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Chapter 3

ABSTRACT

Whole sporozoite vaccines can yield sterile protection against malaria, however
their efficacy critically depends on their route of administration. Early clinical trials
demonstrated high levels of protection with mosquito bite administered parasites,
whereas protection after needle injection was much reduced. Previously, we have
shown that Plasmodium sporozoites induce a regulatory immune response in the
dermis. To investigate whether differences in dermal immune regulation could underlie
the differences in protection, we studied early dermal APC responses to mosquito
bite and needle injected Plasmodium falciparum sporozoites directly in human skin
explants. We analyzed subset distribution of the four main dermal APC subsets (CD14",
CD1a*, CD141* dermal dendritic cells (DDCs) and Langerhans cells (LCs)), their surface
expression of activation markers, their cytokine production and the subsequent effect
on priming naive CD4*T cells. We found a small increase in the CD14* DDC subset when
sporozoites were administered by mosquito compared to needle. We did not detect
changes in activation markers, cytokine production or polarization of naive CD4*T cells.
In this study we take the first steps to elucidate the dermal immune responses during
the uncharacterized human skin stage of malaria. Understanding the initial interaction
of SPZ with the innate immune system and the subsequent effect on adaptive immunity
may aid in the development of effective attenuated sporozoite malaria vaccines.

Keywords: Plasmodium falciparum, sporozoite, malaria, skin, innate immunity, dendritic
cells
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Dermal APC responses to needle- and mosquito bite-injected sporozoites

INTRODUCTION

Malaria infection starts with the bite of an infected anopheles mosquito injecting a motile
form of the Plasmodium parasite, sporozoites (SPZ), into the dermis of the host. It is often
thought that mosquitoes inoculate sporozoites directly into the blood stream. However,
sporozoites are ejected when a probing mosquito salivates. Salivation stops when
the mosquito has located a blood vessel'?. Interrupted feeding and bite site removal
experiments?, as well as video microscopic analysis® have demonstrated a predominantly
intradermal delivery of sporozoites by mosquito bite. These SPZ subsequently migrate
through the dermal tissue and make their way into the vasculature with which they are
transported to the liver, where they continue development in hepatocytes. Because the
SPZ are still low in number and located extracellularly, where they are vulnerable to
immune attack, SPZ antigens have been used as malaria vaccines.

The inoculation of live, radiation-attenuated malaria parasites is one of the most
promising vaccine approaches. These vaccines are based on the whole sporozoite
instead of its immunodominant antigen CSP, and are currently undergoing field efficacy
trials. Remarkably, these parasitesinduce high levels of protection when administered by
mosquito bite*?, but intradermal needle injection results in greatly reduced protective
efficacy, both in clinical trials and in rodent models of malaria®®. Given the inferiority of
ID administration, we hypothesize that the interaction between SPZ and skin immune
cells might downmodulate the ensuing immune responses.

Contrasting initial assumptions that the SPZ stay within the skinis only brief, experiments
in both primates and rodents revealed that SPZ exit from the dermis can take up to
many hours. Approximately half of injected sporozoites trickle out of the injection site
over the course of several hours, the majority of these reaching the blood stream. A
small portion ends up in lymphatic vessels where they are eliminated by immune cells
in the skin draining lymph nodes. Surprisingly, a high amount of sporozoites remain
inside the dermis, where they can be detected up to 7h after inoculation®'°. During
this dermal stage of the infection, malaria sporozoites are extracellularly located and
secrete various proteins as they migrate''. Combined, this results in significant antigen
exposure at the skin site.

The skin is an important immunological organ containing different types of immune
cells, including antigen-presenting cells (APCs) of the innate immune system such
as dendritic cells (DCs) and macrophages (M®) that are capable of orchestrating
subsequent innate immune responses. The dermal stage of disease is the first site of
interaction of SPZ with the immune system. In the human skin, four APC subsets have
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been identified based on their surface marker expression: CD14*, CD141%, and CD1a*
dermal dendritic cells (DDCs), and epidermal Langerhans cells (LCs). In general the
different DDC subsets can be ascribed certain functionalities however, these depend
on the type of antigen encountered. The functions of the various skin APC subsets in
response to malaria sporozoites are currently unknown.

In order to understand why immune responses to malarial sporozoites are poor,
it is essential to unravel the role of skin resident APCs in the activation or hindering
of subsequent adaptive immune responses. To date research has focused solely on
rodent models in order to elucidate the dermal stage. Indeed, in a murine model using
Plasmodium berghei parasites, the lower levels of protection after ID vaccination were
associated with an increase in lymphocytes producing IL-10 in the skin draining lymph
node®. However, although murine models may provide valuable clues, using rodent
skin poses obstacles for translation of the findings. Murine skin differs drastically from
human skin both anatomically as well as immunologically'>'. Therefore, in order to
address the immunological basis for the difference in protective efficacy between the
two routes of administration we used human skin explants to study the phenotypic
and functional effects of SPZ on human dermal APCs. It will be essential to increase our
understanding of the skin immune response to sporozoites, in order to exploit the skin
as an immunological priming site for the development and/or optimization of vaccines
against malaria.

MATERIALS AND METHODS

Parasite materials

Sporozoites were obtained from the human parasite Plasmodium falciparum (Pf,
NF5416, WT or GFP-luciferase expressing under the pfCS promotor) kindly provided by
Radboudumc or TroplQ health sciences respectively, both Nijmegen, The Netherlands).
Mosquitoes were infected by standard membrane feeding as previously described.
Salivary glands of infected and uninfected mosquitoes were manually dissected at
day 14-21 post infection. Salivary glands were kept on ice until use within 1 hours.
Immediately prior to their use, glands were homogenized to extract parasites. Parasites
were counted using a Biirker chamber.

Animal use for this study was approved by the Animal Experiments Committee of
the Leiden University Medical Center (DEC 14307). The Dutch Experiments on Animal
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Act is established under European guidelines (EU directive no. 86/609/EEC regarding
the Protection of Animals used for Experimental and Other Scientific Purposes). All
experiments were performed in accordance with relevant guidelines and regulations.

Dermal APC emigration assay

Human skin explants were obtained from collaborating hospitals immediately after
abdominal skin reduction surgery (IRB B18.009 see ethics statement) and kept at
4°C until use (within 6 hours). Subcutaneous fat was removed, and the epidermal
side thoroughly cleaned with 70% ethanol. For injections, sporozoite solutions were
diluted in RPMI (42401-042; Invitrogen, Carlsbad, CA, USA) to a concentration of 2x105
sporozoites/ml (104 sporozoites per 50ul injection). Additionally, uninfected salivary
gland extract (SGE) was diluted to match salivary glands injected with the sporozoite
solutions. 50l solutions were injected intradermally using an insulin syringe (BD
biosciences, Franklin lakes, NJ, USA). For mosquito bite conditions, skin pieces were
wrapped around an electrically heated pad and placed upon mesh cages containing 100
infected Anopheles mosquitoes or uninfected control mosquitoes. Mosquitoes were
allowed to probe the skin in an interrupted feeding schedule (2-5 min on, 30 seconds
off for 15 total feeding minutes) in the dark, after which the sample was removed. The
injection site or mosquito exposed area was cleaned and biopsied using 6mm punch
biopsies (12-24 biopsies per condition). As controls, the injection site of 50ul intradermal
injections of RMPI, lipopolysaccharide (LPS; 20ug/ml; Invivogen, San Diego, CA, USA) or
1,25-dihydroxyvitamin D3 (Vitamin D; 25uM; Invivogen) was biopsied. All controls were
diluted in RMPI (42401-042; Invitrogen). Biopsies were rinsed in RPMI supplemented
with 0.1% fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands) and transferred to a
48 wells plate containing Tml RPMI 10% FCS per well supplemented with 500U/ml GM-
CSF. Plates were incubated for 3 days at 37°C, 5% CO2.

Biopsy supernatant was collected after 3 days. Supernatant was spun down to collect
emigrated immune cells. And the supernatant was stored at -20 degrees for subsequent
Luminex analysis. Emigrated cells were washed and stained for Flow Cytometric analysis
or irradiated to a total dose of 3000 rad and brought into culture for co-culture assays.

Flow Cytometric analysis of emigrated cells

Cells were stained with 7AAD live/dead dye (Abcam, Cambridge, UK; uptake) or with
Aqua fixable live/dead dye (Thermo Fischer Scientific, Waltham, MA, USA; phenotyping)
antibodies against HLA-DR, CD11¢, CD1a, CD14, CD141 and CD80 and analyzed by Flow
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Cytometry using a BD FACSCanto Il (BD Biosciences). Data was analyzed in FlowJoTM
version 9.9.6 (FlowJo LLC, Ashlan, OR, USA). Gates were set using ‘fluorescence minus
one’ (FMO) stained control samples.

Cytokine measurement

Biopsy supernatants were harvested 3 days after exposure to SPZ or controls.
Supernatants were analyzed by commercially available custom Luminex kit including
IFNy, IL183, IL-10, IL-2, IL-23, IP10, MIP1a, MIP13 and TNFa (Affymetrix, Santa Clara, CA,
USA).

Naive CD4* T cell co-culture

Naive T cell co-culture analysis of T cell polarization was performed as described
previously?. In brief: 5x103 emigrated APCs were irradiated (3000 rad) and co-cultured
with 2x104 allogeneic naive CD4+T cells isolated from buffy coat (Sanquin, Amsterdam,
The Netherlands). Co-cultures were performed in the presence of staphylococcal
enterotoxin B (10pg/ml). On days 6 and 8, recombinant human IL2 (10U/ml; R&D
Systems) was added and the T cells were expanded until day 11. Intracellular cytokine
production was analyzed after polyclonal restimulation with 100ng/ml phorbol
myristate acetate (PMA) and Tug/ml ionomycin (Sigma Aldrich) for 6 hours. Brefaldin
A (10ug/ml; Sigma Aldrich) was added for the last 4 hours of restimulation. Cells were
fixed in 3.7% paraformaldehyde (Sigma Aldrich), permeabilized with permeabilization
buffer (Affymetrix, Santa Clara, CA, USA), stained with antibodies against IL-4 and IFNy
(BD bioscience) and analyzed with flow cytometry. In addition, 105 expanded CD4 T
cells were restimulated with antibodies against CD3 and CD28 for 24 hours in a 96-wells
plate. Supernatants were harvested and analyzed for IL-10 secretion using standard
ELISA (Sanquin, Amsterdam, The Netherlands).

Statistical analysis

Data was analyzed using GraphPad Prism (La Jolla, CA, USA) version 7. Comparisons
between two or more independent data groups were made by student’s T test or analysis
of variance test (ANOVA; respectively). Luminex cytokine analysis was performed using
the Kruskall-Wallis test for comparison of non-parametric data from multiple groups.
P<0.05 was considered statistically significant.
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Figure 1. Experimental setup. A. Human skin explants were exposed to Pf infected mosquitoes or injected
with Pf SPZ or controls (SGE, Medium, Vitamin D and LPS). The exposed or injected areas were then biopsied
and cultured to allow emigration of migratory dermal APCs. We analysed the biopsy cytokine environment
and the phenotype and function of emigrated APCs. B. Sporozoite luciferin signal seen after intradermal
needle (left, bottom) or mosquito bite (right) injection of sporozoites confirms sporozoites are deposited in
skin explants by mosquito bite. Uninjected biopsy as a control in top left.

RESULTS

In order to assess the responses of dermal immune cells to SPZ, we exposed full thickness
human abdominal skin explants to SPZ injected by needle or by mosquito bite. We
confirmed dermal location of 10 000 luciferase-expressing SPZ by IVIS (Figure 1B, left).
Delivery of SPZ by the bites of 100 mosquitoes yielded lower signals, however still clearly
detectable (right). As mosquitoes inject approximately 100 sporozoites per bite>'?, we
estimated approximately 85-fold fewer parasites in the mosquito bite delivered biopsies
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(£118 sporozoites per biopsy; 100 mosquitoes*100 sporozoites=10.000 sporozoites in
the total surface area of 23.8 cm2, compared to 10.000 injected sporozoites per single
biopsy surface area of 0.28 cm?2).

Emigrating CD14* DDCs are increased after mosquito bite administration
of SPZ and decreased after needle injection.

We subsequently tested the phenotype and function of dermal APCs (Figure 1A). We
measured approximately three to seven thousand emigrated HLA-DR*, CD11c* dermal
APCs per biopsy, and found a trend of decreased total APC emigration after exposure
to SPZ both by mosquito bite and needle injection (Figure 2A). Examination of DDC
subset distribution (CD14*, CD1a*, CD141* DDCs and LCs), revealed only very small
differences after exposure to salivary gland extract of uninfected (SGE) or Plasmodium
infected mosquitoes (SPZ) with respect to the medium control (Figure 2B). These
small differences were especially evident compared to the effects of LPS and Vitamin
D controls (Supplementary Figure S1). We did find increased emigration of one subset
of DDCs, the CD14* subset, after SPZ exposure by infected mosquito bite, although
this trend was not statistically significant (P=0.09). This effect was primarily due to an
increase in the CD14+, Auto fluorescence* population, which have previously been
reported as “macrophage-like”” (Figure 2C). In contrast, emigration of the CD14*
subset was suppressed after needle injection of both SGE and SPZ (Figure 2B). We
did not detect differences in the other DDC subsets. Additionally, analysis of surface
expression of activation markers CD80, CD86 and HLA-DR showed that the changes
in CD14* DDCs were not accompanied by differences in activation marker expression
with either administration method in either subset (Figure 3, Supplementary figure S2).
We concluded that, although dermal APCs do not readily respond to intradermal SPZs
administered either via mosquito bite or needle injection, emigration of total dermal
APCs is reduced after SPZ exposure. In addition, the CD14* DDC subset may be the
subset of interest with regards to the route of administration of SPZ.

ID SPZ delivery does not result in changes in the dermal cytokine
environment

Luminex analysis of 8 different cytokines and chemokines which can be produced
by APCs in response to antigen encounter yielded no changes upon administration
of SPZ. We tested proinflammatory cytokines IFN-y, IL-13, TNF-a and IL-23, as well as
proinflammatory chemokines MIP-1a and MIP-1p. In addition we measured regulatory
cytokine IL-10 and chemokine IP-10. Although control injections using LPS showed
clear increases in the production of both pro- and anti-inflammatory cytokines and
chemokines (Supplementary figure S3), we did not detect any responses to mosquito
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bite or needle injection of SPZ or SGE (Figure 4). Thus, we concluded that dermal APCs
do not readily respond to intradermal SPZ or uninfected SGE by alteration of cytokine
production.

Emigrated APCs
per biopsy
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Figure 2. DDC subset distribution after ID SPZ inoculation via MB or needle. A. Total number of
emigrated APCs per biopsy. Trend of a decrease in APC emigration upon exposure to SPZ, both with MB
and needle injection. B. Subset distribution of emigrated DDCs. Statistical testing using paired student’s T
test. C. CD14+subset consists of CD14+ DDCs (CD14+ Autoﬂuorescencer) and Macrophage-like APCs (CD14+,
Autoﬂuorescence+).
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Figure 3. Activation status of emigrated DDCs. No changes in activation marker expression after exposure
to SPZ either via mosquito bite (MB+), needle (SPZ) or uninfected controls (MB- and SGE respectively). Data
shown as CD80, CD86 and HLA-DR expression over the four main DDC subsets. Statistical testing using one
way ANOVA.

No altered T cell polarization after dermal APC exposure to mosquito bite
or needle injected SPZ

Next we investigated whether dermal APCs exposed to SPZ or SGE could affect naive
CD4+* T cell polarization. We co-cultured heterologous T cells from anonymous donors
with emigrated DDCs from the previous setup, in the presence of staphylococcal
enterotoxin B (SEB) to ligate the discordant MHC receptors and measured IFN-y, IL-4
and IL-10 production by T cells. Using this, method we did not detect altered CD4* T cell
polarization towards either Th1, Th2 or regulatory responses after DDC exposure to SPZ
or SGE (Figure 5). In conclusion, dermal APC exposure to SPZ or uninfected SGE does not
affect subsequent T cell polarization.
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Figure 4. No changes in whole biopsy cytokine and chemokine environment after SPZ inoculation. A.
Pro-inflammatory cytokines. B. Proinflammatory chemokines. C. Regulary cytokine IL10 and chemokine IP10.
Testing using Kruskal-Wallis test (unpaired one way ANOVA non-parametric)
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Figure 5. No skewing of naive CD4" T cells by stimulated DDCs. A. Naive CD4 T cell polarization. IFNy or
IL-4 producing CD4+ T cells (Th1 and Th2 polarization respectively). B. IL-10 production by naive CD4 T cells
(after anti CD3/28 stimulation)

DISCUSSION

After sporozoite delivery, skin resident immune cells have been found capable of
priming a protective immune response against infected hepatocytes. This response
is initiated in the skin draining lymph node'*. However, we have recently shown
that Plasmodium falciparum (Pf) SPZ are able to induce regulatory immune responses
mediated through contact with APCs in vitro (Winkel 2020). These findings underline
the importance of the skin stage in malaria, and could prove especially important in the
field of vaccine development, where intradermal immunization has readily been shown
to enhance vaccine potency for a great many diseases?' 2. In this study, we take the first
steps to characterize human dermal immune responses after intradermal delivery of Pf
SPZ. In order to address the immunological basis for the reduced protectivity of needle
administered SPZ we compared needle injected and mosquito bite administered
parasites. To the best of our knowledge this is the first study examining dermal immune
responses to SPZ using human skin explants.

Overall, we see very few differences in the APC responses of our ex vivo skin explant
model. A possible explanation could be that the explant emigration assay is not
sensitive enough to pick up clear differences after three days of APC emigration.
Another explanation is that the lack of vascularization in our setup excludes recruited
blood-residentimmune cells such as granulocytes and monocytes (including monocyte
derived APCs). In spite of these limitations, a similar setup has been used to study APC
responses to other pathogens such as Schistosoma mansoni cercariae and candida®**
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as well as in vaccine delivery studies®. Nevertheless, SPZ are single cell protozoa
measuring 1x10 pm. Much smaller than the multicellular cercariae reaching 500 pm
length or hyphae-forming candida. With a roughly similar number of parasites per
biopsy (~118 for SPZ, ~140 for cercaria), the antigen load using cercariae is much higher
than that of SPZ. This low SPZ antigen load however, is representative for both natural
infection (mosquito bite) as well as attenuated SPZ vaccine trials (needle delivery). The
discrepancy between responses to other pathogens and our findings with SPZ leads us
to hypothesize the regulatory, suppressive propensity of PfSPZ in the skin.

Previously, we demonstrated that SPZ are capable to induce regulatory macrophages
in vitro, which can suppress subsequent antigen-specific CD8* T cell responses (winkel
2020). These macrophages express high levels of activation marker CD80 as well as
regulatory marker PD-L1. Additionally, they produce IL-10 and display reduced motility.
These features align them with regulatory macrophages described in the context of
tumor immunology?%. In our current study, we show decreased CD14* APC emigration
after needle injection of compounds. CD14* APCs have been transcriptionally aligned
to human monocytes and macrophages and have been postulated to be (related to)
monocyte-derived macrophages?3'. We therefore suggest that needle injection results
in increased immunoregulation compared to mosquito bite. This effect is already seen
in SGE delivery; however, it becomes more evident with SPZ inoculation.

We hypothesize thatimmune regulation starts at the earliest interaction of SPZ with the
immune system of the host, where we propose a central role for regulatory macrophages.
When SPZ are administered via needle injection, these regulatory macrophages are
induced and remain inside the dermis due to their decreased motility. Here they can
locally exert their immuno-suppressive effect, eventually resulting in the hindering of
the adaptive immune response. We theorize that this regulation depends on the route
of administration of SPZ due to a number of differences:

Firstly, the total SPZ load administered by needle injection greatly exceeds that of MB
injection per biopsy. A higher SPZ load may proportionally result in increased immune-
regulation within the skin. Especially the ratio between migrating (pro-inflammatory)
and dermally-residing (regulatory) SPZ might be critical. Mosquito bite delivery
deposits SPZ in close proximity to blood vessels as the mosquito probes, increasing
their emigrating potential. In addition, it has been postulated that mosquito delivery of
SPZ could select for the most mature and most motile SPZ to be injected. SPZ maturing
inside the mosquito migrate to the salivary gland ducts and it is thought that the
most mature SPZ are the first to be expelled in salivation®2. In contrast, by extracting
whole salivary glands from mosquitoes and injecting the homogenized product, this
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selection is lost. Arguably, immature SPZ showing reduced migratory capacity are
maintained within the skin longer and increase antigen exposure resulting in increased
regulation. Secondly, there are large differences in the volumes used. Mosquitoes inject
less than 1ul of saliva whereas standard intradermal injections used in vaccinations
are 50ul*. The larger volumes may result in flooding in the skin which hampers SPZ
(and potentially also DDC) migration**, resulting in increased antigen exposure at the
inoculation site and decreased migration to either the skin draining lymph node or
the liver. Corroborating this, 50ul needle injection of SGE also resulted in suppressed
emigration of DDCs. Thirdly, the differences in depth of injection between mosquito
bite and needle may bring SPZ in contact with different DDC subsets®. As DDC subsets
can respond differently to antigens, activation or bypassing of certain subsets may
influence the final immunological outcome3'35%7,

In summary, we took the first steps in characterizing human dermal immune responses
after SPZ delivery directly in human skin explants. Although overall responses to SPZ were
very limited, the decreased CD14* emigration after needle injection of SPZ corresponds
with our previous in vitro findings and could indicate a similarly regulatory effect within
skin. Our study revealed differences in DDC migration after antigen delivery via two main
routes of administration, with suppression most evident comparing needle to mosquito
bite delivery of SPZ. More studies are needed to determine the nature and role of
dermal macrophages in the route of administration of SPZ vaccines. Future studies will
include biopsy lysis and analysis of cellular markers within the skin biopsy. Ideally, in vivo
studies should be conducted to include vascularization and cellular influx. Alternatives
for dermal immunity studies that can be translated to human infection could be the use
of non-human primates®®* or controlled human malaria infections*. Using advanced
imaging techniques on skin biopsies as well as flow cytometric or Cytof analysis, these
models could elucidate the human skin stage of malaria in the in vivo setting.
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Figure S1.Smallincrease in macrophage like emigrated APCs after MB injection of SPZ compared needle
injection. A. Subset distribution of emigrated DDCs. Statistical testing using one way ANOVA.B.CD14 subset
consists of CD14 DDCs (CD14+ Autofluorescence ) and Macrophage-like APCs (CD14 , Autofluorescence ).
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Figure S2. Activation status of emigrated DDCs. A. Changes in activation marker expression after exposure
to SPZ delivered either via mosquito bite (MB+)or needle (SPZ), or controls (LPS, Vitamin D and uninfected
controls (MB- and SGE respectively). Data shown as CD80, CD86 and HLA-DR expression over the four main
DDC subsets. B. Activation markers of all DDC subsets combined (left) and on the macrophage-like, auto
fluorescent CD14+ population alone (right). Statistical testing using one way ANOVA.
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Figure S3. No changes in whole biopsy cytokine and chemokine environment after SPZ inoculation. A.
Pro-inflammatory cytokines. B. Proinflammatory chemokines. C. Regulary cytokine IL10 and chemokine IP10.
Testing using Kruskal-Wallis test (unpaired one way ANOVA non-parametric).
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Figure S4. No skewing of naive CD4' T cells by stimulated DDCs. A. Naive CD4 T cell polarization. B. IL-10
production by naive CD4 T cells (aCD3/28 stimulation)
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