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 36 

ABSTRACT 37 

Aims: Humoral immunity develops in the spleen during blood-stage Plasmodium infection. 38 

This elicits parasite-specific IgM and IgG, which control parasites and protect against malaria. 39 

Studies in mice have elucidated cells and molecules driving humoral immunity to Plasmodium, 40 

including CD4+ T-cells, B-cells, interleukin (IL)-21 and ICOS. IL-6, a cytokine readily detected in 41 

Plasmodium-infected mice and humans, is recognized in other systems as a driver of humoral 42 

immunity. Here, we examined the effect of infection-induced IL-6 on humoral immunity to 43 

Plasmodium.   44 

Methods and Results: Using P. chabaudi chabaudi AS (PcAS) infection of wild-type and 45 

IL-6-/- mice, we found that IL-6 helped to control parasites during primary infection.  IL-6 promoted 46 

early production of parasite-specific IgM but not IgG. Notably, splenic CD138+ plasmablast 47 

development was more dependent on IL-6 than germinal centre (GC) B-cell differentiation. IL-6 48 

also promoted ICOS expression by CD4+ T-cells, as well as their localisation close to splenic B-49 

cells, but was not required for early Tfh-cell development. Finally, IL-6 promoted parasite control, 50 

IgM and IgG production, GC B-cell development and ICOS expression by Tfh cells in a second 51 

model, Py17XNL infection.   52 

Conclusions:  IL-6 promotes CD4+

 55 

 T cell activation and B-cell responses during blood-stage 53 

Plasmodium infection, which encourages parasite-specific antibody production. 54 

Keywords: Malaria, Cytokine, Humoral Immunity, Costimulatory Molecules, B lymphocyte, 56 

CD4 T lymphocyte, Animal model 57 

 58 

INTRODUCTION  59 

Plasmodium-specific antibodies can control blood-stage parasite numbers, both in humans 60 

and in experimental animals (1-4). In fact, antibody-mediated parasite control remains a primary 61 

mechanism by which natural infection or immunization confers partial immunity to blood-stage 62 

malaria (1, 3). Given that long-lived immunity to malaria is not easy to induce in humans, a better 63 

understanding of how Plasmodium-specific antibodies are generated in vivo may offer strategies for 64 

improving naturally-acquired and vaccine-mediated immunity.  65 
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To model the cellular and molecular processes that govern the onset of humoral immunity, 66 

many research laboratories have examined inbred mice infected with non-lethal, rodent-infective 67 

Plasmodium strains, such as P. yoelii 17XNL (Py17XNL) and P. chabaudi chabaudi AS (PcAS) (2, 68 

4-8). Detailed immune processes have been identified using these in vivo systems, which indicate 69 

that CD4+

9

 T cells and B-cells interact in the spleen to drive the production of parasite-specific 70 

antibodies.  For example, during PcAS infection, a rapid and transient blurring of T- and B-cell 71 

zones was reported during the first ten days of infection, which suggested that early T-cell and B-72 

cell interactions occurred ( ). Furthermore, a strong extra-follicular B-cell response was observed, 73 

where CD138+ 9 antibody-secreting plasmablasts were robustly generated ( ). More recently, it was 74 

also shown in this model that CD4+

4

 T-cell-derived interleukin-21 (IL-21) played a crucial role in 75 

the development of the germinal centre (GC) reaction, in which somatic hypermutation of activated 76 

B-cells occurs, which drives the development of high-affinity, parasite-specific IgG antibodies ( ). 77 

Interestingly, in this report there was little evidence of a role for IL-21 in promoting early humoral 78 

immune responses such as extra-follicular plasmablast development within the first week of 79 

infection, although a requirement for IL-21 for long-term humoral immunity was clear. Another 80 

recent study using PcAS infection reported that Inducible T-cell Co-stimulatory molecule (ICOS) 81 

played an important role in the development of humoral immunity (10), a finding that we 82 

subsequently also observed during Py17XNL infection (6). Several recent studies, using a number 83 

of different Plasmodium strains in mice also identified molecules that suppressed the onset of 84 

humoral immunity, including PD1 and Lag3 (2), inflammatory cytokines IFNγ and TNF (5), and 85 

Type I Interferon signalling via IFNAR1 (6, 7).  Moreover, we showed that IFNAR1-signalling 86 

exerted its suppressive effects at least partially by limiting ICOS expression on CD4+ 6 T cells ( ). 87 

Therefore, over the past few years the literature has begun to reveal the existence of factors that 88 

regulate the onset of humoral immunity to Plasmodium in vivo.  89 

The development of humoral immunity has been studied in numerous experimental systems 90 

in mice, most often during viral infections and immunization (11-15), but less so during parasitic 91 

infection. These studies also revealed crucial roles for CD4+
 

11-17

T-cells, B-cells, IL-21 and ICOS in 92 

promoting humoral responses, as well as a large number of other molecules including the cytokine, 93 

IL-6 ( ). During viral infection and immunization, IL-6 was reported to play specific roles 94 

different to IL-21, for example in driving early plasmablast responses (17, 18). In addition, IL-6 has 95 

been reported to support ICOS expression by Foxp3+ 19 Treg cells in aged mice in vivo ( ), by human 96 

CD4+ 20 T-cells during in vitro culture ( ), and late during infection by LCMV-specific CD4+

12

 T cells 97 

( ). However, whether IL-6 plays any such roles during Plasmodium infection has yet to be 98 

determined.   99 
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IL-6 is a pleiotropic cytokine. It is expressed by many different cell types throughout the 100 

body, and can exert its functions via different signalling processes, termed classical and trans-101 

signalling (21). Notably, IL-6 is readily detected in the plasma of humans and mice infected with 102 

blood-stage Plasmodium parasites (22-25). Previous studies demonstrated a role for infection-103 

induced IL-6 in driving pathology during Plasmodium infection (26-28). Another interesting study 104 

improved IgG antibody responses via exogenous injection of recombinant IL-6 cytokine (22), 105 

which suggested that IL-6 can control the development of humoral immune responses during 106 

Plasmodium infection. Here, we principally employed PcAS infection of C57BL/6J mice to further 107 

explore a role for infection-induced IL-6 in the development of humoral immune responses during 108 

experimental blood-stage malaria, with a specific focus on B-cell and T-cell responses in the spleen.     109 

 110 

  111 

MATERIALS AND METHODS 112 

Animal Ethics  113 

All procedures on animals were approved by the QIMR Berghofer Medical Research Institute 114 

Animal Ethics Committee (approval numbers A02-633M and A1503-601M), in accordance with the 115 

“Australian Code of Practice for the Care and Use of Animals for Scientific Purposes” (Australian 116 

National Health and Medical Research Council).  117 

 118 

Mice and Plasmodium infections  119 

Female wild-type (WT) C57BL/6J mice (6-12 weeks old) purchased from Australian Resource 120 

Centre (Canning Vale, Western Australia) and were maintained under conventional conditions. 121 

C57BL/6J IL-6-/- mice were maintained in-house.  Plasmodium chaubadi chaubadi AS (PcAS) or P. 122 

yoelii 17XNL (Py17XNL) parasites were prepared after one in vivo passage in WT C57BL/6J mice, 123 

and were injected in 200μl volumes via intravenous tail-vein injection such that mice received 124 

either 105 pRBCs (PcAS) or 104

29

 pRBCs (Py17XNL).  Peripheral blood from tail bleeds were 125 

assessed for parasitemia by preparing thin blood smears and using Diff -Quick stains (Lab Aids, 126 

Narrabeen, NSW, Australia). More usually, we employed an established flow cytometric method to 127 

measure parasitemia ( ). One drop of blood (~20μl) was diluted in 250µl RPMI + 5U/ml heparin 128 

sulphate, and then co-stained with Syto84 (5µM; Life Technologies) and Hoechst33342 (10µg/ml; 129 

Sigma) for 30 minutes (room temperature, in the dark). Reactions were stopped with ice-cold RPMI 130 

(10x volumes), immediately analysed by flow cytometry (BD FACS CantoII or LSR Fortessa 131 

analyser (BD Biosciences)) and FlowJo software (Treestar, CA, USA). pRBC were detected as 132 

Hoechst33342+ Syto84+.  PBMC were easily excluded on the basis of size, granularity and much 133 

higher Hoechst33342/Syto84 staining.  134 
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 135 

Detection of parasite-specific serum antibodies by ELISA 136 

Plasmodium antigen extract was prepared and ELISAs conducted as previously described (6, 30, 137 

31). 96-well flat-bottomed plates (Costar EIA/RIA) were coated overnight with Plasmodium extract 138 

(2.5μg/ml) in bicarbonate buffer (pH 9.6), overnight at 4ºC. The following day, plates were washed 139 

three times (0.005% Tween-20 in PBS) and blocked with 1% BSA/PBS, for 1hr at 37oC. After 140 

washing three times, 100ul of diluted sera (1/400) was added. Plates were incubated for 1hr at 37o

 149 

C. 141 

Plates were then washed six times, and then biotinylated anti-IgM or anti-total IgG (Jackson 142 

ImmunoResearch) was added for 1hr at room temperature. Plates were again washed six times, after 143 

which streptavidin HRP (BD Biosciences) was added for 30 minutes at room temperature in the 144 

dark. Wells were washed six times prior to developing with  100µl of OPD (Sigma-Aldrich) for five 145 

minutes in the dark.  Colour changes were fixed with 100µl of 1M HCl. Absorbance was 146 

determined at 492nm on a Biotek synergy H4 ELISA plate reader (Biotek, USA). Data were 147 

analysed using Gen5 software (version 2) and GraphPad Prism (version 6). 148 

Flow Cytometry and Antibodies.  150 

Splenocytes were prepared as previously described (32). Monoclonal antibodies, anti-mouse B220-151 

Alexa Fluor 700 (RA3-6B2), B220-Pacific blue (RA3-6B2), CD19-FiTC (6D5), CD138-BV605 152 

(281-2), IgD-APCCy7 (11-26c.2a), IgM-PECy7 (RMM-1), TCRβ-Alexa Fluor 700 (H57-597), 153 

TCRβ-APC/Cy7 (H57-597), CD4-BV605 (RM4-5), ICOS-PE (7E.17G9), CD23-APC (B3B4), 154 

CD21/CD35 (7E9), Streptavidin-PE/Cy7 and Zombie Aqua™ fixable viability dye were purchased 155 

from Biolegend (San Diego, CA). Anti-mouse CD95/Fas-BV421 (Jo2), CXCR5-biotin (2G8), and 156 

Bcl6-PerCP/Cy5.5 (K112-91) were sourced from BD Biosciences (Franklin Lakes, NJ). PD1-157 

APC/Cy7 (J43) purchased from eBioscience. FACS staining was performed as previously described 158 

(32, 33).  159 

 160 

In vivo IL-6R blockade.  161 

Anti-IL-6R blocking monoclonal antibody (clone MR-16, Chugai, Japan) and its isotype control 162 

mAb were administered in 0.5mg doses, via i.p injection in 200 µl 0.9% NaCl (Baxter) on the day 163 

of infection, and subsequently on days 3, 6 and 9 post infection. 164 

 165 

Confocal microscopy analysis   166 

10–20 µm frozen spleen sections were employed as previously described (34, 35). Tissues were 167 

snap-frozen in optimal cutting temperature (OCT) medium (Sakura) and stored at -80oC. Sections 168 

were fixed (10 minutes) in ice-cold acetone before adding anti-CD3-Biotin (clone-17A2), anti-169 
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B220-PE (clone-RA3-6B2) and anti-ICOS-APC (clone-C398.4A). Anti-CD3 was detected by 170 

streptavidin -Alexa Fluor 594. All antibodies were sourced from Biolegend, San Diego, CA. In 171 

addition, we used DAPI was used to help visualization of white pulp. We imaged samples using a 172 

Zeiss 780-NLO laser-scanning confocal microscope (Carl Zeiss). Resulting image data was 173 

analysed using Imaris image analysis software, version 8.1.2 (Bitplane). Cells were identified using 174 

the “spots function” in Imaris, with thresholds set at <10µM and intensities set at <150. The border 175 

between T and B-cell zones were defined by the region between CD3+ cells closest to the B cell 176 

follicle and B220+

 179 

 cells furthest into the T-cell zone. All objects were manually inspected for 177 

accuracy before data were plotted and analyzed in GraphPad Prism (version 6).  178 

Statistical analysis 180 

Comparison between two groups was performed using non-parametric Mann-Whitney tests.  P< 181 

0.05 was considered significant (P<0.05 = *; P<0.01=**; P<0.001 =***; P<0.0001=****). Graphs 182 

depict mean values ± SEM, except where individual mouse data points are depicted, in which case 183 

median values are shown. All statistical analyses were performed using GraphPad Prism v6 or v7 184 

software. 185 

 186 

 187 

RESULTS 188 

IL-6 promotes parasite control during PcAS infection. 189 

To begin exploring a role for IL-6 during experimental blood-stage malaria, C57BL/6J wild-type 190 

(WT) and IL-6-/- mice were infected with PcAS and examined over a time course for peripheral 191 

blood parasitemia. WT and IL-6-/- mice displayed similar parasitemias over the first ten days of 192 

infection (Figure 1A). However, for approximately one week thereafter, IL-6-/- mice exhibited 193 

higher parasitemias than WT controls (Figure 1A). Ultimately, IL-6-/-

 201 

 mice resolved primary PcAS 194 

infection (Figure 1A), indicating a modest role for IL-6 in controlling parasite numbers. To 195 

substantiate these findings, WT mice were also treated with anti-IL-6R (α-IL-6R) blocking 196 

antibody or an isotype control during PcAS infection, and parasitemias similarly assessed. IL-6R 197 

blockade transiently impaired parasite control from day 12-17 p.i. with PcAS infection (Figure 1B), 198 

once again suggesting that IL-6 played a non-redundant role in optimizing parasite control during 199 

PcAS infection.  200 

IL-6 promotes early humoral immune responses during PcAS infection. 202 
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Given that IL-6 supported parasite control after peak parasitemia had been reached, when humoral 203 

immune responses are considered to act (36, 37), we next examined the impact of IL-6 on the 204 

development of humoral immune responses. Firstly, parasite-specific IgM levels, but not total IgG 205 

levels were significantly lower in IL-6-/- 

A previous single study reported robust differentiation of CD138

mice compared to infected WT controls, at the end of the 206 

second week of infection (Figure 2), suggesting a role for IL-6 in supporting early production of 207 

parasite-specific IgM but not IgG. 208 

+

9

 antibody-secreting cells 209 

in the spleen during the second week of PcAS infection, particularly in areas outside B-cell follicles 210 

( ). Here, we first confirmed at day 8 p.i. that PcAS infection had triggered potent development of 211 

CD138+ plasmablasts in the spleen that were almost exclusively CD21lo CD23lo, consistent with 212 

extra-follicular localisation (Figure 3). Next, IL-6-/- mice displayed significantly reduced proportions 213 

and absolute numbers of splenic IgDloCD138+

 218 

 plasmablasts compared to infected WT controls 214 

(Figure 4A), although early GC B-cell development was less affected (Figure 4B). Together, these 215 

data suggested that IL-6 supported splenic plasmablast development and parasite-specific IgM 216 

production during PcAS infection.  217 

IL-6 supports ICOS expression by splenic CD4+

Previous reports showed that during PcAS infection splenic CD138

 T-cells  219 

+

9

 cells developed in extra-220 

follicular areas, close to T-cell zones in the spleen ( ).  More recently we showed during Py17XNL 221 

infection, that splenic CD138+ plasmablast development was almost entirely dependent on CD4+

6

 T-222 

cells ( ). Therefore, we hypothesized that reduced plasmablast development in IL-6-/- mice 223 

compared to WT controls was linked to effects on CD4+

12

 T cell activation.  Given reports in other 224 

experimental systems that IL-6 can support ICOS expression ( , 19, 20), we assessed ICOS up-225 

regulation on splenic CD4+ T-cells, 8 days after PcAS infection (Figure 5A).  We noted an 226 

impairment in ICOS upregulation, in terms of the proportion and absolute numbers of T-cells 227 

expressing ICOS (Figure 5A), as well as the magnitude of ICOS expression by those cells which 228 

had upregulated this marker.  Thus, ICOS up-regulation by splenic CD4+

 Next, given that ICOS expression by CD4

 T cells during PcAS 229 

infection was partially dependent upon IL-6.  230 

+

14

 T cells has been implicated in facilitating 231 

interaction with ICOS-ligand-expressing B-cells at the periphery of B-cell zones ( , 38, 39), we 232 

examined the impact of IL-6 on CD4+ T-cell localization within the spleen (Figure 5B). Densities of 233 

ICOS+ T-cells at the T/B border and within B-cell follicles were significantly reduced in spleens of 234 

IL-6-/- mice compared to WT controls (Figure 5B) by 8 days pi, consistent with the idea that IL-6- 235 

supported interactions between ICOS+ CD4+ T-cells and B-cells. Taken together, our data suggested 236 
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that IL-6 supported early expression of ICOS by CD4+

 239 

 T-cells, and their subsequent interaction 237 

with B-cells located outside or at the periphery of B-cell follicles.  238 

IL-6 is not required for early development of Tfh-like cells during PcAS infection. 240 

IL-6 has previously been reported to support CD4+

12

 T follicular helper (Tfh) cell differentiation in 241 

viral infection models ( , 40). Tfh cells have been reported to develop in several Plasmodium   242 

infection models including PcAS infection (2, 4, 5). Therefore, we next explored whether IL-6 243 

influenced the differentiation of Tfh cells. WT and IL-6-/- mice were infected with PcAS, and 244 

splenic CD4+ T-cells examined eight days p.i. for the expression of Tfh markers. Similar 245 

proportions and absolute numbers of splenic CD4+ T cells up-regulated PD1 and CXCR5, or Bcl-6 246 

and CXCR5 in both WT and IL-6-/- mice, suggesting that IL-6 played no essential role in early Tfh 247 

differentiation during PcAS infection (Figure 6A). However, ICOS expression was significantly 248 

reduced on these emerging Tfh cells in IL-6-/-

 252 

 mice compared to WT controls (Figure 6B). Together, 249 

these data suggested that IL-6 was not required for early Tfh differentiation during PcAS infection, 250 

but did influence their expression of ICOS.   251 

Effect of IL-6 on humoral immune responses in a second model, P. yoelii 17XNL infection. 253 

Finally, we sought to determine whether IL-6 promoted the development of humoral immune 254 

responses in a second model, Py17XNL infection.  Firstly, we noted that IL-6 was required for 255 

optimal control of primary parasitemia, particularly during the second and third week of infection 256 

(Figure 7A), and similar to observations made during PcAS infection, was ultimately resolved.  257 

Next, we found that IL-6 supported not only parasite-specific IgM production, as seen during PcAS 258 

infection, but also IgG production, which had not been observed during PcAS infection (Figure 259 

7B). Consistent with this, IL-6 promoted GC B-cell development by day 14 of Py17XNL infection 260 

(Figure 7C).  Finally, as with PcAS infection, ICOS expression by Tfh cells, but not in their 261 

development per se, was partly reduced in the absence of IL-6 (Figure 7D).  Therefore, taken 262 

together our data indicated that IL-6 supported the development of humoral immune responses 263 

during Py17XNL infection, including parasite-specific IgM and IgG production, ICOS upregulation 264 

on CD4+
 

DISCUSSION 266 

T-cells and GC B-cell development.    265 

In this study we report in vivo roles for endogenous IL-6 in supporting CD4+ T-cell 267 

expression of ICOS and localization near B-cells, differentiation of splenic B-cells into CD138+ 268 

plasmablasts or GC B-cells, production of parasite-specific antibody, and optimal control of blood-269 

stage Plasmodium parasites. Although previous reports have studied IL-6 in mouse models of 270 

malaria, these have tended to be in relation to immune-pathology and the effects of exogenous 271 
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recombinant IL-6 (22, 26-28). Therefore, to our knowledge, this is the first study to suggest a 272 

positive role for infection-induced IL-6 in supporting the early development of humoral immune 273 

responses during blood-stage Plasmodium infection.   274 

Although it is generally accepted that Plasmodium-specific antibodies can provide excellent 275 

protection against malaria (2, 3), our understanding of immunological factors that control the 276 

development of these humoral immune responses during infection is limited. Current understanding 277 

of cytokine-mediated control of humoral immunity derives mostly from viral infection or 278 

experimental immunization in mice, in which roles for IL-21 and IL-6 have been described (11, 12, 279 

40-42). More recently, we and others have reported suppressive roles for IFNγ, TNF and Type I 280 

IFN-signalling, and positive roles for IL-21 in controlling humoral immunity during Plasmodium 281 

infection (4-8, 43).  In particular, IL-21 mediated GC B-cell responses and IgG class switching but 282 

not Tfh cell development or plasmablast responses (4). This study found that IL-6 also played no 283 

essential role in early Tfh cell development, except in terms of supporting ICOS expression, but 284 

was important in supporting B-cell responses and antibody production. Taken together, these 285 

observations suggest that during Plasmodium infection, neither IL-21 nor IL-6 are crucial for the 286 

initial development of Tfh cells. Instead these cytokines appear to play other distinct roles: IL-6 287 

optimizes ICOS-dependent positioning of CD4+

 One important question remaining from our study is whether IL-6 influenced splenic 294 

plasmablast development indirectly by driving ICOS expression on CD4

 T cells in B-cell areas of the spleen, and influences 288 

the development of splenic B-cell responses and antibody production, while IL-21, produced 289 

predominantly by Tfh cells within the GC, influences IgG production.  These observations suggest 290 

differing roles for IL-6 and IL-21, where IL-6 may tend to act earlier to drive extra-follicular 291 

plasmablast development, while IL-21 is produced later in the GC and acts to drive affinity 292 

maturation of IgG antibodies.  293 

+
 

44-46

T-cells, or directly via 295 

signaling to activated B-cells. Given that IL-6 was previously identified as B-cell stimulatory 296 

factor-2 and B-cell Growth Factor, it is important to recognize its capacity for signalling directly to 297 

B-cells ( ). Therefore, while IL-6 may have acted directly on B-cells, the relative contribution 298 

of IL-6-signalling to T-cells and B-cells in driving plasmablast development remains to be 299 

determined.  300 

Another important question that remains is whether cytokines other than IL-21 and IL-6 are 301 

crucial for the early development of Tfh cells during PcAS infection. Our recent single-cell 302 

transcriptomic study showed that CD4+

47

 T-cells passed through an intermediate state prior to 303 

becoming an early Tfh cell ( ), but that no cytokine or chemokine-signalling pathways (other than 304 

CXCR5 expression) clearly associated with early Tfh cell development. These data suggest that 305 

CD4+
 T cells pass through a Tfh-like intermediate state before final commitment towards a Tfh fate 306 
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without a requirement for any cytokine-signalling. Instead, capture of ICOS+
 CXCR5+ CD4+

During PcAS infection we noted a modest role for IL-6 in promoting GC B-cell 309 

development, which held for percentages but not absolute numbers of B-cells in the spleen.  The 310 

reason for this apparent discrepancy was unclear, but suggests possible differences in lymphocyte 311 

infiltration or retention in the spleen in WT compared to IL-6

 T-cells 307 

by B-cells may play the major role in driving final Tfh-cell commitment.  308 

-/-

In this study we found that in the absence of IL-6, parasite control and antibody production 320 

was impaired in two model infections.  These observations suggest, but do not prove that impaired 321 

parasite control in IL-6

 mice.  The possibly subtle effect of 312 

IL-6 on the GC reaction during PcAS infection requires further study at later timepoints.  In 313 

contrast, our experiments using Py17XNL parasites revealed a clearer role for IL-6 in promoting 314 

IgG production and GC B-cell development by the end of the second week of infection. Thus, our 315 

data suggest that depending on the Plasmodium infection model employed, IL-6 plays a mild to 316 

moderate role in promoting the GC reaction and IgG production, but a stronger role in promoting 317 

IgM production.  However, further studies are required to study in more detail the role of IL-6 in 318 

maintaining IgG production and GC B-cell responses during Plasmodium infection.      319 

-/-

Given that IL-6 played early roles during infection but was not essential for ultimate control 326 

of parasites, we speculate that in contrast to IL-21, IL-6 mediates an early attempt by the host to 327 

control parasite numbers. Although, such a response provided some protection against parasites, it 328 

is not immediately obvious whether this benefits the host or parasite.  For instance, early control of 329 

parasite numbers could reduce disease severity, keeping the host alive but also facilitating 330 

transmission.  Moreover, a greater focus of the humoral response on short-lived plasmablast 331 

responses and IgM production could theoretically distract from longer-lived and high affinity IgG 332 

production, which again could encourage the establishment of chronic infection and facilitate 333 

transmission. Therefore although IL-6 promoted early humoral immune responses, and appeared 334 

non-essential for resolution of infection, the effect of IL-6 on longer-term immunity, chronic 335 

infection and/or transmission remains to be studied. In summary, this study has demonstrated that 336 

IL-6 can promote early humoral immune responses during PcAS infection, which further cements 337 

the concept that innate and pro-inflammatory cytokines are important potential targets for 338 

modulating anti-parasitic antibody responses during blood-stage Plasmodium infection. 339 

 mice was due to reduced antibody production.  It is also possible that other 322 

immune responses, for example Th1 differentiation, may have been affected by IL-6 deficiency.  323 

We believe studies are warranted to examine further the role of IL-6 in cellular and humoral 324 

immunity to malaria.    325 

 340 

 341 
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 480 

 481 

FIGURE LEGENDS 482 

Figure 1. IL-6-signalling contributes to parasite control during PcAS infection. WT and IL-6
-/-

 483 

mice (n=6) were infected with PcAS. (A) Shows a time-course analysis of parasitemia in WT and 484 

IL-6
-/- 

 488 

mice. (B) Shows a time-course analysis of parasitemia in WT mice treated with anti-IL-6R 485 

blocking monoclonal antibody or control IgG. Data representative of three independent 486 

experiments. Statistics: Mann-Whitney U test, *P<0.05; **P<0.01 487 

Figure 2. IL-6 supports IgM production during PcAS infection. WT and IL-6
-/-

 mice (n=5-6) 489 

were infected with PcAS. Graphs show PcAS-specific IgM and total IgG (serum diluted at 1/400) 490 

antibody levels in serum of naïve and infected WT and IL-6
-/- 

 494 

mice, 14 days post-infection (p.i.). 491 

Data is pooled from 2 independent experiments each showing similar results. Statistics: Mann-492 

Whitney U test, ****P<0.0001. 493 

Figure 3. Early plasmablast formation during PcAS infection is extra-follicular. C57BL/6J 495 

mice (n=5) were infected with PcAS and splenic plasmablast formation assessed, 8 days p.i.. Data 496 

shows FACS plots and proportions of CD21loCD23lo plasmablasts (B220
+
CD19

+
IgD

lo
CD138

hi
, 497 

denoted PcAS CD138+) or non-plasmablasts (B220
+
CD19

+
CD138

lo
, denoted PcAS CD138-

 500 

) in the 498 

spleens of naïve and infected mice. Data representative of 2 independent experiments.  499 

Figure 4. IL-6 promotes splenic plasmablast development during PcAS infection. WT and IL-6
-

501 

/-
 mice (n=5-6) were infected with PcAS. (A) Shows representative FACS plots, proportions and 502 

numbers of splenic plasmablasts (B220
+
CD19

+
IgD

lo
CD138

hi
) in naïve and infected spleens, 8 days 503 

p.i.. (B) Shows representative FACS plots, proportions and numbers of splenic GC B-cells (gated as 504 

B220+CD19+GL-7
+
Fas

+
) in WT and IL-6-/-

 507 

 mice, 8 days p.i.. Data representative of 3 independent 505 

experiments. Statistics: Mann-Whitney U test, *P<0.05; **P<0.01. 506 

Figure 5. IL-6 supports ICOS expression and positioning of CD4+ T-cells within splenic B-cell 508 

areas. WT and IL-6
-/-

 mice (n=5-6) were infected with PcAS. (A) Shows representative FACS 509 

plots, proportions, absolute numbers and ICOS levels of splenic ICOS+ CD4+ T-cells (gated on 510 

CD4+ TCRβ+ live singlets) in naïve, and PcAS-infected WT and IL-6-/- mice, 8 days p.i.. Data 511 
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representative of 3 independent experiments. (B) Shows representative distribution pattern and 512 

densities of ICOS expressing T-cells in splenic T-B borders and B-cell follicles of naïve, WT and 513 

IL-6
-/-

mice, 8 days p.i.. Each symbol represents one T-B border or follicle in the spleen. Data pooled 514 

from 3-4 T-B borders or follicles per mouse with n=2 for naïve and n=4 for WT and n=5 for IL-6-/- 515 

mice. T-B border defined by region between CD3+ cells farthest into follicle (dotted white line, 516 

bottom) and B220+

 519 

 cells farthest into the T-cell zone (dotted white line, top). Scale bar, 100µM. 517 

Statistics: Mann-Whitney U test, *P<0.05; **P<0.01; ****P<0.0001. 518 

Figure 6. IL-6-signalling is not essential for early Tfh cell development during PcAS infection. 520 

WT and IL-6
-/- 

mice (n=5-6) were infected with PcAS. (A) Shows representative FACS plots, 521 

proportions and absolute numbers of splenic PD1+ CXCR5+ or Bcl-6+ CXCR5+ cells (gated on CD4+ 
522 

TCRβ+ live singlets) at day 8 p. i.. (B) Shows ICOS expression levels on Bcl-6+ CXCR5+ CD4+

    526 

 T-523 

cells at day 8 p.i.. Data representative of 2-3 independent experiments; Mann-Whitney U test 524 

**P<0.01. 525 

Figure 7. IL-6-signalling promotes humoral immune responses in a second model, Py17XNL 527 

infection. WT and IL-6
-/-

 mice (n=5-6) were infected with Py17XNL. (A) Time-course analysis of 528 

parasitemia in WT and IL-6
-/- 

mice infected with Py17XNL. (B) Py17XNL-specific serum IgM and 529 

total IgG (serum diluted at 1/400, 1/800, 1/1600 & 1/3200) in naïve and infected WT and IL-6
-/- 

530 

mice, 14 days p.i. (C) Representative FACS plots, proportions and numbers of splenic GC B-cells 531 

(gated as B220+CD19+GL-7
+
Fas

+
) in naïve and infected spleens, 14 days p.i. (D) Representative 532 

FACS plots, proportions and numbers of splenic CD4
+ 

TCRβ+ PD1
+
CXCR5

+
 cells in naive and 533 

infected WT and IL-6-/- mice, 14 days p.i., and ICOS expression on CD4
+
TCRβ+PD1

+
CXCR5

+
 534 

cells. Statistics: Mann-Whitney U test *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Data 535 

representative of three independent experiments for (A), and two independent experiments showing 536 

similar results for (B-D).  537 
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