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The increase in worldwide travel is making imported malaria a growing health concern in non-endemic
countries. Most data on the pathophysiology of malaria come from endemic areas. Little is known
about cytokine profiles during imported malaria. This study aimed at deciphering the relationship
between cytokine host response and malaria severity among imported cases in France. This study
reports cytokine profiles in adults with Plasmodium falciparum malaria included in the PALUREA
prospective study conducted between 2006 and 2010. The patients were classified as having
uncomplicated malaria (UM) or severe malaria (SM), with this last further categorized as very severe
malaria (VSM) or less severe malaria (LSM). At hospital admission, eight blood cytokines were assayed
in duplicate using Luminex® technology: interleukin (IL)-1c, IL-1B, IL-2, IL-4, IL-10, tumor necrosis
factor (TNF)a, interferon (IFN)y, and macrophage migration inhibitory factor (MIF). These assays were
repeated on days 1 and 2 in the SM group. Of the 278 patients, 134 had UM and 144 SM. At hospital
admission, over half the patients had undetectable levels of IL-1«, IL-1B, IL-2, IL-4, IFNy, and TNFq,
while IL-10 and MIF were significantly higher in the SM vs. the UM group. Higher IL-10 was significantly
associated with higher parasitemia (R=0.32[0.16-0.46]; P=0.0001). In the SM group, IL-10 elevation
persisting from admission to day 2 was significantly associated with subsequent nosocomial infection.
Of eight tested cytokines, only MIF and IL-10 were associated with disease severity in adults with
imported P. falciparum malaria. At admission, many patients had undetectable cytokine levels,
suggesting that circulating cytokine assays may not be helpful as part of the routine evaluation of
adults with imported malaria. Persisting high IL-10 concentration was associated with subsequent
nosocomial infection, suggesting its possible interest in immune monitoring of most severe patients.
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Plasmodium falciparum malaria has been a scourge for humanity since antiquity and remains so today. Between
2001 and 2015, important worldwide mobilization contributed to a 30% reduction of its global incidence and
a decrease in related mortality by 47%'. However, it caused 619 000 deaths in 2021 with a stable incidence over
the last few years according to the World Health Organization (WHO) most recent report®. Imported malaria,
defined as contracted in an endemic area but developing in a non-endemic country, is a growing health concern
in the northern hemisphere due to the increase in worldwide travel. Among European countries, France has the
most cases, about 5000 annually, of which 10-15% are severe and the great majority are due to P. falciparum. In
France, severe imported malaria has ranged a fatality rate of 3-11%"**. Given the available medical resources,
lower rates should be achievable'.

Taken together, previous studies have suggested a role of pro-inflammatory cytokines magnitude and imbal-
ance in pro-inflammatory and anti-inflammatory cytokines as determinants of falciparum malaria severity and
mortality®~®. However, patients with imported falciparum malaria differ from those in endemic areas. Most
are adults with no past P. falciparum exposure*. Importantly, despite better baseline health and greater access
to healthcare resources, severe forms of malaria are more common. These differences may be related to host
factors that affect the immune response. We know little about the immune response to imported malaria. The
few available studies on cytokine signature during imported malaria were done in small and heterogeneous
populations'®',

Plasmodium falciparum infection triggers strong inflammatory and immune responses similar to those seen
in bacterial infections®!®!? despite the many differences in underlying pathophysiology. Endothelial sequestra-
tion of parasitized erythrocytes is unique to falciparum malaria and may cause the main manifestations of
severe forms. The relative roles for inflammation vs. immune responses in promoting erythrocyte sequestration
remain debated.

This study reported the cytokine results of PALUREA study, and aimed at deciphering the relationship
between cytokine host response and malaria severity among imported cases in France.

Patients and methods

Study design and patients. The present study is a pre-specified ancillary analysis of data from the previ-
ously reported prospective multicenter PALUREA cohort study conducted in France between November 2006
and March 2010 and designed to investigate several host- and parasite-related biomarkers, with the objective
of improving the evaluation of severity"’. The study protocol was approved for all participating centers on
May 2, 2006, by the ethics committee of the Saint-Louis University Hospital, Paris, France (CCPPRB, approval
#2006/24). PALUREA complied with French regulations, the Declaration of Helsinki, and Good Clinical Prac-
tices. Written informed consent was obtained before inclusion from each patient, or next of kin if the patient
had lost competency; according to French law, incapacitated patients with no available next of kin were included
then asked, as soon as they regained competency, whether they consented to stay in the study.

As described in detail elsewhere'?, the participating centers enrolled consecutive patients with either uncom-
plicated malaria (UM) or severe malaria (SM). We defined SM as P. falciparum malaria requiring admission
to the intensive care unit (ICU) and fulfilling the modified 2000 WHO criteria for severe malaria in adults'*'®
at admission or within the first 2 ICU days (see Supplementary Table S1). In the SM group, based on French
guidelines'®, we predefined two subgroups, namely, very severe malaria (VSM) and less severe malaria (LSM).
VSM was defined as any of the following: coma, shock, acidosis, hyperlactatemia >5 mmol/L, or respiratory dis-
tress, within the first 72 h after ICU admission. LSM was defined as SM with none of the criteria for VSM. UM
was defined by no requirement for ICU admission and absence of criteria for SM. Isolated jaundice or isolated
parasitemia >4% was considered as UM. Patients were managed according to international guidelines at the
time of recruitment and all patients were given intravenous quinine as antimalarial treatment, since artesunate
was not recommended at that time.

Cytokine assays. We assayed a panel of pro- and anti-inflammatory cytokines in blood samples collected in
5-mL heparin tubes, at hospital admission (day 0) in all patients and on days 1 and 2 in patients with SM. Tubes
were transferred to the Cochin University Hospital (Paris, France) within 2 h, in cooled bags, then centrifuged
for 10 min at 3500 rpm at 4 °C to allow plasma collection. The following eight cytokines were assayed in dupli-
cate using Luminex technology (Bio-Plex 200 Systems, Waltham, MA): interleukin (IL)-1a, IL-1 B, IL-2, IL-4,
IL-10, tumor necrosis factor (TNF)-a, interferon-y (IFNy), and macrophage migration inhibitory factor (MIF).
Those cytokines were chosen by a panel of experts (FB, JFT, JPM) given their known role in malaria pathogen-
esis. In patients with SM, the same cytokines were assayed using the same method on days 1 and 2.

Statistics. Continuous data are described as median and interquartile range [IQR], and qualitative variables as
number and percentage. Cytokine values were also described with boxplots according to the different patient
groups.

For cytokines below the detection limit (DL), imputation was made using the single value of DL/2. This
method is commonly used as an imputation method in the presence of detection limit and has been reported
in similar studies'’.

Comparisons between two groups (UM vs SM or LSM vs VSM) were performed with Student t-test or
Mann-Whitney test as appropriate for continuous variables, and with chi-square test or Fisher exact test as
appropriate for categorical variables. To compare plasmatic cytokines level between the three groups UM, LSM
and VSM, the non-parametric Kruskal-Wallis’s test was used.

The association between plasmatic cytokines level and some of biological data was measured using Spearman
correlation coefficients.
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All statistical analyses were performed using SAS version 9.4 software (SAS Institute Inc., Cary, NC).

Results

Clinical characteristics (Iable 1). All patients, and groups with uncomplicated malaria versus severe
malaria. Of the 278 patients with cytokine data, 134 had UM and 144 SV, including 68 with VSM and 76 with
LSM (see the Supplementary Fig. S1 for Flow-Chart). The SM group was characterized by older age, a higher
proportion of patients with comorbidities, a longer time from symptom onset to hospital admission, higher par-
asitemia on day 0, and a higher pfHRP2 level (Table 1). Coinfection at admission was present in 10 SM patients
vs. a single UM patient. The rate of adherence to antimalarial chemoprophylaxis was not different between the
two groups (p=0.86). Nosocomial infections were significantly more common in the SM group (P<0.01). All 8
patients who died had SM (8/144, 5.5%).

Patients with severe malaria and sub-groups with very severe malaria versus less severe malaria. VSM patients
were older and less likely to be black than LSM patients (Table 1). Time from symptom onset to hospital admis-
sion was not different between the two sub-groups (P=0.8), and use of antimalarial chemoprophylaxis was
reported in near 29% in both sub-groups (P=0.98). The higher pfHRP2 value in the VSM sub-group despite
no significant parasitemia difference with the LSM sub-group on day 0 suggested a greater sequestered parasite
biomass'®.

Circulating cytokine levels at hospital admission (day 0) (Fig. 1 and Table 2). Levels were often undetectable for
six cytokines (IL-1a, IL-1 B, IL-2, IL-4, IFNy, and TNFa) (Table 2, Fig. 1). IL-4 was more often detectable in the
SM group than in the UM group (P=0.04); for other cytokines, the proportions of patients with detectable levels
were not different across groups and sub-groups (Table 2). IL-4, IL-10, and MIF were significantly higher in
patients with greater disease severity (Fig. 1). Only IL-10 was significantly associated with parasitemia (R=0.32
[0.16-0.46]; P=0.0001). IL-4, IFNy, TNFa, IL-10, and MIF were significantly but only weakly associated with
the pfHRP2 level at admission (Supplementary Table S2). None of the cytokine levels were associated with albu-
minemia or hemoglobin level at hospital admission. Higher IL-10 and MIF were significantly associated with
higher procalcitonin (data not shown). The cytokine profile at admission did not differ between the patients who
died (n=8) and those who survived (Supplementary Table S3).

Changes in circulating IL-10 and MIF levels during the first 3 ICU days (Fig. 2). In the 144 patients with SM,
the eight cytokines were assayed on the first ICU day then on the next 2 days. Median IL-10 levels were sig-
nificantly higher in the VSM vs. the LSM sub-group on days 1 and 2 (day 1: 209.36 [58.44-693.21] vs. 72.49
[35.01-169.52], P<0.01; day 2: 195.20 [52.34-532.60] vs. 37.78 [15.20-151.35] on day 2, P<0.01; Fig. 2). Plasma
IL-10 concentration did not vary across time within each subgroup. The median MIF values were significantly
higher in the VSM sub-group vs. the LSM sub-group on day 2 but not on day 1 (day 1: 1676.0 ng/mL [898.16—
3321.60] vs. 1206.90 ng/mL [507.98-2960.50], P=0.12; day 2: 1462.20 ng/mL [825.94-4898.10] vs. 1083.20 ng/

Total (n=278) | UM (n=134) | SM (n=144) P LSM (n=76) VSM (n=68) P
Age, years, median [IQR] 42 [32-52] 38 [29-47] 45 [35-57] <0.01 |43[29-56] 48 [38-57] 0.03
Male, n (%) 193 (69.4) 97 (72.4) 96 (66.7) 030 |46 (60.5) 50 (73.5) 0.10
Black African n (%) 148 (53.2) 79(59.0) 69 (47.9) 0.08 50 (65.8) 19 (27.9) <0.01
Lives in an endemic area, n (%) 45 (16.4) 25 (18.9) 20 (14.1) 0.28 11 (14.5) 9 (13.6) 0.88
African country source, n (%) 266 (96.7) 130 (97.7) 136 (95.8) 0.50 74 (97.4) 62 (93.9) 0.41
Antimalarial chemoprophylaxis, n (%) 81(29.3) 40 (29.9) 41 (28.9) 0.86 22(28.9) 19 (28.8) 0.98
Immune suppression, n (%) 23 (8.4) 7 (5.3) 16 (11.3) 0.07 6(8.1) 10 (14.7) 0.21
At least one comorbidity, n (%) 31(11.3) 8(6.0) 23(16.3) <0.01 [9(12.3) 14 (20.6) 0.18
El;igg]from symptom onset to hospital admission, days, median 412-6] 3 [2-6] 4[3-6.5] <0.01 |4.5[3.0-6.0] 4.0 [2.5-7.0] 0.80
Characteristics at admission
Number of WHO criteria on day 1, median [IQR] 1[0-2] 0 [0-0] 2 [1-3] - 1[1-2] 3 [2-5] <0.01
Parasitemia on day 1, %, median [IQR] 2.5[0.3-9.0] 0.5[0.1-2.1] 8.0 [3.8-15.0] <0.01 |8.0[4.0-14.0] 9.5 [3.3-20.0] 0.18
pfHRP2 on day 1 (ng/mL), median, [IQR] 263 [40-983] | 60.7 [12-261] | 834.4 [304-2099] | <0.01 | 693 [193-1422] | 1110 [475-3402] 0.01
Outcome
Bacterial coinfection <48 h, n (%) 11 (4.0) 1(0.7) 10 (6.9) <0.01 |2(2.6) 8(11.8) 0.04
Nosocomial infection, n (%) 23 (8.3) 2 (1.5) 21 (14.6) <0.01 |5(6.6) 16 (23.5) <0.01
Death, n (%) 8(5.2) 0 8(5.2) NA

Table 1. Baseline characteristics at admission and hospital mortality in the groups with uncomplicated
malaria (UM) and severe malaria (SM). SM severe malaria, UM uncomplicated malaria, LSM less severe
malaria, VSM very severe malaria, IL interleukin, MIF macrophage migration inibitory factor, SAPS II
Simplified Acute Physiology Score version II, SOFA Sequential Organ Failure Assessment, WHO World Health
Organization, NA not applicable.
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Figure 1. Boxplot of circulating cytokine levels at admission (DO0) in patients with uncomplicated malaria
(UM), less severe malaria (LSM), and very severe malaria (VSM). All cytokines are expressed in pg/mL.
Kruskal-Wallis test for intergroup distribution, with P values <0.05 considered significant.
n (%) or median [IQR] | Total (n=278) UM (n=134) SM (n=144) P value LSM (n=76) VSM (n=68) P value
IL-1b detectable 30 (10.8) 14 (10.4) 16 (11.1) 0.858 6(7.9) 10 (14.7) 0.19
IL-1b, pg/mL 1.00 [1.00-1.00] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 0.879 1.00 [1.00-1.00] 1.00 [1.00-1.00] 0.17
IL-1a detectable 9(3.2) 6 (4.5) 3(2.1) 0.321 2(2.6) 1(1.5) 1.0
IL-1a, pg/mL 1.00 [1.00-1.00] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 0.268 1.00 [1.00-1.00] 1.00 [1.00-1.00] 0.62
IL-2 detectable 82 (29.6) 43 (32.1) 39 (27.3) 0.380 18 (24.0) 21 (30.9) 0.36
IL-2, pg/mL 0.50 [0.50-1.90] 0.50 [0.50-4.18] 0.50 [0.50-0.97] 0.163 0.50 [0.50-0.50] 0.50 [0.50-1.42] 0.43
IL-4 detectable 78 (28.1) 30 (22.4) 48 (33.3) 0.042 19 (25.0) 29 (42.6) 0.02
IL-4, pg/mL 0.10 [0.10-0.31] 0.10 [0.10-0.10] 0.10 [0.10-0.50] 0.038 0.10 [0.10-0.17] 0.10 [0.10-0.70] 0.02
IL-10 detectable 275 (98.9) 133 (99.3) 142 (98.6) 1.0 75 (98.7) 67 (98.5) 1.00
IL-10, pg/mL 159.76 [45.93-570.42] | 100.79 [39.16-320.65] | 223.63 [52.21-769.52] | 0.001 149.48 [34.77-629.11] | 375.62 [142.35-1176.2] | <0.01
TNF a detectable, n (%) |95 (34.2) 50 (37.3) 45 (31.3) 0.286 21 (27.6) 24 (35.3) 0.32
TNF a, pg/mL 2.00 [2.00-6.23] 2.00 [2.00-8.33] 2.00 [2.00-5.22] 0.277 2.00 [2.00-4.26] 2.00 [2.00-5.76] 0.29
IFNg detectable 105 (37.8) 53 (39.6) 52 (36.1) 0.554 25 (32.9) 27 (39.7) 0.40
IFNg, pg/mL 9.50 [9.50-97.80] 9.50 [9.50-171.28] 9.50 [9.50-73.61] 0.179 9.50 [9.50-38.06] 9.50 [9.50-116.66] 0.12
MIF detectable 278 (100) 134 (100) 144 (100) NA 76 (100) 68 (100) NA
MIE pg/mL 1207.3 [567.45-2296.9] | 842.10 [533.15-1410.4] | 1511.0 [681.28-4330.7] | <0.01 1357.4 [681.71-2461.2] | 2002.2 [681.28-5968.4] | 0.14

Table 2. Cytokine profiles in patients with severe malaria according to severity. UM uncomplicated malaria,
SM severe malaria, LSM less severe malaria, VSM very severe malaria, IL interleukin, TNF tumor necrosis
factor, IEN interferon, MIF macrophage migration inhibitory factor, NA not applicable.

mL [631.91-2687.50], P=0.02). MIF concentration was stable over time within each subgroup. Levels of the
other cytokines did not differ significantly between the VSM and LSM sub-groups (data not shown). Interest-
ingly, high IL-10 levels persisting over the 3 days were more common in patients with versus without nosocomial
infections (Supplementary Table S4).

Discussion

In this preplanned analysis of data from the prospective PALUREA observational cohort study', we evaluated
circulating levels of eight cytokines in 278 adults admitted for imported malaria, including 134 with UM and
144 with SM. At hospital admission, IL-1a, IL-1 3, IL-2, IL-4, IFNy, and TNFa were undetectable in over half the
patients, whereas IL-10 and MIF levels were detectable and significantly higher in the SM group. Higher IL-10
levels were significantly associated with higher parasitemia.

Cytokines play a pivotal role in the host response to P, falciparum infection. We found no meaningful associa-
tions with disease severity and frequently undetectable levels for six of the eight tested cytokines (IL-1a, IL-1 f3,
IL2, IL4, TNFaq, and IFNYy). A technical issue as the reason for the often-undetectable cytokine levels is unlikely,
given the duplicate assays at a central, highly experienced laboratory. The most reasonable interpretation is that
levels of the tested cytokines were low in most patients at hospital admission.

A good balance between the pro-inflammatory and anti-inflammatory host responses is crucial to par-
asite eradication without further organ damage due to runaway inflammation. IL-10 is a fundamental
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Figure 2. Boxplot of circulating cytokine levels in the sub-groups with less severe malaria (LSM) and very
severe malaria (VSM) during the first 3 days following ICU admission. All cytokines are expressed in pg/mL.
Sub-group comparison using the t-test between groups, with P values <0.05 considered significant. Note that no
significant difference was observed within subgroups over time for IL10 nor MIE

anti-inflammatory cytokine that plays an important regulatory function in malarial models®". In our study IL-10
was associated with malaria severity as in several studies”!?*-22, The exact role of IL-10 in malaria pathogenesis
is debated. In one experimental study, IL-10 demonstrated its ability to inhibit endothelial ICAM-1 expression,
with a resulting decrease in parasite sequestration®. Conversely, IL-10 also exerts potent anti-inflammatory
effects, which may paradoxically promote parasite growth?%. The direction of the association between IL-10
and parasite burden cannot be determined from our data: IL-10 elevation may have been triggered by a heavy
parasite burden, and/or, parasite replication may have been promoted by high IL-10 levels. Finally, the strong
immunosuppressive effect of IL-10 on circulating monocytes®?® may lead to increased susceptibility to bacterial
infections?. In our group with SM, patients with high IL-10 levels during the first 3 ICU days had a significantly
greater number of nosocomial infections.

MIEF, one of the first cytokines identified, is constitutively expressed by a broad spectrum of cells and tis-
sues. MIF contributes to regulate immune responses and is an important mediator of inflammatory diseases
in mammals®®. Recently, the discovery of a P. falciparum-encoded MIF ortholog (PfMIF) drew attention to the
role for MIF in the pathophysiology of malaria®**°. MIF exerts pro-inflammatory properties that may increase
the cytoadherence of parasitized erythrocytes, resulting in greater disease severity. MIF also inhibits erythroid,
multipotential, and granulocyte-macrophage progenitor-derived colony formation (CFU-GM) and may there-
fore be involved in the pathophysiology of malarial anemia®'. We found that higher MIF levels were associated
with greater disease severity, in keeping with findings in Zambian children* and Indian infants and adults*. In
contrast to the work from Zambia, our study showed no association between MIF levels and anemia. However,
the absence of PfMIF assays in our study precludes conclusions about the role for MIF in malarial anemia. To
our knowledge, no studies have investigated the levels of both MIF isoforms (human MIF and PfMIF) and their
relationship with malaria severity. Therapeutic interventions designed to neutralize PEMIF have shown promise
for protecting against malaria®->*.

Perspectives. The main benefits expected from assessing immune responses in critically ill patients with
malaria are the characterization of specific immune dysfunctions and the identification of patients at high risk
for nosocomial infections. Higher IL-10 levels may be associated with worse immune dysfunction and greater
susceptibility to nosocomial infections. In preclinical studies, high IL-10 levels were associated with decreases in
the release of other cytokines and in class IT major histocompatibility complex expression on monocytes*. In our
population, persistently high IL-10 levels were associated with subsequent nosocomial infections, as previously
reported in sepsis but not in malaria?. Detailed monitoring of both cytokines and membrane receptors associ-
ated with immune suppression such as mHLA-DR is a promising approach and deserves further investigations®.

Limitations. Our study has several limitations. First, the small number of patients who died may have lim-
ited our ability to detect statistically significant differences in cytokine profiles between non-survivors and sur-
vivors. However, other markers of disease severity such as WHO severity criteria showed limited differences
between groups. Secondly, it is possible that the timing of cytokines sampling may have limited our ability to
detect differences between groups. Indeed, patients had to be sampled on admission to the ICU, but the time
between ICU admission and cytokine blood sampling may have varied among patients. . However, our study was
a pragmatic study with the aim of identifying stratification biomarkers that could be used in routine practice.
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Finally, the participating centers were expert centers in the management of malaria, which may limit further
generalization of our results.

Conclusion

Among the eight cytokines tested in this large cohort of adults with imported falciparum malaria, only MIF
and IL-10 were higher in patients with greater disease severity. Our findings suggest that cytokine assays at ICU
admission may have a limited role for the diagnosis and assessment of severity. Whether monitoring the potent
anti-inflammatory cytokine IL-10 helps to identify patients at high risk for developing nosocomial infection
deserves further investigation.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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