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Abstract

Parasitic infections are a major worldwide health burden, yet most studies of CD8 T cell
differentiation focus on acute viral and bacterial infections. To understand effector and
memory CD8 T cell responses during erythrocytic malaria infection in mice, we utilized
transgenic OT-I T cells and compared CD8 T cell responses between infection with
OVA-expressing strains of Listeria monocytogenes (Lm) and Plasmodium berghei ANKA
(PbA). We find that CD8 T cells expand vigorously during both infections. However, in
contrast to Lm infection, PbA infection induces T cells that are heavily biased toward an
IL-7Ra-deficient and KLRG1+ short-lived effector cell (SLEC) phenotype at the expense
of memory precursor effector cell (MPECs) formation. PbA-induced inflammation, includ-
ing IFNy, is partially responsible for this outcome. Following treatment with antimalarial
drugs and T cell contraction, PbA-primed memory T cells are rarely found in the blood
and peripheral tissues but do maintain a low presence in the spleen and bone marrow.
Despite these poor numbers, PbA memory T cells robustly expand upon vaccination or
viral infection, control pathogen burden, and form secondary memory pools. Thus, despite
PbA enforced SLEC formation and limited memory, effective secondary responses can
still proceed.

Author summary

Following pathogen infection, CD8 T cells eliminate infected cells and form diverse pools
of memory T cells that are critical to prevent reinfection. Both the timing and intensity of
inflammatory signals present during T cell activation play a major role in the subsequent
phenotype of responding CD8 T cells. Infection with Plasmodium, the causative agent
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of malaria, is a major worldwide health burden, but the response of CD8 T cells to this
infection is not completely understood. Infection can result in a highly inflammatory and
systemic infection of the blood. Using mouse models of infection, we asked how Plas-
modium infection impacts responding CD8 T cells and compared this response to that
of a well-studied bacterial infection, Listeria monocytogenes. We find that Plasmodium
programs a unique phenotype among effector CD8 T cells that is at least partially caused
by malaria-induced inflammation. Additionally, we find that after infection is resolved
through antimalarial drug administration, CD8 T cells form substantially diminished
memory pools. Despite this apparent deficiency, the few memory CD8 T cells that do
persist are capable of expansion and protection following secondary infection. Our study
highlights the unique impact of Plasmodium infection on CD8 T cells, and that seeming-
ly poor memory does not necessarily impede host protection.

Introduction

Following acute infection, effector CD8 T cells differentiate into two dominant subsets,
short-lived effector cells (SLECs) and memory precursor effector cells (MPECs). Most studies
focused on effector and subsequent memory CD8 T cell responses have utilized acute or
chronic bacterial or viral infections, while the response to intracellular parasites remains
understudied. Furthermore, the factors determining which effector cells survive into the
memory phase are not fully understood and likely involve a complex array of signals, many of
which are infection-specific. Here, we compared CD8 T cell differentiation and memory for-
mation between two infections: Listeria monocytogenes (Lm) and Plasmodium berghei ANKA
(PbA). Lm is an acute intracellular bacterium that has been used for decades as a model to
study protective CD8 T cell responses [1]. PbA induces severe blood-stage malaria infection,
and is used to study experimental cerebral malaria which is driven by CD8 T cell immunopa-
thology [2].

Effector CD8 T cells are partitioned into MPEC and SLEC subsets based on the expres-
sion of killer-cell lectin-like receptor G1 (KLRG1) and the interleukin 7 receptor alpha chain
(IL-7Ra). MPECs express high levels of IL-7Ra and low levels of KLRG1, while SLECs bear
opposite expression of each marker. Previous work in the field established that the extent of
inflammation present is the primary factor influencing whether CD8 T cells adopt an MPEC
or SLEC fate [3]. For example, following acute viral infection, IL-12 signaling increases
expression of the transcription factor T-bet. Genetic knockout of T-bet leads to a loss of
SLECs, and overexpression of T-bet leads to more SLECs at the expense of MPECs [4]. Like-
wise, both type I and type II interferon signaling are necessary for SLEC differentiation and
loss of either biases effector CD8 T cells towards an MPEC fate [5-7]. Together, these results
demonstrate that effector T cell differentiation is closely tied to key inflammatory signals pres-
ent during initial T cell expansion.

As infection resolves, MPECs give rise to most long-lived memory CD8 T cells, while the
majority of SLECs die after the resolution of infection. However, our lab [8-10] and others
[11] defined a long-lasting subset of KLRG1" cells that persist through the contraction phase
and join the memory pool. So-called long-lived effector cells (LLECs) exert greater patho-
gen control than other memory T cell subsets, despite their reduced ability to proliferate
[8,9,11]. We have found that the proportion of LLECs present during the memory phase
differs between infections, even when T cells of the same specificity are analyzed [9]. This
suggests that environmental factors such as the duration of infection or level of inflammation
may influence both effector CD8 T cells and the phenotype of the resulting memory CD8 T
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cell pool. We sought to investigate this further using the PbA mouse model, which induces a
potent inflammatory response [12].

Malaria remains a significant global disease, with an estimated 250 million cases and
600,000 deaths annually [13]. Plasmodium infections occur in two stages, a hepatic stage in
which the parasite reproduces in the liver, and an erythrocytic stage where the parasite causes
systemic infection of red blood cells (RBCs). During the hepatic stage of malaria, memory
CD8 T cells have been shown to confer sterilizing immunity in both mice and non-human
primate models, and are thought to contribute to vaccine-induced immunity in humans [14].

During erythrocytic malaria, CD8 T cell contribution to the immune response against Plas-
modium species is more complicated. Infected erythrocytes are filtered from circulation by
phagocytes in the spleen, and CD8 T cells are primed through cross-presentation by CD8a+
dendritic cells, leading to expansion of effector T cells [15,16]. Because erythrocytes downreg-
ulate expression of major histocompatibility complex class I (MHC-I) during erythropoiesis,
it was previously thought that CD8 T cells could only act in a “helper” role, by secreting key
inflammatory molecules such as interferon gamma (IFNy) [17]. However, during infection
with Plasmodium vivax [18-20] or Plasmodium yoelii [21,22], it was recently shown that the
parasite can infect immature erythroblasts that still express MHC-I, allowing CD8 T cells to
eliminate infected erythrocytes in an antigen-specific manner. Whether this is a shared occur-
rence across all Plasmodium species remains to be tested. Additionally, CD8 T cells can cause
immunopathology in the brain and lungs of mice upon recognition of cross-presented antigen
on blood endothelial cells [23-26], and recent evidence has implicated a role for CD8 T cells
during human cerebral malaria [27].

Given the diverse roles CD8 T cells play during Plasmodium infections, and the unique
route of antigen presentation and high level of systemic inflammation present during priming,
we sought to characterize the effector and memory CD8 T cell response to PbA infection. We
find that in contrast to the T cell response following Lm infection, PbA infection programs an
effector T cell pool that is almost exclusively comprised of SLECs. After PbA infection resolves
through anti-malarial treatment, contraction leads to <1% of antigen-specific T cells persist-
ing in the blood or peripheral non-lymphoid tissues while a small population is preserved in
the spleen and other lymphoid tissues. Despite the strong SLEC phenotype, most remaining
memory T cells adopt a central memory phenotype rather than becoming LLECs. We find
that the SLEC bias is at least partially due to inflammation, as global deletion of IFNy allows
for changes in effector T cell phenotypes. Additionally, bystander coinfection with malaria
was sufficient to reduce the size of the memory T cell pool. Despite the reduced presence of
memory CD8 T cells in the periphery following PbA infection, the remaining cells can expand
more than 10°-fold in response to vaccination or viral infection and effectively reduce viral
load.

In conclusion, our data support a model in which PbA infection induces memory CD8 T
cells that are highly resilient despite disruptions in conventional T cell effector differentiation,
remaining capable of long-term persistence and protection. Thus, infections which heavily
bias toward SLEC formation do not preclude the host from forming a diverse and effective
memory pool.

Results

OT-IT cells responding to PbA infection are phenotypically similar to
responding endogenous T cells

Although Plasmodium epitopes recognized by mouse CD8 T cells have been identified, the
introduction of TCR transgenic T cells recognizing epitopes like ovalbumin (OVA) enables
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probing of the same T cell specificity across different types of infections. Before using trans-
genic OT-I T cells to study CD8 T cell responses to PbA, we verified that these cells were
phenotypically and functionally similar to endogenous T cells responding to a Plasmodium
antigen. PbA infection generates CD8 T cells that recognize the glideosome-associated protein
50 (GAP50) TCR epitope [23], which we identified by staining with GAP50, , /D* MHC
tetramers.

Mice receiving OT-I T cells were infected with Plasmodium berghei ANKA parasites with
constitutive expression of mCherry-OVA (PbA-OVA) [28], and cells from various tissues
were analyzed by flow cytometry on day 7 post-infection (p.i.). Both transgenic OT-I T cells
and endogenous GAP50* cells were detectable in the spleen and peripheral tissues at day 7 p.i.
(S1A Fig), with OT-I T cells present at ~20-fold higher numbers than GAP50+ cells. Despite
a numerical difference, the localization and phenotype of OT-I T cells and endogenous T cells
were similar. Using intravascular labeling [29], we found that most OT-I and GAP50* T cells
in the spleen were confined to the white pulp, while most cells in the periphery were found in
the vasculature (S1B Fig). OT-I and GAP50" T cells in the blood, lungs, and brain were highly
biased toward a KLRG1* SLEC phenotype, rather than a KLRG1- MPEC phenotype (S1C Fig).
Additionally, OT-I and GAP50* T cells in the blood, lungs and brain expressed high levels
of IL-2, IFNYy, and granzyme B directly ex vivo (S1D Fig), suggesting that these cells were
recently exposed to antigen in these tissues. Together, these data indicate that OT-I T cells
expand robustly during infection and are phenotypically, functionally, and located similarly to
endogenous Plasmodium-specific CD8 T cells.

Expansion of OT-I T cells following Lm or PbA infection leads to two
distinct differentiation patterns

Next, we compared the number and phenotype of OT-I T cells on day 7 p.i. between
PbA-OVA infected mice and those infected with Listeria monocytogenes expressing OVA
(Lm-OVA). Mice infected with Lm-OVA had a significantly greater proportion and num-
ber of OT-IT cells when compared to PbA-infected mice at this time point (Figs 1A-1D
& S2C-S2F). Intriguingly, despite a large difference in cell number in other tissues, both
infections recruited a similar number of cells to the vasculature of the brain and lungs (Figs
1D & S2D). Relative to the spleen, a significantly higher ratio of cells was present in the IV+
fraction of both tissues following PbA-OVA infection (S2G Fig) when compared to Lm-OVA.
Both the lungs and brain experience immunopathology following infection with PbA[23,26],
and these results further support tissue-specific tropisms during this infection. The local-
ization of OT-I T cells responding to either infection was similar in most peripheral tissues,
although there were significantly more OT-I T cells in the splenic red pulp of PbA-infected
mice (S2H Fig).

The most striking difference between Lm-OVA- and PbA-OVA-infected mice was the
phenotype of responding effector cells. OT-I T cells responding to Lm-OVA held a slight
bias towards KLRG1* SLECs but retained a well-defined population of IL-7Ra™ MPECs in
all tissues (Fig 1E & 1G). These results align with other Lm studies of either endogenous or
transgenic CD8 T cells [7,30]. Conversely, OT-I T cells responding to PbA-OVA were heavily
biased toward a SLEC phenotype in all sampled tissues except the spleen, with fewer cells
expressing IL-7Ra (Fig 1F & 1G). This contrasts with other acute viral [4,7,31] and parasitic
infections [32,33], including infection with Plasmodium yoelii [20], which all produce effector
populations with substantial frequencies of both SLECs and MPECs in various tissues. Our
findings suggest that PbA infection uniquely inhibits MPEC formation, particularly in the
blood and peripheral tissues.
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Fig 1. Expansion of OT-I T cells following Lm or PbA infection leads to two distinct differentiation patterns. (A and B) Representative flow cytometry plots
of CD45.1* OT-IT cells in the spleen and blood on day 7 p.i. with either Listeria monocytogenes expressing OVA (Lm-OVA) (A) or Plasmodium berghei ANKA

expressing OVA (PbA-OVA) (B). (C) Frequency of CD45.1* OT-I T cells in the indicated tissues on day 7 p.i. with either Lm-OVA (blue) or PbA-OVA (orange).
Values represent the frequency of CD45.1* cells among the responding (CD44") effector T cell pool. (D) Total number of CD45.1* cells in the indicated tissues on
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day 7 p.i. with either Lm-OVA or PbA-OVA. (E and F) Representative KLRG1 x IL-7Ra flow cytometry plots showing the effector phenotype of OT-I T cells in the
indicated tissues on day 7 p.i. with Lm-OVA (E) or PbA-OVA (F). (G) Ratio of IL-7Ra" KLRG1" memory precursor effector cell (MPEC) phenotype to IL-7Ra®
KLRG1" short-lived effector cell (SLEC) phenotype after gating on CD45.1* OT-I T cells in the indicated tissues on day 7 p.i. with either Lm-OVA or PbA-OVA.
Data in A-D is pooled from three independent experiments with # = 3-5 mice per group and analyzed with a Mann-Whitney test. Data in E-G is pooled from two
independent experiments with 7 = 3-5 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars are SD. See also S1 and S2 Figs.

https://doi.org/10.1371/journal.ppat.1012993.g001

OT-IT cells form diminished memory following PbA infection

Although SLECs are more vulnerable to apoptosis during the contraction phase, we previously
showed that LLECs derive almost exclusively from the SLEC effector pool and persist long
term [9]. Furthermore, previous work using KLRG1-reporter mice has shown that KLRG1*
effector cells can lose expression of this molecule during the effector phase and join the central
and effector memory pools [34]. Therefore, we sought to assess the number and phenotype of
memory CD8 T cells following PbA infection. We speculated that the high frequency of SLECs
during the effector phase would generate a memory T cell pool comprised primarily of LLECs.

Mice receiving OT-I T cells and PbA-OVA were treated with the antimalarial drugs chlo-
roquine and artesunate daily from day 6 through day 10 p.i. to prevent the development of
cerebral pathology [35]. Chloroquine inhibits malaria parasites by preventing the conversion
of heme to hemozoin [36], while artesunate prevents nucleic acid synthesis during the eryth-
rocytic stages of all Plasmodium species [37]. Parasitemia was monitored regularly via flow
cytometry [38] (Fig 2A) to ensure clearance of the parasite. On day 45 p.i. the presence and
phenotype of OT-I T cells was assessed via flow cytometry.

After Lm-OVA infection, OT-I1T cells represented 10-20% of the CD8 T cells in the blood
and spleen, with similar frequencies observed in most peripheral tissues (Figs 2B & S3A-S3C).
OT-IT cells primed by Lm-OVA in the spleen and liver were evenly distributed between
KLRG1 CD62L* central memory T cells (Tem), KLRG1™ CD62L effector memory T cells
(Tem), and KLRG1* CD62L" LLECs (Fig 2C-2F). In stark contrast, after PbA-OVA infection
the proportion and number of OT-I T cells present was much lower (Fig 2B). While OT-I'T
cells were detectable in lymphoid tissues (Figs 2B & S3A-S3C), counts were below the limit of
detection (S3D-S3E Fig) for the blood and peripheral tissues in most mice. OT-I T cells in the
spleen were significantly biased towards Tcm when compared with Lm-primed mice, at the
expense of both Tem and LLECs (Fig 2D-2F). In the liver, OT-I T cells were biased towards
Tem, with a reduced frequency of Tcm and LLECs. Other tissues, including the blood, lung,
and brain, all contained too few cells to determine a phenotype (S4A & S4B Fig).

We also examined additional tissues, including the inguinal lymph node, bone marrow,
and salivary gland (Fig S3A-C). In the salivary gland, we again found few memory OT-I T
cells in PbA-infected mice, while these cells were detectable in mice infected by Lm. Like the
spleen, OT-I T cells were found in both the inguinal lymph node and bone marrow following
PbA infection, although this population was still significantly lower than mice infected with
Lm-OVA (S3A Fig). The phenotype of PbA-primed OT-1 T cells in the lymph node was sim-
ilar to the spleen, with slightly more Tcm cells at the expense of LLECs (S4A-D Fig). OT-I T
cells in the bone marrow did not bear any phenotypic differences between Lm and PbA infec-
tion. Collectively, this data demonstrates that few OT-I memory cells form after PbA-OVA
infection, in stark contrast to infection with Lm-OVA. The OT-I T cells that do persist tend to
be in lymphoid tissues, with a bias towards Tcm rather than an LLEC phenotype.

CD8 T cell memory is not inhibited by antimalarial treatment

Chloroquine and artesunate (CQA) are highly effective antimalarial drugs, but also have
a variety of immunomodulatory effects that could affect T cell persistence. Chloroquine
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and D) Representative KLRG1 x CD62L flow cytometry plots showing the memory phenotype of OT-I T cells in the spleen and liver on day 45 p.i. after infection
with Lm-OVA (C) or PbA-OVA (D). (E) Frequency of OT-I T cells bearing a KLRG1- CD62L* central memory (Tcm), KLRG1- CD62L" effector memory (Tem), or
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3-4 mice per group and analyzed with multiple Mann-Whitney tests. *p < 0.05, **p < 0.01, **¥p < 0.001, ****p < 0.0001. Error bars are SD. See also S3 and S4 Figs.

https://doi.org/10.1371/journal.ppat.1012993.g002

interferes with lysosomes in monocytes and dendritic cells, which impairs antigen presen-
tation and dampens CD4 T cell function [39-42]. Drugs in the artemisinin family such as
artesunate can also inhibit immune cell activation, including T cells [43]. We considered
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whether the antimalarial regimen used to clear blood-stage infection was interfering with CD8
T cell maintenance into the memory phase. To test this, mice received CD45.1* OT-I T cells,
followed by infection with either PbA-OVA or Lm-OVA. A third group of mice were infected
with Lm-OVA and treated with antimalarials alongside the PbA-infected group. The presence
of OT-IT cells in the blood was then tracked over time (Fig 3A).

As expected, Lm-OVA infection led to a robust expansion of OT-I T cells and established
stable cell numbers by day 14 that continued into the memory phase (Fig 3B & 3D-3E). Treat-
ment with CQA did not alter the expansion or longevity of OT-I T cells in Lm-OVA infected
mice, which was similar to untreated controls. Based on the blood collection time points in
this experiment, the OT-I response to PbA-OVA peaked on day 10 p.i., followed by a striking
contraction phase between days 10 and 14 p.i., and a steady decline in OT-I numbers over the
next four weeks (Fig 3C-3E). It has been documented in multiple infection and vaccination
regimens that CD8 T cells undergoing contraction reduce cell numbers by ~90%, while the
remaining cells become stable CD8 T cell memory [44-48]. After contraction, Lm-infected
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mice per group. Error bars are SD. See also S5 Fig.

https://doi.org/10.1371/journal.ppat.1012993.g003
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mice maintain a steady frequency of 5-13% of their numerical peak into the memory phase
(Day 45 compared to Day 7). On the contrary, OT-I T cells in PbA-infected mice only main-
tain 0.8% of their numerical peak (Day 45 compared to Day 10) (Fig 3D).

One possible explanation for the sharp contraction of OT-I T cells following PbA infection
could be a form of T cell exhaustion. This is an active area of research during PbA infection,
with some studies suggesting that T cell expression of inhibitory molecules among splenocytes
during the effector phase is associated with higher function rather than exhaustion [49,50].
However, these studies did not track OT-I expression of inhibitory molecules longitudi-
nally. To this end, we stained OT-1 T cells for PD-1, CTLA-4, Lag3, Tim3, and Tox1 during
Lm-OVA and PbA-OVA infection and tracked their expression in the blood. We find that as
Lm-OVA primed and PbA-OVA-primed OT-1 T cells undergo T cell contraction, their expres-
sion of canonical exhaustion markers remains low or absent (S5A-E Fig).

Another reason for the decline in OT-I T cells is that PbA infection might induce lymph-
openia, which has been described in other highly inflammatory settings of systemic infection
[51,52]. However, after a brief increase during the effector stage of each infection, the number
of total CD4 and CD8 T cells in the blood remained constant in all three groups (S5F & S5G
Fig). Collectively, these results indicate that the diminished T cell memory observed following
PbA infection is not caused by antimalarial treatments or systemic lymphopenia, and that T
cells do not express traditional markers of exhaustion.

PbA infection inhibits CD8 T cell expression of IL-7Ra and limits T cell
memory during bacterial coinfection

Both SLECs and MPECs are normally generated during the effector phase of infection, but
outside of the spleen, we found few OT-I T cells with an MPEC phenotype during the effec-
tor phase of PbA infection (Fig 1F & 1G). IL-7 signaling is an essential component of T cell
homeostasis [53], and the upregulation of IL-7R is typically observed as T cells transition from
effectors to memory cells.

We tracked OT-IT cells in the blood of mice infected with either Lm-OVA or PbA-OVA
through the effector, contraction, and memory phases. As expected, Lm-OVA infection gen-
erated more SLECs during the early stages of infection, but an increase in the proportion of
MPEC:s as the cells contracted (Fig 4A & 4C). By comparison, OT-I T cells that were primed
with PbA-OVA were heavily skewed towards a KLRG1* SLEC phenotype on days 7, 10, and
14 p.i. with very few MPECs (Fig 4B & 4C). We measured the mean fluorescence intensity of
IL-7Ra on OT-IT cells and found that it increased over time after Lm-OVA infection, with
only a minimal change after PbA-OVA (Fig 4D).

The level of inflammation present during priming is a key determinant of CD8 T cell dif-
ferentiation [4]. We sought to test whether PbA-induced inflammation alone was sufficient to
alter OT-I effector differentiation and prevent formation of a robust memory T cell pool. To
do this, we transferred mice with OT-I T cells and infected them with AActA-Lm-OVA, a less
virulent strain of Listeria monocytogenes [54]. Four hours later, some mice were also coin-
fected with either Lm-WT or PbA-WT (neither expressing OVA) (Fig 4E). This experimental
approach eliminated any differences in OT-I priming and kinetics that might exist between
Lm-OVA and PbA-OVA, and directly tested whether PbA-induced inflammation affects T cell
persistence.

During the first 10 days of infection, we observed identical expansion and contraction
between all three groups (Fig 4F). Mice that were coinfected with AActA-Lm-OVA and
Lm-WT maintained a similar level of OT-I T cells in the blood out to memory, with no differ-
ence in the number of OT-I T cells found per spleen (Fig 4G & 4H). Intriguingly, coinfection
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cells on days 7, 10, 14, and 21 p.i. after infection with either Lm-OVA (blue) or PbA-OVA (orange). (D) The mean-
fluorescence intensity of IL-7Ra on OT-I T cells on days 7, 10, 14, and 21 p.i. with Lm-OVA or PbA-OVA. (E) Experimen-
tal schematic for coinfection experiment: Mice receiving OT-I T cells were infected with AActA-Lm-OVA the following
day. 4 hours after infection with AActA-Lm-OVA, mice were coinfected with either Lm-WT or PbA-WT, and sequential
bleeds were performed out to memory. (F) Plot representing the total # of OT-I T cells/ mL of blood over time in the indi-
cated groups. The numbers on the right indicate the percentage of memory T cells remaining after T cell contraction (Day
45/ Day 7). (G) The total number of OT-I T cells in the blood on day 45 p.i. in the indicated groups. (H) The total number
of OT-IT cells in the spleen on day 45 p.i. in the indicated groups. Data in A-D is pooled from two independent experi-
ments with # = 3-5 mice per group, and groups in C-D were analyzed with multiple Mann-Whitney tests. Data in F-G is
pooled from two independent experiments with # = 3-5 mice per group. Data in G-H was analyzed with a one-way analysis
of variance (ANOVA). *p < 0.05, **p < 0.01, ¥**p < 0.001 , ¥**p < 0.0001. Error bars are SD.

https://doi.org/10.1371/journal.ppat.1012993.9004

with PbA-WT led to a decline in OT-I T cell numbers by day 21 p.i., with significantly fewer
cells found in the blood and spleen at memory (Fig 4G & 4H). While this experiment did not
fully recapitulate the reduction in CD8 T cell memory during PbA-OVA infection, it shows
that a bystander infection with PbA reduces T cell memory formation.

Loss of interferon gamma improves MPEC formation but does not rescue
persistence of PbA-primed OT-I T cells

Malaria infection induces a vigorous inflammatory response, including high amounts of sys-
temic IFNy [55-58]. In clinical settings of malaria, multiple studies have implicated atypical B
cells [59,60] as responsible for the poor generation of humoral immunity against Plasmodium
species. While a direct link to malaria-induced inflammation has not been made in humans,
Ryg-Cornejo et al. found that PbA infection impairs germinal centers, and that blockade of
IFNy improved overall humoral immunity [61].

Based on our finding that PbA infection encourages a significant bias towards SLECs when
compared to Lm infection, we asked whether removing just one source of inflammation
during infection would change the phenotype or persistence of OT-I T cells. To test this, we
infected either wild-type (WT) mice or IENy”’ mice with PbA and tracked the number and
phenotype of OT-I T cells in the blood over time. We first measured whether systemic loss
of IFNYy affected parasitemia levels, which could alter the quantity and duration of antigen
stimulation. Although parasitemia on day 6 post-infection was slightly elevated in IFNy’ mice
(1.2%) compared to WT mice (0.7%), this trend was not significant (S6A Fig). As a con-
trol group to track OT-I T cells longitudinally, we used AActA-Lm-OVA, as the loss of host
IFNy impairs the ability of mice to clear wild-type Lm-OVA infection [62]. We hypothesized
that removal of IFNY from the host would increase MPEC formation in both infections and
improve the persistence of OT-I T cells after PbA infection.

Consistent with our expectations, OT-I T cells primed by AActA-Lm-OVA infection in the
absence of IFNy were significantly biased towards MPECs when compared to OT-I T cells
primed in WT mice (Fig 5A-5D). Following initial expansion, IFNy deficiency led to sig-
nificantly more OT-I T cells persisting to memory in Lm-OVA infected mice (Fig 5E), which
aligns with previous reports for CD4 and CD8 T cells [62,63]. Strikingly, the phenotype of
OT-IT cells responding to PbA-OVA was also affected by loss of IFNy, with a clear increase
in the frequency of MPECs in these mice (Fig 5D). However, this phenotypic change did not
translate to improved persistence in PbA-infected mice, with a similar number of OT-I T cells
present in the blood and spleen at memory (Fig 5E & 5F). Loss of IFNy did alter the pheno-
type of memory OT-I T cells in the spleen in PbA-infected mice, with a reduced frequency of
LLECs in IFNy” mice in favor of Tem (S6B-S6D Fig), suggesting a role for IFNy during LLEC
maintenance. While this data demonstrates an improvement in MPEC formation when IFNy
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p.i. with either AActA-Lm-OVA or PbA-OVA in WT (blue and orange) or IFNy KO (green and yellow) mice. (E) Plot representing the total # of OT-I T cells/
mL of blood over time after infection with either AActA-Lm-OVA or PbA-OVA in WT or IFNy KO mice. (F) The total number of OT-I T cells in the spleen on
day 45 p.i. with either AActA-Lm-OVA or PbA-OVA in WT or IFNy KO mice. Data in A-F is pooled from three independent experiments with n = 2-5 mice
per group. WT and IFNy-/- mice were compared using multiple Mann-Whitney tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars are SD. See
also S6 and S7 Figs.

https://doi.org/10.1371/journal.ppat.1012993.g005

is removed, the total number of memory T cells did not increase, suggesting that additional
signals contribute to the sharp contraction observed in PbA-infected mice.

To eliminate the possibility of wild-type OT-I T cells using autocrine IFNy, we used
CRISPR-Cas9 to delete IFNy (cIFNYy) from OT-I T cells, with deletion of CD90 (cCD90) as
a control. These OT-I T cells were then transferred into WT or IENy” hosts, followed by
Lm-OVA or PbA-OVA infection (S7A Fig). Following in vitro peptide stimulation, we found
that our CRISPR-based approach significantly reduced IFNy production by cIFNy OT-I T
cells compared to cCD90 controls (S7D & S7E Fig). Additionally, we find that regardless of
whether systemic IFNYy is present in the host, the effector phenotype of OT-I T cells is not
affected by loss of autocrine IFNYy signaling (S7F-S7H Fig).

PbA-primed OT-I memory cells expand following peptide vaccination and
provide protection against viral infection

Next, we tested the ability of the few remaining OT-I memory cells after PbA infection to
respond to secondary antigen exposure (Fig 6A). We initially used Trivax [64] immunization
(comprised of OVA peptide, Poly(I:C), and agonistic a-CD40 Ab) as a vaccine modality that
elicits a strong CD8 T cell response. On day 5 post-immunization, we found a remarkable
expansion of OT-I T cells in both groups, with OT-I T cells representing >80% of all CD8 T
cells in multiple tissues (Fig 6B & 6C). When comparing the number of OT-I T cells in the
blood before and after immunization, OT-I T cells from PbA-OVA-infected mice expanded
more than 6,000-fold in just five days, which was significantly more than Lm-OVA infected
mice (Fig 6D).

To further test recall potential and functional protection against a viral infection, we chal-
lenged Lm-OVA and PbA-OVA memory mice with Vaccinia virus expressing OVA (VV-OVA)
on day 45 p.i. Five days later, the spleens of mice that were primed with Lm-OVA contained
a larger population of OT-I T cells when compared to mice primed with PbA-OVA (Fig 6E).
This trend continued in the blood, but was not significant. However, given the diminished size
of the OT-I memory pool following PbA infection, these cells again underwent a greater over-
all expansion (Fig 6F & 6G). We also did not find any differences in the number of VV-OVA
plaque-forming units regardless of the primary infection (Fig 6H). Taken together, this data
shows that despite the rarity of OT-I T cells after PbA-OVA infection, the remaining memory
cells are capable of robust expansion, with comparable viral clearance to OT-I T cells primed
with Lm-OVA.

Since the number of memory T cells present can influence the extent of secondary expan-
sion [65,66], we sought to further test expansion on a per-cell basis. We generated memory
mice from Lm-OVA and PbA-OVA infection as described above. On day 45 p.i., we sacri-
ficed mice and pooled enriched CD8* CD45.1* cells from each infection cohort. An equal
number of memory OT-IT cells (8.5 x 10°) were transferred into separate naive mice (S8A
Fig). The following day, these mice were infected with VV-OVA. On day 5 p.i., we found that
Lm-primed and PbA-primed OT-I T cells expanded to a similar number in both the blood
and spleen (S8B & S8C Fig). These data show that memory OT-I T cells from Lm- or PbA-
primed mice are equally capable of expansion following secondary infection.
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Fig 6. PbA-primed OT-I memory cells expand following secondary stimulus and persist long term following secondary PbA infection. (A)
Experimental schematic for B-H: Mice were transferred with OT-I T cells and infected with either Lm-OVA or PbA-OVA. PbA-OVA-infected mice were
treated with chloroquine and artesunate on day 6-10 p.i. On day 45 p.i., memory mice were either treated with Trivax-OVA (100 pg agonistic aCD40
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mAb, 50 ug OVA peptide, and 50 pug Poly:IC in PBS) or infected with Vaccinia virus expressing OVA (VV-OVA). Five days later, the expansion of OT-I
T cells was assessed using flow cytometry. (B) Total number of CD45.1* OT-I T cells in the indicated tissues on day 5 post-Trivax-OVA treatment in
Lm-OVA (blue) or PbA-OVA (orange) memory mice. Blood represented as # cells/ mL. (C) Frequency of OT-I T cells (of CD8") in the indicated tissues
on day 5 post-Trivax-OVA. (D) Fold-expansion of OT-I T cells in the blood on the day of Trivax-OVA treatment and day 5 post-treatment. (E) Number
of OT-IT cells in the spleen and blood on day 5 post-secondary infection with VV-OVA in Lm-OVA or PbA-OVA memory mice. A control group
receiving naive OT-I T cells on the day prior to infection was prepared (gray). (F and G) Paired samples (F) and fold-expansion (G) of OT-I T cells
following secondary infection with VV-OVA of Lm-OVA and PbA-OVA memory mice. (H) The number of plaque-forming units per mouse ovary are
represented. Four groups of mice were tested: naive control mice (no OT-I T cells), mice transferred with naive OT-I T cells the day prior to VV-OVA
infection, Lm-OVA memory mice, and PbA-OVA memory mice. LOD = limit of detection. (I) Experimental schematic for J-L: Mice were transferred
with OT-I T cells and infected with VV-OVA. On day 45 p.i., mice received a secondary infection with either Lm-OVA or PbA-OVA. Secondary bleeds
were performed on Day 7 and Day 11 post-secondary infection, and tissues were taken on Day 55. (J and K) Total number of OT-I T cells per mL of
blood on Day 7 (J) and Day 11 (K) post-secondary infection with Lm-OVA (blue) or PbA-OVA (orange). (L) Total number of memory OT-I T cells in
the blood and spleen on day 55 post-secondary infection. Blood represented as # cells/ mL. Data in A-D is pooled from two independent experiments
with n = 3 mice per group. Data in B was analyzed with multiple t tests and data in D was analyzed with multiple Mann-Whitney tests. Data in E-H

is pooled from three independent experiments with n = 2-5 mice per group. Data in E and H were analyzed with a Kruskal-Wallis test. Data in I-L is
pooled from two independent experiments with 4-5 mice per group and analyzed with a Mann-Whitney test. *p < 0.05, **p < 0.01, **¥*p < 0.001, ****p
< 0.0001. Error bars are SD.

https://doi.org/10.1371/journal.ppat.1012993.9006

Memory OT-I T cells persist long-term following secondary PbA infection

To conclude, we asked whether memory T cells responding to a secondary PbA infection
would contract in number similar to naive T cells responding to a primary PbA infection.
Mice receiving OT-I T cells were infected with VV-OVA, and on day 45 p.i., mice were given
a secondary infection of either Lm-OVA or PbA-OVA (Fig 6I). Consistent with our obser-
vations after primary infection, Lm-OVA infection led to a strong increase of OT-I T cells
by day 7 post-secondary infection. A secondary stimulus with PbA-OVA peaked on day 11
post-secondary infection (Fig 6] & 6K). Surprisingly, secondary effector OT-1 T cells were
more resistant to adopting the KLRG1* SLEC phenotype than primary cells (S8D-S8G Fig).
Additionally, both groups of mice maintained a large memory population in the blood and
spleen up to 50 days post-secondary infection (Fig 6L). These data support the conclusion that
memory T cells are more resistant than naive T cells to PbA-induced modulation of effector
differentiation and contraction.

Discussion

Following an initial burst of proliferation, effector CD8 T cells differentiate into two subsets,
influenced by the inflammatory milieu present during priming: KLRG1* IL-7Ra® SLECs and
KLRGI1" IL-7Ra™ MPECs. Cytokines such as IL-12 or interferons promote SLEC formation,
while limiting these cytokines encourages MPEC formation. Different infections induce a
range of SLECs and MPECs among CD8 T cells. LCMV (lymphocytic choriomeningitis virus)
and VV (Vaccinia virus) induce an intermediate frequency of SLECs (60-70%) during the
peak effector phase [4], while vesicular stomatitis virus [7] and influenza [31] induce a lower
frequency of SLECs (~30%). During parasitic infection with Toxoplasma gondii, KLRG1* cells
represent between 40-60% of the responding tetramer-specific CD8 T cells in lymphoid and
peripheral tissues [32,33]. Interestingly, blood-stage malaria infection with the less severe
Plasmodium yoelii strain generates approximately 30% SLECs among the effector CD8 T cell
pool [16,67]. In this study, we find that Plasmodium berghei ANKA infection remarkably pro-
motes >90% SLEC formation in the blood and peripheral tissues, with only a small quantity of
MPEC:s identified in the spleen.

Following the clearance of PbA parasites using chloroquine and artesunate, memory OT-I'T
cells are exceedingly rare in the blood and peripheral tissues, especially when compared with mice
infected with Listeria. Most other infections lose ~90% of their antigen-specific effector T cells
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during contraction, with 5-10% of cells persisting long term as memory cells [44-48]. In contrast,
we found that in mice infected with PbA, less than 1% of effector OT-I T cells persist to memory in
the blood. The remaining OT-I T cells are found in lymphoid tissues such as the spleen or lymph
node, with very few memory cells found in the blood or peripheral tissues. However, despite limited
MPEC formation, most PbA-primed OT-I T cells in the spleen expressed L-selectin, a hallmark

of highly proliferative central memory T cells. Thus, robust SLEC formation does not prevent the
generation of a diverse memory pool containing central memory T cells. We also found a sizable
population of OT-I T cells in the bone marrow following PbA infection. A recent study [68] showed
that during dietary restriction, CD8 T cells accumulate in the bone marrow, suggesting that this
tissue may be a niche to preserve cells under both metabolic and inflammatory stress.

Based on the striking phenotype of effector OT-I T cells during PbA infection, we sus-
pected that inflammation was a major cause for the diminished memory T cell pool. To
this end, we employed several methods to modulate the inflammation present during T cell
priming. To initiate malaria-induced inflammation during a known T cell response, OT-I T
cells were primed with AActA-Lm-OVA, followed by coinfection with wild-type PbA. We
found that coinfection with PbA alone was sufficient to reduce memory T cell persistence in
both the blood and spleen. These results could have clinical implications for the deployment
of vaccines or occurrence of natural infection in environments with regular malaria expo-
sure. To reduce inflammation during PbA infection, we tested whether systemic loss of IFNy
would change the phenotype and persistence of responding OT-I T cells. Loss of [FNy did
significantly improve the formation of MPECs during PbA infection, but this did not affect
long-term persistence. Although we found a unique role for PbA-induced inflammation
during CD8 T cell differentiation, other factors likely contribute to reduced T cell longevity,
and additional research is necessary to fully understand how Plasmodium alters effector and
memory T cell responses.

We next asked whether PbA-primed memory OT-I T cells could still provide protective
immunity during a secondary stimulus. Despite the minimal number of OT-I memory cells in
PbA-primed mice, the remaining cells effectively responded to both peptide vaccination and
viral infection. The cells were not only highly proliferative, but also functional, clearing VV
infection as effectively as Lm-primed OT-I T cells. Given the effector phenotype and subse-
quent contraction phase measured during primary infection with PbA, we also tested whether
memory T cells would be affected in the same manner. OT-I T cells primed by VV-OVA were
rested until memory before secondary infection with Lm or PbA. We found that memory OT-I
T cells more readily acquire an MPEC phenotype during secondary PbA infection and are
much more capable of persistence as compared to naive T cells. This suggests that naive CD8 T
cells are more susceptible to PbA-induced environmental cues than memory CD8 T cells. Since
naive T cells require both co-stimulation and “signal 3” cytokines for appropriate activation,
while memory T cells do not, memory cells may be insulated under some conditions from the
negative consequences of a vigorous inflammatory event. Our data also show that despite poor
generation of memory cells following PbA, subsequent vaccination or infection is likely to be
beneficial and will generate functional effector T cells and enhanced memory cell numbers.

Taken together, we demonstrate here that the quantity and phenotype of circulating CD8 T
cells does not necessarily predict the strength of protective immunity provided by a memory T
cell population. Furthermore, we find that sampling in the blood did not reflect T cells in the
spleen which is a commonly used assumption. These results encourage caution in interpreting
human responses to malaria where only blood sampling is routinely evaluated.

Other groups have observed reduced CD8 T cell memory following Plasmodium berghei
ANKA infection, although this phenomenon has not been investigated mechanistically.
Miyakoda et al reported that OT-I T cells were only detectable at memory in 38% of mice
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infected with PbA-OVA [69]. Ghazanfari et al used a malaria-specific transgenic CD8 T cell
rather than OT-I T cells, and found a similar fold reduction (comparing effector and memory
T cell populations) to what we report here, although this finding was not discussed [70]. Shaw
et al used a different OVA-expressing strain of PbA and infected with 100-fold fewer infected
red blood cells, which led to a much more subdued effector OT-I response [35]. However, the
number and phenotype of memory OT-I T cells post-PbA infection was consistent with our
findings. We add to this research by assessing the phenotype of PbA-primed CD8 T cells during
primary infection and the factors contributing to poor memory formation. We report that PbA
induces a unique effector differentiation pattern, with a bias toward SLECs at the expense of
MPECs. We hypothesize that this phenotype is caused by the inflammatory signature of PbA
infection, but further investigations are necessary to identify specific causes beyond IFNy. We
also extended previous findings by showing that PbA-primed OT-I T cells can respond to a sec-
ondary challenge, and that these secondary memory cells persist long term.

This data adds to a growing body of evidence demonstrating that malaria infection induces a
unique and sometimes dysfunctional immune response. Malaria has been shown to disrupt the
architecture of the spleen [71-73], including a study reporting that CD8 T cells responding to
malaria may be stranded in the red pulp of the spleen during the effector phase [74]. Similarly,
we find that PbA infection induces a greater proportion of cells localized to the red pulp of the
spleen. However, whether this localization pattern is detrimental to CD8 T cell function or
persistence, or a phenomenon associated with infection of erythrocytes remains to be tested.
The disruption of splenic organization caused by malaria also delays germinal center forma-
tion, and recent evidence suggests that high levels of systemic inflammation induced by malaria
actually impairs the development of T follicular helper (Tth) cells, collectively leading to a less
effective B cell response [61]. Moreover, modulating inflammation during malaria infection via
cytokine therapy improves Tth differentiation and antibody responses [75]. Additionally, it has
been shown that hemozoin protein produced by Plasmodium parasites compromises dendritic
cell function during malaria infection, leading to a reduced humoral immune response [76].
Our findings build upon these studies, demonstrating that PbA programs an effector CD8 T
cell response that is almost entirely comprised of SLECs, which appears to limit their ability to
persist through contraction. Despite this, we find that memory CD8 T cells retain a remarkable
ability to proliferate and perform effector functions upon secondary antigen exposure.

In summary, we show that PbA infection induces a dramatic shift in the effector phenotype
of responding CD8 T cells. Effector T cells are comprised almost entirely of SLECs, resulting in a
diminished memory pool that is only measurable in select tissues. This phenotype is at least partly
caused by PbA-induced inflammation and is partially abrogated in the absence of IFNy. Con-
sequently, experiencing repeated malaria infections that induce strong inflammatory responses
may alter host immunity to both Plasmodium and other antigens, and vaccination programs in
malaria-endemic countries should consider avoiding periods of high malaria exposure. However,
despite the reduced number of memory CD8 T cells generated following blood-stage PbA infec-
tion, secondary stimuli with vaccine or infection induces a vigorous T cell response that includes
robust effector functions and long-term persistence. Thus, parasitic infections that induce a seem-
ingly poor T cell memory pool can still be beneficial for future host immunity.

Materials and methods
Ethics statement

Mice were housed at the University of Minnesota (Minneapolis, MN) and studies were carried
out under the Institutional Animal Care and Use Committee approved protocol 2302-40841A.
Animal health was monitored daily.
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Mice

All strains used in this publication are on the C57BL/6 background: C57BL/6 and
C57BL/6-Ly5.1 (Charles River), OT-I donor mice (JAX #003831, bred in house on the Charles
River background), and interferon gamma knockout mice (JAX #002287). All experimen-

tal mice, both male and female, were 6-10 weeks old on the date of infection. All mice were
housed in specific pathogen-free conditions and bred following all Institutional Animal Care
and Use Committee Procedures at the University of Minnesota.

Microbe strains

Plasmodium berghei ANKA wild type (WT) parasites (Dr. Susan Pierce, NIH) and transgenic
Plasmodium berghei ANKA parasites expressing mCherry-OVA (Dr. Chris Janse, Leiden
University Medical Center, Leiden, the Netherlands) parasite lines were passaged in C57BL/6
mice before cryopreservation. Briefly, donor mice were infected with 10° infected red blood
cells (iRBCs) from the relevant parasite strain. On day 7 p.i. (parasitemia ~5%), blood from
donor mice was diluted 1:2 in Alsever’s solution containing 10% glycerol, then transferred to
cryopreservation tubes on dry ice. Vials containing iRBCs were stored in liquid nitrogen, then
thawed and diluted in PBS for infection of experimental mice. Recombinant Listeria mono-
cytogenes strains Lm-WT (Dr. Hao Shen, U. of Pennsylvania), Lm-OVA (Dr. John Harty, U.
of Iowa), and AActA-Lm-OVA (Dr. John Harty, U. of Iowa) have been described elsewhere
[1]. Bacteria were grown in tryptic soy broth with 50 pg/ml streptomycin to an OD600 of 0.1
before cryopreservation at -80C. Recombinant Vaccinia-OVA (Dr. Jonathan Yewdell, NIAID)
was stored at -80C, then thawed and diluted into PBS for infection.

Adoptive transfer of transgenic OT-I T cells

OT-I donor (CD45.1%) spleens were mashed through 70 um cell strainers. Cells were briefly
incubated at RT in RBC lysis solution before washing with RPMI supplemented with 5% FBS.
CD8 T cells were enriched with the Mojosort Mouse CD8 T Cell Isolation Kit (Biolegend) and
collected from the unbound fraction. Enriched CD8 T cells were counted, and a small aliquot
of cells were stained with anti-CD8a (clone 53-6.7) and anti-Va2 TCR (clone B20.1) antibod-
ies to determine purity. Cell counts were adjusted to 5 * 10° cells/mL in PBS and mice were
injected i.v. with 100 pL of cell suspension.

CRISPR-Cas9 nucleofection

Single guide RNAs (sgRNAs) were purchased from Synthego. The guide RNA sequences
used in this study are as follows: sgCD90-1, CAGUCUUGCAGGUGUCCCGA; sgCD90-2,
CCGCCAUGAGAAUAACACCA; sgIFNy-1, AUUUUCAUGUCACCAUCCUU; sgIENy-2,
UGAAGUCUUGAAAGACAAUC.

Cas9/RNP nucleofection of primary T cells has been previously described [77]. Briefly,
OT-I donor (CD45.1+) cells were isolated and sgRNAs for CD90 (sgCD90) or IFNy (sgIFNy)
were pre-complexed at room temperature for at least 10 minutes. After isolation, OT-I T
cells were washed twice with PBS, resuspended in 20uL primary cell nucleofection solution
(Lonza), then mixed with the sgRNA/Cas9 complexes. This cell mixture was immediately
loaded into a Nucleofection cuvette strip (4D-Nucleofector X kit S; Lonza) followed by elec-
troporation using a 4D nucleofector (4D-Nucleofector Core Unit; Lonza). After nucleofection,
prewarmed RPMI + 10% FBS was added to each well, followed by 10 minutes incubating at
37°C. Following incubation, cells were washed once in PBS, counted, then adjusted to 10°
cells/mL before being injected i.v. into mice (100uL/mouse).
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Plasmodium berghei ANKA infections and quantification of blood
parasitemia by flow cytometry

On the day of infection, a vial of PbA or PbA-OVA was thawed and 1x10° iRBCs were injected
(i.v.) into experimental mice. Parasitemia was measured by flow cytometry using a previously
described method [38] with slight modifications. 1 uL of blood was collected from each mouse
via tail snip, followed by fixation in 0.025% glutaraldehyde solution. Cells were washed with
PBS, followed by staining with Hoechst dye (RNA stain), dihydroethidium (DNA stain),
CD45 (clone 30-F11), and Ter119 (clone TER-119). Samples were collected on a BD Fortessa
cytometer and analysis was performed using FlowJo software. Parasitemia was determined as
the percentage of red blood cells (Ter119*CD45") that stained positive for DNA and RNA.

Listeria monocytogenes infections and determination of CFU

Recombinant Listeria monocytogenes strains were thawed from -80°C, then grown in tryptic
soy broth containing 50 pg/ml streptomycin to an OD600 of 0.06-0.1. Bacteria were then
diluted in PBS before infecting mice. For primary infections with Lm-WT or Lm-OVA, mice
were injected with 1-5 x 10* CFU per mouse. Secondary infections with Lm-WT or Lm-OVA
used 1 x 10° CFU per mouse. For infections with ALm-ActA-OVA, mice were infected with
~2.5x 10° CFU. The actual CFU injected per mouse was determined by dilution and growth
on TSB agar plates containing 50 pg/ml streptomycin.

Vaccinia virus-OVA infections and determination of PFU

Recombinant Vaccinia virus expressing OVA was thawed from -80°C. For primary infections,
mice were infected with 5 x 10° plaque-forming units of VV-OVA diluted in PBS. For secondary
infections, mice were infected with 1 x 10’ PFU. Plaque assays for Vaccinia virus titration have
been described elsewhere, but we used a modified version of Cotter et al [78]. Briefly, ovaries were
mashed through 70 pm cell strainers with sterile PBS then stored at -80C before use. Vero cells
were plated overnight, then incubated with serial dilutions of VV-OVA. Crystal violet was used to
visualize plaques, and experimental samples were compared to stock vials with a known viral titer.

Antimalarial treatments

To cure mice of blood-stage PbA infection, mice were treated i.p. with chloroquine (30 mg/kg)
and artesunate (30 mg/kg) diluted in PBS for five consecutive days starting on day 6 p.i.[35].
Parasitemia was tracked until ~D30 p.i. to ensure elimination of the parasite.

Restimulation of OT-I T cells with secondary trivax-OVA injection

Trivax [64] was prepared by combining 100 ug aCD40 mAb (BioXCell) + 50 pg OVA peptide
(Vivitide) + 50 pg poly:ic (Invivogen) in PBS before i.v. injection into mice.

Intravascular staining

Staining of intravascular cells has been described previously [29]. Mice were injected retro-
orbitally with 3ug of BV421-conjugated anti-CD45 (clone 30-F11). After 3 minutes, mice were
sacrificed, and tissues were harvested as described below.

Tissue processing and antibody staining for flow cytometry

Single cell suspensions were prepared from various tissues as described below. In general, all
tissues and cell suspensions were processed using RPMI 1640 (ThermoFisher) containing 5%
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FBS and 1x penn/strep unless otherwise noted. In some experiments, 1x Brefeldin A (Tonbo
Biosciences) was added to processing media to improve direct ex-vivo staining for intracellu-
lar markers.

Blood was collected with heparin and treated twice with red blood cell lysis buffer.
Spleens and lymph nodes were mashed through 70pm cell strainers, followed by incubation
with red blood cell lysis buffer. Bone marrow was collected by cleaning one mouse femur,
cutting one end to expose the marrow, followed by brief centrifugation to flush cells from
the bone. Livers, lungs, and salivary glands were mechanically dissociated with GentleMACs
M tubes (Miltenyi). Lungs and salivary glands were incubated for 1h with 1x collagenase
D (Sigma-Aldrich). Livers, lungs, and salivary glands were purified using a 44/67% Percoll
gradient. Brains were chopped into 2mm pieces with a razor blade before incubating in 1x
collagenase D (Sigma-Aldrich) for 1h. Brains were then purified using a 40/60/90% Percoll
gradient.

After processing, cells were resuspended in FACS buffer (PBS with 2% FBS and 0.4%
EDTA) and stained with surface markers for 30-60 min at 4°C. Fluorescent dye-conjugated
antibodies for the following cell-surface markers were used for staining: anti-CD4 (clone
RM4-5), anti-CD8a (clone 53-6.7), anti-CD44 (clone IM7), anti-CD45.1 (clone A20),
anti-CD45.2 (clone 104), anti-CD62L (clone MEL-14), anti-CD69 (clone H1.2F3),
anti-CD90.2 (clone 30-H12), anti-CD103 (clone M290), anti-IL-7Ra (clone A7R34), anti-
CX3CRI (clone SA011F11), anti-KLRGI (clone 2F1), anti-Lag3 (clone C9B7W), anti-Tim3
(clone B8.2C12) and anti-PD-1 (clone 29F.1A12). Monomer to identify GAP50* cells (SQLL-
NAKYL) and OVA?* cells (SIINFEKL) were provided by the NIH tetramer core facility and
tetramerized with streptavidin-allophycocyanin (APC, Thermo-Fisher) or streptavidin-
phycoerythrin (PE, Thermo-Fisher). Samples were then fixed using Cytofix fixation buffer
(BD Biosciences).

For intracellular staining, cells were fixed and permeabilized using Cytofix/Cytoperm buf-
fer (BD Biosciences). Intracellular staining for cytoplasmic proteins was performed for 60 min
at 4°C using the following antibodies: anti-Granzyme B (clone GB11), anti-IFN-y (clone
XMG1.2), anti-IL-2 (clone JES6-5H4), and anti-CTLA-4 (clone UC10-4B9). For nuclear stain-
ing, cells were fixed and permeabilized with the Foxp3 Fixation/Permeabilization Kit (eBio-
science) according to the manufacturers’ instructions and stained for 60 minutes at 4°C with
anti-Tox1 (clone TXRX10). All samples were collected using a BD Fortessa flow cytometer.

Data analysis

All flow cytometry data was analyzed using Flowjo software (v10.10). Graphs were created in
GraphPad Prism 10 and figures were assembled in Adobe Illustrator.

Statistical analysis

All data analysis was performed using GraphPad Prism 10. Data was evaluated for statistical
significance using a Mann-Whitney test for comparison of two groups, or Kruskal-Wallis test
for three or more groups. Unless otherwise stated, n represents the number of animals used
in an experiment and is stated in the legend for each figure. Data is represented in figures as
mean + standard deviation. A p-value < 0.05 was considered statistically significant.

Supporting information

S1 Fig: OT-IT cells Responding to Severe Malaria Infection are Phenotypically Similar
to Endogenous Cells, related to Fig 1. (A) Bar graph showing the number of transgenic
OT-IT cells (red) and endogenous GAP50 tetramer™ cells (gray) per mouse in the indicated
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tissues on day 7 post-infection (p.i.) with PbA-OVA. (B) Frequency of intravascular
label-positive OT-I T cells and GAP50* cells in the indicated tissues on day 7 p.i. with PbA-
OVA. (C) Ratio of IL-7Ra" KLRG1" memory precursor effector cell (MPEC) phenotype to
IL-7Ro’® KLRG1* short-lived effector cell (SLEC) phenotype after gating on either OT-I T
cells (red) or GAP50* cells (gray) in the indicated tissues on day 7 p.i. with PbA-OVA. (D)
Direct ex-vivo intracellular staining of OT-I (red) and endogenous GAP50* cells (gray) for
interleukin 2 (IL-2), interferon gamma (IFNy), and granzyme B (GzmB) in the indicated
tissues on day 7 p.i. with PbA-OVA. (E) Bar graph showing the total number of endogenous
GAP50* cells in the indicated tissues on day 45 p.i. Data in A-E is from one independent
experiment with n = 5 mice and analyzed with multiple unpaired t tests. Data in F is from
one independent experiment with # = 5 mice. *p < 0.05, **p < 0.01, ¥*p < 0.001, ****p <
0.0001. Error bars are SD.

(TIF)

S2 Fig: Expansion of OT-IT cells in the liver and lungs following infection with Lm-OVA
or PbA-OVA, related to Fig 1. (A) Experimental schematic for figs 1 and 2. (B) Represen-
tative flow cytometry plots showing identification of OT-I T cells used in all experiments in
this manuscript. OT-I T cells expressing CD45.1 were pre-gated as single, live, CD8a*, CD44*
cells. (C) Frequency, total number, and MPEC:SLEC ratio of CD45.1* cells in the liver on day
7 p.i. with either Lm-OVA (blue) or PbA-OVA (orange). (D) Frequency, total number, and
MPEC:SLEC ratio of CD45.1" cells in the lungs on day 7 p.i. with either Lm-OVA or PbA-
OVA. (E and F) Representative KLRG1 x IL-7Ra flow cytometry plots showing the effector
phenotype of OT-I T cells in the indicated tissues on day 7 p.i. with Lm-OVA (E) or PbA-OVA
(F). (G) Ratio comparing the number of OT-I T cells in the brain (left) or lung (right) with the
number of OT-I T cells in the spleen on day 7 post-infection. (H) Frequency of intravascular
label-positive cells in the spleen on day 7 post-infection with either Lm-OVA (blue) or PbA-
OVA (orange). Data in C-G is pooled from three independent experiments with n = 3-5 mice
per group and analyzed with a Mann-Whitney test. Data in E-G is pooled from two indepen-
dent experiments with n = 3-5 mice per group. *p < 0.05, **p < 0.01, ¥*p < 0.001, ***¥p <
0.0001. Error bars are SD.

(TIF)

$3 Fig: OT-IT cells form a diminished memory pool following infection with PbA-OVA,
related to Fig 2. (A) Relative numbers of OT-I T cells in the indicated tissues on day 45 p.i.
Gray lines represent the limit of detection by flow cytometry. (B and C) Representative flow
cytometry plots and cellularity of CD45.1* OT-1 T cells in the indicated tissues on day 45 p.i.
with either Lm-OVA (B) or PbA-OVA (C). (D) To establish a “limit of detection” for use in
flow cytometry analyses, naive CD45.1- mice (n=9) were euthanized and tissues were pre-
pared for flow cytometry as normal. Control samples containing CD45.1+ cells were analyzed
at the same time and used to draw gates on flow plots. (E) The total number of CD45.1+ cells
in the indicated tissues were plotted after analysis and calculations accounting for counting
beads and transformation for samples in which a fraction of the tissue was analyzed (for
example, 50 uL of blood was the standard amount per sample, and multiplied by 20 to account
for number of cells/ mL). The mean number of CD45.1+ events was included above each
column, and was used in plots throughout the manuscript. Data in A-C is pooled from three
independent experiments with n = 3-5 mice per group and analyzed with a Mann-Whitney U
test. Values below the LOD were set to LOD/2 and excluded from phenotypic analysis in S4
Fig. Data in D-E is pooled from three independent experiments with n = 3 mice per group.

*p < 0.05, ¥*p < 0.01, **p < 0.001, ****p < 0.0001. Error bars are SD.

(TIF)
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S4 Fig: Memory T cell phenotype of OT-I T cells following Lm-OVA or PbA-OVA
infection, related to Fig 2. (A and B) Representative KLRG1 x CD62L flow cytometry
plots showing the memory phenotype of OT-I T cells in indicated tissues on day 45 p.i.
after infection with Lm-OVA (A) or PbA-OVA (B). (C) Frequency of OT-1 T cells bearing
a KLRG1- CD62L+ central memory (Tem), KLRG1- CD62L- effector memory (Tem), or
KLRG1+ CD62L- long-lived effector cell (LLEC) phenotype in the inguinal lymph node and
bone marrow on day 45 p.i. with either Lm-OVA (blue) or PbA-OVA (orange). Other tis-
sues contained too few samples above the limit of detection, and phenotypes were not plot-
ted. (D) Total number of OT-IT cells with a Tcm, Tem, or LLEC phenotype in the inguinal
lymph node and bone marrow on day 45 p.i. with Lm-OVA or PbA-OVA. Data in A-D is
pooled from two independent experiments with n = 3-5 mice per group and analyzed with
multiple Mann-Whitney tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error
bars are SD.

(TTF)

S5 Fig: PbA-infected mice do not experience lymphopenia or appear exhausted, related to
Fig 3. (A-E) The frequency of PD-1*, CTLA-4*, Lag3*, Tim3*, or Tox1* cells on the indicated
days after infection with Lm-OVA (blue) or PbA-OVA (orange). (F and G) The total number
of either bulk CD8+ (A) or bulk CD4+ (B) T cells in the blood in the indicated experimen-

tal groups. Data in A and F-G is pooled from three independent experiments with n = 3-5
mice per group. Data in B-E is pooled from one independent experiment with n = 5 mice per
group. Data in A-E is analyzed with multiple Mann-Whitney U tests *p < 0.05, **p < 0.01,
*kp < 0.001, ¥¥*p < 0.0001. Error bars are SD.

(TIF)

S6 Fig: Phenotype of memory OT-I T cells in IFNy” mice, related to Fig 5. (A-C) The fre-
quency of OT-I T cells bearing a KLRG1- CD62L- effector memory (Tem), KLRG1- CD62L+
central memory (Tcm), or KLRG1+ CD62L- long-lived effector cell (LLEC) phenotype in the
spleen on day 45 p.i. with either AActA-Lm-OVA or PbA-OVA in WT (blue and orange) or
IFNy” (green and yellow) mice. Data in A-C are pooled from three independent experiments
with n = 2-4 mice per group. WT and IFNy” mice were compared using a Mann-Whitney
test. *p < 0.05, *p < 0.01, ¥*p < 0.001, ****p < 0.0001. Error bars are SD.

(TIF)

S7 Fig: Phenotype of OT-I effector cells after CRISPR-Cas9 deletion of IFNy, related to
Fig 5. (A) Experimental schematic for S7 Fig. OT-I T cells were subjected to CRISPR-based
deletion of either CD90 (cCD90, control group) or IFNy (cIFNYy, experimental group) and
rested overnight in either WT or IFNy”" mice. The following day, mice were infected with
Lm-OVA or PbA-OVA and bled at the indicated effector time points. To measure the effi-
ciency of IFNy deletion, cells were stimulated with OVA peptide in vitro for 5h. (B) Repre-
sentative histograms showing CD90 staining on cCD90 or cIFNy OT-I T cells on day 21 p.i.
(C) The frequency of CD90+ OT-I T cells between the indicated groups. (D) Representative
histograms showing IFNYy staining on cCD90 or cIFNy OT-I T cells after 5h of in vitro OVA
peptide stimulation on day 21 p.i. (E) The frequency of IFNy+ OT-I T cells between the indi-
cated groups. (F-H) The ratio of IL-7Ra" KLRG1- MPECs to IL-7Ral® KLRG1* SLECs after
gating on CD45.1* OT-I T cells on days 7, 10, 14 p.i. with either Lm-OVA (blue) or PbA-OVA
(orange and yellow). Data in B-H is from one independent experiment with n = 3-4 mice per
group and analyzed with multiple unpaired t tests. *p < 0.05, **p < 0.01, *¥**p < 0.001, ***¥p <
0.0001. Error bars are SD.

(TIF)
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S8 Fig: Secondary characteristics of OT-1 T cells from Lm-primed and PbA-primed mice,
related to Fig 6. (A) Lm-OVA and PbA-OVA memory mice were prepared as previously
described. On day 44 p.i., the spleens of multiple mice per infection were pooled, enriched,
and an equal number of OT-I T cells (8,500) were transferred into separate naive mice. The
following day, mice were secondary infected with VV-OVA, and 5 days later mice were sac-
rificed to measure the presence of OT-I T cells. (B and C) The number of OT-I T cells in the
spleen (B) and blood (C) on day 5 post-infection were plotted after the transfer of an equal
amount of memory OT-IT cells. (D and E) The frequency of OT-I T cells bearing a KLRG1+,
KLRGI1+ IL-7Ra+ (DP), or IL-7Ra+ phenotype on the indicated days after secondary infec-
tion with either Lm-OVA (blue) or PbA-OVA (orange). (F and G) Representative KLRG1 x
IL-7Ra flow plots showing the phenotype of secondary effector cells on the indicated days
post-infection with Lm-OVA or PbA-OVA. Data in A-C is pooled from two independent
experiments with n = 5 mice per group and analyzed with a Mann-Whitney test. Data in D-F
is pooled from two independent experiments with n = 3-5 mice per group and analyzed with
multiple Mann-Whitney tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
are SD.

(TIF)

S1 Data: This Excel file contains the source data of all main and supplementary figures.
Each sheet in the file contains the data for one figure and is labelled accordingly.
(XLSX)

Acknowledgements

We thank members of the Jameson and Hogquist laboratories for insightful discussions about
the project. We also thank Dr. Stephen Jameson and Dr. Kristina Burrack for critical review of
the manuscript. Monomers were provided by the NIH tetramer core. The authors acknowl-
edge the late Shahid M. Khan (University of Leiden) for generating and characterizing the
parasites used in this study.

Author contributions

Conceptualization: Jacob A. Hildebrand, Sara E. Hamilton.
Formal analysis: Jacob A. Hildebrand.

Funding acquisition: Jacob A. Hildebrand, Sara E. Hamilton.

Investigation: Jacob A. Hildebrand, Noah R. Daniels, Emma M. Dehm, Benjamin D. Fisher,
Joseph K. Guter, Erin D. Lucas, Jules A. Sangala, Trevor N. Tankersley.

Methodology: Jacob A. Hildebrand, Geoffrey T. Hart, Sara E. Hamilton.

Resources: Chris J. Janse, Jules A. Sangala, Geoffrey T. Hart.

Supervision: Sara E. Hamilton.

Visualization: Jacob A. Hildebrand.

Writing - original draft: Jacob A. Hildebrand, Sara E. Hamilton.

Writing - review & editing: Jacob A. Hildebrand, Geoffrey T. Hart, Sara E. Hamilton.

References

1. Qiu Z, Khairallah C, Sheridan BS. Listeria monocytogenes: a model pathogen continues to refine
our knowledge of the CD8 T cell response. Pathogens. 2018;7(2):55. hitps://doi.org/10.3390/patho-
gens7020055 PMID: 29914156

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012993 March 31, 2025 23/28



http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012993.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012993.s009
https://doi.org/10.3390/pathogens7020055
https://doi.org/10.3390/pathogens7020055
http://www.ncbi.nlm.nih.gov/pubmed/29914156

PLOS PATHOGENS

Severe malaria enforces a unique pattern of CD8 T cell differentiation

10.

1.

12.

13.
14,

15.

16.

17.

18.

19.

20.

21.

de Oca MM, Engwerda C, Haque A. Plasmodium berghei ANKA (PbA) infection of C57BL/6J mice: a
model of severe malaria. Methods Mol Biol. 2013;1031:203-13. https://doi.org/10.1007/978-1-62703-
481-4_23 PMID: 23824903

Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell differentiation. Nat Rev
Immunol. 2012;12(11):749-61. https://doi.org/10.1038/nri3307 PMID: 23080391

Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al. Inflammation directs memory
precursor and short-lived effector CD8(+) T cell fates via the graded expression of T-bet tran-
scription factor. Immunity. 2007;27(2):281-95. https://doi.org/10.1016/j.immuni.2007.07.010 PMID:
17723218

Badovinac VP, Porter BB, Harty JT. CD8+ T cell contraction is controlled by early inflammation. Nat
Immunol. 2004;5(8):809-17. https://doi.org/10.1038/ni1098 PMID: 15247915

Wiesel M, Crouse J, Bedenikovic G, Sutherland A, Joller N, Oxenius A. Type-I IFN drives the differ-
entiation of short-lived effector CD8+ T cells in vivo. Eur J Immunol. 2012;42(2):320-9. https://doi.
org/10.1002/€ji.201142091 PMID: 22102057

Obar JJ, Jellison ER, Sheridan BS, Blair DA, Pham Q-M, Zickovich JM, et al. Pathogen-induced
inflammatory environment controls effector and memory CD8+ T cell differentiation. J Immunol.
2011;187(10):4967—-78. https://doi.org/10.4049/jimmunol. 1102335 PMID: 21987662

Olson JA, McDonald-Hyman C, Jameson SC, Hamilton SE. Effector-like CD8* T cells in the mem-
ory population mediate potent protective immunity. Immunity. 2013;38(6):1250—60. https://doi.
0rg/10.1016/j.immuni.2013.05.009 PMID: 23746652

Renkema KR, Huggins MA, Borges da Silva H, Knutson TP, Henzler CM, Hamilton SE. KLRG1+
Memory CD8 T cells combine properties of short-lived effectors and long-lived memory. J Immunol.
2020;205(4):1059-69. https://doi.org/10.4049/jimmunol. 1901512 PMID: 32611727

Lucas ED, Huggins MA, Peng C, O’Connor C, Gress AR, Thefaine CE, et al. Circulating KLRG1+
long-lived effector memory T cells retain the flexibility to become tissue resident. Sci Immunol.
2024;9(96):eadj8356. https://doi.org/10.1126/sciimmunol.adj8356 PMID: 38941479

Milner JJ, Nguyen H, Omilusik K, Reina-Campos M, Tsai M, Toma C, et al. Delineation of a molec-
ularly distinct terminally differentiated memory CD8 T cell population. Proc Natl Acad Sci U S A.
2020;117(41):25667-78. https://doi.org/10.1073/pnas.2008571117 PMID: 32978300

Ghazanfari N, Mueller SN, Heath WR. Cerebral malaria in mouse and man. Front Immunol.
2018;9:2016. https://doi.org/10.3389/fimmu.2018.02016 PMID: 30250468

World Health Organization C. World malaria report 2023. 2023.

Hassert M, Arumugam S, Harty JT. Memory CD8+ T cell-mediated protection against liver-stage
malaria. Immunol Rev. 2023;316(1):84—103. https://doi.org/10.1111/imr.13202 PMID: 37014087

Lundie RJ, de Koning-Ward TF, Davey GM, Nie CQ, Hansen DS, Lau LS, et al. Blood-stage Plas-
modium infection induces CD8+ T lymphocytes to parasite-expressed antigens, largely regulated by
CD8alpha+ dendritic cells. Proc Natl Acad Sci U S A. 2008;105(38):14509-14. hitps://doi.org/10.1073/
pnas.0806727105 PMID: 18799734

Chandele A, Mukerjee P, Das G, Ahmed R, Chauhan VS. Phenotypic and functional profiling of
malaria-induced CD8 and CD4 T cells during blood-stage infection with Plasmodium yoelii. Immunol-
ogy. 2011;132(2):273-86. https://doi.org/10.1111/j.1365-2567.2010.03363.x PMID: 21039472

Imai T, Shen J, Chou B, Duan X, Tu L, Tetsutani K, et al. Involvement of CD8+ T cells in protective
immunity against murine blood-stage infection with Plasmodium yoelii 17XL strain. Eur J Immunol.
2010;40(4):1053-61. https://doi.org/10.1002/€ji.200939525 PMID: 20101613

Malleret B, Li A, Zhang R, Tan KSW, Suwanarusk R, Claser C, et al. Plasmodium vivax: restricted
tropism and rapid remodeling of CD71-positive reticulocytes. Blood. 2015;125(8):1314—24. https://doi.
org/10.1182/blood-2014-08-596015 PMID: 25414440

Malleret B, El Sahili A, Tay MZ, Carissimo G, Ong ASM, Novera W, et al. Plasmodium vivax binds
host CD98hc (SLC3A2) to enter immature red blood cells. Nat Microbiol. 2021;6(8):991-9. https://doi.
0rg/10.1038/s41564-021-00939-3 PMID: 34294905

Martin-Jaular L, Elizalde-Torrent A, Thomson-Luque R, Ferrer M, Segovia JC, Herreros-Aviles E, et
al. Reticulocyte-prone malaria parasites predominantly invade CD71hi immature cells: implications
for the development of an in vitro culture for Plasmodium vivax. Malar J. 2013;12:434. https://doi.
0rg/10.1186/1475-2875-12-434 PMID: 24289105

Imai T, Suzue K, Ngo-Thanh H, Ono S, Orita W, Suzuki H, et al. Fluctuations of spleen cytokine
and blood lactate, importance of cellular immunity in host defense against blood stage malaria
plasmodium yoelii. Front Immunol. 2019;10:2207. https://doi.org/10.3389/fimmu.2019.02207 PMID:
31608052

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012993 March 31, 2025 24/28



https://doi.org/10.1007/978-1-62703-481-4_23
https://doi.org/10.1007/978-1-62703-481-4_23
http://www.ncbi.nlm.nih.gov/pubmed/23824903
https://doi.org/10.1038/nri3307
http://www.ncbi.nlm.nih.gov/pubmed/23080391
https://doi.org/10.1016/j.immuni.2007.07.010
http://www.ncbi.nlm.nih.gov/pubmed/17723218
https://doi.org/10.1038/ni1098
http://www.ncbi.nlm.nih.gov/pubmed/15247915
https://doi.org/10.1002/eji.201142091
https://doi.org/10.1002/eji.201142091
http://www.ncbi.nlm.nih.gov/pubmed/22102057
https://doi.org/10.4049/jimmunol.1102335
http://www.ncbi.nlm.nih.gov/pubmed/21987662
https://doi.org/10.1016/j.immuni.2013.05.009
https://doi.org/10.1016/j.immuni.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23746652
https://doi.org/10.4049/jimmunol.1901512
http://www.ncbi.nlm.nih.gov/pubmed/32611727
https://doi.org/10.1126/sciimmunol.adj8356
http://www.ncbi.nlm.nih.gov/pubmed/38941479
https://doi.org/10.1073/pnas.2008571117
http://www.ncbi.nlm.nih.gov/pubmed/32978300
https://doi.org/10.3389/fimmu.2018.02016
http://www.ncbi.nlm.nih.gov/pubmed/30250468
https://doi.org/10.1111/imr.13202
http://www.ncbi.nlm.nih.gov/pubmed/37014087
https://doi.org/10.1073/pnas.0806727105
https://doi.org/10.1073/pnas.0806727105
http://www.ncbi.nlm.nih.gov/pubmed/18799734
https://doi.org/10.1111/j.1365-2567.2010.03363.x
http://www.ncbi.nlm.nih.gov/pubmed/21039472
https://doi.org/10.1002/eji.200939525
http://www.ncbi.nlm.nih.gov/pubmed/20101613
https://doi.org/10.1182/blood-2014-08-596015
https://doi.org/10.1182/blood-2014-08-596015
http://www.ncbi.nlm.nih.gov/pubmed/25414440
https://doi.org/10.1038/s41564-021-00939-3
https://doi.org/10.1038/s41564-021-00939-3
http://www.ncbi.nlm.nih.gov/pubmed/34294905
https://doi.org/10.1186/1475-2875-12-434
https://doi.org/10.1186/1475-2875-12-434
http://www.ncbi.nlm.nih.gov/pubmed/24289105
https://doi.org/10.3389/fimmu.2019.02207
http://www.ncbi.nlm.nih.gov/pubmed/31608052

PLOS PATHOGENS

Severe malaria enforces a unique pattern of CD8 T cell differentiation

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

Imai T, Ishida H, Suzue K, Hirai M, Taniguchi T, Okada H, et al. CD8(+) T cell activation by murine
erythroblasts infected with malaria parasites. Sci Rep. 2013;3:1572. https://doi.org/10.1038/srep01572
PMID: 23535896

Howland SW, Poh CM, Gun SY, Claser C, Malleret B, Shastri N, et al. Brain microvessel cross-
presentation is a hallmark of experimental cerebral malaria. EMBO Mol Med. 2013;5(7):984-99.
https://doi.org/10.1002/emmm.201202273 PMID: 23681698

Swanson PA 2nd, Hart GT, Russo MV, Nayak D, Yazew T, Pefia M, et al. CD8+ T cells induce fatal
brainstem pathology during cerebral malaria via luminal antigen-specific engagement of brain vas-
culature. PLoS Pathog. 2016;12(12):e1006022. https://doi.org/10.1371/journal.ppat. 1006022 PMID:
27907215

Howland SW, Poh CM, Rénia L. Activated brain endothelial cells cross-present malaria antigen. PLoS
Pathog. 2015;11(6):e1004963. https://doi.org/10.1371/journal.ppat. 1004963 PMID: 26046849

Claser C, Nguee SYT, Balachander A, Wu Howland S, Becht E, Gunasegaran B, et al. Lung endo-
thelial cell antigen cross-presentation to CD8+T cells drives malaria-associated lung injury. Nat
Commun. 2019;10(1):4241. hitps://doi.org/10.1038/s41467-019-12017-8 PMID: 31534124

Riggle BA, Manglani M, Maric D, Johnson KR, Lee M-H, Neto OLA, et al. CD8+ T cells target
cerebrovasculature in children with cerebral malaria. J Clin Invest. 2020;130(3):1128-38. hitps://doi.
org/10.1172/JCI133474 PMID: 31821175

Lin J-W, Shaw TN, Annoura T, Fougére A, Bouchier P, Chevalley-Maurel S, et al. The subcellular loca-
tion of ovalbumin in Plasmodium berghei blood stages influences the magnitude of T-cell responses.
Infect Immun. 2014;82(11):4654—-65. https://doi.org/10.1128/1A1.01940-14 PMID: 25156724

Anderson KG, Mayer-Barber K, Sung H, Beura L, James BR, Taylor JJ, et al. Intravascular stain-
ing for discrimination of vascular and tissue leukocytes. Nat Protoc. 2014;9(1):209-22. hitps://doi.
org/10.1038/nprot.2014.005 PMID: 24385150

Plumlee CR, Obar JJ, Colpitts SL, Jellison ER, Haining WN, Lefrancois L, et al. Early effector CD8
T cells display plasticity in populating the short-lived effector and memory-precursor pools follow-
ing bacterial or viral infection. Sci Rep. 2015;5:12264. hitps://doi.org/10.1038/srep12264 PMID:
26191658

Croom HA, Denton AE, Valkenburg SA, Swan NG, Olson MR, Turner SJ, et al. Memory precur-

sor phenotype of CD8+ T cells reflects early antigenic experience rather than memory numbers
in a model of localized acute influenza infection. Eur J Immunol. 2011;41(3):682-93. https://doi.

org/10.1002/eji.201040625 PMID: 21264852

Wilson DC, Matthews S, Yap GS. IL-12 signaling drives CD8+ T cell IFN-gamma production and
differentiation of KLRG1+ effector subpopulations during Toxoplasma gondii Infection. J Immunol.
2008;180(9):5935—-45. https://doi.org/10.4049/immunol.180.9.5935 PMID: 18424713

Wilson DC, Grotenbreg GM, Liu K, Zhao Y, Frickel E-M, Gubbels M-J, et al. Differential regulation of
effector- and central-memory responses to Toxoplasma gondii Infection by IL-12 revealed by tracking
of Tgd057-specific CD8+ T cells. PLoS Pathog. 2010;6(3):e1000815. https://doi.org/10.1371/journal.
ppat.1000815 PMID: 20333242

Herndler-Brandstetter D, Ishigame H, Shinnakasu R, Plajer V, Stecher C, Zhao J, et al. KLRG1+
effector CD8+ T Cells lose KLRG1, differentiate into all memory T cell lineages, and convey enhanced
protective immunity. Immunity. 2018;48(4):716—729.e8. https://doi.org/10.1016/j.immuni.2018.03.015
PMID: 29625895

Shaw TN, Haley MJ, Dookie RS, Godfrey JJ, Cheeseman AJ, Strangward P, et al. Memory CD8+ T
cells exhibit tissue imprinting and non-stable exposure-dependent reactivation characteristics follow-
ing blood-stage Plasmodium berghei ANKA infections. Immunology. 2021;164(4):737-53. https://doi.
org/10.1111/imm.13405 PMID: 34407221

Chou AC, Fitch CD. Heme polymerase: modulation by chloroquine treatment of a rodent malaria. Life
Sci. 1992;51(26):2073-8. https://doi.org/10.1016/0024-3205(92)90158-I PMID: 1474861

Krungkrai J, Krungkrai SR. Antimalarial ginghaosu/artemisinin: The therapy worthy of a Nobel

Prize. Asian Pacific Journal of Tropical Biomedicine. 2016;6(5):371-5. https://doi.org/10.1016/j.
apjtb.2016.03.010

Malleret B, Claser C, Ong ASM, Suwanarusk R, Sriprawat K, Howland SW, et al. A rapid and robust
tri-color flow cytometry assay for monitoring malaria parasite development. Sci Rep. 2011;1:118.
https://doi.org/10.1038/srep00118 PMID: 22355635

Greenwood B. Anti-malarial drugs and the prevention of malaria in the population of malaria endemic
areas. Malar J. 2010;9 Suppl 3(Suppl 3):S2. hitps://doi.org/10.1186/1475-2875-9-S3-S2 PMID:
21144082

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012993 March 31, 2025 25/28



https://doi.org/10.1038/srep01572
http://www.ncbi.nlm.nih.gov/pubmed/23535896
https://doi.org/10.1002/emmm.201202273
http://www.ncbi.nlm.nih.gov/pubmed/23681698
https://doi.org/10.1371/journal.ppat.1006022
http://www.ncbi.nlm.nih.gov/pubmed/27907215
https://doi.org/10.1371/journal.ppat.1004963
http://www.ncbi.nlm.nih.gov/pubmed/26046849
https://doi.org/10.1038/s41467-019-12017-8
http://www.ncbi.nlm.nih.gov/pubmed/31534124
https://doi.org/10.1172/JCI133474
https://doi.org/10.1172/JCI133474
http://www.ncbi.nlm.nih.gov/pubmed/31821175
https://doi.org/10.1128/IAI.01940-14
http://www.ncbi.nlm.nih.gov/pubmed/25156724
https://doi.org/10.1038/nprot.2014.005
https://doi.org/10.1038/nprot.2014.005
http://www.ncbi.nlm.nih.gov/pubmed/24385150
https://doi.org/10.1038/srep12264
http://www.ncbi.nlm.nih.gov/pubmed/26191658
https://doi.org/10.1002/eji.201040625
https://doi.org/10.1002/eji.201040625
http://www.ncbi.nlm.nih.gov/pubmed/21264852
https://doi.org/10.4049/jimmunol.180.9.5935
http://www.ncbi.nlm.nih.gov/pubmed/18424713
https://doi.org/10.1371/journal.ppat.1000815
https://doi.org/10.1371/journal.ppat.1000815
http://www.ncbi.nlm.nih.gov/pubmed/20333242
https://doi.org/10.1016/j.immuni.2018.03.015
http://www.ncbi.nlm.nih.gov/pubmed/29625895
https://doi.org/10.1111/imm.13405
https://doi.org/10.1111/imm.13405
http://www.ncbi.nlm.nih.gov/pubmed/34407221
https://doi.org/10.1016/0024-3205(92)90158-l
http://www.ncbi.nlm.nih.gov/pubmed/1474861
https://doi.org/10.1016/j.apjtb.2016.03.010
https://doi.org/10.1016/j.apjtb.2016.03.010
https://doi.org/10.1038/srep00118
http://www.ncbi.nlm.nih.gov/pubmed/22355635
https://doi.org/10.1186/1475-2875-9-S3-S2
http://www.ncbi.nlm.nih.gov/pubmed/21144082

PLOS PATHOGENS

Severe malaria enforces a unique pattern of CD8 T cell differentiation

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Ziegler HK, Unanue ER. Decrease in macrophage antigen catabolism caused by ammonia and
chloroquine is associated with inhibition of antigen presentation to T cells. Proc Natl Acad Sci U S A.
1982;79(1):175-8. hitps://doi.org/10.1073/pnas.79.1.175 PMID: 6798568

Verinaud L, Issayama LK, Zanucoli F, de Carvalho AC, da Costa TA, Di Gangi R, et al. Nitric
oxide plays a key role in the suppressive activity of tolerogenic dendritic cells. Cell Mol Immunol.
2015;12(3):384-6. hitps://doi.org/10.1038/cmi.2014.94 PMID: 25308751

Ma J-P, Xia H-J, Zhang G-H, Han J-B, Zhang L-G, Zheng Y-T. Inhibitory effects of chloroquine on the
activation of plasmacytoid dendritic cells in SIVmac239-infected Chinese rhesus macaques. Cell Mol
Immunol. 2012;9(5):410-6. https://doi.org/10.1038/cmi.2012.22 PMID: 22885523

Hou L, Huang H. Immune suppressive properties of artemisinin family drugs. Pharmacol Ther.
2016;166:123-7. https://doi.org/10.1016/j.pharmthera.2016.07.002 PMID: 27411673

Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD, et al. Viral immune eva-
sion due to persistence of activated T cells without effector function. J Exp Med. 1998;188(12):2205—
13. https://doi.org/10.1084/jem.188.12.2205 PMID: 9858507

Murali-Krishna K, Altman JD, Suresh M, Sourdive DJ, Zajac AJ, Miller JD, et al. Counting
antigen-specific CD8 T cells: a reevaluation of bystander activation during viral infection. Immunity.
1998;8(2):177-87. https://doi.org/10.1016/s1074-7613(00)80470-7 PMID: 9491999

Wherry EJ, Teichgréber V, Becker TC, Masopust D, Kaech SM, Antia R, et al. Lineage relationship
and protective immunity of memory CD8 T cell subsets. Nat Immunol. 2003;4(3):225-34. https://doi.
org/10.1038/ni889 PMID: 12563257

Sarkar S, Kalia V, Haining WN, Konieczny BT, Subramaniam S, Ahmed R. Functional and genomic
profiling of effector CD8 T cell subsets with distinct memory fates. J Exp Med. 2008;205(3):625—-40.
https://doi.org/10.1084/jem.20071641 PMID: 18316415

Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selective expression of the inter-
leukin 7 receptor identifies effector CD8 T cells that give rise to long-lived memory cells. Nat Immunol.
2003;4(12):1191-8. https://doi.org/10.1038/ni1009 PMID: 14625547

Brandi J, Lehmann C, Kaminski L-C, Schulze Zur Wiesch J, Addo M, Ramharter M, et al. T cells
expressing multiple co-inhibitory molecules in acute malaria are not exhausted but exert a suppres-
sive function in mice. Eur J Immunol. 2022;52(2):312-27. hitps://doi.org/10.1002/eji.202149424 PMID:
34752634

Brandi J, Riehn M, Hadjilaou A, Jacobs T. Increased expression of multiple co-inhibitory molecules
on malaria-induced CD8+ T cells are associated with increased function instead of exhaustion. Front
Immunol. 2022;13:878320. hitps://doi.org/10.3389/fimmu.2022.878320 PMID: 35874786

Silva EE, Skon-Hegg C, Badovinac VP, Griffith TS. The Calm after the Storm: Implications of Sepsis
Immunoparalysis on Host Immunity. J Immunol. 2023;211(5):711-9. https://doi.org/10.4049/jimmu-
nol.2300171 PMID: 37603859

Finfer S, Venkatesh B, Hotchkiss RS, Sasson SC. Lymphopenia in sepsis-an acquired immunodefi-
ciency?. Immunol Cell Biol. 2023;101(6):535—44. https://doi.org/10.1111/imcb.12611 PMID: 36468797

Kawabe T, Yi J, Sprent J. Homeostasis of naive and memory T lymphocytes. Cold Spring Harb Per-
spect Biol. 2021;13(9):a037879. hitps://doi.org/10.1101/cshperspect.a037879 PMID: 33753403

Brundage RA, Smith GA, Camilli A, Theriot JA, Portnoy DA. Expression and phosphoryla-
tion of the Listeria monocytogenes ActA protein in mammalian cells. Proc Natl Acad Sci U S A.
1993;90(24):11890—-4. https://doi.org/10.1073/pnas.90.24.11890 PMID: 8265643

Grau GE, Heremans H, Piguet PF, Pointaire P, Lambert PH, Billiau A, et al. Monoclonal antibody
against interferon gamma can prevent experimental cerebral malaria and its associated overproduc-
tion of tumor necrosis factor. Proc Natl Acad Sci U S A. 1989;86(14):5572—4. https://doi.org/10.1073/
pnas.86.14.5572 PMID: 2501793

Belnoue E, Potter SM, Rosa DS, Mauduit M, Griiner AC, Kayibanda M, et al. Control of pathogenic
CD8+ T cell migration to the brain by IFN-gamma during experimental cerebral malaria. Parasite
Immunol. 2008;30(10):544-53. https://doi.org/10.1111/].1365-3024.2008.01053.x PMID: 18665903

Amani V, Vigario AM, Belnoue E, Marussig M, Fonseca L, Mazier D, et al. Involvement
of IFN-y receptor-mediated signaling in pathology and anti-malarial immunity induced
by Plasmodium berghei infection. Eur J Immunol. 2000;30(6):1646-55. https://doi.
org/10.1002/1521-4141(200006)30:6<1646::aid-immu1646>3.0.c0;2-0

Villegas-Mendez A, de Souza JB, Murungi L, Hafalla JCR, Shaw TN, Greig R, et al. Heterogeneous
and tissue-specific regulation of effector T cell responses by IFN-gamma during Plasmodium berghei
ANKA infection. J Immunol. 2011;187(6):2885-97. https://doi.org/10.4049/jimmunol.1100241 PMID:
21880980

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012993 March 31, 2025 26/28



https://doi.org/10.1073/pnas.79.1.175
http://www.ncbi.nlm.nih.gov/pubmed/6798568
https://doi.org/10.1038/cmi.2014.94
http://www.ncbi.nlm.nih.gov/pubmed/25308751
https://doi.org/10.1038/cmi.2012.22
http://www.ncbi.nlm.nih.gov/pubmed/22885523
https://doi.org/10.1016/j.pharmthera.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27411673
https://doi.org/10.1084/jem.188.12.2205
http://www.ncbi.nlm.nih.gov/pubmed/9858507
https://doi.org/10.1016/s1074-7613(00)80470-7
http://www.ncbi.nlm.nih.gov/pubmed/9491999
https://doi.org/10.1038/ni889
https://doi.org/10.1038/ni889
http://www.ncbi.nlm.nih.gov/pubmed/12563257
https://doi.org/10.1084/jem.20071641
http://www.ncbi.nlm.nih.gov/pubmed/18316415
https://doi.org/10.1038/ni1009
http://www.ncbi.nlm.nih.gov/pubmed/14625547
https://doi.org/10.1002/eji.202149424
http://www.ncbi.nlm.nih.gov/pubmed/34752634
https://doi.org/10.3389/fimmu.2022.878320
http://www.ncbi.nlm.nih.gov/pubmed/35874786
https://doi.org/10.4049/jimmunol.2300171
https://doi.org/10.4049/jimmunol.2300171
http://www.ncbi.nlm.nih.gov/pubmed/37603859
https://doi.org/10.1111/imcb.12611
http://www.ncbi.nlm.nih.gov/pubmed/36468797
https://doi.org/10.1101/cshperspect.a037879
http://www.ncbi.nlm.nih.gov/pubmed/33753403
https://doi.org/10.1073/pnas.90.24.11890
http://www.ncbi.nlm.nih.gov/pubmed/8265643
https://doi.org/10.1073/pnas.86.14.5572
https://doi.org/10.1073/pnas.86.14.5572
http://www.ncbi.nlm.nih.gov/pubmed/2501793
https://doi.org/10.1111/j.1365-3024.2008.01053.x
http://www.ncbi.nlm.nih.gov/pubmed/18665903
https://doi.org/10.1002/1521-4141(200006)30:6<1646::aid-immu1646>3.0.co;2-0
https://doi.org/10.1002/1521-4141(200006)30:6<1646::aid-immu1646>3.0.co;2-0
https://doi.org/10.4049/jimmunol.1100241
http://www.ncbi.nlm.nih.gov/pubmed/21880980

PLOS PATHOGENS

Severe malaria enforces a unique pattern of CD8 T cell differentiation

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Sullivan RT, Ssewanyana |, Wamala S, Nankya F, Jagannathan P, Tappero JW, et al. B cell sub-types
following acute malaria and associations with clinical immunity. Malar J. 2016;15:139. https://doi.
org/10.1186/s12936-016-1190-0 PMID: 26939776

Partey FD, Dowuona JNN, Pobee ANA, Walker MR, Aculley B, Prah DA, et al. Atypical memory B
cell frequency correlates with antibody breadth and function in malaria immune adults. Sci Rep.
2024;14(1):4888. https://doi.org/10.1038/s41598-024-55206-2 PMID: 38418831

Ryg-Cornejo V, loannidis LJ, Ly A, Chiu CY, Tellier J, Hill DL, et al. Severe malaria infections impair
germinal center responses by inhibiting T follicular helper cell differentiation. Cell Rep. 2016;14(1):68—
81. hitps://doi.org/10.1016/j.celrep.2015.12.006 PMID: 26725120

Badovinac VP, Tvinnereim AR, Harty JT. Regulation of antigen-specific CD8+ T cell homeostasis
by perforin and interferon-gamma. Science. 2000;290(5495):1354-8. https://doi.org/10.1126/sci-
ence.290.5495.1354 PMID: 11082062

Haring JS, Harty JT. Aberrant contraction of antigen-specific CD4 T cells after infection in the absence
of gamma interferon or its receptor. Infect Immun. 2006;74(11):6252—63. https://doi.org/10.1128/
1A1.00847-06 PMID: 16966404

Cho H-I, Celis E. Optimized peptide vaccines eliciting extensive CD8 T-cell responses with therapeu-
tic antitumor effects. Cancer Res. 2009;69(23):9012-9. https://doi.org/10.1158/0008-5472.CAN-09-
2019 PMID: 19903852

Pope C, Kim SK, Marzo A, Masopust D, Williams K, Jiang J, et al. Organ-specific regulation of the
CD8 T cell response to Listeria monocytogenes infection. J Immunol. 2001;166(5):3402-9. hitps://doi.
0rg/10.4049/jimmunol.166.5.3402 PMID: 11207297

Joshi NS, Cui W, Dominguez CX, Chen JH, Hand TW, Kaech SM. Increased numbers of preexisting
memory CD8 T cells and decreased T-bet expression can restrain terminal differentiation of second-
ary effector and memory CD8 T cells. J Immunol. 2011;187(8):4068-76. https://doi.org/10.4049/jimmu-
nol.1002145 PMID: 21930973

Cooney LA, Gupta M, Thomas S, Mikolajczak S, Choi KY, Gibson C, et al. Short-lived effector CD8
T cells induced by genetically attenuated malaria parasite vaccination express CD11c. Infect Immun.
2013;81(11):4171-81. https://doi.org/10.1128/IA1.00871-13 PMID: 23980113

Collins N, Han S-J, Enamorado M, Link VM, Huang B, Moseman EA, et al. The bone marrow protects
and optimizes immunological memory during dietary restriction. Cell. 2019;178(5):1088—1101.e15.
https://doi.org/10.1016/j.cell.2019.07.049 PMID: 31442402

Miyakoda M, Kimura D, Honma K, Kimura K, Yuda M, Yui K. Development of memory CD8+ T cells
and their recall responses during blood-stage infection with Plasmodium berghei ANKA. J Immunol.
2012;189(9):4396—-404. https://doi.org/10.4049/jimmunol.1200781 PMID: 23008449

Ghazanfari N, Gregory JL, Devi S, Fernandez-Ruiz D, Beattie L, Mueller SN, et al. CD8+ and CD4+
T Cells Infiltrate into the Brain during Plasmodium berghei ANKA Infection and Form Long-Term
Resident Memory. J Immunol. 2021;207(6):1578-90. https://doi.org/10.4049/jimmunol.2000773 PMID:
34400523

Wang H, Li S, Cui Z, Qin T, Shi H, Ma J, et al. Analysis of spleen histopathology, splenocyte compo-
sition and haematological parameters in four strains of mice infected with Plasmodium berghei K173.
Malar J. 2021;20(1):249. https://doi.org/10.1186/s12936-021-03786-z PMID: 34090420

Urban BC, Hien TT, Day NP, Phu NH, Roberts R, Pongponratn E, et al. Fatal Plasmodium falci-
parum malaria causes specific patterns of splenic architectural disorganization. Infect Immun.
2005;73(4):1986—94. https://doi.org/10.1128/IA1.73.4.1986-1994.2005 PMID: 15784539

Alves FA, Pelajo-Machado M, Totino PRR, Souza MT, Gongalves EC, Schneider MPC, et al. Splenic
architecture disruption and parasite-induced splenocyte activation and anergy in Plasmodium
falciparum-infected Saimiri sciureus monkeys. Malar J. 2015;14:128. https://doi.org/10.1186/s12936-
015-0641-3 PMID: 25890318

Bayarsaikhan G, Miyakoda M, Yamamoto K, Kimura D, Akbari M, Yuda M, et al. Activation and
exhaustion of antigen-specific CD8+ T cells occur in different splenic compartments during infection
with Plasmodium berghei. Parasitol Int. 2017;66(3):227-35. hitps://doi.org/10.1016/j.parint.2017.01.022
PMID: 28163249

Bravo M, Dileepan T, Dolan M, Hildebrand J, Wolford J, Hanson ID, et al. IL-15 complex-induced IL-10
enhances plasmodium-specific CD4+ T follicular helper differentiation and antibody production. J
Immunol. 2024;212(6):992—1001. https://doi.org/10.4049/jimmunol.2300525 PMID: 38305633

Pack AD, Schwartzhoff PV, Zacharias ZR, Fernandez-Ruiz D, Heath WR, Gurung P, et al.

Hemozoin-mediated inflammasome activation limits long-lived anti-malarial immunity. Cell Rep.
2021;36(8):109586. https://doi.org/10.1016/j.celrep.2021.109586 PMID: 34433049

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1012993 March 31, 2025 27 /28



https://doi.org/10.1186/s12936-016-1190-0
https://doi.org/10.1186/s12936-016-1190-0
http://www.ncbi.nlm.nih.gov/pubmed/26939776
https://doi.org/10.1038/s41598-024-55206-2
http://www.ncbi.nlm.nih.gov/pubmed/38418831
https://doi.org/10.1016/j.celrep.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26725120
https://doi.org/10.1126/science.290.5495.1354
https://doi.org/10.1126/science.290.5495.1354
http://www.ncbi.nlm.nih.gov/pubmed/11082062
https://doi.org/10.1128/IAI.00847-06
https://doi.org/10.1128/IAI.00847-06
http://www.ncbi.nlm.nih.gov/pubmed/16966404
https://doi.org/10.1158/0008-5472.CAN-09-2019
https://doi.org/10.1158/0008-5472.CAN-09-2019
http://www.ncbi.nlm.nih.gov/pubmed/19903852
https://doi.org/10.4049/jimmunol.166.5.3402
https://doi.org/10.4049/jimmunol.166.5.3402
http://www.ncbi.nlm.nih.gov/pubmed/11207297
https://doi.org/10.4049/jimmunol.1002145
https://doi.org/10.4049/jimmunol.1002145
http://www.ncbi.nlm.nih.gov/pubmed/21930973
https://doi.org/10.1128/IAI.00871-13
http://www.ncbi.nlm.nih.gov/pubmed/23980113
https://doi.org/10.1016/j.cell.2019.07.049
http://www.ncbi.nlm.nih.gov/pubmed/31442402
https://doi.org/10.4049/jimmunol.1200781
http://www.ncbi.nlm.nih.gov/pubmed/23008449
https://doi.org/10.4049/jimmunol.2000773
http://www.ncbi.nlm.nih.gov/pubmed/34400523
https://doi.org/10.1186/s12936-021-03786-z
http://www.ncbi.nlm.nih.gov/pubmed/34090420
https://doi.org/10.1128/IAI.73.4.1986-1994.2005
http://www.ncbi.nlm.nih.gov/pubmed/15784539
https://doi.org/10.1186/s12936-015-0641-3
https://doi.org/10.1186/s12936-015-0641-3
http://www.ncbi.nlm.nih.gov/pubmed/25890318
https://doi.org/10.1016/j.parint.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28163249
https://doi.org/10.4049/jimmunol.2300525
http://www.ncbi.nlm.nih.gov/pubmed/38305633
https://doi.org/10.1016/j.celrep.2021.109586
http://www.ncbi.nlm.nih.gov/pubmed/34433049

PLOS PATHOGENS Severe malaria enforces a unique pattern of CD8 T cell differentiation

77. Seki A, Rutz S. Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene knock-
out in primary T cells. J Exp Med. 2018;215(3):985-97. hitps://doi.org/10.1084/jem.20171626 PMID:
29436394

78. Cotter CA, Earl PL, Wyatt LS, Moss B. Preparation of cell cultures and vaccinia virus stocks. Curr Pro-
toc Microbiol. 2015;3914A.3.1—14A.3.18. https://doi.org/10.1002/9780471729259.mc14a03s39 PMID:
26528781

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012993 March 31, 2025 28/28



https://doi.org/10.1084/jem.20171626
http://www.ncbi.nlm.nih.gov/pubmed/29436394
https://doi.org/10.1002/9780471729259.mc14a03s39
http://www.ncbi.nlm.nih.gov/pubmed/26528781

