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1 | INTRODUCTION

Effector CD4" T cells coordinate protective immunity during blood-
stage malaria by promoting parasite phagocytosis and antibody
production.l'2 However, it is now evident that effector CD4" T cell

function is strongly regulated during the course of blood-stage

Abstract

Aims: Co-inhibitory receptors play a major role in controlling the Th1 response during
blood-stage malaria. Whilst PD-1 is viewed as the dominant co-inhibitory receptor
restricting T cell responses, the roles of other such receptors in coordinating Th1 cell
activity during malaria are poorly understood.

Methods and Results: Here, we show that the co-inhibitory receptor Tim-3 is ex-
pressed on splenic antigen-specific T-bet" (Th1) OT-Il cells transiently during the
early stage of infection with transgenic Plasmodium yoelii NL parasites expressing
ovalbumin (P yoelii NL-OVA). We reveal that co-blockade of Tim-3 and PD-L1 during
the acute phase of P yoelii NL infection did not improve the Thi cell response but in-
stead led to a specific reduction in the numbers of splenic Thl OT-Il cells. Combined
blockade of Tim-3 and PD-L1 did elevate anti-parasite IgG antibody responses.
Nevertheless, co-blockade of Tim-3 and PD-L1 did not affect IFN-y production by
OT-ll cells and did not influence parasite control during P yoelii NL-OVA infection.
Conclusion: Thus, our results show that Tim-3 plays an unexpected combinatorial
role with PD-1 in promoting and/ or sustaining a Th1 cell response during the early
phase of blood-stage P. yoelii NL infection but combined blockade does not dramati-

cally influence anti-parasite immunity.
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malaria by the activity of co-inhibitory receptors, which are up-
regulated on activated CD4" T cells as infection progresses.®” The
expression of co-inhibitory molecules (including PD-1, CTLA-4 and
LAG-3), dampens effector CD4" T cell cytokine production and
proliferation, impairs memory T cell formation and promotes infec-

tion chronicity.g’9 Consequently, there is currently major interest in
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resolving the independent and overlapping roles of different co-in-
hibitory receptors in regulating T cell function during malaria, to de-
velop new strategies to reinvigorate effector CD4" T cell responses
and treat chronic malarial disease.”°

Tim-3 is a co-inhibitory cell surface molecule that is widely ex-
pressed by innate and adaptive leucocyte popula\tions.“'12 Tim-3 ex-
erts pleiotropic regulatory effects on APCs and NK cells, inhibiting
activation, phagocytosis, cytokine production and cytotoxicity.**?
In effector CD4* Th1 and CD8" T cells, Tim-3 limits T cell receptor
(TCR) signalling and promotes cellular apoptosis.*>* Consequently,
Tim-3 has been shown to inhibit T cell responses during cancer and
various chronic bacterial and viral infections.*>* Interestingly, de-
spite the identified direct inhibitory activities of Tim-3, it has been
suggested that the molecule may act predominantly in synergy with
PD-1 to repress effector T cell responses.!! Indeed, combined block-
ade of Tim-3 and PD-1 has been shown to be significantly more ef-
fective at restoring T cell effector function than individual Tim-3 or
PD-1 blockade in chronic viral infection.'®? At present, the role of
Tim-3 in regulating protective CD4" T cell immune responses during
blood-stage malaria is unclear.”?°23 Moreover, the potential syn-
ergistic interaction between Tim-3 and PD-1 in regulating effector
CD4" T cell responses during malaria has not yet been addressed.

In this study, we identify that antigen-specific effector CD4* T
cells only transiently express Tim-3 during the early phase of T cell
activation during blood-stage P yoelii NL infection. Interestingly, we
show that instead of improving the strength of the antigen-specific
T-bet" Th1 response, combinatorial blockade of Tim-3 and PD-L1
significantly reduced the frequencies and numbers of antigen-spe-
cific Th1 cells during the early phase of blood-stage P yoelii NL in-
fection. Nevertheless, combined PD-L1 and Tim-3 blockade did not
impact overall IFN-y production by antigen-specific CD4" T cells and
did not alter parasite control. Thus, our data suggest that Tim-3 does
not act as a negative co-inhibitory molecule in combination with
PD-1 to influence Th1 cell responses, but may play a minor role in
promoting/sustaining the Th1 cell population during the early stages

of blood-stage malaria.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

All animal work at the University of Manchester was approved fol-
lowing local ethical review by the University of Manchester Animal
Procedures and Ethics Committees and was performed in strict ac-
cordance with the U.K Home Office Animals (Scientific Procedures)
Act 1986 (approved H.O Project Licences 70/7293 and P8829D3B4).
All animal work at Leiden Medical Center was approved and per-
formed under a licence from the Animal Experiments Committee of
the Leiden University Medical Center (DEC 12042). All experiments
were performed in accordance with the Experiments on Animals Act
(Wod, 2014), the applicable legislation in the Netherlands in accord-
ance with the European guidelines (EU directive no. 2010/63/EU).

2.2 | Mice

Male 7-week-old C57BL/6 mice (CD45.2") were purchased from
Charles River, UK, and female 6-7-week-old OF1 mice were pur-
chased from Charles River, NL. RAG-1 OT-Il x Pep3 (CD45.1") mice on
aC57BL/6 background24 were bred at the University of Manchester.
All mice were maintained in specific-pathogen-free conditions in in-

dividually ventilated cages.

2.3 | Generation and genotyping of a transgenic
P yoelii 17XNL line expressing ovalbumin OVA

To generate transgenic P yoelii mutant expressing ovalbumin
(OVA) fused to mCherry under control of the constitutive hsp70
promoter of P berghei, we generated DNA construct pL2095 (see
Figure S1). First, the promoter of hsp70 of the OVA:mCherry
plasmid pL18382° was exchanged for the P berghei hsp70 pro-
moter of p28<£~26 amplified using primers 7652 and 7653 (5'-
GGAAGATCTCCCGGGGTAATATTTTGTTGGTGAGC and
5'-CCGCTCGAGGGATCCTAATTGTAATTGTAATTTATTGG) and
cloned Bglll-BamHI/Xhol to remove restriction sites present in the
original hsp70 promoter region. Second, the 3'UTR of Pbdhfr/ts was
exchanged for the 3'UTR of Pbdhfr/ts of pL000727 using restric-
tion sites Sphl/EcoRI to introduce a Smal site. Finally, the hsp70-
OVA:mCherry expression cassette was cloned into Smal-pL1847
digested plasmid?® that has sequences targeting the 5’ and 3’ regions
of the neutral p230p gene of P yoelii (PY17X_0306600). Orientation
of the expression cassette (OVA-mCherry fusion under control of
the hsp70 promoter and the 3'UTR of Pbdhfr/ts) was analysed, and
the construct was linearized using EcoRI sites before transfection
(Figure S1).

Transfection (exp. 2510), selection and cloning of transformed
parasites were performed using standard genetic modification
technologies?? using the reference “GIMO” Py17XNL parasite line
1923cl1 (GIMOPy17X; line RMgm-688; www.pberghei.eu?® ) as the
parent P yoelii XNL parasite line. The 1923c11 line contains, as a
positive/negative selectable marker (SM), the fusion gene of hdhfr
(human dihydrofolate reductase; positive SM) and yfcu (yeast cytosine
deaminase and uridyl phosphoribosyl transferase) under control of the
constitutive eefla promoter integrated into the silent p230p gene
locus (PY17X_0306600).

Cloned parasite lines were obtained by the method of limiting di-
lution and clone 1 was used in further analyses (line hsp70-OVA::m-
Cherry or P yoelii NL-OVA). Correct integration of DNA construct
into the genome was verified by Southern analyses of Pulsed Field
Gel (PFG)-separated chromosomes.?’ PFG-separated chromosomes
of the parent line 1923cl1 were hybridized with 3'UTR Pbdhfr/ts
probe28 and chromosomes of the clones of 2510 with mix probe,
consisting of a probe recognizing chromosome 5 and a probe
against hdhfr®® (Figure S1). Growth of blood stages of P yoelii NL-
OVA (2510cl1 and 2510cl3) parasites was determined during the
cloning period, as described previously.?’ Growth of P yoelii NL-OVA
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parasites was similar to growth of the parent reference P yoelii
17XNL parasite line (data not shown).

Expression of the OVA:mCherry was analysed by fluorescence
microscopy of mCherry fluorescence in blood stages, oocysts and
sporozoites using a Leica DMR fluorescence microscope. In addition,
expression of OVA:mCherry was analysed by immunofluorescence
analysis of infected erythrocytes containing trophozoites and schi-
zonts that were fixed on slides with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 20 minutes and permeabilized with
0.5% Triton X-100 in PBS for 10 minutes. The parasites were stained
with polyclonal rabbit IgG anti-OVA antibody (kindly provided by MGM
Camps, Department of Immunohematology and Blood Transfusion,

: Wl LEYM

LUMC), followed by Alexa Fluor FITC-anti-rabbit antibodies (Sigma).
Nuclei were stained with Hoechst 33342 (2 pmol/L; Sigma) for 15 min-

utes. Slides were mounted in Vectashield (Vector Laboratories Inc) and

examined using a DMR Leica fluorescence microscope.

2.4 | Experimental infections

Cryopreserved P yoelii NL-OVA parasites were thawed and pas-
saged once in C57BL/6 mice before being used to infect experi-
mental mice. Animals were infected via intravenous (iv) injection

of 10* parasitized red blood cells (pRBC). The course of infection
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FIGURE 1 Tim-3is transiently expressed on effector OT-II cells during Plasmodium yoelii NL-OVA infection. CD45.1" OT-ll cells were
adoptively transferred into C57BL/6 mice prior to infection with 10*Pp yoelii NL-OVA pRBC. Spleens were taken at stated time points p.i and
analysed by flow cytometry. A, Representative histograms and B, mean fluorescence intensity (MFI) of Tim-3 levels on effector CD44* OT-I|
cells during P yoelii NL-OVA infection. C, Representative flow cytometric plots showing gating of T-bet" and T-bet” OT-II sub-populations.

D, MFI of Tim-3 within T-bet* and T-bet' CD44* OT-1l populations on days 5 and 15 of infection. E, Representative flow cytometric

plots showing Tim-3 and PD-1 expression on OT-Il cells in naive mice and on effector CD44" OT-I cells and Th1 OT-I cells on day 5 of
infection. F, The percentages of Tim-3" and/or PD-1" effector CD44"* OT-1I cells and Th1 OT-1I cells over the course of infection. Results are
representative of two experiments (n = 3-4). Bars represent mean + SEM. *P < .05, **P < .01 (unpaired t test or one-way ANOVA with Tukey's

multiple comparison test)
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was monitored every other day starting from d5 p.i by assessing
peripheral parasitaemia via microscopic examination of Giemsa-
stained thin blood smears.

2.5 | Invivo blockades

Mice received 250 pg of a-PD-L1 (10F.9G2) and a-Tim-3 (RMT3-
23) every two days from day 5 p.i via intraperitoneal (i.p.) injection.
Antibodies were obtained from BioXcell. Control mice received

250 pg of Rat IgG (Sigma Aldrich) via i.p. injection.

2.6 | CD4" T cell isolation and adoptive transfer

Spleens were isolated from RAG-1 OT-Il x Pep3 mice, homogenized
through a 70 pm strainer (BD Biosciences) and incubated in RBC lysis
buffer (BD Biosciences) to generate an RBC-free single cell suspen-
sion. OT-1l cells were isolated using anti-CD4-conjugated micro-
beads (Miltenyi Biotec), according to manufacturer's instructions.
1 x 10° OT-Il cells were transferred into C57BL/6 via iv injection one
day prior to infection with P yoelii NL-OVA pRBCs.

2.7 | Flow cytometry

Spleens were removed from naive and malaria-infected mice at
stated time points, homogenized through a 70-pm strainer and
incubated with RBC lysis buffer. Absolute live cell counts were
calculated by trypan blue (Sigma) exclusion cell viability assay.
Splenocytes were then surface stained in flow cytometry buffer
(HBSS with 2% FCS) for 25 minutes at 4°C with anti-mouse anti-
bodies to: CD45.1 (A20), CD4 (RM4-5), CD44 (IM7), PD-1 (RMPI-
30), CXCR5-biotin (LI38D7) and Tim-3 (RMT3-23). All antibody
staining was done in the presence of FcR block (2.4G2, BioXcell).
For detection of biotin-labelled antibody, cells were labelled with
primary antibodies before being stained with streptavidin v510 for
10 minutes at room temperature (RT). For intracellular antibody
staining, cells were incubated with Foxp3 fixation/permeabiliza-
tion buffer (eBioscience) for 30 minutes at 4°C. Cells were sub-
sequently stained with the following antibodies: T-bet (4B10) and
Ki-67 (SolA15) for 30 minutes. For analysis of the intracellular cy-
tokines IFN-y (XMG1.2) and TNF-a (MP6XT22), cells were stimu-
lated ex vivo for 4 hours at 37°C with 200 ng/mL PMA (Sigma),
1 pg/mL ionomycin (Sigma) and brefeldin A ([1000x], eBioscience).
Dead cells were excluded from all analyses using forward and
side scatter properties and LIVE/DEAD Fixable Blue Dead Cell
Stain Kit (Life Technologies). All antibodies were obtained from
eBioscience or Biolegend. Samples were acquired through the
Fortessa (BD systems) and all analysis was performed using Flowjo
Software (Treestar Inc). Samples from P yoelii NL-OVA infected
mice were combined to generate fluorescence minus one (FMO)

controls, which were used to validate the flow cytometric data.

2.8 | Enzyme-linked immunosorbent assay (ELISA)

Nunc MaxiSorp™ plates (Fisher) were coated with 50 uL/well of
2 ug/mL P yoelii MSP-1 19 kDa (MSP-1,,) protein®! in Dulbecco's
PBS (DPBS) (Sigma), wrapped in clingfilm and incubated at 4°C over-
night (216 hours). Plates were then washed 6x with PBS/T (PBS with
0.05% Tween-20 (Sigma)) and blocked at room temperature (RT) for
1 hour using 5% milk (sigma) in PBS/T. Plates were again washed 6x
with PBS/T.

Mouse serum samples were then diluted 1:100 in PBS/T and plated
in duplicate down the plate in a 3-fold dilution series. A positive control
consisting of a pool of samples was also plated in duplicate in a 3-fold
dilution series. Blocking solution (5% milk in PBS/T) was added to the
first and last plate columns as a blank. The plate was then incubated for
2 hours at RT before washing 6x with PBS/T. Anti-mouse 1gG (whole
molecule)-AP (produced in goat) (Sigma) was diluted 1:1000 in PBS/T
and 50 pL/well was added to the plate, before incubation for 1 hour at
RT. Development solution was prepared by diluting 5x diethanolamine
substrate buffer (Pierce) to 1x in ddH,O, and one 20 mg pNPP tablet
(Thermo) was added to each 20 mL of this buffer. The plate was then
washed 6x in PBS/T. 100 pL/well of development buffer was added
and plates read until the positive control reached a defined endpoint

titre; the endpoint titres of the test samples were then calculated.

2.9 | Statistical analysis

All statistical analysis was performed using GraphPad Prism
(GraphPad Software). All data were tested for normal distributions
using the Shapiro-Wilk normality test. Comparison between three or
more groups was carried out using a one-way ANOVA with Tukey's
test for multiple comparisons. Comparisons between two groups
were carried out using an unpaired t test (for parametric data) or a
Mann-Whitney test (for non-parametric data). Results were consid-

ered significant when P < .05.

3 | RESULTS

3.1 | Tim-3is transiently expressed on antigen-
specific effector T-bet” OT-II cells during blood-stage
P yoelii NL-OVA infection

To examine the potential role of Tim-3 in regulating antigen-spe-
cific CD4" T cell responses during blood-stage malaria, we first
examined the levels of Tim-3 on ovalbumin-specific TCR trans-
genic CD4" T cells (OT-II cells) during blood-stage P yoelii NL-OVA
infection. This P yoelii NL-OVA line (Py-hsp70-OVA::mCherry) ex-
presses ovalbumin (OVA) fused to mCherry under control of the
constitutive hsp70 promoter of P berghei (PBANKA_0711900;
Figure S1). We have previously shown that transgenic parasites
expressing OVA fused to mCherry induce strong OT-I and OT-II

responses.?’ Expression of OVA:mCherry in blood and mosquito
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FIGURE 2 Blockade of Tim-3 and PD-L1 does not improve parasite control but reduces the Th1l response during Plasmodium yoelii
NL-OVA infection. CD45.1* OT-II cells were adoptively transferred into C57BL/6 mice prior to infection with 10* P yoelii NL-OVA pRBC.
Infected mice were either treated with control rat IgG (n = 4) or a-Tim-3 and/ or a-PD-L1 Abs (250 ug) every 2 days starting from day 5 p.i.
A, Peripheral parasitaemia during infection. B and C, Total numbers of CD4" T cells in the spleen on day 15 following (B) combined a-Tim-3
and a-PD-L1 treatment or (C) individual a-PD-L1 treatment. D, Representative flow cytometric plots, and E, percentages and total numbers
of OT-I cells on day 15 of infection. F, Representative flow cytometric plots, and G, percentages and total numbers of T-bet” OT-1I cells on
day 15 of infection. H, Representative flow cytometric plots, and |, percentages and total numbers of Ki67" T-bet* OT-Il cells on day 15 of
infection. Results are representative of three independent experiments (n = 4 per group). Bars represent mean + SEM. *P < .05, ***P < .001
(unpaired t test or Mann-Whitney test)
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stages of P yoelii NL-OVA was shown by analysis of mCherry fluo-
rescence and immunofluorescence analysis of OVA expression
(Figure S1).

We assessed Tim-3 expression on OT-1l cells on day 5 of infec-
tion, representing an early time point following T cell activation and
on day 15 of infection, equivalent to peak parasitaemia.32 Tim-3
expression was significantly increased on effector (CD44") OT-II
cells during the early stage of blood-stage infection on day 5 p.i.,
but expression significantly decreased by day 15 p.i (Figure 1A,B).
Tim-3 expression was significantly higher on effector T-bet* (Th1)
OT-ll cells, than effector T-bet” OT-II cells on day 5 of infection, in-
dicating that Tim-3 may preferentially regulate Th1 cell responses
during the early phase of blood-stage malaria (Figure 1C,D). On
day 5 of infection very few T-bet"CD44* OT-1l cells co-expressed
GATA-3, Foxp3 or Bcl-6, confirming them as Th1l cells. On day
15 of infection a slightly larger proportion of T-bet*CD44" OT-II
cells co-expressed Bcl-6 but the significant majority of T-bet* cells
remained characteristically Th1 cells (results not shown). Of the
effector OT-1l and Thl OT-ll cells expressing Tim-3 on day 5 of
infection, approximately 50% co-expressed PD-1 (Figure 1E,F).
Notably, only a small proportion effector OT-II cells and Th1-OT-II
cells expressed PD-1 independently from Tim-3 on day 5 of in-
fection (Figure 1E,F). Thus, there is high expression of Tim-3 on
antigen-specific Thl OT-II cells during the early stages of blood-
stage P yoelii NL-OVA infection. The co-expression of PD-1 with
Tim-3 also supports the view that Tim-3 may act in conjunction
with PD-1 to regulate effector T cells during the early stages of an

immune response.“

3.2 | Combinatorial Tim-3 and PD-L1 blockade
does not influence parasite control but causes loss of
Th1 OT-II cells during P yoelii NL-OVA infection

To examine the combined role of Tim-3 and PD-1 in regulating
antigen-specific CD4" T cell responses and parasite control during
blood-stage malaria, we treated mice with combinatorial a-Tim-3
and a-PD-L1 antibodies from day 5 of P yoelii NL-OVA infection,
where maximal Tim-3 expression was observed. Blockade of Tim-3
and PD-L1 from day 5 of infection did not significantly affect pe-
ripheral parasitaemia, compared with IgG control treatment, on any
examined day, until termination of experiments on day 15 of infec-
tion (Figure 2A). Surprisingly, given the perceived regulatory roles
of Tim-3 and PD-1,%*® combinatorial a-Tim-3 and a-PD-L1 blockade
led to a significant reduction in the total numbers of CD4" T cells
within the spleen on day 15 of infection, compared with control IgG
treatment (Figure 2B). Individual blockade of PD-L1 did not affect
the total numbers of splenic CD4" T cells (Figure 2C), suggesting
that the reduction in CD4" T cell numbers following combinatorial
a-Tim-3 and a-PD-L1 treatment corresponded to individual or syn-
ergistic blockade of Tim-3 function.

Combinatorial a-Tim-3 and a-PD-L1 blockade did not alter the

overall frequencies of OT-Il cells on day 15 of infection; however,

due to the impact on total splenic CD4" T cell numbers (Figure 2B),
treatment significantly reduced the total numbers of splenic OT-II
cells, compared with mice treated with IgG control antibodies
(Figure 2D,E). Interestingly, Tim-3 and PD-L1 co-blockade signifi-
cantly decreased both the frequencies and total numbers of Thi
OT-1l cells on day 15 of infection, compared with IgG control treat-
ment (Figure 2F,G). Treatment did not alter the small proportion of
Bcl-6* co-expressing cells within the T-bet” OT-Il population, in-
dicating the therapy did not change the composition of the T-bet*
OT-1l compartment (results not shown). Combinatorial blockade did
not significantly alter Th1 OT-II cell proliferation, as measured by
Ki-67 expression (Figure 2H,1), suggesting that the effects of a-Tim-3
and a-PD-L1 treatment on the frequencies and numbers of Thl OT-II
cells was not due to diminished Th1 cell proliferation.

The reduction in frequencies of Thl OT-Il cells indicated a spe-
cific detrimental impact of Tim-3 and PD-L1 co-blockade on the Th1
cell response, compared with other OT-1l cell subsets. In agreement
with this, the frequencies of splenic CXCR5*PD-1" (Tfh) OT-II cells
trended higher in a-Tim-3 and a-PD-L1 co-treated mice on day 15
of infection than in IgG control mice, although total cell numbers
were not increased by combinatorial blockade (Figure 3A,B). PD-L1
and Tim-3 co-blockade did not influence the frequencies or numbers
of germinal centre B cells (Figure 3C,D and results not shown) but
combinatorial treatment did significantly increase the plasma titres
of anti-P yoelii MSP1,, 1gG antibodies on day 15 of infection, com-
pared with control IgG treatment (Figure 3E).

In addition, a-Tim-3 and a-PD-L1 combinatorial treatment did
not alter the frequencies of T-bet” CXCR5™PD-1" OT-II cells, pre-
viously defined as central memory (Tcm) precursor cells,3%34
the frequencies of T-bet CXCR5°PD-1'° OT-II cells on day 15 of in-
fection (Figure 3F,G). Although Tim-3 has previously been shown to

nor

influence memory CD4" T cell development,®® combined a-PD-L1
and a-Tim-3 treatment did not lead to an increase in CD62L expres-
sion by the CXCR5™PD-1™ or the CXCR5'°PD-1'° OT-Il subsets
(Figure 3H).

Taken together, these data show that combinatorial Tim-3 and
PD-L1 blockade specifically inhibited the development and/or main-
tenance of the Th1l OT-II cell subset, whilst increasing the anti-par-
asite 1gG response, during the early stages of blood-stage P yoelii
NL-OVA infection. Nevertheless, our co-blockade results suggest
that the co-inhibitory molecules do not appear to influence parasite

control during acute blood-stage malaria.

3.3 | Combinatorial Tim-3 and PD-L1 blockade
does not influence overall IFN-y production by
effector OT-II cells during blood-stage P yoelii NL-
OVA infection

Given the effect of a-Tim-3 and a-PD-L1 treatment on the Thil
OT-Il response (Figure 2F,G), we next examined if a-Tim-3 and
a-PD-L1 combinatorial treatment influenced effector OT-Il pro-in-

flammatory function during P yoelii NL-OVA infection. Surprisingly,
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FIGURE 3 Blockade of Tim-3 and PD-L1 marginally improves the humoral response during Plasmodium yoelii NL-OVA infection. CD45.1*
OT-Il cells were adoptively transferred into C57BL/6 mice prior to infection with 10% P yoelii NL-OVA pRBC. Infected mice were either
treated with control rat IgG or a-Tim-3 and «-PD-L1 Abs (250 ug) every 2 days starting from day 5 p.i. A, Representative flow cytometric
plots, and B, percentages and total numbers of CXCR5*PD-1" Tfh OT-Il cells on day 15 of infection. C, Representative flow cytometric

plots, and D, percentages GL-7'CD38" GC B cells on day 15 of infection. E, The plasma titres of anti-MSP-1,, IgG on day 15 of infection. F,
Representative flow cytometric plots, and G, percentages of CXCR5™PD-1" and CXCR5'°PD-1'° CD44* OT-II cells on day 15 of infection. H,
The MFI of CD62L expression by CXCR5™PD-1" and CXCR5'°PD-1'° CD44* OT-1I cells on day 15 of infection. Results are representative of
2-3 independent experiments (n = 4 per group). Bars represent mean + SEM. *P < .05 (unpaired t test)

85U017 SUOLULLOD BAERD 3|qedl|dde 8y Aq peuenob 88 sapiLe YO ‘BsN JO s8N o} AReiq 1T 8UIUO 481 UO (SUORIPUOD-PUB-SWRY/WO0"A8 I AXe1q ||BU1UO//SHRY) SUORIPUOD PUB SWB L 8L3 885 *[2202/TT/7T] uo Arigiauliuo A8|im ‘Uepi JO A1sieAN Ag €2.2T WId/TTTT OT/I0p/woo 8| 1m Akeld 1 ul|uo//Sdny wo. papeojumoq ‘6 ‘0202 ‘¥Z0ESIET



DOOKIE €T AL.

8of11 WILEY Parasite

Immunology

combinatorial Tim-3 and PD-L1 blockade did not significantly
alter the frequencies or numbers of IFN-y* or TNF* effector OT-1I
cells on day 15 of infection, compared with IgG control treat-
ment (Figure 4A,B). Indeed, Tim-3 and PD-L1 co-blockade led to
a slight, non-significant, increase in the frequencies of IFN-y pro-
ducing Th1 (effector T-bet®) OT-II cells, which translated to an
equivalence in IFN-y producing Th1 OT-Il cell numbers in a-Tim-3
and a-PD-L1 treated mice on day 15 of infection, compared with
control 1gG-treated mice (Figure 4C,D). Tim-3 and PD-L1 co-
blockade did not significantly influence the frequencies or num-
bers of TNFa-producing Th1l OT-II cells (Figure 4C,D). Combined,
Tim-3 and PD-L1 blockade did not affect the level (as measured
by mean fluorescence intensity) of IFN-y produced by Thl OT-II
cells (Figure 4E). Combinatorial a-Tim-3 and a-PD-L1 treatment
also failed to alter TNFa production by Thl OT-Il cells on day 15 of
infection, compared with control IgG treatment (Figure 4E).

These results indicate that Tim-3 and PD-1 do not act together
to regulate overall effector OT-II cell or Thl OT-II cell pro-inflam-
matory responses during the early stages of blood-stage P yoelii NL-
OVA infection.

4 | DISCUSSION

In this study, we have addressed the combined roles of Tim-3 and
PD-1 in regulating the antigen-specific CD4" T cell response dur-
ing blood-stage malaria. We have shown that antigen-specific OT-II
cells express high levels of Tim-3 only transiently during the early
stages of P yoelii NL-OVA infection, and that combinatorial block-
ade of Tim-3 and PD-L1 from day 5 of infection caused an overall
deterioration, rather than an increase, in the Th1 (effector T-bet’)
OT-Il subset when examined on day 15 of infection. Nevertheless,
combined a-Tim-3 and a-PD-L1 treatment failed to significantly in-
fluence overall IFN-y production by antigen-specific effector OT-II
cells during the early stages of P yoelii NL-OVA infection and, as such,
treatment did not impact blood-stage parasite control.

The transient expression of Tim-3 by antigen-specific CD4" T
cells during infection was surprising, given that prolonged co-ex-
pression of Tim-3 and PD-1 has previously been correlated with ef-

fector T cell dysfunction during non-malarial chronic infections.*?3

122 have also shown that Tim-3 is highly expressed

However, Hou et a
by CD4" T cells on day 5 of P berghei ANKA infection before being
subsequently downregulated as infection progresses. In contrast,
Tim-3 expression continued to increase on CD8" T cells through-

out the course of P berghei ANKA infection.?? Consequently, it is

foreseeable that the dynamics and magnitude of Tim-3 expres-
sion are different on effector CD4" T cells and CD8" T cells during
blood-stage malaria. Why Tim-3 may be only transiently expressed
in CD4" T cells during malaria is unclear but may relate to lack of
sustained cellular stimulation during infection, which is required for
maintained Tim-3 expression.11 For example, Tim-3 expression is
regulated by IL-12,% and IL-12R signalling is significantly restricted
in effector CD4* T cells at the later stages of Plasmodium infection.%®

Our results showing that Tim-3 blockade, in combination with
PD-1, led to a reduction in Th1l OT-II cells on day 15 of P yoelii NL-
OVA infection was unexpected, given the important regulatory
activity of Tim-3 in controlling effector T cell responses in various
other non-malarial conditions.'™'? Whether the positive effect of
Tim-3 in sustaining Thl cell responses during P yoelii NL infection
is revealed only when PD-1 activity is blocked is unclear and will
require additional investigation. However, of relevance to this, there
is evidence that Tim-3 can directly promote T cell responses. For
example, Tim-3 increased the generation of effector T cells during
LCMV infection via enhancing TCR activation and influencing mTOR
activity, effects that were independent of Tim-3 ligand binding.®
Tim-3 also directly enhanced CD8" T cell responses during acute
Listeria monocytogenes infection.®? The contrasting pro- and anti-in-
flammatory effects of Tim-3 on T cell function are believed to be
regulated through the phosphorylation of its intracellular domain. In
the absence of ligand binding, the intracellular adaptor protein Bat3
binds to the unphosphorylated cytoplasmic tail of Tim-3 and recruits
Lck to promote T cell signalling.**'* Thus, our data may suggest that
during the early phase of blood-stage P yoelii NL infection, Tim-3
may act independent of its ligands to positively influence effector
Th1 cell responses. However, we do not discount the possibility that
combinatorial Tim-3 and PD-L1 blockade led to a transient increase
in Th1 cell numbers between days 5 and 15 of infection, before the
Th1 cells experienced premature/ exacerbated contraction, leading
to the reduction in Thl cell numbers observed on day 15 of infection.

The preferential expression of Tim-3 on Th1 (effector T-bet®)
cells may partially explain why co-blockade of Tim-3 and PD-L1
specifically affected the Thl cell population during P yoelii NL-
OVA infection whilst Tfh responses were intact/ elevated upon
treatment. In support of this, there is clear evidence that differ-
ent co-inhibitory and co-activating receptors can differentially
affect Thl and Tfh cell populations and function during malaria
(reviewed in*9). It is also possible that separate immunological
signals, such as APC identity, chemokine receptor expression and
cytokine environment, which may exert unequal effects on Thil
and Tfh cells,*® were also modified following a-Tim-3 and a-PD-L1

FIGURE 4 Blockade of Tim-3 and PD-L1 does not influence effector CD4 + T cell or Th1 cell pro-inflammatory function during P yoelii
NL-OVA infection. CD45.1* OT-Il cells were adoptively transferred into C57BL/6 mice prior to infection with 10* Plasmodium yoelii NL-OVA
pRBC. Infected mice were either treated with control rat 1gG or a-Tim-3 and a-PD-L1 Abs (250 pg) every 2 days starting from day 5 p.i. A,
Representative flow cytometric plots and B, percentages and number of CD44" effector OT-Il cells producing IFN-y or TNFa on day 15

of infection. C, Representative flow cytometric plots and D, percentages and number of T-bet” Th1 OT-Il producing IFN-y or TNFa on day
15 of infection. E, MFI of TNFa and IFN-y production by T-bet” Th1 OT-ll cells on day 15 of infection. Results are representative of two

independent experiments (n = 4 per group). Bars represent mean + SEM
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treatment. The exact mechanisms of how Tim-3 specifically pro-
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motes/ sustains Th1 cell differentiation independently and in con-
text of PD-1 blockade during blood-stage P yoelii NL infection will
require additional investigation.

Notably, whilst co-blockade of Tim-3 and PD-L1 did not affect
the magnitude of the Tfh population on day 15 of infection, treat-
ment did raise the plasma titre of anti-parasitic (MSP1,,-specific)
IgG. This seemingly contradictory result mirrors previous observa-
tions in IL-6 and IL-21 deficient mice, where anti-parasitic antibody
responses were modified during blood-stage malaria in absence of
changes in the numbers of Tfh cells.***?> Whether co-blockade of
Tim-3 and PD-L1 increased the strength of the anti-parasite anti-
body response through improving the effectiveness of Tfh inter-
action with B cells, such as in these previous studies, will require
further study. Although co-blockade of Tim-3 and PD-L1 did not
influence the frequencies or numbers of GC B cells, it is unclear
whether blockade influenced the functions of plasma cells or the
numbers of plasmablasts during infection.

In summary, our data show that in the context of PD-1 blockade,
Tim-3 is required for promoting and/ or maintaining effector T-bet"
Th1 antigen-specific CD4" T cells during the early phase of P yoelii
NL blood-stage infection. Nevertheless, as combinatorial a-PD-L1
and a-Tim-3 blockade failed to alter parasite control, our results
question the importance of combinatorial Tim-3 and PD-1 activity
in influencing anti-parasitic immunity, during the early acute phase
of P yoelii NL infection.
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