

















CD8* T and Dendritic Cells in Liver-Stage Malaria
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FIG 5 Dendritic cells play a pivotal role in the formation of CD8" T cell clusters. (A and B) CD11c-eYFP mice were transferred
with activated DsRed/OT-I cells and infected with PbA-gfpOVA sporozoites, and liver imaging was performed by using
two-photon microscopy. (A) Time-lapse images of OT-I cells (red cells, indicated by small yellow arrowheads) associated with
CD11c™ cells (green) around infected hepatocytes (yellow, indicated by large white arrowheads). (B) Images of CD11c-eYFP
cells (green) in a cluster (left) and overlay image of OT-I (red) and CD11c™* cells (green) in the same cluster (right). (C to H)
CD11¢c-DTR chimeric mice were transferred (+) or not transferred (—) with activated OT-I cells; infected with PbA-gfpOVA
sporozoites, except for one group in panel G; and treated (+) or not treated (—) with DTX. (C) Liver and spleen cells were
stained and analyzed by using flow cytometry. The proportions (percentages) of MHC-II* CD11c* dendritic cells from CD45.2+
liver (top) and spleen (bottom) cells were determined (left), and their absolute numbers were calculated (right). (D) Total
numbers of suspended cells (left) and OT-I cells (right) in the liver (top) and spleen (bottom) were determined. (E) Livers were
examined under a two-photon microscope 44 h after infection, and the numbers of clusters in a 132-mm? area were
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manner independent of TCR recognition. The expression of chemokine receptors or
adhesion molecules on activated CD8™" T cells may be sufficient for their recruitment to
clusters of CD8™ T cells, as shown previously (13, 17), although the chemokine that is
required for the migration of CD8" T cells to the liver during malaria infection has not
been identified. However, under our experimental conditions, the nonspecific CD8+ T
cells in these clusters did not significantly contribute to protection, indicating that
TCR-mediated signaling is required for directing the effector function of CD8* T cells
toward infected hepatocytes. In regions where malaria is endemic, the population is
constantly exposed to various infectious microbes and may possess circulating effector
T cells that are not specific for malaria antigens. In addition, mosquito antigen-specific
CD8* T cells may also be induced upon an infectious bite. Our study suggests that
these nonspecific T cells may join the cluster but will not directly contribute to
protective immunity at the liver stage of Plasmodium infection. TCR sharing of by-
stander CD8™ T cells does not appear to take place in liver-stage infection (18). It will
be intriguing to determine whether the recruitment of nonspecific activated T cells with
different profiles of anti-liver-stage cytokine secretion (19-21) to clusters enhances the
elimination of infected cells.

CD11c™* cells in hepatic myeloid cells consist of at least two subpopulations, CD11c™
F4/80~ and CD11c™ F4/80+ cells, which are mostly dendritic cells and a subpopulation
of Kupffer cells, respectively (15). We found that the number of CD11c™ cells increased
in mice in which OT-I cells were transferred and infected with PbA-OVA and accumu-
lated in the clusters of activated CD8* T cells that were formed around infected
hepatocytes. The recruitment of CD11c™ cells may be triggered by infected hepato-
cytes, which recognize Plasmodium parasites via receptors for pathogen-associated
molecular patterns in a type | interferon (IFN)-dependent, and, thus, activated CD8* T
cell-independent, manner (22, 23). However, since cluster formation is dependent on
specific CD8™ T cells, it is more likely that OT-I cells recruit CD11c* cells following the
recognition of infected hepatocytes. When CD11c™ cells were depleted by DTX treat-
ment in CD11c-DTR chimeric mice, the formation of CD8™ T cell clusters was strongly
reduced, implying that CD11c™ cells in the liver play a pivotal role in the orchestration
of cluster formation. The depletion of CD11c™ cells significantly decreased the protec-
tion conferred by the transfer of OT-I cells, correlating with the decrease in OT-I cell
numbers in the liver, suggesting that CD11c* dendritic cells in the clusters have pivotal
roles for the effector function of these specific CD8* T cells in protection. Alternatively,
there is the possibility of a direct protective role of CD11c™ cells in the clusters via
cytokine secretion or phagocytosis, because targeting of CD11c* cells with DTX
depletes a majority of CD11c™ dendritic cells and a significant proportion of CD11c™
F4/80" Kupffer cells (15). However, CD11c~ F4/80" Kupffer cells should remain intact
in DTX-treated mice, and we believe that this possibility is less likely.

In our imaging study, we observed that OT-I cells that approached clusters around
infected hepatocytes were closely associated with CD11c™ cells. These results suggest
that CD11c™ cells that were recruited to infected hepatocytes form a microenviron-
ment that attracts activated CD8* T cells, increasing the opportunity for antigen-
specific CD8™ T cells to recognize and eliminate infected hepatocytes. CD11c™ den-
dritic cells are known to cross-present antigens to specific CD8* T cells when in close
contact. In the livers of mice infected with radiation-attenuated Plasmodium sporozo-
ites, CD8a™ dendritic cells present liver-stage antigens to activate effector CD8" T cells
(24). However, it was reported previously that effector CD8* cells do not require bone

FIG 5 Legend (Continued)

determined. (F) Parasite burdens in mice treated with higher (0.1 ng) and lower (0.05 ng) doses of DTX without OT-I transfer
were determined by real-time PCR. (G and H) Proportions (percentages) of CD25* cells of OT-I cells in liver cell suspensions
(G) and parasite burdens in the liver (H) were determined 44 h after infection (+) or without infection (—). Each dot represents
data for one mouse. Data are representative of data from three experiments with similar results. Results are presented as
means * SD. *, P < 0.05; ns, not significant (by unpaired t tests [D, right, and E] or by one-way ANOVA followed by Sidak’s

multiple-comparison tests [C, D, left, and F to HI).
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marrow-derived antigen-presenting cells for protection at the liver stage of Plasmodium
yoelii infection (25). Furthermore, dendritic cells use the endosome-cytosol pathway to
cross-present Plasmodium antigens to CD8* T cells, and this endosomal pathway of
antigen presentation has been shown to be dispensable for protective immunity
against infected hepatocytes mediated by activated specific CD8" T cells (26). Thus, we
believe that this pathway is unlikely to be essential for protection in the liver, although
it may have an ancillary role. An alternative possibility is that specific CD8* T cells
directly receive activation signals upon the recognition of the antigens presented on
infected hepatocytes via their TCR. In this scenario, CD11c™ cells that are recruited to
infected hepatocytes do not directly activate specific CD8* T cells but may attract
activated CD8™ T cells to infected hepatocytes in an antigen-nonspecific manner via
the expression of adhesion molecules and the secretion of chemokines.

We observed clusters of CD8™" T cells 44 h after infection with sporozoites, repre-
senting a relatively late period of liver-stage infection. At this late time, CD8" T cell
clusters were heterogeneous, ranging from the collection of a few CD8* T cells around
infected hepatocytes to large clusters of CD8* T cells that accumulated after the
elimination of parasites. Our study demonstrated the critical role of dendritic cells in the
formation of these CD8* T cell clusters and their impact on protection. In addition, we
showed that Plasmodium-specific CD8* T cells within the clusters are likely involved in
the elimination of infected cells. It is well known that the activation of innate immunity
is critical for the induction of adaptive immune responses (27). Our study highlights the
important role of innate immune cells in inducing the effector mechanisms of activated
CD8* T cells during the liver stage of Plasmodium infection. Further study will reveal the
molecular mechanisms underlying the interactions between dendritic cells and effector
CD8* T cells that play essential roles in the elimination of liver-stage Plasmodium
parasites.

MATERIALS AND METHODS

Animals. OT-I transgenic mice expressing a TCR specific for OVA,,_,s,/K® were obtained from H.
Kosaka (Osaka University, Osaka, Japan) (28). B6.SJL and OT-I mice were interbred, and the offspring were
intercrossed to obtain CD45.1+ OT-I mice. In addition, 2C mice (29) (RBRC00123) were provided by RIKEN
BRC through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science, and
Technology, Japan. DsRed.T3 (30), CD11¢c-DTR (31), and CD11c-eYFP (32) transgenic mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). B6-EGFP (GFP) and C57BL/6 mice were purchased from
SLC (Shizuoka, Japan). OT-l mice were interbred with DsRed.T3 and GFP transgenic mice to generate
DsRed/OT-I and GFP/OT-I mice, respectively, while 2C mice were crossed with DsRed.T3 mice to generate
DsRed/2C mice. Mice were maintained in the Laboratory Animal Core for Animal Research at Nagasaki
University and used at the age of 8 to 14 weeks. The animal experiments presented here were approved
by the Institutional Animal Care and Use Committee of Nagasaki University and were conducted
according to guidelines for animal experimentation at Nagasaki University.

T cell transfer, parasite infection, and imaging. For the preparation of activated OT-I cells, cells
were harvested from the spleens and inguinal lymph nodes of OT-I mice, pulsed with the OVA,, 5.
peptide (2 png/ml) for 4 h, washed, and cultured for 3 days. For 2C cells, cells were prepared from
DsRed/2C mice and pulsed with the 2C SIYRYYGL peptide (5 wg/ml) (33). Mice received activated OT-I or
2C cells (5 X 10° to 10 X 10¢ cells) intravenously through the tail vein.

Activated OT-l and 2C CD8" T cells were treated with PTX (100 ng/ml; Sigma, St. Louis, MO) for 3 h
at 37°C and washed three times with phosphate-buffered saline (PBS) before transfer to mice. Each type
of cell (OT-l and 2C, PTX-treated and untreated) was transferred separately into the recipient mouse.

PbA-gfpOVA sporozoites were collected from the salivary glands of infected Anopheles stephensi
mosquitoes. One day after cell transfer, mice were intravenously infected with PbA-gfpOVA sporozoites
(1 X 10* sporozoites). Next, 44 h after infection, the liver was imaged by using an inverted TCS SP5
two-photon microscope equipped with an OPO laser (Leica Microsystems, Wetzlar, Germany) with a 25X
water immersion objective, as described previously (12, 14). Analysis of two-photon imaging data was
performed by using Imaris 7.6.5 software (Bitplane, Zurich, Switzerland).

Liver cell suspension. The liver cell suspension was prepared as described previously, with modi-
fications (34). Briefly, the isolated liver was crushed with a syringe plunger in a petri dish placed on ice
in 5 ml PBS. The cell suspension was centrifuged, and the pellet was suspended in a solution of 33%
Percoll in PBS and centrifuged at 800 X g for 30 min at 20°C. Parenchymal cells and debris on the top
were removed by using a glass pipette, and the pellet was suspended in Gey's solution to lyse red blood
cells, centrifuged, washed with PBS, resuspended in PBS, and stained with fluorochrome-conjugated
antibodies.

Flow cytometry. Cells were blocked with anti-CD16/CD32 (2.4G2) and incubated with antibodies
specific for CD8a and CD25 (eBioscience, San Diego, CA), as described previously (12). All samples were
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analyzed by using a BD FACSCanto Il or BD LSRFortessa X-20 instrument (BD Biosciences, San Jose, CA).
Data were analyzed by using FlowJo software v10.2 (TreeStar, Ashland, OR). The difference in the mean
fluorescence intensity (AMFI) was used to determine the difference between experimental staining and
the isotype control.

Real-time PCR to determine parasite burden. Total liver RNA was isolated by using Isogen I
(Nippon Gene, Tokyo, Japan) 44 h after infection with 10,000 PbA-gfpOVA sporozoites. RNA was treated
with DNase (TaKaRa, Kusatsu, Japan) according to the manufacturer’s protocol and separated on a 1%
agarose gel to verify its integrity, using the ratio of 28S to 18S rRNA. cDNA was prepared from 2 ug of
RNA and amplified by PCR using primer pairs targeted to the 18S rRNA sequence of Plasmodium yoelii
(35) or mouse (36) in a mixture containing SYBR green (Applied Biosystems, Foster City, CA). Samples
were amplified by using an ABI Prism 7900HT automatic real-time PCR system (Applied Biosystems). The
threshold cycle of each PCR was converted into a DNA equivalent using standard curves made by
amplifying 10-fold dilutions of a plasmid bearing the relevant target sequences. The liver parasite
burden was determined as the ratio of the cDNA equivalent measured for P. yoelii 18S rRNA to that
for mouse 18S.

Depletion of CD11c* cells. C57BL/6 mice were lethally irradiated (900 rads) and intravenously
received bone marrow cells from CD11¢c-DTR mice (1.0 X 107 cells) on the following day to generate
bone marrow chimeric (CD11c-DTR chimeric) mice. Mice were maintained for more than 2 months before
infection to allow the reconstitution of the hematopoietic cells. To deplete dendritic cells, CD11c-DTR
chimeric mice were intraperitoneally injected with 0.5 ug/mouse DTX in 1 ml PBS 2 h after infection with
sporozoites.

Statistical analysis. In comparisons between two groups, unpaired two-tailed Student’s t tests were
used. In comparisons of three or more groups, an overall difference was first determined by one-way or
two-way analysis of variance (ANOVA) followed by Sidak’s multiple-comparison tests. Statistical analysis
was performed by using GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA). Correlations

Infection and Immunity

were analyzed by using Spearman’s rank correlation coefficient. Results are presented as means =+
standard deviations (SD).
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