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Ebola virus (EBOV) is an enveloped, nonsegment-
ed, negative-sense, single-stranded RNA virus 

that belongs to the genus Ebolavirus in the family Filo-
viridae. This genus comprises 6 species recognized by 
the International Committee on Taxonomy of Virus-
es: Zaire ebolavirus, Sudan ebolavirus, Bundibugyo ebo-
lavirus, Tai Forest ebolavirus, Reston ebolavirus, and the 
recently discovered Bombali ebolavirus (1).

Since the first recorded Ebola virus outbreaks in 
1976 in Zaire (now the Democratic Republic of the 
Congo [DRC]) and southern Sudan, other outbreaks 
of Ebola virus disease (EVD) have been reported in 
Africa. The West Africa Ebola virus outbreak in 2013–
2016, which mainly affected Guinea, Liberia, and 
Sierra Leone, was the largest and most widespread 
EVD outbreak. According to the World Health Orga-
nization, this outbreak comprised 28,646 confirmed, 
probable, and suspected EVD cases and caused 11,323 
reported deaths (2).

On June 25, 2020, the DRC’s Ministry of Health 
declared the second largest EVD outbreak to be over 
(3). According to the DRC’s Ministry of Health, this 
outbreak caused 3,470 confirmed and probable EVD 
cases. A total of 2,299 infected persons died, and 1,171 
persons survived.

EBOV quickly overwhelms the host’s innate im-
mune response and causes an acute febrile illness 
along with headache, vomiting, abdominal pain, 
diarrhea, severe fatigue, coagulation disorders, 
hypotension, lymphopenia, and thrombocytope-
nia (4,5). Some EBOV infections generate a cyto-
kine storm, which hinders peripheral natural killer  
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We investigated the genetic profiles of killer cell immu-
noglobulin-like receptors (KIRs) in Ebola virus–infected 
patients. We studied the relationship between KIR–hu-
man leukocyte antigen (HLA) combinations and the clini-
cal outcomes of patients with Ebola virus disease (EVD). 
We genotyped KIRs and HLA class I alleles using DNA 
from uninfected controls, EVD survivors, and persons 
who died of EVD. The activating 2DS4–003 and inhibitory 
2DL5 genes were significantly more common among per-
sons who died of EVD; 2DL2 was more common among 
survivors. We used logistic regression analysis and 
Bayesian modeling to identify 2DL2, 2DL5, 2DS4–003, 
HLA-B-Bw4-Thr, and HLA-B-Bw4-Ile as probably having 
a significant relationship with disease outcome. Our find-
ings highlight the importance of innate immune response 
against Ebola virus and show the association between 
KIRs and the clinical outcome of EVD.
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cells (NK) and T and B lymphocytes. This response 
can induce multiorgan failure, hypovolemic shock, 
and death (6).

NK cells, among other cells, are key effector 
cells of the innate immune system and play a cru-
cial role in the antiviral response. The effector ca-
pability of NK cells has been described in a wide 
range of viral infections, such as hepatitis B, hepa-
titis C (HCV), HIV, and human cytomegalovirus 
infection (7). Few studies have examined NK cell 
levels and function in EVD patients; those studies 
documented lower NK cell levels among persons 
who died of EVD compared with survivors (8–10). 
One study also observed an increase in inhibitory 
receptor KIR2DL1 in NK cells during EVD (8). In 
addition, researchers have demonstrated the cy-
totoxic effect of NK cells during experimentally 
induced EBOV infection in nonhuman primates 
and its protective and deleterious effects in NK-
depleted mice (11–14). Activated NK cells respond 
to EBOV-infected cells by releasing perforin and 
granzyme, which mediate the cytolysis of EBOV-
infected cells. Furthermore, the ability of NK cells 
to secrete cytokines such as interferon-γ, interferon-
α/β, and tumor necrosis factor-α is essential to the 
immune response (5). Reed et al. demonstrated that 
lethal EBOV infection is associated with loss and 
decreased activity of NK cells (11). In addition, Ci-
mini et al. observed that patients who died of EVD 
had lower NK cell frequencies than patients who 
survived (8). The mechanism behind this associa-
tion is still unknown; however, the degree of loss is 
highly correlated with fatal disease outcome.

The cytotoxic and secretory functions of NK 
cells are regulated through the interaction between 
human leukocyte antigens (HLA) class I molecules 
on target cells and receptors, such as the killer cell 
immunoglobulin-like receptors (KIRs), on NK cells 
(15). KIRs are members of the immunoglobulin su-
perfamily type I receptors, and they are encoded 
by a family of highly polymorphic genes located on 
human chromosome 19q13.4 within the leukocyte 
receptor complex (16). They are expressed on the 
surface of NK cells and certain T lymphocytes and 
regulate the function and development of these cells. 
NK cells recognize HLA class I molecules on the sur-
face of host cells, enabling them to distinguish be-
tween self and nonself and to target infected or ma-
lignant cells for lysis (17).

Researchers have identified 16 KIR genes, of 
which 8 are inhibitory (2DL1–5, 3DL1–3), 6 are acti-
vating (2DS1–5, 3DS1), and 2 are pseudogenes (2DP1 
and 3DP1). Some KIRs, such as 2DL4, 3DL2, and 

3DL3, contain sequences for activating and inhibitory 
receptors (18). Inhibitory KIRs interact with specific 
motifs of HLA class I molecules. One such motif is the 
amino acid at position 80 of HLA: lysine or aspara-
gine for HLA-C alleles and threonine or isoleucine for 
HLA-B-Bw4 and HLA-A-Bw4 alleles (19).

The number and types of KIRs vary consider-
ably among individual persons, who might exhibit 
7–12 KIRs for each haplotype. A person might have 
haplotype A, which exhibits more inhibitory KIRs, 
or haplotype B, which exhibits more activating KIRs 
(19). The AB or BB haplotype is characterized by 
the presence of the 2DL2, 2DL5, 3DS1, 2DS1, 2DS2, 
2DS3, or 2DS5 genes. None of these genes are pres-
ent in the AA haplotype, which contains only a single 
activating KIR gene, 2DS4 (with a deleted variant of 
22 bp in exon 5, 2DS4–003) (20). Because these genes 
are so variable and the KIR/HLA combinations play 
a key role in immune response, understanding this 
variability is important for genotyping studies (21). 
Genetic studies have shown that the distribution of 
KIR genes and KIR/HLA combinations vary wide-
ly; furthermore, these variations can predict disease 
outcomes in persons with hepatitis B, HCV, human 
T-lymphotropic virus type 1 (HTLV-1), or HIV-1 in-
fections (22,23). During HIV-1, HCV, or HTLV-1 in-
fection, CD8+ cells mediate much of the protective 
effect of inhibitory KIRs (24).

We determined the genetic profiles of KIR genes 
and HLA class I alleles in DNA samples from persons 
infected with EBOV Makona variant in Guinea. We 
also assessed the distribution of HLA class I geno-
types during an EVD outbreak and the relationship 
between specific KIR/HLA combinations and the 
clinical outcomes of persons with EVD.

Materials and Methods

Study Samples
We studied samples from patients in whom EVD 
was diagnosed during the 2013–2016 outbreak. We 
collected serum samples from 77 uninfected controls 
and 101 EVD survivors in Guéckédou, Guinea, dur-
ing May 2015–September 2017. In addition, the Eu-
ropean Mobile Laboratory provided DNA isolated 
from whole blood samples of 119 persons who had 
died of EVD.

We defined EVD survivors as EBOV-infected pa-
tients who had survived the acute phase of EVD and 
were discharged from the Ebola treatment center in 
Guéckédou after testing negative for Ebola 4 times by 
reverse transcription PCR. The survivors in our study 
included only persons with an original certificate of 
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survivorship issued by the Guinean government. 
Controls tested negative for EBOV-specific antibodies 
and EBOV neutralizing antibodies in plasma.

We collected blood samples in EDTA tubes for 
routine blood tests, serologic assays for EBOV an-
tigen, and nucleic acid detection of EBOV RNA by 
reverse transcription PCR. Afterward, we isolated 
peripheral blood mononuclear cells (PBMCs) from 
whole blood samples using Ficoll-Paque density gra-
dient centrifugation (Sigma-Aldrich Inc., https://
www.sigmaaldrich.com) according to the manufac-
turer’s instructions. To store PBMCs at room temper-
ature, we used DNAgard Blood (Sigma-Aldrich Inc.) 
according to the manufacturer’s instructions. 

Genomic DNA Extraction
We extracted genomic DNA from PBMCs from EVD 
survivors and controls. We used the QIAamp DNA 
Mini kit (QIAGEN, https://www.qiagen.com) for 
DNA extraction according to the manufacturer’s in-
structions. We eluted the purified DNA in 100 μL buf-
fer AE and quantified it using a NanoDrop spectro-
photometer (ThermoFisher Scientific, https://www.
thermofisher.com).

Whole-Genome Amplification
We conducted whole-genome amplification of DNA 
samples using the multiple displacement amplifi-
cation Repli-g mini kit (QIAGEN) according to the 
manufacturer’s instructions. We then purified DNA 
with a rapid in-house method using ethanol precipi-
tation. For this procedure, we first mixed 1:10 volume 
sodium acetate (3 M, pH 5.5) with 2 volumes absolute 
ethanol in a 1.5 mL Eppendorf tube. After inverting 
the tube, we incubated the reaction mixture at −80°C 
for 2 h and then centrifuged at 20,000 × g for 30 min. 
We withdrew the supernatant and washed the pel-
let with 70% ethanol, then centrifuged the mixture 
at maximum speed for 15 min. After removing the 
supernatant, we air-dried the pellet at 50°C and then 
resuspended in 50 μL buffer AE. We stored the ex-
tracted DNA products at −20°C.

KIR and HLA Class I Genotyping
We established the presence or absence of 14 KIR 
genes and 2 pseudogenes (2DP1 and 3DP1) by PCR 
using primers, as published in previous studies (25–
27). We used Primer3 version 0.4.0 software (https://
bioinfo.ut.ee/primer3-0.4.0) to design specific prim-
ers targeting 2DL5 and 2DS4–001. We conducted 
HLA genotyping for 5 HLA class I alleles known 
to be KIR ligands: HLA-C1-Asn80 (2DL2, 2DL3, and 
2DS2), HLA-C2-Lys80 (2DL1 and 2DS1), HLA-B-Bw4-

Thr80 (3DL1), HLA-B-Bw4-Ile80 (3DS1 and 3DL1), and 
HLA-A-Bw4 (3DL1 and 3DL2) (28) (Appendix Table 
1, https://wwwnc.cdc.gov/EID/article/27/1/20-
2177-App1.pdf).

We conducted PCR on amplified genomic DNA 
from uninfected controls, EVD survivors, and persons 
who died of EVD. We conducted amplifications using 
a Biometra TRIO-Analytik Jena Thermocycler (West-
burg, https://www.westburg.eu). For each PCR, 
we used a 30 μL mixture containing >10 ng of DNA 
sample, 6 μL 5× QIAGEN OneStep reverse transcrip-
tion PCR buffer, 1 μL dNTP mix with 10 mM of each 
dNTP, 1 μL QIAGEN OneStep reverse transcription 
PCR enzyme mix, 0.6 μM of each primer, and RNase-
free water. In negative samples, we also added 0.6 
μM of an internal control primer set to verify the true 
absence of KIR genes and HLA class I alleles. We ran 
each PCR in triplicate (Appendix Tables 2, 3). We ran 
the amplified DNA on 6% polyacrylamide gels and 
electrophoresed it in 1× Tris-borate-EDTA buffer. We 
stained gels with Midori green direct and visualized 
them under UV light using a gel imager camera.

Statistical Data Analysis
We tested the difference in frequency of KIR/HLA 
haplotypes using the Fisher exact test. To avoid type 
I error, we calculated an adjusted p value with Bon-
ferroni correction and used the resulting p value 
(p<0.02) to determine significance. We conducted 
binary logistic regression to assess the effect of 
HLA and KIR genotypes on the clinical outcome of 
patients with EVD. We selected any variable with 
a significant univariate test at a relaxed p value of 
0.25 as a candidate for the multivariate analysis. This 
criterion enabled us to reduce the initial number of 
variables (i.e., genes) in the model, while simultane-
ously reducing the risk of missing important vari-
ables (29,30). After preselection, we built a binomial 
logistic regression model that comprised all remain-
ing explanatory variables and performed backward 
elimination. The model simultaneously used Bayes-
ian information criterion (31) and Fisher exact tests 
at the 5% significance level.

As an extension to the binomial analysis, we 
conducted multinomial logistic regression. This 
model assessed the effect of HLA and KIR genotypes 
on the clinical outcome of patients with EVD and de-
termined the KIR gene profile associated with these 
outcomes. We conducted Bayesian model averaging 
(BMA) using the R packages BMA and mlogitBMA 
(32,33). These packages enabled us to account for 
uncertainty about the explanatory variables using a 
Bayesian information criterion approximation to the 
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posterior model probabilities. After removing vari-
ables that generated collinearity issues, we searched 
the model space using the fast leaps and bounds al-
gorithm (34). As the first step in applying BMA to 
solve the variable selection problem for multinomial 
logit data, mlogitBMA uses the approach of Begg 
and Gray (35), which approximates large-scale mul-
tinomial logistic regressions as a series of binary lo-
gistic regressions (36).

Ethics Approval
The National Committee of Ethics in Medical Research 
of Guinea approved the use of diagnostic leftover sam-
ples and corresponding patient data for this study (ap-
proval no. 11/CNERS/14). Samples from EVD survi-
vors and controls were collected under ethics protocols 
approved by the Guinean National Ethics Committee 
for Research and Health (approval no. 33/CNERS/15). 
We obtained written and informed consent from con-
trols and EVD survivors. Ethical permission for the 
work conducted at KU Leuven on the DNA samples 
was reviewed and approved by the KU Leuven ethics 
committee under reference no. S58836.

Results

KIR Haplotypes Associated with EVD Outcome
Of 77 controls, 101 survivors, and 119 persons who 
died of EVD, an average of 78% of each category had 
11 shared haplotypes, which differed from each other 
by the presence or absence of 9 KIR genes (Figure 1). 
The remaining participants (20 controls, 14 survivors, 
and 31 persons who died of EVD) had a rare KIR hap-
lotype that lacked >3 KIR genes (data not shown). The 
frequency of the KIR AA haplotype was significantly 
higher for persons who died of EVD (6.7%) than for 
survivors (0.99%; p = 0.04). One KIR BB haplotype 
was significantly more common among the survivors 
(37.6%) than among persons who died of EVD (17.6%; 
p<0.01). All participants had the 2DL1, 3DL1, 3DL2, 
3DL3, 2DP1, and 3DP1–004 genes.

Frequency of KIR Genotypes
We found the 2DL2 gene in 98% of survivors and 
83.2% of persons who died of EVD. Likewise, we 
found the 2DL5 gene in 46.5% of survivors and 63% 
of persons who died of EVD (Table 1). These results 

Figure 1. Killer cell immunoglobulin-like receptor haplotypes among the control group, Ebola survivors, and persons who died of Ebola 
virus disease in Guinea, 2015–2017. Percentage of each haplotype was calculated and defined as the number of persons with the 
killer cell immunoglobulin-like receptor haplotype (n) divided by the number of persons (N) in the studied group. Black boxes indicate 
presence of genes; white boxes indicate absence of genes. †p<Pc (survivors vs. fatalities). Pc, corrected p value.
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suggest that inhibitory 2DL2 and 2DL5 might be as-
sociated with the outcome of persons with EVD.

Relevant KIR Genes and HLA Class I Alleles  
in Survivors and Persons Who Died of EVD
The binomial logistic regression model (Table 2) re-
tained 4 KIR genes and 2 HLA class I alleles as co-
variates in our final model, implying that these genes 
exhibit a significant relationship with disease out-
come. Because of the relatively small number of par-
ticipants, we validated these findings through BMA. 
The KIR genes 2DL2, 2DL5, and 2DS4–0003 and the 
HLA class I alleles HLA-B-Bw4-Thr and HLA-B-Bw4-
Ile were present in >15% of the models explored dur-
ing our BMA analysis (Table 3; Appendix Figure 1). 
These 5 covariates are almost identical to those identi-
fied in the binary regression models (Tables 2, 3).

HLA Haplotypes
We identified 23 HLA class I haplotypes. These hap-
lotypes differed by the presence or absence of 2 HLA-
C, 2 HLA-B, or 1 HLA-A alleles (Figure 2). The HLA 
haplotype characterized by the presence of HLA-
C1Asn80, HLA-C2 Lys80, and HLA-A-Bw4 was significant-
ly more common among persons who died (11.7%) 
than survivors (4.95%; p<0.01).

Functional Analysis of HLA and KIR Gene Combinations
To further evaluate whether biologically relevant 
KIR/HLA combinations affect the outcome of pa-
tients with EVD, we conducted a functional analy-
sis of 5 HLA class I alleles and their respective in-
hibitory and activating KIRs (Appendix Table 1); we 
compared the results of uninfected controls, persons 
who died of EVD, and survivors. We used previously  

 
Table 1. Frequency of KIR genes and HLA class I alleles among control group, Ebola survivors, and persons who died of Ebola virus 
disease, Guinea, 2015–2017* 
Gene Controls, no. (%) Survivors, no. (%) Persons who died, no. (%) p value 
Inhibitory KIRs     
 2DL1 77 (100.0) 101 (100.0) 119 (100.0)  
 2DL2 67 (87.0) 99 (98.0) 99 (83.2) †‡ 
 2DL3 71 (92.2) 94 (93.1) 112 (94.1)  
 2DL4 77 (100.0) 100 (99.0) 118 (99.1)  
 2DL5 42 (54.5) 47 (46.5) 75 (63.0) † 
 3DL1 77 (100.0) 101 (100.0) 118 (99.1)  
 3DL2 76 (98.7) 101 (100.0) 119 (100.0)  
 3DL3 77 (100.0) 101 (100.0) 119 (100.0)  
Activating KIRs     
 2DS1 46 (59.7) 55 (54.4) 74 (62.2)  
 2DS2 37 (48.0) 46 (45.5) 55 (46.2)  
 2DS3 23 (29.8) 30 (29.7) 40 (33.6)  
 2DS4–001 70 (90.9) 94 (93.1) 103 (86.6)  
 2DS4–003 40 (51.9) 41 (40.6) 67 (56.3) † 
 2DS5 23 (29.8) 26 (25.7) 40 (33.6)  
 3DS1 5 (6.5) 4 (3.9) 13 (10.9)  
Pseudogenes     
 2DP1 77 (100.0) 100 (99.0) 116 (97.5)  
 3DP1–001 6 (7.8) 4 (3.9) 8 (6.7)  
 3DP1–004 76 (98.7) 99 (98.0) 117 (98.3)  
HLA class I alleles     
 HLA-C1Asn80 55 (71.4) 78 (77.2) 85 (71.4)  
 HLA-C2Lys80 58 (75.3) 74 (73.3) 88 (73.9)  
 HLA-B-Bw4Thr80 8 (10.4) 9 (8.9) 22 (18.5)  
 HLA-B-Bw4Ile80 33 (42.8) 48 (47.5) 38 (31.9)  
 HLA-A-Bw4 23 (29.8) 26 (25.7) 37 (31.1)  
*Frequency (%) of each KIR gene or HLA class I allele was calculated and defined as the number of individuals having the gene or allele divided by the 
number of persons in the studied group. HLA, human leukocyte antigen; KIR, killer cell immunoglobulin-like receptor; Pc, corrected p value. 
†p value <Pc (survivors vs. persons who died). 
‡p value <Pc (controls vs. survivors). 

 

 
Table 2. Results from multivariate logistic regression model of human leukocyte antigen class I and killer cell immunoglobulin-like 
receptor genes in controls and Ebola virus–infected patients, Guinea, 2015–2017 
Term β estimate SE p value 
Intercept (β0) −2.27 0.84 <0.01 
2DL2 (β1) 2.73 0.82 <0.01 
2DL5 (β2) −1.94 0.67 <0.01 
2DS1 (β3) 1.35 0.67 <0.05 
2DS4–0003 (β4) −0.63 0.31 <0.05 
HLA-B-Bw4-Thr (β5) −1.20 0.48 <0.05 
HLA-B-Bw4-Ile (β6) 0.76 0.31 <0.05 
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validated functional KIR/HLA pairs (28) to stratify 
each group of participants into inhibitory and acti-
vating KIR/HLA ligands and scored each KIR/HLA 
combination: 0, absence of both KIR and HLA ligand; 
1, presence of either KIR or HLA ligand; 2, weak af-
finity between KIR and HLA; or 3, strong affinity be-

tween KIR and HLA. Survivors had a total inhibitory 
KIR/HLA score that was significantly higher than in 
persons who died of EVD (p<0.01 by Kruskall-Wallis 
test with false discovery rate correction), whereas no 
significant difference was observed in the total acti-
vating KIR/HLA score Figure 3.

 
Table 3. Results from the multinomial logistic regression of human leukocyte antigen class I and killer cell immunoglobulin-like 
receptor genes in Ebola virus–infected patients, Guinea, 2015–2017* 
Term p ≠ 0 β estimate SE Best model 
2DL2 88.1 1.02 0.54 1.18 
2DL5 59.1 −0.43 0.46 −0.65 
KIR2DS4.0003 16.6 −0.08 0.20 (...) 
HLA-B-Bw4-Thr 45.8 −0.38 0.48 (...) 
HLA-B-Bw4-Ile 45.1 0.27 0.34 (...) 
*Intercepts have been omitted for interpretation purposes. p ≠ 0 indicates the probability that the coefficient for a given predictor is not zero. Ellipses (...) 
represent predictors that were not present in the best model. 

 

Figure 2. HLA haplotypes identified among the control group, Ebola survivors, and persons who died of Ebola virus disease in Guinea, 
2015–2017. Percentage of each haplotype was calculated and defined as the number of persons with the HLA haplotype (n) divided by 
the number of individuals (N) in the studied group. Black boxes indicate presence of genes; white boxes indicate absence of genes. †p<Pc 
(survivors vs fatalities); ‡p<Pc (controls vs infected cases). HLA, human leukocyte antigen; NP, not present; Pc, corrected p value.
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Discussion
Despite the presumed protective role played by  
NK cells against EBOV, few studies have been  
conducted on KIRs and their specific HLA ligands 
during EVD (6,37). Our study shows that EBOV-
infected patients have diverse HLA and KIR geno-
types. The KIR haplotype lacking the 2DL2, 2DL5, 
2DS1, 2DS2, 2DS3, 2DS5, and 3DS1 genes was sig-
nificantly more common among persons who died 
of EVD (6.7%) than survivors (0.99%; p = 0.04) (Fig-
ure 1). We used BMA analysis to identify the KIR 
genes 2DL2, 2DL5, and 2DS4–003 as possibly asso-
ciated with disease outcomes. Contrary to findings 
by Wauquier et al. (37), we found that frequencies 
of activating 2DS1 and 2DS3 were not significantly 
correlated with disease outcomes. In addition, the 
KIR 2DS4–003 and 2DL5 genes were significantly 
more common among persons who died of EVD 
than among survivors. This discrepancy might be 
caused by differences in sample size or genetic 
makeup of the study populations.

Using the KIR Allele Frequency Net Database 
(http://www.allelefrequencies.net), we compared 
the frequency of inhibitory and activating KIR genes 
from this study with different populations. These 
populations were from countries in West Africa (i.e., 
Côte d’Ivoire, Nigeria, Ghana, Equatorial Guinea, 
and Senegal), Central Africa (i.e., DRC, Gabon, and 
Uganda), South Africa (i.e., South Africa and Zim-
babwe), and a group of mixed population from Re-
union, Comoros, and South Africa. Inhibitory 2DL2 
and activating 2DS1 frequencies were higher for our 
study group than for all other studied populations 
from West Africa (p<0.01), Central Africa (p<0.01), 
and South Africa (p<0.01) (Appendix Figure 2). The 
apparent discrepancy between our study and that of 
Wauquier et al. (37) might be largely explained by dif-

ferences in population genetics between Guinea and 
Gabon, where Wauquier et al. recruited participants. 
These differences might be promulgated by the rapid 
evolution of human KIR genes, partly in response to 
viral diversity (38).

Another study found increased levels of inhibitory 
KIR 2DL1 at the cell surface of NK cells in EVD patients 
from Guinea (8) during the same outbreak. However, 
that study’s small sample size did not enable the de-
tection of differences between the 8 survivors and 6 
persons who died of EVD. Our data suggests that KIR 
2DL2 has a protective role in EVD; similarly, this gene 
is protective against HIV-1 and HCV infection because 
it enhances the protective effect of HLA-B57 on viral 
load, slows the reduction in CD4 count, and enables 
spontaneous clearance of HCV (23). On the other 
hand, KIR 2DL2 strongly enhanced the protective ef-
fect of HLA-C8 and the detrimental effect of HLA-B54 
on disease outcome in HTLV-1 infection (24). It will be 
important to further investigate whether the proposed 
protective effect of KIR 2DL2 in EVD might be medi-
ated by the patient’s viral load.

All participants in our study had the KIR 3DL3 
gene. Existing data show that 3DL3 transcripts are 
overexpressed in persons who died of EVD compared 
with survivors in recovery (p<0.01) and in the viremic 
phase (p = 0.17; data not shown) (39). Our findings 
support the hypothesis that genomic and transcrip-
tomic mechanisms of KIR regulation play a role in 
EVD outcomes.

Although persons from all groups had the inhibi-
tory 3DL1 gene, the frequency of its low-affinity ligand 
HLA-B-Bw4Thr80 was significantly higher among per-
sons who died (18.5%) than among survivors (8.9%). 
In contrast, its high-affinity ligand HLA-B-Bw4Ile80 al-
lele was more common among survivors (47.5%) than 
among persons who died of EVD (31.9%).

Figure 3. Statistical comparison 
of all inhibitory and activating killer 
cell immunoglobulin receptors 
(KIRs) between controls, 
survivors, and persons who died 
of Ebola virus disease in Guinea, 
2015–2017. A) All inhibitory KIRs 
with their specific HLA ligands 
are compared between studied 
groups. Persons who did and did 
not survive differed significantly. B) 
Comparison of activating KIRs with 
their specific HLA ligands between 
studied groups. HLA, human 
leukocyte antigen.
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In conclusion, EVD survivors express less 
activating and more inhibitory KIRs (Table 2) 
and more functional inhibitory KIR/HLA pairs  
(Figure 3) through genomic and transcriptomic (39) 
mechanisms, than persons who died of EVD. We 
hypothesize that these genetic differences contrib-
ute to the uncontrolled innate immune response 
observed in EVD (6). This response is mediated 
mostly by NK cells, although KIRs might also par-
ticipate (24).

Although researchers have made substantial 
advances in drug and vaccine development for EVD 
in the last 5 years, researchers should also investi-
gate the potential effects of blocking KIR receptors 
on disease outcome. These biomarkers could lead 
to new therapeutic approaches, preferentially tar-
geting the innate immune system, for future EVD 
outbreaks. Our study had a reasonable sample 
size, but further investigations should examine a  
larger cohort. 
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Appendix Table 1. Primer sequences of KIR genes and HLA class I alleles* 
Gene Forward primer (5′-3′) Reverse primer (5′-3′) Size, bp 
KIR genes    
 2DL1 TTGGTCAGATGTCATGTTTGAA TCCCTGCCAGGTCTTGCG 143 
 2DL2 AAACCTTCTCTCTCAGCCCA GCCCTGCAGAGAACCTACA 142 
 2DL3 ACAAGACCCTCAGGAGGTGA GCAGGAGACAACTTTGGATCA 160 
 2DL4 TCAGGACAAGCCCTTCTGC GACAGGGACCCCATCTTTC 130 
 2DL5 GCGCTGTGGTGCCTCG GACCACTCAATGGGGGAGC 214 
 2DS1 GTAGGCTCCCTGCAGGGA ACAAGCAGTGGGTCACTTGAC 148 
 2DS2 CTGCACAGAGAGGGGAAGTA CAGAGGGTCACTGGGAGC 177 
 2DS3 ACCTTGTCCTGCAGCTCCT AGCATCTGTAGGTTCCTCCT 160 
 2DS4–001 CTGGCCCTCCCAGGTCA TCTGTAGGTTCCTGAAAGGACAG 204 
 2DS4–003 CTTGTCCTGCAGCTCCATC TGACGGAAACAAGCAGTGGA 202 
 2DS5 TGATGGGGTCTCCAAGGG TCCAGAGGGTCACTGGGC 105 
 3DL1 TGAGCACTTCTTTCTGCACAA TAGGTCCCTGCAAGGGCAA 129 
 3DL2 AAACCCTTCCTGTCTGCCC TGGAAGATGGGAACGTGGC 134 
 3DL3 GCAATGTTGGTCAGATGTCAG AGCCGACAACTCATAGGGTA 199 
 3DS1 TCCATCGGTTCCATGATGCG GACCACGATGTCCAGGGGA 111 
 2DP1 ACATGTGATTCTTCGGTGTCAT GTGAACCCCGACATCTGTAC 167 
 3DP1–001 GGTGTGGTAGGAGCCTTAG GAAAACGGTGTTTCGGAATAC 280 
 3DP1–004 CGTCACCCTCCCATGATGTA GAAAACGGTGTTTCGGAATAC 395 
HLA class I alleles    
 HLA-C1 Asn80 GAGGTGCCCGCCCGGCGA CGCGCAGGTTCCGCAGGC 332 
 HLA-C2 Lys80 GAGGTGCCCGCCCGGCGA CGCGCAGTTTCCGCAGGT 332 
 HLA-A-Bw4 TGGCGCCCCGAACCCTCG GCTCTGGTTGTAGTAGCGGA 456 
 HLA-B-Bw4 Thr80 GGAGCGAGGGGACCGCAG GTAGTAGCGGAGCGCGGTG 344 
 HLA-B-Bw4 Ile80 GAGCGAGGGGACCGCAG GTAGTAGCGGAGCGCGATC 343 
*HLA, human leukocyte antigen; KIR, killer cell immunoglobulin-like receptor (1). 

 
Appendix Table 2. PCR conditions of human leukocyte antigen class I and killer cell immunoglobulin-like receptor primer set 
(except 2DS3, 2DL5 and 3DP1–001)* 
No. cycles Stage Temperature, °C Time, min 
NA Initial denaturation 94 5.00 
NA Denaturation 94 0.50 
10 Annealing 58 0.75 
NA Elongation 72 1.00 
NA Denaturation 94 0.50 
20 Annealing 55 0.75 
Not applicable Elongation 72 1.00 
Not applicable Final extension 72 10.00 

 
Appendix Table 3. PCR conditions of 2DS3, 2DL5 and 3DP1–001 killer cell immunoglobulin-like receptor genes 
No. cycles Stage Temperature, °C Time, min 
NA Initial denaturation 94 5.00 
NA Denaturation 94 0.50 
35 Annealing 55 0.75 
Not applicable Elongation 72 1.00 
Not applicable Final extension 72 10.00 
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Appendix Figure 1. BMA analysis for multinomial logistic regression of killer cell immunoglobulin-like 

receptors and human leukocyte antigen class I alleles. Red indicates models with a positive coefficient; 

blue indicates models with a negative coefficient. Selected variables (genes) shown on the vertical axis; 

BMA-selected models shown on the horizontal axis. BMA, Bayesian model averaging. 
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Appendix Figure 2. Comparison of KIR gene frequency in selected populations from countries in West 

Africa (Ivory coast, Nigeria, Ghana, Equatorial Guinea, and Senegal), Central Africa (the Democratic 

Republic of Congo, Gabon, and Uganda), South Africa (South Africa, and Zimbabwe), and a mixed 

population from Reunion, Comoros, and South Africa. A) Inhibitory KIRs. B) Activating KIRs. Data from 

http://www.allelefrequencies.net. KIR, killer cell immunoglobulin-like receptor. 
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