microbiol. 5,
272 (2014).

Miller, J. L., Sack, B. K., Baldwin, M., Vaughan, A. M. & Kappe, S. H.
Interferon-mediated innate immune responses against malaria parasite liver
stages. Cell Rep. 7, 436-447 (2014).

Liehl, P. et al. Innate immunity induced by Plasmodium liver infection
inhibits malaria reinfections. Infect. Immun. 83, 1172-1180 (2015).

Proietti, E. et al. Type I IFN as a natural adjuvant for a protective immune
response: lessons from the influenza vaccine model. J. Immunol. 169, 375-383
(2002).

Levitz, S. M. & Golenbock, D. T. Beyond empiricism: informing vaccine
development through innate immunity research. Cell 148, 1284-1292
(2012).

McNab, F.,, Mayer-Barber, K., Sher, A., Wack, A. & O'Garra, A. Type I
interferons in infectious disease. Nat. Rev. Immunol. 15, 87-103 (2015).
Vaughan, A. M. et al. Type II fatty acid synthesis is essential only for malaria
parasite late liver stage development. Cell Microbiol. 11, 506-520 (2009).
Liehl, P. et al. Host-cell sensors for Plasmodium activate innate immunity
against liver-stage infection. Nat. Med. 20, 47-53 (2014).

Miller, J. L. et al. Quantitative bioluminescent imaging of pre-erythrocytic
malaria parasite infection using luciferase-expressing Plasmodium yoelii. PLoS
ONE 8, ¢60820 (2013).

Tse, S. W., Cockburn, I. A., Zhang, H., Scott, A. L. & Zavala, F. Unique
transcriptional profile of liver-resident memory CD8+ T cells induced by
immunization with malaria sporozoites. Genes Immun. 14, 302-309 (2013).
Tse, S. W., Radtke, A. J., Espinosa, D. A., Cockburn, I. A. & Zavala, F. The
chemokine receptor CXCR6 is required for the maintenance of liver memory
CD8(+) T cells specific for infectious pathogens. J. Infect. Dis. 210, 1508-1516
(2014).

Holz, L. E., Fernandez-Ruiz, D. & Heath, W. R. Protective immunity to liver-
stage malaria. Clin. Transl. Immunol. 5, €105 (2016).

Wilson, E. B. et al. Blockade of chronic type I interferon signaling to control
persistent LCMV infection. Science 340, 202-207 (2013).

Wherry, E. J. & Kurachi, M. Molecular and cellular insights into T cell
exhaustion. Nat. Rev. Immunol. 15, 486-499 (2015).

Butler, N. S., Schmidt, N. W. & Harty, J. T. Differential effector pathways
regulate memory CD8 T cell immunity against Plasmodium berghei versus P.
yoelii sporozoites. J. Immunol. 184, 2528-2538 (2010).

Kaech, S. M. & Cui, W. Transcriptional control of effector and memory CD8+
T cell differentiation. Nat. Rev. Immunol. 12, 749-761 (2012).

ElKassar, N. & Gress, R. E. An overview of IL-7 biology and its use in
immunotherapy. J. Immunotoxicol. 7, 1-7 (2010).

Teijaro, J. R. et al. Persistent LCMV infection is controlled by blockade of type
I interferon signaling. Science 340, 207-211 (2013).

Stifter, S. A. & Feng, C. G. Interfering with immunity: detrimental role of type
I IFNs during infection. J. Immunol. 194, 2455-2465 (2015).

Haque, A. et al. Type I IFN signaling in CD8- DCs impairs Th1-dependent
malaria immunity. J. Clin. Invest. 124, 2483-2496 (2014).

Montes de Oca, M. et al. Type I interferons regulate immune responses in
humans with blood-stage Plasmodium falciparum infection. Cell Rep. 17,
399-412 (2016).

Vaughan, A. M., Wang, R. & Kappe, S. H. Genetically engineered, attenuated
whole-cell vaccine approaches for malaria. Hum. Vaccin. 6, 107-113

(2010).

Schmidt, N. W. et al. Memory CD8 T cell responses exceeding a large but
definable threshold provide long-term immunity to malaria. Proc. Natl Acad.
Sci. USA 105, 14017-14022 (2008).

Schenkel, J. M. & Masopust, D. Tissue-resident memory T cells. Immunity 41,
886-897 (2014).

Schluns, K. S. & Lefrancois, L. Cytokine control of memory T-cell
development and survival. Nat. Rev. Immunol. 3, 269-279 (2003).

Carrette, F. & Surh, C. D. IL-7 signaling and CD127 receptor regulation in the
control of T cell homeostasis. Semin. Immunol. 24, 209-217 (2012).

Ball, E. A. et al. IFNARI controls progression to cerebral malaria in children
and CD8+ T cell brain pathology in Plasmodium berghei-infected mice. J.
Immunol. 190, 5118-5127 (2013).

Saeidi, A. et al. T-cell exhaustion in chronic infections: reversing the state of
exhaustion and reinvigorating optimal protective immune responses. Front.
Immunol. 9, 2569 (2018).

Kurup, S. P. et al. Monocyte-derived CD11c(+) cells acquire Plasmodium
from hepatocytes to prime CD8 T cell immunity to liver-stage malaria. Cell
Host Microbe, https://doi.org/10.1016/j.chom.2019.02.014 (2019).

James, K. R. et al. IFN regulatory factor 3 balances Thl and T follicular helper
immunity during nonlethal blood-stage Plasmodium infection. J. Immunol.
200, 1443-1456 (2018).

Murray, S. A. et al. CD40 is required for protective immunity against liver
stage Plasmodium infection. J. Immunol. 194, 2268-2279 (2015).

| (2019)10:3950 | https://doi.org/10.1038/s41467-019-11819-0 | www.nature.com/naturecommunications 13


https://doi.org/10.1126/scitranslmed.aad9099
https://doi.org/10.1126/scitranslmed.aad9099
https://doi.org/10.1128/IAI.00088-18
https://doi.org/10.1126/sciimmunol.aaj1996
https://doi.org/10.1126/sciimmunol.aaj1996
https://doi.org/10.1016/j.chom.2019.02.014
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Acknowledgements

Special thanks to Dr. Michael Gale for the IRF3—/~ IFNAR1~/~ mice and members of
the Kappe laboratory for helpful comments. This work was supported by the NIH (S.H.I.
K.: RO1 A1114699-01).

Author contributions

S.H.IK, BKW., AM.V,, and N.K.M. conceived the study and designed the experiments.
N.KM, BKW,, AAS, LW, and T.M. performed the experiments in this manuscript.
N.KM,, BKW.,, LW, and S.H.LK. contributed to data analysis and interpretation.
S.H.LK,, BKW., AM.V,, and N.K.M. wrote the manuscript. All authors reviewed and
commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-11819-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer review information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

=X Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

14 | (2019)10:3950 | https://doi.org/10.1038/s41467-019-11819-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-11819-0
https://doi.org/10.1038/s41467-019-11819-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Innate immunity limits protective adaptive immune responses against pre-erythrocytic malaria parasites
	Results
	Immunized IRF3−/− and IFNAR−/− mice exhibit superior protection
	Hepatic CD8 T�cells mediate LARC GAP protection
	IFNAR−/− mice generate greater hepatic CD8 T cell memory
	IFNAR−/− CD8 T�cells display superior effector function
	Hepatic T cell expansion is not enhanced in IFNAR−/− mice
	IL-7Rα is increased on hepatic CD8 T�cells of IFNAR−/− mice
	Impaired CD8 T cell memory is mediated by CD8 T cell-extrinsic IFNAR

	Discussion
	Methods
	Ethics statement
	Mice
	Sporozoite isolation
	Mouse immunizations and challenges
	Organ harvests, cell isolation, and flow cytometry
	Depletion of liver memory CD8 T�cells
	Assessment of effector CD8 T cell function
	Liver stage parasite burden by qRT PCR
	Statistical analyses
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Additional information




