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SUMMARY

Cerebral malaria is a deadly complication of Plasmodium infection and involves blood brain 

barrier (BBB) disruption following infiltration of white blood cells. During experimental cerebral 

malaria (ECM), mice inoculated with Plasmodium berghei ANKA-infected red blood cells 

develop a fatal CM-like disease caused by CD8+ T cell-mediated pathology. We found that 

treatment with interleukin-15 complex (IL-15C) prevented ECM, whereas IL-2C treatment had no 

effect. IL-15C-expanded natural killer (NK) cells were necessary and sufficient for protection 

against ECM. IL-15C treatment also decreased CD8+ T cell activation in the brain and prevented 

BBB breakdown without influencing parasite load. IL-15C induced NK cells to express IL-10, 

which was required for IL-15C-mediated protection against ECM. Finally, we show that ALT-803, 

a modified human IL-15C, mediates similar induction of IL-10 in NK cells and protection against 
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ECM. These data identify a regulatory role for cytokine-stimulated NK cells in the prevention of a 

pathogenic immune response.

In Brief

NK cells can display both pro-inflammatory and regulatory function, but their role in the 

pathogenesis of malaria is not fully understood. Burrack et al. demonstrate that IL-15 complex 

(IL-15C) therapy prevents mice from succumbing to experimental cerebral malaria (ECM). 

IL-15C treatment stimulates NK cells to produce IL-10, suppressing the pathogenic CD8+ T cell 

response during ECM.

INTRODUCTION

A successful response to infection requires controlled, coordinated efforts by multiple cells 

of the immune system without causing an overly robust immune response that damages the 

host. While populations such as CD4+ regulatory T (Treg) cells have been well characterized 

for their ability to restrain immune responses, other components of the immune system can 

also exert immunosuppressive actions with suitable stimulation. For example, natural killer 

(NK) cells, which are chiefly perceived as a population dedicated to promoting early 

inflammatory responses, can also substantially restrain CD4+ and CD8+ T cell responses 

through cytotoxic activity or production of immunosuppressive cytokines (Biron, 2012; 

Crome et al., 2013; Crouse et al., 2015; Welsh and Waggoner, 2013). However, how NK 

cells acquire immunosuppressive function or whether these cells can be induced 

therapeutically is less clear.

Cytokines strongly influence the intensity and duration of immune responses, and these 

effects can be magnified using cytokine complexes: cytokines combined in vitro with either 

specific antibodies or presenting receptors. Studies in our laboratory and others have shown 

that treatment with cytokine complexes can have robust effects on immune cells that 

enhance the normal biological activity of the cytokine due to both increased half-life and 
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strengthened signal on target cells (Boyman et al., 2006; Hamilton et al., 2010; Rubinstein et 

al., 2006). For example, complexes containing interleukin 2 (IL-2) and IL-15 induce 

expansion of CD8+ T cells and NK cells, and treatment of mice with these complexes can 

protect against bacterial and viral pathogens, as well as promote the control of tumors 

(Epardaud et al., 2008; Hamilton et al., 2010; Verdeil et al., 2008; Votavova et al., 2014). 

However, less is known about whether these cytokine complexes can be used to restrain 

damaging immune responses and how that process might occur. Here, we tested this 

possibility by exploring the capacity of cytokine complex stimulation to inhibit a well-

characterized model of T cell-mediated immunopathology: experimental cerebral malaria 

(ECM).

Cerebral malaria (CM) is a deadly complication of Plasmodium infection that kills 

approximately 500,000 people each year, mostly children under the age of 5 (WHO, 2016). 

The pathogenesis of CM remains incompletely understood but is known to involve 

sequestration of Plasmodium-infected erythrocytes within the microvasculature of the brain 

and white blood cell infiltration, leading to disruption of the blood brain barrier (BBB), 

edema, and hemorrhaging (Hora et al., 2016; Storm and Craig, 2014). There are no 

adjunctive therapies currently available for CM patients, and resistance to available malaria 

drugs is rising (WHO, 2016).

In ECM, C57BL/6 mice inoculated with Plasmodium berghei ANKA (PbA)-infected red 

blood cells die within 5–10 days post-infection (dpi) from a CM-like disease (de Oca et al., 

2013). CD8+ T cells are the primary pathogenic effectors in the progression of ECM, and 

effector functions such as cytolysis and interferon-γ (IFN-γ) production are critical for 

ECM immunopathology (Belnoue et al., 2002; Nitcheu et al., 2003; Yañez et al., 1996). The 

role of NK cells is less clear: the capacity of NK cells to kill and produce IFN-γ might 

suggest that they would contribute to ECM pathology; however, findings that NK cells can 

restrain CD8+ T cell responses in some infectious disease settings (Welsh and Waggoner, 

2013) raised the possibility that, with appropriate activation, the immunosuppressive 

capacity of NK cells might be harnessed to control ECM.

Using the rapid and ultimately lethal response to infection in ECM as a model for 

immunopathology, we sought to investigate whether cytokine complexes could be used to 

modulate the immune response and ultimately provoke an immunosuppressive state to 

prevent ECM. Here, we show that treatment with IL-15 complexes (IL-15C), but not IL-2C, 

prevented the development of ECM. NK cells were necessary and sufficient for IL-15C-

mediated survival from ECM. Moreover, IL-15C treatment reduced the activation and 

functional response of malarial antigen-specific CD8+ T cells in the brain. IL-15C but not 

IL-2C induced IL-10 expression in NK cells, and NK cell-derived IL-10 rescued mice from 

ECM disease without affecting parasite load. Similar results were observed using a modified 

human IL-15C that is being evaluated in clinical trials for other conditions. These studies 

uncovered an important role for NK cells in the prevention of ECM and demonstrate the 

unique potential of IL-15C therapy to restrain a normally devastating immune response.
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RESULTS

IL-15C but Not IL-2C Protects against ECM

As ECM is an immunopathologic disease, we sought to modulate immune cell activation 

using cytokine complex therapy. We evaluated the influence of two γc-cytokine complexes 

on the development of ECM following PbA infection: IL-2C (IL-2 bound to the anti-IL-2 

S4B6 antibody) and IL-15C (IL-15 bound to an IL-15 receptor α-Fc fusion protein). We first 

treated mice prior to PbA infection (Figure S1) and found that prophylactic treatment with 

IL-15C but not IL-2C prevented lethal ECM in the majority of infected mice (Figure 1A). 

As prophylactic treatment has limited clinical relevance, we extended these studies to test 

whether therapeutic treatment with IL-15C was also effective. Indeed, 70% of PbA-infected 

mice treated therapeutically with IL-15C on days 2 and 3 pi (Figure S1) were protected from 

developing ECM (Figure 1B).

The ability of IL-15C treatment to prevent ECM might arise from enhanced clearance of 

infected red blood cells. However, blood parasitemia levels were not significantly altered in 

mice treated prophylactically or therapeutically with IL-15C compared with untreated mice 

(Figure 1C), similar to other studies that demonstrated no correlation between blood 

parasitemia levels and survival from ECM (Dende et al., 2015; Fauconnier et al., 2012; 

Gordon et al., 2015). Both CM and ECM are characterized by brain edema, which can be 

visualized in mice and humans via magnetic resonance imaging (MRI) techniques (Penet et 

al., 2005; Potchen et al., 2012), and survival from ECM is associated with reduced BBB 

breakdown in mice (Dende et al., 2015; Gordon et al., 2015). We sought to determine 

whether IL-15C-mediated survival from ECM was associated with reduced edema, as 

visualized by T2- and T1-weighted MRI’s on PbA-infected mice treated therapeutically with 

IL-15C or with phosphate-buffered saline (PBS) as a control. Similar to studies performed 

by others (Zhao et al., 2014), we found gadolinium enhancement within the olfactory bulb, 

ventricles, and meninges, and significantly increased hyperintensity volume in control 

treated PbA-infected mice compared with uninfected controls (Figures 1D and 1E). 

However, hyperintensity volume was no different between uninfected controls and IL-15C-

treated mice (Figures 1D and 1E). As a second measure of BBB leakage, FITC-albumin was 

injected prior to euthanasia. In control-treated PbA-infected mice, FITC-albumin 

localization in the brain was detected by histology (Figure 1F) and was significantly 

increased compared with uninfected mice (Figure 1G). In contrast, therapeutic IL-15C 

treatment prevented localization of FITC-albumin in the brain (Figures 1F and 1G). 

Together, these data suggest that IL-15C-induced survival from ECM is associated with 

reduced cerebral leakage rather than inhibition of parasite replication.

IL-15C- but Not IL-2C-Treated NK Cells Prevent the Development of ECM

Both IL-2C and IL-15C engage the signaling chains CD122 and CD132 and do not bind the 

α chains that normally distinguish these cytokines (Boyman et al., 2006; Ma et al., 2006; 

Votavova et al., 2014). Both complexes have also been reported to induce robust expansion 

of memory phenotype CD8+ T cells and NK cells (which express high levels of CD122) and 

augment protection against pathogens and tumors (Hamilton et al., 2010; Kamimura et al., 

2006; Rubinstein et al., 2006; Stoklasek et al., 2006; Tomala et al., 2009). Indeed, we 
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observed similar expansion of splenic NK and CD8+ T cells following treatment with either 

cytokine complex (Figures 2A and 2B); moreover, similar numbers of NK cells and CD8+ T 

cells were observed in the spleen and brain following either cytokine complex treatment on 

days 3 and 6 post-PbA infection (Figures S2A and S2B). Our earlier studies showed that 

prophylactic IL-2C treatment enhanced control of Listeria monocytogenes (LM), which 

involved both CD8+ T cell and NK cell activity (Hamilton et al., 2010). We observed a 

similar reduction in LM burden following treatment with IL-15C (Figure 2C). Hence, 

survival from ECM by IL-15C treatment does not reflect some generalized attenuation of the 

cellular immune response. Instead, we considered that either NK cells or CD8+ T cells in 

IL-15C-treated animals could interfere with ECM immunopathology. As CD8+ T cells 

contribute to ECM in PbA-infected mice (Howland et al., 2015a), we focused on the 

potential role of NK cells in protecting against ECM. Depletion of NK cells by 

administration of anti-NK1.1 monoclonal Ab resulted in complete loss of the protective 

effects of IL-15C treatment (Figure 2D), demonstrating that NK1.1-expressing cells are 

required for IL-15C-mediated survival from ECM. To complement these studies, we tested 

whether IL-15C-treated NK cells were sufficient to prevent ECM. NK cells enriched from 

the spleens of mice treated with IL-2C or IL-15C or left untreated were transferred into 

untreated mice, which were subsequently infected with PbA the next day. NK cell purity, 

including the absence of NKT and T cells, was confirmed by flow cytometry prior to 

adoptive transfer (Figures S2C and S2D). While recipients of NK cells from control and 

IL-2C-treated mice succumbed to ECM, animals that received NK cells from IL-15C-treated 

animals were protected against ECM (Figure 2E). Similar protection was induced by 

therapeutic adoptive transfer of NK cells from IL-15C-treated mice, on day 2 after PbA 

infection (data not shown). Adoptive transfer of purified CD8+ T cells from IL-15C-treated 

mice, in contrast, did not alter the progression of ECM (Figure 2E). Together, these data 

indicate that IL-15C-treated NK cells are both necessary and sufficient for protection against 

ECM.

IL-15C Treatment Does Not Substantially Diminish the Expansion or Brain Localization of 
PbA-Specific CD8+ T Cells

In some viral models, NK cells limit the CD8+ T cell response to antigen by mechanisms 

that include preventing CD4+ T cell help or antigen presenting cell function and the direct 

elimination of antigen-specific CD8+ T cells (Biron, 2012; Crouse et al., 2015; Welsh and 

Waggoner, 2013). As CD8+ T cells are pathogenic effectors in ECM, we hypothesized that 

IL-15C-stimulated NK cells were suppressing the CD8+ T cell response and thus preventing 

ECM development. To test this, we quantified the number of total and antigen-specific CD8+ 

T cells in the spleens and brains of PbA-infected mice that had or had not been treated with 

IL-15C. C57BL/6 mice generate a robust response to a CD8+ TCR epitope in the 

Plasmodium glideosome-associated protein 50 (GAP50) (Howland et al., 2013), so we used 

GAP5041-48/Db tetramers to identify antigen-specific CD8+ T cells. IL-15C treatment 

increased the frequency and total number of CD8+ T cells overall, resulting in an increase in 

the number of GAP50-specific CD8+ T cells in IL-15C-treated mice even though the 

frequency of GAP50-specific splenic CD8+ T cells was similar between untreated and 

IL-15C-treated mice at 6 dpi (Figures 3A–3C). These data indicate that IL-15C treatment 

does not result in deletion of CD8+ T cells in the spleens of infected mice. In the brain, the 
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frequency and number of total CD8+ T cells was similar between untreated and IL-15C-

treated mice, and while the frequency of GAP50-specific CD8+ T cells was significantly 

reduced in the brains of IL-15C-treated mice, the total number of these cells, although 

decreased, did not reach significance (Figures 3D–3F). Hence, these data argue that IL-15C 

treatment does not substantially reduce the magnitude of the antigen-specific CD8+ T cell 

response in the spleen or completely prevent the accumulation of these cells in the brain 

during PbA infection.

IL-15C Treatment Results in Decreased T Cell Activation and IFN-γ Production in the Brain

Although IL-15C treatment did not significantly decrease numbers of antigen-specific CD8+ 

T cells in the brains of PbA-infected mice on day 6 pi, we considered that there may be a 

reduction in the antigen-induced activation of those cells. To test this, we utilized Nr4a1GFP 

reporter mice: expression of Nur77 (encoded by Nr4a1) is directly proportional to the 

strength of TCR stimulation, thus GFP signal intensity is a readout for TCR stimulation 

intensity (Moran et al., 2011). During ECM, CD8+ T cells are thought to receive TCR 

stimulation in the microvessels in the brain when they detect specific peptide:MHC 

complexes on the surface of endothelial cells and/or monocytes (Howland et al., 2013, 

2015b; Swanson et al., 2016). We detected Nr4a1GFP expression in CD8+ T cells isolated 

from the brains (Figure 4A) but not spleens (data not shown) of PbA-infected mice at 6 dpi. 

In agreement with previous studies (Howland et al., 2015a), this suggests that after being 

initially activated in the spleen and trafficking to the brain, CD8+ T cells receive additional 

TCR signals that lead to pathology. Bulk and GAP50-specific CD8+ T cells isolated from 

the brains of IL-15C-treated mice showed significantly reduced Nr4a1GFP induction, as 

measured by mean fluorescence intensity (MFI) and the frequency of Nr4a1GFP+ cells, 

compared with CD8+ T cell populations isolated from the brains of untreated mice (Figures 

4A–4C). Additionally, the number of Nr4a1GFP+ GAP50-specific CD8+ T cells was 

significantly reduced in the brains of IL-15C-treated mice compared with untreated mice 

(Figure 4D). Since CD8+ T cell-mediated effector functions such as cytolysis and IFN-γ 
production are critical for ECM immunopathology (Belnoue et al., 2002; Nitcheu et al., 

2003; Yañez et al., 1996), we also explored the impact of IL-15C treatment on cytokine 

expression using IfngYFP reporter mice (Reinhardt et al., 2009). Again, we found that, 

compared with untreated mice, IL-15C-treated mice had significantly reduced frequencies of 

IfngYFP+ total and GAP50-specific CD8+ T cells and reduced IfngYFP MFI of IfngYFP+ 

cells, although the total number of IfngYFP+ cells was not different between the groups 

(Figures 4E–4H). The reduction in IfngYFP MFI with IL-15C treatment was also observed in 

the spleen and blood (Figures S3A–S3C). Combined, these data show that IL-15C treatment 

results in reduced CD8+ T cell activation and cytokine production in the brain on day 6 pi.

IL-15C Treatment Induces IL-10 Expression by NK Cells

Despite the expectation that IL-2C and IL-15C treatments would have similar effects on NK 

cells, we found that IL-15C but not IL-2C provokes NK cells to develop immunoregulatory 

properties that control ECM. This was not due to differential survival of NK cells stimulated 

by IL-2C versus IL-15C, since both populations showed comparable maintenance following 

adoptive transfer (Figures S4A–S4C). Therefore, we investigated the differentiation state 

and gene expression characteristics of NK cells stimulated by IL-2C versus IL-15C 

Burrack et al. Page 6

Immunity. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment. Expression of activation and maturation markers (including KLRG1, CD11b, and 

CD27) were broadly similar on NK cells from IL-2C- and IL-15C-treated mice (Figures 

S4D and S4E), although we did observe some differences in expression of maturation 

markers that implied a higher frequency of less mature NK cells in the IL-15C-treated 

population (Chiossone et al., 2009). NK cells from IL-2C- and IL-15C-treated mice 

produced similar levels of IFN-γ following ex vivo stimulation with IL-12 and IL-18 on 

days 0 and 3 after PbA infection (Figure S4F). In addition, serum IFN-γ levels were not 

different between untreated, IL-2C-treated, and IL-15C-treated mice on day 5 pi (Figure 

S4G), indicating that IL-15C treatment does not hinder IFN-γ production during PbA 

infection.

For a more global and unbiased analysis of differences between IL-2C- and IL-15C-treated 

NK cells, we subjected these cells to RNA-seq analysis. As expected, there were relatively 

few substantial (≥2-fold) and significant changes in gene expression between the two groups 

(Figure 5A). Expression from two genes that encode cell surface markers CD43 and Ly-6A 

was found to differ between IL-2C- and IL-15C-treated NK cells, and we confirmed these 

findings at the protein level by flow cytometry (Figures S4H and S4I), although the potential 

functional significance of these changes is unclear. Strikingly, we observed strong induction 

of Il10 in NK cells from IL-15C- but not IL-2C-treated mice (Figure 5A). Since IL-10 

expression is difficult to detect by intracellular staining, we used Il10GFP reporter mice 

(Vert-X mice; Madan et al., 2009) to track Il10 expression following IL-2C or IL-15C 

treatment. NK cells from the spleen, blood, or brain of untreated or IL-2C-treated mice had 

minimal to no Il10GFP expression (Figure 5B). In contrast, more than half of splenic NK 

cells in IL-15-treated mice upregulated Il10GFP expression (Figure 5B). IL-15C treatment 

also resulted in Il10GFP expression by a small subset of CD8+ T cells while very little to no 

Il10GFP expression was detected in CD4+ T cells from any of the groups of mice (Figures 

S5A and S5B). Indeed, while some Il10GFP+ cells were detected among other lymphocyte 

subsets, including a small number of myeloid cells (data not shown), NK cells were the 

major population within Il10GFP+ cells in the spleen following IL-15C treatment (Figures 

S5C and S5D). Similarly, of the IL-10-expressing cells in the spleen, the largest number was 

NK cells (Figure S5E), suggesting that NK cells are a prominent source of the cytokine 

following IL-15C treatment.

IL-10 production by NK cells has been reported previously in the context of various 

systemic inflammatory infections (Maroof et al., 2008; Perona-Wright et al., 2009; Tarrio et 

al., 2014). Therefore, we next sought to investigate whether IL-10 is produced by NK cells 

following PbA infection. Very few NK cells in the spleen, blood, or brain were Il10GFP+ on 

day 3 pi (Figure 5C); however, the majority of NK cells in those tissues expressed Il10GFP 

on day 6 pi (Figures 5C and 5D), suggesting that the systemic inflammation during ECM 

induces NK cells to express IL-10 but that it is induced too late to prevent death. We then 

analyzed Il10GFP expression in NK cells from the spleen, blood, and brain of mice treated 

with IL-2C or IL-15C prior to PbA infection. The frequency and total number of Il10GFP+ 

NK cells in each tissue was significantly increased in the IL-15C-treated mice compared to 

untreated and IL-2C-treated mice on day 3 pi (Figures 5C and 5D), while by day 6 pi, the 

majority of NK cells in the spleen, blood, and brain from all of the groups expressed 

Il10GFP, although the total numbers of NK cells had declined considerably (Figure 5D). 
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These data indicate that IL-15C treatment induces IL-10-expressing NK cells prior to 

infection, while PbA infection itself can induce IL-10-expressing NK cells but only at late 

stages (6 dpi) of this rapidly progressing disease.

Human IL-15C Induces IL-10 Expression in Mouse and Human NK Cells and Protects Mice 
from ECM

IL-15C therapy is effective at controlling tumor growth in mice, and its potential use in 

humans has been proposed (Epardaud et al., 2008; Stoklasek et al., 2006). Indeed, ALT-803, 

a mutant IL-15N72D/IL-15Rα sushi domain-Fc fusion complex that is structurally similar to 

human IL-15C, has potent immune stimulatory function in various murine models and is 

currently in several clinical trials for treatment of hematological malignancies and solid 

tumors (Basher et al., 2016; Kim et al., 2016; Mathios et al., 2016; Rosario et al., 2016; Xu 

et al., 2013). Hence, we sought to determine whether our findings with mouse IL-15C would 

be mimicked by ALT-803 treatment. Treatment with either complex resulted in a similar 

increase in the frequency of splenic NK cells (Figure 6A) but ALT-803 treatment resulted in 

greater expansion of splenic lymphocytes, and the numbers of NK cells (Figure 6B) and 

CD8+ T cells (Figures S6A and S6B) was increased relative to IL-15C-treated animals. 

ALT-803 and IL-15C treatment produced similar frequencies of KLRG1+CD11b+ NK cells 

(Figure S6C), although there were differences in the patterns of CD11b and CD27 co-

expression (Figure S6D). ALT-803 and IL-15C treatments induced similar frequencies and 

numbers of IL-10-expressing NK cells (Figures 6C and 6D), and NK cells comprised the 

majority of Il10GFP+ cells in both IL-15C- and ALT-803-treated mice (Figures S6E and 

S6F). Furthermore, as for mouse IL-15C, therapeutic treatment using ALT-803 was able to 

prevent ECM in most PbA-infected mice (Figure 6E). Despite inducing more IL-10-

producing NK cells, ALT-803 treatment was slightly less efficacious than mouse IL-15C in 

protecting against ECM: this may relate to ALT-803 inducing greater expansion of CD8+ T 

cells (Figures S6A and S6B) (which may include pathogenic cells), but suboptimal dosing 

cannot be excluded. These data provide pre-clinical evidence that the human 

immunotherapeutic ALT-803 can control ECM.

These findings prompted investigation into whether human NK cells can also produce IL-10 

in response to cytokine stimulation in vitro. Previous studies showed that IL-12 and IL-21 

provoked IL-10 synthesis by proliferating mouse NK cells (Tarrio et al., 2014). Similarly, we 

found that human NK cells made IL-10 in response to ALT-803 (or free IL-15) but only in 

combination with IL-21 or with IL-12 and IL-21 (Figure 6F). Unlike our in vivo mouse 

studies, however, IL-2 was equally competent at cooperating with IL-12 and IL-21 to 

promote IL-10 production (Figure S6G). Nevertheless, these data indicate that human NK 

cells, like their mouse counterparts, can develop the ability to produce IL-10 in response to 

cytokine stimulation.

NK Cell-Derived IL-10 Is Required for IL-15C-Mediated Inhibition of ECM

Although our data suggested that IL-10 production was a hallmark of IL-15-stimulated NK 

cells, it was unclear whether IL-10 played a direct role in their protection against ECM. To 

address this, we first tested whether IL-10 expression was required for IL-15C-mediated 

protection from ECM. WT and Il10−/− mice were infected with PbA, then treated with 
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IL-15C therapeutically. As expected (Niikura et al., 2011), untreated WT and Il10−/− mice 

succumbed to ECM with similar kinetics. However, while WT mice treated with IL-15C 

were protected from ECM, this was not the case for IL-15C-treated Il10−/− mice (Figure 

7A), suggesting that IL-10 is essential for IL-15C-mediated protection from ECM. We 

observed no effect of IL-10 deficiency or IL-15C treatment on blood parasitemia (Figure 

S7A), suggesting that these effects relate to the development of cerebral malaria rather than 

changes in the infection per se. Since genetic deficiency of IL-10 might impact immune 

populations prior to infection, we also evaluated the effect of treating PbA-infected mice 

with IL-10R-blocking Ab during IL-15C therapy: 70% of these mice succumbed to ECM, 

whereas mice given a control Ab and IL-15C all survived ECM (Figure 7B). Once again, 

these differences in survival rates were not reflected in blood parasitemia (Figure S7B).

IL-10 acts on many cell types to restrain immune responses (Filippi and von Herrath, 2008). 

To investigate whether IL-10 acts directly on CD8+ T cells during ECM, we transferred 

polyclonal WT and IL-10Rβ-deficient CD8+ T cells into congenically disparate WT hosts, 

treated the recipients with IL-15C, and infected with PbA. While similar frequencies of 

donor WT and IL-10Rβ-deficient CD8+ T cells were found in the spleen on day 6 pi, the 

IL-10Rβ-deficient CD8+ T cells were significantly more abundant in the brain (Figure 7C). 

However, IFN-γ production was similar between the two donor populations (Figure S7G). 

These data suggest that IL-10R sensitivity by CD8+ T cells can directly impair their 

accumulation in the brain during ECM following IL-15C treatment but does not exclude 

potential effects of IL-10 on additional cell types or other CD8+ T cell functions during 

ECM.

It was still possible that NK cell production of IL-10 was a characteristic of IL-15C 

treatment but that this function was not required for NK cells to control ECM. We showed 

earlier that NK cells from IL-15C-treated mice could transfer protection against ECM 

(Figure 2E), offering an opportunity to test whether NK cell-derived IL-10 was important for 

their protective function. NK cells from IL-15C-treated WT or Il10−/− mice were transferred 

into WT recipients on day 2 post-PbA infection. Strikingly, while therapeutic transfer of WT 

NK cells protected against ECM, most PbA-infected mice receiving Il10−/− NK cells 

succumbed, similar to untreated controls (Figure 7D). Importantly, IL-15C treatment of 

Il10−/− mice induced similar expression of activation and maturation markers (Figures S7C–

S7F), and NK cell adoptive transfer had no effect on parasitemia levels (Figure S7G). Taken 

together, our results indicate that IL-15C induces IL-10 production by NK cells and that this 

function is essential for NK cell-mediated protection against ECM.

DISCUSSION

NK cells deploy the same effector functions (cytolysis and IFN-γ production) that CD8+ T 

cells use to induce ECM, and some studies have suggested that NK cells actively contribute 

to ECM (Hansen et al., 2007; Ryg-Cornejo et al., 2013), while others have suggested that 

NK cells play no role (Yañez et al., 1996). We found that IL-15C-treated NK cells were 

necessary and sufficient to mediate the effects of IL-15C therapy but that they did so without 

interfering with parasite load. Furthermore, we found that NK cells were the predominant 

population of IL-10-producing cells induced by IL-15C treatment, that both NK cells and 
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IL-10 were required for IL-15C-mediated protection against ECM, and that the capacity of 

IL-15C-treated NK cells to transfer protection depended on their ability to make IL-10.

Our finding that IL-2C treatment does not protect against ECM and also fails to induce 

IL-10 production by NK cells led us to reveal the key role of NK cell-produced IL-10 in 

control of the disease: the different effects of in vivo IL-2C and IL-15C treatments occurred 

despite the fact that the cytokine complexes are believed to signal through the same receptor 

chains and both lead to expansion of NK cells and memory phenotype CD8+ T cells 

(Boyman et al., 2006; Votavova et al., 2014). In vitro studies show that mouse NK cells 

stimulated to proliferate (by MCMV infection or culture with high doses of IL-2) make 

IL-10 in response to IL-12 or IL-21 (Tarrio et al., 2014), and our studies suggest that either 

IL-2 or IL-15 can cooperate with IL-21 and IL-12 to induce human NK cells to make IL-10. 

Why IL-15C but not IL-2C induces IL-10 expression in mouse NK cells in vivo is unclear, 

but it is possible that IL-15C uniquely promotes production of cytokines (such as IL-12 or 

IL-21) to act on proliferating NK cells, or that this difference reflects distinct 

pharmacokinetics of IL-2C and IL-15C. Further studies will be required to resolve this issue. 

Regardless, our data indicate that both mouse and human NK cells can be induced to 

produce IL-10 in response to cytokine stimulation, suggesting that human NK cells may also 

play immunoregulatory roles and could perhaps be harnessed for control of 

immunopathological diseases in humans.

A host-protective role for IL-10 in malaria has been proposed previously (Hunt and Grau, 

2003; Niikura et al., 2011). Indeed, CBA/J mice treated with recombinant IL-10 are 

protected from developing ECM 70% of the time (Kossodo et al., 1997), and ECM-resistant 

BALB/c mice develop ECM following treatment with IL-10R blocking Ab (Claser et al., 

2017). Moreover, BALB/c mice treated with anti-IL-10R Ab have an increased number of 

IFN-γ-producing T cells on day 6 pi (Claser et al., 2017). This is consistent with our 

findings that IL-15C-treated mice had reduced IFN-γ-expressing T cells in the spleen and 

brain on day 6 pi. Studies investigating the effect of co-infections on malaria pathogenesis 

have identified that co-infection skews the immune system, resulting in altered disease 

pathogenesis and immunity (Onkoba et al., 2016; Rénia and Potter, 2006). Mice co-infected 

with PbA and the non-lethal PbXAT strain or previously infected with the filarial parasite 

Litomosoides sigmodontis were protected from ECM, and this protection was lost in Il10−/− 

mice (Niikura et al., 2011; Specht et al., 2010). As a large proportion of NK cells from 

IL-15C-treated mice express IL-10, we hypothesized that IL-10 would be critical for 

IL-15C-mediated protection from ECM. Indeed, Il10−/− mice treated therapeutically with 

IL-15C and WT mice treated therapeutically with IL-15C and an IL-10R blocking Ab were 

not protected from ECM, indicating that IL-10 is required for IL-15C-mediated protection 

from ECM. Critically, we found that NK cells isolated from IL-15C-treated Il10−/− mice do 

not protect mice from ECM, indicating that NK cell-derived IL-10 is required for IL-15C-

mediated protection from ECM.

IL-10-producing NK cells have been identified following other systemic infections, 

including MCMV, LM, Leishmania donovi, and Toxoplasma gondii, in a pathway that 

involves IL-12 (Maroof et al., 2008; Perona-Wright et al., 2009; Tarrio et al., 2014). The 

impact of IL-10-producing NK cells on disease progression varies with the infection. During 
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experimental visceral leishmaniasis and LM infection, IL-10-producing NK cells inhibited 

resistance to infection, resulting in increased microbial burdens (Clark et al., 2016; Maroof 

et al., 2008). In contrast, during MCMV infection, IL-10-expressing NK cells protected mice 

from CD8+ T cell-mediated death (Lee et al., 2009). Our studies showed that IL-15C 

treatment did not diminish the magnitude of the PbA-specific CD8+ T cell response but did 

cause significantly reduced activation and IFN-γ production by these cells in the brain and 

spleen, suggesting a more nuanced effect.

IL-10 produced by IL-15C-treated NK cells could suppress T cells directly during ECM, 

either in the spleen during initial antigen encounter or in the brain vasculature as the CD8+ T 

cells traffic to and accumulate in that organ. As we did not detect IL-10 in the serum of 

IL-15C-treated PbA-infected mice (data not shown), we favor the hypothesis that IL-10 is 

acting locally in tissues such as the brain rather than systemically. We saw only a modest 

decrease in GAP50-specific CD8+ T cells in the brains of IL-15C-treated mice after ECM; 

but, in direct competition studies, we found a significantly increased proportion of IL-10Rβ-

deficient CD8+ T cells accumulate in the brain compared with WT CD8+ T cells, suggesting 

that CD8+ T cells are directly inhibited by IL-10. These experiments did not reveal increased 

IFN-γ production by IL-10Rβ-deficient CD8+ T cells, raising the possibility that IL-10 

could be directly inhibiting pathogenic functions beyond IFN-γ. Additionally, IL-10 could 

inhibit T cell activation indirectly by suppressing dendritic cell (DC) activation in the spleen 

early after infection. IL-10 decreases the expression of MHC and costimulatory molecules 

on antigen-presenting cells (Filippi and von Herrath, 2008). Moreover, NK cell-derived 

IL-10 has been shown to suppress IL-12 production from DCs in vitro (Perona-Wright et al., 

2009). Since PbA-specific CD8+ T cells are primed in the spleen by CD8α+ DCs (Lundie et 

al., 2008), reduced DC activation could contribute to the diminished CD8+ T cell activation 

seen on day 6 pi. Endothelial cells in the brain vasculature could also be affected by IL-10 

production from IL-15C-stimulated NK cells. Indeed, IL-10 signaling suppresses T cell 

stimulation by endothelial cells in vitro (Gleissner et al., 2007). In ECM, it has been 

hypothesized that endothelial cells present PbA peptides to CD8+ T cells in the vasculature 

of the brain, resulting in disruption of the BBB (Howland et al., 2015a; Swanson et al., 

2016). Thus, the reduced edema seen in IL-15C-treated mice could be a result of decreased 

endothelial cell-mediated presentation of PbA antigens to CD8+ T cells. However, the 

complete model by which pathogenic CD8+ T cells promote ECM is still being unraveled 

(Huggins et al., 2017; Shaw et al., 2015). Future studies will further investigate the 

mechanism by which IL-15C treatment results in reduced CD8+ T cell activation in the brain 

and the different cell types directly affected by IL-10.

Our data show that IL-15C can promote generation of IL-10-producing NK cells and protect 

against lethal ECM. Similar findings were also observed using a human IL-15 

“superagonist” complex (ALT-803), which is an engineered form of human mutant 

IL-15N72D/human IL-15Rα currently being tested in clinical trials for safety and efficacy in 

cancer therapies (Floros and Tarhini, 2015). Human NK cells have been shown to produce 

IL-10 (Park et al., 2011), and peripheral blood NK cells from patients with chronic viremia 

after HCV infection produced IL-10 following cell-mediated triggering (De Maria et al., 

2007).
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Our finding that IL-15C treatment can ameliorate pathogenic CD8+ T cell responses during 

PbA infection while also being able to promote bacterial control during LM infection 

suggests that appropriate use of such complexes may permit both enhancement and restraint 

of the immune response, with NK cells serving as important regulators in this process. This 

flexibility holds promise for the use of IL-15C in adjunctive therapies for human diseases, 

potentially including CM.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NK1.1 (clone PK136) BioLegend Cat#108739; RRID: AB_2562273

NKp46 (clone 29A1.4) BioLegend Cat#137611; RRID: AB_10915472

CD3ε (clone 17A2) BioLegend Cat#100217; RRID: AB_1595597

TCRβ (clone H57-597) eBioscience Cat#47-5961-82; RRID: AB_1272173

CD4 (clone RM4-5) BD Biosciences Cat#557956; RRID: AB_396956

CD8α (clone 53-6.7) BD Biosciences Cat#563332; RRID: AB_2721167

CD44 (clone IM7) BioLegend Cat#103044; RRID: AB_2650923

Ly-6A (clone D7) eBioscience Cat#12-5981-81; RRID: AB_466085

CD43 (clone 1B11) BioLegend Cat#121217; RRID: AB_528812

CD11b (clone M1/70) BD Biosciences Cat#565976; RRID: AB_2721166

CD27 (clone LG.7F9) eBioscience Cat#17-0271-81; RRID: AB_469369

KLRG1 (clone 2F1) TONBO Biosciences Cat#20-5893; RRID: AB_2621607

IFN-γ (clone XMG1.2) TONBO Biosciences Cat#60-7311; RRID: AB_2621871

CD45.2 (clone 104) BioLegend Cat#109813; AB_389210

Ter119 eBioscience Cat#25-5921-82; RRID: AB_469661

CD3ε (clone 500A2) BD Biosciences Cat#553239; RRID: AB_394728

NK1.1 (clone PK136) Bio X Cell Cat#BE0036

IL-10R (clone 1B1.3A) Bio X Cell Cat#BE0050

Bacterial and Virus Strains

Listeria monocytogenes-OVA Dr. Hao Shen, U of 
Pennsylvania

(Pope et al., 2001)

Chemicals, Peptides, and Recombinant Proteins

Mouse recombinant IL-15 eBioscience Cat#14-8153-80

Mouse recombinant IL-15Rα-Fc R&D Systems Cat#551-MR

Mouse recombinant IL-2 eBioscience Cat#14-8021-64

Recombinant Anti-IL-2 (S4B6) Bio X Cell Cat#BE0043-1

ALT-803 Altor Bioscience Corp Cat#ALT-803

Glutaraldehyde Calbiochem Cat#354400
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REAGENT or RESOURCE SOURCE IDENTIFIER

Hoescht Sigma-Aldrich Cat#B2261

Dihydroethidium Sigma-Aldrich Cat#37291

Percoll GE HealthCare Cat#17-0891-09

Streptavidin-APC ThermoFisher Cat#S868

Streptavidin-PE ThermoFisher Cat#S21388

Critical Commercial Assays

Mouse NK isolation kit II Miltenyi Biotec Cat#130-096-892

Foxp3 Fixation/Permeabilization Kit eBioscience Cat#00-5521-00

IFN-γ ELISA kit eBioscience Cat#50-173-21

Deposited Data

RNA-seq This paper GEO: 109586

Experimental Models: Organisms/Strains

C57BL/6 Charles River Laboratories C57BL/6NCrl

C57BL/6-Ly5.1 Charles River Laboratories B6.SJL-PtprcaPepcb/BoyCrl

Nr4a1GFP Dr. Kristin Hogquist (Moran et al., 2011)

IfngYFP The Jackson Laboratory JAX: 017581

Il10GFP The Jackson Laboratory JAX: 014530

Il10−/− The Jackson Laboratory JAX: 002251

Il10rb−/− The Jackson Laboratory JAX: 005027

Software and Algorithms

GraphPad Prism GraphPad Software, Inc. https://www.graphpad.com/

TopHat (Kim et al., 2013) http://cole-trapnell-lab.github.io/projects/tophat/

CuffLinks (Trapnell et al., 2010, 
2013)

http://cole-trapnell-lab.github.io/projects/cufflinks/

CummRbund (Goff et al., 2014) http://compbio.mit.edu/cummeRbund/

Other

Plasmodium berghei ANKA Dr. Susan Pierce, NIH N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Sara Hamilton Hart (hamil062@umn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All strains are on the C57BL/6 background: C57BL/6, C57BL/6-Ly5.1, Nr4a1GFP, 

IfngYFP, Il10GFP, Il10−/−, and Il10rb−/−. All experimental mice, both male and female, were 

8–12 weeks old, were housed in specific pathogen-free conditions, and were bred following 

all Institutional Animal Care and Use Committee Procedures at the University of Minnesota.

Microbe strains—Plasmodium berghei ANKA, originally obtained from Dr. Susan Pierce 

at the NIH, was passaged in vivo, and stocks frozen in Alsever’s solution and glycerol (9:1 

ratio) were stored in liquid nitrogen until use. Recombinant Listeria monocytogenes strains 
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LM-OVA or attenuated LM-OVA (both expressing secreted OVA protein) have been 

described elsewhere (Pope et al., 2001). Bacteria were grown in tryptic soy broth with 50 

μg/ml streptomycin to an OD600 of 0.1.

METHOD DETAILS

Cytokine complex treatment—IL-2C was formed by combining 1.0 μg carrier-free 

recombinant mouse IL-2 (eBioscience) with 10 μg anti-IL-2 Ab S4B6 (Bio X Cell). IL-15C 

was formed by combining 0.75 μg IL-15 (eBioscience) with 7 μg IL-15Rα-Fc (R&D 

Systems) and incubating for 20–30 min at 37°C. ALT-803 (IL-15N72D/IL-15RαSu-Fc) was 

generated as previously described (Han et al., 2011) and was provided by Altor BioScience 

Corporation; 10 μg was injected per mouse per treatment.

Plasmodium berghei ANKA infections—Freshly passaged P. berghei ANKA-infected 

RBCs (0.5 – 1 × 106) were injected (i.v. or i.p.) into experimental mice, as previously 

described (de Oca et al., 2013). A donor mouse was infected with a stock vial of PbA-

infected RBCs. Once parasitemia levels reached > 2%, usually on day 6 pi, blood from the 

donor mouse was collected via cardiac puncture. RBCs were counted, and blood was diluted 

in PBS for infection of experimental mice. Alternatively, iRBCs from donor mice were 

cryopreserved in liquid nitrogen, and freshly thawed stocks were used as the source for 

infection of experimental mice.

Quantification of peripheral blood parasitemia by flow cytometry—Parasitemia 

was determined by flow cytometry using a modification of a previously described method 

(Gordon et al., 2015; Malleret et al., 2011). Blood was obtained from mouse tail veins, fixed 

with 1 mL 0.025% aqueous glutaradehyde solution (Calbiochem), washed with 2 mL PBS, 

and stained with the following: the DNA dye Hoechst 33342 (Sigma) (8 μM), the DNA and 

RNA dye dihydroethidium (diHEt; Sigma) (10 μg/mL), the pan C57BL/6 lymphocyte 

marker CD45.2 (BioLegend), and the RBC marker Ter119 (eBioscience). Cells were 

analyzed on a BD LSR Fortessa flow cytometer equipped with UV (325 nm), violet (407 

nm), blue (488 nm), and red (633 nm) lasers. Data were analyzed using FlowJo software 

(Tree Star Technologies). Parasitemia was calculated as the percent of RBCs 

(Ter119+CD45.2− cells) that stained positive for Hoescht and diHEt.

FITC-albumin permeability assay—Mice were injected intravenously with 10 mg 

FITC-albumin (Sigma-Aldrich). After a one hour incubation, brains were harvested, flash 

frozen, and stored at −80°C. Frozen brains were homogenized and spun down. The total 

protein concentration of the brain lysate was quantified by BCA. Equal protein was loaded, 

and the tissue fluorescence intensity was quantified using 488 nm excitation and 525 nm 

emission on a Synergy H1 plate reader (BioTek).

Magnetic resonance imaging—Magnetic resonance images were acquired using a 

Bruker Avance II 7 Tesla vertical bore small animal MRI system (Bruker Biospin). Mice 

were anesthetized using isofluorane for scanning. For T1-weighted scans, mice were 

administered an intraperitoneal injection of gadolinium (100mg/kg), as initially reported 

(Johnson et al., 2012). T1-weighted MSME sequence with TR: 300ms, TE: 9.5ms, FOV: 
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4.0×2.0×2.0cm, matrix: 192×96×96 was used. For T2-weighted scans a RARE pulse 

sequence was used with repetition time (TR) = 1500ms, echo time (TE) = 70ms, RARE 

factor: 16, field of view (FOV): 3.2×1.92×1.92cm, matrix: 256×128×128. T2-weighted 

MRI: MSME, TR: 300ms, TE: 9.5ms, FOV: 4.0×2.0×2.0cm, matrix: 192×96×96. MRI scans 

were analyzed using Analyze 10.0 (Biomedical Imaging Resource, Mayo Clinic).

NK cell depletion, enrichment, and adoptive transfer—NK cells were depleted by 

injection of 600 μg of anti-NK1.1 (PK136) on days −3, −1 and +1 relative to PbA infection. 

In separate experiments, NK cells were enriched from the spleen via negative selection 

(Miltenyi Biotec NK cell isolation kit II). To further deplete T cells from the splenocyte 

suspension, we added 2 μg/ml biotinylated anti-CD3ε Ab (clone 500A2, BD Biosciences) to 

the Miltenyi Biotin Ab Cocktail. Following enrichment, an aliquot of cells were stained for 

NK1.1, NKp46, TCRβ, and CD1d tetramer to determine purity; NK cells were identified as 

NK1.1+NKp46+TCRβ−CD1d tetramer−. Based on the NK cell purity, 3 × 106 NK cells were 

injected i.v. into recipient mice in 200 μl PBS.

Anti-IL-10R Ab treatment—Mice were treated with 200 μg of anti-IL-10R Ab (clone 

1B1.3A, Bio X Cell) or a control rat IgG1 Ab (clone HRPN, Bio X Cell) on days +1, +4, 

and +6 and treated with IL-15C on days +2 and +3 relative to PbA infection.

Leukocyte isolation and flow cytometry—Mice were euthanized by CO2 overdose 

then bled by cardiac puncture to remove circulating blood cells, and spleens and brains were 

removed. Blood was collected in 1.5 mL tubes containing 30 μl of heparin. After the volume 

of blood was determined, blood samples were treated twice with ACK lysis buffer to lyse 

RBCs. The cells were washed and resuspended in FACS buffer consisting of PBS and 2% 

FBS. Spleens were mashed through 70 μm cell strainers (BD Bioscience), and RBCs were 

lysed using ACK lysis buffer. The cells were washed and resuspended in FACS buffer (PBS 

with 2% FBS). To obtain leukocytes from the brain, dissected brains were minced and 

digested in 1 mg/mL collagenase and incubated in an orbital shaker for 30 min at 37°C. 

Tissues were further homogenized using a GentleMACS Dissociator (Miltenyi Biotec). 

After the tissue was passed through 70-μm strainer, homogenates were placed on a 90–60%–

40% discontinuous Percoll gradient and centrifuged for 18 min at 1,000 × g at 4°C. After 

centrifugation, the cells at the 40%–60% and 90%–60% interfaces containing leukocytes 

were collected and washed with 1X HBSS. The pellet was then treated with ACK lysis 

buffer to lyse RBCs. The cells were washed and resuspended in FACS buffer (PBS with 2% 

FBS). The following fluorescent dye-conjugated antibodies specific for the following cell-

surface markers were used for staining: anti-NK1.1 (PK136, BioLegend), anti-NKp46 

(29A1.4, BioLegend), anti-CD3ε (17A2, BioLegend), anti-TCRβ (H57-597, eBioscience), 

anti-CD4 (RM4-5, BD Biosciences), anti-CD8α (53-6.7, BD Biosciences), anti-CD44 (IM7, 

BioLegend), anti-Ly-6A (D7, eBioscience), anti-CD43 (1B11, BioLegend), anti-CD11b 

(M1/70, BD Biosciences), anti-CD27 (LG.7F9, eBioscience), anti-KLRG1 (2F1, TONBO 

Biosciences). Db-GAP50 monomer was obtained from the NIH tetramer core facility and 

tetramerized with streptavidin-allophycocyanin (APC, LifeTechnologies). CD1d monomer 

was obtained from the NIH tetramer core facility and tetramerized with streptavidin-

phycoerythrin (PE, LifeTechnologies).
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For analysis of IFN-γ production by NK cells, spleens were processed as described above 

and 4 × 106 splenocytes were plated in 24 well plates in RPMI medium containing Golgi 

Plug (BD Biosciences), IL-12 (10 ng/mL), and IL-18 (10 ng/mL). After a 4 h incubation at 

37°C, cells were stained for surface markers as described above. Following fixation/

permeabilization (Foxp3 Kit, eBioscience), cells were stained for the presence of 

intracellular IFN-γ (XMG1.2, TONBO Biosciences).

Samples were acquired on a BD LSRII Fortessa using BD FACSDiva (BD Bioscience), and 

data were analyzed with FlowJo v9 software (Tree Star Technologies).

Listeria monocytogenes infections and determination of CFU—For LM-OVA 

challenges, 2 × 105 CFU were injected i.v. The actual number of bacteria injected was 

confirmed by dilution and growth on tryptic soy broth plates containing streptomycin. On 

day 5 post-LM infection, the spleen was removed and placed in a 0.2% IGEPAL solution 

(Sigma-Aldrich). Organs were homogenized, and serial dilutions were plated onto tryptic 

soy broth plates containing 50 μg/ml streptomycin. Bacterial colonies were counted after 

plate incubation for 24 h at 37°C. The limit of detection (100 organisms) is indicated by a 

dashed line on graphs in the figure.

IFN-γ ELISA—On day 5 pi, blood was collected by cardiac puncture, allowed to clot for 30 

minutes at room temperature, and spun at 10,000 RPM for 10 min at room temperature. The 

serum layer was collected and analyzed for IFN-γ via ELISA (eBioscience).

Human NK cell analysis—Peripheral blood was drawn from healthy donors with written 

consent. The institutional review board at the University of Minnesota approved these 

studies, and all research was conducted in accordance with the Declaration of Helsinki. 

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient 

centrifugation using Ficoll-Paque Premium (GE Healthcare). CD3−CD56+ NK cells were 

isolated by negative selection using the EasySep Human NK Cell Isolation Kit (STEMCELL 

Technologies). Primary NK cells were cultured for 7 days at a concentration of 0.5×106 cells 

per ml in B0 media (Cichocki and Miller, 2010) with 20% heat-inactivated human AB 

serum. The following recombinant cytokines were added alone or in combination: ALT-803 

(72 ng/mL, Altor), IL-15 (NCI), IL-2 (10 ng/mL, Peprotech), IL-21 (50 ng/mL, 

eBioscience), and IL-12 (1 ng/mL, R&D Systems). IL-12 was added on day 6 for overnight 

stimulation. Supernatants were collected before and after culture for analysis of IL-10 

concentration by ELISA using the Human IL-10 Quantikine ELISA Kit (R&D Systems).

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq analysis—RNA was isolated from FACS-sorted NK cells 

(NK1.1+NKp46+CD3−CD1d tetramer−) using a RNAeasy kit (QIAGEN). RNA was 

submitted to the University of Minnesota Genomics Core for HiSeq 2500 analysis (paired-

end reads of 125 base pairs). The resulting data (in triplicate) was aligned to the mouse 

genome (mm10) using TopHat [v2.0.13; (Kim et al., 2013)], and gene expression was 

quantified and tested for differential expression using cufflinks [v2.2.1; (Trapnell et al., 

2010, 2013)]. A heatmap of significantly differentially expressed genes where at least a 2-
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fold change in expression between treatments was constructed using CummeRbund 

[v2.16.0; (Goff et al., 2014)].

Statistical analysis—All data were analyzed on GraphPad Prism 6. Data were evaluated 

for statistically significant differences using a two-tailed, unpaired t test with or without 

Welch’s correction, a one-way analysis of variance (ANOVA) test followed by Tukey’s 

multiple comparison test, a two-way ANOVA followed by a Bonferroni multiple comparison 

test, or a log-rank (Mantel-Cox) test. A P-value < 0.05 was considered statistically 

significant. All differences not specifically indicated to be significant were not significant (p 

> 0.05).

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO 109586.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• IL-15 complex (IL-5C) treatment protects mice from experimental cerebral 

malaria (ECM)

• NK cell-derived IL-10 is required for IL-15C-mediated survival from ECM

• IL-15C inhibits CD8+ T cell activation and cytokine production in the brain

• Human NK cells also produce IL-10 after cytokine stimulation
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Figure 1. IL-15C Prevents the Development of ECM
(A) Survival curve of mice left untreated (n = 15) or treated prophylactically with IL-2C (n = 

14) on days −7, 5, and −3 or IL-15C (n = 13) on days −5 and −3 relative to PbA infection. 

Data are combined from three independent experiments. ****p < 0.0001 as determined by 

log-rank (Mantel-Cox) test.

(B) Survival curve of mice left untreated (n = 14) or treated therapeutically with IL-15C (n = 

20) on days 2 and 3 after PbA infection. Data are combined from four independent 

experiments. ****p < 0.0001 as determined by log-rank (Mantel-Cox) test.

(C) Parasitemia analysis on day 6 pi of mice left untreated or treated prophylactically or 

therapeutically with IL-15C. Each symbol represents one mouse. Data are combined from 

three independent experiments. Each symbol represents one mouse; horizontal bar indicates 

the mean. *p < 0.05 as determined by one-way ANOVA followed by Tukey’s multiple 

comparison test.

(D) PbA-infected mice (n = 7/group) were treated therapeutically with PBS or IL-15C. 

Representative gadolinium-enhanced T1-weighted MRI scans (midsagittal orientation) of 

mice on day 6 pi. Arrowheads indicate regions of hyperintensity.

(E) Quantification of hyperintensity measured from T2-weighted MRI of the same mice as 

in (D). Uninfected mice (n = 5) were used as a control. Each symbol represents one mouse; 

data are presented as the mean ± SEM. Data are combined from two independent 

experiments. **p < 0.01 as determined by one-way ANOVA followed by Tukey’s multiple 

comparison test.

(F) PbA-infected mice (n = 5/group) were treated therapeutically with PBS or IL-15C on 

days 2+3 pi. Representative images of coronal slices from cerebral cortex showing FITC-

albumin leakage (green) with DAPI counter-stain (blue).

(G) Quantification of cerebral FITC leakage from mice in (F). Uninfected mice (n = 4) were 

used as a control. Each symbol represents one mouse; data are presented as the mean ± 

SEM. ***p < 0.001, ****p < 0.0001 as determined by one-way ANOVA followed by 

Tukey’s multiple comparison test.
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Related to Figure S1.
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Figure 2. IL-15C-Treated NK Cells Prevent the Development of ECM
(A and B) Total number of CD8+ T cells (A) and NK cells (B) in the spleens of mice left 

untreated (n = 13) or treated with IL-2C three times (n = 17) or IL-15C two times (n = 16). 

Data are combined from six independent experiments and are presented as the means ± 

SEM.

(C) Mice were treated with IL-2C on days −7, −5, and −3 and IL-15C on days −5 and −3 

relative to LM-OVA infection. CFU of LM in the spleen on day 5 pi. Each symbol represents 

one mouse; horizontal bar indicates the mean. Data are combined from two independent 

experiments. LOD, limit of detection.

(D) Survival curve of mice (n = 9/group) left untreated or treated prophylactically with 

IL-2C on days −7, −5, and −3 or IL-15C on days −5 and −3 and/or treated with anti-NK1.1 

Ab on days −3, −1, and +1 relative to PbA infection. Data are combined from two 

independent experiments.

(E) Survival curve of mice that, 1 day prior to PbA infection, received NK cells enriched 

from the spleens of mice left untreated or treated with IL-2C three times or IL-15C two 

times. Groups: PbA (n = 15), NK + PbA (n = 7), IL-2C NK + PbA (n = 10), IL-15C + PbA 

(n = 15). Data are combined from three independent experiments.

(A–C) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by one-way 

ANOVA followed by Tukey’s multiple comparison test.

(D and E) ***p < 0.001, ****p < 0.0001, as determined by log-rank (Mantel-Cox) test.

Related to Figure S2.
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Figure 3. IL-15C Treatment Has Little Effect on T Cell Numbers in the Spleen and Brain
The spleens and brains of untreated or prophylactically IL-15C-treated PbA-infected mice (n 

= 9/group) were harvested on day 6 pi for CD8+ T cell analysis. Gating strategy to identify 

GAP50-specific CD8+ T cells in the spleen (A) and brain (D). The frequency (B and E) and 

number (C and F) of total and GAP50-specific CD8+ T cells in the spleen (B and C) and 

brain (E and F) were quantified. Data are combined from three independent experiments and 

presented as the mean ± SEM (B, C, E, F). *p < 0.05, **p < 0.01, **p < 0.01, ****p < 

0.0001 as determined by two-way Student’s t test.
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Figure 4. IL-15C Treatment Results in Decreased T Cell Activation in the Brain on Day 6 pi
The brains of PbA-infected Nr4a1(Nur77)GFP (n = 9/group) or IfngYFP mice (n = 6–7/group) 

that were left untreated or treated with IL-15C on days −5 and −3 relative to PbA infection 

were harvested on day 6 pi. Infiltrating leukocytes were isolated and analyzed by flow 

cytometry. Representative histograms of Nr4a1GFP or IfngYFP expression in total CD8 T 

cells or GAP50-specific CD8+ T cells from Nr4a1GFP (A) or IfngYFP (E) mice. To combine 

multiple experiments, the Nr4a1GFP (B) or IfngYFP (F) MFI was normalized and graphed. 

The frequency (C and G) and total number (D and H) of Nr4a1GFP+ (C and D) or IfngYFP+ 

(G and H) CD8 T cells were quantified. Data are combined from three (A–D) or two (E–H) 

independent experiments and presented as the mean ± SEM (B–D, F–H). *p < 0.05, **p < 

0.01 as determined by one-way ANOVA followed by Tukey’s multiple comparison test. 

Related to Figure S3.
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Figure 5. IL-15C Treatments Induce IL-10 Expression in NK Cells
(A) WT mice (n = 3/group) were treated with IL-2C on days −7, −5, and −3 or IL-15C on 

days −5 and −3 relative to harvest, and splenic NK1.1+NKp46+CD3− NK cells were FACS 

sorted. RNA-seq analysis was performed on RNA isolated from the purified NK cell 

populations. Genes shown were significantly differentially expressed between the two 

treatments with ≥2-fold change in expression. Arrowhead indicates Il10 on the heatmap.

(B and C) Il10GFP mice were left untreated (n = 11) or treated with IL-2C (n = 8) or IL-15C 

(n = 11) on days −5 and −3 relative to harvest.

(B) Representative histograms of Il10GFP expression in NK1.1+NKp46+TCRβ− cells in the 

spleen, blood, and brain.

(C and D) The frequency (C) and total number (D) of Il10GFP+ NK cells in the spleen, 

blood, and brain on days 0, 3, and 6 after PbA infection were quantified. Data are combined 

from four independent experiments and presented as the mean ± SEM (C and D); *p < 0.05, 

**p < 0.01, ****p < 0.0001 as determined by one-way ANOVA followed by Tukey’s 

multiple comparison test.

Related to Figures S4 and S5.

Burrack et al. Page 28

Immunity. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Human IL-15C Treatment Induces IL-10 Expression in NK Cells and Protects Mice 
against ECM
Il10GFP mice were left untreated (n = 5) or treated with IL-15C (n = 4) or ALT-803 (n = 5) 

on days −5 and −3 relative to harvest.

(A–D) The frequency (A) and number (B) of splenic NK cells were quantified. After gating 

on NK cells, the frequency (C) and number (D) of Il10GFP+ cells were quantified. Data are 

combined from two independent experiments and presented as the mean ± SEM. *p < 0.05, 

**p < 0.01, ****p < 0.0001 as determined by one-way ANOVA followed by Tukey’s 

multiple comparison test.

(E) Primary human NK cells (n = 10 donors) were cultured for 6 days in the presence or 

absence of ALT-803 or IL-15 with or without IL-21 and with or without addition of IL-12 24 

hr prior to harvest. IL-10 in the supernatant was quantified. Data are combined from three 

independent experiments and represented as the mean ± SEM; ND, not detected; ***p < 

0.001, ****p < 0.0001 as determined by one-way ANOVA followed by Tukey’s multiple 

comparison test, comparing ALT-803 or IL-15 culture groups.

(F) Mice (n = 10/group) were infected with PbA then treated therapeutically with PBS, 

IL-15C, or ALT-803 on days 2 and 3 pi. Data are combined from two independent 

experiments.

Related to Figure S6.
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Figure 7. IL-10 Expression by NK Cells Is Required for IL-15C-Mediated Survival from ECM
(A) Survival curve of WT or Il10−/− mice infected with PbA then left untreated or treated 

therapeutically with IL-15C on days 2 and 3 pi. Groups: PbA (WT), n = 15; PbA + IL-15C 

(WT), n = 15; PbA (Il10−/−), n = 7; PbA + IL-15C (Il10−/−), n = 13.

(B) Survival curve of mice infected with PbA then left untreated or treated with IL-15C on 

days 2 and 3 pi along with either a control Ab or anti-IL-10R Ab on days 1, 4, and 6 pi (n = 

9–10 mice/group).

(C) 4 × 106 WT CD8+ T cells and 4 × 106 Il10rb−/− CD8+ T cells were transferred into 

congenically disparate WT mice on day −6, treated with IL-15C on days −5 and −3, and 

infected with PbA on day 0. Proportion of WT or Il10rb−/− CD8+ T cells in the spleen and 

brain on day 6 pi. *p = 0.01 as determined by 2-way ANOVA followed by Sidak’s multiple 

comparison test.

(D) Survival curve of mice infected with PbA then left untreated (n = 13), treated with 

IL-15C therapeutically (n = 14), or given 3 × 106 NK cells isolated from IL-15C-treated WT 

(n = 25) or Il10−/− mice (n = 21) on day 2 pi.

(A, B, D) **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by log-rank (Mantel-

Cox) test. Related to Figure S7.
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