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Early Effector Cells Survive the Contraction Phase in
Malaria Infection and Generate Both Central and Effector
Memory T Cells

Michael M. Opata,* Victor H. Carpio,*’* Samad A. Ibitokou,* Brian E. Dillon,*
Joshua M. Obiero,* and Robin Stephens*’

CD4 T cells orchestrate immunity against blood-stage malaria. However, a major challenge in designing vaccines to the disease is
poor understanding of the requirements for the generation of protective memory T cells (Tmem) from responding effector T cells
(Teff) in chronic parasite infection. In this study, we use a transgenic mouse model with T cells specific for the merozoite surface
protein (MSP)-1 of Plasmodium chabaudi to show that activated T cells generate three distinct Teff subsets with progressive
activation phenotypes. The earliest observed Teff subsets (CD127~ CD62L"CD27%) are less divided than CD62L'" Teff and express
memory genes. Intermediate (CD62L'°CD27") effector subsets include the most multicytokine-producing T cells, whereas fully
activated (CD62L'°CD277) late effector cells have a terminal Teff phenotype (PD-1*, Fas™, AnnexinV*). We show that although
IL-2 promotes expansion, it actually slows terminal effector differentiation. Using adoptive transfer, we show that only early Teff
survive the contraction phase and generate the terminal late Teff subsets, whereas in uninfected recipients, they become both
central and effector Tmem. Furthermore, we show that progression toward full Teff activation is promoted by increased duration
of infection, which in the long-term promotes Tem differentiation. Therefore, we have defined markers of progressive activation of
CD4 Teff at the peak of malaria infection, including a subset that survives the contraction phase to make Tmem, and show that Ag
and cytokine levels during CD4 T cell expansion influence the proportion of activated cells that can survive contraction and

generate memory in malaria infection.

alaria infection induces severe immunopathology with
M significant long-term global health and economic

consequences (1). People in endemic areas quickly
become resistant to severe disease but develop immunity only
after repeated and chronic infections over many years, with
prevalence of parasitemia falling off by adulthood by ~70% (2-4).
During the symptomatic erythrocytic stage of Plasmodium infec-
tion, both CD4 T and B cells are essential for production of Ab for
clearance of parasites, and memory cells are essential throughout
life to recognize cumulative parasite diversity (5, 6). Thl cells are
also critical to activate phagocytes by enhancing parasite killing
(7) and regulating immunopathology in both mice and humans by
production of IL-10, IL-27, and TGF-B (8, 9). Therefore, CD4
T cells are essential for protection from lethal disease (10), and
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study of the CD4 T cell response to the pathological blood-stage
of parasitemia will lead to development of protective vaccine
strategies.

We have studied the immune response to Plasmodium chabaudi,
a rodent model of chronic malaria infection (11), with the goal of
understanding the activation and development of CD4 T cells in
malaria parasite infection. As in other chronic parasitic infections
(12-14), chronic P. chabaudi infection maintains protection to
reinfection (15). Effector memory T cells (Tem) (12, 16-19) and
effector T cells (Teff) (13, 14) have been implicated in this phe-
nomenon, called premunition, but the cellular mechanisms of
maintaining protection, by continuous effector generation or
maintenance of Tem, and avoiding full exhaustion, remain un-
clear. Although PD1 expression has been identified during infec-
tion (17, 20, 21), it is clear that functional effector cells are
generated and that some functional memory cells emerge (16, 17).
Therefore, we investigated CD4 T cell memory in P. chabaudi and
found a reduction of classical memory T cell (Tmem; CD44™
CDI127") in chronic infection, suggesting that traditional central
memory cells did not provide the improved protection. Impor-
tantly, the majority of CD44™ Tmem in the chronic infection
did not survive by homeostatic proliferation, did not proliferate
quickly to secondary infection, and had the phenotype of Tem
(22). We also studied B cell memory and found only a small effect
of chronic infection (23), suggesting that Th cells may induce this
effect. We showed the important role of CD4 memory cells in
protection by a transfer of chronically stimulated, CD44™MCD25~
CD4" T cells, which protect better than resting Tmem (17).
Subsequently, looking at MSP-1-specific B5S TCR transgenic (Tg)
T cells (10), we identified an increase in CD44™CD62L"’IFNy*
TNF'IL-2" T cells at memory time points in chronic infection
compared with animals with a treated infection (17). However,
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there was no decrease in the number of Tem (CD44™CD127"
CD62L') in the absence of infection for 1 mo, suggesting that
Tem cytokine potential, or their ability to generate Teff and not
necessarily their survival, depends on persistent infection. Fur-
thermore, we showed that protective Tem were derived from
central memory T cells (Tcm) in chronic infection (17), suggest-
ing that they are not simply derived from long-lived Teff. These
data led us to hypothesize that Tem survive after persistent in-
fection clears and provide sentinel activity for some time, even
after clearance of infection. This idea has been well supported by
research on resident Tem (24). Therefore, the question becomes
how to drive the generation of cytokine-producing Tem for pro-
tective vaccination protocols for chronic infection.

Recent evidence suggests that CD4 Tmem differentiation is
determined in the earliest stages of activation and that pre-Tcm and
Tem can be detected concurrently with effector differentiation (25—
27). This important work suggests that, to understand Tem dif-
ferentiation and the potential to make protective Tem against
malaria by vaccination, we must follow effector activation from
the beginning to find the precursors of long-lived Tem (reviewed
in Ref. 28). We hypothesized that Tem were either generated from
early (26, 29) or late effector cells (25, 30). However, it was not
possible to identify both of these Teff subsets in our BALB/c
MSP1-specific BS TCR Tg adoptive transfer system because the
only marker of CD4 terminal Teff described to date, Ly6C (27),
does not stain CD4 cells in BALB/c. Therefore, we identified new
markers of progressive activation of CD4 effector cells for the
purpose of determining the derivation of CD4 Tmem in P. cha-
baudi malaria.

The markers CD127, L-selectin (CD62L), and CD27 are well
described molecules downregulated upon activation (17, 31, 32),
each with different kinetics. Therefore, we tested whether these
facile surface markers, that we previously used to define pro-
gressively differentiated CD4 Tmem subsets (17), provide a good
marker panel to distinguish Teff phases along the spectrum of
activation. In these studies, we show progressive activation of
CD4 Teff from early (Teff“*"; CD127 CD62L"™), which express
high levels of antiapoptotic genes, to intermediate effector cells
(Teff'™; CD127~CD62L'°CD27"), that make more cytokines
to fully activated late Teff (Teff“*°; CD127 CD62L'°CD27 "),
which are terminally differentiated. By adoptive transfer at the
peak of infection, we define a linear progression of activation
phenotypes and confirm their ability to make terminally dif-
ferentiated Teff and survive the contraction phase to generate
Tmem, as suggested by previous studies on early effector cells
(25-27). Furthermore, we show that only the early effector cell
subset generates both Tcm and Tem in the long term and that the
ratio of these is regulated by the duration of Ag exposure. These
data will inform future studies on the differentiation pathway
of CD4 Tem in malaria infection, which are necessary to under-
stand how to develop vaccine strategies that will induce protective
immunity.

Materials and Methods

Mice, parasites, and in vivo experiments

Thyl.1 BALB/cByJ were backcrossed to BALB/cJ (N4; The Jackson
Laboratory, Bar Harbor, ME) and maintained in our specific pathogen-free
animal facility with ad libitum access to food and water. B5S TCR Tg mice,
a gift from J. Langhorne (MRC National Institute for Medical Research,
London, UK), were generated as previously described (10) and backcrossed
to BALB/cJ (N4-9). The B5 TCR recognizes MSP1 (1157-1171,
ISVLKSRLLKRKKYI/I-E); B5 TCR Tg mice were typed using primers
Va2, 5'-gaacgttccagattccatgg-3" and 5'-atggacaagatcctgacageatcg-3’, and
VB8.1, 5'-cagagaccctcaggeggctgctcagg-3' and 5'-atgggctecaggetgttctttgtgg-
ttttgattc-3'. Ifing/Thyl.1 knockin mice on a C57BL/6 background (25) were
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a gift from C. Weaver (University of Alabama, Birmingham, AL). Mice
6-12 wk old were infected with 10° Plasmodium chabaudi chabaudi
(AS)-infected erythrocytes i.p. Parasites are counted in thin blood smears
stained with Giemsa (Sigma-Aldrich, St. Louis, MO) by light microscopy. In
some experiments, mice were treated with 4 mg/kg mefloquine hydrochlo-
ride (MQ) antimalarial drug by oral gavage for 3 d starting day 3 or 5 or
chloroquine (CQ) on days 30-34 postinfection (p.i.). Anti—IL-2 (mixture of
clones S4B6 and JES6-1) or rat IgG2a control (clone 2A3; BioXCell, West
Lebanon, NH) (0.25 mg of each Ab/mouse) were administered in saline i.p.
every other day starting on day 1 p.i.

All experiments were carried out in accordance with the protocol ap-
proved by the University of Texas Medical Branch Institutional Animal
Care and Use Committee.

Flow cytometry

Single-cell suspensions from spleens were made in HEPES-buffered HBSS
(Life Technologies), incubated in RBC lysis buffer (eBioscience, San
Diego, CA), and stained in PBS supplemented with 2% FBS (Sigma-
Aldrich) and 0.1% sodium azide with anti-CD16/32 (2.4G2) supernatant
(BioXCell), followed by combinations of FITC-, PE-, PerCP-Cy5.5,
PE/cyanine 7 (Cy7), PE/CyS5, (allophycocyanin)-, or allophycocyanin/
eflour780—conjugated Abs (all from eBioscience); CD62L PE-Texas Red
(Invitrogen); CD44-Brilliant Violet 785 (BioLegend, San Diego, CA); and
CD5-PE (eBioscience). PSGL-1 PE (BD Biosciences), Ly-6C FITC, CD25
PE-Cy7 (eBioscience), and CXCRS-Biotin, followed by Streptavidin-
eFluor 450. Cells were collected on a LSRII Fortessa using FACSDiva
software (BD Biosciences, San Jose, CA) and analyzed in FlowJo (version
9.7) (Tree Star, Ashland, OR). Surface-stained cells were washed with PBS
and resuspended in 100 pM Annexin V Ab in proprietary buffer (Invi-
trogen, Grand Island, NY) for 15 min in the dark at room temperature.
Cells were analyzed within 1 h of staining. For Bcl-2, cells were fixed in
2% paraformaldehyde (Sigma-Aldrich) and permeabilized using BD Perm/
Wash buffer, and cells were stained with Bcl2-PE (BD Biosciences) for
40 min at 4°C and washed. Compensation was performed in FlowJo using
single-stained splenocytes (using CD4 in all colors). For presentation, data
from three to four mice are concatenated to achieve sufficient cell numbers
for presentation and Boolean gating analysis, after each mouse was ana-
lyzed and averages and SEM calculated. For intracellular cytokine and
CFSE staining, cells were treated as described previously (17). Gating
strategies are shown in Supplemental Fig. 1.

Cell sorting

Splenic CD4* T cells from day 8-infected B5 TCR Tg donors were pu-
rified by EasySep biotin selection kit (Stemcell Technologies, Vancouver,
BC, Canada) using biotinylated anti-CD8a (55-6.7), B220 (RA3-6B2),
CD11b (MI/70), CD11c (N418), F4/80 (BM8), and Terl19 (eBio-
science). Enriched T cells were then stained with anti-CD4-FITC, CD44-
allophycocyanin-Cy7, CD127-PE, CD62L-Texas Red and CD27-allo-
phycocyanin for Teff subset sorts. Cells were sorted on a FACSArial
with FACDiva software (BD biosciences). Naive (CD44'°CD257) or
effector (CD44™™PCD127%8) CD4* T cells were sorted from 5- to 12-
wk-old B5 TCR Tg mice and transferred i.p. Transfer of 1 million cells
models the physiological precursor number of MSP1-specific CD4 T cells
seen in the memory phase of infection (0.01% or 1/8800), as previously
shown by limiting dilution analysis of splenocytes for responsiveness to
this fragment of MSP-1 (33). We have also replicated results in this system
with as few as 5000 cells (17). Gating strategy and purity are shown in
Supplemental Fig. 1.

Real-time PCR

RNA from purified B5 TCR Tg Teff cell subsets (spun into RLT buffer
[Qiagen Valencia, CA] every hour) was analyzed by real-time PCR using
a custom PrimePCR assay (Bio-Rad, Hercules, CA) with SYBR green iQ
Supermix, and iScript (Bio-Rad) for cDNA synthesis. Normalized relative
expression was calculated using GAPDH primers run on each plate as an
internal control. Threshold cycle (CT) of the gene of interest (2*[CT of gene
of interest — CT GAPDH]) was compared in two subsets (Teff™/Teff**
(Fig. 3B) or relative to naive (Fig. 3C) using Microsoft Excel or Spotfire
software for heat map, using the z-score to display relative expression of
each gene (TIBCO software).

Statistics

Where indicated, experiments were analyzed by one-way ANOVA, fol-
lowed by Student ¢ test or Tukey’s or Wilcoxon rank-sum test for non-
parametric data in Prism (GraphPad, La Jolla, CA): *p = 0.05, **p = 0.01,
wxkp < 0.001.
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Results

Teff subsets mark progressive activation

Although significant work has been done to understand the dif-
ferentiation of CD4 Tmem in vivo, the pathway for the develop-
ment of memory cells from responding Teff remains unclear,
especially in chronic infection. In the current study, we sought to
demonstrate the cellular pathway of activation of effector CD4
T cells in malaria infection and to use the MSP1-specifc TCR Tg
model in BALB/c to identify Teff with the potential to survive
through the contraction phase and form protective Tem. To do this,
we found it essential to identify subsets of responding Th1 cells that
represent progressively activated Teff. To observe the kinetics of
Ifng expression in responding CD4 T cells in P. chabaudi infection
and the phenotypes of Ifng™ effector cells, we took advantage of an
IFN-vy reporter mouse on a polyclonal C57BL/6 background
where cells express Thyl.1 transiently on the surface when the
Ifng gene is transcribed (Ifng/Thyl.1 knockin). These mice were
infected with P. chabaudi, and the phenotype of the Teff during
expansion was determined on days 5, 7, and 9 p.i. and during the
contraction phase as measured on day 12 p.i. Gating on CD127"
Teff, as shown in Supplemental Fig. 1, we observed three Teff
subsets (CD62L"CD27*, CD62L'°CD27", and CD62L"°CD277),
which appeared to change in proportion over time in response to
P. chabaudi infection (Fig. 1A). The CD62L"CD27" Teff pop-
ulation was enriched on day 5 p.i, and decreased by day 7, whereas
the CD62L'°CD27* and CD62L'°CD27 "~ Teff were enriched by day
9-12, correlating with the peak of infection (days 8-10) in this
model (Fig. 1A, graph). Within Ifng/Thy1.1*CD4* T cells, we ob-
served that an average of 95% of the responding cells were CD127
on day 9 p.i. (Fig. 1B), indicating that they were indeed activated
effector cells (17, 32), and contained all three of the observed
subsets. The CD62L'°CD27" effector population was the highest
in IFN-y production, and numbers of all Teff subpopulations
increased to day 9 postinfection and decreased by day 12, as par-
asite was cleared. The highest levels of T-bet were observed on the
CD62L'°CD27~ subset on days 5 and 9 p.i. (Fig. 1C), suggesting
full effector activation. As we previously showed a linear path of
differentiation for memory cells from CD62L"CD27* Tem to

A ) Day 5

EARLY EFFECTOR CELLS SURVIVE CONTRACTION IN MALARIA

CD62L'°CD27* early Tem to CD62L'°CD27 late Tem (17), we
hypothesized a similar effector progression from CD62L'°CD27*
to CD62L1°CD27~ Teff before deletion in the contraction phase.
We have therefore named these CD4"CD127 effector pop-
ulations early (Teff®™"; CD62LMCD27%), intermediate (Teff™™
CD62L!°CD27%), and late (Teff“*'®; CD62L1°CD27 ) Teff and
tested this progression in this paper.

We sought to test the hypothesis of progressive Teff activation in
this C57BL/6 model by using recently reported markers of early
Teff/pre-Tcm and late Teff/Thl cells (26, 27). We therefore vali-
dated the overlap of pre-Tcm in effector subsets defined by
CD62L and CD27 (Supplemental Fig. 2A) and measured enrich-
ment for pre-Tcm and terminal effectors defined as PSGL-1"Ly6C ™
(Supplemental Fig. 2B) and CXCR5"CD25~ (Supplemental
Fig. 2C). Interestingly, the pre-Tcm population was enriched
in the CD62LMTeff** population described in this study, as
measured by CXCR5*PSGL1%, and Th1 and T follicular helper
(Tfh) terminal effector cells are enriched in CD62L' late and
intermediate Teff (Supplemental Fig. 2D).

Malaria-specific CD4 Teff are progressively activated
synchronously

To show that malaria-specific T cells progress through these
clearly defined Teff phases, we used a transgenic mouse that
expresses a TCR specific for the P. chabaudi MSP-1 (B5 Tg).
Naive (CD4*CD44'°CD257) B5 TCR Tg T cells were adoptively
transferred (10°) into congenic Thyl.l mice, which were sub-
sequently infected with P. chabaudi. The cells were recovered
on day 9 p.i. and gated on divided cells (CFSE") to identify
responding Teff, which are predominantly CD127 " (Fig. 2A). As
seen in the polyclonal system, we observed that within the
CD127  Teff population there are three populations as defined by
CD27 and CD62L. We found that CFSE~CD127 CD62L"CD27*
early effector cells constitute an average of 6.5% of malaria-specific
Teff on day 9 p.i. When day 9 B5 TCR Tg cells were gated on
CDI127" Teff, we observed that the CD62L"CD27* population
contained all of the CFSE™ cells (Fig. 2B), suggesting that they are
the first to divide. Following the kinetics of development, we ob-
served that on day 5 p.i., B5 Tg Teff were primarily CD27"CD62L"
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FIGURE 1. IFN-y"* cells contain three subsets in
the effector population. Ifng/Thyl.l reporter mice
were infected with P. chabaudi. (A) Proportions of
the Teff subsets identified by CD62L and CD27
were determined within CD4*CD127 " on days 5, 7,
9 through 12, and quantification is shown in graph.
(B) Teff (Thyl1.1*CD127 CD44™) on day 9 p.i. and
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FIGURE 2. The Teff subsets define progressive activation. Naive B5 TCR Tg T cells (CD44'°CD25 ") were transferred (1-2 X 10°) into Thy1.1 congenic mice
that were subsequently infected with P. chabaudi. Splenocytes were analyzed by flow cytometry. (A) Dividing, malaria-specific Teff (CFSE Thy1.2*CD127")
day 9 p.i. include early (red; CD629LMCD27%), intermediate (blue; CD62L'°CD27), and late (green; CD62L'°CD27") effector subsets. (B) B5 TCR Tg donor
cells (CD4*Thy1.2*CD127 ") showing proliferation of early, intermediates, and late as measured by CFSE-violet dilution at day 9 p.i. (C) B5S TCR Tg donor cells
(CD4*Thy1.2*) showing changing phenotype of Teff (CD127") from days 5 to 9 p.i. Data are concatenated from three recipient hosts and quantified (right
panel). Parasitemia is shown in shaded gray area. Gates and quadrants are set on all CD4™ cells. Error bars represent SEM; ¢ test was used to compare the subsets
on the same day. **p < 0.01, ***p < 0.001.

early effector cells (average 71.9%; Fig. 2C). The CD62L" subsets tiation of the CD62L' subsets. Supporting this conclusion,
began to increase on day 7, with the CD27* (average 54.95%) CD27 Teff“*® had the highest expression of Annexin V*, sug-
preceding the CD27 Teff on day 9 p.i. (average 67.3%), suggesting gesting that these cells had entered early apoptosis. As an in-

that the BS Tg T cells progress through activation in a synchronized dication of the maturation of functional avidity of the developing
manner. The sequential proportional increase of these three Teff Teff, we measured the expression of CDS5, an inhibitor of TCR
subsets during infection further confirmed our hypothesis that they signaling (34). We observed progressive decline in the expres-
represent a linear progressive activation of T cells in response to sion of CD5 from Teff®™" to Teff™ and Teff“** cells (Fig. 3A),
malaria infection. suggesting that as cells become more activated, they decrease

To test this hypothesis at the molecular level, we investigated the regulation of the TCR and increase in signal strength, thereby
expression of pro- and antisurvival factors in these activation correlating with a gain in functional avidity with increasing
subsets. We measured expression of the antiapoptotic molecule activation (35). We also measured mRNA levels of other pro-

Bcl-2 and markers of terminal differentiation (PD-1, Fas, and and antiapoptotic molecules by real-time PCR of B5S TCR Tg
Annexin V binding) in adoptively transferred B5S TCR Tg cells on T cells (Fig. 3B). In the transition from early (CD62L"CD27")
day 7 p.i. (Fig. 3A). Only CD127 CD62L" early B5 Teff cells to intermediate (CD62L'°CD27") effectors, we detected signif-
expressed high levels of Bcl-2, whereas the CD62L' subsets were icant upregulation of proapoptotic (fas, bci2l15 [Bfk]), and
Bcl-27 and expressed the inhibitory receptor PD-1 and death bbc3 [Puma], but not bakl or bax) and downregulation of anti-

domain—containing receptor Fas, suggesting terminal differen- apoptotic (bcl2, mcll, pim2, and pim3) genes at the transcrip-
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FIGURE 3. Mature Effector T cells are terminally differentiated. Naive B5 TCR Tg CD4 T cells (I X 10°) were transferred into Thyl.l mice sub-
sequently infected with P. chabaudi. Splenocytes were stained for Teff subsets (as defined in Fig. 2) and Bcl-2, PD-1, CD95, Annexin V, and CD5 (A) were
determined. Plots show representative histograms, whereas graphs (below plots) show percent quantification for Bcl-2 and PD1 on day 7 p.i. or mean
fluorescence intensity (MFI) for CD95, Annexin V, and CDS5 on day 16 p.i. of positive cells in the histograms for all the subsets. Data are concatenated for
B5 TCR Tg cells from three mice and are representative of two independent experiments. Gates set on isotype controls, but isotype and positive controls are
not shown for clarity. Error bars represent SEM comparing different subsets on the same day. (B) Expression of selected pro- and antiapoptotic genes
showing fold change from early to intermediate on day 8 p.i. of sorted Teff subsets. (C) Effector (labeled in red) and memory (labeled in blue) gene
expression for the three Teff subsets. PCR data were normalized to GAPDH and z-score of relative expression of each gene compared with naive across the
subsets is shown. Error bars represent SEM; ¢ test was used to compare the subsets. *p < 0.05, **p < 0.01, ***p < 0.001.
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tional level (Fig. 3B). Because the Teff®*™ express high levels
of prosurvival molecules suggesting longevity, we also mea-
sured expression of memory and effector differentiation genes
(Fig. 3C). Interestingly, Teff“™" expressed higher levels of mem-
ory genes including (foxol, id2, kif2, and Siprl) as well as Teff
genes (id3, prdml, and tbx21) than the other two subsets. A
notable exception is Bcl6, which is reported to be a memory
promoting transcription factor (36), but is not increased in early
CD4 effector cells in this infection. Taken together, these data
suggest that early-activated CD4 Teff contain a longer-lived
pre-Tmem population, whereas the highly activated CD62L'°
cells appear terminally differentiated. To study the progression
of effector cytokine production during activation, we deter-
mined the cytokine profile of the malaria-specific Teff subsets
by intracellular cytokine staining in adoptively transferred B5
TCR Tg cells on day 7 p.i. The CD62L'°CD27~ Teff™ subset
contained the highest percentage of cytokine producers for
IFN-y, TNF-o, and IL-2 (Fig. 4A), showing that this is the
most responsive subset. Interestingly, some Teff>*™ also make
cytokines; however, 40% of Teff®*™" cytokine producers are
TNF*IL-2", which is the cytokine profile of CD4 Tcm (17, 37,
38). Furthermore, only the CD62L!° Teff subsets (Teff™ and
Teff“*'°) contain triple cytokine producers (TNF*IFN-y*IL-2*;
Fig. 4B), indicating that the multicytokine-producing pheno-
type is associated with highly activated effectors at this stage
of infection.
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FIGURE 4. Mature Effector T cells are multicytokine producers. Naive
B5 TCR Tg CD4 T cells (1 X 10° were transferred into Thyl.1 mice
subsequently infected with P. chabaudi. Splenocytes were stained day 7
p.i. for Teff subsets (as defined in Fig. 2), and cytokine secretion of the
subsets was determined using intracellular staining. (A) Histograms of
cytokine profile of each Teff (CD4*CD1277) subset day 7 p.. after
adoptive transfer, including early (red; CD62LhiCD27+), intermediate
(blue; CD62L°CD27"), and late (green; CD62L'°CD277) effector cells are
shown. Isotype controls were used to define positive gates (data not shown
for clarity). The plots represent percent quantification of all the mice in the
experiment. (B) Pie charts show percentage of B5 Tg cytokine—producing
cells in each subset expressing one to three cytokines as calculated by
Boolean analysis. Data represent concatenated BS TCR Tg cells from three
mice and are representative of two independent experiments. Error bars
represent SEM, comparing different groups. *p < 0.05.

EARLY EFFECTOR CELLS SURVIVE CONTRACTION IN MALARIA

CD62L" classical Teff subsets are short-lived effector cells

On the basis of the expression of memory and antiapoptotic genes
and the timing of their appearance, we hypothesized that early
effector cells may survive the contraction phase and contribute to
memory differentiation, whereas CD62L'° subsets would lose this
potential. Therefore, we determined the fate of each effector
subset over the peak of infection and observed survival in the
contraction phase. Teff subsets were sort purified from infected B5
TCR Tg mice (day 8 p.i.), based on the gating strategy and
purity shown in Supplemental Fig. 1C-E. Each subset was
transferred into infection-matched Thy1.1* congenic recipients days
8 through 11 of infection (Fig. 5). Despite historic reluctance to
infect intact TCR-transgenic animals in favor of adoptive transfer,
we have previously verified similar degrees of T cell activation in
B5 TCR Tg and wild-type animals and found phenotypes and
protection comparable (17). Adoptive transfer of the three purified
Teff populations at the peak of infection into infection-matched
recipients showed that only the Teff®™" population was capable
of surviving 3 d of infection during the contraction phase (Fig. 5A),
demonstrating that early CD62L" effector cells could survive the
T cell contraction during parasite clearance. The CD62L'" Teff were
terminally differentiated because there were minimal T cell num-
bers recovered from the recipients of these subsets. Furthermore, the
recovered Teff™" cells generated both Teff™ and Teff“*® pop-
ulations after 3 d (Teff®®" OUT) in this period of the T cell re-
sponse when the parasitemia is decreasing and the T cells are
contracting (as seen in Fig. 1B).

To test the survival potential of the three subsets of effector cells
in the absence of Ag, we investigated their phenotype on recovery
from an uninfected recipient. We transferred each purified Teff
subset into uninfected congenic Thyl.1 hosts and analyzed the
recovery and phenotype of the cells 14 d after transfer. Again, we
recovered significantly higher numbers of BS TCR Tg T cells from
recipients of Teff*™ than Teff'™ or Teff** (Fig. 5B). Interest-
ingly, in the absence of Ag, an average of 65% of the recovered
CDI127 Teff retained their original CD62L"CD27* phenotype
and did not progress as in the infection-matched recipients
(Fig. 5B, Teff®" OUT, Teff pie chart), indicating that infection
promotes the progressive activation through these phenotypes
from CD62L" to CD62L'°CD27 (Fig. 5). Furthermore, on
transfer, they had been completely CD127 ", whereas after 2 wk
without parasite exposure, the majority reupregulated CD127 to
become CD127 intermediate (average 61.5%). To identify true
memory phenotype cells, we gated on the CD127" and identified
both Tem and Tem derived from the Tefffa" (Fig. 5B, TeffEarly
OUT, Tmem pie chart). These data suggest that the Early Teff
subset can make all the later Teff subsets in the presence of Ag
and a fraction can also survive the contraction and potentially
make Tmem upon Ag elimination.

Ag and IL-2 are important in progressive activation of Teff

Because Teff expand in response to IL-2, we predicted that
blocking IL-2 would impede progressive differentiation of the Teff
subsets. We therefore administered anti—IL-2 over the first 9 d of
infection to Thy1.1 congenic recipients of BS TCR Tg CD4 T cells
(Fig. 6). Unexpectedly, there was a significant decrease in the
proportion of the Teff®™, as opposed to an increase, and an in-
crease in the terminal MSP-1-specific Teff subsets in the anti—IL-
2—treated animals compared with isotype controls on day 5 p.i.,
which persisted through day 9 (Fig. 6A—C), although the differ-
ences seen on day 9 were not statistically significant. As expected,
animals treated with anti—IL-2 did not have significant T cell
accumulation by day 9 p.i. (Fig. 6D), when T cell numbers are
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one-way ANOVA, followed by Tukey’s test comparing all the groups. *p < 0.05, **p < 0.01, ***p < 0.001.

at their peak in this infection. These data suggest that progressive
differentiation of the Teff from early to late activation is slowed by
IL-2 and that licensing of full effector activation and T cell ex-
pansion are separable.

Because the duration and strength of Ag stimulation has been
proposed to determine the extent of CD4 T cell activation and
differentiation (29), and this has been persuasively shown for CD8
T cells (39), we tested whether shortening the period of infection
would affect the full activation of Teff and the ratio of memory
subsets generated. Adoptively transferred recipient mice were
infected but treated with MQ, an antimalarial drug, on days 3-5
(MQ d3) or 5-7 (MQ d5) p.i. to reduce the load of parasitemia, or
left untreated, and Teff phenotype was determined in all the mice
on day 9 p.i. (Fig. 7A). There were strikingly higher proportions of
the CD127 CD62L™CD27* Teff*" subset on day 9, when par-
asite grew unimpeded for only 3 d, with intermediate levels of

Teff*™™" population in MQ d5 treated animals. This decreased to
4.4% Teff>™" (average) when mice were not treated, suggesting
that a longer duration of parasitemia indeed induced a stronger total
signal and pushed the effector cells through the phases of Teff ac-
tivation from Teff*™™ to Teff“. Early Ag elimination was also
accompanied by a significant increase in CD44™CD127™ cells (data
not shown), indicating the possibility of early memory generation.

Our previous work shortening the infection with chloroquine on
day 30, did not change the Tcm to Tem ratio (17). To determine
whether earlier elimination of Ag might influence the transition of
Teff into memory, we treated the recipient mice with MQ on days
3-7 and analyzed memory cell formation on day 53 p.i. As
a control, we treated another group with chloroquine days 30-34
to eliminate parasite exposure for the three weeks before analysis
for Tmem. We observed a significantly higher proportion of
CD127"CD62L"CD27* Tem in the mice treated with MQ on day
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re treated with MQ (days 3-7) or CQ (days 30-34), and phenotypes of memory
subsets (CD4*CD127%), whereas pie charts show quantification of Tmem in the

two groups. The numbers in the pies represent average and SEM of all mice in each group. The graph shows total numbers of recovered cells. Student ¢ test

was used to compare MQ- versus CQ-treated groups, and error bars repre:

3 compared with those exposed to a full infection (Fig. 7B), and
a correspondingly higher proportion of CD127"CD62L"CD27*
early Tem in mice exposed to infection for a month, suggesting
that exposure to chronic infection induces Tem, while shorter
exposure to the same parasite induces Tcm. Unsurprisingly, there
were also significantly more total cells recovered from the animals
with the full month of infection. Although this agrees with pre-
vious studies suggesting that chronicity generates Tem, it is
striking how early the infection had to be treated to reduce Tem
generation.

Discussion

In the current study, we have identified a pathway of progressive
activation of effector CD4 T cells in malaria infection to generate
Tmem. We have described three subsets of effector cells, identified
by their transient downregulation of CD127, that define the gamut
of activation states leading to terminal differentiation versus
memory survival. The earliest of these activation states is a pop-
ulation quickly re-expressing CD62L (31), which potentially
contains both short-lived effector cells and memory precursor
effector cells. We show that effector cells go through a linear
pathway of activation starting from an early CD127 CD62L"
Teff precursor, which are the least divided, and are not terminally
differentiated likely because of higher expression of prosurvival
genes. The later, CD62L'°, stages include CD27 late effector
cells that express PD-1, Fas, and Annexin V*, indicating early
stages of cell death, and CD27" Teff™, with the maximum ef-
fector function. We show that highly activated CD4 Teff lose
the ability to survive after the contraction phase, whereas the
CD62L" Teff*™ are recovered both after contraction and after
being “rested” in naive hosts and have the phenotypes of both Tcm
and Tem.

sent SEM. *p < 0.05, ***p < 0.001.

To our knowledge, this work is the first step to defining the fate of
various CD4 effector cells generated in parasitic infections and
may eventually contribute to resolving the controversial derivation
of Tem because they can derive from both IFN-y—producing (25,
40, 41) and IFN-y  Teff (42). Residual Teff have also been
identified several months postinfection (14, 17, 27, 43-45), sug-
gesting that some cells with Teff phenotypes survive beyond
contraction. In contrast, it has also been suggested in the pro-
gressive differentiation model for CD4 T cell differentiation that
Tem are generated from fully activated effector cells (25, 27),
although this is hard to reconcile with the abovementioned data.
The progressive activation states and terminal differentiation of
Teff demonstrated in this study support the current paradigm from
studies in CD8 T cells that, as Teff become progressively acti-
vated, they lose the potential to generate Tmem (39). Our data
suggest that like effector CD8 T cells (KLRG1™, Ly6Chi), CD4
T cells lose their potential to generate memory with increasing
activation, and in the case of CD8 cells, with exposure to IL-12
and increased T-bet expression (46, 47), suggesting that highly
activated T cells are terminal and not likely to survive past the
contraction. Supporting this interpretation, Tem and Tmem dif-
ferentiation appear to be mutually exclusive because they are
regulated by pairs of transcription factors including T-bet and
eomes, Id3 and Id2, and Blimp and Bcl6, which each promote
terminal differentiation over Tmem development, respectively
(39, 48, 49).

Several studies indicate that memory cell precursors can be
detected during the early stages of activation in other models and
infections (26, 50). In this study, we used CD127 downregulation
to mark Teff because effector cells from the peak of infection are
CDI127~ (17). Our CD62LMTeff*™ effector population overlaps
significantly with early effector CXCR5*CD25 ™ cells proposed to
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be pre-Tcm by Pepper et al. (26, 27), whereas the CD62L"° pop-
ulations contain terminal effector cells. We show that the low
proportional enrichment of Ly6C" in later populations is due to
a large expansion of the CXCR5" population, which has been
shown to contain a mixture of Tfh and pre-Tcm (51). In P. cha-
baudi infection, we see a large expansion of CXCRS5" effector
cells that are Tbet™ (V.H. Carpio, M.M. Opata, and R. Stephens,
manuscript in preparation), and in this study, we show that
CD62L"° Teff"™ and Teff**® CXCRS5" cells are also PSGL-1"
Ly6C™, suggesting that the CD62L'° Teff contain Thl and Tfh
effector cells but not pre-Tcm, thereby correlating all three defi-
nitions of the late subsets. Therefore, our work suggests that
CD62LMCXCR5™ are pre-Tem, whereas CD62L°CXCR5* may
be Tth effector cells.

Because Teff®™! can generate both Teff**® and memory cells,
it is likely that the Teff®*" subset described in this paper contains
the precursors of both effector and memory cells, as also sug-
gested by the representation of Ly6C™ population in the Teff®*",
Consistent with this, we observe an enrichment of both effector-
associated and memory-associated genes in Teff®™" compared
with the Teff™ and Teff“*® effector subsets. This is consistent
with a very early decision point, such as that provided by asym-
metrical division (52). Nevertheless, CD62L"Teff®" is clearly
the Teff subset containing the long-lived precursors of CD4
Tmem.

By precisely measuring degrees of Teff activation in a linear
pathway and neutralizing IL-2, we show that the T cell growth
factor, IL-2, while essential for CD4 T cell proliferation, also has
arole in regulating the pace of progression through these activation
states. Without IL-2, progression through the spectrum of activa-
tion is increased, suggesting a more rapid development of a highly
activated but terminally differentiated late Teff phenotype in the
absence of this important proliferation-inducing factor. This is
consistent with previous studies showing that IL-2 plays a role
during the T cell expansion phase in generation of functional CD4
memory cells (53, 54).

The role of Ag in the generation and maintenance of protective
Tmem is an active area of research. We had previously shown that
treatment of P. chabaudi infection on day 30 had no effect on the
ratios of Tcm to Tem (17); however, by treating the infection and
exposing the T cells to either 3 or 30 d of malaria infection, we
have shown that only a very short exposure to the infection
increases the durable Teff®" population. Interestingly, elimina-
tion of parasite on day 3 led to a higher proportion of Tcm at day
53 p.i., whereas day 30-treated mice had more Tem, and higher
cell numbers supporting the hypothesis that chronic infection
drives Tem generation and providing the additional insight that the
change from Tcm generation to Tem generation depends on very
quick control of infection. Similarly, some studies on development
of CD8 memory have shown that the cumulative degree of acti-
vation, determined by the type and duration of stimuli early in
activation, can determine effector versus memory fate of the
responding cells (55-57). Additional signals such as production of
survival cytokines, even later in infection, are also likely to affect
the subset ratios over time (58). If prolonged Ag or cytokine ex-
posure leads to a loss in these long-lived cells, this could be one
reason why people in malaria endemic areas do not quickly de-
velop immunity to infection.

Although there is no good protection from malaria infection,
there is protection from severe disease, which may be T cell
mediated. We have shown that early effector T cells in this
model infection can in fact survive to the memory stage and make
both Tcm and Tem phenotype cells, which are likely to balance
the pathology of reinfection. Further elucidation of their ability to
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protect and maintain this protection are an important focus of
future studies. Because Tem is the predominant memory subset
generated by chronic infections like malaria and tuberculosis (16,
17, 59) and autoimmune diseases (60) and that their differentiation
is not currently understood separately from that of effector cells,
understanding the development of these potentially longer-lived
cells is likely to be critical for the development of successful
adjuvants, treatments, and vaccines for chronic T cell-mediated
disease.
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