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INTRODUCTION

Malaria is a leading cause of morbidity and mortality world-wide, accounting for about 250
million clinical cases and nearly one million deaths annually.[1] Malaria vaccines targeting
pre-erythrocytic and blood stage antigens have had mixed success, with only a few vaccines
showing efficacy in malaria endemic areas.[2,3,4] Identifying a suitable vaccine candidate
capable of inducing stable and protective immunity in people with different genetic
backgrounds and malaria transmission histories remains a challenge. This necessitates a
continued exploration of additional vaccine candidates. One such candidate is the multi-
domain sporozoite surface protein MB2, a 1610 amino acid long protein (molecular weight
of 187 kDa) encoded by the MB2 gene. MB2 gene products are present in the sporozoite,
asexual blood stages and gametocytes and have a distinct pattern of stage dependent
subcellular localization and proteolytic processing at the various stages of the parasite life
cycle.[5] The stage-dependent localization of MB2 on the other hand provides a possible
target for a cellular immune attack during the sporozoite stage of the parasite.[6] The MB2
protein possesses tandemly repeated amino acid motifs and a highly conserved antigenic
region[5] as is seen in other sporozoite surface antigens such as circumsporozoite protein
(CSP) and thrombospondin-related adhesive protein (TRAP).[6,7] This highly immunogenic
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region may divert the immune response away from more important T cell epitopes. A recent
study indicated that anti-MB2 antibodies are possessed by 83% of individuals living in an
area of seasonal malaria transmission in Western Kenya.[6]

Interferon-gamma (IFN-y) and interleukin-10 (IL-10) responses to Plasmodium

falciparum antigens have been reported to correlate with protection from clinical malaria.[8]
IFN-y is a Th1, pro-inflammatory cytokine that is important in protection from infection in
human,[9,10] and animal,[11,12] malaria models. Its responses to CSP correlated with
protection in individuals immunized with RTS,S, a CSP-based malaria vaccine
candidate.[13,14] In addition, IFN-y responses to several pre-erythrocytic antigens including
CSP.[15,16] TRAP,[15] and liver-stage antigen-1 (LSA-1),[10,17,18] have been associated
with protection in individuals in different malaria endemic areas of Africa. IL-10 on the other
hand is involved in regulation of the inflammatory response,[19,20] and together with other
anti-inflammatory cytokines has been shown to be secreted following an initial IFN-y-
dominated response to Plasmodium infection in animal models.[21] In human, severe
malarial anemia has been associated with low-levels of IL-10,[22] and a low IL-10 to tumor
necrosis factor-a ratio.[23] LSA-1-specific IL-10 has been associated with protection from
infection in children in Western Kenya.[24] Thus, both IFN-y and IL-10-specific responses
to P. falciparum pre-erythrocytic antigens may be important to protection from clinical
malaria. Neither IFN-y nor IL-10 responses to P. falciparum MB2 have been described to
date in naturally exposed populations. In the present study, we assessed IFN-y and IL-10
responses to MB2 9-mer peptides in adults in two populations in Kenya, one with stable and
the other with unstable malaria transmission.

MATERIALS AND METHODS

Study area and population

The study was conducted in two areas of western Kenya, Kanyawegi and Kipsamoite.
Kanyawegi is located in Kisumu District, a lowland area (elevation "1200 m) of stable and
intense malaria transmission, with an entomological inoculation rate (EIR) estimated at >300
infectious bites per person/year during this period.[25] In contrast, Kipsamoite in Nandi
District, an epidemic-prone highland area (elevation 1850-2100 m) with sporadic, unstable
transmission patterns and an estimated EIR of <1 infectious bite/year.[26] This cross-
sectional sample collection were conducted in August 2001 at a time of high, stable malaria
incidence in the lowland area and during a peak of seasonal malaria incidence in the highland
area.[27]

The study was carried out as part of a larger study that focused on responses to other
previously described antigens,[28,29] in which 228 individuals aged 18-85 years (114 from
the area of stable transmission and 114 from the area of unstable transmission) were
randomly selected to participate in the study. Sample size for the study was determined by
the ability to detect a difference of >50% in responses to different P. falciparum antigens
with >80% power. Individuals who had sufficient cell numbers for the assays of the present
study were included in this study. 129 individuals had testing by the enzyme-linked
immunosorbent spot (ELISPOT) (64 from stable transmission area, 65 from unstable
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transmission area), 89 individuals had testing by enzyme-linked immunosorbent assay
(ELISA) (40 from stable transmission area, 49 from unstable transmission area) and 41
individuals had testing by both ELISA and ELISPOT (22 from stable transmission area, 19
from unstable transmission area). Plasmodium infection was determined by microscopy as
previously described.[17] Blood smears were obtained and stained at the time of sample
collection, but read after the completion of collection as all individuals were asymptomatic.
Individuals who developed symptoms of fever any time after the collection were asked to
return to the health center, where an immediate blood smear was done and treatment for
malaria was provided to all individuals with a blood smear positive for Plasmodium species.

This study was approved by the Ethical Review Committee of the Kenya Medical Research
Institute and Institutional Review Board for Human studies at University Hospitals of
Cleveland, Case Western Reserve University. The work was performed while the principal
investigator Prof. Chandy C. John (CCJ) was at Case Western Reserve University. Written
informed consent was obtained from all participants prior to sample collection.

Antigens and mitogens for cytokine testing

To test for the cytokine responses to MB2 peptide pool, peptide sequences from the MB2
antigen that were predicted by algorithm to be T cell epitopes for human leukocyte antigen
(HLA) class I alleles common in both populations were used. The sequence for MB2,[30]
was entered into the http://www-bimas.cit.nih.gov/molbio/hla_bind/ and the two sequences
with the highest predicted binding for HLA supertypes A24 and B7, which are common and
seen at similar frequencies in both sites,[31] were used. The MB2 peptides were
SVSSINTNL (aa 191-199; Sigma, St. Louis, MO, USA) and KPKKKYYEYV (aa 119-127;
Invitrogen, Carlsbad, CA, USA). The peptides were synthesized and purified by high
performance liquid chromatography to >90% purity and used at a concentration of 10 pg/mL.
The mitogen phytohemagglutinin (PHA) at 1 pg/mL was used as a positive control.

Peripheral blood mononuclear cell (PBMC) isolation, cytokine testing, and
HLA typing

Venipuncture blood (10-20 mL) was drawn into sodium-heparin vacutainers (BD
BioScience, San Jose, CA, USA). Samples were transported from the field to the laboratory
for processing within 6 h of collection. PBMCs were isolated by Ficoll-Hypaque (Amersham
Biosciences, Upsala, Sweden) density gradient centrifugation and resuspended in complete
RPMI 1640 (Gibco Invitrogen Paisley, Scotland, UK), supplemented with 10% heat
inactivated human AB serum (Sigma, H4522, St. Louis, MO, USA), 10 ng/mL gentamicin
(Amresco, E737, Solon, OH, USA), 10 mM HEPES (Sigma, H3375, St. Louis, MO, USA)
and 10 mM L-glutamine (Gibco, Invitrogen Paisley, Scotland, UK).

Individuals with cell recoveries of >15 x 106 cells had both ELISPOT and ELISA testing
carried out, individuals with 8-15 x 10° cells had only ELISPOT testing carried out and
individuals with <8 x 106 cells had only ELISA testing performed.
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ELISPOT testing was carried out as previously described.[28] Briefly, sterile 96-well
Millipore MAIP ELISPOT microtiter plates (Millipore, Corp., Billerica, MA, USA) were
pre-coated at 4°C overnight with 5 pg/mL of human anti-IFN-y monoclonal antibody
(Endogen M-700A, Rockford, IL, USA). After washing with sterile phosphate buffered
saline (PBS) (Sigma, P2194, St. Louis, MO, USA) and blocking with 10% heat-inactivated
fetal bovine serum (Sigma, F7524, St. Louis, MO, USA) in PBS, PBMCs were plated at a
final concentration of 5 x 10° cells/mL in duplicate wells along with either 10 pg/mL. MB2
antigen, or 1 pg/mL PHA (as positive control), or PBS alone (as negative control). The cells
were incubated at 37°C in 5% CO2 for 5 days (7120 h). Plates were washed and a
biotinylated anti-IFN-y monoclonal antibody (Endogen M-701B, Rockford, IL, USA) was
applied (0.75 pg/mL) for 1.5 h at 37°C. This treatment was followed by washing, incubation
with a 1:2000 dilution of streptavidin-conjugated horseradish peroxidase (DAKO, P0397,
Dako, Denmark) for 2 h at room temperature, washing and color development by addition of
1% 3-amino-9-ethyl-carbazole (Sigma, A6926, St. Louis, MO, USA) in 0.1 M acetate buffer
catalyzed by 0.015% hydrogen peroxide. The reaction was stopped after 10-20 min by
washing with deionized water. Plates were dried in the dark at room temperature. The
number of spot-forming units (SFU) per well was counted by using C.T.L. ImmunoSpot
Scanning and Imaging Software Version 5.0 (Cellular Technology Ltd., Shaker Heights, OH,
USA). Results were expressed as numbers of SFU per 106 PBMC. A sample was considered
positive if the proportion of SFUs in the stimulated well was significantly greater than that of
the unstimulated wells, i.e., PBS alone (P < 0.05).[17,32] Responses to the malaria peptides
were not detected for PBMC from 18 malaria-non-exposed healthy adults (data not shown).

For IFN-y and IL-10 measurements by ELISA, isolated PBMCs were plated at a final
concentration of 1 x 106 cells/mL in 96-well U-bottomed microtiter plates (Microtest; BD
Biosciences, San Jose, CA, USA). Cell culture supernatants were harvested after 5 days and
tested for the presence of IFN-y and IL-10 by ELISA as previously described.[33] Optical
densities were measured at 405 nm using an OpsysMR™ Microplate Reader (Dynex
Technologies, Chantilly, VA, USA) and analyzed using Revelation QuickLink Software,
Version 4.04 (Dynex Technologies, Chantilly, VA, USA). Values of unstimulated culture
supernatants were subtracted from those of peptide and PHA-stimulated culture supernatants.
The cut-off value of a positive IFN-y or IL-10 ELISA response was defined as greater than
the mean plus two standard deviations of the values from 18 North American control
subjects. Cut-off values for the MB2 peptide pool were 67 pg/mL for IFN-y and 31 pg/mL
for 1L-10.

HLA typing and supertype classification was performed using the PCR-SSOP method as
previously described.[31]

Statistical analysis

Differences in proportions were compared by the Chi-square or Fishers exact test.
Spearman’s rank test was used to assess the correlation between the IL-10 and IFN-y levels
between sites and assays. Differences in cytokine levels were compared by the Mann-
Whitney rank sum test. Stata 10.0 (Stata Corporation, College Station, TX, USA) was used
for all statistical analysis. P values <0.05 were considered significant for all tests.
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RESULTS

IFN-y and IL-10 responses to MB2 as measured by ELISA

IFN-y responses to MB2 were detected by ELISA in 27.5% of individuals in the stable
malaria transmission area compared to 18.8% of individuals in the unstable malaria
transmission area (P = 0.33) [Table 1]. Levels of MB2-specific IFN-y were not different
between the areas of stable (geometric mean = 113.9 pg/mL) and unstable-transmission (63.9
pg/mL) (P = 0.26) [Table 1].

IL-10 responses were observed in 25.0% of individuals in the stable transmission area
compared to 22.5% of individuals in the unstable malaria transmission area (P = 0.78) [Table
1]. No significant difference was observed in the levels of MB2-specific IL-10 between the
stable (geometric mean = 65.3 pg/mL) and the unstable transmission areas (39.6 pg/mL; P =
0.55) [Table 1].

No association was observed between levels of IFN-y and the IL-10 within the individuals
from stable transmission area (r = 0.007; P = 0.97) or the unstable transmission area (r =
0.27; P =0.06).

Sixteen of 40 individuals tested by ELISA for IFN-y or IL-10 in the stable transmission area
had a positive blood smear for P. falciparum at the time of blood collection. None of the 49
individuals tested by ELISA for IFN-y or IL-10 had a positive blood smear for P. falciparum.
There was no relationship between blood smear results and IFN-y or IL-10 responses or
levels in the stable transmission area (all P values for differences in IFN-y or IL-10 responses
or levels between smear positive and smear negative individuals >0.30).

IFN-y response to MB2 as measured by ELISPOT

The proportion of individuals with a positive ELISPOT response was 10.9% in the stable
malaria transmission area and 10.8% in the unstable malaria transmission area (P = 0.98)
[Table 2]. The magnitude of responses also did not differ between stable (geometric mean =
11.7 SFU) and unstable transmission areas (23.6 SFU; P = 0.16) [Table 2]. 34 of 64
individuals in the stable transmission area tested by ELISPOT for IFN-y had a positive blood
smear for P. falciparum at the time of blood collection. One of the 65 individuals tested by
ELISPOT for IFN-y had a positive blood smear for P. falciparum. There was no relationship
between blood smear results and IFN-y ELISPOT responses or levels in the stable
transmission area (all P values for differences in IFN-y ELISPOT responses or levels
between smear negative and smear positive >0.30). Comparisons were not carried out for the
unstable transmission area as only one individual had a positive blood smear in the unstable
transmission area.

Forty-one individuals had samples tested by both ELISA and ELISPOT. Of the 22
individuals tested in the stable-transmission area, five were positive by ELISA and one was
positive by ELISPOT, but only one was positive by both methods. In the unstable-
transmission area, of the 19 individuals tested, one was positive by ELISA and four were
positive by ELISPOT; however, none were positive by both methods. Furthermore, there was
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no relationship between the numbers of IFN-y-secreting cells determined by ELISPOT and
IFN-y cytokine levels measured by ELISA in the stable transmission area (r = -0.05; P =
0.83) or unstable transmission area (r =-0.11; P = 0.67).

HLA class | restriction of IFN-y and IL-10 responses to MB2

There were no significant differences in the frequencies of IFN-y responses to MB2 as
measured by ELISPOT or ELISA in individuals with the HLA class | supertypes (HLA-A24
and/or B7) to which the 9-mer MB-2 peptides were predicted to bind as compared to those
without these HLA class | supertypes [Table 3]. Similarly, IL-10 responses did not differ
according to presence HLA-A24 or B7 [Table 3]. Numbers of IFN-y secreting cells and
levels of IFN-y and IL-10 produced in response to MB2 also did not differ significantly in
those with versus without HLA A24 or B7 supertype [Table 3].

DISCUSSION

This study demonstrates that the P. falciparum antigen MB2 induces IFN-y and IL-10
responses in adults in areas of stable and unstable malaria transmission. The MB2 antigen is
a novel multi-domain sporozoite surface protein of P. falciparum. Its antigenic region is
highly conserved,[5] and it is localized in a stage-dependent manner at sporozoite, liver,
blood and gametocyte stages;[6] thus, it is a potential target for both antibody- and cell-
mediated immune responses at multiple stages.[5,6] IFN-y and IL-10 responses to other pre-
erythrocytic antigens such as CSP and TRAP have been associated with protection from
clinical malaria.[15,17] The induction of these responses by MB2 suggests that MB2 may be
a potential vaccine candidate antigen, though further studies are required to assess whether
these responses to MB2 are also associated with protection from clinical malaria. Our study
was not powered to detect small differences in frequency of response between the two sites;
so, we can conclude that MB2 induces cytokine responses in areas of stable and unstable
transmission and that there are not large differences in immune responses (>50% difference)
between the areas.

Previous studies in areas of stable malaria transmission have shown that IFN-y and IL-10
responses are associated with protection from malaria infection and disease. In Kenya,
Gambia, Papua New Guinea, Gabon, IFN-y responses to CSP,[15] LSA-1,[10,17,18] and
merozoite surface protein-1,[34] and IL-10 responses to LSA-1,[24] correlated with
protection from clinical malaria with P. falciparum. In areas of unstable transmission, IFN-y
and IL-10 responses to CSP,[17] and LSA-1,[9,17,29] have also correlated with protection
from infection or disease.

There was no difference in response to MB2 antigen between individuals who had or did not
have the HLA-A24 and/or B7 alleles, suggesting that the IFN-y and IL-10 responses to the
MB2 antigen is not HLA restricted. HLA is important to the host in the defense against
malaria infection,[35] and an HLA restricted immunity to T-cell epitopes has been suggested
to reduce immunogenicity and efficacy of a subunit vaccine.[36] HLA class | restriction has
been shown to be important in cellular immune response to P. falciparum antigens in some
studies,[36,37] but not others.[29]
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The frequencies and levels of IFN-y responses to MB2 by ELISA and ELISPOT were
comparable to those reported for other pre-erythrocytic and blood-stage antigens.[17,28,29]
Similar to analysis of IFN-y responses to TRAP and LSA-1 in the same study
populations,[17] no relationship was observed between the numbers of IFN-y-secreting cells
(as measured by ELISPOT) and the IFN-y cytokine production (as measured by ELISA) in
response to MB2 peptides in individuals in the present study. These findings suggest that a
few IFN-y-secreting cells might be responsible for the production of large amounts of IFN-y.
The IFN-y ELISPOT assay was found to be slightly more sensitive for detection of immune
responses to P. falciparum antigens in one study,[38] but not in another.[17] In the only
study to date comparing IFN-y responses to P. falciparum antigens by both assays to
protection from clinical malaria, responses by ELISA, but not ELISPOT were found to
correlate with protection.[17] However, in vaccine studies of the CSP-based RTS, S vaccine,
IFN-y responses to CSP by ELISPOT were correlated with vaccine-associated protection
from clinical malaria.[39] At present, it is not clear which assay provides the most relevant
information for field studies of malaria and further assessment with both assays is needed.

CONCLUSIONS

This study establishes that MB2 induces IFN-y and IL-10 responses in adults in areas of
stable and unstable transmission and that these responses are not HLA restricted. Since IFN-y
and IL-10 responses to other P. falciparum antigens have been associated with protection
from clinical malaria, the present study sets the stage for future studies, in which the
correlation between IFN-y and IL-10 responses to MB2 and protection from clinical malaria
is assessed.

ACKNOWLEDGEMENTS

This work is published with the permission of the office of the Director of Kenya Medical
Research Institute — Centre for Global Health Research (KEMRI-CGHR). We thank the
field staff and participants from Kanyawegi and Kipsamoite villages for their assistance.

Footnotes
Source of Support: This study was supported by grants KO8 Al01572 and U01 Al056270 from the

National Institutes of Immunology, Allergy and Infectious Diseases and grant D43 TW0080085 from

the Fogarty International Centre to CCJ.
Conflict of Interest: None declared.

REFERENCES

1. World Health Organization. World Malaria Report 2011. [Last accessed on 2012 Feb 2].
Available
from: http://www.who.int/malaria/world_malaria_report_2011/9789241564403 eng.pdf .



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3958981/?report=printable#ref39
http://www.who.int/malaria/world_malaria_report_2011/9789241564403_eng.pdf

2. Agnandji ST, Lell B, Soulanoudjingar SS, Fernandes JF, Abossolo BP, Conzelmann C, et
al. First results of phase 3 trial of RTS,S/AS01 malaria vaccine in African children. N Engl J
Med. 2011;365:1863-75. [PubMed: 22007715]

3. Sacarlal J, Aide P, Aponte JJ, Renom M, Leach A, Mandomando I, et al. Long-term safety
and efficacy of the RTS,S/AS02A malaria vaccine in Mozambican children. J Infect
Dis. 2009;200:329-36. [PubMed: 19569964]

4. Polhemus ME, Remich SA, Ogutu BR, Waitumbi JN, Otieno L, Apollo S, et al.
Evaluation of RTS,S/AS02A and RTS,S/AS01B in adults in a high malaria transmission
area. PLoS One. 2009;4:e6465. [PMCID: PMC2714466] [PubMed: 19649245]

5. Nguyen TV, Fujioka H, Kang AS, Rogers WO, Fidock DA, James AA. Stage-dependent
localization of a novel gene product of the malaria parasite, Plasmodium falciparum. J Biol
Chem. 2001;276:26724-31. [PubMed: 11371568]

6. Nguyen TV, Sacci JB, Jr, de la Vega P, John CC, James AA, Kang AS. Characterization
of immunoglobulin G antibodies to Plasmodium falciparum sporozoite surface antigen MB2
in malaria exposed individuals. Malar J. 2009;8:235. [PMCID: PMC2772840] [PubMed:
19852802]

7. Verra F, Hughes AL. Biased amino acid composition in repeat regions of Plasmodium
antigens. Mol Biol Evol. 1999;16:627-33. [PubMed: 10335656]

8. Torre D, Speranza F, Giola M, Matteelli A, Tambini R, Biondi G. Role of Th1l and Th2
cytokines in immune response to uncomplicated Plasmodium falciparummalaria. Clin Diagn
Lab Immunol. 2002;9:348-51. [PMCID: PMC119927] [PubMed: 11874876]

9. John CC, Sumba PO, Ouma JH, Nahlen BL, King CL, Kazura JW. Cytokine responses
to Plasmodium falciparum liver-stage antigen 1 vary in rainy and dry seasons in highland
Kenya. Infect Immun. 2000;68:5198-204. [PMCID: PMC101778] [PubMed: 10948144]

10. Luty AJ, Lell B, Schmidt-Ott R, Lehman LG, Luckner D, Greve B, et al. Interferon-
gamma responses are associated with resistance to reinfection with Plasmodium
falciparum in young African children. J Infect Dis. 1999;179:980-8. [PubMed: 10068595]

11. Doolan DL, Hoffman SL. IL-12 and NK cells are required for antigen-specific adaptive
immunity against malaria initiated by CD8+ T cells in the Plasmodium yoelii model. J
Immunol. 1999;163:884-92. [PubMed: 10395683]

12. Petritus PM, Burns JM., Jr Suppression of lethal Plasmodium yoelii malaria following
protective immunization requires antibody-, IL-4-, and IFN-gamma-dependent responses
induced by vaccination and/or challenge infection. J Immunol. 2008;180:444-53. [PubMed:
18097046]

13. Sun P, Schwenk R, White K, Stoute JA, Cohen J, Ballou WR, et al. Protective immunity
induced with malaria vaccine, RTS,S, is linked to Plasmodium falciparumcircumsporozoite
protein-specific CD4+ and CD8+ T cells producing IFN-gamma. J

Immunol. 2003;171:6961-7. [PubMed: 14662904]



14. Barbosa A, Naniche D, Aponte JJ, Manaca MN, Mandomando I, Aide P, et

al. Plasmodium falciparum-specific cellular immune responses after immunization with the
RTS,S/AS02D candidate malaria vaccine in infants living in an area of high endemicity in
Mozambique. Infect Immun. 2009;77:4502-9. [PMCID: PMC2747951][PubMed: 19651872]

15. Todryk SM, Bejon P, Mwangi T, Plebanski M, Urban B, Marsh K, et al. Correlation of
memory T cell responses against TRAP with protection from clinical malaria, and CD4
CD25 high T cells with susceptibility in Kenyans. PLoS One. 2008;3:e2027. [PMCID:
PMC2323567] [PubMed: 18446217]

16. Reece WH, Pinder M, Gothard PK, Milligan P, Bojang K, Doherty T, et al. A CD4(+) T-
cell immune response to a conserved epitope in the circumsporozoite protein correlates with
protection from natural Plasmodium falciparum infection and disease. Nat

Med. 2004;10:406-10. [PubMed: 15034567]

17. John CC, Moormann AM, Sumba PO, Ofulla AV, Pregibon DC, Kazura JW. Gamma
interferon responses to Plasmodium falciparum liver-stage antigen 1 and thrombospondin-
related adhesive protein and their relationship to age, transmission intensity, and protection
against malaria. Infect Immun. 2004;72:5135-42.[PMCID: PMC517451] [PubMed:
15322007]

18. Connelly M, King CL, Bucci K, Walters S, Genton B, Alpers MP, et al. T-cell immunity
to peptide epitopes of liver-stage antigen 1 in an area of Papua New Guinea in which malaria
is holoendemic. Infect Immun. 1997;65:5082—7. [PMCID: PMC175732] [PubMed: 9393799]

19. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A. Interleukin-10 and the
interleukin-10 receptor. Annu Rev Immunol. 2001;19:683—-765.[PubMed: 11244051]

20. Ho M, Schollaardt T, Snape S, Looareesuwan S, Suntharasamai P, White NJ.
Endogenous interleukin-10 modulates proinflammatory response in Plasmodium
falciparum malaria. J Infect Dis. 1998;178:520-5. [PubMed: 9697735]

21. Li C, Seixas E, Langhorne J. Rodent malarias: The mouse as a model for understanding
immune responses and pathology induced by the erythrocytic stages of the parasite. Med
Microbiol Immunol. 2001;189:115-26. [PubMed: 11388608]

22. Kurtzhals JA, Adabayeri V, Goka BQ, Akanmori BD, Oliver-Commey JO, Nkrumah FK,
et al. Low plasma concentrations of interleukin 10 in severe malarial anaemia compared with
cerebral and uncomplicated malaria. Lancet. 1998;351:1768—72. [PubMed: 9635949]

23. Othoro C, Lal AA, Nahlen B, Koech D, Orago AS, Udhayakumar V. A low interleukin-
10 tumor necrosis factor-alpha ratio is associated with malaria anemia in children residing in
a holoendemic malaria region in western Kenya. J Infect Dis. 1999;179:279-82. [PubMed:
9841855]

24. Kurtis JD, Lanar DE, Opollo M, Duffy PE. Interleukin-10 responses to liver-stage
antigen 1 predict human resistance to Plasmodium falciparum. Infect Immun. 1999;67:3424—
9. [PMCID: PMC116527] [PubMed: 10377122]



25. Beier JC, Perkins PV, Onyango FK, Gargan TP, Oster CN, Whitmire RE, et al.
Characterization of malaria transmission by Anopheles (Diptera: Culicidae) in western
Kenya in preparation for malaria vaccine trials. J Med Entomol. 1990;27:570-7. [PubMed:
2388233]

26. Rolfes MA, McCarra M, Magak NG, Ernst KC, Dent AE, Lindblade KA, et al.
Development of clinical immunity to malaria in highland areas of low and unstable
transmission. Am J Trop Med Hyg. 2012;87:806-12. [PMCID: PMC3516254] [PubMed:
22987652]

27. John CC, McHugh MM, Moormann AM, Sumba PO, Ofulla AV. Low prevalence
of Plasmodium falciparum infection among asymptomatic individuals in a highland area of
Kenya. Trans R Soc Trop Med Hyg. 2005;99:780-6. [PubMed: 16085173]

28. Moormann AM, John CC, Sumba PO, Tisch D, Embury P, Kazura JW. Stability of
interferon-gamma and interleukin-10 responses to Plasmodium falciparum liver stage
antigen-1 and thrombospondin-related adhesive protein in residents of a malaria holoendemic
area. Am J Trop Med Hyg. 2006;74:585-90. [PubMed: 16606988]

29. Moormann AM, Sumba PO, Tisch DJ, Embury P, King CH, Kazura JW, et al. Stability
of interferon-gamma and interleukin-10 responses to Plasmodium falciparumliver stage
antigen 1 and thrombospondin-related adhesive protein immunodominant epitopes in a
highland population from Western Kenya. Am J Trop Med Hyg. 2009;81:489-95. [PMCID:
PMC3634720] [PubMed: 19706920]

30. James AA, Nguyen TV. Novel surface protein of the malaria parasite Plasmodium
falciparum, US20030104003AL1. [5 June 2003]. Available from: United States Patent and
Trade Office Database.

31. Cao K, Moormann AM, Lyke KE, Masaberg C, Sumba OP, Doumbo OK, et al.
Differentiation between African populations is evidenced by the diversity of alleles and
haplotypes of HLA class I loci. Tissue Antigens. 2004;63:293-325. [PubMed: 15009803]

32. Flanagan KL, Mwangi T, Plebanski M, Odhiambo K, Ross A, Sheu E, et al. Ex vivo
interferon-gamma immune response to thrombospondin-related adhesive protein in coastal
Kenyans: Longevity and risk of Plasmodium falciparum infection. Am J Trop Med

Hyg. 2003;68:421-30. [PubMed: 12875291]

33. Chelimo K, Sumba PO, Kazura JW, Ofula AV, John CC. Interferon-gamma responses
to Plasmodium falciparum liver-stage antigen-1 and merozoite-surface protein-1 increase
with age in children in a malaria holoendemic area of western Kenya. Malar

J. 2003;2:37. [PMCID: PMC280688] [PubMed: 14613510]

34. Migot-Nabias F, Luty AJ, Ringwald P, Vaillant M, Dubois B, Renaut A, et al. Immune
responses against Plasmodium falciparum asexual blood-stage antigens and disease
susceptibility in Gabonese and Cameroonian children. Am J Trop Med Hyg. 1999;61:488—
94. [PubMed: 10497996]



35. Tippawangkosol P, Duangchanda T, Ubalee R, Ruengweerayut R, Hirayama K, Na-
Bangchang K. Identification of HLA-A24 restricted pre-erythrocytic stage specific T-cell
epitopes using Plasmodium falciparum synthetic peptides: A preliminary study. Southeast
Asian J Trop Med Public Health. 2009;40:10-7.[PubMed: 19323028]

36. Bucci K, Kastens W, Hollingdale MR, Shankar A, Alpers MP, King CL, et al. Influence
of age and HLA type on interferon-gamma (IFN-gamma) responses to a naturally occurring
polymorphic epitope of Plasmodium falciparum liver stage antigen-1 (LSA-1) Clin Exp
Immunol. 2000;122:94-100. [PMCID: PMC1905757][PubMed: 11012624]

37. Lyke KE, Burges RB, Cissoko Y, Sangare L, Kone A, Dao M, et al. HLA-A2 supertype-
restricted cell-mediated immunity by peripheral blood mononuclear cells derived from
Malian children with severe or uncomplicated Plasmodium falciparum malaria and healthy
controls. Infect Immun. 2005;73:5799-808.[PMCID: PMC1231120] [PubMed: 16113298]

38. Kabilan L, Troye-Blomberg M, Andersson G, Riley EM, Ekre HP, Whittle HC, et al.
Number of cells from Plasmodium falciparum-immune donors that produce gamma
interferon in vitro in response to Pf155/RESA, a malaria vaccine candidate antigen. Infect
Immun. 1990;58:2989-94. [PMCID: PMC313600][PubMed: 1696935]

39. Olotu A, Moris P, Mwacharo J, Vekemans J, Kimani D, Janssens M, et al.
Circumsporozoite-specific T cell responses in children vaccinated with RTS,S/ASO1E and
protection against P falciparum clinical malaria. PLoS One. 2011;6:e25786. [PMCID:
PMC3188575] [PubMed: 21998698]

Figures and Tables
Table 1

ELISA IFN-y and and IL-10 responses to MB2 in adults in areas of stable and unstable
transmission

Cytokine Stable Unstable P
transmission area  transmission area

IFN-y
No. positiveftotal (%) 11f40 (27.5) 9/48 (18.8) 0.33%
Geometric mean 113.9 (0-2896.4) 63.9 (0-1064.2) 0.26°
(range), pg/mL

IL-10
No. positive/total (%) 10/40 (25.0) 11/49 (22.5) 0.78
Geometric mean 65.3 (0-353.4) 39.6 (0-506.9) 0.55

(range), pg/mL

*x? test comparing frequencies of positive responses in areas of stable and
unstable transmission; P<0.05 significant. "Wilcoxon rank-sum (Mann-Whitney)
test; P<0.05 significant. IFN-y: Interferon-gamma; IL: Interleukin



Table 2

ELISPOT IFN-y response to MB2 in adults in areas of stable and unstable transmission

Stable Unstable P
transmission area transmission area
No. positive/ftotal 7/64 (10.9) 7/65 (10.8) 0.98*
tested (%)
Geometric mean SFU 11.7 (0-98.0) 23.6 (0-195.0) 0.16"
(range)

*1? test; P<0.05 significant. "Wilcoxon rank-sum (Mann-Whitney) test; A<0.05
significant. ELISPOT: Enzyme-linked immunosorbent spot; IFN-y: Interferon-
gamma; SFU: Spot-forming units

Table 3

Cytokine response in individuals with/without HLA A24 and/or B7 in areas of stable and

unstable malaria transmission

Assay Stable transmission area Unstable transmissi
Supertype +ve Supertype -ve P Supertype +ve Supertyj
IFN-y ELISPOT
No. positiveftotal (%)* 7/36 (19.4) 0.13 3/26 (11.5) 5/36 (1
Geometric mean SFU 13.2 (0-54.0) 12.1 (0-98.0) 0.22 24.7 (0-142.5) 23.0 (0-1
(range)’
IFN-y ELISA
No. positiveftotal (%0)* 4/13 (30.8) 5/21(23.8) 0.70 2/17 (212.8) 4/27 (2
Geometric mean pg/ml 194.6 (0-2896.4) 84.5 (0-1497.5) 0.77 40.8 (0-248.1) 61.6 (0-¢
(range)’
IL-10 ELISA
No. positiveftotal (%)* 2/13 (15.4) 5/21(23.8) 0.68 3/27 (27.7) 6/27 (2
Geometric mean pg/ml 42.7 (0-114.2) 67.9 (0-193.6) 0.96 48.6 (0-279.6) 32.2 (0-¢

(range)’

*Fisher’s test; A<0.05 significant. "Wilcoxon rank-sum test; P<0.05 significant. HLA: Human leu
ELISA: Enzyme-linked immunosorbent assay; ELISPOT: Enzyme-linked immunosorbent spot; SFU: Spot-f
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