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Introduction
T cells contribute to cell-mediated immunity by exerting pleiotropic effects, including helper functions 
mediated through the production of  cytokines. Some T cells produce only one cytokine (monofunctional 
T cells), while others can simultaneously produce multiple cytokines (polyfunctional T cells) (1). Polyfunc-
tional T cells that simultaneously produce the key Th1 cytokines IFN-γ, IL-2, and TNF-α have been report-
ed following infection or immunization in a number of  infectious diseases states including Leishmania major 
(2), HIV (3, 4), Mycobacterium tuberculosis (5), and Plasmodium (6–10).

Th1 polyfunctional T cells have been associated with favorable disease outcomes (3) and higher pro-
tective efficacy after vaccination (2, 5, 11) as compared with IFN-γ monofunctional T cells. More recently, 
polyfunctional T cells have also been associated with higher effector function compared with monofunc-
tional T cells (12). Thus, T cell polyfunctionality is commonly reported in immunogenicity studies (1). 
However, there has been no study of  polyfunctional T cells at the molecular level, and indeed it remains 
unknown (apart from a snapshot of  their cytokine expression) whether any differences exist that actually 
distinguish polyfunctional from monofunctional T cells. Additionally, the mechanisms driving their gener-
ation are not understood.

The molecular study of  polyfunctional T cells has been hampered by technical challenges related to 
their very low frequency in the peripheral circulation. Furthermore, polyfunctional T cells have been iden-
tified using only intracellular cytokine staining, a process that requires cell fixation with pronounced neg-
ative effects on RNA quality, thus precluding transcriptomic analysis of  the target cell populations. To 
address this, we developed a 3-color polyfunctional cytokine secretion assay to detect and isolate viable 
polyfunctional T cells directly from whole blood samples after in vitro stimulation (13). Herein, we success-
fully applied this assay to isolate and compare the molecular profile of  polyfunctional CD4+ T cells and 
monofunctional CD4+ T cells recovered from human volunteers experimentally infected with Plasmodium 
falciparum (P. falciparum) and identified for the first time to our knowledge a polyfunctional gene signature 
that was also conserved in Influenza-specific polyfunctional CD4+ T cells.

Pathogen-specific polyfunctional T cell responses have been associated with favorable clinical 
outcomes, but it is not known whether molecular differences exist between polyfunctional and 
monofunctional cytokine-producing T cells. Here, we report that polyfunctional CD4+ T cells 
induced during Plasmodium falciparum (P. falciparum) blood-stage infection in humans have a 
unique transcriptomic profile compared with IFN-γ monofunctional CD4+ T cells and, thus, are 
molecularly distinct. The 14-gene signature revealed in P. falciparum–reactive polyfunctional T cells 
is associated with cytokine signaling and lymphocyte chemotaxis, and systems biology analysis 
identified IL-27 as an upstream regulator of the polyfunctional gene signature. Importantly, the 
polyfunctional gene signature is largely conserved in Influenza-reactive polyfunctional CD4+ T cells, 
suggesting that polyfunctional T cells have core characteristics independent of pathogen specificity. 
This study provides the first evidence to our knowledge that consistent molecular differences exist 
between polyfunctional and monofunctional CD4+ T cells.
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Results
Parasite dose-dependent generation of  polyfunctional T cells during experimental P. falciparum infection. The frequen-
cy of  circulating CD4+ T cells producing different permutations of  the 3 key Th1 cytokines — IFN-γ, IL-2, 
and TNF-α — in response to antigen-specific restimulation over the time course of  infection in 19 adult 
volunteers experimentally infected with P. falciparum–infected erythrocytes was evaluated using multi-pa-
rameter flow cytometry (Figure 1A and Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.87499DS1). The cytokine combinations produced 
by CD4+ T cells were dynamically regulated over the time course of  infection. While there was minimal 
change in overall frequencies of  antigen-reactive cytokine-producing CD4+ T cells at 7 days after infection 
(Figure 1A), the frequencies of  single positive IFN-γ– (P = 0.050), double positive IFN-γ/TNF-α– (P = 
0.004), and triple positive IFN-γ/IL-2/TNF-α–producing cells (P = 0.009) were significantly higher at 4 
weeks after infection compared with before infection (Figure 1A). Overall, there was a shift toward a higher 
polyfunctionality in cytokine-producing CD4+ T cells at 4 weeks after infection compared with 1 week after 
infection (Figure 1B). IFN-γ was the major cytokine produced at 4 weeks after infection, representing more 
than 75% of  the total cytokine response compared with IL-2 and TNF-α (Figure 1C).

Next, we explored the relationship between T cell polyfunctionality and clinical outcome by correlat-
ing the expansion of  polyfunctional or IFN-γ monofunctional CD4+ T cells induced by infection with 
the blood-stage parasite burden (determined as area under the parasitemia curve until antimalarial treat-
ment at approximately day 7 after infection) in each individual. No significant association was observed 
between parasite burden and the absolute frequency of  IFN-γ single positive or triple positive IFN-γ/IL-2/
TNF-α CD4+ T cells circulating at 4 weeks after infection (Figure 2A, Spearman’s correlation coefficient 
r = –0.05, P = 0.83 for IFN-γ single positive IFN-γ/IL-2/TNF-α and r = –0.44, P = 0.06 for IFN-γ triple 
positive IFN-γ/IL-2/TNF-α, respectively). When quantifying the cytokine response specifically induced 
upon infection only (i.e., the fold change frequency between pre-infection and 4 weeks after infection), no 
association was noted between IFN-γ single positive CD4+ T cells and parasite burden (Figure 2B, Spear-
man’s correlation coefficient r = -0.15, P = 0.54), whereas there was a highly significant positive correla-
tion between the fold change in frequency of  triple positive IFN-γ/IL-2/TNF-α CD4+ T cells and parasite 
burden (Figure 2B, Spearman’s correlation coefficient r = 0.60, P = 0.0064). Taken together, these results 
suggest that the amplitude of  the induction of  polyfunctional T cells upon infection rather than their 

Figure 1. Polyfunctionality of P. falciparum–reactive CD4+ T cells induced during P. falciparum blood-stage experimental infection in malaria-naive 
volunteers. Cytokine production in CD4+ T cells was measured by flow cytometry and intracellular cytokine staining after in vitro stimulation of whole 
blood samples with Pf prbc parasite antigen extract overnight. (A) Frequency and (B) polyfunctionality index (40) of IFN-γ, IL-2, and TNF-α single (1+), 
double (2+), or triple positive (3+) CD4+ T cells collected before infection (D0), 1 week after infection (D7), and 4 weeks after infection (D28). (C) Distri-
bution of total cytokine positive cells at 4 weeks after infection according to their polyfunctionality. Frequencies were corrected for antigen nonspecific 
cytokine production. Data represent means from 19 volunteers from 3 independent cohorts. **P < 0.01, *P < 0.05 (Wilcoxon test).
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absolute frequency in the peripheral blood after infection might be 
a hallmark of  protection in P. falciparum blood-stage infection.

Phenotypic differences between P. falciparum–reactive polyfunctional 
and IFN-γ monofunctional CD4+ T cells. We then investigated the phe-
notypic differences between polyfunctional and monofunctional 
CD4+ T cells by flow cytometry. Triple positive IFN-γ/IL-2/TNF-α 
CD4+ T cells expressed significantly higher amounts of  cytokine 
per cell as compared with the respective single positive IFN-γ, IL-2, 
or TNF-α CD4+ T cells (Figure 3A), consistent with observations 
in other disease models (2, 4, 6). Triple positive CD4+ T cells also 
had significantly higher expression of  the differentiation marker 
for antigen-experienced T cells, KLRG1 (14), when compared with 

single positive CD4+ T cells (Figure 3B); these data support the hypothesis that polyfunctional CD4+ T 
cells are in a distinct differentiation state compared with monofunctional CD4+ T cells, and thus that other 
significant molecular differences might exist between these two cell populations.

Transcriptomic differences between P. falciparum–reactive polyfunctional and IFN-γ monofunctional CD4+ T 
cells. In order to establish whether differences exist at the mRNA level between Th1 polyfunctional and 
monofunctional CD4+ T cells, we compared their transcriptomic profile by microarray analysis using 
the Affymetrix Human Gene ST 2.0 gene array. We applied our newly developed polyfunctional cyto-
kine–secreting assay (13) to sort IFN-γ negative, IFN-γ single positive, and IFN-γ/IL-2/TNF-α triple 
positive CD4+ T cells from whole blood samples collected 4 weeks after infection with P. falciparum 
(Supplemental Figure 2). Two independent studies were performed with pooled mRNA samples com-
prising 4 different volunteers each. Higher expression of  IFN-γ, IL-2, and TNF-α was detected in triple 
positive CD4+ T cells compared with IFN-γ negative CD4+ T cells (Supplemental Figure 3). IFN-γ triple 
positive CD4+ T cells also had a higher expression of  TNF-α and IL-2, but they had similar expression 
of  IFN-γ compared with IFN-γ single positive CD4+ T cells (Supplemental Figure 3). Taken together, 
these results validated the cytokine secretion assay staining and sorting strategy. Interestingly, IFN-γ 

Figure 2. Parasite burden is positively correlated with P. falciparum–reac-
tive polyfunctional CD4+ T cells induced during P. falciparum blood-stage 
experimental infection in malaria-naive volunteers. Cytokine production 
in CD4+ T cells was measured by flow cytometry and intracellular cytokine 
staining after in vitro stimulation of whole blood samples with Pf prbc 
parasite antigen extract overnight. Correlation between parasite burden 
during the first 7 days of infection and (A) absolute frequencies at 4 weeks 
after infection and (B) fold change between pre-infection (D0) and 4 weeks 
after infection (D28) in triple positive (3+) and IFN-γ single positive (1+) 
CD4+ T cell frequencies (nonparametric Spearman’s correlation test). Data 
represent mean from 19 volunteers from 3 independent cohorts.

Figure 3. Phenotypic differences in P. falciparum–reactive polyfunctional and monofunctional CD4+ T cells induced during P. falciparum blood-stage 
experimental infection in malaria-naive volunteers. Cytokine production in CD4+ T cells was measured by flow cytometry and intracellular cytokine stain-
ing after in vitro stimulation of whole blood samples with Pf prbc parasite antigen extract overnight. (A) Comparison of the mean fluorescence intensities 
for cytokines IFN-γ, IL-2, or TNF-α between triple positive (3+) and IFN-γ single positive (IFN-γ 1+), IL-2 single positive (IL-2 1+), or TNF-α single positive 
(TNF-α 1+) CD4+ T cells, respectively, matched by volunteers. (B) KLRG1 expression in triple positive (3+) and IFN-γ, IL-2, or TNF single positive (1+) CD4+ T 
cells circulating 4 weeks after infection. Data represent mean from (A) 19 volunteers from 3 independent cohorts and (B) 8 volunteers from 2 independent 
cohorts. ****P < 0.0001 (Wilcoxon test). Error bars indicate ±SD.
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single positive cells had higher levels of  TNF-α mRNA com-
pared with IFN-γ negative cells, even if  this cytokine could not 
be detected at the protein level. This observation is likely to 
reflect a recent antigen-specific activation of  IFN-γ single pos-
itive CD4+ T cells but not of  IFN-γ negative CD4+ T cells, as 
TCR ligation has been shown to trigger the splicing of  TNF-α 
pre-mRNA into mRNA (15).

Comparative analysis of  the gene expression profiles of  tri-
ple positive versus IFN-γ single positive CD4+ T cells identified 
61 genes that were differentially regulated in both independent 
microarray experiments (Figure 4A and Supplemental Table 1). 
The majority of  these 61 genes (n = 44, 72%) were overexpressed 
in triple positive cells. These genes coded for proteins associat-
ed with cytokines/chemokines (n = 12), lymphocyte activation  
(n = 14), lymphocyte trafficking (n = 4), immunoglobulins (n = 
8), T cell receptor (n = 8), and metabolism (n = 4) (Figure 4B) 
and were significantly associated with immune response (P = 
1.26 × 10–5), inflammatory response (P = 7.89 × 10–4), cell motil-
ity (P = 1.65 × 10–3), lymphocyte migration (P = 1.10 × 10–3), 
chemotaxis (P = 2.60 × 10–5), or cytokine/chemokine activity 
(P = 2.45 × 10–3 and P = 3.55 × 10–2, respectively) (Figure 4C).

To confirm the existence of  a specific transcriptomic 
signature in polyfunctional CD4+ T cells, we validated the 
expression of  37 of  the differentially expressed genes iden-
tified by the Affymetrix microarray analysis using multiplex 
quantitative PCR (qPCR) on sorted cells isolated from 5 vol-
unteers experimentally infected with P. falciparum who were 
not included in the primary analysis. Fourteen genes were 

consistently upregulated in triple positive compared with IFN-γ single positive CD4+ T cells in all 5 
volunteers (P < 0.05, Figure 5, left panels, A and B). This polyfunctional gene signature included genes 
coding for cytokines and chemokines (IL-2, TNF, IL-6, IL-1B, CCL8), signal transduction receptors 
(MS4A7, IGSF6, CD163, FPR1), catabolic enzymes (PLA2G7, CTSL1, LYZ, PTGS2), and membrane 
transporter (AQP9).

A core polyfunctional gene signature is conserved between P. falciparum–reactive and Influenza-reactive polyfunc-
tional CD4+ T cells. Since polyfunctional T cell responses have been observed in several human diseases, 
we next investigated whether the polyfunctional gene signature identified in the P. falciparum infection 
model was present in other infections. We elected to explore the Influenza model, using peripheral blood 
collected from 5 healthy volunteers 5 weeks after immunization with the seasonal Influenza vaccine. The 
transcriptomic profile of  sorted Influenza-reactive IFN-γ single positive and triple positive CD4+ T cells 
was determined by multiplex qPCR as performed for P. falciparum–reactive CD4+ T cells (Figure 5, right 
panels). Interestingly, 10 of  the 14 genes validated as upregulated in triple positive versus IFN-γ single 
positive P. falciparum–reactive CD4+ T cells were also upregulated in triple positive CD4+ T cells reactive 
to Influenza (Figure 5A). Additionally, 4 differentially expressed genes appeared to be specific for P. falci-
parum–reactive polyfunctional T cells (Figure 5B), and 6 others were overexpressed only in Influenza-re-
active polyfunctional CD4+ T cells (Figure 5C). The remaining 17 genes exhibited variable expression in 
both models (Figure 5D).

Upstream regulators of  the polyfunctional CD4+ T cell gene signature. Finally, we explored whether our 
newly identified polyfunctional gene signature could inform on the underlying mechanisms controlling 
the generation of  polyfunctional CD4+ T cells in our system. The polyfunctional gene signature did not 
contain any genes coding for transcription factors (Figure 4A) and was significantly associated with 
cytokine and chemokine signaling (Figure 4C). Thus, we hypothesized that the process of  differenti-
ation of  CD4+ T cells into a polyfunctional state may result from the integration of  external stimuli, 
such as cytokine signaling, rather than internal genetic reprogramming. Bioinformatic analysis iden-
tified 3 transmembrane receptors (CD47, TNFRSF18, and CLEC7A) and 1 cytokine (IL-27) within 

Table 1. Top 20 upstream regulators of the polyfunctional gene 
signature

Rank Upstream Regulator Molecule Type P value 
1 Immunoglobulin complex 2.00 × 10–15

2 Ighg2b other 5.94 × 10–15

3 SPHK1 kinase 1.45 × 10–14

4 BIRC3 enzyme 2.18 × 10–14

5 Muc2 other 1.02 × 10–13

6 CD47 transmembrane receptor 2.06 × 10–13

7 PCSK1 peptidase 2.91 × 10–13

8 TACR1 G-protein coupled 
receptor

2.91 × 10–13

9 Ige complex 3.52 × 10–13

10 IL27 cytokine 4.86 × 10–13

11 STX11 transporter 5.11 × 10–13

12 PILRB other 5.11 × 10–13

13 TNFRSF18 transmembrane receptor 5.47 × 10–13

14 NTN1 other 7.28 × 10–13

15 ZC3H12A other 9.56 × 10–13

16 RELB transcription regulator 1.20 × 10–12

17 CLEC7A transmembrane receptor 1.24 × 10–12

18 IL10RA cytokine receptor 1.24 × 10–12

19 MAP2K3 kinase 1.32 × 10–12

20 DUSP10 phosphatase 1.53 × 10–12

Expected regulatory effect: italics, upregulation; bold, downregulation; regular, 
inconsistent.
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the top 20 predicted upstream regulators of  our polyfunctional gene signature (Table 1). IL-27 was the 
only cytokine present in this list (P = 4.86 × 10–13, Table 1), and Ingenuity Pathway Analysis showed 
that the expression of  8 of  the 14 genes contained in the polyfunctional gene signature are regulated 
by IL-27, either directly (n = 6) or indirectly through STAT1 (n = 2) (Figure 6A). IL-27 is produced by 
antigen-presenting cells early after activation (16) and plays a key role in initiating Th1 differentiation 
of  CD4+ T cells (17–19). In particular, IL-27 signaling has been found to regulate cytokine production 
by Th1 CD4+ T cells in Leishmaniasis (20), tuberculosis (21), and malaria (22–24). More recently, 
IL-27–producing CD4+ T cells have been directly implicated in the regulation of  protective immunity to 
P. berghei infection in mice (25). To investigate the potential role of  IL-27 in the generation of  polyfunc-
tional T cells, purified CD4+ T cells from healthy volunteers were in vitro Th1 polarized as previously 
described (26), in the presence or absence of  recombinant IL-27. The presence of  IL-27 significantly 
increased the frequency of  triple positive CD4+ T cells (average fold change = 2.54, P = 0.0079) but not 
IFN-γ single positive CD4+ T cells (average fold change = 1.16, P = 0.547), nor total IFN-γ–producing 
CD4+ T cells (average fold change 1.21, P = 0.569) (Figure 6B).

Figure 4. Gene expression profile of P. falciparum–reactive IFN-γ single positive 
versus IFN-γ/IL-2/TNF-α triple positive CD4+ T cells, determined by microarray 
analysis. Whole blood was collected 4 weeks after infection with P. falciparum 
and in vitro stimulated with Pf prbc parasite antigen extract overnight, and cyto-
kine-producing CD4+ T cells were sorted using a 3-color polyfunctional cytokine 
secretion assay. Gene expression of mRNA pools from sorted IFN-γ single positive 
(1+) CD4+ T cell and IFN-γ/IL-2/TNF-α triple positive (3+) CD4+ T cell populations 
was determined using an Affymetrix Human Gene ST 2.0 gene array. (A) Differen-
tially expressed genes (fold change >2) between IFN-γ single positive CD4+ T cell 
and IFN-γ/IL-2/TNF-α triple positive CD4+ T cell populations. (B) Gene category of 
differentially expressed genes between IFN-γ single positive and IFN-γ/IL-2/TNF-α 
triple positive CD4+ T cells determined using GO criteria. (C) GO functions and GO 
processes significantly enriched within the set of differentially expressed genes 
determined using the STRING database (corrected P < 0.01). Data derived from 2 
independent microarray experiments with 4 independent volunteers per array.
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Discussion
In this study, we present evidence 
that polyfunctional CD4+ T cells are 
induced during experimental blood-
stage malaria infection in naive vol-
unteers in a parasite dose-dependent 
manner and are molecularly distinct 
from monofunctional CD4+ T cells. 
This positive association between 
antigen load and the generation of  
polyfunctional IFN-γ/IL-2/TNF-α 
CD4+ T cells is consistent with oth-
er reports on malaria (7) and tuber-
culosis (27). It has been shown, 
however, that a very high antigen 
dose can drive the opposite effect, 
with fewer polyfunctional T cells 
generated (2). Thus, the amplitude 
of  polyfunctional T cell responses 
appears to be tightly controlled by 
the antigen load. The duration of  
exposure might also affect T cell 
quality, but unfortunately this could 
not be assessed here, as all the vol-
unteers in our study were exposed 
to P. falciparum for a similar period.

We observed that polyfunctional 
T cells had higher expression per cell 
of  cytokines, as well as higher levels 
of KLRG1, compared with mono-
functional T cells. KLRG1 expres-
sion in circulating T cells is restricted 
to antigen-experienced cells (14) and 
is, thus, often used as a marker of T 
cell differentiation. Therefore, the 
degree of cytokine polyfunctionality 
might reflect distinct differentiation 
states within T cell populations, with 
triple positive polyfunctional T cells 
more differentiated compared with 
double positive or monofunctional 
cytokine-producing T cells.

We also report the first analysis of  the transcriptomic profile of  polyfunctional human CD4+ T cells 
compared with IFN-γ monofunctional CD4+ T cells. Using a model of  experimental P. falciparum infection 
in naive volunteers, as well as Influenza vaccination of  healthy volunteers, we show that IFN-γ/IL-2/TNF-α 
triple positive and IFN-γ single positive CD4+ T cells exhibit unique transcriptomic profiles, providing the 
first evidence that molecular differences exist between cells with distinct Th1 cytokine polyfunctionality 
and potentially associated with distinct functions. Moreover, we show that the transcriptomic signature of  
polyfunctional T cells is largely conserved between pathogens.

The P. falciparum polyfunctional gene signature comprised 14 genes that were associated with 
immune response to infection, cytokine signaling, and lymphocyte chemotaxis; none of  these genes 
have been previously associated with polyfunctional T cells. Many of  these genes are also associated 
with neutrophil chemotaxis (IL-1B, CCL8, TNF-α, PTGS2, AQP9, FPR1; refs. 28–32) and activity 
(LYZ, CTSL1, IL-6; refs. 33–35), suggesting that polyfunctional CD4+ T cells may be involved in the 

Figure 5. Differential gene expression profile between IFN-γ single positive and IFN-γ/IL-2/TNF-α triple 
positive CD4+ T cells with P. falciparum or Influenza reactivity determined by multiplex qPCR. Fold change 
in gene expression between IFN-γ single positive and IFN-γ/IL-2/TNF-α triple positive CD4+ T cells that were 
reactive to P. falciparum (left) or Influenza (right). P. falciparum–reactive CD4+ T cells were isolated after in 
vitro stimulation, with Pf prbc parasite antigen extract overnight of whole blood samples collected from 5 
volunteers at 4 weeks following experimental infection with P. falciparum blood stage. Influenza-reactive CD4+ 
T cells were isolated after Influenza peptide stimulation of whole blood collected from 5 healthy volunteers at 5 
weeks following immunization with seasonal Influenza trivalent vaccine. Cytokine-producing CD4+ T cells were 
isolated using a 3-color polyfunctional cytokine secretion assay, and the expression of 37 genes selected from 
the Affymetrix microarray analysis was determined by multiplex qPCR (Fluidigm Biomark HD system). Fold 
change in gene expression between IFN-γ single positive and IFN-γ/IL-2/TNF-α triple positive CD4+ T cells was 
determined by the ddCt method. (A) Genes upregulated in both P. falciparum–reactive and Influenza-reactive 
IFN-γ/IL-2/TNF-α triple positive CD4+ T cells. (B and C) Genes upregulated only in P. falciparum–reactive or 
Influenza-reactive IFN-γ/IL-2/TNF-α triple positive CD4+ T cells, respectively. (D) Genes with no consistent gene 
expression across individuals for both antigens.
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recruitment and activation of  neutrophils to participate in the 
host response to infection (36). Interestingly, the polyfunctional 
gene signature did not contain any genes coding for transcription 
factors, suggesting the process of  differentiation of  CD4+ T cells 
into a polyfunctional state may be the result of  the integration 
of  external stimuli, such as cytokine signaling, rather than inter-
nal genetic reprogramming. A previous study from Han et al.  
is consistent with this hypothesis, showing that the production 
of  IFN-γ, IL-2, and TNF-α in primary human CD4+ T cells is 
dynamically regulated after activation through reversible epi-
genetic reprogramming events (37). Thus, we predict that the 

comparison of  the epigenome of  polyfunctional versus monofunctional CD4+ T cells will give useful 
information into the molecular mechanisms controlling the generation of  polyfunctional T cells.

Importantly, the polyfunctional gene signature identified in P. falciparum–reactive polyfunctional CD4+ 
T cells was predominantly conserved in Influenza-reactive polyfunctional CD4+ T cells, suggesting that 
polyfunctional T cells have intrinsic characteristics independent of  antigen specificity. This implies that 
the function of  polyfunctional T cells and the mechanisms driving their generation might be conserved 
between different disease states. These data further support our proposal that polyfunctional CD4+ T cells 
and monofunctional CD4+ T cells are molecularly distinct and, thus, are driven by distinct transcription-
al programs beyond the cytokines on which their functional profile is determined. The differential gene 
expression observed between P. falciparum– and Influenza-reactive polyfunctional T cells (Figure 5, B and 
C) might reflect prior exposure to each pathogen (all malaria volunteers were malaria naive, whereas the 
Influenza vaccine volunteers had been vaccinated in previous years and their natural exposure is unknown). 
Alternatively, in addition to a core polyfunctional gene signature common to both P. falciparum and Influenza, 
polyfunctional T cells may also present gene expression profiles relevant to specific pathogens. Indeed, this 
would be consistent with the fact that different pathogens can require distinct immune functions for their 
control. Finally, we cannot exclude the possibility that some of  the differences may be due to the heteroge-
neous (polyclonal) origins of  our samples. This could be addressed by using a clonal cell model such as the 
one used by Almeida et al. to identify determinants of  CD8+ T cell polyfunctionality (38).

Previous studies have suggested that the presence of  polyfunctional T cells is correlated to better 
disease control, leading vaccinologists to speculate on the mechanisms driving the generation of  these 
cells. Herein, exploring upstream regulators of  the polyfunctional gene signature with in silico pathway 
analysis, we identified IL-27 as a potential driver of  polyfunctional CD4+ T cell generation. Using an in 
vitro accessory-cell–free model, we found that exogenous IL-27 preferentially drove the generation of  
polyfunctional CD4+ T cells over IFN-γ monofunctional CD4+ T cells. These findings give valuable pre-
liminary insights into the molecular mechanisms driving the generation of  polyfunctional T cells. IL-27 
is produced by antigen-presenting cells early after activation (16) and plays a key role in initiating Th1 
differentiation of  CD4+ T cells (17-19). In particular, IL-27 signaling has been found to regulate cytokine 
production by Th1 CD4+ T cells (22–24), and more recently, IL-27–producing CD4+ T cells have been 
implicated in the regulation of  protective immunity in mouse malaria (25). However, our study is the 
first to associate IL-27 with the generation of  polyfunctional CD4+ T cells. Future studies using in vivo 
models will be necessary to confirm this hypothesis.

Figure 6. Positive association of IL-27 with the generation of poly-
functional T cells. (A) Direct (red) and indirect (green) interactions 
between IL-27 and the genes differentially regulated between IFN-γ 
single positive and IFN-γ/IL-2/TNF-α triple positive CD4+ T cells deter-
mined by Ingenuity Pathway Analysis. (B) Fold change in total IFN-γ, 
IFN-γ single positive, and IFN-γ/IL-2/TNF-α triple positive CD4+ T cells 
in the presence or absence of 200 ng/ml of recombinant human IL-27 
during in vitro Th1 polarization of CD4+ T cells isolated from healthy 
volunteers. Cytokine production was measured by intracellular cytokine 
staining after PMA/ionomycin restimulation for 4 hours. Graph shows 
mean from 8 individuals from 3 independent experiments. *P > 0.05 
(Wilcoxon test). Error bars indicate ±SD.
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The present study was limited to the study of  polyfunctional CD4+ T cells. No induction of  polyfunc-
tional CD8+ T cells was observed in our P. falciparum blood-stage experimental infection model (data not 
shown), but it would be of  interest to investigate whether the polyfunctional gene signature we identified 
herein also associates with CD8+ T cells. Additionally, herein, we focused on the molecular profiling of  
polyfunctional T cells expressing the 3 major Th1 cytokines IFN-γ, IL-2, and TNF-α. However, T cells are 
able to produce a multitude of  other cytokines, so it would be important to determine whether our Th1 
polyfunctional gene signature is conserved across T cells with distinct cytokine polyfunctionality.

In conclusion, this study provides direct evidence that T cells with distinct Th1 cytokine polyfunction-
ality present unique molecular profiles. Using a newly developed assay to isolate viable polyfunctional T 
cells (13), we identified a core transcriptomic signature in Th1 polyfunctional CD4+ T cells associated with 
immune activation, cytokine signaling, and lymphocyte chemotaxis that appears to be largely pathogen 
independent, supporting an important role for these cells in immune defense. This study also provides a 
methodological framework that could be applied to study any T cell subset of  a given cytokine polyfunc-
tionality and antigen specificity. Taken together, our results provide a unique foundation for further studies 
on polyfunctional T cells, which have been implicated in protective immunity against bacterial, viral, and 
parasitic pathogens.

Methods
Study design. Healthy malaria-naive individuals were i.v. inoculated with 1,800 viable P. falciparum 3D7 par-
asitized erythrocytes and treated with antimalarial drugs at 7–8 days after infection. Inoculum preparation, 
volunteer recruitment, infection, monitoring, and treatment were performed as described previously (39). 
Blood samples were collected prior to infection, 7 days after infection, and 4 weeks after infection (corre-
sponding to 3 weeks after treatment). Additionally, we collected blood samples from 5 healthy volunteers 5 
weeks after immunization with the seasonal Influenza trivalent vaccine (Fluvax 2014 or Fluvax 2015, Seqi-
rus) under informed consent and approval of  the QIMRB-Human Research Ethics Committee. Peripheral 
blood collected in Lithium Heparin vacutainers (BD Biosciences) was used directly for in vitro stimulation 
assays, or PBMCs were isolated using standard Ficoll density gradient centrifugation.

Determination of  parasite-level kinetics and overall parasite burden. Parasite levels over the time course 
of  infection were determined using a consensus P. falciparum species-specific qPCR assay as previously 
described (39). Parasite levels were assessed once daily until day 4 after  infection and then twice daily 
until treatment. All samples were batch tested in triplicate together after each study completion. The total 
parasite burden within the first 7 days of  infection was defined as the AUC of  the transformed parasite 
levels over the time course of  infection using the trapezoidal rule. The limit of  detection by qPCR was 64 
parasites/ml (39).

Generation of  a P. falciparum–infected rbc extract (Pf  rbc). Red blood cells and plasma from O+ blood group 
human donors were obtained from the Australian Red Cross. P. falciparum 3D7 from the same GMP culture 
used for the in vivo experimental infection studies was cultured at 5% haematocrit in complete media (RPMI 
1640 containing phenol red supplemented with 10% plasma and 50 mg/l Gentamicin; Sigma-Aldrich) in 60 
mm × 15 mm petri dishes with a working volume of  10 ml. In order to mimic the in vivo anaerobic condi-
tions for optimal parasite growth, petri dishes were stacked into a hermetic chamber that was filled daily with 
a gas mixture containing 2% O2, 5.5% CO2, and 92.5% N2. Used media was removed by decanting, and fresh 
media was added to the culture every day. Fresh autologous rbcs were added every 2–3 days. Parasitemia 
was determined daily with a thin smear and Diff  Quick staining kit (Thermo Fisher Scientific) according 
to the manufacturer’s instructions. The culture was expanded for 10 days and stopped once the parasitemia 
reached 4%. The parasitized rbcs were isolated from the whole culture using magnetic sorting (CS column 
and VarioMACS; both from Miltenyi Biotec) according to the manufacturer’s instructions. The concentra-
tion of  packed rbc (prbc) in the final eluate was 60%. Cells were adjusted to 2 × 108 prbc/ml, diluted 1:2 
with 30% Glycerol in PBS (for a final concentration of  1 × 108 prbc/ml), and aliquoted into cryovials before 
storage into liquid nitrogen.

Intracellular cytokine staining. Whole blood (300 μl) was diluted 2:1 (v/v) in RPMI 1640 containing 
25 mM Hepes (Thermo Fisher Scientific) and 2 mM L-glutamine (Invitrogen), and it was supplemented 
with 10 units/ml of  Penicillin (Invitrogen) and 10 μg/ml of  Streptomycin (Invitrogen). It was cultured in 
polypropylene sterile capped tubes, in the presence of  Pf rbc at 1 × 106 prbc/ml or equivalent cell number 
of  uninfected rbc extract, along with costimulatory antibodies anti–human CD28 and anti–human CD49d 
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at 1 μg/ml (BD Biosciences). Cultures were incubated for 20 hours at 37°C, in an atmosphere of  5% CO2. 
Brefeldin A at 1 μg/ml (GolgiPlug, BD Biosciences) was then added and culture reincubated for a further 
4 hours at 37°C, 5% CO2. At the end of  stimulation, rbcs were lysed and lymphocytes were fixed simul-
taneously with BD Lyse/Fix solution (BD Biosciences), followed by lymphocyte permeabilization using 
BD Perm 2 solution (BD Biosciences) according to the manufacturer’s instructions. Cells were then stained 
with 50 μl of  an antibody cocktail containing anti–human CD4-APC (BD Biosciences), anti–human CD8-
APC-H7 (BD Biosciences), anti–human KLRG1-PE (BioLegend), anti–human IFN-γ-FITC (BD Biosci-
ences), anti–human IL-2-AF700 (BioLegend), and anti–human TNF-PE-Cy7 (BD Biosciences) at previ-
ously determined optimum dilution, along with 1 μl of  human Fc receptor blocking solution (Human 
TruStain FcX, BioLegend) for 30 minutes at room temperature. It was washed and resuspended in buffer 
(PBS with 0.5% BSA and 2 mM EDTA) until acquisition. Further details on antibody clones are available 
in Supplemental Table 2. Acquisition was performed with BD LSR Fortessa 4 (BD Biosciences) and DIVA 
software. Boolean gates and cytokine positive cell frequencies were determined with FlowJo. Background 
was determined as the frequency of  cytokine positive T cells after uninfected rbc extract stimulation. Poly-
functionality index was calculated as previously described (40).

Three-color polyfunctional cytokine secretion assay. Whole blood (3 ml) was diluted 2:1 (v/v) in RPMI 1640 
containing 25 mM Hepes and 2 mM L-glutamine, and it was supplemented with 10 units/ml of  penicil-
lin (Invitrogen) and 10 μg/ml of  Streptomycin (Invitrogen) and cultured in 6-well plates, in the presence 
of  1 × 106 prbc/ml P. falciparum–infected rbcs extract (Pf rbc) or a pool of  synthetic Influenza peptides (5 
μg/ml each of  9-mer peptides derived from Influenza matrix protein epitope [residues 58–66]and Influenza 
nucleoprotein epitope [residues 265–274] obtained from Mimotopes Pty Ltd; both peptides are known 
to induce CD4+ T cell responses in healthy individuals [data not shown], consistent with other reports; 
ref. 41) together with 1 μg/ml of  costimulatory antibodies anti–human CD28 and anti–human CD49d 
(both BD Biosciences; antibody catalog numbers listed in Supplemental Table 2). Cultures were incubated 
overnight (Pf rbc stimulation) or for 6 hours (peptide stimulation) at 37°C in an atmosphere of  5% CO2. 
Following whole blood stimulation, the 3-color polyfunctional cytokine secretion assay was performed as 
previously described (13). IFN-γ-FITC, IL-2-PE, and TNF-APC cytokine secretion assay detection kits 
were purchased from Miltenyi Biotec. Briefly, rbcs were lysed with a hypotonic solution (1.55 M NH4Cl, 
0.1 M NaHCO3 and 0.5 M EDTA adjusted to pH 7.3) for 10 minutes at room temperature under contin-
uous rotation (0.05 g) using a rotary tube mixer. Cells were washed twice in cold wash buffer (PBS with 
0.5% BSA and 1 mM EDTA), resuspended in 100 μl of  cocktail containing 20 μl of  each catch antibody 
reagent (Miltenyi Biotec) and incubated for 5 minutes on ice. Cells were resuspended in 5 ml of  prewarmed 
media (media used for whole blood antigen stimulation supplemented with 5% AB human serum; Sig-
ma-Aldrich) and incubated for 1 hour at 37°C under continuous rotation (0.05 g) using a rotary tube mixer. 
Immediately after this, cells were put on ice for 1 minute and rinsed twice with 5 volumes of  cold wash 
buffer followed by a centrifugation at 300 g and 4°C for 10 minutes. Cells were then resuspended into 100 
μl of  cocktail containing 20 μl of  each cytokine detection antibody reagent, together with 20 μl of  anti–
human CD4-V500 and 2 μl of  anti–human CD8-APC-H7 antibodies (both from BD Biosciences) and 2 μl 
of  anti–human CD14-PE Texas Red (Beckman Coulter). Further details on antibody clones are available 
in Supplemental Table 2. Cells were incubated for 10 minutes on ice in the dark; rinsed with 10 volumes 
of  cold wash buffer, followed by a centrifugation at 300 g and 4°C for 10 minutes; resuspended into 500 
μl of  cold wash buffer; and stored at 4°C in the dark. Immediately prior to sorting, 1 μg/ml of  propidium 
iodide (PI, Sigma-Aldrich) was added to allow for assessment of  viability. Cells were sorted using a BD 
Aria III cell sorter (BD Biosciences) directly into 75 μl of  RLT lysis buffer (Qiagen) supplemented with 1% 
of  2-mercaptoethanol (Sigma-Aldrich), and cell lysates were stored at –70°C. Cytokine-producing CD4+ T 
cells were gated as PI–/CD14–/CD8–/CD4+ cells.

Microarray analysis. mRNA was extracted from freshly thawed cell lysates using the RNEasy micro 
kit (Qiagen) according to the manufacturer’s instructions and stored at –70°C. mRNA samples were 
sent to the Ramaciotti Centre (University of  NSW, Sydney, Australia) for quality control and microar-
ray services. Sample quality was assessed using the total RNA pico assay and the 2100 Bioanalyz-
er (Agilent Technologies). Pooled mRNA samples were obtained by mixing mRNA samples obtained 
from 4 volunteers (2 independent experiments of  4 volunteers each) and probed onto an Affymetrix 
Human Gene ST 2.0 gene array with preamplification. Hybridization results were analyzed using the 
software Gene Spring (Agilent Technologies), and data were normalized with the Robust Multi-array 
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Average (RMA) approach (42). Fold changes in gene expression were calculated with GeneSpring ver-
sion 12 (Agilent Technologies), and differentially expressed genes were defined using an absolute fold 
change higher than 2 as a significant cut-off. Gene Ontology (GO) enrichment analysis was determined 
with STRING (43). The data discussed in this publication have been deposited in NCBI’s Gene Expres-
sion Omnibus (GEO; GSE93664).

High-throughput multiplex qPCR. mRNA was extracted from freshly thawed cell lysates using the 
RNEasy micro kit (Qiagen) according to the manufacturer’s instructions. cDNA was synthesized using 
oligo-dT and Superscript III RT (Invitrogen) according to the manufacturer’s instructions. Forward and 
reverse primers for each of  the 37 selected genes for validation and 4 reference genes were designed 
using the online software Primer 3 Plus and synthesized by Integrated DNA technologies (primers 
sequences available in Supplemental Table 3). Specificity of  the primers was verified using the melting 
curve analysis and by running each PCR product on a 2% agarose gel. Specific target amplification 
was performed with Taqman PreAmp master mix (Invitrogen) and a pool of  the 41 designed primers 
according to the “Fast gene expression analysis using EvaGreen on the Biomark HD system” protocol 
(Fluidigm Corporation). qPCR was performed using SsoFast EvaGreen Supermix with Low ROX (Bio-
Rad), the 48 × 48 gene expression IFC dynamic array chip, the IFC mX controller, and the Biomark 
HD system (all from Fluidigm Corporation) according to the “Fast gene expression analysis using Eva-
Green on the Biomark HD system” protocol (Fluidigm Corporation). Cycling conditions used were: 
hot start 2 minutes at 95°C, 40 cycles of  95°C for 15 seconds and 60°C for 1 minute, followed by a 
melting curve. Ct values were determined using the Fluidigm Real-Time PCR Analysis software (Flui-
digm Corporation). Fold changes were calculated using the ddCt value method (44). Hierarchical gene 
clustering with Pearson correlation and average-link clustering was done with Multi Experiment Viewer 
(http://mev.tm4.org/) (45).

In vitro generation of  polyfunctional T cells. CD4+ T cells were isolated from fresh PBMC using human 
anti-CD4 microbeads (Miltenyi Biotec) and the “possel” program from AutoMACS Pro separator 
(Miltenyi Biotec), cultured at 1 × 106 to 2 × 106 cells/ml in medium RPMI 1640 containing 25 mM 
Hepes, 2 mM L-glutamine supplemented with 10 units/ml of  penicillin, 5% human AB serum (Sig-
ma-Aldrich), recombinant human IL-2 and recombinant human IL-12 at 10 ng/ml (Prospec), and — 
when applicable — recombinant human IL-27 (Biolegend) at 200 ng/ml for 2 weeks at 37°C, 5% CO2. 
Cells were first stimulated for 1 week with plate-bound anti–human CD3 (BioLegend) and anti–human 
CD28 (BD Biosciences) antibodies at 1 μg/ml and 2 μg/ml, respectively, rested for 5 days, and restim-
ulated for 2 days with plate-bound antibodies. Medium was changed every 2–3 days and culture split 
when cell concentration was higher than 5 × 106 cells/ml. After 2 weeks, cells were restimulated with 
PMA 5 ng/ml (Sigma-Aldrich) and Ionomycin 500 ng/ml (Sigma-Aldrich) along with Brefeldin A at 1 
μg/ml (Golgi Plug, BD Biosciences) for 4 hours at 37°C, 5% CO2. Cells were then stained with surface 
antibodies anti–human CD4-BV510 (BioLegend), anti–human CD8-APC-H7 (BD Biosciences), and 
live/dead eF450 fixable dye (eBiosicence), fixed with 1% PFA and stained with intracellular antibod-
ies anti–human IFN-γ-FITC (BD Biosciences), anti–human IL-2-AF700 (BioLegend), and anti–human 
TNF-PE-Cy7 (BD Biosciences) in BD Perm/Wash (BD Biosciences). Acquisition was performed using 
BD LSR Fortessa 4 (BD Biosciences).

Statistics. Statistical analyses were performed using GraphPad Prism Software (version 6). Normality 
was assessed using D’Agostino and Pearson Omnibus normality test and showed the datasets were not 
normally distributed. Therefore, paired datasets were compared using the nonparametric Wilcoxon test, 
while unpaired datasets were compared using the nonparametric Mann Whitney test. P values less than 
0.05 were considered significant. Correlation between datasets was determined using the nonparametric 
Spearman’s correlation test.

Study approval. Experimental infection of  malaria-naive healthy volunteers was undertaken at QPharm 
Pty Ltd (Brisbane, Australia; clinical trial numbers ACTRN12612000814875, ACTRN12613000565741, 
and ACTRN12613001040752), with written informed consent and approval of  the QIMR Berghofer Med-
ical Research Institute Human Research Ethics Committee (QIMRB-HREC).
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