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Synergistic blockade of TIGIT and PD-L1 increases type-1 
inflammation and improves parasite control during murine 
blood-stage Plasmodium yoelii non-lethal infection
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ABSTRACT Pro-inflammatory immune responses are rapidly suppressed during 
blood-stage malaria but the molecular mechanisms driving this regulation are still 
incompletely understood. In this study, we show that the co-inhibitory receptors TIGIT 
and PD-1 are upregulated and co-expressed by antigen-specific CD4+ T cells (ovalbumin-
specific OT-II cells) during non-lethal Plasmodium yoelii expressing ovalbumin (PyNL-OVA) 
blood-stage infection. Synergistic blockade of TIGIT and PD-L1, but not individual 
blockade of each receptor, during the early stages of infection significantly improved 
parasite control during the peak stages (days 10–15) of infection. Mechanistically, this 
protection was correlated with significantly increased plasma levels of IFN-γ, TNF, and 
IL-2, and an increase in the frequencies of IFN-γ-producing antigen-specific T-bet+ 

CD4+ T cells (OT-II cells), but not antigen-specific CD8+ T cells (OT-I cells), along with 
expansion of the splenic red pulp and monocyte-derived macrophage populations. 
Collectively, our study identifies a novel role for TIGIT in combination with the PD1-PD-L1 
axis in regulating specific components of the pro-inflammatory immune response and 
restricting parasite control during the acute stages of blood-stage PyNL infection.

KEYWORDS Plasmodium, malaria, CD4+ T cell, immune regulation, checkpoint 
molecules

C D4+ T cells are essential for parasite control during blood-stage malaria; however, 
there is accumulating evidence in both murine models and humans that CD4+ T 

cells become functionally suppressed during infection with blood-stages of differen t 
Plasmodium species, displaying temporally reduced protective capacities (1–3). The 
suboptimal activation, differentiation, and functioning of CD4+ T cells during blood-stage 
malaria are believed to prevent the generation of sterile immunity to Plasmodium 
parasites, sustain chronic infection, and increase the rate of parasite reinfection (1–3). 
Thus, there is significant interest in understanding the pathways responsible for CD4+ T 
cell suppression during blood-stage malaria, to develop therapies to enhance protective 
anti-parasite immunity.

Co-inhibitory receptors are upregulated on activated CD4+ T cells and exert important 
immunoregulatory activities during many different infections and diseases, including 
during blood-stage malaria (4–8). During P. falciparum and P. vivax infections, human 
CD4+ T cells express regulatory receptors including PD-1 and CTLA-4, and their blockade 
in vitro improves CD4+ T cell effector activities (9–11). Similarly, individual or coordinate 
inhibition of PD-1, CTLA-4, BTLA, and LAG-3 re-invigorates CD4+ T cell effector function 
and improves anti-parasite control in vivo during various different murine malaria models 
(12–16). Conversely, however, blockade of specific co-inhibitory molecule activities can 
also exacerbate inflammation during blood-stage malaria, contributing to morbidity and 
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mortality (17, 18). Thus, there is an urgent requirement to resolve the unique, redundant, 
and synergistic protective and pathogenic roles of different co-inhibitory receptors, to 
refine approaches for therapeutically targeting CD4+ T cell function during blood-stage 
malaria.

The co-inhibitory receptor T cell immunoreceptor with immunoglobulin and ITIM 
domains (TIGIT) is a member of the Poliovirus receptor (PVR) family that is expressed 
on various cell types, including effector T cells, regulatory T cells (Tregs), and natural 
killer cells (NK cells) (19–23). TIGIT functions within a complex receptor/ligand network, 
where it competes with the co-activating receptor CD226 (and the less characterized 
receptors CD96 and CD112R) for binding to the ligands CD155, CD112, and CD113, 
which are expressed on APCs and non-immune cells (24, 25). As well as competitively 
inhibiting CD226 function (20), activation of TIGIT (upon binding to CD155) inhibits TCR 
signaling and MAP-kinase and NF-kb pathways, directly limiting T cell and NK cell activity 
(26, 27). TIGIT-CD155 interactions can also indirectly regulate effector T cell responses 
through increasing IL-10 and downregulating IL-12 production by dendritic cells (23), 
and by enhancing the suppressive activity of specialized Foxp3+ regulatory T cell subsets, 
which preferentially inhibit Th1 and TH17 cell responses (21, 28). Evidence in various 
models suggests that TIGIT acts primarily in cooperation with PD-1 to suppress T cell 
effector functions, with TIGIT co-expressed with PD-1 on exhausted T cells (20, 29). Thus, 
synergistic TIGIT and PD-1 co-blockade are significantly more effective during cancer 
and infection than corresponding mono-therapy (24, 25, 30). We have previously shown 
that TIGIT is highly expressed on CD4+ T cells during PyNL blood-stage infection, and is 
elevated on suppressive Th1-IL-10 producing cell populations compared with IFN-γ-pro­
ducing Th1 cells (31). TIGIT is also co-expressed with PD-1 on activated P. falciparum-spe­
cific CD4+ T cells (32). However, the functional importance of TIGIT in controlling CD4+ T 
cell responses during blood-stage malaria has not yet been addressed.

In this study we have investigated the role of TIGIT in suppressing CD4+ T cell 
responses during PyNL blood-stage infection. We show that TIGIT is co-ordinately 
expressed with PD-1 on Th1 and Tfh cells during PyNL infection. Co-blockade of 
TIGIT and PD-L1 significantly improved parasite control during a blood-stage PyNL-OVA 
infection, which was correlated with increased IFN-γ production by antigen-specific OT-II 
cells, but not OT-I cells, and expansion of splenic macrophage compartments. Although 
the co-blockade of TIGIT and PD-L1 also significantly increased Tfh cell GC B cell and 
plasmablast responses, treatment did not significantly influence the level of anti-Mero­
zoite Surface Protein-1 19 kDa (MSP-119) antibody. Collectively, our results show that 
TIGIT and PD-1 synergistically impair parasite clearance and limit pro-inflammator y 
type-1 responses during blood-stage PyNL infection.

MATERIALS AND METHODS

Mice and infections

Male 7- to 9-week-old C57BL/6 mice (CD45.2+) were purchased from Charles River or 
Envigo, UK. RAG-1 OT II x CD45.1+Pep3 mice (OT-II) and RAG-1 OT-I x CD45.1+Pep3 mice 
(OT-I), both on a C57BL/6 background, were bred at UoM. The RAG-1 OT-II mice used 
in this study were engineered with the OT-II T cell Receptor (TCR) transgene on the 
Y chromosome (33), limiting all adoptive transfer experiments to male mice. All mice 
were maintained in specific pathogen-free conditions in individually ventilated cages. 
Mice were infected with non-lethal Plasmodium yoelii expressing ovalbumin [PyNL-OVA 
(15)]. In this transgenic parasite line, ovalbumin is fused to mCherry and the ova-mCherry 
transgene is under the control of the constitutive and strong hsp70 promoter. Cryopre­
served PyNL-OVA parasites were passaged once in C57BL/6 mice before experimental 
mice were infected via intravenous (i.v.) injection of 104 parasitized red blood cells 
(pRBCs). The course of infection was monitored by assessing peripheral parasitemia via 
microscopic examination of Giemsa-stained thin blood smears.
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T cell purification and adoptive transfer

Spleens were isolated from male RAG-1 OT II × Pep3 mice or RAG-1 OT I × Pep3 
mice and homogenized through a 70-µm strainer (BD Biosciences) before RBCs were 
lysed by incubation in RBC lysis buffer (BD Biosciences). OT-II cells and OT-I cells were 
isolated from the resultant single-cell splenocyte suspensions using anti-CD4 or anti-CD8 
conjugated microbeads (Miltenyi Biotec), respectively, according to the manufacturer’s 
instructions (purity was typically >90%). 1 × 106 OT II cells were individually transferred 
or co-transferred with 1 × 105 OT I cells into male C57BL/6 via i.v. injection 1 day prior to 
infection with PyNL-OVA pRBC (as described above).

In vivo TIGIT and PD-L1 blockade experiments

Mice received 250 µg of α-PD-L1 (10F.9G2) (BioXcell) and/or 250 µg of α-TIGIT [10A7; (20)] 
antibodies (Abs) every other day from day 5 of infection via intraperitoneal (i.p.) injection. 
Control mice received 250 µg of Rat IgG (Sigma Aldrich) via i.p. injection.

Flow cytometry

Spleens were removed from naïve and malaria-infected mice. For T cell analysis, spleens 
were homogenized through a 70-µm strainer and incubated with RBC lysis  buffer 
(Thermo Fisher) to generate an RBC-free, single-cell suspension. For analysis of myeloid 
cells, spleens were cut into small pieces and incubated with HBSS containing 2 mg/mL 
collagenase D 155 (Sigma Aldrich) and 50 KU/mL Dnase (Sigma Aldrich) for 30 min at 
37°C prior to homogenization through a 70-µm strainer and RBC lysis. Absolute live-cell 
counts were calculated by trypan blue exclusion cell viability assay (Sigma). Splenocytes 
were surface stained for 25 min at 4°C with anti-mouse antibodies, depending on the 
panel and cell types analyzed: CD45.1 (A20), CD4 (RM4-5), CD8a (53–6.7), CD44 (IM7), 
PD-1 (RMPI-30), TIGIT (GIGD7), CXCR5-biotin (L138D7), CD25 (PC61) B220 (RA3-6B2), 
CD19 (6D5), GL7 (GL7), CD38 (90), CD138 (281-2), IgD (11–26c-2a), CD45 (30F1), Ly6C 
(HK1.4), F4/80 (BM8), MHC II (M5/114.15.2), CD80 (16-10A1), CD169 (3D6.112), PD-L1 
(10F9G2), CD11c (N418), CD11b (M1/70), NK1.1 (PKI36), and CD64 (X54-5/7.1). CD3 
(17A2), CD19 (6D5), B220 (RA3-6B2), and Ly6G (1A8) were used to generate a lineage 
gate for innate/myeloid cell analysis. Surface staining was done in the presence of FcR 
block (2.4G2, BioXcell). For streptavidin staining, the cells were stained with surface 
antibodies, washed, and subsequently incubated for 10 min at room temperature (RT) 
with streptavidin BV510.

For intracellular staining, the cells were incubated with Foxp3 fixation/permeabiliza-
tion buffer (eBioscience) for 30 min at 4°C. The cells were then stained with the following 
anti-mouse antibodies: T -bet (4B10), Foxp3 (FJK-16s), and Ki-67 (SolA15) for 30 min. For 
granzyme B staining, the cells were additionally fixed in 2% PFA prior to incubation with 
Foxp3 fixation/permeabilization buffer. For intracellular detection of IFN-γ (XMG1.2) and 
TNFα (MP6 XT22), the cells were stimulated ex vivo for 4 h at 37°C with 200 ng/mL PMA 
(Sigma), 1 µg/mL ionomycin (Sigma) and Brefeldin A (1,000×) (eBioscience).

Doublets and 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 acquired from eBioscience/Thermofisher or BioLegend. Samples were 
acquired on a Fortessa (BD Systems, UK) and all analysis was performed using FlowJo 
Software (Treestar Inc, OR, USA). Samples from PyNL-infected mice were combined to 
generate fluorescence minus one (FMO) control samples.

Quantification of plasma cytokines

Plasma isolated from naïve or malaria-infected mice was stored at −80°C until further 
use. The concentration of IFN-γ, TNF, IL-10, and IL-2 was measured by a Cytometric 
Bead Array (CBA) mouse Th1/Th2/TH17 cytokine kit (BD Biosciences), according to the 
manufacturer’s instructions.
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Enzyme-linked immunosorbent assay to measure PyNL-specific IgG

Enzyme-linked immunosorbent assays (ELISAs) to measure MSP-119-specific IgG levels 
in plasma were performed as previously described (15). Briefly, Nunc MaxiSorp plates 
(Fisher), previously coated and incubated (at 4°C overnight) with 2 µg/mL P. yoelii MSP-1 
19 kDa (MSP-119) protein in Dulbecco’s PBS (DPBS) (Sigma), were washed with PBS/T [PBS 
with 0.05% Tween-20 (Sigma)] and blocked at room temperature (RT) for 1 h using 5% 
milk (sigma) in PBS/T. Following washing, sera samples were plated in duplicate (diluted 
in PBS/T) in a threefold dilution series and the plate was incubated for 2 h at RT. After 
washing, goat anti-mouse IgG-AP (Sigma) was added to the plate (at 1:1,000 dilution), 
incubated for 1 h at RT, and plates were washed and development buffer [PnPP (Thermo) 
dissolved in Diethanolamine substrate buffer (Pierce)] was added to each well and plates 
read.

Statistical analysis

Statistical analysis was performed in GraphPad Prism (GraphPad Software, USA). When 
data from two combined experiments were represented graphically, comparisons 
between two or more groups were performed using a two-way ANOVA with Tukey’s 
test, to account for potential inter-experimental variability affecting analyses. Significan t 
inter-experimental variability was detected in some analyses (not annotated in graphs). 
When data from one experiment (of n number of experiments) were presented, data 
were first analyzed using the Shapiro–Wilk normality test. Depending upon distribution 
of data, two group comparisons were carried out using an unpaired t test or a Mann–
Whitney test and more than two group comparisons using a one-way ANOVA with 
Tukey’s Test or Kuskall–Wallis with Dunn’s test. Results were considered significant when 
P < 0.05. Statistical analyses performed in each figure are outlined in figure legends.

RESULTS

Expression of TIGIT on leukocyte populations during PyNL infection

TIGIT can be expressed on multiple immune cell types during infection and disease (19–
23). Therefore, to examine the various potential immunoregulatory roles of TIGIT during 
blood-stage malaria we first characterized its expression on different splenic leucocyte 
populations during blood-stage infection with PyNL parasites expressing ovalbumin in 
blood-stages (PyNL-OVA). On day 15 of infection [relating to peak parasitemia: (34)], TIGIT 
was significantly upregulated on an apparent subpopulation of CD4+ T cells, generally 
upregulated on CD8+ T cells and NK cells, but was not upregulated on B cells, with 
TIGIT MFI measured on total cell populations (Fig. 1A and B). Interestingly, CD4+ T cells 
exhibited the highest fold increase in TIGIT expression on day 15 infection (increase 
in expression above level on corresponding cells in uninfected mice), compared with 
other examined cell populations (Fig. 1C). TIGIT was rapidly upregulated on endogenous 
polyclonal CD4+ T cells by day 5 of infection, with levels increasing slightly between day 5 
and the peak of infection on day 15 (Fig. 1D through F). Thus, TIGIT is rapidly expressed to 
potentially regulate CD4+ T cell responses during blood-stage PyNL infection.

Having identified that endogenous polyclonal CD4+ T cells upregulate TIGIT during 
infection, we next assessed the expression of TIGIT on antigen-specific CD4+ T cells. OT-II 
cells were rapidly activated in male mice during PyNL infection, with high levels of IFN-γ 
production and Ki-67 expression on day 5 of infection (Fig. S1). However, effector (CD44+) 
OT-II cells failed to sustain effector functions, with significant reduction in IFN-γ and Ki67 
expression by day 9 of PyNL-OVA infection (Fig. S1). Relating to the functional decline of 
effector OT-II cells, TIGIT was highly expressed on OT-II T-bet+ and PD-1+CXCR5+ Tfh cells 
(gating strategy shown in Fig. S2) by day 5 of PyNL-OVA infection (Fig. 1G and H). 
Although TIGIT was stably maintained on T-bet+ OT-II cells up to day 15 of infection, TIGIT 
levels peaked on Tfh OT-II cells on day 5 of infection before declining on day 15 of 
infection (Fig. 1G and H). We did not observe induction of Foxp3 in OT-II T cells (Fig. S2), 
so we were unable to examine the level of TIGIT on antigen-specific OT-II Treg cells 
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FIG 1 TIGIT is highly expressed in combination with PD-1 on antigen-specific CD4+ T cells during 

PyNL-OVA infection (A–F) C57BL/6 mice were infected (i.v.) with 1 × 104 PyNL-OVA pRBC. Spleens were 

removed on (A–C) days 0 and 15 of infection and (D–F) days 0, 5, and 15 of infection. (A) Representative 

histogram showing TIGIT expression on gated splenic immune cell populations on day 15 (colored lines) 

compared with day 0 (shaded line) of infection. (B) Mean fluorescence intensity of TIGIT expression on 

splenic immune populations from naïve (open circles) and infected (D15) mice (filled circles). (C) F old 

change in MFI expression of TIGIT on splenic immune cells on day 15 of infection relative to expression 

on immune cells in naïve mice. (D) Representative histograms showing TIGIT expression by gated CD4+ 

T cells on days 0, 5, and 15 (colored lines) compared with FMO (shaded line). (E) The percentages of 

splenic CD4+ T cells expressing TIGIT and (F) The mean fluorescence intensity of TIGIT expression by 

splenic CD4+ T cells on days 0, 5, and 15 of infection. (G–K) 1 × 106 CD45.1+ OT-II cells were adoptively 

transferred into C57BL/6 mice prior to infection with PyNL -OVA pRBC. Spleens were removed on days 

0, 5, and 15 of infection. (G) Representative histograms showing TIGIT expression by T-bet+ (Th1) OT-II 

(Continued on next page)
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Fig 1 (Continued)

and PD1hiCXCR5hi (Tfh) OT-II CD44+ T cells during infection, compared with OT-II cells from naïve mice. 

(H) Mean fluorescence intensity of TIGIT expression on Th1 and Tfh OT-II CD44+ T cells on days 5 and 

15 of infection, compared with expression by naïve OT-II cells. (I) Representative dot plots and (J and 

K) calculated percentages of T-bet+ Th1 OT-II CD44+ T cells expressing (J) TIGIT and CD226 and (K) TIGIT 

and PD-1 on day 15 of infection. Results are combined from two independent experiments (n = 4 per 

group per experiment: total n = 8). Bars represent mean ± SEM. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.001 

[(B, H, J and K), two-way ANOVA with Tukey’s multiple comparison test; (E and F), one-way ANOVA with 

Tukey’s multiple comparison test].

during the course of PyNL-OVA infection. Collectively, these data imply that TIGIT may 
play a role in controlling antigen-specific CD4+ T cell responses during blood-stage PyNL-
OVA infection.

TIGIT can regulate effector T cell responses directly and through antagonizing 
CD226-CD115 interactions (19, 24, 25, 29). Therefore, to assess the potential mecha­
nisms of TIGIT regulation on antigen-specific CD4+ T cells during blood-stage PyNL-OVA 
infection, we investigated the co-expression of TIGIT and CD226 on T-bet+ OT-II cells 
on day 15 of infection. CD226 was highly expressed on OT-II cells from naïve mice (Fig. 
1I), whereas, as previously shown (Fig. 1G and H), TIGIT was upregulated on splenic 
T-bet+ OT-II cells on day 15 of PyNL-OVA infection (Fig. 1I). Interestingly, a high propor­
tion of T-bet+ OT-II cells continued to express CD226 in the absence of TIGIT on day 
15 of infection (TIGIT−CD226+), and there were no significant differences in the propor­
tions of T-bet+OT-II cells expressing TIGIT singularly (TIGIT+CD226−) compared with cells 
concomitantly expressing both markers (TIGIT+CD226+) (Fig. 1J). This implies that TIGIT 
expression is not intrinsically linked with CD226 expression in activated CD4+ T cells, and 
that the CD226 pathway may not be constitutively opposed by TIGIT on an tigen-specific 
CD4+ T cells during PyNL-OVA infection. Nonetheless, TIGIT was largely co-expressed with 
PD-1 on T-bet+ OT-II cells on day 15 of PyNL-OVA infection (65% of total TIGIT+ T-bet+ OT-II 
cells also expressed PD-1+) (Fig. 1I and K). This is in agreement with other studies showing 
that TIGIT predominantly regulates effector T cell responses in cooperation with PD-1 
(20, 29, 35).

Co-blockade of TIGIT and PD-L1 significantly improves parasite control and 
increases antigen-specific Th1 cell function during PyNL infection

To directly examine the importance of TIGIT in regulating anti-parasite immune 
responses during blood-stage PyNL-OVA, we treated mice with anti-TIGIT Ab from day 
5 of infection, when we observed upregulation of TIGIT on antigen-specific CD4+ T cells 
(Fig. 1D). In addition, as TIGIT was strongly co-expressed with PD-1 on T cells (Fig. 1I and 
K), and synergistic co-blockade of TIGIT and PD-1 has been shown to be significan tly 
more effective than individual TIGIT inhibition in other conditions ( 20, 29, 30, 35), we 
also treated mice with anti-TIGIT in combination with anti-PD-L1 from day 5 of infection 
(schematic in Fig. S3A). Although individual blockade of TIGIT did not alter peripheral 
parasitemia during the early phase of PyNL-OVA infection (Fig. S3B), co-blockade of 
TIGIT and PD-L1 led to significantly reduced parasite burdens from day 11 until day 
15 of PyNL-OVA infection, when the experiment was terminated (Fig. 2A). Importantly, 
individual blockade of PD-L1 did not alter peripheral parasitemia, implying that the 
improved parasite control in anti-TIGIT and anti-PD-L1 co-treated mice was not simply 
due to the inhibition of PD-L1 (Fig. S3B). Co-blockade of TIGIT and PD-L1 did not cause 
increased weight loss or anemia (Fig. 2B) or induce signs of disease up to termination 
of experiments on day 15 of infection, suggesting that treatment did not substantially 
influence malarial morbidity during blood-stage PyNL-OVA infection.

Combinatorial treatment with α-PD-L1 and α-TIGIT significantly increased plasma 
levels of IFN-γ, TNF, and IL-2 when measured on day 15 of infection, compared with IgG 
control-treated mice (Fig. 2C). Surprisingly, given our previous observation of preferential 
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FIG 2 Co-blockade of TIGIT and PD-L1 significantly increases parasite control and augments IFN-γ 

responses during PyNL-OVA infection 1 × 106 CD45.1+ OT II cells with 1 × 105 CD45.1+ OT-I cells were 

adoptively transferred into C57BL/6 mice prior to (i.v.) infection with 1 × 104 PyNL-OVA pRBC. Mice were 

either treated with control rat IgG (n = 4) or 250 µg α-TIGIT and 250 µg α-PD-L1 (n = 4) from day 5 p.i. 

(A) Peripheral parasitemia and (B) weight loss and RBC numbers were monitored over the course of the 

infection. (C) Quantification of plasma cytokines IFN-γ, TNF, IL-10, and IL-2 on day 15 p.i. (D–I) S pleens 

were removed on day 15 for analysis of (D–G) OT-II cells and (H–I) OT-I cells. (D) Representative flo w 

cytometry plots showing T-bet expression by OT-II CD44+ T cells. (E) Frequencies (left) and total numbers 

(right) of splenic T-bet+ OT-II CD44+ T cells. (F–I) Splenocytes from control and α-TIGIT and α-PD-L1-treated 

mice were stimulated with PMA and ionomycin and stained for IFN-γ and TNFα. (F) Representative flo w 

cytometry plots showing IFN-γ and TNFα production by T-bet+ OT-II CD44+ T cells. (G) Frequencies (left) 

and total numbers (right) of T-bet+ OT-II CD44+ T cells co-producing IFN-γ and TNFα. (H) Representative 

flow cytometry plots showing IFN-γ and TNFα production by OT-I CD44+ T cells. (I) Frequencies (left) and 

(Continued on next page)
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Fig 2 (Continued)

total numbers (right) of OT-I CD44+ T cells co-producing IFN-γ and TNFα. Results are combined from two 

independent experiments (n = 4 per group per experiment: total n = 8). Bars represent mean ± SEM. *P ≤ 

0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.001 [(A, B) Unpaired t test; (C, E, G, I) two-way ANOVA with Tukey’s 

multiple comparison test].

expression of TIGIT on Th1-IL-10+ cells, and that TIGIT engagement can promote IL-10 
production (31, 36, 37), treatment with α-TIGIT and α-PD-L1 also caused a modest 
increase in plasma IL-10 levels, as measured on day 15 of PyNL-OVA infection(Fig. 2C).

We next examined the cellular sources of the increased IFN-γ and TNFα production 
in PyNL-OVA-infected mice following anti-TIGIT and anti-PD-L1 combinatorial treatment. 
Although dual blockade of TIGIT and PD-L1 from day 5 of infection did not alter the 
frequencies or total numbers of OT-II cells expressing T-bet on day 15 of PyNL-OVA 
infection (Fig. 2D and E), combined blockade of TIGIT and PD-L1 led to a significan t 
increase in the frequencies (but not total numbers) of total splenic effector T-bet+ OT II 
cells co-expressing IFN-γ and TNFα (from 20% to 30%) (Fig. 2F and G).

As CD8+ T cells may also produce large amounts of IFN-γ during blood-stage malaria 
(38, 39), and given the reported effects of TIGIT blockade on these cells in other models 
(20, 29), we also assessed the effect of TIGIT and PDL-1 blockade on antigen-specific CD8+ 

T cells (OT-I cells) during infection. Interestingly, despite the upregulation of TIGIT and 
PD-1 on antigen-specific OT-I cells during PyNL-OVA infection (Fig. S3C), co-blockade of 
TIGIT and PD-L1 did not significantly influence the magnitude of the an tigen-specific 
CD8+ T cell (OT-I) response or the level of Granzyme B, IFN-γ or TNFα production by 
effector OT-I cells, when measured on day 15 of infection (Fig. S3D and E; Fig. 2H and I). 
Notably, OT-I cells from control IgG-treated mice continued to produce very high levels 
of IFN-γ on day 15 of PyNL-OVA infection (Fig. 2H). In agreement, inhibition of TIGIT and 
PD-L1 significantly increased IFN-γ production by endogenous T-bet+CD44+ CD4+ T cells, 
but not endogenous CD44+CD8+ T cells during infection (Fig. S3F and G). Collectively, 
these data show that TIGIT and the PD-L1 pathway appear to selectively moderate 
pro-inflammatory cytokine production specifically by  CD4+ T ce lls during blood-stage 
PyNL-OVA infection.

Blockade of TIGIT and PD-L1 does not alter anti-parasite MSP-119 antibody 
levels during PyNL-OVA infection

Despite our results suggesting the importance of raised IFN-γ production by Th1 cells 
in the enhanced parasite control observed in PyNL-infected mice following anti-TIGIT 
and anti-PD-L1 co-blockade, TIGIT was also highly expressed on antigen-specific Tfh 
cells during PyNL-OVA infection (Fig. 1G and H). TIGIT expression is also associated with 
the differentiation of GC-Tfh cells from precursor Tfh cells (40). Therefore, we examined 
if administration of anti-TIGIT and anti-PD-L1 antibodies altered the humoral response 
during PyNL infection.

Interestingly, administration of α-TIGIT and α-PD-L1 significantly increased the 
frequencies of mature GC Tfh OT II cells (PD-1hi, CXCR5hi) as measured on day 15 of 
PyNL-OVA infection, compared with IgG control treatment (Fig. 3A and B). Co-blockade 
also led to an increased trend in GC Tfh OT-II numbers, but this was not significan t 
(Fig. 3B). The expression of T-bet was not significantly altered on splenic Tfh OT-II 
cells (gating modified from that shown in Fig. S2 to analyse T-bet expression directly 
in PD-1hiCXCR5hi cells gated from CD44+CD45.1+ OT-II cells) in anti-TIGIT and anti-PD-L1-
treated mice on day 15 of PyNL-OVA infection, compared with control-treated mice (Fig. 
3C). Consistent with this, combined anti-TIGIT and anti-PD-L1 treatment led to a slight 
but significant increase in the percentages of both GC B cells (GL7+CD38−) and plasma 
cells (CD138+CD38−) on day 15 of infection (Fig. 3D through F). Nevertheless, despite the 
increase in Tfh and B cell populations, anti-TIGIT and anti-PD-L1 co-blockade did not 
significantly affect the plasma titers of anti-P. yoelii MSP119 specific IgG antibody on day 
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FIG 3 Co-blockade of TIGIT and PD-L1 does not increase parasite-specific antibody production during 

PyNL-OVA infection 1 × 106 CD45.1+ OT II cells were adoptively transferred into C57BL/6 mice prior to 

infection (i.v.) with 1 × 104  PyNL -OVA pRBC. Mice were either treated with control rat IgG (n = 4) or 

250 µg α-TIGIT and 250 µg α-PD-L1 (n = 4) from day 5 p.i. Spleens were removed on day 15 of infection. 

(A) Representative dot plots showing identification of PD-1+CXCR5+ (Tfh) OT-II CD44+ cells and (B) t he 

percentages and numbers of splenic Tfh OT-II CD44+ cells on day 15 of infection. (C) Representative 

histogram showing the expression of T-bet by Tfh OT-II CD44+ T cells and the mean fluorescence intensity 

of T-bet in gated Tfh OT-II CD44+ T cells on day 15 of infection. (D) Representative dot plots showing (left 

column) the gating of CD19+B220+ B cells, (middle column) identification of GL7+CD38- germinal center 

B cells, (right column) CD138+CD38− plasma cells. (E and F) The percentages of splenic (E) GC B cells and
(F) plasma cells on day 15 of infection. (G) The end point titer of anti-MSP119 IgG in the plasma on day 15 

of infection. Results are combined from two independent experiments (n = 4 per group per experiment: 

total n = 8). Bars represent mean ± SEM. *P ≤ 0.05 [(B, C, E, F, G) two-way ANOVA with Tukey’s multiple 

comparison test].
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15 of PyNL-OVA infection (Fig. 3G). Consequently, combined TIGIT and PD-L1 blockade 
appeared to impact the numbers of canonical Tfh and GC B cells, but this did not lead to 
a significant improvement in antibody production against a highly immunogenic 
parasite antigen during blood-stage PyNL-OVA infection.

Blockade of TIGIT and PD-L1 does not alter Foxp3+ regulatory T cell responses 
during PyNL infection

TIGIT+ Foxp3+ CD4+ T cells have been shown to selectively inhibit Th1 cell responses (21, 
28). Thus, although we did not observe induction of antigen-specific adaptive TIGIT+ OT-II 
Tregs during PyNL-OVA infection (Fig. S2), we investigated if endogenous TIGIT+Foxp3+ 

T cells form, or are maintained, during PyNL-OVA infection and may regulate anti-para­
sitic immunity. The overall level of TIGIT expression was lower on endogenous Foxp3+ 

Tregs compared with endogenous Tfh and T-bet+ CD4+ T cells on day 15 of PyNL-OVA 
infection, but we did identify a small population of TIGIT+Foxp3+ Tregs (Fig. 4A through 
C). Interestingly, the TIGIT+ Treg population appeared to qualitatively express compa­
rable levels (MFI) of TIGIT as TIGIT+ Th1 cells, which was higher than expression by 
TIGIT+ Tfh cells (Fig. 4B). Moreover, these TIGIT+ Treg cells expressed higher levels of 
PD-1 compared with TIGIT− Treg cells on day 15 of PyNL-OVA infection, suggesting that 
TIGIT+ Treg cells may have a greater suppressive capacity than TIGIT− Treg cells (Fig. 4D). 
Blockade of TIGIT and PD-L1 led to a significant decrease in the frequencies of Treg 
cells on day 15 of infection, compared with control treatment (Fig. 4E and F). However, 
treatment only led to a slight non-significant reduction in the absolute numbers of 
Foxp3+ Tregs on day 15 of PyNL-OVA infection (Fig. 4F). Co-blockade of TIGIT and PD-L1 
also failed to alter PD-1 expression by endogenous Foxp3+ Tregs, change the MFI of 
Foxp3, or affect the co-expression of T-bet, by the Treg cells ( Fig. 4G through J). Thus, 
reduction in Foxp3+ Treg numbers or alteration in Treg phenotype, was unlikely to have 
significantly contributed to the elevated type 1 inflammation and improved parasite 
control in anti-TIGIT and anti-PD-L1-treated PyNL-infected mice.

Co-blockade of TIGIT and PD-L1 increases the number of splenic macro­
phages during PyNL-OVA infection

TIGIT-CD155 interactions have been shown to tolerize innate cell pro-inflammator y 
function (23, 41). Co-inhibition of TIGIT and PD-L1 also increased the levels of IFN-γ, a 
key cytokine that promotes the activation of innate cells during blood-stage malaria (42). 
As such, we investigated if TIGIT and PD-L1 co-blockade improved splenic APC respon­
ses during PyNL-OVA infection. In agreement with this, treatment with anti-TIGIT and 
anti-PD-L1 increased the frequencies of XCR1+ DCs, monocytes, and monocyte-derived 
macrophages and significantly increased the total numbers of red pulp macrophages 
(RPMs) and monocyte-derived macrophages on day 15 of infection, compared with IgG 
control treatment (Fig. 5A through C). Interestingly, TIGIT and PD-L1 blockade did not, 
however, alter the numbers of XCR1+ DCs orCD11b+ DCs on day 15 infections (Fig. 5A 
through C). As such, it is possible that the expansion of RPM and monocyte-derived 
macrophage populations may contribute to improved parasite control during PyNL-OVA 
infection after combinatorial anti-TIGIT and anti-PD-1 treatment.

DISCUSSION

In this study, we have shown that TIGIT is upregulated on antigen-specific OT-II cells 
during PyNL-OVA blood-stage infection, and is co-ordinately expressed in combination 
with PD1. Co-blockade, but not individual blockade, of TIGIT and PD-L1 markedly 
reduced peripheral parasitemia during infection, which was correlated with an increase 
in type 1 pro-inflammatory immune responses. Thus, we have identified a specific rol e 
for TIGIT, in concert with the PD-L1-PD1 pathway, in limiting anti-parasitic immune 
responses during blood-stage PyNL-OVA infection.

The improved parasite control following α-TIGIT and α-PD-L1 treatment was 
correlated with increased systemic IFN-γ and TNFα. In agreement with this, TIGIT and 

November 2024  Volume 92 Issue 11 10.1128/iai.00345-2410

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
21

 J
ul

y 
20

25
 b

y 
82

.1
7.

18
9.

10
.

https://doi.org/10.1128/iai.00345-24


Full-Length Text Infection and Immunity

FIG 4 Co-blockade of TIGIT and PD-L1 does not remodel the Foxp3+ regulatory T cell compartment 

during PyNL-OVA infection C57BL/6 mice were infected (i.v.) with 1 × 104  PyNL-OVA pRBC. (A) Representa­

tive dot plots showing the identification of endogenous CD4+ T cell subsets. (B) Representative histogram 

showing the expression of TIGIT by splenic CD4+ T cell subsets on day 15 of infection. (C) The mean 

fluorescence intensity of TIGIT on splenic CD4+ T cell subsets on day 15 of infection. (D) Representative 

histogram showing the expression of PD-1 by TIGIT+ and TIGIT− Tregs and the mean fluorescence intensity 

of PD-1 in gated splenic TIGIT+ and TIGIT− Treg cells on day 15 of infection. (E–J) Mice were either treated 

with control rat IgG (n = 4) or 250 µg α-TIGIT and 250 µg α-PD-L1 (n = 4) from day 5 p.i. Spleens were 

removed on day 15 of infection. (E) Representative dot plots showing gating of Foxp3+CD25+ CD4+ Tregs 

and (F) the percentages and numbers of splenic Treg cells on day 15 of infection. (G) Representative 

histograms showing the expression of PD-1 and Foxp3 by gated splenic Treg cells and (H) the mean 

fluorescence intensity of PD-1 and Foxp3 expression by gated splenic Tregs on day 15 of infection. 

(I) Representative dot plots showing the expression of T-bet by gated splenic Treg cells and (J) the 

percentages of splenic Treg cells expressing T-bet on day 15 of infection. Results are combined from two 

independent experiments (n = 4 per group per experiment: total n = 8). Bars represent mean ± SEM. *P ≤ 

0.05, ***P ≤ 0.001, ****P ≤ 0.001 [(C, D, F, H, J) two-way ANOVA with Tukey’s multiple comparison test].

November 2024  Volume 92 Issue 11 10.1128/iai.00345-2411

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
21

 J
ul

y 
20

25
 b

y 
82

.1
7.

18
9.

10
.

https://doi.org/10.1128/iai.00345-24


Full-Length Text Infection and Immunity

FIG 5 Co-blockade of TIGIT and PD-L1 promotes expansion of splenic red pulp macrophages during 

PyNL-OVA infection C57BL/6 mice were infected (i.v.) with 1 × 104  PyNL-OVA pRBC. Mice were either 

treated with control rat IgG (n = 4) or 250 µg α-TIGIT and 250 µg α-PD-L1 (n = 4) from day 5 p.i. 

Spleens were removed on day 15 of infection. (A) Representative dot plots showing the iden tification 

of splenic myeloid cell and dendritic cell populations. (B) The percentages and (C) total numbers of red 

pulp macrophages, cDC1, cDC2, monocytes, and monocyte-derived macrophages on day 15 of infection. 

Results are combined from two independent experiments (n = 4 per group per experiment: total n = 8). 

Bars represent mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.001 [(B, C) two-way ANOVA with 

Tukey’s multiple comparison test].
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PD-L1 co-blockade has been shown to reactivate T cell, frequently CD8+ T cell, responses 
and promote elevated IFN-γ and TNFα production in various conditions (20–26, 29, 30). 
Here, we identified that TIGIT and PD-L1 co-blockade preferentially influenced CD4+ T cell 
responses, and not antigen-specific CD8+ T cell responses, during blood-stage PyNL-OVA 
infection. This was not due to negligent expression of TIGIT and PD1 on an tigen-specific 
CD8+ T cells during PyNL-OVA infection, as although expression was lower than on CD4+ 

T cells, these inhibitory markers were observed on CD8+ T cells. Instead, this disparity 
potentially relates to the differing kinetics of CD4+ and CD8+ T cell exhaustion and 
suppression that occurs during non-lethal Plasmodium spp. infections within C57BL/6 
mice. Although OT-II cells showed evidence of suppression by day 9 of PyNL-OVA 
infection, OT-I cells still maintained very high production of IFN-γ on day 15 of PyNL-OVA 
infection, which is consistent with observations within other studies analyzing CD4+ T 
cell and CD8+ T cell activities during P. chabaudi AS and PyNL blood-stage infections (43–
45). In agreement, CD4+ T cell exhaustion has been reported to occur more quickly in 
comparison to CD8+ T cells during Lymphocytic choriomeningitis virus (LCMV) infection 
(6). Co-inhibitory receptor expression is also associated with strong CD8+ T cell activation, 
rather than suppression during acute P. berghei ANKA blood-stage infection (46). Thus, 
during the earlier stages of blood-stage PyNL-OVA infection, TIGIT and PD-1 (and co-
inhibitory molecules in general) may exert stronger effects on pro-inflammatory CD4+ T 
cells rather than CD8+ T cells. Additional work is, however, required to confirm these 
hypotheses, including examining the effects of TIGIT and PDL-1 inhibition at earlier and 
later days of infection, rather than solely on day 15 as performed in this study, and also 
during infection with other Plasmodium spp. parasites. Furthermore, as our experiments 
were male-restricted and limited to C57BL/6 mice due to our use of OT-II mice, our results 
need to be confirmed in female mice, and in other strains of mice. Indeed, the effects of 
immune-checkpoint blockade during malaria can differ in C67BL/6 mice and BALB/c 
mice (17), male mice are generally more susceptible to blood-stage malaria than female 
mice (47), but female mice are more sensitive to disruption to immunoregulatory 
pathways during blood-stage malaria, such as seen following IL-10 inhibition (48).

We also observed that TIGIT was highly expressed by Tfh cells during PyNL-OVA 
infection, and that combinatorial blockade of TIGIT and PD-L1 significantly enhanced 
Tfh responses. This is in agreement with other studies that have shown that the 
CD226-CD155 axis promotes the early expansion and differentiation phase of the Tfh 
response (49). However, although the increased Tfh response was associated with a 
slight, but significant, increase in GC B cell and plasma cell responses, this did not 
translate to an increase in anti-MSP119 IgG titers, suggesting that, overall, TIGIT and 
PD-L1 co-blockade did not support enhanced humoral responses against specific and 
highly immunogenic parasite antigens. Consistent with our findings, increased Tfh cell 
numbers do not always correspond with GC B cell reactions during malaria (50). It is 
possible that blockade of TIGIT led to dysregulated CD226 signaling, which restricted 
mature GC Tfh activity and GC efficiency, due to  the observed ov erproduction of IL-2 
(49). High levels of IFN-γ may also have restricted the humoral compartment following 
TIGIT and PD-L1 blockade. If so, this was not correlated with the development of atypical 
T-bet+Tfh populations, previously associated with IFN-γ overproduction during malaria 
(50–53). Nonetheless, additional work is required to investigate if combinatorial PD-L1 
and TIGIT blockade led to differences in the breadth, functionality, and quality (affinit y) 
of anti-parasite antibodies during PyNL infection. Indeed, functional maturation and 
broadening of the repertoire of anti-parasite antibodies during infection, rather than 
overall antibody titer against the highly immunogenic MSP-1 molecule, has been shown 
to contribute to improved parasite control and protection during human blood-stage
malaria (54), as many MSP-119 specific antibodies lack protective capacity [reviewed in 
(55)]. This association has also been observed in murine blood-stage infection (56). TIGIT 
is expressed by regulatory B cell populations (57), but its specific role in controlling 
antibody affinity maturation during an immune response is currently unclear.
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The importance of TIGIT in influencing parasite control, at the time points examined, 
was only revealed following co-inhibition of PD-L1. This suggests that TIGIT exerts 
additive or synergistic effects with the PD1-PD-L1 pathway during blood-stage PyNL 
infection. In other models, this is due to the concomitant expression of TIGIT with PD1 
on effector T cells ( 20, 29), as we also observed in this study, and that TIGIT and PD1 
have overlapping roles in inhibiting CD226 activation to repress T cell functionality 
(29). Indeed, the re-activation of CD8+ T cell activities following TIGIT and PD1-PD-L1 
inhibition has been shown to be CD226 dependent (20, 29, 35, 58). However, we did not 
identify strong co-expression between TIGIT and CD226 by antigen-specific T-bet+ OT-II 
cells during PyNL-OVA infection, which is similar to expression patterns by antigen-spe­
cific T cells during Toxoplasma gondii infection (59). Thus, whether TIGIT exerts suppres­
sive activity on pro-inflammatory T-bet+ CD4+ T cells in concert with PD1 during malaria 
primarily through outcompeting and inhibiting the stimulatory CD226-CD155 axis, or 
whether TIGIT signaling and the PD1-PD-L1 axis have distinct but synergistic effects on 
CD4+ T cells is unclear. It is notable that agonistic anti-TIGIT and anti-PD-1 antibodies 
can directly inhibit T cell proliferation and IFN-γ production, both independent from 
APC interactions and the CD226-CD155 pathway (26, 60). Although we did identify a 
population of TIGIT+ Foxp3+ Tregs during PyNL-OVA infection, co-inhibition of TIGIT and 
PD-L1 did not substantially affect the phenotype or numbers of the Treg compartment 
during infection. Thus, the potential indirect effects of combinatorial blockade of TIGIT 
and PD-L1 on IFN-γ production and CD4+ T cell responses during PyNL-OVA blood-stage 
infection appear unrelated to effects on Tregs.

We have also shown that co-inhibition of TIGIT and PD-L1 led to a significan t 
increase in the absolute numbers of RPMs and monocyte-derived macrophages but 
not other splenic monocytic or DC populations, during blood-stage malaria. As RPMs 
play an important role in the removal of pRBC (61), this data suggests that increased 
parasite control following combinatorial blockade may be mediated through increased 
phagocytosis of pRBC. Ligation of TIGIT with its ligand CD155 can directly influenc e 
innate cell responses, including macrophage polarisation toward an anti-inflammator y 
phenotype (41). In addition, previous studies have shown that PD-L1 blockade can 
increase macrophage proliferation, survival, and expression of MHC II and CD86 (62). 
Therefore, the observed expansion of the splenic macrophage compartment during 
malaria following co-blockade of TIGIT and PD-L1 could be a direct effect through 
inhibiting suppressive signaling pathways. Alternatively it could be indirectly mediated 
through the increase in IFN-γ levels. IFN-γ is a canonical stimulator of macrophages, 
including RPMs, and increases macrophage phagocytic and anti-microbial activities (63–
65). IFN-γ also appears to exert stronger effects on macrophages than dendritic cells to 
promote parasite control during malaria (66), potentially contributing to the preferential 
increase in numbers of macrophages, but not DC populations, following blockade of 
TIGIT and PD-L1.

Although immune checkpoint blockade has previously been shown to increase 
parasite control during blood-stage malaria (13, 14, 16), during certain Plasmodium spp. 
infections and in specific strains of mice this has concomitantly led to severe immune 
mediated pathology and mortality (16–18). In this study, we did not observe increased 
weight loss or signs of anemia—which are robust measures of morbidity during 
nonacute episodes of blood-stage malaria (47, 67, 68)—in PyNL-OVA-infected mice 
following anti-PD-L1 and anti-TIGIT blockade. Although this suggests that combinatorial 
targeting the PD1-PDL1 axis and TIGIT in male C57BL/6 mice during PyNL-OVA infection 
did not cause severe immunopathology, a limitation in our study is that our experiments 
were terminated on day 15 of infection. Consequently, additional research is required to 
assess morbidity and signs of immune-mediated pathology across the course of PyNL 
infection following PDL-1 and TIGIT dual blockade. This, along with assessment of effec ts 
of dual blockade during infection with other Plasmodium parasite spp., and in differen t 
strains of inbred male and female mice, is required to fully evaluate the protective and 
pathogenic impact of PDL1 and TIGIT inhibition on the outcome of blood-stage malaria.
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In summary, we have shown that synergistic blockade of TIGIT and PD-L1 significantly 
improves parasite control during malaria blood-stage PyNL-OVA infection, linked with an 
increase in IFN-γ production. Our results have relevance to understanding the mecha­
nisms of immunoregulation during human P. falciparum and P. vivax infections, as T cell 
suppression is a feature of these infections and various checkpoint blockade strategies 
have led to reactivation of parasite-specific CD4+ T cell responses in vitro (8–10). CD4+ 

T cells also express both PD-1 and TIGIT during blood-stage P. falciparum infection (32), 
although the expression of TIGIT by the Tr1 cell population during controlled human 
P. falciparum infection has recently been questioned (69). Whether TIGIT can synergize
with other co-inhibitory receptors known to control T cell responses during malaria,
such as LAG-3, CTLA-4, and BTLA, with different pairs or modules of receptors tuning
distinct components of the immune response during separate phases of infection, will
require further investigation. Indeed, TIGIT appears to play a larger regulatory role during 
acute rather than chronic stages of LCMV infection (36). Irrespective, our results provide
additional insight into the immunoregulatory pathways operational during blood-stage
PyNL-OVA infection, and the role of TIGIT in combination with the PD-L1 and PD-1
axis in shaping specific components of the anti-parasitic immune response during PyNL 
infection to limit parasite control.
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