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Immune-based diagnostic, therapeutic, and prophylactic
tools have played a central role in medicine since the discov-
ery of antibodies at the end of the 19th century.

Since then, more and more sophisticated antibody-based
approaches have been developed allowing to easily diagnose
different types of disorders spanning from infectious dis-
eases to premalignant, malignant, and autoimmune diseases.

As an example, the enzyme-linked immunosorbent assay
(ELISA) represents one of the simplest but still most powerful
methods for the diagnosis of different types of diseases, and
thanks to its versatility, multiple formats have been developed
such as the competitive ELISA, the sandwich ELISA, and the
indirect ELISA. Additionally, besides assessing the binding to
an antigen, antibody-based method approaches can also have
a prognostic value since they can assess the presence, for exam-
ple, of neutralizing antibodies eliciting a protective effect. In this
regard, the hemagglutination inhibition assay (HAI) represents
the gold standard method to evaluate the efficacy of not only
current standard of care but also underdevelopment next-
generation influenza vaccines in eliciting a neutralizing and pro-
tective immune response. As for ELISA, the HAI has also been
developed in different formats in order to dissect the antibody
response, for example, following influenza infection or vaccina-
tion. In this context, our group recently described a competitive
HAI-based assay using a combination of influenza virus and
recombinant influenza hemagglutinin (HA) proteins to dissect
the HAI functional activity of HA-specific antibody populations
in a single assay format [1].

In parallel to their ease of manufacturing and deploy-
ment as highly specific molecules, antibodies represent also
a fundamental tool for the development of prophylactic
and therapeutic immune-based strategies. As an example,
in this special issue, F. Norouzi et al. [2] described the use
of egg yolk-specific antibodies (IgY) raised against the outer
membrane protein F (OprF) of Pseudomonas aeruginosa in a
murine burn model of infection. Importantly, immunother-
apy with anti-OprF IgY resulted in a significant improvement
in the survival of mice infected by P. aeruginosa and this phe-
nomenon has been mechanistically confirmed in vitro using a
A549 cell-based invasion assay. This work represents a further
demonstration of the efficacy of antibody-based approaches in
limiting infectious diseases. Additionally, thanks to the discov-
ery of methods for developing monoclonal antibodies (mAbs),
immune-based therapies are today routinely used in the con-
text of autoimmune and oncologic diseases and are starting
to be usedmore frequently in the clinical practice for the treat-
ment of other types of disorders such as infectious diseases.
The current COVID-19 pandemic has further demonstrated,
thanks to the extraordinary advancements in the field, the fas-
ter discovery and effectiveness of antibody-based approaches
as a rapid first-line developed antiviral molecules against
SARS-CoV-2, as mentioned by H. Ouassou et al. in their
review article of this special issue [3]. In fact, soon after the
pandemic outbreak, a plethora of mAbs were soon described
in the literature with some of them concomitantly entering
in the clinical trial iter [4, 5].
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In addition to their direct role as immunotherapeutic
and immunoprophylactic molecules, antibodies play also
a pivotal role as indirect tools to dissect the antibody
response following infection or vaccination. In this con-
text, our group recently described the development of
mAbs against Computationally Optimized Broadly Reac-
tive Antigens (COBRA) for influenza as a way to dissect
the determinants of the humoral response and shed light
on the mechanisms responsible of the broad antibody-
mediated neutralization and protection conferred by
COBRA-based influenza vaccines [6].

In addition to the B cell arm-based tools, the T cell-
mediated components of the immune response play a cen-
tral role not only in the context of our immunity but also
as a valid instrument to develop diagnostic and prophylactic
tools against infectious diseases. As an example, in this spe-
cial issue, L. M. Elamin Elhasan et al. described through the
use of immunoinformatic approaches the prediction of the
most conserved and immunogenic B and T cell epitope pep-
tides of the fructose bisphosphate aldolase (Fba1) for the
development of a Candida glabrata vaccine [7]. Similarly,
M. Okutani et al. screened the CD4+ and CD8+ T cell epi-
topes in the gH/gL/gQ1/gQ2 tetrameric complex protein of
the human herpesvirus 6 subtype B (HHV-6B) in a mice
immunization model [8]. In particular, this group identified
multiple CD4+ and CD8+ T cell-stimulating peptides both
in BALB/c and C57BL/6 mouse strains, highlighting the
potential of the gH/gL/gQ1/gQ2 tetramer-targeted strategy
for the future development of T cell-based vaccine and
immunotherapies against HHV-6B.

In this special issue, all these aspects are covered by two
review articles and four research papers discussing how we
can exploit and utilize the immune system to understand
new host-pathogen relationships as well as for the develop-
ment of novel prophylactic, therapeutic, and diagnostic
tools. We hope that the readers of this special issue will
appreciate the interesting findings and the reviewed con-
cepts of the field discussed in these papers.
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Background. Candida glabrata is a human opportunistic pathogen that can cause life-threatening systemic infections. Although
there are multiple effective vaccines against fungal infections and some of these vaccines are engaged in different stages of
clinical trials, none of them have yet been approved by the FDA. Aim. Using immunoinformatics approach to predict the most
conserved and immunogenic B- and T-cell epitopes from the fructose bisphosphate aldolase (Fba1) protein of C. glabrata.
Material and Method. 13 C. glabrata fructose bisphosphate aldolase protein sequences (361 amino acids) were retrieved from
NCBI and presented in several tools on the IEDB server for prediction of the most promising epitopes. Homology modeling and
molecular docking were performed. Result. The promising B-cell epitopes were AYFKEH, VDKESLYTK, and HVDKESLYTK,
while the promising peptides which have high affinity to MHC I binding were AVHEALAPI, KYFKRMAAM, QTSNGGAAY,
RMAAMNQWL, and YFKEHGEPL. Two peptides, LFSSHMLDL and YIRSIAPAY, were noted to have the highest affinity to
MHC class II that interact with 9 alleles. The molecular docking revealed that the epitopes QTSNGGAAY and LFSSHMLDL
have the lowest binding energy to MHC molecules. Conclusion. The epitope-based vaccines predicted by using
immunoinformatics tools have remarkable advantages over the conventional vaccines in that they are more specific, less time
consuming, safe, less allergic, and more antigenic. Further in vivo and in vitro experiments are needed to prove the effectiveness
of the best candidate’s epitopes (QTSNGGAAY and LFSSHMLDL). To the best of our knowledge, this is the first study that has
predicted B- and T-cell epitopes from the Fba1 protein by using in silico tools in order to design an effective epitope-based
vaccine against C. glabrata.

Hindawi
Journal of Immunology Research
Volume 2021, Article ID 8280925, 19 pages
https://doi.org/10.1155/2021/8280925

https://orcid.org/0000-0002-4127-9816
https://orcid.org/0000-0002-2450-3476
https://orcid.org/0000-0003-3893-8662
https://orcid.org/0000-0003-3631-6341
https://orcid.org/0000-0002-5486-6112
https://orcid.org/0000-0001-5180-7208
https://orcid.org/0000-0002-3268-3964
https://orcid.org/0000-0002-0618-4096
https://orcid.org/0000-0003-1553-901X
https://orcid.org/0000-0002-0514-8157
https://orcid.org/0000-0001-6436-5963
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8280925


1. Introduction

Candidiasis is a fungal infection that has a high burden of
morbidity and mortality in hospitalized and immunocom-
promised patients. It occurs in more than a quarter of a mil-
lion patients every year with incidence rates for candidemia
of 2–14 per 100000 [1–4]. In general, Candida species infec-
tion ranges from superficial mucosal candidiasis such as
vulvovaginal candidiasis and oropharyngeal candidiasis to
serious systemic infection such as candidemia or fungemia
[5–8]. Pathogenicity is facilitated by a number of virulence
factors, most importantly its ability to adhere to host surfaces
including medical devices, biofilm formation, and secretion
of hydrolytic enzymes. Also, Candida cells elaborate polysac-
charides, proteases, phospholipases, and hemolysins that
cause host cell damage which leads to the increase in the inci-
dence and antifungal resistance of NCAC species, specifically
C. glabrata, and the unfortunate high morbidity and mortal-
ity associated with these species [8, 9].

Candida glabrata (C. glabrata) is a human opportunistic
pathogen that can cause life-threatening systemic infections.
C. glabrata is not polymorphic, grows as blastoconidia
(yeast), and lacks pseudohyphal formation, so it is classified
in the genus Torulopsis. C. glabrata cells (1–4μm in size)
forms glistening, smooth, and cream-colored colonies [10,
11]. During the infection, C. glabrata pathogens invade the
macrophages, which are considered part of the innate
immune system which is the first line of defense against
invading pathogens. C. glabrata is able to modify the macro-
phage’s phagosomal compartment, avoiding full maturation
and acidification, and thus prevents the forming of the pha-
golysosomal environment [12]. C. glabrata is able to invade
the bloodstream and different organs in a mouse model that
have intragastrointestinal infections [13].

C. glabrata has a haploid genome—published in 2004 by
Dujon et al. [14]—that allows adaptation to a wide range of
environments [9, 15, 16]. Also, its genome contains more
tandem repeats of genes than the other Nakaseomyces [17]
and covers 67 genes encoding putative adhesin (cell wall pro-
teins), including the Epa family with 17 members [16, 18],
such as epithelial adhesin 1 (Epa1p) [19] and fructose
bisphosphate aldolase protein (Fba1) which play an essential
role in the pathogenicity of Candida species mainly in the
adhesion of the pathogen to the host [20, 21].

Fba1 is a yeast cell wall protein which presents in
multiple species of Candida, e.g., C. glabrata, C. parapsilo-
sis, C. tropicalis, and C. albicans fungal pathogens [22–26].
Fba1 is an important enzyme in the glycolytic pathway
[27–30] and is also a multifunctional protein [31] that
can facilitate the attachment (adhesion) to human cells
or abiotic surfaces [32–34], protects Candida cells from
the host’s immune system [33], and promotes the detoxi-
fication of the ROS generated during the respiratory burst
[21, 33, 34]. However, proteomics analysis revealed that
Fba1 is the most abundant and stable enzyme in Candida.
Moreover, it is considered one of the main immunodomi-
nant proteins [35, 36] in Candida cells and has been tested
in the murine model as a protected protein against Candida
[37], especially C. albicans, and also introduced immunity to

C. glabrata [34]; therefore, Fba1 is a potential antifungal target
in yeast [38]. Multiple vaccines used Fba1 as an immunogenic
protein against different pathogens such as the lethal and chal-
lenging S. pneumoniae, Salmonella spp., andM. bovis [39, 40].

The incidence of fungal infection has been increasing in
the last few years, due to several factors such as misuse of
broad-spectrum antibiotics, cytotoxic chemotherapy, immu-
nocompromised patients, and transplantations [15, 41].
Invasive fungal infections are a major cause of global morbid-
ity and mortality, accounting for about 1.4 million deaths per
year [42]. Systemic fungal infections cost the healthcare
industry approximately $2.6 billion per year in the USA alone
[43]. However, Candida species pose a base problem in hos-
pitals, according to Healthcare-Associated Infections (HAI)
[19, 44–46]. Although there are multiple effective vaccines
against fungal infections and some of these vaccines are
engaged in different stages of clinical trials, none of them
have yet been approved by the FDA [47]. Therefore, there
is an urgent and crucial need to design vaccines against the
Candida species that might improve the quality of life for
immunosuppressed patients [48].

The aim of this study is to predict the most conserved
and immunogenic B- and T-cell epitopes from the Fba1
protein of C. glabrata by using in silico tools with the
immunoinformatics approach presented in the IEDB
server [49, 50]. This approach has multiple benefits in
comparison to other approaches by being affordable, safe,
time-saving, and clinically applicable using different com-
putational software techniques [51–53]. To the best of
our knowledge, this is the first study that has predicted
the best candidates of multiple epitopes for Fba1 protein
against C. glabrata.

2. Materials and Methods

In this study, we have used a variety of bioinformatics data-
bases and tools for the prediction of the most promising pep-
tides, through three phases shown in Figure 1.

2.1. Retrieval of Fructose Bisphosphate Aldolase Protein
Sequences. 13 Candida glabrata fructose bisphosphate aldol-
ase protein sequences (361 amino acids) were retrieved from
the NCBI (https://www.ncbi.nlm.nih.gov/protein) database
on 21 January 2019. The accession numbers of fructose
bisphosphate aldolase protein sequences were
CAG61849.1, XP_448879.1, KTB01194.1, KTB08502.1,
KTB09791.1, KTB12564.1, KTB19354.1, KTB25695.1,
KTB27082.1, OXB40821.1, OXB46121.1, SLM13767.1, and
SCV14850.1 [20].

2.2. Determination of Conserved Regions. Multiple sequence
alignment (MSA) was used to determine the conserved
regions; the retrieved sequences were aligned by MSA using
Clustal W as applied in the BioEdit [54].

2.3. Prediction of B-Cell Epitope. The reference sequence of
fructose bisphosphate aldolase protein was submitted to the
following B-cell tests [49, 50].
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2.3.1. Prediction of Linear B-Cell Epitopes. A collection of
methods to predict linear B-cell epitopes based on protein
sequence characteristics of the antigen using amino acid
scales and HMMs was used.

The Bepipred tool from IEDB (http://tools.iedb.org/
bcell/result/) was used to predict the linear B-cell epitopes

from the conserved region with a default threshold value
of 0.350 [55–57].

2.3.2. Prediction of Surface Accessibility. Emini surface acces-
sibility prediction tool of the Immune Epitope Database
(IEDB) (http://tools.iedb.org/bcell/result/) was used to
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Figure 2: Bepipred linear epitope prediction: the red line is the threshold; above (the yellow part) is proposed to be part of the B-cell epitope.
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tupredict the surface epitopes from the conserved region with
the default threshold value 1.0 [58].

2.3.3. Prediction of Epitope Antigenicity. The Kolaskar and
Tongaonkar antigenicity method was used to detect the anti-
genic sites with a default threshold value of 1.025 (http://tools
.iedb.org/bcell/result/) [59].

2.3.4. Prediction of Discontinuous B-Cell Epitopes. This method
predicts epitopes based upon solvent-accessibility and flexibil-
ity. The methods are for modeling, docking of antibody, and
protein 3D structures (http://tools.iedb.org/bcell/result/).

The modeled 3D structure was submitted to the ElliPro
(http://tools.iedb.org/ellipro/) prediction tool to filter out
the antigenic residues. The minimum score and maximum
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Figure 4: Kolaskar and Tongaonkar antigenicity prediction test: the red line is the threshold; above (the yellow part) is proposed to be part of
the B-cell epitope.

Table 1: The proposed predicted antigenic B-cell epitopes; 9
antigenic sites were identified from fructose bisphosphate aldolase
of C. glabrata.

Start End Peptide Length

63 70 SNGGAAYF 8

73 84 KGVSNDGQNASI 12

129 134 AYFKEH 6

147 155 SEETDDENI 9

178 199 ITGGEEDGVNNEHVDKESLYTK 22

247 260 KYAAEKTGAPAGSK 14

269 280 GSGSTQEEFNTG 12

318 331 GNPEGADKPNKKFF 14

336 345 WVREGEKTMS 10
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Figure 3: Emini’s surface accessibility prediction test: the red line is the threshold; above (the yellow part) is proposed to be part of the B-cell epitope.
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distance (Angstrom) were calibrated in the default mode
with a score of 0.5 and 6, respectively [60].

2.4. Prediction of MHC Class I Binding Epitopes. The pep-
tides’ binding affinity to MHC I molecules was defined by
the IEDB MHC I prediction tool at http://tools.iedb.org/
mhc1. The binding affinity of fructose bisphosphate aldolase
peptides to MHC1molecules was obtained using the artificial
neural network (ANN) method. All conserved epitopes that
bind to MHC1 alleles at score ≤ 500 half-maximal inhibitory
concentrations (IC50) with peptides that have a length of 9
amino acids were selected for further analysis [49, 61–66].

2.5. MHC Class II Binding Predictions. Prediction of peptide
binding affinity to MHC II molecules was defined by the
IEDB MHC II prediction tool at http://tools.iedb.org/mhcii/
result/. MHC II molecules have the ability to bind peptides
with different lengths which make the prediction accuracy
debatable. For MHC II binding predication, human allele ref-
erence sets were used. The prediction method was selected as
NN-align to asses both the binding affinity andMHC II bind-
ing core epitopes with a length of 9 amino acid peptides at
score IC50 of 100 [49, 67].

2.6. Population Coverage Calculation. The candidate epitopes
of MHC I and MHC II and combined binding of MHC I and
MHC II alleles from Candida glabrata fructose bisphosphate
aldolase protein were employed for population coverage, and
the world population was set as a target population for the

selected MHC I and MHC II combined binding alleles using
the IEDB population coverage calculation tool at http://tools
.iedb.org/population/ [49, 68].

2.7. Homology Modeling. The reference sequence of Candida
glabrata fructose bisphosphate aldolase protein was applied
to Raptor X for modeling at http://raptorx.uchicago.edu/.
Then, the 3D structural model of the protein was visualized
by using the Chimera tool powered by UCSF [69–73].

2.8. Physicochemical Parameters. The function of vaccines is
to enhance the immunogenic response once introduced to
the immune system. Thus, it is essential to recognize the
physicochemical parameters of the protein using the protein
protogram and BioEdit [54] (available at https://web.expasy
.org/protparam/ and https://web.expasy.org/protscale/) [74].

2.9. Molecular Docking Analysis.Molecular docking was per-
formed using Moe 2007. The 3D structures of the promiscu-
ous epitopes were predicted by PEP-FOLD. The crystal
structures of HLA-A∗02:06 (PDB ID 3OXR) and HLA-
DRB1∗01:01 (PDB ID 5JLZ) were chosen as a model for
molecular docking and were downloaded in a PDB format
from the RCSB PDB resource. However, the selected crystal
structures were in a complex form with ligands. Thus, to
simplify the complex structure of all water molecules, hetero
groups and ligands were removed by Discovery Studio Visu-
alizer 2.5. Partial charge and energy minimization were
applied for ligands and targets. In terms of the identification

Table 2: List of the most promising B-cell epitopes and their surface and antigenicity.

Start End Peptide Length Surface score (Emini’s surface threshold = 1:000) Antigenicity score (Kolaskar’s test = 1:025)
129 134 AYFKEH 6 1.502 1.034

191 199 VDKESLYTK 9 2.48 1.032

190 199 HVDKESLYTK 10 2.648 1.04

Table 3: List of the promising discontinuous B-cell epitopes.

No. Residues
Number of
residues

Score

1
T300, G301, I302, R303, D304, Y305, V306, L307, N308, K309, K310, D311, Y312, I313, M314, S315, M316,
V317, G318, N319, P320, E321, G322, A323, D324, K325, P326, N327, K328, K329, F330, F331, E339, K342

34 0.867

2 D332, P333, R334, V335, W336 5 0.749

3

V3, Q4, E5, V6, L7, K8, Y25, E28, H29, K30, F31, K55, S56, A156, T157, V159, K160, K163, G177, I178, T179,
G180, G181, E182, E183, D184, G185, V186, N187, N188, E189, H190, V191, D192, K193, E194, S195, L196,
Y197, T198, K199, P200, E201, F204, A205, E208, A209, A211, P212, I213, S214, P215, A222, F223, G224,
Q231, A232, G233, N234, V235, V236, L237, S238, P239, E240, A243, D244, K247, Y248, A249, A250, E251,
K252, T253, G254, A255, P256, A257, G258, S259, K260, P261, S272, T273, Q274, E275, N278, T279, N282,
N283, T357, K358, N359, T360, L361

95 0.669

4
V15, G16, A71, G72, K73, G74, V75, S76, N77, D78, G79, Q80, N81, A82, I84, R85, C112, A113, K114, L117,
P118, D121, G122, L124, E125, A126, E128, A129, Y130, F131, K132, E133, H134, G135, E136, P137, L138,
R164, A166, A167, M168, N169, Q170

43 0.668

5 L146, S147, E148,E149, T150, D151, D152, E153 8 0.582

6 R9, K10, T11, G12, I14, R52, D53, A98, P99, A100, Y101, G102, I103 13 0.514
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of the binding groove, the potential binding sites in the crys-
tal structure were recognized using the Alpha Site Finder.
Finally, ten independent docking runs were carried out for
each peptide. The results were retrieved as binding energies.
Best poses for each epitope that displayed the lowest binding
energies were visualized using UCSF Chimera 1.13.1 software
[72, 75–78].

3. Result

3.1. B-Cell Epitope Prediction. The reference sequence of
fructose bisphosphate aldolase from C. glabrata was analyzed
using a Bepipred linear epitope prediction test; the average
binder’s score of the protein to B-cell was 0.199 and mini-
mum was -0.009 and 2.424 for a maximum score; all values
equal or greater than the default threshold 0.350 which were
potentially linear epitopes are shown in Figure 2.

3.1.1. Prediction of Surface Accessibility. In Emini’s surface
accessibility prediction test, for a potent B-cell epitope, the
average surface accessibility area of the Fba1 protein was

scored as 1.000, with a maximum of 7.725 and a minimum
of 0.113; all values equal or greater than the default threshold
1.000 were potentially in the surface shown in Figure 3.

3.1.2. Prediction of Epitope Antigenicity. For the Kolaskar and
Tongaonkar antigenicity prediction test, the average of anti-
genicity was 1.025, with a maximum of 1.223 and aminimum
of 0.853; all values equal to or greater than the default thresh-
old 1.025 are potential antigenic determinants (see Figure 4).
The results of all proposed conserved predicted B-cell epi-
topes are shown in Table 1. The list of the most promising
B-cell epitopes with their surface scores and antigenicity is
shown in Table 2.

3.1.3. Discontinuous B-Cell Epitope Prediction. The modeled
3D structure of the Fba1 protein was submitted to the ElliPro
prediction tool to filter out the antigenic residues. The
minimum score and maximum distance (Angstrom) were
calibrated in the default mode with a score of 0.5 and 6,
respectively (see Table 3 for more illustrations).

3.2. T-Cell Peptide Prediction

3.2.1. Prediction of MHC I Binding Profile for T Cytotoxic Cell
Conserved Epitopes. 114 epitopes were anticipated to interact
with different MHC I alleles. The core epitopes KYFKR-
MAAM and QTSNGGAAY were noticed to be the dominant
binders with 7 alleles for each (HLA-A∗24:02, HLA-A∗
30:01, HLA-A∗31:01, HLA-B∗14:02, HLA-C∗07:02, HLA-
C∗12:03, and HLA-C∗14:02) (HLA-A∗01:01, HLA-A∗
26:01, HLA-A∗29:02, HLA-A∗30:02, HLA-B∗15:01, HLA-
B∗15:02, and HLA-B∗35:01) followed by AVHEALAPI,
RMAAMNQWL, and YFKEHGEPL which bind with five
alleles; these findings are shown in Table 4.

3.2.2. Prediction of MHC II Binding Profile for T Helper Cell
Conserved Epitopes. 102 conserved predicted epitopes were
found to interact with MHC II alleles. The core epitope
LFSSHMLDL is thought to be the top binder as it interacts
with 9 alleles (HLA-DRB1∗07:01, HLA-DPA1∗01, HLA-
DPB1∗04:01, HLA-DPA1∗01:03, HLA-DPB1∗02:01, HLA-
DPA1∗02:01, HLA-DPB1∗01:01, HLA-DPA1∗03:01, and
HLA-DPB1∗04:02), followed by IRGSIAAAH which binds
to five alleles and VVAALEAAR which also binds with five
alleles but with low frequency. Followed by YQAGNVVLS
and IAPAYGIPV, these findings are shown in Table 5.

3.3. Population Coverage. The most interesting findings in this
test is the population coverage analysis result for the most
common binders to MHC I andMHC II alleles each and com-
bined among the world, exhibiting an exceptional coverage
with percentages 92.54%, 99.58%, and 98.5%, respectively.

3.3.1. Population Coverage for Isolated MHC I. Five epitopes
are given to interact with the most frequent MHC class I
alleles: AVHEALAPI, KYFKRMAAM, QTSNGGAAY,
RMAAMNQWL, and YFKEHGEPL, representing a consider-
able coverage against the whole world population. The max-
imum population coverage percentage over these epitopes is
92.54% (see Figure 5).

Table 4: Promising T-cell epitopes (class MHC I alleles) with their
position and IC50 value.

Core epitope Start End Allele IC50

KYFKRMAAM

160 168 HLA-A∗24:02 451.84

160 168 HLA-A∗30:01 232.12

160 168 HLA-A∗31:01 131.22

160 168 HLA-B∗14:02 427.02

160 168 HLA-C∗07:02 149.13

160 168 HLA-C∗12:03 240.46

160 168 HLA-C∗14:02 6.27

AVHEALAPI

205 213 HLA-A∗02:01 154.37

205 213 HLA-A∗02:06 9.78

205 213 HLA-A∗30:01 20.96

205 213 HLA-A∗32:01 122.32

205 213 HLA-A∗68:02 55.22

RMAAMNQWL

164 172 HLA-A∗02:01 52.44

164 172 HLA-A∗02:06 237.09

164 172 HLA-A∗32:01 79.39

164 172 HLA-B∗15:01 258

164 172 HLA-C∗14:02 482

QTSNGGAAY

61 69 HLA-A∗01:01 54.18

61 69 HLA-A∗26:01 89.37

61 69 HLA-A∗29:02 56.68

61 69 HLA-A∗30:02 47.89

61 69 HLA-B∗15:01 111.57

61 69 HLA-B∗15:02 82.52

61 69 HLA-B∗35:01 99.45

YFKEHGEPL

130 138 HLA-B∗08:01 295.97

130 138 HLA-C∗03:03 42.03

130 138 HLA-C∗07:02 319.29

130 138 HLA-C∗12:03 26.8

130 138 HLA-C∗14:02 18.47
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3.3.2. Population Coverage for IsolatedMHC II. Three epitopes
were assumed to interact with the most frequent MHC class II
alleles (IRGSIAAAH, LFSSHMLDL, and VVAALEAAR) with
a percentage of 99.58%. The LFSSHMLDL epitope shows an
exceptional result for the population coverage test for MHC
II binding affinity of 96.60% globally (see Figure 6).

3.3.3. Population Coverage for MHC I and MHC II Alleles
Combined. Regarding the combined MHC I and MHC II
alleles, five epitopes were supposed to interact with the most
predominant MHC class I and MHC class II alleles (IAPAY-
GIPV, AAFGNVHGV, VVAALEAAR, YIRSTIAPAY, and
YQAGMVVLS), representing a significant global coverage
by the IEDB population coverage tool which revealed cover-
age with percentage of 98.50% as shown in Figure 7.

3.4. Homology Modeling. The 3-dimentional structure of the
fructose bisphosphate aldolase protein from C. glabrata and
the most promising peptides binding to MHC class II by
using the Chimera tool powered by UCSF are shown in
Figure 8.

3.5. Physicochemical Parameters. The length of fructose
bisphosphate aldolase protein is 361 amino acids, and its
molecular weight is 39356.3. Theoretical pI is 5.49 which
explain the pH of the protein. Total numbers of negatively
and positively charged residues that contain the fructose
bisphosphate aldolase protein are (Asp+Glu): 47 and (Arg
+Lys): 35, respectively. Also, the number of atoms that com-
pose this protein is 5488 which presented as flowing: carbon
1752, hydrogen 2716, nitrogen 470, oxygen 538, and sulfur

Table 5: Promising T-cell epitope (class MHC II alleles) with their position and peptide sequence and IC50 value and rank.

Core sequence Allele Start End Peptide sequence IC50 Rank

LFSSHMLDL

HLA-DRB1∗07:01 132 146 KEHGEPLFSSHMLDL 17.8 3.37

HLA-DPA1∗01 135 149 GEPLFSSHMLDLSEE 93.6 5.05

HLA-DPB1∗04:01 135 149 GEPLFSSHMLDLSEE 93.6 5.05

HLA-DPA1∗01:03 133 147 EHGEPLFSSHMLDLS 46 4.82

HLA-DPB1∗02:01 133 147 EHGEPLFSSHMLDLS 46 4.82

HLA-DPA1∗02:01 134 148 HGEPLFSSHMLDLSE 59 6.3

HLA-DPB1∗01:01 134 148 HGEPLFSSHMLDLSE 59 6.3

HLA-DPA1∗03:01 135 149 GEPLFSSHMLDLSEE 12 1.14

HLA-DPB1∗04:02 135 149 GEPLFSSHMLDLSEE 12 1.14

IRGSIAAAH

HLA-DRB1∗01:01 81 95 NASIRGSIAAAHYIR 31.5 15.98

HLA-DRB1∗04:01 81 95 NASIRGSIAAAHYIR 86.5 7.02

HLA-DRB5∗01:01 81 95 NASIRGSIAAAHYIR 7.3 1.55

HLA-DQA1∗01:02 80 94 QNASIRGSIAAAHYI 59.3 3.74

HLA-DQB1∗06:02 80 94 QNASIRGSIAAAHYI 59.3 3.74

HLA-DQA1∗05:01 81 95 NASIRGSIAAAHYIR 4.6 0.27

HLA-DQB1∗03:01 81 95 NASIRGSIAAAHYIR 4.6 0.27

YQAGNVVLS

HLA-DRB1∗01:01 227 241 HGVYQAGNVVLSPEI 19.7 11.15

HLA-DRB1∗09:01 227 241 HGVYQAGNVVLSPEI 80.9 5.58

HLA-DQA1∗01:02 227 241 HGVYQAGNVVLSPEI 91.3 6.42

HLA-DQB1∗06:02 227 241 HGVYQAGNVVLSPEI 91.3 6.42

HLA-DQA1∗05:01 224 238 GNVHGVYQAGNVVLS 7.9 0.96

HLA-DQB1∗03:01 224 238 GNVHGVYQAGNVVLS 7.9 0.96

VVAALEAAR

HLA-DRB1∗03:01 41 55 SSTVVAALEAARDAK 50.9 2.91

HLA-DRB1∗09:01 41 55 SSTVVAALEAARDAK 95.1 6.59

HLA-DRB5∗01:01 41 55 SSTVVAALEAARDAK 15 3.71

HLA-DQA1∗01:02 40 54 SSSTVVAALEAARDA 38.1 1.93

HLA-DQB1∗06:02 40 54 SSSTVVAALEAARDA 38.1 1.93

HLA-DQA1∗05:01 42 56 STVVAALEAARDAKS 16.2 2.87

HLA-DQB1∗03:01 42 56 STVVAALEAARDAKS 16.2 2.87

IAPAYGIPV

HLA-DRB1∗01:01 94 108 IRSIAPAYGIPVVLH 12.1 6.74

HLA-DRB1∗07:01 91 105 AHYIRSIAPAYGIPV 34.1 6.37

HLA-DRB1∗15:01 94 108 IRSIAPAYGIPVVLH 79.2 8.07

HLA-DQA1∗05:01 94 108 IRSIAPAYGIPVVLH 16.5 2.94

HLA-DQB1∗03:01 94 108 IRSIAPAYGIPVVLH 16.5 2.94
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12. N-terminal of the sequence considered is M (Met). The
half-life of the fructose bisphosphate aldolase protein esti-
mate is 30 hours (mammalian reticulocytes, in vitro) and
more than 20 hours (yeast, in vivo). The aliphatic index
and the grand average of hydropathicity (GRAVY) value of
vaccine were determined as 80.55 and −0.264, respectively.
Instability of the fructose bisphosphate aldolase protein is
computed to be 29.93, meaning the protein is stable [74].
The amino acids that compose the protein fructose bispho-
sphate aldolase with their molecular weights are shown in
Table 6 and Figure 9.

3.6. Molecular Docking. The best epitopes that displayed the
lowest binding energies visualized by using UCSF chimera
1.13.1 software are shown in Table 7 and Figures 10–25.

4. Discussion

In the present study, we predicted the most conserved and
immunogenic B- and T-cell epitopes from Fba1 protein of
C. Glabrata by using the immunoinformatics approach in
order to develop an effective epitope-based vaccine against
this fungal pathogen which has emerged in recent years as a
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Figure 5: Global coverage for the top five MHC I peptides (AVHEALAPI, KYFKRMAAM, QTSNGGAAY, RMAAMNQWL, and
YFKEHGEPL). Note: in the graph, the line (-o-) represents the cumulative percentage of population coverage of the epitopes; the bars
represent the population coverage for each epitope.
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serious health problem especially among immunosuppressed
and hospitalized patients [7]. A previous study conducted by
de Klerk et al. [79] showed that the Fba1 protein has the
ability to provoke immune responses in human against M.
mycetomatis [79]. Also, several recent publications have used
the Fba1 protein as a strong antigenic target for predicting B-
and T-cell epitopes in order to design promising vaccines
against fungal and bacterial pathogens such asM. mycetoma-
tis, P. aeruginosa, L. monocytogenes, and S. mansoni by using
in silico tools [80–83]. Hence, there are more studies to
explore the fructose bisphosphate aldolase protein immuno-
genic role and the possibility to find common conserved epi-
topes for different organisms.

The principle of using a cocktail of B- and T-cell epitopes in
the epitope-based vaccine to trigger humoral as well as cellular
mediated immune response is very promising to clear infection
instead of humoral or cellular immunity alone, and it was
applied before to enhance protection against different kinds of
infectious diseases [84, 85]. In this study, the analysis of the
Fba1 protein revealed 11 effective epitopes for B-cells (AYFKEH,
VDKESLYTK, andHVDKESLYTK) andT-cells (AVHEALAPI,
KYFKRMAAM, QTSNGGAAY, RMAAMNQWL, YFKEH-
GEPL, IRGSIAAAH, LFSSHMLDL, and VVAALEAAR).

However, the molecular docking, which evaluates the
binding affinity to MHC molecules [51, 52], showed that
the peptides QTSNGGAAY and LFSSHMLDL are the best
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Figure 7: Global population proportion for the top five MHC I and II epitopes in combined mode (IAPAYGIPV, AAFGNVHGV,
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Figure 8: Structural position of the promising B-cell epitope (AYFKEH (in purple color), VDKESLYTK (in yellow color), and
HVDKESLYTK (in red color)) in 3-dimensional structure of the fructose bisphosphate aldolase protein from C. glabrata using Chimera
tool powered by UCSF.
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Table 6: Amino acid composition of the protein (fructose bisphosphate aldolase) with their number and molecular weight (Mol%) using
BioEdit software version 7.0.5.3.

Amino acid Number Mol% Amino acid Number Mol%

Ala A 39 10.80 Leu L 23 6.37

Cys C 3 0.83 Met M 9 2.49

Asp D 21 5.82 Asn N 19 5.26

Glu E 26 7.20 Pro P 15 4.16

Phe F 14 3.88 Gln Q 8 2.22

Gly G 30 8.31 Arg R 10 2.77

His H 12 3.32 Ser S 23 6.37

Ile I 20 5.54 Thr T 17 4.71

Lys K 25 6.93 Val V 29 8.03

Trp W 3 0.83 Tyr Y 15 4.16
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Figure 9: Graph showing amino acid composition of fructose bisphosphate aldolase protein and their molecular weights using BioEdit
software 7.0.5.3.

Table 7: Docking results of the most promiscuous epitopes that show the best binding affinity.

Epitope Binding MHC molecule Binding energy (ΔG∗ kcal/mol)

AVHEALAPI HLA-A∗02:06 -15.8010

KYFKRMAAM HLA-A∗02:06 -20.5935

QTSNGGAAY HLA-A∗02:06 -30.5467

RMAAMNQWL HLA-A∗02:06 -20.6392

YFKEHGEPL HLA-A∗02:06 -16.7505

IRGSIAAAH HLA-DRB1∗01:01 -20.6557

LFSSHMLDL HLA-DRB1∗01:01 -25.5732

VVAALEAAR HLA-DRB1∗01:01 -19.8404
∗Global energy: it is the energy required to estimate the strength of association between the epitope within the active.
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Figure 10: Illustration of the 2D interaction of the best docking poses of AVHEALAPI in the binding sites of HLA-A∗02:06.

Figure 11: Illustration of the 3D interaction of the best docking poses of AVHEALAPI in the binding sites of HLA-A∗02:06.

Figure 12: Illustration of the 3D interaction of the best docking poses of KYFKRMAAM in the binding sites of HLA-A∗02:06.
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candidates for designing an effective epitope-based vaccine
against C. glabrata.

After retrieving the various sequences of C. glabrata
fructose bisphosphate aldolase protein, the protein reference
sequence was submitted to the Bepipred linear epitope
prediction test, Emini surface accessibility test, and Kolaskar

and Tongaonkar antigenicity test in the IEDB, to determine
the affinity of B-cell epitopes and their position regarding
the surface and their immunogenicity. Three peptides have
passed (AYFKEH, VDKESLYTK, and HVDKESLYTK) in
all the prediction tests shown in Tables 1 and 2 and
Figures 2–4. However, the MHC I binding prediction tool

Figure 13: Illustration of the 3D interaction of the best docking poses of KYFKRMAAM in the binding sites of HLA-A∗02:06.
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Figure 14: Illustration of the 2D interaction of the best docking poses of QTSNGGAAY in the binding sites of HLA-A∗02:06.

Figure 15: Illustrate the 2D interaction of the best docking poses of QTSNGGAAY in the binding sites of HLA-A∗02:06.
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Figure 16: Illustration of the 2D interaction of the best docking poses of RMAAMNQWL in the binding sites of HLA-A∗02:06.

Figure 17: Illustration of the 2D interaction of the best docking poses of RMAAMNQWL in the binding sites of HLA-A∗02:06.

Figure 18: Illustration of the 3D interaction of the best docking poses of YFKEHGEPL in the binding sites of HLA-A∗02:06.
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Figure 20: Illustration of the 3D interaction of the best docking poses of IRGSIAAAH in the binding sites of HLA-DRB1∗01:01.

Figure 19: Illustration of the 3D interaction of the best docking poses of YFKEHGEPL in the binding sites of HLA-A∗02:06.

Figure 21: Illustration of the 3D interaction of the best docking poses of IRGSIAAAH in the binding sites of HLA-DRB1∗01:01.
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using an artificial neural network (ANN) [61] with half max-
imal inhibitory concentration ðIC50Þ ≤ 500 revealed 114
conserved peptides interacting with various MHC I alleles.
Three peptides were noticed to have the highest affinity in
corresponding to their interaction with MHC I alleles. The
peptide YIRSIAPAY from 93 to 101 had the affinity with 8
alleles to interact with HLA-A∗26:01, HLA-A∗29:02, HLA-
B∗15:01, HLA-A∗30:02, HLA-B∗15:02, HLA-B∗35:01,
HLA-C∗14:02, and HLA-C∗12:03, followed in order by
KYFKRMAAM from 160 to 168 which interacts with 7 alleles

(HLA-A∗24:02, HLA-A∗31:01, HLA-A∗30:01, HLA-B∗
14:02, HLA-C∗07:02, HLA-C∗14:02, and HLA-C∗12:03)
and QTSNGGAAY from 61 to 69 which interacts with 7
alleles (HLA-A∗01:01, HLA-A∗26:01, HLA-A∗30:02, HLA-
A∗29:02, HLA-B∗15:02, HLA-B∗15:01, and HLA-B∗35:01)
(see Table 4), while MHC II binding prediction tool using
NN-align [67] with half-maximal inhibitory concentration
ðIC50Þ ≤ 100 revealed 102 conserved peptides that interact
with various MHC II alleles. Two peptides (LFSSHMLDL
and YIRSIAPAY) were noted to have the highest affinity in
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Figure 22: Illustration of the 3D interaction of the best docking poses of LFSSHMLDL in the binding sites of HLA-DRB1∗01:01.

Figure 23: Illustration of the 3D interaction of the best docking poses of LFSSHMLDL in the binding sites of HLA-DRB1∗01:01.

15Journal of Immunology Research



corresponding to their interaction with MHC II alleles; both
had the affinity to interact with 9 MHC II alleles (see
Table 5). Moreover, the predicted epitopes which have the
high affinity to interact with MHC I, MHC II, and combined
MHC I with MHC II international alleles were analyzed by
population coverage resource in the IEDB [68]. The popula-
tion coverage of the five most promising epitopes (AVHEA-
LAPI, KYFKRMAAM, QTSNGGAAY, RMAAMNQWL,
and YFKEHGEPL) for MHC I alleles was 92.54%, while
for the three epitopes (IRGSIAAAH, LFSSHMLDL, and
VVAALEAAR) that showed high affinity to MHC II alleles,
it was 99.58% throughout the world according to the IEDB
database as shown in Figures 5 and 6. It should be noted that
the population coverage of the five most promising epitopes
that exhibited binding affinity to both MHC I and MHC II
alleles (IAPAYGIPV, AAFGNVHGV, VVAALEAAR,
YIRSTIAPAY, and YQAGMVVLS) was 98.50% globally
(see Figure 7). However, the molecular docking revealed that
the epitopes QTSNGGAAY and LFSSHMLDL have high
binding energy to MHC molecules HLA-A∗02:06 and
HLA-DRB1∗01:01, respectively, which indicate favored
affinity and stability in the epitope-molecule complex shown

in Table 7 and Figures 10–25. This study was limited by
being strictly computational, and more in vitro and in vivo
studies to prove the effectiveness of the proposed peptides
are highly recommended.

5. In Conclusion

The epitope-based vaccines predicted by using immunoin-
formatics tools have remarkable advantages over the conven-
tional vaccines in that they are more specific, less time
consuming, safe, less allergic, and more antigenic. Further
in vivo and in vitro experiments are needed to prove the
effectiveness of the best candidate’s epitopes QTSNGGAAY
and LFSSHMLDL. To the best of our knowledge, this is the
first study that has predicted B- and T-cell epitopes from
the Fba1 protein by using in silico tools in order to design
an effective epitope-based vaccine against C. glabrata.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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To investigate the clinical features and potential risk factors of active tuberculosis (ATB) in Behçet’s disease (BD), we conducted a
case-control study on hospitalized BD patients in our institute from 2010 to 2019. BD patients with ATB were enrolled as the case
group. The control group was selected by random number sampling from the remaining BD patients, including those with latent
tuberculosis infection, previous tuberculosis, or without tuberculosis. Finally, we reviewed 386 BD patients and identified 21 (5.4%)
ATB cases, including four (19.0%) microbiologically confirmed and 17 (81.0%) clinically diagnosed. We found that BD patients
with ATB were more prone to have systemic symptoms (fever, night sweating, and unexplained weight loss) and/or symptoms
related to the infection site. Multivariate logistic regression analysis revealed that erythrocyte sedimentation rate ðESRÞ > 60
mm/h (OR = 13:710, 95% CI (1.101, 170.702)), increased IgG (OR = 1:226, 95% CI (1.001, 1.502)), and positive T-SPOT.TB
(OR = 7:793, 95% CI (1.312, 48.464), for 24-200 SFC/106PBMC; OR = 17:705 95% CI (2.503, 125.260), for >200 SFC/106PBMC)
were potential risk factors for ATB in BD patients. Our study suggested that when BD patients have systemic symptoms with
significantly elevated TB-SPOT, the diagnosis of ATB should be considered.

1. Introduction

Behçet’s disease (BD) is a systemic vasculitis prevalent in the
areas along the Ancient Silk Road such as Turkey, Iran,
China, and Japan [1]. In China, the prevalence of BD is esti-
mated to be 14 in 100 000 [2]. It has been noticed that BD is
closely related to tuberculosis (TB) [3, 4], which is also prev-
alent in China [5].

TB infection may trigger the pathogenesis of BD [6, 7],
and BD patients are at high risk of active tuberculosis (ATB)
infection [8, 9]. The treatment of BD generally includes gluco-
corticoid, immunosuppressant, and biologic agents [10–12].

Once a BD patient is infected with ATB, the immunosup-
pressive therapy would be reduced or suspended [13], result-
ing in the BD deterioration and increased risk of developing
immune reconstitution inflammatory syndrome [14]. If the
ATB is not promptly diagnosed or properly treated, the
intensive immunosuppressive therapy may lead to dissemi-
nated TB and severe consequences [15]. Thus, understanding
the clinical features and risk factors of ATB in patients with
BD is of great importance.

To date, related studies are very limited. Lin et al.
reported the clinical features of ATB in 10 BD patients, but
the BD sample size for the study was only 37, and the
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statistical analysis was not conducted [16]. Liu compared the
clinical features of 36 BD patients with ATB and 407 BD
patients without TB. Liu discovered that ATB patients were
more prone to fever, arthritis, thrombosis, and elevated IgG
[17]. However, patients with latent tuberculosis infection
(LTBI) or previous tuberculosis (PTB) were not included
in the study. Moreover, to the best of our knowledge, there
is no study investigating the risk factor of ATB in BD
patients. Therefore, a case-control study was conducted to
investigate the clinical features and explore the risk factors
of ATB in BD patients.

2. Materials and Methods

2.1. Participants. Medical records of all hospitalized patients
diagnosed with BD in Peking Union Medical College Hospi-
tal (PUMCH) from January 1, 2010, to June 30, 2019, were
retrospectively reviewed. All patients fulfilled the 2013 Inter-
national Criteria for Behçet’s Disease (ICBD) [18]. Patients
suspected of tuberculosis infection underwent careful exam-
inations, including pathological examinations (culture and
acid-fast staining of sputum and other available samples like
pleural effusion), a biopsy of the suspected organs (colonos-
copy of the colorectal lesions, the surgical sample of the
vertebra), and immunological examinations (T-SPOT.TB
test), for the evidence of tuberculosis infection as well as the
exclusion of other common infections in BD like bacteria
and CMV. The categorization of TB was based on the 2000
criteria [19] and those applied in previous studies [20, 21]
(see Table S1 in the Supplementary Material online). Two
experienced experts of infectious diseases were asked to
review the cases and check the diagnosis of ATB
independently. Only confirmed by both experts would the
clinical diagnosis of ATB be accepted. All patients diagnosed
with BD and ATB were enrolled as the case group. The
remaining patients with BD were ranked according to the
date of admission, and the random samples were chosen
using random number tables as the control group.

2.2. Data Collection. The demographic features (age and sex),
past medical history (the course and treatment of BD before
hospitalization, previous infection of TB, etc.), current treat-
ment (glucocorticoid dosage, immunosuppressant, etc.), BD
systemic involvement, TB-related systemic symptoms (fever,
cough, etc.), laboratory results (complete blood cell count, T-
SPOT.TB, etc.), and comorbidities of the patients were col-
lected and analyzed. The flowchart of the study was shown
in Figure 1.

2.3. Ethic Review. This study complied with the Declaration
of Helsinki and was approved by the Ethics Committee of
PUMCH (ethics approval number: S-715). Informed con-
sent was obtained from all patients for being included in
the study.

2.4. Statistical Analyses. Continuous variables were examined
by the Kolmogorov-Smirnov test, and those with normal
distribution were expressed as mean ± standard deviation
ðSDÞ, while those without were described as median and
interquartile range (IQR). Categorical variables were pre-

sented as numbers and percentages. Comparisons of contin-
uous variables were performed using Student’s t-test when
they were in normal distribution, and Mann–Whitney U
-test when they were not. Categorical data were compared
using the Chi-squared test or Fisher’s exact test. p < 0:05
was considered to be statistically significant.

Variables with p < 0:1 in the univariate analysis were con-
sidered candidate risk factors, and those with clinical signifi-
cance were evaluated with stepwise binary logistic regression
analysis (inclusion threshold p < 0:05, exclusion threshold
p > 0:1). The odds ratio (OR) of the risk factors and its
95% confidential interval (CI) were calculated. All statistical
analyses were performed with SPSS 16.0 (SPSS Inc., USA).

3. Results

3.1. General Data. Three hundred eighty-six hospitalized
patients were diagnosed with BD in PUMCH from January
2010 to June 2019. Twenty-one (5.4%) of them were con-
firmed with the diagnosis of ATB, including four microbio-
logically confirmed and 17 clinically diagnosed. The control
group consisted of 69 patients, including 25 (36.2%) with
LTBI or PTB and 44 (63.8%) without TB.

3.2. Clinical Features of BD with ATB. Four of the 21 ATB
patients were microbiologically confirmed while 17 were
clinically diagnosed (see Table S2 in the Supplementary
Material online). Sixteen (76.2%) patients had pulmonary
TB, four (19.0%) had extrapulmonary TB, and one patient’s
infection site could not be identified. Four patients (19.0%)
had more than one organ involved. The involved organs
other than the lung included the gastrointestinal tract (2,
9.5%), bones (2, 9.5%), lymph nodes (1, 4.8%), larynx (1,
4.8%), peritoneum (1, 4.8%), and pericardium (1, 4.8%).

Patients with ATB were more likely to develop systematic
symptoms including fever (18, 85.7%), night sweating (8,
38.1%), and unexplained weight loss (13, 61.9%). Meanwhile,
many ATB patients also had symptoms related to the site of
infection. For example, pulmonary ATB patients had a pro-
ductive cough; osteal ATB patients had bone pain and
restricted range of motion; lymphatic ATB patients had
lymphadenopathy and sinus formation; pharyngeal ATB
patients had mucosal erosions, ulcers, and tubercles; and gas-
trointestinal ATB patients had abdominal pain, diarrhea,
and/or constipation.

All ATB patients showed abnormalities in chest radiol-
ogy, including nodules, cord, or patches, predominantly in
the upper and medial lobes. Some other abnormalities can
also be revealed by CT scan, such as lymph node enlargement
with a low-density core in lymphatic ATB, vertebral damage
in osteal ATB, and swelling of gastrointestinal walls in gastro-
intestinal ATB. The pericardial ATB patients also showed
fibrinous pericardial effusion on echocardiogram.

All BD patients with ATB had clinical improvement
after anti-TB treatment. Moreover, with intensive treatment
of BD following the control of ATB, patients had achieved
long-term stability of their disease condition during the
follow-up period.
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3.3. Clinical Comparison of BD Patients with and
without ATB

3.3.1. Past Medical History and Medication. More ATB
patients had evidence of previous TB infection (13 (61.90%)
vs. 17 (24.64%), p = 0:002). The duration of previous gluco-
corticoid use was shorter in the ATB group (0 (0, 3.5) month
vs. 3 (0, 13) months, p = 0:028) (Table 1). The case and con-
trol groups showed no difference in immunosuppressant or
biologics treatment (Table 1) and comorbidities (diabetes
mellitus: 4.76% vs. 7.25%, p = 1:00; myelodysplastic syn-
drome: 4.76% vs. 7.25%, p = 1:00; and others: 52.38% vs.
52.17%, p = 1:00).

3.3.2. Symptoms and Signs. The systemic involvement of BD
patients with and without ATB revealed no difference
(Table 2), but more ATB patients had TB toxic symptoms
like fever (85.7% vs. 49.3%, p = 0:003), cough (38.1% vs.
7.2%, p = 0:002), expectoration (33.3% vs. 4.3%, p = 0:001),
and night sweating (38.1% vs. 5.8%, p = 0:001).

3.3.3. Laboratory Tests. ATB patients had increased level of
erythrocyte sedimentation rate (ESR, 31 (22, 57) vs. 16 (6,
39) mm/h, p = 0:004), hypersensitive C reactive protein
(hsCRP, 28.32 (8.50, 63.83) vs 10.37 (1.61, 43.59) mg/L, p =
0:038), immunoglobulin G (IgG, 12.55 (9.98, 15.61) vs. 9.6
(7.84, 13.13) g/L, p = 0:006), complement 3 (C3, 1:3048 ±
0:23713 vs. 1:1664 ± 0:24768 g/L, p = 0:036), and comple-
ment 4 (C4, 0:2644 ± 0:09852 vs. 0:2213 ± 0:03997 g/L, p =
0:039), higher positive rate of T-SPOT.TB (17 (80.95%) vs.
19 (27.54%), p = 0:000), and elevated SFC in T-SPOT.TB test
(336 (92, 1084) SFC/106PBMC vs. 0 (0, 27) SFC/106PBMC,
p = 0:000) (Table 2). Complete blood cell count and the liver
and kidney function tests revealed no significant difference.

3.3.4. Risk Factors for ATB in BD Patients. The result of logis-
tic regression analysis is shown in Table 3. ESR > 60mm/h
(OR = 13:710, 95% CI (1.101, 170.702), p = 0:042), increased
IgG (OR = 1:226, 95% CI (1.001, 1.502), p = 0:049), and pos-
itive T-SPOT.TB (OR = 7:793, 95% CI (1.312, 48.464), p =
0:024, for 24-200 SFC/106PBMC; OR = 17:705 (2.503,
125.260), p = 0:004, for >200 SFC/106PBMC) were found to
be statistically significant.

4. Discussion

This study is the first well-designed case-control study inves-
tigating the clinical features of BD patients with ATB and
exploring the potential risk factors of ATB in BD patients.
We demonstrated that BD patients tend to develop pulmo-
nary ATB and have multiple sites involved. Besides present-
ing with the symptoms related to the infection sites, ATB
patients also had systemic symptoms, including fever, night
sweating, and unexplained weight loss. Furthermore, logistic
regression analysis indicates that ESR > 60mm/h, increased
IgG, and positive T-SPOT.TB are potential risk factors of
ATB in BD patients.

Even with thorough examinations, most ATB patients in
our study were clinically diagnosed and lacked the microbio-
logical evidence, which is attributed to the high prevalence of
TB in China and the complicated nature of the cases referred
to our hospital. Microbiological examinations, including bac-
terial culture, acid-fast staining, and molecular tests, are cur-
rently the gold standard for ATB diagnosis. However, the
sensitivity of these tests is not satisfactory [22]. In countries
with heavy tuberculosis burden, culture- or smear-negative
cases are not rare, sometimes even accounting for more than
70% of all ATB cases [20, 23, 24]. Other tests like acute
inflammatory markers are not specific, while T-SPOT.TB
cannot differentiate ATB from LTBI/PTB [25]. Thus, all

Hospitalized patients diagnosed with BD in PUMCH between
Janurary 2010 and June 2019: 386 cases

Others: 365 cases

Random number
sampling

Confirmed diagnosis of BD
and ATB: 21 cases

BD without ATB: 69 cases
BD with LTBI or PTB: 25 cases
BD without TB infection: 44 cases

Analysis of risk factors of ATB
in BD patients

Analysis of clinical features of 
BD with and without ATB

Figure 1: Flowchart of the study. BD: Behçet’s disease; PUMCH: Peking Union Medical College Hospital; ATB: active tuberculosis; LTBI:
latent tuberculosis infection; PTB: previous tuberculosis.
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patients who were highly suspected of ATB but had negative
results in microbiological examinations would receive diag-
nostic anti-TB treatment for 3 months, and their responses
to the treatment were documented to help the clinical diag-
nosis of ATB. Only by being confirmed by two infectious
disease experts would the clinical diagnosis of ATB be
accepted. In this way, we believe the clinical diagnosis of
ATB in our study is reliable. Besides, our study enrolled BD
patients with LTBI, PTB, and non-TB as the control group.
Compared with previous case reports of patients mostly cul-
ture confirmed [26, 27] and the case-control studies lacking
LTBI/PTB patients in the control group [17], our study pop-
ulation is closer to the actual clinical situation.

Generally, patients with ATB are more likely to experi-
ence the symptoms related to the site of infection. Therefore,
TB infection should be suspected when a BD patient pre-

sented with the manifestations rarely occurring in BD, such
as productive cough, bone pain, restricted range of motion,
and lymphadenopathy. Severe systemic symptoms (fever,
night sweating, and unexplained weight loss) are also impor-
tant clues of ATB. It is challenging to identify active TB in BD
patients when they presented with manifestations shared by
BD and ATB, such as erythema nodosa, pericarditis, and gas-
trointestinal ulcers predominant at the ileocecal junction.
Laboratory tests can be helpful in this situation. Patients with
markedly elevated ESR, hsCRP, IgG, and/or positive T-
SPOT.TB should be considered to have ATB, which is consis-
tent with previous case reports [28] and studies [17, 29]. The
involvement of lungs in BD generally presents as pulmonary
artery thrombosis or aneurysm [30, 31], which could be eas-
ily differentiated from tuberculosis by chest CT, while the
pulmonary parenchymal involvement in BD is rare. Empiric

Table 1: Past medical history and medication of BD patients with and without ATB.

BD with ATB (n = 21) BD without ATB (n = 69) p

Sex (male, %) 13 (61.90%) 35 (50.72%) 0.369

Age (M ± SD) 36:19 ± 12:46 38:58 ± 12:68 0.450

Past medical history

Previous contact with ATB patients (%) 3 (14.29%) 2 (2.90%) 0.081

Previous prophylactic treatment of TB (%) 1 (4.76%) 3 (4.35%) 1.000

Evidence of PTB a (%) 13 (61.90%) 17 (24.64%) 0.002

Previous treatment of BD

Glucocorticoid

Maximal dosage (mg/d, median, IQR)b 0 (0, 50) 25 (0, 60) 0.093

Duration (months, median, IQR) 0 (0, 3.5) 3 (0, 13) 0.028

Biologics

Infliximab (%) 2 (9.52%) 2 (2.90%) 0.231

Other TNF-α inhibitors (%) 2 (9.52%) 3 (4.35%) 0.587

Immunosuppressant

CTX (%) 5 (23.81%) 11 (15.94%) 0.515

CsA (%) 0 (0%) 10 (14.49%) 0.109

MTX (%) 1 (4.76%) 3 (4.35%) 1.000

FK506 (%) 1 (4.76%) 2 (2.90%) 0.554

AZA (%) 2 (9.52%) 5 (7.25%) 0.663

Current treatment of BDc

Glucocorticoid dosage (mg/d, median, IQR)b 0 (0, 15) 5 (0, 32.5) 0.177

Biologics

Infliximab (%) 0 (0%) 2 (2.90%) 1.000

Other TNF-α inhibitor (%) 1 (4.76%) 0 (0%) 0.233

Immunosuppressant

CTX (%) 1 (4.76%) 11 (15.94%) 0.281

CsA (%) 1 (4.76%) 7 (10.14%) 0.675

MTX (%) 0 (0%) 0 (0%) —

FK506 (%) 1 (4.76%) 1 (1.45%) 0.414

AZA (%) 1 (4.76%) 1 (1.45%) 0.414
aEvidence of PTB includes past history of TB infection and radiological features indicating PTB in chest CT. bAll forms of glucocorticoid were converted to the
equivalent dosage of prednisone. cCurrent use of immunosuppressant and biologics indicates continuous use of the drug for 3 months before hospitalization,
and the dosage of glucocorticoid records the maximal dose of glucocorticoid within 2 weeks before hospitalization. TNF-α: tumor necrosis factor-α; CTX:
cyclophosphamide; CsA: ciclosporin A; MTX: methotrexate; FK506: tacrolimus; AZA: azathioprine; LEF: leflunomide; MMF: mycophenolate mofetilhs.
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anti-TB treatment can be considered for patients with the
abovementioned clues of ATB. Meanwhile, the response to
anti-TB therapy could help the clinical diagnosis or exclusion
of ATB.

ESR > 60mm/h, increased IgG, and positive T-SPOT.TB
were found to be potential risk factors for ATB in patients
with BD by logistic regression analysis. ESR was reported to
be markedly [27] or slightly [32] increased in ATB patients,
and increased IgG in ATB patients had also been reported
in Wang’s case report [28] and Liu’s case-control study
[17]. However, prospective cohort studies are needed to
understand whether the increase of these nonspecific inflam-

matory markers is the cause or the result of ATB. T-SPOT.TB
is an interferon-gamma release assay (IGRA) based on the
MTB-specific T cell response [25]. The logistic analysis
revealed a higher OR value as spot forming cells (SFC) of
T-SPOT.TB increases. Even though T-SPOT.TB could not
differentiate LTBI and ATB [25], many studies had shown
more robust T cell immune response in ATB patients [20,
33], supporting that positive or markedly increased T-
SPOT.TB can be a potential risk factor of ATB in patients
with BD.

Notably, our study revealed a smaller dosage and shorter
glucocorticoid treatment duration in ATB patients, which is
different from previous studies [34]. This may be due to the
retrospective design of our study, when patients not excluded
for ATB may have avoided using glucocorticoids during the
previous treatment. TNF-α inhibitor use, though identified
as a risk factor of ATB in previous studies [9], revealed no
significant difference between cases and controls in our
study. On the one hand, this might be related to the limited
sample number in this study; on the other hand, this could
be attributed to the thorough screening and proper prophy-
laxis of patients using TNF-α inhibitors, according to the
guidelines [11, 13, 35, 36] published in the 2000s.

We acknowledge some limitations in our study. First, our
sample size was relatively small, and most ATB cases were
diagnosed according to clinical criteria rather than culture
confirmed, which might introduce a risk of bias. Second,

Table 2: Clinical presentation and laboratory results of BD patients with and without ATB.

BD with ATB (n = 21) BD without ATB (n = 69) p

Systemic involvement of BD

Oral ulceration (%) 19 (90.5%) 68 (98.6%) 0.135

Genital ulceration (%) 18 (85.7%) 49 (71.0%) 0.176

Erythema nodosa (%) 12 (57.1%) 30 (43.5%) 0.272

Ocular lesions (%) 4 (19.0%) 25 (36.2%) 0.140

Vascular manifestations (%) 4 (19.0%) 25 (36.2%) 0.140

Gastrointestinal involvement (%) 6 (28.6%) 24 (34.8%) 0.597

CNS involvement (%) 3 (14.3%) 15 (21.7%) 0.548

Symptoms related to TB infection

Fever (%) 18 (85.7%) 34 (49.3%) 0.003

Cough (%) 8 (38.1%) 5 (7.2%) 0.002

Expectoration (%) 7 (33.3%) 3 (4.3%) 0.001

Night sweating (%) 8 (38.1%) 4 (5.8%) 0.001

Weight loss (%) 13 (61.9%) 28 (40.6%) 0.086

Laboratory tests

ESR (mm/h, median, IQR) 31 (22, 57) 16 (6, 39) 0.004

hsCRP (mg/L, median, IQR) 28.32 (8.50, 63.83) 10.37 (1.61, 43.59) 0.038

IgG (g/L, median, IQR) 12.55 (9.98,15.61) 9.6 (7.84,13.13) 0.006

IgA (g/L, median, IQR) 2.78 (1.75, 3.66) 2.28 (1.59, 3.04) 0.286

IgM (g/L, median, IQR) 0.91 (0.71, 1.74) 0.93 (0.71, 1.33) 0.575

Positive T-SPOT.TB (%) 17 (80.95%) (n = 19) 19 (27.54%) (n = 66) 0.000

T-SPOT.TB value (SFC/106PBMC, median, IQR) 336 (92, 1084) 0 (0, 27) 0.000

ESR: erythrocyte sedimentation rate; hsCRP: hypersensitive C reactive protein; IgG: immunoglobulin G; IgA: immunoglobulin A; IgM: immunoglobulin M;
SFC: spot-forming cells; PBMC: peripheral blood mononuclear cells.

Table 3: Potential risk factors for ATB in BD patients.

b SE(b) Wald p OR (95% CI)

ESR (mm/h)

0-20 4.658 0.097

20-60 1.719 0.965 3.178 0.075 5.581 (0.843, 36.960)

>60 2.618 1.287 4.141 0.042 13.710 (1.101, 170.702)

IgG (g/L) 0.204 0.104 3.876 0.049 1.226 (1.001, 1.502)

T-SPOT.TB (SFC/106PBMC)

<24 9.266 0.010

24-200 2.076 0.921 5.084 0.024 7.793 (1.312, 48.464)

>200 2.874 0.998 8.288 0.004 17.705 (2.503, 125.260)

OR: odds ratio; CI: confidential interval.
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our center is a national referral center for complicated and
critical cases, which might induce a potential selection bias,
and the extension of the conclusion must be drawn carefully.
Third, the risk factors identified in this case-control study are
still required to be confirmed by prospective cohort studies in
the future. Finally, most (81.0%) of the ATB cases in this
study were clinically diagnosed without microbiological
evidence. Even though the clinical diagnosis was carefully
reviewed and seemed to be plausible in a country with high
prevalence of tuberculosis, the diagnosis without a gold stan-
dard might introduce a high risk of bias.

5. Conclusion

The diagnosis of ATB should be considered when BD
patients presented with systemic symptoms like fever, night
sweating, and unexplained weight loss, as well as rare presen-
tations of BD such as productive cough, lymphadenopathy,
and bone pain. Significantly elevated ESR, hsCRP, IgG, and
positive T-SPOT.TB supports the diagnosis of ATB. Further-
more, the markedly increased SFC in T-SPOT.TB indicates a
high risk factor of ATB in BD patients.
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Chloroquine (CQ) and hydroxychloroquine (HCQ) are derivatives of 4-aminoquinoline compounds with over 60 years of safe
clinical usage. CQ and HCQ are able to inhibit the production of cytokines such as interleukin- (IL-) 1, IL-2, IL-6, IL-17, and
IL-22. Also, CQ and HCQ inhibit the production of interferon- (IFN-) α and IFN-γ and/or tumor necrotizing factor- (TNF-) α.
Furthermore, CQ blocks the production of prostaglandins (PGs) in the intact cell by inhibiting substrate accessibility of
arachidonic acid necessary for the production of PGs. Moreover, CQ affects the stability between T-helper cell (Th) 1 and Th2
cytokine secretion by augmenting IL-10 production in peripheral blood mononuclear cells (PBMCs). Additionally, CQ is
capable of blocking lipopolysaccharide- (LPS-) triggered stimulation of extracellular signal-modulated extracellular signal-
regulated kinases 1/2 in human PBMCs. HCQ at clinical levels effectively blocks CpG-triggered class-switched memory B-cells
from differentiating into plasmablasts as well as producing IgG. Also, HCQ inhibits cytokine generation from all the B-cell
subsets. IgM memory B-cells exhibits the utmost cytokine production. Nevertheless, CQ triggers the production of reactive
oxygen species. A rare, but serious, side effect of CQ or HCQ in nondiabetic patients is hypoglycaemia. Thus, in critically ill
patients, CQ and HCQ are most likely to deplete all the energy stores of the body leaving the patient very weak and sicker. We
advocate that, during clinical usage of CQ and HCQ in critically ill patients, it is very essential to strengthen the CQ or HCQ
with glucose infusion. CQ and HCQ are thus potential inhibitors of the COVID-19 cytokine storm.

1. Introduction

Chloroquine (CQ) and hydroxychloroquine (HCQ) are
derivatives of 4-aminoquinoline compounds with over 60
years of safe clinical use in the treatment of malaria and,
recently, the treatment of inflammatory disorders [1, 2].
CQ and HCQ have proven to be an effective and safe treat-
ment option for autoimmune diseases like rheumatoid
arthritis (RA) as well as systemic lupus erythematosus
(SLE) [1, 3]. Also, in recent years, CQ and HCQ have gained
special attention because of the nonexistence of effective and

efficient antiviral medications against new emerging viruses
such as human immunodeficiency virus (HIV), dengue virus,
chikungunya virus, and Ebola virus [4–6]. These compounds
are readily available, cost effective, highly tolerated by the
body, and elicit very critical immunomodulatory activities
[4]. The structure and mechanism of action of CQ and
HCQ are exactly the same except for an extra hydroxy moiety
in one terminal in HCQ [7, 8].

After oral ingestion, CQ and HCQ are absolutely and
rapidly absorbed into the blood stream [2]. The proteins in
both compounds are bound in plasma and partly

Hindawi
Journal of Immunology Research
Volume 2020, Article ID 4582612, 13 pages
https://doi.org/10.1155/2020/4582612

https://orcid.org/0000-0003-3475-0363
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4582612


metabolized through the cytochrome P450 (CYP) enzymes
in the liver [2]. CQ undergoes hepatic modifications via the
N-dealkylation pathway into two functional metabolites such
as desethyl-CQ and bisdesethyl-CQ. In human liver micro-
somes, CYP2C8 and CYP3A4/5 are the key enzymes
accountable for the CQ N-desethylation to desethyl-CQ [2,
9]. On the other hand, HCQ is metabolized into one main
metabolite, N-desethyl-HCQ, by CYP enzymes CYP2D6,
CYP2C8, CYP3A4, and CYP3A5 via the N-desethylation
pathway. In vivo studies have demonstrated a correlation
between blood N-desethyl-HCQ levels and effectiveness of
HCQ [2, 10].

CQ and HCQ amass in tissues with elevated levels in the
liver, brain, heart, muscle, and skin than the blood after pro-
long usage [2, 11, 12]. Therefore, it was speculated that tissue
levels may be more associated with their effectiveness than
blood levels [2, 13]. Studies have demonstrated that the
buildup of CQ and HCQ in lymphocytes as well as macro-
phages resulted in anti-inflammatory activities in diverse
viral diseases depicted with the overproduction of tumor
necrosis factor-α (TNF-α) by the alveolar macrophages [14,
15]. Also, CQ precisely blocked TNF, interleukin- (IL-) 6,
and prostaglandin (PG) E release without modulating the
expression of IL-1 by normal macrophages [16].

CQ and HCQ are capable of modulating immune players
like toll-like receptors (TLRs), T-cells, B-cells, interferons
(IFNs), mitogen-activated protein kinase (MAPK), chemo-
kines, and generation of reactive oxygen species (ROS) [17–
22]. This review therefore explicitly explores the key immune
and inflammatory players modulated by CQ and HCQ. Most
of the articles reviewed were indexed in PubMed with strict
inclusion criteria being in vitro and in vivo up- or downregu-
lation of these immune and inflammatory biomarkers in dif-
ferent disease conditions.

2. Mechanism of Action and Dosage

CQ and HCQ easily penetrate the lipid bilayer due to their
small lipophilic nature after oral or intramuscular adminis-
tration [23, 24]. Inside the cell, these diprotic weak bases dif-
fuse across a pH gradient into acidic subcellular
compartments like endolysosomes where they become dipro-
tonated at lower pH [23, 25]. The diprotonated CQ and HCQ
accumulates inside endolysosomes up to 10,000-fold eleva-
tions as compared to their extracellular levels leading to cura-
tively accessible intracellular levels in the millimolar range
[23, 24, 26]. These drugs inhibited protein synthesis and pro-
cessing, as well as degradation via mechanisms involving
alkalization of endosomes and lysosomes [23]. Nevertheless,
extra actions of the drugs seem to be independent of lysoso-
motropism [23, 27].

Also, these drugs are capable of interrelating with DNA
resulting in the modification of its super helical structure,
as well as inhibition of DNA synthesis at extreme concentra-
tions [23, 27]. Furthermore, studies have shown that they are
capable of inhibiting inositol 1,4,5-triphosphate signaling as
well as protein phosphorylation [23, 28]. Qu et al. demon-
strated that the total ROS and mitochondrial (mt) ROS levels
in QBC939 cells were obviously augmented while mitochon-

drial membrane potentials were obviously diminished after
CQ treatment [29]. CQ and CHQ are capable of neutralizing
the cellular acidic compartments containing lysosomes as
well as endosomes [30–32]. They have been implicated in
the modification and the intracellular trafficking of newly
synthesized proteins [30–32]. HCQ can regulate human
inflammatory macrophage polarization through the down-
regulation of M1 contrary to the upregulation of M2 macro-
phages [33, 34].

CQ was capable of inhibiting the function of lysosomes,
leading to a widespread blockage of autophagy [29]. It was
established that oxidized proteins cannot be damaged by
molecular chaperone-mediated autophagy in lysosomes,
which are inhibited by CQ [29]. Thus, CQ is likely to have
a robust blockade effect on the antioxidant capacity and
cell-death-stimulatory properties [29, 35]. Studies have dem-
onstrated that CQ triggered a bitter taste receptor (TAS2R)
leading to an upsurge in intracellular Ca2+ via the Gβγ-
PLCβ-IP3-IP3R signaling pathway in the airway smooth
muscle [36–38]. It was also established that the upsurge in
Ca2+ was probably mediated in the CQ-triggered glucose
transporter 4 (GLUT4) trafficking to the plasma membrane
[36].

The plasma concentration of CQ peaked half an hour
after administration while the plasma concentration of
HCQ peaked within 3-4 hours after administration [39, 40].
A study revealed that the action of CQ and HCQ in the
blockade of TNF-α, IL-1β, and IL-6 synthesis operated via
diverse approaches and their therapeutic doses were capable
of suppressing the production of TNF-α, IL-1β, and IL-6 in
patients [30]. The intracellular concentrations of HCQ in
mononuclear cells from patients on a 3-month course of
standard dose of 400mg daily was similar to that in mononu-
clear cells incubated in vitro with 100μM CQ or HCQ for 1
hour [26, 30]. CQ and HCQ have long terminal as well as
elimination half-lives of 22 and 20-60 days, respectively [39,
40]. Nevertheless, the excretion HCQ in the urine persists
up to 3 months from the time of the last dose [39].

CQ and HCQ are mostly in tablet formula for oral usage
as CQ phosphate 500mg which is equivalent to 300mg CQ
base and HCQ sulfate 200mg which is equivalent to 155mg
HCQ base active drug per tablet, respectively [39]. It is advo-
cated that, in autoimmune diseases like rheumatoid arthritis
and systemic lupus erythematosus, the doses of CQ and HCQ
should not exceed 500mg/day and 400mg/day, respectively
[39]. Nevertheless, in acute malaria, doses as high as
2000mg CQ and HCQ have been used [39, 40]. We are of
the view that these drugs may target the protozoan cells with
less affinity for normal body cells in malaria, thus reducing
the adverse effects of the drugs due to high concentrations
in the protozoan cells and lesser concentration in the normal
body cells.

In viral as well as autoimmune diseases, the drugs may
target only the normal body cells, thereby increasing adverse
effects with doses exceeding 500mg/day for CQ and
400mg/day for HCQ. Complications like retinopathy and
QTc prolongation with consequential possibility of ventricu-
lar arrhythmias have been associated with CQ andHCQ [39].
CQ has higher possibilities of retinopathy than HCQ though
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short-term dosing of both medicines has no such complica-
tion [39, 41].

3. Toll-Like Receptor (TLR)

The key mechanism of action of HCQ is the blockade of
nucleic acid-sensing toll-like receptors (TLRs) [17]. The
inhibitory effect of nucleic acid-sensing TLRs occurs as a
result of reduction in endosomal pH or direct binding of
nucleic acid machineries to the TLRs [17–19]. In both
in vitro and in vivo experimental prototypes, CQ inhibited
proinflammatory cytokine secretion triggered by microbial
TLR ligands via downregulating TLR-9 and TLR-4 mRNA
secretion, inhibiting NF-κB as well as activated protein-1
(AP-1) stimulation, interfering with endosome maturation,
and blockade of nucleic acid binding to TLR-7, TLR-8, and
TLR-9 (Table 1) [42, 43]. Studies have shown that CQ was
capable of triggering endosomal acidification and fusion,
thus blocking the stimulation and facilitation of the virus
via endocytic TLR-3, TLR-7, TLR-8, and TLR-9 (Table 1)
in HIV patients [20, 21, 44]. Also, CQ was capable of inhibit-
ing TLR-7 downregulatory signaling pathways resulting in
the blockade of transcription factors like interferon regula-
tory factor- (IRF-) 7, which modulates the production of
IFN-α, an effective CD8 T-cell immune stimulator [20–22].

Plasmacytoid dendritic cells (pDC), which identify path-
ogens via TLR-7 and TLR-9, are an essential component of
the innate and adaptive immune systems [22]. TLRs are
intracellular, and thus, their ligands involve cellular uptake
as well as endosomal maturation to trigger NF-κB and
MAPK-mediated signals via the MyD88-dependent pathway.
These TLR signals result in pDC stimulation or maturation
and in the generation of proinflammatory cytokines as well
as huge quantities of IFNs-α/β [22]. Martinson et al. demon-
strated that CQ blocked pDC stimulation or maturation,
upregulation of the MyD88 pathway signaling molecules like
IRF-7 and IL-1 receptor-associated kinase 4 (IRAK-4), IFN-α
generation, indoleamine 2,3-dioxygenase (IDO) synthesis,
and programmed death-ligand 1(PDL-1) secretion. The pre-
cise association between these markers and CQ or HCQ in
viral disease still needs further studies [22].

4. Interferons

IFNs have been implicated in several immune responses as
triggers and modulators as well as effectors of both innate
and adaptive immune systems during viral infections [45,
46]. IFNs have the capability of inhibiting viral replication
and are often the most conspicuous cytokines produced dur-
ing viral infections [45, 46]. Studies have shown that the con-
centrations of IFN and IFN-inducible chemokines/cytokines
like macrophage inflammatory protein-1 (MIP-1) and
monocyte chemotactic protein-1 (MCP-1) as well as
interferon-inducible protein-10 (IP-10) are associated with
disease burden [47–49]. These chemokines or cytokines are
measured by the different disease activity indices, the eryth-
rocyte sedimentation rate, and anti-dsDNA antibody titers
[47–49].

Cytokine and TCR-triggered IFN-γ secretion was via
separate signal transduction pathways comprising of tran-
scription factors such as nuclear factor of activated T-cells
(NFATs), signal transducer and activator of transcriptions
(STATs), and nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-κB) [45]. This resulted in the stimula-
tion as well as the triggering of several intrinsic antiviral fac-
tors like RNA-activated protein kinase (PKR), the 2-5A
system, Mx proteins, and many apoptotic pathways [45].
Studies have shown that human IFN-α and IFN-γ bound to
receptors and entered cells via receptor-mediated endocyto-
sis through coated pits as well as endosomes [50, 51]. Studies
have indicated that IFN acted from outside the cell mem-
brane to attain antiviral state [50, 52, 53]. Studies have fur-
ther proven that the antiviral activity was triggered when
IFNs bind to an insoluble matrix and the nonactivity of
IFN microinjected directly into cells [50, 54, 55].

Type I IFN offers effective innate immune machinery
against a verity of viruses, but it may also stimulate patho-
genic immune response, thus leading to huge loss of stimu-
lated CD4+ T-cells. Branca et al. reported that CQ induced
the production of the 2′,5′-A synthetase [56]. Nevertheless,
Chelbi-Alix and Thang found out that the presence of CQ
during IFN treatment does not affect the triggering of the
2′,5′-A synthetase but impairs the IFN-dependent inhibition
of virus growth [50]. Studies have demonstrated that CQ and
HCQ inhibited the production of IFN-α and IFN-γ and/or
TNF-α (Table 1) [50]. Studies using different cell populations
have demonstrated that HCQ inhibited proinflammatory
cytokines, like TNF-α, IFN-γ, IL-1α, and IL-6 (Table 1) [50,
57–59]. Also, HCQ inhibited the production of IFN-α
(Table 1) in pDCs in vitro, either after stimulation by
DNA-containing immune complexes or upon activation with
TLR-9 agonists [60]. The explicit pathways via which CQ and
HCQ trigger the release or inhibit the release of IFNs still
need further studies since current evidence is paradoxical.

5. Interleukins

Several studies have persistently shown an inhibition of the
production of cytokines such as IL-1, IL-2, IL-6, IL-17, and
IL-22 (Table 1) by CQ and HCQ [30, 61]. In RA patients,
IL-1 was primarily produced by monocytes and macrophages
in the synovial tissue and was strongly implicated in joint
destruction [30, 62]. Studies have demonstrated that a huge
quantity of IL-1β perhaps in the form of pro-IL-1β was
retained in cells and the concentration of cell-associated IL-
1β was reduced by CQ (Table 1) [30, 63]. This study further
revealed that the blockade of IL-1β production stimulated by
weak-base amines occurred via the inhibition of pro-IL-1β
rather than via reduced IL-1βmRNA [30]. Studies have dem-
onstrated that CQ was capable of inhibiting the release of IL-
1β via a pathway involving endolysosome-associated vesicles
in lipopolysaccharide- (LPS-) stimulated monocytes [30, 64].

CQ was capable of inhibiting IL-2 generation and IL-2
mRNA stimulation as well as the alteration of IL-2 receptive-
ness of T-cell clones [65]. Studies have shown that IL-2 gen-
eration by αCD3 MoAb-triggered T-cells was possibly
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modulated in an autocrine fashion [65–67]. It was affirmed
that αCD3 MoAb triggers the generation of IL-2, and IL-2
stimulated T-cell proliferation via the interrelation of IL-2
with high affinity IL-2R [65]. Nevertheless, CQ did not affect
secretory levels of the IL-2R p55 chain, but it is possible that
it might influence some other component of the IL-2 recep-
tor (IL-2R) complex [65, 68]. It was established that the inter-
relation between IL-2 and its receptor resulted in
augmentation of IL-2 generation during CQ administration
[65, 67]. Also, blockade of lL-2 generation as well as blockade
of T-cell proliferation led to either rescindment of the trigger-
ing signal or blockade of IL-2 receptiveness [65]. Landewe
et al. demonstrated that CQ partly blocks the internalization
and completely inhibited the intracellular degradation of IL-
2 (Table 1) [65].

IL-6 is a pleiotropic cytokine produced by macrophages
and T-cells as well as synovial fibroblasts in inflammatory
joint tissues [30, 69]. IL-6 facilities synovitis by triggering
antibody production due to its influence on B-cell matura-
tion. It also triggered T-cells as well as stimulated the prolif-
eration of synovial fibroblasts [30, 70]. CQ was capable of
inhibiting IL-6 synthesis (Table 1) in LPS-stimulated mouse
macrophages as well as human monocytes, though the mode
of blockage was dissimilar in mouse and human cells [16, 30,
58, 71]. Studies with human peripheral blood mononuclear
cells (PBMCs) demonstrated that CQ decreased LPS-
induced secretion of IL-1β as well as IL-6 mRNA [23, 30,
72]. Yu et al. found that the role of HCQ in decreasing plasma
IL-6 (Table 1) concentrations was highly coherent with the
length of its administration, and once the medicine was

Table 1: Shows the explicit effect of CQ or HCQ on various immune/inflammatory factors.

Immune/inflammatory factors Type Effect of CQ/HCQ Citation

Toll-like receptors (TLRs)

TLR-3 Inhibition [20, 21, 44]

TLR-7 Inhibition [20, 21, 42–44]

TLR-8 Inhibition [20, 21, 42–44]

TLR-9 Inhibition [20, 21, 44]

Interferons (IFNs)

IFN-α Inhibition [50, 57–59]

IFN-β Inconclusive No data

IFN-γ Inhibition [50, 57–59]

Interleukins

IL-1 Inhibition [30, 61–63]

IL-2 Inhibition [30, 61, 65, 67, 68]

IL-6 Inhibition [16, 23, 30, 33, 58, 61, 70–72]

IL-10 Facilitator [1, 81]

IL-17 Inhibition [30, 57, 61]

IL-22 Inhibition [30, 57, 61]

T-cells

Th1 Stability [1, 81]

Th2 Stability [1, 81]

Th17 Inconclusive No data

CD4+ Inconclusive [20, 82–85]

B-cells All B-cell subsets Inhibition [17, 93–95]

Prostaglandins (PGs) PGs Inhibition [98, 99]

Tumor necrosis factor (TNF) TNF-α Inhibition [16, 23, 30, 58, 71, 72, 109]

Extracellular signal-regulated kinases (ERK) 1/2 Inhibition [23, 30, 110, 116]

Chemokines CXCL8 Facilitator [1]

Reactive oxygen species (ROS) — Facilitator [1, 29]

Glucose — Facilitator [36, 131, 132, 134, 136, 137]
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halted, plasma IL-6 concentrations reverted to the control
concentrations [33]. They demonstrated that HCQ was capa-
ble of mimicking the influential properties of anti-IL-6 anti-
body by significantly decreasing the concentrations of IL-6
in the critically ill COVID-19 patients [33].

Jang et al. observed a decreased in IL-1β and IL-6
(Table 1) release after treatment of PBMCs and monocytes
or macrophages with CQ [30]. CQ blocked IL-1β and IL-6
generation via reduction of their mRNA levels, resulting in
reduction in mRNA stability rather than alteration of tran-
scriptional activity [30]. They indicated further that CQ reg-
ulated some steps involved in the synthesis as well as
metabolism of IL-1β and IL-6 mRNA [30]. These steps
included transcription of IL-1β and IL-6 genes, the process-
ing of prime transcripts in the nucleus, the transport of proc-
essed mRNA to the cytosol, and the degradation of mRNA
[30]. In their nuclear run-on analysis, transcriptional behav-
iors of the IL-1β and IL-6 genes in LPS-stimulated mono-
cytes or macrophages were not considerably transformed
by CQ, signifying that CQ did not influence the synthesis of
key transcripts of these cytokines [30].

Cruz da Silva et al. demonstrated a blockade of IL-17 and
IL-22 (Table 1) supernatant levels by HCQ. They indicated
that HCQ reduced helper T-cell (Th) 17 cytokine levels in
the PBMCs from healthy individuals and SLE or RA patients
[57]. It was established that IL-17 augmented the immune
reaction by augmenting target organ inflammation as well
as damage. Also, IL-17 enhances antibody production by B-
cells, a significant immune player in SLE [73]. The exact
mechanism via which HCQ decreased IL-6 and IL-17 as well
as IL-22 concentrations is still a matter of debate. Neverthe-
less, one potential explanation is that the reduction occurred
via decreasing Th17 cells through a reduction in antigen pre-
sentation [57].

6. T-Cells

Helper T-cells (Th) are phenotypically heterogeneous in
nature [57, 74]. They are categorized based on the cytokines
they generated via the innate immune system during the pro-
cess of Th-cell differentiation. Th1, Th2, Th17, and regula-
tory T-cells (Treg) are 4 principal lineages described [57,
74]. In periphery, Treg cells are capable of triggering self-
reactive lymphocytes via cell contact and expression of anti-
inflammatory cytokines as well as alteration of proficient
antigen presenting cells, such as DCs [75–78]. Studies have
shown that adoptive transfer of Treg cells decreased inflam-
matory diseases, like human graft versus host disease, exper-
imental arthritis, experimental autoimmune hepatitis,
experimental diabetes, and experimental autoimmune
encephalomyelitis [75]. Therefore, Treg cells are suitable for
the decrease of chronic inflammation perceived in most auto-
immune diseases [75].

The stimulation of T-cells occurred via the triggering of
T-cell receptors [65]. It was well established that stimulated
T-cells triggered IL-2 mRNA resulting in the production of
IL-2 protein [65]. The expressed IL-2 in turn triggered T-
cell proliferation via binding to IL-2R present on activated
T-cells [65]. Landewe et al. indicated that the inhibition of

T-cell proliferation by CQ means that CQ stimulated the
alteration of receptor-mediated endocytosis [65]. Studies
have shown that HCQ is capable of inhibiting Treg cell-
induced upregulation of CD69 [79, 80]. Nevertheless, HCQ
failed to elicit inhibitory effect during evaluation of multiple
proximal Treg cell-mediated signaling events such as Treg
cell-induced protein tyrosine-kinase stimulation, inositol
phosphate generation, and MAPK stimulation [79]. CQ
affected the stability between Th1 and Th2 cytokine secretion
by augmenting IL-10 production in PBMC [1, 81].

Several studies have demonstrated that HCQ in human
immunodeficiency virus/acquired immunodeficiency syn-
drome (HIV/AIDS) patients stabilized CD4 T-cell counts or
elevation (Table 1) when used in combination with hydroxy-
urea as well as didanosine [20, 82–85]. Piconi et al. demon-
strated that 6-month HCQ therapy in combination with
antiretroviral therapy (ART) was associated with reduced
immune stimulation as well as augmented CD4+ T-cell fre-
quency [86]. Routy et al. demonstrated contrary findings
compared to the Piconi et al. findings (Table 1) [20]. Routy
et al. detected reduced secretion of the maturation marker
CD83 on pDCs after CQ therapy, which they assumed possi-
bly contributed to a reduction in DC-mediated inflammation
[20].

A study revealed that both untreated and CQ-treated ani-
mals suffered a deep loss of CD4+ T-cells during the acute
phase of infection [87]. Nevertheless, the ability to regenerate
peripheral CD4+ T-cells was obviously enhanced initially and
subsequently hindered by CQ therapy in the long term [87].
CQ therapy during chronic simian immune deficiency virus
infection exhibited a decrease in immune stimulation as well
as an enhanced recovery of CD4+ T-cells, but this did not
influence virus levels [87, 88]. The precise pathways via
which CQ and HCQ influence CD4+ T-cells still need further
studies since current evidence is inconsistent.

7. B-Cells

Clusters of differentiation (CD) 19+ B-cells are categorized
into 3 functionally definite subsets: immunoglobulin (Ig)
D+CD27- naïve B-cells, IgD+CD27+ IgM memory B-cells,
and IgD-CD27+ class-switched memory B-cells [3, 17].
Class-switched memory B-cells proliferate in the peripheral
blood as well as inflammatory tissues of patients with
extremely vigorous RA or SLE and are linked to the worsen-
ing of these autoimmune diseases [17, 89–91]. There are 5
classes of immunoglobulins generated by antibody-
producing cells during disease process. IgG is the most effec-
tive inflammation facilitator, due to its robust antigen-
binding affinity and complement-activation as well as
opsonic capability [17, 92]. Thus, IgGs produced by self-
reactive B-cells are presumed to perform pathogenic autoan-
tibody functions [17].

Studies have shown that HCQ inhibited extreme autoim-
mune responses as well as exerts therapeutic effects by block-
ing the ligation of TLRs with nucleic acids [17, 93–95]. It was
established that nucleic acid-sensing TLRs are secreted by
human B-cells [17, 93, 94]. These TLR ligations activated
B-cells to regulate inflammatory responses via antibody and
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cytokine production, as well as antigen presentation [17, 93–
95]. Torigoe et al. showed that HCQ at clinical levels effec-
tively blocked CpG-triggered class-switched memory B-cells
from differentiating into plasmablasts as well as producing
IgG [17]. Also, HCQ also inhibited cytokine generation from
all the B-cell subsets (Table 1) [17]. IgM memory B-cells
exhibited the utmost cytokine production [17].

Torigoe et al. found that TLR-9 secretion was predomi-
nantly elevated in resting B-cells and CpG activation more
effectively triggered B-cells to proliferate as well as differenti-
ate into plasmablasts compared to loxoribine activation [17].
They indicated that the extremely secreted TLR-9 could sen-
sitively identify dsDNA-containing antigens and were
extremely capable of facilitating the inflammatory responses
of B-cells in infection prevention as well as autoimmune dis-
eases [17]. Studies have demonstrated that CQ decreased the
survival of CpG-activated B-cells and suppressed the secre-
tion of coactivators as well as blocked the facilitatory effect
of IL-10 production (Table 1) [17, 96, 97]. Cepika et al. also
affirmed that IgMmemory B-cells exhibited the utmost effec-
tive cytokine-generating capability as compared to class-
switched memory B-cells and naïve B-cells and HCQ compe-
tently blocked all the three B-cell subsets from producing
inflammatory cytokines (Table 1) [96].

8. Prostaglandins

Prostaglandins (PGs) are produced in numerous types of tis-
sue injury as well as acute and chronic inflammation [98, 99].
The levels of exogenous PGs produced during inflammatory
response often reproduced as well as augmented the cardinal
signs of inflammation such as edema, erythema, and hyperal-
gesia [98, 99]. Floman demonstrated that CQ blocked the
production of PGs (Table 1) in the intact cell by inhibiting
substrate accessibility of arachidonic acid necessary for the
production of PGs [98]. Floman further indicated that CQ
may decrease arachidonic acid accessibility via the blockade
of phospholipase A2 activity [98]. In vitro studies using a
murine hemorrhagic shock model were inconclusive on the
inhibitory effect of CQ on cytokines as well as PG synthesis
and the lowering of Kupffer cell function like antigen presen-
tation and Iα secretion [16, 100]. Contrarily, CQ and HCQ
inhibited IL-1, IL-2, IL-6, IL-17, and IL-22 as well as PGs
(Table 1) [61, 98, 99].

9. Tumor Necrotizing Factor

Tumor necrosis factor (TNF) is a pleiotropic cytokine that
partakes in crucial regulatory roles in immune and inflam-
matory responses via cell surface receptors [59, 101]. Studies
have identified p55 and p75 as the 2 distinctive categories of
TNF receptors (TNF-R) amongst members of the TNF-R
superfamily [59, 102]. It was affirmed that the p55 TNF-R
was secreted universally on the surface of almost all cell types,
whereas the p75 TNF-R was secreted predominantly in
hematopoietic cells as well as endothelial cells [59]. It was
established that both TNF-R possess four common
cysteine-rich extracellular domains via which they bind
TNF with high affinity [59]. Also, the cytoplasmic regions

on both receptors are different and transmit distinctive but
interrelating signals. These receptors have been implicated
in the stimulation of nuclear factor beta (NF-κB) as well as
TNF-mediated apoptosis [59, 101, 103].

Studies revealed that p55 TNF-R intermediated in TNF
signals in lethal endotoxaemia as well as nonspecific immu-
nity to infection, whereas p75 TNF-R inhibits TNF‐mediated
inflammatory responses during gene knockout [59, 104,
105]. It was well established that CQ triggered downregula-
tion of cell surface p75 TNF-R in human peripheral blood
monocytes incubated with phorbol 12-myristate 13-acetate
and/or BB-3103 [59, 105]. Nevertheless, in resting mono-
cytes, the blockade effect of CQ was not observed, probably
because resting monocytes exhibited low levels of TNF-R
secretion [59]. It was further affirmed that cell surface p75
TNF-R considerably increased when receptor shedding was
inhibited by BB-3103 but was partially blocked by CQ [59].
CQ also reduced the surface secretion of TNF-R in inacti-
vated cells in a similar degree as was seen in the protein
expression blocker monensin and brefeldin A [59]. Thus,
CQ inhibited soluble TNF-R generation by blocking the
intracellular trafficking of these molecules to the cell surface,
instead of inhibiting cleavage of TNF-R on the cell surface
[59].

Studies have demonstrated that TNF-α was crucial for
the development of both the innate as well as the adaptive
immune response [23, 106]. It was affirmed that neutraliza-
tion of TNF-α with mAbs or soluble TNF-α receptors
resulted in enhanced clinical outcomes in certain infectious
and autoimmune diseases [23, 107]. TNF-α was capable of
modulating posttranslations at the transcriptional level. It
was established that, after translation, the 26 kDa
membrane-bound pro-TNF-α was cleaved at the cell surface
by a matrix metalloproteinase, TNF-α converting enzyme
(ADAM-17), freeing a soluble 17 kDa form of the cytokine
[23, 108]. It was proven that secretion of the antigen-
presenting process occurred in parallel with an augmented
TNF secretion by Kupffer cells as well as obvious augmenta-
tion of circulating TNF levels 2 hours after hemorrhage [16].

Monocytes and macrophages are the main source of
TNF-α during RA pathogenesis [23, 30, 107, 109]. CQ
was capable of inhibiting TNF-α synthesis (Table 1) in
LPS-activated mouse macrophages as well as human
monocytes, though the blockade route was dissimilar in
the mouse and human cells [16, 30, 58, 71]. CQ blocked
TNF-α synthesis via inhibiting the conversion of cell-
mediated TNF-α precursor to the soluble mature form,
rather than blocking the stimulation of TNF-α mRNA or
synthesis of TNF-α precursor (Table 1) [30, 109]. Studies
with human PBMCs revealed that CQ decreased LPS-
triggered secretion of TNF-α, as well as cell-related TNF-
α [23, 30, 72]. Jang et al. demonstrated that CQ blocked
TNF-α secretion (Table 1) but did not alter the level of
TNF-α mRNA or the synthesis of TNF-α precursor [30].
They indicated that blockade of TNF-α synthesis by CQ
occurred at a posttranslational step rather than a tran-
scriptional step [30]. Also, the blockade effect of CQ on
TNF-α synthesis occurred at a step in the processing of
pro-TNF-α as well as the release of mature proteins [30].
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10. Mitogen-Activated Protein Kinase

The extracellular signal-regulated kinases (ERK) 1/2 are
meticulously necessitated for TNF transcription in some
human and murine macrophage populations, whereas p38
and the c-Jun N-terminal kinase (JNK) are meticulously
necessitated for posttranscriptional modulation of TNF syn-
thesis [110–113]. It was well affirmed that ERK was stimu-
lated via a serine-threonine kinase cascade activated by Raf
phosphorylation of the ERK activating kinases like
MAP/ERK kinases (MEK) 1/2 [110]. Furthermore, Raf stim-
ulation was activated via recruitment of this protein to the
membrane by the protooncogene Ras resulting in Raf phos-
phorylation [110, 114]. Nevertheless, the phosphorylation
of Raf at Ser259 led to inactivation of this enzyme [110,
115]. Therefore, phosphorylation at different domains led
to an up- or downregulation of this signaling pathway
[110]. The Raf-MEK-ERK signaling was very essential in a
wide range of macrophage inflammatory activities [110].

Weber et al. demonstrated that CQ precisely inhibited
the stimulation of ERK-MAP kinase proteins (Table 1) which
are obligatory for prime LPS-triggered TNF secretion in
human mononuclear phagocytes and murine macrophage
cell line AMJ2C-8 [23, 110, 116]. CQ was also capable of
blocking LPS-triggered stimulation of extracellular signal-
modulated ERK1/2 in human PBMCs (Table 1) [30]. More-
over, the secretion of the TNF-α promoter-driven reporter
gene in human monocytic THP-1 cells revealed that CQ
inhibited the transcription of the TNF-α gene via blockade
of LPS-triggered stimulation of the ERK1/2 signaling path-
way [30, 110]. Further in vitro and in vivo studies on this
pathway and CQ are still warranted.

11. Chemokines

Chemokines are a group of molecules implicated in the traf-
ficking of leukocytes in normal immune surveillance as well
as recruitment of inflammatory cells in host defense [1, 117,
118]. They comprise over 40 members, which are categorized
into four classes based on the locations of fundamental cyste-
ine residues such as C, CC, CXC, and CX3C [1]. CQ was
capable of stimulating the mRNA and protein levels of che-
mokines like CCL2 and CXCL8 in human astroglial cells
[1]. The stimulation of these chemokine mRNAs was
detected at 3 hours, optimum at 16 hours, and persisted up
to 24 hours after CQ therapy [1]. It was speculated that the
upsurge in mRNA secretory levels of these proinflammatory
chemokines was as a result of either transcriptional stimula-
tion or stabilization of mRNA by CQ [1].

It was affirmed that CQ therapy resulted in stimulation of
CXCL8 promoter activities (Table 1), which means that tran-
scriptional stimulation was partially accountable for mRNA
secretion of chemokines [1]. It was established that CQ trig-
gered stimulation of the NF-κB transcription factor, and
blockade of NF-κB stimulation inhibited CQ-triggered che-
mokine secretion in astroglial cells [1]. This strongly indi-
cates that stimulation of chemokines was mediated at the
transcriptional level [1].

Studies have demonstrated that leukocytes and neutro-
phils as well as eosinophils secreted CXCL10 during inflam-
mation [119, 120]. Also, monocytes, epithelia, endothelial,
and stromal cells as well as keratinocytes are expressed in
response to IFN-γ during inflammation [119, 121, 122].
Th1 cells generated IFN-γ, which stimulates the CXCL10
production by diverse cell types [119]. CXCL10 in turn
attracted and recruited Th1 cells, signifying the occurrence
of a positive feedback loop between IFN-γ-producing Th1
cells and resident cells producing CXCL10 [119, 123]. Fur-
ther studies on the effects of CQ or HCQ on the positive feed-
back loop between IFN-γ producing Th1 cells and resident
cells producing CXCL10 in viral diseases are warranted.

12. Reactive Oxygen Species

Cells produce reactive oxygen species (ROS) via metabolism
and respiratory burst, as well as the respiratory chain [29].
Cells clear ROS through peroxisomes, superoxide dismutase,
and the nicotinamide adenine dinucleotide phosphate-
(NADPH-) dependent reduction system, as well as the
autophagy-lysosome pathway resulting in the regulation of
reduction-oxidation (REDOX) balance in cells [29, 124]. Sev-
eral extracellular stimuli have been implicated in the stimula-
tion of the transient upsurge in intracellular ROS levels [1,
125]. Also, inhibition of intracellular ROS led to a substantial
blockade of stimulant-dependent signaling in mammalian
cells [1, 125]. In the REDOX balance adjustment process,
the principal source of mitochondrial (mt) ROS was oxida-
tive respiration. Studies have demonstrated that disruption
of mitochondrial functions was capable of augmenting
mtROS generation as well as triggering cell death [29, 124,
126].

Park et al. demonstrated that ROS generated by CQ facil-
itated the stimulation of NF-κB following the secretion of
chemokines in human astroglial cells (Table 1) [1]. Neverthe-
less, they observed that CQ did not trigger an upsurge of
intracellular ROS in human monocytic U937 cells and
murine microglial BV-2 as well as macrophage RAW 264.7
cells. They indicated that disparities in the immunomodula-
tory effect of CQ between monocytes, microglia, and astro-
glial cells seem to be determined at the level of ROS
production following the stimulation of NF-κB [1]. It was
affirmed that CQ-triggered production of ROS was annulled
by diphenyl iodonium, signifying the probability that non-
phagocytic NADPH oxidase partook in the production of
ROS during CQ therapy [1]. Qu et al. demonstrated that
the overall ROS and mtROS levels in QBC939 cells were aug-
mented severely after CQ administration (Table 1) while
mitochondrial membrane potentials were severely reduced
[29]. They concluded that CQ was capable of triggering an
upsurge in ROS level (Table 1), specifically mtROS, in
QBC939 cells which resulted in the loss of mitochondrial
membrane potentials [29].

13. Glucose Metabolism

Glucose uptake is primarily reliant on GLUT4 which translo-
cates extracellular glucose via the cell membrane into the cell
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[36, 127]. Therefore, GLUT4 is very critical for sustenance
whole-body glucose homeostasis [36, 127]. It was well estab-
lished that GLUT4 was predominantly located in intracellu-
lar GLUT4-storage vesicles (GLUT4-SVs) [127]. Studies
have shown that insulin triggered fast translocation of
GLUT4SVs from the trans-Golgi network and/or endosomes
to the plasma membrane [36, 128]. The fusion of GLUT4-
SVs with the plasma membrane led to augmented glucose
uptake [128]. Further studies have demonstrated that this
step was upregulated via insulin receptor or insulin receptor
substrate-1(IRS-1), protein kinase B (PKB/Akt), phos-
phatidylinositol 3 kinase (PI3-K), and atypical protein kinase
C (aPKC) as well as cytosolic Ca2+ [129, 130].

Studies revealed that CQ facilitated cellular glucose
uptake via the stimulation of GLUT4 trafficking to, and
fusion with (Table 1), the cellular plasma membrane via aug-
mentation of cellular Ca2+ uptake [36, 131, 132]. Another
study demonstrated that CQ was an effective stimulator of
the insulin-responsive protein like PKB/Akt and consider-
ably augmented glycogen synthesis via the phosphorylation
of glycogen synthase kinase 3β (GSK-3β), which made it an
attractive potential antidiabetic drug [36, 133]. It was further
established that the antidiabetic mechanism of CQ analogues
involved reductions in insulin clearance as well as degrada-
tion rates and an upsurge in the expression of C-peptide
[134, 135].

CQ and HCQ are well-tolerated therapeutic options for
type II diabetic mellitus [134]. Glycated hemoglobin reduced
considerably when HCQ was combined with insulin for the
treatment of diabetes mellitus, compared with patients
receiving placebo, and the insulin dose had to be lowered
by 30% in the HCQ group [134, 136]. We anticipate that,
in critically ill patients, CQ and HCQ are likely to deplete
all the energy stores of the body leaving the patient very weak
and sicker. A study revealed that a rare, but serious, side effect
of CQ or HCQ in nondiabetic patients is hypoglycaemia
(Table 1) [132, 137]. Thus, during clinical usage of CQ or
HCQ in critically ill patients, it is very essential to strengthen
the CQ or HCQ with glucose infusion.

14. Conclusion

CQ and HCQ are able to inhibit the production of cytokines
such as IL-1, IL-2, IL-6, IL-17, and IL-22. Also, CQ blocked
TNF-α synthesis via inhibiting the conversion of cell-
mediated TNF-α precursor to the soluble mature form,
rather than blocking the stimulation of TNF-α mRNA or
synthesis of TNF-α precursor. Furthermore, CQ was also
capable of inhibiting IL-2 generation and IL-2 mRNA stimu-
lation as well as the alteration of IL-2 receptiveness of T-cell
clones. Similarly, HCQ also inhibits cytokine generation
from all the B-cell subsets. IgM memory B-cells exhibit the
utmost cytokine production. Nevertheless, CQ is capable of
producing ROS via a facilitated stimulation of NF-κB and fol-
lowing secretion of chemokines in human astroglial cells. A
rare, but serious, side effect of CQ or HCQ in nondiabetic
patients is hypoglycaemia. We advocate that, in critically ill
patients, CQ and HCQ are more likely to deplete all the
energy stores of body leaving the patient very weak and

sicker. Thus, during clinical usage of CQ or HCQ in critically
ill patients, it is very essential to strengthen the CQ or HCQ
with glucose infusion. CQ and HCQ are thus potential inhib-
itors of the COVID-19 cytokine storm.
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Human herpesvirus 6 (HHV-6) infects over 90% of people. The HHV-6 subtype, HHV-6B in particular, is often associated with
exanthem subitum in early childhood. Exanthem subitum is usually self-limiting and good prognosis disease; however, some
infants primarily infected with HHV-6B develop encephalitis/encephalopathy, and half of the patients developed
encephalopathy reported to have neurological sequelae. Furthermore, after primary infection, HHV-6B remains in a latent state
and sometimes reactivated in immunosuppressed patients, causing life-threatening severe encephalopathy. However, effective
immunotherapies or vaccines for controlling HHV-6B infection and reactivation have not yet been established. Recently, we
have found that the HHV-6B tetrameric glycoprotein (g) complex, gH/gL/gQ1/gQ2 is a promising vaccine candidate, and
currently under preclinical development. To confirm our vaccine candidate protein complex induce detectable T-cell responses,
in this study, we comprehensively screened CD4+ and CD8+ T-cell epitopes in the gH/gL/gQ1/gQ2 tetrameric complex protein in
mice immunisation model. Both BALB/c and C57BL/6 mice were immunised with the tetrameric complex protein or plasmid
DNA encoding gH, gL, gQ1, and gQ2, and then restimulated with 162 20-mer peptides covering the whole gH/gL/gQ1/gQ2
sequences; multiple CD4+ and CD8+ T-cell-stimulating peptides were identified in both BALB/c and C57BL/6 mice. Our study
demonstrates that gH/gL/gQ1/gQ2 tetramer-targeted vaccination has potential to induce T-cell responses in two different strains of
mice and supports the future development and application of T-cell-inducing vaccine and immunotherapies against HHV-6B.

1. Introduction

Human herpesvirus 6 (HHV-6) belongs to the β-herpesvirus
subfamily and infects over 90% of people globally [1]. HHV-
6 can be classified into two groups, variant A (HHV-6A) and

variant B (HHV-6B), by their epidemiology and pathology
[2, 3]. Although both HHV-6A and HHV-6B have been
shown to be involved in human diseases [4, 5], HHV-6B
infection is clearly associated with exanthem subitum in early
childhood [1, 6]. Exanthem subitum is a self-limited disease
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with a good prognosis; however, it is relatively highly asso-
ciated with febrile seizure. Although it is rare, some
infants develop encephalitis/encephalopathy associated
with HHV-6B infection. About half of children with
encephalitis or encephalopathy are reported to have neuro-
logical sequelae in Japan [7]. Furthermore, after primary
infection, HHV-6B remains in a latent state and is some-
times reactivated in immunosuppressed patients with
severe encephalopathy [8–10]. However, there is no spe-
cific drug, no vaccines, and no cellular immunotherapy
for controlling HHV-6B infection and reactivation has
been established.

HHV-6B glycoprotein (g) H/gL/gQ1/gQ2 tetrameric
complex has been shown to bind human CD134 (also
called OX40) and be expressed on activated T lymphocytes
[11]. gQ1 and gQ2 subunits were shown to be sufficient for
CD134 binding, and a region in gQ1 was required for its
function [12]. Regarding gH and gL subunits, a number
of studies in other herpesviruses have shown that gH and
gL subunits are involved in penetration and cell-to-cell
spread [13, 14]. The gQ1 and gQ2 nucleotide sequences
are shared only 70% between HHV-6A and HHV-6B, while
the gH and gL genes are mostly conserved (approximately
90%) between these two variants; in fact, the gH and gL
sequences are also conserved even among other herpesvirus
families [15–18]. Monoclonal antibodies (MAbs) against
HHV-6B gH and gQ1 were found to specifically neutralise
virus infection [19, 20]. Recently, we have found HHV-6B
gH/gL/gQ1/gQ2 tetrameric complex is one of the most
attractive vaccine targets for controlling HHV-6B infection
(Wang et al. manuscript submitted).

In a previous study, we identified that HHV-6B gQ1
protein-induced CD4+ and CD8+ T-cell responses by immu-
nising BALB/c mice using DNA vaccination [21]. In this
study, we more comprehensively screened T-cell responses
against gH/gL/gQ1/gQ2 complex of HHV-6B by using a
library of 162 peptides covering the whole gH/gL/gQ1/gQ2
protein sequences by using two strains of mice (BALB/c
and C57BL/6) with two immunisation methods. These
methods were intradermal protein injection of gH/gL/gQ1/
gQ2 complex together with CpG adjuvant (protein vaccina-
tion), and intravenous injection of the corresponding plas-
mid DNA formulated with polyethylenimine (PEI) (DNA
vaccination). The results revealed the successful identifica-
tion of multiple CD4+ T-cell and CD8+ T-cell epitopes in
both BALB/c and C57BL/6 mice, suggesting that vaccination
targeting the gH/gL/gQ1/gQ2 complex can induce detect-
able T-cell responses irrespective of the strain of mice. Our
results support the future application of gH/gL/gQ1/gQ2
complex for T-cell-inducing vaccines and immunotherapies
against HHV-6B. The difference in T-cell responses between
the two strains of mice and between the two vaccine systems
is also discussed.

2. Results

2.1. Detection of CD4+ and CD8+ T-Cell Response Induction
upon Immunisation with the Tetrameric Complex Protein.
First, we performed immunisation with the gH/gL/gQ1/gQ2

tetrameric protein complex together with our developed
CpG adjuvant named D35/DOTAP [22], which efficiently
induces both MHC Class I and Class II immune responses
against a variety of antigens including OVA, influenza
HA split vaccine, and LLO91-99 peptide (Supplementary
Figure 1). To identify CD4+ or CD8+ T-cell responses
against gH/gL/gQ1/gQ2 tetrameric protein, gH/gL/gQ1/gQ2
tetrameric protein-immunised splenocytes from six mice
were pooled and appropriately prepared (CD4+ or CD8+ T-
cell-depleted, and undepleted whole splenocytes). Then, they
were stimulated in vitro with each of 162 peptides covering
all gH/gL/gQ1/gQ2 sequences and IFN-γ production was
measured by ELISA. Due to both the variation of
interexperimental IFN-γ production differences and some T-
cell responses against cryptic T-cell epitopes [23] were not
always consistently detected, we repeated this experiment
three times. We also utilized Z-scoring normalization
method [24] to marge and better visualize IFN-γ production
data against 162 peptides from these three independent
experiments. Of note, in our previous study, gQ1-expressing
plasmid vaccination induced at least one CD4+ T-cell
response and one CD8+ T-cell response in gQ1 protein in
BALB/c mice [21], so we also expected that immunisation
with gH/gL/gQ1/gQ2 tetrameric protein complex with CpG
adjuvant would also induce at least one CD4+ T-cell
response and one CD8+ T-cell response.

Our results revealed IFN-γ production in whole spleno-
cytes against a total of 12 peptides out of the library of 162
peptides covering the gH/gL/gQ1/gQ2 tetrameric proteins
(see Supplementary Table 1) in BALB/c mice (Figure 1(a)).
These 12 responses were consistently observed from our
three independent experiments and indicated as black bars
in Figure 1. Among them, a total of 9 peptides, namely, No.
46 (gH), No. 74 (gL), No. 79 (gL), No. 112 (gQ1), No. 133
(gQ1), No. 134 (gQ1), No. 139 (gQ1), No. 147 (gQ2),
and No. 155 (gQ2) peptides, were confirmed to induce
CD4+ T-cell responses because these responses still
remained after CD8+ T-cell depletion (Figure 1(b)). Our
previously identified CD4 T-cell epitope containing the
20-mer peptide AGLLMVNNIFTVQARYSKQN [21] was
also included as No. 139 in this study’s result. Other CD4+

T-cell responses against No. 65 (gH), No. 80 (gL), No. 113
(gQ1), No. 141 (gQ1), and No. 153 (gQ2) emerged only after
CD8+ T-cell depletion, suggesting that they are relatively
weak T-cell-stimulating peptides or that a relatively small
population of CD4+ T cells responds to these peptides
(Figure 1(b)), because after CD8+ T-cell depletion, we used
the CD8+ cell-depleted cells containing the same cell
number of nondepleted cells for stimulation meaning that
relative CD4+ T-cell frequency was increased after CD8+

cell depletion. Upon including peptides detected in two out
of three independent experiments (indicated as gray bars in
Figure 1), the overall responses of whole splenocytes
(Figure 1(a)) and of CD4+ T cells (Figure 1(b)) generally
overlapped. In contrast and unexpectedly, no consistent
CD8+ T-cell responses were detected (Figure 1(c)). Notably,
responses against No. 157 (gQ2) were only observed with
whole splenocytes but disappeared after CD4+ or CD8+ T-
cell depletion.

2 Journal of Immunology Research



In C57BL/6 mice, consistent (meaning three times out of
three independent experiments) IFN-γ production was only
seen against No. 74 (gL), No. 133 (gQ1), and No. 141 (gQ1)
(Figure 1(d)). After CD8+ T-cell depletion, many weak but
consistently detectable CD4+ T-cell responses were raised
(Figure 1(e)). Unlike in BALB/c mice, CD8+ T-cell responses
were consistently detected against No. 133 (gQ1), No. 141
(gQ1), and No. 157 (gQ2) by the protein vaccination in
C57BL/6 mice, suggesting that protein immunisation with
CpG adjuvant potentiated CD8+ T-cell responses as
expected, at least in C57BL/6 mice.

2.2. T-Cell Response Induction upon Immunisation with DNA
Vaccine. Because protein vaccination with CpG adjuvant in
BALB/c mice unexpectedly induced no detectable CD8+ T-
cell responses (Figure 1(c)), we also attempted plasmid
DNA vaccination to more comprehensively screen T-cell
responses against the gH/gL/gQ1/gQ2 tetrameric complex
antigen. Mice were immunised with plasmids expressing
each of gH, gL, gQ1, and gQ2, or a gH/gL/gQ1/gQ2 plasmid
mixture, and then whole splenocytes from 2 mice per group
were pooled and stimulated with the corresponding library
peptides for each immunised plasmid (gH: No. 1–69, gL:
No. 70–93, gQ1: No. 94–144, and gQ2: No. 145–162); subse-
quently, IFN-γ production was assayed by ELISA. This
experiment was also performed three times independently,
and the results were visualized similarly as Figure 1. IFN-γ
production was consistently detected against No. 13, No. 46
(gH), No. 107, No. 112, No. 113, No. 115, and No. 139
(gQ1) peptides when BALB/c mice were immunised with
single gH or gQ1 plasmid (Figure 2(a)). Interestingly, immu-
nisation with gH/gL/gQ1/gQ2 plasmid mixture induced con-
sistent T-cell responses only against two peptides, namely,
No. 46 (gH) and No. 157 (gQ2) (Figure 2(b)), but not against
other peptides, which induced such responses upon single
plasmid immunisation, such as No. 13, No. 107, No. 112,
No. 113, No. 115, and No. 139 (Figure 2(a)). T-cell responses
against No. 157 peptide were only detected upon immunisa-
tion with gH/gL/gQ1/gQ2 plasmid mixture (Figure 2(b)).
Immunisation with the single gQ2 plasmid did not induce
any detectable T-cell responses against No. 157 peptide
throughout three independent experiments (Figure 2(a)).

In C57BL/6 mice, immunisation with each single plasmid
gH, gL, gQ1, or gQ2 induced no consistent T-cell responses
against the peptide library (Figure 3(a)); the gray bars indi-
cate only two times detection from three independent exper-
iments. On the other hand, immunisation with the plasmid
mixture induced weak but consistent T-cell responses against
No. 6 (gH), No. 75, No. 89 (gL), No. 133, and No. 141 (gQ1)
peptides (Figure 3(b)). Notably, in both BALB/c and
C57BL/6 mice, no T-cell responses were seen upon immuni-
sation with gQ2 single plasmid, but detectable responses such
as against No. 157 peptide in gQ2 were seen after immunisa-
tion with the plasmid mixture, suggesting that the gQ2-
encoding plasmid was successfully expressed and worked as
a DNA vaccine in vivo.

2.3. CD4+ and CD8+ T-Cell Response Induction upon
Immunisation with DNA Vaccine. To determine whether
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Figure 1: T-cell responses of mice immunised with the tetrameric
protein complex plus CpG adjuvant. Undepleted whole
splenocytes (a, d), CD8+ T-cell-depleted splenocytes (b, e), and
CD4+ T-cell-depleted splenocytes (c, f) of BALB/c (a–c) and
C57BL/6 (d–f) mice that had been immunised with HHV-6B
gH/gL/gQ1/gQ2 tetrameric protein complex plus CpG adjuvant
were tested for reactivity to a library of 162 peptides after 20 h of
stimulation by IFN-g ELISA. The quantity of IFN-γ (pg/mL) of
each peptide was transformed to a Z score (Z = x −mean/SD,
where x is the quantity of IFN-γ for each peptide). Individual
peptide samples with a Z score exceeding 0.01 were considered
positive. Black bars indicate that the response was detected as
positive in all three independent experiments, and gray bars
indicate that there was positivity in two out of three independent
experiments. T-cell responses detected as positive in only one
experiment are not shown. Data are shown as the mean Z score ±
SD of three independent experiments. The gray dot lines indicate
the boundaries of gH, gL, gQ1, and gQ2.
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the DNA vaccination induced responses were from CD4+ or
CD8+ T cells, the splenocytes after DNA vaccination were
CD4+ or CD8+ T-cell-depleted and then stimulated with
the selected peptides that had induced consistent T-cell
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Figure 3: T-cell responses of C57BL/6 mice upon immunisation
with expression plasmid DNA. Undepleted whole splenocytes
immunised with each expression plasmid for gH, gL, gQ1, and
gQ2 (a), and a mixture of them (b) were tested for the
corresponding library peptides (gH: No. 1–69, gL: No. 70–93, gQ1:
No. 94–144, and gQ2: No. 145–162). After 20 h of stimulation, the
quantity of IFN-γ (pg/mL) of each peptide was measured by
ELISA and transformed into a Z score (Z = x −mean/SD, where x
is the quantity of IFN-γ for each peptide). Individual peptide
samples with a Z score exceeding 0.01 were considered positive.
Black bar indicates three, and gray bar indicates two detections
out of three independent experiments. Data are shown as mean Z
score ± SD of three independent experiments. Consistently
detected peptides as shown by black bars in (a) and (b) were
chosen and another independent experiment was performed.
Undepleted whole splenocytes (c), CD8+ T-cell-depleted
splenocytes (d), and CD4+ T-cell-depleted splenocytes (e) were
tested for reactivity to the chosen peptides. After 20 h of
stimulation, the production of IFN-γ was measured by ELISA.
Data are presented in pg/mL and shown as mean ± SD. The gray
dot lines indicate the boundaries of gH, gL, gQ1, and gQ2.
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responses upon single or mixed plasmid immunisation as
shown in Figures 2(a) and 2(b). In BALB/c mice, IFN-γ
responses were detected against all eight examined peptides
shown by the black bars in Figures 2(a) and 2(b), with partic-
ularly strong IFN-γ production for No. 46, No. 139, and No.
157 (Figure 2(c)). After CD8+ T-cell depletion, CD4+ T-cell
responses were detected for No. 46, No. 107, No. 112, No.
113, No. 115, No. 139, and No. 157 peptides (Figure 2(d)).
After CD4+ T-cell depletion, CD8+ T-cell responses were
detected for No. 13, No. 113, and No. 157 (Figure 2(e)). Nota-
bly, No. 113 peptide contains AFCPMTSKL, which we previ-
ously identified as a 9-mer H2Kd-restricted CD8+ T-cell
epitope in BALB/c mice [21]; this demonstrated that gQ1
plasmid immunisation reproducibly induced similar CD8+

T-cell responses in BALB/c mice.
In C57BL/6 mice, similarly, whole splenocytes immu-

nised with a mixture of four plasmids responded to No. 133
and No. 141 among the five examined peptides shown by
the black bar in Figure 3(b) (Figure 3(c)). CD4+ T-cell
responses were detected against No. 6 (gH) and No. 75 (gL)
peptides after CD8+ T-cell depletion (Figure 3(d)). CD8+ T-

cell responses were detected against No. 89, No. 133, No.
141, and No. 157 after CD4+ T-cell depletion; although, No.
89 and No. 157 were barely detectable (Figure 3(e)). From
these results, we selected No. 13 and No. 157 peptides as
new CD8+ T-cell-responsive peptides for BALB/c mice
(Figure 2(e)) and No. 133, No. 141, and No. 157 peptides
for C57BL/6 mice (Figure 3(e)), for more detailed CD8+ T-
cell epitope examination.

2.4. Determination of CD8+ T-Cell Short Epitope Peptides
in BALB/c Mice. To determine short CD8+ T-cell epitopes,
several CD8+ T-cell short epitope candidates within the
two peptides No. 13 and No. 157 were predicted using two
computer programmes: BIMAS HLA Peptide Binding
Prediction (https://www-bimas.cit.nih.gov/molbio/hla_bind/)
and NetMHC 4.0 (http://www.cbs.dtu.dk/services/NetMHC/)
(Table 1). Three short peptides within No. 13 and five short
peptides within No. 157 that exhibited a high score or low %
rank were synthesised (shown by the underline in Table 1).
Undepleted whole splenocytes of BALB/c mice immunised
with gH plasmid, gQ1 plasmid, or gH/gL/gQ1/gQ2 plasmid

Table 1: CD8+ T-cell short epitope peptide prediction in BALB/c mice.

Peptide no.
(glycoprotein)

Length (aa) Amino acid sequence∗1
Estimated scores for

restriction molecules∗2 %rank

BIMAS NetMHC
Dd Kd Ld Dd Kd Ld

No. 13 (gH)

20 IVYSLNLYPSHGIYYIRVVE

10 LYPSHGIYYI 10 2880 1.95 0.8 4 1.9

9 LNLYPSHGI 0.5 80 1 27 10 37

9 VYSLNLYPS 0.1 60 1 60 9.5 20

9 LYPSHGIYY 2 60 3 0.7 17 13

8 LYPSHGIY 2 60 — 3 18 35

9 YPSHGIYYI 0.5 57.6 39 3.5 13 0.17

8 NLYPSHGI 0.5 57.6 — 36 17 32

10 SLNLYPSHGI 0.6 40 1 55 18 55

9 HGIYYIRVV 6 20 2 7.5 33 50

8 HGIYYIRV 6 20 — 12 55 37

No. 113 (gQ1)∗3
20 RLKPLTAMTAIAFCPMTSKL

9 AFCPMTSKL 1 1382.4 5 37 0.8 23

No. 157 (gQ2)

20 NGPRYLQMETFISDLFRYEC

9 RYLQMETFI 0.3 5760 1 11 0.01 5

8 RYLQMETF 0.18 144 — 9.5 0.8 16

10 RYLQMETFIS 0.12 100 1 28 0.12 31

10 LQMETFISDL 1.2 96 5 55 16 2.5

9 TFISDLFRY 0.1 57.6 2 45 26 37

9 QMETFISDL 1 48 1.5 60 12 4.5

8 YLQMETFI 1.5 40 — 29 0.05 12

10 TFISDLFRYE 0.01 6.912 0.1 55 33 75

8 TFISDLFR 0.01 5.76 — 80 48 80

8 NGPRYLQM 120 5 — 0.08 75 37

10 GPRYLQMETF 0.36 1 90 1 75 8.5

∗1 Underlined peptides were synthesised and used for experiments. Bold type peptides indicate determined short CD8+ T-cell epitope. ∗2 No binding score. ∗3

AFCPMTSKL in No.113 was previously reported as the peptide including CD8+ T-cell epitope (Nagamata et al., 2019).
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mixture were stimulated with these peptides. LYPSHGIYYI or
YPSHGIYYI within No. 13 (gH) (Figure 4(a)) and RYLQ-
METFI within No. 157 (gQ2) (Figure 4(c)) provoked strong
IFN-γ production among these candidate peptides, indicating
that LYPSHGIYYI/YPSHGIYYI in gH and RYLQMETFI in
gQ2 are the CD8+ T-cell short epitopes in BALB/c mice.
For No. 133 peptide, we had already performed similar
experiments and reported that No. 113 (gQ1) contained
AFCPMTSKL, an H2Kd-restricted CD8+ T-cell short epitope
[21]. We confirmed that gQ1 plasmid immunisation with the
PEI method also induced AFCPMTSKL-reactive T cells
(Figure 4(b)).

To determine the restricted MHC I molecule of these
responses, single MHC I-expressing cells such as BW5147-
H2Kd, -H2Dd, and -H2Ld cells were pulsed with the short
epitope peptide LYPSHGIYYI or YPSHGIYYI within No.
13 (gH) and RYLQMETFI within No. 157 (gQ2); then, they
were used for the stimulation. Unexpectedly, all sets of
BW5147-H2d-expressing cells pulsed with either LYPSH-
GIYYI or YPSHGIYYI within No. 13 (gH) resulted in no
IFN-γ responses (Figure 4(d)). On the other hand, RYLQ-
METFI within No. 157 (gQ2) induced the strongest IFN-γ
production in an H2Kd-restricted manner (Figure 4(f)). To
further investigate the failure of the short peptide-pulsed
approach with No. 13 (gH) peptide (Figure 4(d)), we estab-
lished internally gH-expressing BW5147-H2Kd, -H2Dd, and
-H2Ld cells, and then used them for stimulation. In this
approach, we successfully detected IFN-γ production by
BW5147-H2Kd-gH cells (Figure 4(e)). Taken together, these
results suggested that LYPSHGIYYI or YPSHGIYYI within
No. 13 (gH) was restricted by H2Kd, and RYLQMETFI
within No. 157 (gQ2) was also restricted by H2Kd.

2.5. Determination of CD8+ T-Cell Short Epitope Peptides in
C57BL/6 Mice. Since No. 133, No. 141 (gQ1), and No. 157
(gQ2) were found to induce CD8+ T-cell responses in
C57BL/6 mice after both protein (Figure 1(f)) and plasmid
immunisation (Figure 2(e)), several CD8+ T-cell short epi-
tope candidates within these peptides were also predicted in
the same way as mentioned above (Table 2). Three short pep-
tides from No. 133, four short peptides from No. 141, and
five short peptides from No. 157 associated with a high score
or a low % rank were synthesised (shown by the underline in
Table 2). Undepleted splenocytes from C57BL/6 mice immu-
nised with protein were stimulated with these peptides.
TSIRNIDPA within No. 133 (gQ1) induced IFN-γ produc-
tion above the background level (Figure 4(g)), while no other
epitope candidate peptides within No. 141 (gQ1) and No. 157
(gQ2) induced any discriminating responses (Figure 4(g)). In
the MHC class I restriction determination, BW5147-H2Db

pulsed with TSIRNIDPA induced slightly stronger IFN-γ
production compared with BW5147-H2Kb pulsed with
TSIRNIDPA (Figure 4(h)). We also performed similar exper-
iments using C57BL/6 mouse splenocytes immunised with a
mixture of plasmids (Supplementary Figure 2A); however,
even with CD4+ T-cell depletion, the results for both short
peptides were not convincingly clear (Supplementary
Figure 2B). Our results obtained in C57BL/6 mice did not
provide a definitive answer regarding the restricted MHC I

molecule of TSIRNIDPA. The responses to other short
peptides in No. 141 (gQ1) and No. 157 (gQ2) were not
confirmed. Taking the obtained findings together, we
concluded that at least TSIRNIDPA in gQ1 is a CD8+ T-
cell short epitope in C57BL/6 mice.

2.6. CD8+ T-Cell Response Induction by 20-Mer Peptide
Vaccination. In gH/gL/gQ1/gQ2 tetrameric complex, thus
far, we have identified three confirmed H2Kd-restricted
CD8+ T-cell epitopes in BALB/c mice and three potential
CD8+ T-cell-stimulating 20-mer peptides in C57BL/6 mice.
To determine whether these CD8+ T-cell epitope containing
20-mer peptides with CpG adjuvant (instead of whole pro-
tein or plasmid vaccination) could induce detectable CD8+

T-cell responses, we immunised BALB/c mice with No. 13,
No. 113, or No. 157 peptides (20-mers), which included
LYPSHGIYYI, AFCPMTSKL, and RYLQMETFI CD8+ T-
cell epitopes, and C57BL/6 mice with No. 133, No. 141, or
No. 157. In BALB/c mice, No. 157 peptide vaccination
induced a detectable CD8+ T-cell response against RYLQ-
METFI (Figure 5(c)), while No. 13 and No. 113 peptide vac-
cination did not (Figures 5(a) and 5(b)). In C57BL/6 mice,
No. 133 peptide vaccination induced a very weak CD8+ T-
cell response against TSIRNIDPA (Figure 5(e)), but No.
141 and No. 157 peptide vaccination did not induce any
detectable CD8+ T-cell responses (Figures 5(f) and 5(g)).
Peptide vaccination induced RYLQMETFI/H2Kd responses
in BALB/c mice (Figure 5(d)), and No. 133 peptide vaccina-
tion similarly induced CD8+ T-cell responses against TSIR-
NIDPA peptide (Figure 5(e)). However, again, the restricted
MHC I molecules were still not clarified for TSIRNIDPA
peptide (Figure 5(h)), potentially due to the weak binding
to the corresponding MHC molecule and the resultant weak
immune induction against this peptide in C57BL/6 mice.

3. Discussion

In this study, we identified multiple CD8+ and CD4+ T-cell-
responding epitopes or 20-mer peptides in the HHV-6B
gH/gL/gQ1/gQ2 tetrameric complex by using two different
immunisation methods including protein and DNA vaccina-
tions. In BALB/cmice, we identified that LYPSHGIYYI within
No. 13 (gH) and RYLQMETFI within No. 157 (gQ2) are new
H2Kd-restricted CD8+ T-cell epitopes, and No. 46 (gH), No.
79 (gL), and No. 147 (gQ2) are relatively strong CD4+ T-
cell-stimulating 20-mer peptides. Interestingly, LYPSHGIYYI
and YPSHGIYYI within No. 13 (gH) were not stimulatory
when they were pulsed on single H2Kd-, H2Dd-, or H2Ld-
expressing BW5147 cells (Figure 4(d)). On the other hand,
gH protein-expressing BW5147-H2Kd cells (transduced
with gH-expressing retrovirus vector) were strongly stimu-
latory (Figure 4(e)), suggesting that this T-cell epitope is
more stably presented on H2Kd through the endogenous
antigen processing pathway. By searching the mouse
genome, mouse plexin-A3 contains LYPAFDIYYI sequence,
which only differs in the middle part of the LYPSHGIYYI epi-
tope, from SHG to AFD. This may contribute to the observed
phenomenon, but further experiments are required to under-
stand this.
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In a previous study, we examined T-cell epitopes within
gQ1 in BALB/c mice by DNA vaccination and found that
AFCPMTSKL within P17 (No. 113 peptide in the library of
this study) was the H2Kd-restricted CD8+ T-cell epitope, and
P43 (No. 139 peptide in this study) stimulated CD4+ T-cell
responses. This study also confirmed these findings of a
CD8+ T-cell response against No. 113 peptide and a CD4+

T-cell response against No. 139 peptide (Figures 1 and 2).

In C57BL/6 mice, we found that TSIRNIDPA within No.
133 (gQ1) is the CD8+ T-cell epitope, but we could not
clearly determine the restricted H2b molecule for TSIR-
NIDPA short peptide. For No. 141 and No. 157, we consis-
tently observed CD8+ T-cell responses against these 20-mer
peptides, but these responses were somehow too weak to fur-
ther determine the short peptide epitopes for them. No. 6,
No. 39, No. 47, No. 51, No. 55, No. 66 (gH), No. 75 (gL),
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Figure 4: Short epitope determination for CD8+ T-cell-responding 20-mer peptides. Undepleted splenocytes of BALB/c mice immunised
with expression plasmid of gH (a, d, e), gQ1 (b), and a mixture of gH, gL, gQ1, and gQ2 (c, f), and C57BL/6 mice immunised with the
tetrameric protein complex plus CpG adjuvant (g, h) were tested with short peptides shown in Table 1 (a–c) and Table 2 (g). The
restricted MHC I molecules were determined by the peptide-pulsed BW5147 cell lines expressing each of the H2d molecules (d–f) or H2b
molecules (h). For LYPSHGIYYI restricted MHC I molecule determination, gH-expressing BW5147 cell lines were also examined (e). The
production of IFN-γ after 20 h of stimulation was measured by ELISA. Data are presented in pg/mL and shown as mean ± SD.
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and No. 103 (gQ1) were CD4+ T-cell-stimulating 20-mer
peptides in C57BL/6 mice.

By using two strains of mice (BALB/c and C57BL/6) and
immunising them with two different methods (using protein
and DNA), we also observed different T-cell responses
between BALB/c and C57BL/6 mice, and between protein vac-
cine and DNA vaccine. Overall, T-cell responses were stronger
in BALB/c mice than in C57BL/6 mice, irrespective of the
immunisation method (Figures 1–3).

BALB/c and C57BL/6 mice have different MHC haplo-
types. MHC haplotype of BALB/c is H-2d and that of
C57BL/6 is H-2b. DifferentMHC haplotypemolecules present
different peptides to the T cells, so that T cells from BALB/c or
C57BL/6 respond to different peptides is expected result from
the view of MHC haplotype. Another possible factor that con-
tributes the difference of T-cell responses between BALB/c
and C57BL/6 mice is their preferences to develop Th1 or
Th2 type cytokine response, respectively. They are regarded
as prototypes of Th1 or Th2 mouse strains [25]. Recent papers
also showed BALB/c mice have a tendency of Th2 type

immune responses, and C57BL/6 mice Th1 type immune
responses, especially in innate and immunometablic phases
[26, 27]. These innate responses usually affect the adaptive
immune responses, too. However, there is a report that
BALB/c and C57BL/6 mice do not show default Th1 and
Th2 preference in adaptive immune response by allergen
immunisation [28]. The observed T-cell response difference
between BALB/c and C57BL/6 in this study is mainly a result
of MHC haplotype differences; however, it could be also influ-
enced by Th1/Th2-related genetic background differences of
these two strains.

In terms of the difference of vaccination methods, we
observed a general tendency that protein vaccination prefer-
entially induced CD4+ T-cell responses even with CpG
adjuvants, and DNA vaccination preferentially induced
CD8+ T-cell responses. This fits with the classical view of
antigen presentation pathway that internal antigen prefer-
entially presented on MHC-I for inducing CD8+ T-cell
responses, and that external antigen preferentially presented
on MHC-II for CD4+ T-cell responses. In other words, the

Table 2: CD8+ T-cell short epitope peptide prediction in C57BL/6 mice.

Peptide no. (glycoprotein) Length (aa) Amino acid sequence∗1

Estimated scores for
restriction molecules∗2

%rank

BIMAS NetMHC
Db Kb Db Kb

No. 133 (gQ1)

20 QRGTSIRNIDPAIVSALWHS

9 IDPAIVSAL 0.017 3.3 26 18

8 DPAIVSAL — 1.1 65 70

8 RGTSIRNI — 0.475 48 30

10 NIDPAIVSAL 0.05 0.24 27 46

8 RNIDPAIV — 0.174 48 19

10 RNIDPAIVSA 0.119 0.158 55 50

9 AIVSALWHS 0.022 0.132 35 40

9 TSIRNIDPA 1047.388 0.12 0.01 11

No. 141 (gQ1)

20 MFEKKIYGYEHLGQALCEGG

8 KIYGYEHL — 132 9 0.03

10 YGYEHLGQAL 3.024 8.64 1.2 1.8

9 KKIYGYEHL 0.899 6 4.5 5

10 EKKIYGYEHL 0.011 1.2 13 22

8 YEHLGQAL — 1 21 43

9 YGYEHLGQA 0.108 0.72 7.5 3.5

9 GYEHLGQAL 0.006 0.24 35 34

8 EHLGQALC — 0.11 95 80

No. 157 (gQ2)

20 NGPRYLQMETFISDLFRYEC

8 NGPRYLQM — 103.68 23 4.5

10 LQMETFISDL 15.459 1.32 3.5 6

8 METFISDL — 1.1 37 28

10 NGPRYLQMET 0.108 0.432 36 60

10 YLQMETFISD 0.059 0.3 28 43

8 LQMETFIS — 0.264 39 37

9 QMETFISDL 1.175 0.24 16 2.5

10 RYLQMETFIS 0.003 0.22 4 36

∗1 Underlined peptides were synthesised and used for experiments. Bold type peptides indicate determined short CD8+ T-cell epitope. ∗2 No binding score.
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Figure 5: T-cell response inductions with 20-mer peptide plus CpG adjuvant. Whole splenocytes of BALB/c mice immunised with No. 13 (a),
No. 113 (b), or No. 157 (c) peptide plus CpG adjuvant, and whole splenocytes of C57BL/6 mice immunised with No. 133 (e), No. 141 (f), or
No. 157 (g) peptide plus CpG adjuvant were tested for the reactivity to CD8+ T-cell short epitope candidates. After 20 h of stimulation, the
production of IFN-γ was measured by ELISA. Data are presented in pg/mL and shown as mean ± SD.
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DNA vaccination can provide internal antigen, and the pro-
tein vaccination largely provides external antigen. However,
many reports also demonstrated that alternative “cross-
presentation pathway” is a physiologically important path-
way to induce CD8+ T-cell responses to infectious disease
and cancer, in which external antigen is presented on
MHC-I for inducing CD8+ T-cell responses [29, 30]. It is
also known that using an adjuvant such as CpG in protein
vaccination, the immunised protein antigen (this is external
antigen) was also efficiently processed and induced CD8+
T-cell responses via this cross-presentation pathway.

We initially expected the induction of CD8+ T-cell
response with protein + CpG adjuvant immunisation, because
it has been shown that CpG adjuvant can induce strong
CD8+T-cell responses for many protein vaccines, and we also
observed the induction of CD8+ T-cell responses with CpG
adjuvant for a variety of antigens (Suppl. Figure 1). This
expectation was true for C57BL/6 mice. gH/gL/gQ1/gQ2
tetrameric protein + CpG adjuvant immunisation induced
detectable CD8+ T-cell responses against No. 133, No. 141,
and No. 157 peptides (Figure 1(f)). In C57BL/6 mice, CD8+

T-cell responses to the same three peptides were also similarly
induced by the DNA vaccination method (Figure 3(e)).
In contrast, this expectation was not met in BALB/c
mice. Specifically, protein vaccination did not induce any
consistently detectable CD8+ T-cell responses in these mice
(Figure 1(c)). Instead, DNA vaccination induced consistently
detectable CD8+ T-cell responses against No. 13, No. 113,
and No. 157 peptides (Figure 2(e)). Interestingly, T-cell
responses against No. 13 were only detected by single gH
DNA immunisation in BALB/c mice. In contrast, T-cell res-
ponses against No. 157 in BALB/c mice were only induced
by immunisation with a mixture of DNA (Figure 2(b)), but
not with single gQ2 DNA (Figure 2(a)). In C57BL/6 mice,
only immunisation with a mixture of DNA led to
consistently detectable T-cell responses (Figure 3(b)). This
may reflect the status differences of gH/gL/gQ1/gQ2
complex protein structures between single and mixed
expression, and the antigen processing and presentation
may be influenced by these protein structure-dependent
effects. Although these issues need to be examined in future
experiments, consistent CD8+ T-cell responses were only
induced by DNA vaccination in BALB/c mice (Figure 2(e)).
Similar phenomena have been reported for a tuberculosis
vaccine model in mice. In this tuberculosis model, im-
munisation with rTB10.4 antigen + CAF05 adjuvant
(potentially CD8+ T-cell response-inducing adjuvant com-
posed of DDA/TDB/poly I: C) resulted in only CD4+ T-cell
responses rather than the expected CD8+ T-cell responses,
while the same antigen induced strong CD8+ T-cell res-
ponses with M. tuberculosis infection [31], suggesting that
recombinant protein vaccination even with a potentially
cross-presentation-activating adjuvant like CAF05 or CpG
cannot always successfully induce the expected CD8+ T-cell
responses. On the other hand, in a similar tuberculosis
model using a different antigen, immunisation with a
recombinant adenovirus vector induced mostly CD8+ T-cell
responses and only weak CD4+ T-cell responses [32]. This
situation is similar to the protein vs. DNA immunisation in

this study. Importantly, in the tuberculosis model, CD4+ T-
cell but not CD8+ T-cell responses were protective against
challenge with M. tuberculosis infection [31, 32].

Although we could not examine the protective efficacy of
the newly identified T-cell epitopes due to the lack of an
established animal model for HHV-6B infection, our results
demonstrated that an HHV-6B gH/gL/gQ1/gQ2 tetramer
complex-targeted vaccine approach can induce multiple
CD4+ and CD8+ T-cell responses irrespective of the immu-
nised mouse strain, supporting that HHV-6B gH/gL/gQ1/gQ2
tetramer complex is a promising candidate to develop an
HHV-6B vaccine.

4. Methods

4.1. Preparation of gH/gL/gQ1/gQ2 Protein Complex. The
preparation of the gH/gL/gQ1/gQ2 tetrameric complex was
described in another paper (Wang et al., PLoS Pathogen, in
press). In brief, 293 GnTI- cells were transfected with the
dual-expression plasmids (pCAGGS-pur-gQ1/gQ2 and
pCAGGS-neo-gHFcHis/gL), and the single clone derived
tetramer-expressing cell line was established. The cells were
cultivated in a chemically defined protein-free medium,
CD293 Medium (Thermofisher Scientific, Waltham, MA)
supplemented with 1μg/ml puromycin and 20μg/ml genta-
micin at 37°C, 5% CO2 for 2 days, and then the culture super-
natant was collected, and the tetramer was further purified by
Ni-NTA agarose (Qiagen) and size exclusion column chro-
matography using a Superdex 200 pg column (GE Health-
care, Buckinghamshire, UK).

4.2. CpG Adjuvant for Protein Vaccination. CpG containing
adjuvant D35/DOTAP was prepared with NanoAssemblr
Benchtop (Precision NanoSystems Inc., BC, Canada), which
can mediate bottom-up self-assembly for nanoparticle syn-
thesis with microfluidic mixing technology. D35 (an A-type
CpG ODN) [33, 34] was dissolved at 500μg/mL in 25mM
sodium acetate at pH4.0. One volume of D35 solution and
three volumes of 10mg/mL DOTAP in ethanol were injected
into the microfluidic mixer with a combined final flow rate of
15mL/min (3.75mL/min ethanol, 11.25mL/min aqueous).
The D35/DOTAP mixtures were immediately dialysed
(50 kDa MWCO dialysis tubing; Repligen Corporation,
MA) against 5% glucose solution to remove ethanol and
unload D35. D35/DOTAP was filtered through a 0.22-μm
PVDF filter (Merck KGaA).

For protein immunisation, 10μg of the gH/gL/gQ1/gQ2
tetrameric complex and 10μg of D35/DOTAP (containing
D35 amount) were mixed and then made up to a volume of
100μL with phosphate-buffered saline (PBS).

4.3. Preparation of PEI-DNA Complex for DNA Vaccination.
The construction of expression plasmids for gH, gL, gQ1, and
gQ2 (pCAGGS-gH, pCAGGS-gL, pCAGGS-gQ1, and
pCAGGS-gQ2) was described previously [11]. The plasmid
was amplified in DH5a Escherichia coli and purified using
QIAGEN EndoFree Plasmid Maxi Kit (QIAGEN), following
the manufacturer’s instructions. The plasmid DNA was com-
plexed with PEI (87 kDa linear; Polysciences Inc.) based on a
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method described previously [35]. PEI stock solution was
diluted to 1mg/mL with 5% glucose solution and mixed with
an equal volume of glucose solution containing 0.2mg/mL
plasmid DNA to achieve a nitrogen-to-phosphate ratio
(N/P) of 7.5. The mixture was incubated for at least 15min
at room temperature for complex formation before use.

4.4. Peptide Synthesis. A library containing a total of 162 pep-
tides (No. 1–162) spanning the entire 694-amino-acid (aa)
gH sequence, 250-aa gL sequence, 516-aa gQ1 sequence,
and 182-aa gQ2 sequence of the HHV-6B HST strain was
synthesised by Eurofins Genomics (Tokyo, Japan) as 20-
mers overlapping by 10 residues (Supplementary Table 1).
All peptides were dissolved in dimethyl sulfoxide (DMSO)
at a concentration of 1mg/ml and stored at −80°C until use.
For peptide vaccination, 10μg of 20-mer peptide and 10μg
of D35/DOTAP were mixed and then made up to a volume
of 100μL with PBS.

4.5. Animals and Immunisations. BALB/c and C57BL/6 mice
were purchased from CLEA Japan, Inc., and maintained
under specific-pathogen-free conditions in accordance with
institutional guidelines. Mice of 5–19 weeks of age were
used in all of the experiments. All animal experiments were
conducted under the approval of the Animal Research
Committee of the Research Institute for Microbial Diseases
at Osaka University.

Mice were immunised intradermally with 100μL/dose of
the HHV6B tetrameric complex+ D35/DOTAP as protein
vaccination or intravenously with 100μL/dose of PEI-DNA
complex as plasmid DNA vaccination. In addition, mice were
immunised intradermally with 100μL/dose of 20-mer pep-
tide + D35/DOTAP as peptide vaccination.

4.6. Cell Stimulation with 162 Peptides and IFN-γ Assay. One
week after the immunisation, spleens were collected and a
single-cell suspension was prepared. Red blood cells were
lysed at room temperature with 5mL of ACK lysing buffer
for 3min and washed with RPMI1640. Then, some of the
splenocytes were depleted for CD4+ or CD8+ T cells using
the MACS system with mouse CD4 microbeads (L3T4; Mil-
tenyi Biotec) or CD8αmicrobeads (Ly-2; Miltenyi Biotec), in
accordance with the manufacturer’s instructions. CD4+- or
CD8+-depleted splenocytes and undepleted splenocytes were
resuspended in R-10 (RPMI 1640 containing 10% FBS and
5% penicillin and streptomycin) at a concentration of 1 ×
107 cells/mL. The splenocytes were seeded at 100μL/well in
96-well half-area plates (#3696; Corning), in the presence of
10μg/mL of each of No. 1–162 peptides or 5μg/mL conca-
navalin A (Con A) and then cultured at 37°C for 20 h in a
5% CO2 incubator. The production of IFN-γ in each well
was assayed in the supernatants using Mouse IFN-gamma
DuoSet ELISA kits (R&D Systems). One experiment for
detection of the CD4+ or CD8+ T-cell response against
162 peptides was assessed using three culture plates. We
repeated the experiment at least three times to see the
consistency of the responses to each peptide stimulation.
For graphical presentation, IFN-γ (pg/mL) of each peptide
from three culture plates was normalised to the Z score

(Z = x −mean/SD, where x is the quantity of IFN-γ for
each peptide), and the median Z score from the three
independent experiments was calculated for each peptide.
A Z score of less than 0.01 was considered to indicate that
no response had been detected.

4.7. Cell Line. The BW5147 (H2k) lymphoma cell line was
transduced retrovirally with a gene encoding one of H2Kd,
H2Dd, H2Ld, H2Db, and H2Kb, as described previously
[21, 36], and used to determine the CD8+ T-cell epitope
presenting MHC Ia molecule. The cells were maintained
in R-10 in an incubator with a humidified atmosphere
containing 5% CO2.

4.8. Determination of the Restricted MHC Ia Molecule. The
CD8+ T-cell epitope presenting H2d molecules including
H2Kd, H2Dd, and H2Ld for BALB/c mice, or presenting
H2b molecules including H2Kb and H2Db for C57BL/6 mice
were determined as previously reported [36]. Briefly,
BW5147-H2Kd, -H2Dd, -H2Ld, -H2Kb, or -H2Db cells
(4×106 cells) were cocultured with each peptide (10μg/mL)
at 37°C for 1 h. The cells were washed three times with RPMI
1640 medium and resuspended in R-10 at a concentration of
4 × 106 cells/mL. Splenocytes (1 × 106 cells) from immunised
mice were stimulated with each peptide-pulsed BW5147 cell
line (2 × 105 cells) in 100μL of R-10 for 20 h at 37°C, and the
IFN-γ production was determined by ELISA. BW5147-
H2Kd, -H2Dd, and -H2Ld cells were also retrovirally trans-
duced with the gH gene to make BW5147-H2Kd, -H2Dd,
and -H2Ld cells internally expressing gH protein.
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Supplementary Materials

Supplementary Table 1: peptide library used in this study.
Supplementary Figure 1: (a) C57BL/6 mice were immunised
at the tail base with 40μg of influenza HA split vaccine with
or without D35/DOTAP (D35: 10μg) adjuvant. Seven days
after immunisation, splenocytes were stimulated with
5μg/mL A/California/7/2009 (X-179A) (H1N1) pdm09 or
5μg/mL epitope peptide ASNENMETM, which is the H2-
Db restricted epitope peptide within the NP of influenza
A/PR/8/34 (H1N1). After 20 h of stimulation, the production
of IFN-γ was measured by ELISA, and data are presented in
pg/mL. Note that influenza HA split vaccine is a mixture of
equal amounts of A/California/7/2009 (X179A) (H1N1)
pdm09, A/Hong Kong/4801/2014 (X-263) (H3N2), B/Phu-
ket/3073/2013 (Yamagata), and B/Texas/2/2013 (Victoria)
provided from the Research Foundation for Microbial Dis-
eases of Osaka University. (b) BALB/c mice were immunised
at the tail base with 10μg of LLO91-99 peptide (GYKDG-
NEYI) with or without D35/DOTAP (D35: 10μg) adjuvant.
Seven days after immunisation, splenocytes were stimulated
with 5μg/mL LLO91-99 peptide. After 20h of stimulation,
the production of IFN-γ was measured by ELISA, and data
are presented in pg/mL. Supplementary Figure 2: short pep-
tide stimulation and the restricted MHC I molecule determi-
nation after expression plasmid DNA vaccination in C57BL/6
mice. (a) C57BL/6 splenocytes immunised with a mixture of
gH, gL, gQ1, and gQ2 expression plasmids were stimulated
with the indicated CD8+ T-cell short epitope candidate pep-
tides. After 20h of stimulation, IFN-γ (pg/mL) of each peptide
was measured by ELISA (A; left). The restricted MHC I mol-
ecules were examined by each peptide-pulsed BW5147 cell
line expressing H2Db or H2Kb (a; right). (b) C57BL/6 spleno-
cytes immunised with a mixture of gH, gL, gQ1, and gQ2
expression plasmids were first depleted of CD4+ T cells (to
increase the detection sensitivity of CD8+ T-cell responses)
and then stimulated with the indicated CD8+ T-cell short epi-
tope candidate peptides. After 20h of stimulation, IFN-γ
(pg/mL) of each peptide was measured by ELISA (b; left).
The restricted MHC I molecules were examined with each
peptide-pulsed BW5147 cell line expressing H2Db or H2Kb
(b; right). (Supplementary Materials)
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Coronavirus Disease 2019 (COVID-19) has become a major health problem causing severe acute respiratory illness in humans. It
has spread rapidly around the globe since its first identification in Wuhan, China, in December 2019. The causative virus is called
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and the World Health Organization (WHO) named the new
epidemic disease Coronavirus Disease (COVID-19). The incidence of COVID-19 continues to increase with more than three
million confirmed cases and over 244,000 deaths worldwide. There is currently no specific treatment or vaccine against COVID-
19. Therefore, in the absence of pharmaceutical interventions, the implementation of precautions and hygienic measures will be
essential to control and to minimize human transmission of the virus. In this review, we highlight the epidemiology,
transmission, symptoms, and treatment of this disease, as well as future strategies to manage the spread of this fatal coronavirus.

1. Introduction

Coronaviruses belong to the Coronaviridae family in the
Nidovirales order. Corona represents crown-like spikes on
the outer surface of the virus; thus, it was named coronavirus.
Coronaviruses are minute in size (65-125 nm in diameter)
and contain a single-stranded RNA as nucleic material, with
a size ranging from 26 to 32 kilobases (kb) in length. The sub-
groups of the coronavirus family are alpha (α), beta (β),
gamma (γ), and delta (δ) [1]. Several coronaviruses can infect
humans, like the globally endemic human coronaviruses
HCoV-229E, HCoV-NL63, HCoV-HKU1, and HCoV-
OC43 that tend to cause mild respiratory disease, and the
zoonotic Middle East respiratory syndrome coronavirus
(MERS-CoV) and severe acute respiratory syndrome corona-
virus (SARS-CoV) that have a higher case fatality rate [2]. In

late December 2019, a cluster of patients was admitted to
hospitals with an initial diagnosis of pneumonia of an
unknown etiology. These patients were epidemiologically
linked to a seafood and wet animal wholesale market in
Wuhan, Hubei Province, China [3, 4]. The pathogen has
been identified as a novel coronavirus. Initially tentatively
named 2019 novel coronavirus (2019-nCoV), the virus has
now been named SARS-CoV-2 by the International Commit-
tee of Taxonomy of Viruses (ICTV) [5]. This virus can cause
the disease named coronavirus disease 2019 (COVID-19) [5].
The SARS-CoV-2 belongs to the same coronavirus group
(Betacoronavirus) as SARS and MERS viruses that caused
two of the more severe epidemics in recent years. As with
SARS and MERS, this new coronavirus, 2019-nCoV, is
believed to be of zoonotic origin, but may also be transmitted
through the respiratory tract, by direct contact, and possibly
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via patients excreta which may contain the living virus [6].
Since the emergence of the 2019 novel coronavirus (2019-
nCoV) infection in Wuhan, China, it has rapidly spread
across China and many other countries [7]. The outbreak
of COVID-19 has affected more than three million patients
in 187 countries, areas, or territories with a mortality rate of
4.20% and has become a major global health concern [8].
Based on the evidence of a rapidly increasing incidence of
infections and the possibility of transmission by asymptom-
atic carriers [9, 10], SARS-CoV-2 can be transmitted effec-
tively among humans and exhibits high potential for a
pandemic [11–13]. To date, the disease has spread world-
wide and become a serious infectious disease affecting
human health worldwide [14]. In the absence of specific
therapeutic drugs or vaccines for 2019 novel coronavirus
disease (COVID-19), it is essential to detect the diseases
at an early stage and immediately isolate the infected per-
son from the healthy population. In this paper, we attempt
to review and document the current data related to
Corona Virus Disease 2019 (COVID-19) including etiol-
ogy, epidemiology, clinical characteristics, and measures
of treatment of COVID-19, with a special focus on infec-
tion control and prevention.

2. Epidemiology of COVID-19

In December 2019, Wuhan City, Province of China, became
the center of an outbreak of novel contagious coronavirus
disease (COVID-19) of unknown etiology [11, 15]. Efforts
are underway to continue to better understand more about
transmissibility, severity, and other features associated with
COVID-19 [16]. It appears that an infected animal may have
first transmitted the virus to humans at a seafood market [17,
18]. Soon, a secondary source of infection was found to be
human-to-human transmission of the COVID-19 virus
[19]. It became clear that the COVID-19 infection occurs
among close contacts and exposure to the virus [17]. Recent
studies showed that people aged ≥ 60 years and the popula-
tion with poor immune function such as diabetes, cardiovas-
cular disease, chronic respiratory disease, cancer, renal, and
hepatic dysfunction are at higher risk for severe COVID-19
than children who might be less likely to become infected
or, if so, may show milder symptoms or even asymptomatic
infection [20]. Coronavirus disease 2019 (COVID-19) is
spreading rapidly across China and is being exported to a
growing number of countries, some of which have seen
onward transmission. According to the World Health Orga-
nization (WHO), COVID-19 continues to emerge and repre-
sents a serious problem to public health. On 2 May of March
2020, more than three million confirmed cases of COVID-19
reported by the World Health Organization. Of these, more
than 240 000 have been fatal. About 83,959 cases were con-
firmed in China, and 4637 deaths were confirmed
(Figure 1) [8]. The growing global tally includes spikes in
Korea, Iran, Italy, Spain, France, and Germany. The virus is
also continuing to spread to African countries including
Algeria, South Africa, Senegal, Burkina Faso, Cameroon,
Nigeria, and Côte d’Ivoire. In addition to the confirmed case,

Moroccan’s health ministry says that Morocco has more than
4500 confirmed cases of the coronavirus.

3. Origin and Transmission of COVID-19

The SARS-CoV-2 was found to be a positive-stranded RNA
virus belonging to the genus Betacoronavirus with a crown
due to the presence of spike glycoproteins on the envelope
(Figure 2) [7]. Other than SARS-CoV-2, there are six types
as humans coronaviruses have been identified, namely,
HCoV-229E, HCoV-OC43, SARS-CoV, HCoV-NL63,
HCoV-HKU1, and MERS-CoV [21]. Phylogenetic analysis
revealed that the SARS-CoV-2 is closely related, with 88-
89% similarity, to two bat-derived severe acute respiratory
syndrome- (SARS-) like coronaviruses, bat-SL-CoVZC45
(accession no. MG772933.1), and bat-SL-CoVZXC21 (acces-
sion no. MG772934.1), but it is more distant from SARS-
CoV, with about 79% similarity, and MERS-CoV, with about
50% similarity [22–24]. The SARS-CoV-2 has an envelope;
its particles are round or elliptic and often polymorphic form,
and a diameter of 60nm to 140nm [25]. Additional studies
based on the genetic sequence identity and the phylogenetic
reports confirmed that COVID-19 is different from SARS-
CoV, and it can thus be considered as a new betacoronavirus
that infects humans [26].

The source of the 2019-nCoV is still unknown. However,
the growing outbreak has been linked to the Huanan South
China Seafood Market [27]. Scientists are trying to find the
animal host of this novel coronavirus in hopes of eradicating
the spread, but so far, no one is certain. Most sources agree
that the possible host of the 2019-nCoV is bats, pangolins,
or seafood [3, 4, 25]. The task at hand is to find the interme-
diate host that is responsible for transmitting the coronavirus
to humans. It is important to determine the source of the
virus, to help the discovery of the zoonotic transmission pat-
terns [25]. SARS-CoV-2 presents a high transmissibility and
pathogenicity [28]. It could be transmitted from human to
human by droplets and contact [28]. Several reports have
suggested that symptomatic people are the most frequent
source of COVID-19 spread. It primarily spreads between
people through respiratory droplets by coughing or sneezing
from an infected individual [26]. Moreover, there are sugges-
tions that individuals who remain asymptomatic could trans-
mit the virus. Further, studies are needed to clarify and
understand the mechanisms of transmission, the incubation
period, and the duration of infectivity of this virus.

Figure 1: A graphical representation of the ultrastructural
morphology of coronavirus (SARS-CoV-2). Source: Centers for
Disease Control and Prevention—Public Health Image Library.
Credit: Alissa Eckert, MS, Dan Higgins, MAM (Public Domain).
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4. Clinical Characteristics of COVID-19

In patients with Coronavirus disease 2019 (COVID-19), the
most common clinical symptoms are fever and cough, short-
ness of breath, and other breathing difficulties in addition to
other nonspecific symptoms, including headache, dyspnea,
fatigue, and muscle pain [29, 30]. Moreover, some patients
also report digestive symptoms such as diarrhea and vomiting
[11, 30]. COVID-19 was similar to SARS and MERS in some
clinical manifestations [29]. Fever occurred in 98-100% of
patients with SARS or MERS, compared to 81.3% of patients
with COVID-19 [29, 31, 32]. 18.7% of patients had no fever
at admission, suggesting that the absence of fever could not
rule out the possibility of COVID-19 [29]. Although patients
initially have fever with or without respiratory symptoms, var-
ious degrees of lung abnormalities develop later in all patients,
and these can be seen on chest CT (CT) [11, 33]. Although
diarrhea is present in approximately 20-25% of patients
infected with MERS-Cov or SARS-Cov, intestinal symptoms
have rarely been reported in patients with COVID-19 [34].
Patients receive chest CT scans that provide reliable data on
the dynamic X-ray pattern. Typical mild COVID-19 pneumo-
nia begins primarily with small, subpleural, unilateral, or bilat-
eral frosted glass opacities in the lower lobes, which then
develop into a crazy-paving pattern and subsequent consoli-
dation. After more than two weeks, the lesions are gradually
absorbed with residual frosted glass opacities and subpleural
parenchymal bands. In these patients who have recovered
from COVID-19 pneumonia [35]. At admission, the majority
of patients had lymphopenia and platelet abnormalities,
neutrophils, aspartate aminotransferase (AST), aspartate
aminotransferase (AST), lactate dehydrogenase (LDH), and
inflammatory biomarkers. According to the results of the CT
or X-ray, the patients had bilateral pneumonia and pleural
effusion that occurred in 10.3% of the patients. Compared to

patients in general, refractory patients had a higher level of
neutrophils, AST, LDH, and reactive protein C and a lower
level of platelets and albumin. In addition, refractory patients
had a higher incidence of bilateral pneumonia and pleural
effusion [36]. In general, hospitalized patients are classified
in two categories, the general COVID-19 which has been
defined according to the following criteria: obvious relief of
respiratory symptoms (for example, cough, chest distress,
and shortness of breath) after treatment, maintaining normal
body temperature for more than three days without the use
of corticosteroids or antipyretics, improving radiological
abnormalities in the chest scanner or X-rays after treatment,
a hospital stay of less than 10 days. Otherwise, it was classified
as COVID-19 refractory. In the admission severity assessment,
a serious illness was defined if it met at least one of the follow-
ing: respiratory rate 30/min, pulse oximeter oxygen saturation
(Spo2) 93% at rest, and partial arterial oxygen pressure (PaO2)
at the inspired oxygen fraction (Fio2) 300mmHg [29].

5. Treatment of COVID-2019

After the diagnosis of SARS-Cov2 infection wasmade, the pre-
vention and quarantine are considered as the most way to stop
the fast spreading of the virus, because there is no effective vac-
cine, drugs, or antiviral to prevent and treat this disease despite
the great efforts made by the scientists and researchers around
the world to develop vaccines and treatments of coronavirus.
Furthermore, several strategies were carried out to help
patients with COVID-2019 as oxygen therapy (major treat-
ment intervention), antivirals (Lopinavir, Ritonavir, Ribavirin,
Favipiravir (T-705), remdesivir, oseltamivir, Chloroquine, and
Interferon) [25, 37, 38]. Most importantly, unselective or inap-
propriate administration of antibiotics should be avoided.
Moreover, corticosteroids treatment should not be given for
the treatment of SARS-Cov2 [39]. Convalescent plasma can

Figure 2: World map represents the geographical distribution of COVID-19 outbreaks. Data accurate as of 21 March 2020 [8].
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be used to help people recover from viral infection without the
occurrence of severe adverse events [40].

Among the difficulties that avoid finding the treatment
for COVID-2019 is that the spike protein of the virus inter-
acts with the host cell receptor including GRP78 (Glucose
Regulating Protein 78). Consequently, the inhibition of this
interaction would probably decrease the rate of the infection
[41]. Lopinavir (protease inhibitor used to treat HIV) or
Lopinavir/Ritonavir has shown in vitro anti-coronavirus
activity [42]. In addition, the utilization of Lopinavir/Ritona-
vir showed a reduction of viral loads and it was found that it
is able to improve virus symptoms during the treatment
period [43]. Other reported antiviral treatments form human
pathogenic CoVs include neuraminidase inhibitors like oral
oseltamivir has been used in China hospitals for COVID-
2019 cases [44]. No study has demonstrated the effectiveness
of oseltamivir in the treatment of SARS-CoV-2 [42]. In
Wuhan, on 6 February 2020, a clinical trial was initiated of
remdesivir (Newly discovered antiviral drug) on SARS-
CoV-2. This compound showed an inhibition of the replica-
tion of SARS-CoV andMERS-CoV in tissue cultures and effi-
cacy in animal models [45]. However, given the related issues
of security, safety, and efficacy, it is necessary to take some
time to develop the vaccine and the antiviral drugs [46].

For a thousand years, Traditional Chinese medicine has
gained an important experience in the infection healing. Cur-
rently, this kind of medicine has provided significant thera-
pies for many current diseases as A H1N1 Influenza, A
H7N9 Influenza, Ebola virus, and SARS-CoV [46–48]. Con-
sequently, it can be also developed and applied in the treat-
ment of COVID-2019. In fact, the decoction combination
of Ma Xing Gan Shi (Combination includes Ephedrae herba,
Armeniacae semen amarum, Glycyrrhizae radix and rhi-
zoma, andGypsum fibrosum) with Da Yuan Yin that includes
Arecae semen, Magnoliae officinalis cortex, Tsaoko fructus,
Anemarrhenae rhizoma, Dioscoreae rhizoma, Scutellariae
radix, Glycyrrhizae radix, and rhizoma had showed in 2003
an important and a significant impact on SARS. The State
Administration of Traditional Chinese Medicine advised on
6 February 2020, the utilization of Qing Fei Pai Du decoction
that includes Ephedrae herba, Gypsum fibrosum, Pinelliae
rhizoma, Aurantii fructus immaturus, and Zingiberis rhi-
zoma recen. This decoction has been shown to be 90% effec-
tive in the treatment of SARS-CoV-2 [46, 49]. Besides, other
Chinese herb combinations have been used to treat SARS-
CoV infection like

(i) Yin Qiao San composed with Fructus Forsythiae,
Flos Lonicerae, Radix Platycodonis, Herba Menthae,
Herba Lophatheri, Radix Glycyrrhizae, Herba Schi-
zonepetae, Fermented soybean, Fructus arctii, and
Rhizoma Phragmitis

(ii) Yu Ping Feng San includes Astragali radix, Astraga-
lus membranaceus, Atractylodes macrocephala, and
Saposhnikoviae Radix

(iii) Shuang Huang Lian includes Lonicera japonica,
Scutellaria baicalensis, and Forsythia suspensa

(iv) Lian Hua Qing Wen Capsule includes Forsythia sus-
pensa, Ephedra sinica, Lonicera japonica, Isatis indi-
gotica, Mentha haplocalyx, Dryopteris crassirhizoma,
Rhodiola rosea, Gypsum Fibrosum, Pogostemon
cablin, Rheum palmatum, Houttuynia cordata, Gly-
cyrrhizae, uralensis, and Armeniaca sibirica. This
treatment can be used to control fever, cough, and
tired related with COVID-19 [49]

Actually, there is no specific treatment or vaccine of
COVID-2019; all of the drug options come from experience
treating influenza, HIV, SARS, or MERS. At present, current
efforts are focused on developing vaccines or specific antiviral
drugs for COVID-19.

6. Infection Control and Prevention of
COVID-19

According to what was published by the World Health
Organization and a number of international health insti-
tutes, there are many restrictions that must be followed,
either on a personal level or on the environmental level,
including early recognition by the patients; carrying out
additional precautions for persons suspected of infection,
as well as for people who had contact with patients before
their patients were revealed; applying standard precautions
for all patients and imposing administrative measures
from various authorities, such as the environment and
health authorities [50, 51]. In the current situation and
to limit the spread of the COVID-19 virus, all countries
should publish an awareness declaration of the symptoms
of infection in all cities, especially in remote areas. Also,
publish the easiest and fastest way for the methods that
every patient should follow in the event of a patient. In
addition, encourage HCWs to have a high level of clinical
suspicion [52, 53]. The WHO confirmed that the rational,
correct, and consistent use of personal protective equip-
ment (PPE) also helps reduce the spread of pathogens.
PPE effectiveness depends strongly on adequate and regu-
lar supplies, adequate staff training, appropriate hand
hygiene, and appropriate human behaviour [51, 54, 55].

At the level of additional precautions for patients,
patients should be isolated in private quarantine rooms;
everyone who contact with the patients, whether family,
friends, or visitors, should be placed in a quarantine and
a distance for contacting between them should be estab-
lished [56]; the patients should cover their mouth and nose
during sneezing by using masks or tissue as well as the per-
sons COVID-19 suspected should place medical masks in
public places and closed rooms and after every sneeze; the
patient must wash their hands well (with an alcohol-based
hand rub or with soap and water), as a result of coming
into contact with respiratory secretions; a proper and care-
ful approach should be taken to eliminate all waste from
patient uses [55], reducing as much as possible the
exchange of equipment between patients and sterilizing
them well when transporting them from one patient to
another and after patient care, appropriate doffing and dis-
posal of all PPE and hand hygiene should be carried out
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[54]. At the level of additional precautions for health care
workers (HCWs), a specialized team must be identified to
deal with the patients to limit the spread of infection
through protection methods, including the use of a medical
mask, use of gloves, wearing of eye protection or facial pro-
tection, and wearing a clean, nonsterile, and long-sleeved
gown; health care workers are prohibited from touching
their eyes and nose with gloves or uncovered hands and
limit the number of HCWs, family members, and visitors
who are in contact with suspected or confirmed COVID-
19 patients [54, 55]. At the level of additional precautions
for the environment surrounding patients, the surfaces
and places that patients come in contact with should be
sterilized regularly; ensure adequate ventilation in the health
care facility; separation of at least one meter should be
maintained between all patients and manage laundry, food
service utensils, and medical waste in accordance with safe
routine procedures [57, 58]. The last section is on administra-
tive policies and regulations that include educating caregivers
on how to dealing patients, developing policies and plans
through which early recognition of acute respiratory infection
potentially caused by COVID-19 virus, preventing overcrowd-
ing in public places as much as possible, ensuring that the nec-
essary equipment for health care is provided in sufficient
quantities and permanently, providing protection to quaran-
tine areas by the authorities to reduce patients’ contact with
healthy people, and imposing sanctions on those who violate
the provisions that have been put in place by the authorities
to limit the spread of the COVID-19 virus [56].

7. Conclusion

In conclusion, COVID-19 has become a high risk to the gen-
eral population and healthcare workers worldwide. However,
scientific research is growing to develop a coronavirus vaccine
and therapeutics for controlling the deadly COVID-19. Hence,
health education on knowledge for disease prevention and
control is also important to control and reduce the coronavi-
rus infection rate. Further research should be directed toward
the study of SARS-CoV-2 on animal models for analyzing rep-
lication, transmission, and pathogenesis in humans.
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Burn patients with multidrug-resistant Pseudomonas aeruginosa infections commonly suffer from high morbidity and mortality,
which present a major challenge to healthcare systems throughout the world. Outer membrane protein F (OprF), as a main
outer membrane porin, is required for full virulence expression of P. aeruginosa. The aim of this study was to evaluate the
protective efficacy of egg yolk-specific antibody (IgY) raised against recombinant OprF (r-OprF) protein in a murine burn
model of infection. The hens were immunized with r-OprF, and anti-r-OprF IgY was purified using salt precipitation. Groups of
mice were injected with different regimens of anti-OprF IgY or control IgY (C-IgY). Infections were caused by subcutaneous
injection of P. aeruginosa strain PAO1 at the burn site. Mice were monitored for mortality for 5 days. The functional activity of
anti-OprF IgY was determined by in vitro invasion assays. Immunotherapy with anti-OprF IgY resulted in a significant
improvement in the survival of mice infected by P. aeruginosa from 25% to 87.5% compared with the C-IgY and PBS. The anti-
OprF IgY decreased the invasion of P. aeruginosa PAO1 into the A549. Passive immunization with anti-OprF IgY led to an
efficacious protection against P. aeruginosa burn infection in the burn model.

1. Introduction

P. aeruginosa has emerged as a formidable pathogen that
contributes to fatal infections among burn patients to a great
extent, primarily because they are notoriously resistant to a
broad array of antimicrobial agents, which rapidly dissemi-
nate throughout the burn units worldwide [1–3]. Moreover,
nosocomially acquired multidrug-resistant (MDR) strains
of P. aeruginosa can spread systemically from the site of burn
wound infection to distant organs, in part due to the immu-
nosuppressive effects of burn trauma, in addition to the pro-
duction of virulence factors that confer invasiveness, which
may result in life-threatening systemic infections [4]. The
global rising trend of morbidity of burn patients, combined
with the dwindling choices of effective therapeutic options

to treat MDR P. aeruginosa strains, has compelled researchers
to investigate the merits of active as well as passive immuno-
therapy approaches in the treatment of severe burn wound
infections.

Most clinical isolates of P. aeruginosa possess outer mem-
brane protein F (OprF), encoded by the oprF gene which
maintains the cell shape by anchoring the peptidoglycan to
the outer membrane and is involved in host-pathogen inter-
actions and also required for the expression of full virulence
[5, 6]. For instance, studies have shown that non-OprF P.
aeruginosa mutants have lower virulence in terms of impa-
tience in ExoT and ExoS toxins through the type III secretion
system (T3SS), Pseudomonas quinolone signal (PQS) syn-
thesis, and production of the quorum-sensing-dependent
virulence factors as well as biofilm development [7, 8].
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Mounting evidence from several in vitro and in vivo studies
supports the notion that OprF is surface exposed, is antigen-
ically conserved, and could serve as a promising antigen for a
vaccine against P. aeruginosa in various models of acute and
chronic infections [9–13]. In addition, antibodies generated
in response to OprF have been shown to exhibit potent
antigen-binding, antibody-dependent, and complement-
mediated opsonophagocytic killing activities against P. aeru-
ginosa PAO1 [14], whose anti-OprF IgG activity level is
correlated with the level of protection against P. aeruginosa
in experimental animals and humans [15, 16]. Moreover,
an adenovirus vector expressing OprF induces anti-OprF
humoral and cellular immunity and provides protection
against a lethal pulmonary challenge with P. aeruginosa [12].

Chicken egg yolk immunoglobulins (IgY) have been
known as an extremely rich and economical source of poly-
clonal antibodies, which is not immunologically cross-
reactive with the mammalian complement system and IgG
[17]. Also, the high yield of specific antibodies along with
simple and noninvasive collection method of IgY reveals a
number of advantages over mammalian IgG antibodies to
control infectious diseases [18]. IgY has been shown to
prevent gastrointestinal [19] and influenza virus infections
in both humans and animals without side effects [20, 21].
Oral immunotherapy with anti-P. aeruginosa IgY antibodies
effectively declines chronic colonization of P. aeruginosa in
CF patients [22, 23].

The present study evaluates the protective potential of
anti-OprF IgY antibodies against P. aeruginosa in the burned
mouse model of infection and determines the in vitro protec-
tive activity of elicited antibodies.

2. Materials and Methods

2.1. Bacterial Strains and Growth Media. P. aeruginosa PAO1
was used for the purification of the OprF protein and chal-
lenge. Luria-Bertani (LB) medium, trypticase soy agar (TSA),
and tryptic soy broth (TSB; all from Merck, Germany) were
used for routine culture of all bacterial strains.

2.2. Animals. Male 6–8-week-old BALB/C mice were pur-
chased from the Royan Institute (Tehran, Iran). The 25
weeks old, shaver laying hens were purchased from a poultry
farm (Alborz, Iran). All animal experiments were performed
in compliance with the Animal Ethics Committee guidelines
of Shahed University.

2.3. Preparation of Recombinant Protein. Recombinant
OprF protein was purified as described previously. Briefly,
the OprF gene (GenBank Accession No. NC_002516.2),
previously cloned into the pET-28a vector, was transformed
into Escherichia coli BL21. The recombinant gene construct
was expressed with isopropyl b-D thiogalactoside (IPTG,
1mM), and protein was affinity purified by a Ni-NTA aga-
rose column under denaturing procedures (Qiagen, Hilden,
Germany). The purified recombinant protein was confirmed
by Western blotting with mouse anti-His tag monoclonal
antibody.

2.4. Preparation of Anti-OprF IgY Antibodies. Two hens were
immunized with 150μg of the r-OprF in complete Freund’s
adjuvant (1 : 1; Sigma-Aldrich, USA), which was adminis-
tered intramuscularly and boosted 3 times with 150μg of this
protein in incomplete Freund’s adjuvant (1 : 1; Sigma-
Aldrich), while control hen received adjuvant only at 2-
week intervals. Two weeks after the last injection, the laid
eggs were collected daily for 5 to 6 months and stored at
4°C. Isolation of anti-OprF IgY antibodies was performed
as described previously [24]. The separated egg yolk was
diluted 7 times with distilled water (pH5) and incubated at
-70°C overnight and then filtered with Whatman cellulose
filter paper (Sigma-Aldrich). The filtrate was mixed with
8.8% (w/v) NaCl at pH4 for 2 h and then centrifuged at
3,380 × g for 20min. The pellet was dissolved in PBS, and
final IgY was stored at -20°C. The purity of IgY was evalu-
ated by 9% SDS-PAGE, followed by Coomassie Brilliant
Blue G-250 staining. The total amount of IgY was quantita-
tively measured by the Bradford method. The reactivity of
IgY antibodies raised against the r-OprF was analyzed by
immunoblotting r-OprF. The r-OprF was transferred onto
the nitrocellulose membrane from SDS-PAGE by wet trans-
fer blotting apparatus. The membrane was washed by PBS
and blocked with PBS containing 5% (w/v) skim milk over-
night. The membrane was washed and incubated with 1mg
of anti-OprF IgY for 2 h in order to recognize r-OprF.
1 : 10000 diluted rabbit anti-chicken IgY conjugated with
HRP (Sigma-Aldrich) was added as a secondary antibody
and incubated at 37°C for 2 h, then washed with 0.05%
Tween PBS (T-PBS). The paper was submerged in a solution
containing 50mM Tris (pH7.8) and 0.6mg/mL 3,3′-diami-
nobenzidine substrate (DAB). The reaction was terminated
with distilled water after color development.

2.5. Evaluation of Anti-OprF IgY Titers. Antigen-specific IgY
titers against whole-cell P. aeruginosa PAO1 as well as r-
OprF were assessed by ELISA, as described previously [25].
Briefly, each ELISA plate well (Nunc, USA) was coated with
108CFU of P. aeruginosa PAO1 or 2.5μg r-OprF in 15mM
Na2CO3 and 35mM NaHCO3 (pH9.6), incubated overnight
at 4°C, washed with 0.05% T-PBS, and blocked with PBS
+5% skim milk. 100μL of 50μg/mL IgY antibodies was
incubated in each well for 90min at 37°C and washed three
times with T-PBS, and then, 100μL of 1 : 1000-diluted HRP-
conjugated rabbit anti-IgY antibody (HRP; Sigma-Aldrich)
was added. After incubating for 1 h at 37°C, the plates were
washed three times with T-PBS. Next, 100μL of TMB liquid
substrate was added to each well. After color development
for 20min at room temperature, the reaction was stopped
with 3N H2SO4 and the absorbance at 450 nm (OD450)
was measured.

2.6. Invasion Assay. To test the inhibitory activity of anti-
OprF IgY antibodies on P. aeruginosa invasion to the A549
cell line, a gentamicin protection assay was performed, and
we followed the methods of Ranjbar et al. [25]. Briefly, anti-
OprF IgY antibodies were mixed with PAO1 strain and then
added to confluent A549 cells seeded in a 24-well plate
(Nunc). Gentamicin was then added to the plate and
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incubated for 1 h; then, cells were washed with PBS and lysed
with 0.5% Triton X-100, and samples were serially diluted
and grown on TSA plates (triplicates). Colony counting after
16 hours showed the number of PAO1 strain released from
lysed cells.

2.7. Murine Burn Infection Model. The mice were burned and
challenged as previously described by Neely et al. [26].
BALB/C mice (n = 56) were randomized into 7 groups.
Briefly, 10-15% total body surface area (TBSA) burn wound
was created using ethanol flame (0.5mL ethanol). All mice
received 0.3mL of sterile saline intraperitoneal immediately
after burning. Acetaminophen (0.25mg/mL) was used post
burn as an analgesic. The mice were challenged subcutane-
ously at the burn site with P. aeruginosa neutralized by prein-
cubating with 0.1 and 10mg of anti-OprF IgY antibodies. In
other groups, P. aeruginosa were preincubated with 1mg of
anti-OprF IgY antibodies and then mice received intrave-
nously 0.5mg of anti-OprF IgY antibodies 12 h after infec-
tion. Moreover, in other groups, mice received 1mg of anti-
OprF IgY antibodies 2 h before infection and 0.5mg of anti-
OprF IgY antibodies 12 and 24h after infection. In the IgY
control group, mice were challenged subcutaneously with P.
aeruginosa that were preincubated 1 h with 1mg of control
IgY (C-IgY). Survival without treatment was monitored in
the PBS-treated group. The burn control group comprised
untreated mice with burn wounds that were not infected.
The survival rate of experimental mice was monitored twice
daily up to 5 days, which were analyzed using the Mantel-
Cox log-rank test [25].

2.8. Statistical Analysis. All statistical analyses were per-
formed using GraphPad Prism 6 (GraphPad Software, Inc.,
USA). The data were analyzed by one-way analysis of vari-
ance with Tukey’s multiple comparison tests. Survival analy-
sis for different mouse groups was performed using the
Kaplan Meier survival curve with the Mantel-Cox log-rank
test [25]. All results were expressed as the mean ± standard
deviation (SD). The P values less than 0.05 were considered
statistically significant.

3. Results

3.1. Expression and Purification of r-OprF. The protein
expression of E. coli BL21 (DE3) carrying a recombinant
vector was induced with IPTG (1mM). Based on the SDS-
PAGE, the expression product of r-OprF protein was
approximately 48 kDa. The OprF was successfully purified
by Ni–NTA affinity chromatography under denaturing pro-
cedures (Figure 1(a)). As illustrated in Figure 1(b), based on
Western blot analysis, anti-His monoclonal antibody reacted
specifically with a ∼48 kDa purified protein, corresponding to
r-OprF.

3.2. The Reactivity and Specificity of IgY Antibodies Raised
against OprF. The reactivity and specificity of IgY antibodies
were evaluated using immunoblots of OprF. The IgY raised
against r-OprF was precipitated by NaCl, and 50mg of
anti-OprF IgY was obtained per egg (Figure 2(a)). IgY anti-
bodies from immunized egg yolk reacted with ∼48 kDa r-
OprF protein (Figure 2(b)). The specificities of IgY anti-
bodies raised against r-OprF were further verified using
an indirect ELISA to analyze whole cell lysates as well as
r-OprF. As shown in Figures 2(c) and 2(d), the IgY levels
of r-OprF-immunized hen against whole live cells of P.
aeruginosa PAO1 strain or recombinant protein were sig-
nificantly (P < 0:01) higher than those of C-IgY over a
period of time.

3.3. Anti-OprF IgY Antibodies Reduce P. aeruginosa Invasion.
Anti-OprF IgY antibodies decrease the invasion to A549 cells
by P. aeruginosa. The invasion efficiency of PAO1 in the
presence of PBS was 100%. In contrast, in the presence of 1
and 2mg/mL of anti-OprF IgY antibodies, invasion efficien-
cies of PAO1 were 33.72% and 35.08%, respectively, which
were significantly higher than that of controls (P < 0:05,
Figure 3). There was no significant difference between 1
and 2mg/mL of anti-OprF IgY (P < 0:05). In the presence
of C-IgY antibodies, the invasion efficiency of PAO1 was
58.02%, which was significantly higher than that of PBS
(P < 0:05) (Figure 3).
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Figure 1: SDS-PAGE for detecting expressed and purified r-OprF. Lane M: low molecular weight protein size markers; Lane 1: precolumn
lysate, Lane 2: flow through the matrix; Lane 3: washing with 20mM imidazole; Lane 4: elution with 250mM imidazole; Lane 5: purified
r-OprF after dialysis (a). Western blotting results. Lane 1: r-OprF detected by monoclonal anti-His tag antibody; Lane M: low molecular
weight protein size markers (b).
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3.4. Anti-OprF IgY Antibodies Increased the Survival of P.
aeruginosa Infected Mice. To assess the efficacy of anti-
OprF IgY in rising protection against P. aeruginosa infection,
we compared the survival rates of passively immunized mice
with the anti-OprF IgY versus C-PBS- and C-IgY-infected
mice (Table 1). The survival rates of infected mice with neu-
tralized P. aeruginosa with both 0.1 and 10mg of anti-OprF
IgY were determined to be 25% (Figure 4(a)). Moreover,
the survival rate of infected mice with neutralized P. aerugi-
nosa with 1mg of anti-OprF IgY and those that received
0.5mg of anti-OprF IgY intravenously 12h after infection
was 50% (Table 1, Figure 4(b)). In addition, the survival rate
of infected mice received 1mg of anti-OprF IgY subcutane-
ously 2 h before infection as prophylaxis and treated with
0.5mg of anti-OprF IgY intravenously 12 and 24h after
infection was 87.5%. None of the C-PBS and C-IgY mice sur-
vived P. aeruginosa wound infections (Table 1, Figure 4(c)).
All noninfected burned mice survived.

4. Discussion

The foremost challenge in controlling P. aeruginosa burn
wound infections is a limited success in antimicrobial ther-
apy due to the emergence of MDR strains, which are highly
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Figure 2: Precipitation and reactivity of anti-OprF IgY antibodies. SDS-PAGE of IgY precipitated with NaCl under acidic conditions. Lane 1:
egg yolk; Lane 2: filtered diluted egg yolk, Lane 3: add NaCl; Lane 4: adjust pH 4; Lane 5: precipitated at room temperature for 2 h; Lane 6:
purified IgY; Lane M: protein marker (a). R-OprF induced specific IgY binding to P. aeruginosa target antigen. IgY immunoreacted with
r-OprF (∼48) protein (b). An indirect ELISA was used to determine the reactivity of IgY antibodies against r-OprF with P. aeruginosa
strain PAO1 (c) and r-OprF (d). C-IgY served as negative controls. Values represent the mean of triplicate independent experiments ±
standard deviation (SD).
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Figure 3: The inhibitory effects of anti-OprF IgY antibodies on the
invasion of P. aeruginosa to A549 cells. PAO1 strain was incubated
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independent experiments ± SD. ∗P < 0:05 and ∗∗P < 0:01.
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Table 1: The effect of different regimens of anti-OprF IgY antibodies on the survival of P. aeruginosa-infected mice (n = 8). Survival was
assessed in infected mice with burn wounds days after subcutaneous injection of P. aeruginosa.

Group Challenge Intravenous treatment
No. of dead mice/total
no. of mice on day Survival (%)

1 2 3 4 5

I
Neutralized P. aeruginosa with

0.1mg of anti-OprF IgY
— 1/8 6/8 6/8 6/8 6/8∗ 25

II
Neutralized P. aeruginosa with

10mg of anti-OprF IgY
— 0/8 0/8 4/8 6/8 6/8∗ 25

III
Neutralized P. aeruginosa with

1mg of anti-OprF IgY
0.5mg of anti-OprF IgY
(12 h after infection)

0/8 2/8 4/8 4/8 4/8∗∗ 50

IV
Prophylaxis 1mg of anti-OprF IgY

2 h before infection with P. aeruginosa
0.5mg of anti-OprF IgY

(12 h and 24 h after infection)
0/8 0/8 1/8 1/8 1/8∗∗ 87.5

V
Neutralized P. aeruginosa with

1mg of control IgY
— 0/8 6/8 8/8 0

VI P. aeruginosa — 8/8 0

VII — — 0/8 0/8 0/8 0/8 0/8∗∗ 100
∗P < 0:05 and ∗∗P < 0:01 (Mantel-Cox log-rank test).
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Figure 4: Protective effect of different anti-OprF IgY regimens on the survival of infected mice (n = 8) in comparison to control groups 5 days
after subcutaneous inoculation of 108 CFU P. aeruginosa.Mice received specific IgY as neutralized with bacteria (a), neutralized with bacteria
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resistant to virtually all available antimicrobial agents.
Moreover, P. aeruginosa commonly evades the immune
response and produces a wide array of virulence factors,
which further damages the patient’s organ systems. This
further complicates patient treatment and leads to the
exclusion of antibody-based immunotherapy. Although
several P. aeruginosa antigens have been evaluated as possi-
ble vaccine candidates, OprF is known as a feasible target
antigen because it is expressed and conserved antigenically
in clinical isolates as well as having important functions dur-
ing infection and providing protective antibody responses. In
the current study, the burn wound mouse model has used to
demonstrate that anti-OprF IgY antibodies afford protection
against lethal P. aeruginosa infections. Our result showed
that burned challenged mice were protected and their sur-
vival rates were higher than control groups. The results of
the burned mouse model indicated that prophylaxis of P.
aeruginosa infection by anti-OprF IgY antibodies and intra-
venous injection of anti-OprF IgY antibodies as treatment
led to an increase of 87.5% in the survival rate of mice com-
pared to the control group. Our findings are consistent with
Matthews-Greer and Gilleland [5], who showed active
immunization with isolated OprF from cell envelope led to
an increase of 83% in the survival rate of burned mice after
challenge with P. aeruginosa. Additionally, Worgall et al.
demonstrated that active immunization with adenovirus
expressing P. aeruginosa OprF increased the survival rate
of infected mice in acute pneumonia model to 80% [12].
This also accords with our earlier observation where prein-
cubation of P. aeruginosa with anti PcrV IgY enhanced the
survival rate of burned mice to 33% as our 25% in the same
preincubated group [25]. It is crucial to consider this state-
ment, especially in the era of increasing number of drug-
resistant bacteria and predominant MDR-P. aeruginosa
strains in numerous hospitals, principally in burn units. In
addition, the complex issue of successfully eradicating viru-
lent and highly resistant bacterial strains within burn patients
is further exacerbated with the issue of dwindling number of
newly approved antimicrobial agents against such strains.
Fortunately, mounting evidence has indicated that immuno-
therapy is a promising treatment option that holds potential
as an independent therapeutic strategy, alone or in combi-
nation with antimicrobial therapy [27, 28]. It seems rational
to consider that antibody-based immunotherapy prevents
MDR-P. aeruginosa burden among the burn patient in whom
infection is being established, which ultimately causes high
morbidity and mortality. However, inhibition of P. aerugi-
nosa virulence factor OprF by IgY antibodies shows a specific
antibacterial effect without triggering the development of
resistant strains.

In this study, we found that bacterial invasion to A549
cells was inhibited by anti-OprF IgY antibodies, which indi-
cated a key role in reducing the local and systemic distribu-
tion of P. aeruginosa. It was previously found that high
hydrophobicity of anti-OprF IgY antibodies aggregates bac-
teria, therefore facilitating clearance by the host immune cells
[29]. The findings of the current study are consistent with
that of our previous report of 25% invasion of P. aeruginosa
to A549 cells in the presence of 1mg anti-PcrV IgY [25].

The observed substantial clinical efficacy of IgY immuno-
therapy may be associated with interference interactions
between pathogen and host epithelial cells [30, 31]. Further-
more, anti-OprF IgGs exhibit potent antibody-dependent
complement-mediated killing of the P. aeruginosa strain
PAO1 [14], and the levels of antibodies correlate with the
levels of protection against P. aeruginosa in burned mice
[16]. In addition, it was suggested that IgY antibodies have
inhibitory effects on bacterial pathogenesis and can be con-
sidered an adjunct therapy to improve antibiotic action.
Thus, anti-OprF IgY antibodies showed a great activity
against P. aeruginosa and interfered with the P. aeruginosa
virulence factor to inhibit cell invasion. The moderate inhib-
itory activity of C-IgY having a nonsignificant reduction in
the invasion of P. aeruginosa and improvement in the sur-
vival of infected mice compared to anti-OprF IgY could be
due to the exposition of chickens with P. aeruginosa, which
is a ubiquitous environmental bacterium and also polyclonal
nature of IgY. These findings are consistent with previous
studies [25, 29, 32–37].

5. Conclusion

In conclusion, these results offer evidence that anti-OprF IgY
antibodies can confer protection against burn wound infec-
tion caused by P. aeruginosa through the inhibition of bac-
terial invasion to host cells and tissues. Our data show that
P. aeruginosa-infected treated mice are protected against
burn wound sepsis, further supporting the conclusion that
IgY against OprF provides approaches to develop a protec-
tive treatment. Supposedly, anti-OprF IgY antibodies may
be used in combination with antibiotic therapies as an
adjunct approach to prevent P. aeruginosa infections.
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