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ARTICLE INFO ABSTRACT

Keywords: The ongoing COVID-19 pandemic is still a challenging problem in the case of infection treatment. The immu-
COVID-19 nomodulatory effect of Nanocurcumin was investigated in the present study in an attempt to counterbalance the
SARS'COY2 immune response and improve the patients’ clinical symptoms. 60 confirmed COVID-19 patients and 60 healthy
Ig;:(‘)ltrjiil;ﬂ]yer cell controls enrolled in the study. COVID-19 patients were divided into Nanocurcumin and placebo received groups.
Nanocurcumin Due to the importance of the role of NK cells in this disease, the frequency, cytotoxicity, receptor gene expression

of NK cells, and serum secretion levels of inflammatory cytokines IL-1p, IL-6, TNF-a, as well as circulating C5a as
a chemotactic factor an inflammatory mediator was evaluated by flow cytometry, real-time PCR and enzyme-
linked immunosorbent assay in both experimental groups before and after the intervention. Given the role of
measured factors in the progression and pathogenesis of COVID-19 disease, the results can help find appropriate
treatments. The results of this study indicated that the Nanocurcumin could significantly increase the frequency
and function of NK cells compared to the placebo-treated group. As an immunomodulatory agent, Nanocurcumin
may be a helpful choice to improve NK cell function in COVID-19 patients and improve the clinical outcome of
patients.

1. Introduction

An investigation was initiated to uncover the etiology of atypical
pneumonia cases reported in Wuhan city, China, in late December 2019
(Guo et al., 2020). As a result, viral particles were extracted from pa-
tients’ broncho-alveolar lavages, later proving to belong to an emerging

type of beta-coronavirus (Wang et al., 2020). Previously, six members of
the coronavirus family were known to cause respiratory tract infections.
Severe acute respiratory coronavirus (SARS-CoV) and middle eastern
respiratory syndrome coronavirus (MERS-CoV) cause severe respiratory
diseases, while other members are regarded as low-pathogenic corona-
viruses. Further gene sequencing analysis of newly identified

Abbreviations: Severe acute respiratory coronavirus, SARS-CoV; 2019 novel coronavirus, 2019-nCoV; Chronic mild stress, CMS; Phytohaemagglutinin, PHA;
Peripheral blood mononuclear cells, PBMCs; Nuclear factor kappa-light-chain-enhancer of activated B cells, NF-kB; Natural killer, NK; Tumour necrosis factor a,

TNFo; Regulatory cells, Tregs.
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coronavirus determined a considerable genetic identity of 79.0% and
51.7% with SARS-CoV and MERS-CoV, respectively (Guo et al., 2020).
In terms of statistics, novel coronavirus appeared to be substantially less
lethal, with a 4% mortality risk compared to SARS-CoV and MERS-CoV
with 9.6 and 36%, respectively (Wu et al., 2020). However, the myste-
rious viral pneumonia, initially called 2019 novel coronavirus
(2019-nCoV) infected pneumonia, soon raised the alarms for health
institutions due to its high transmission rate (Guo et al., 2020). Subse-
quently, local health officials of Wuhan city suspended all measures of
public transformation in an attempt to stop the 2019-nCoV from
spreading (Yan et al., 2020). On Feb. 11, 2020, the International Com-
mittee on Taxonomy of viruses named the novel coronavirus
SARS-CoV-2. Considering the imminent threat, World Health Organi-
zation announced that the disease caused by SARS-CoV-2 would be
called COVID-19 from Feb. 12, 2020 (Wang et al., 2020). Despite the
implemented preventive measures, SARS-CoV-2 had spread at such a
staggering rate that 89,294 people from 47 countries were reported to be
infected within weeks of the Wuhan lockdown (Marofi et al., 2021;
Zheng, 2020).

Although not all aspects of COVID-19 pathogenesis are fully
explained, the key role of the immune system is among the well-
established ones (Ghaebi et al., 2021). Laboratory findings such as a
reduction in lymphocyte count, an increase in inflammatory cytokines
and D-dimer levels, and hepatic dysfunction are all consistent with im-
mune dysregulation (Sadeghi et al., 2021; Tahmasebi et al., 2020). In an
attempt to counterbalance lymphocyte malfunction, pro-inflammatory
cytokines are disproportionately produced by macrophages, neutro-
phils, and monocytes, which contribute to further deterioration in pa-
tients’ clinical status (Fathi and Rezaei, 2020; Giamarellos-Bourboulis
et al., 2020). While there was no completely effective treatment against
COVID-19 antivirals, including oseltamivir, ganciclovir, and Kaletra
(Lopinavir and ritonavir combination), ribavirin, Tocilizumab, cortico-
steroids, chloroquine, etc. That were proposed as candidates for mono-
therapy and combination use in COVID-19 patients (Marofi et al., 2021).
These clinical interventions are mainly supported by theoretical
knowledge and comparable experiences rather than their proven effi-
cacy (Guo et al., 2020; Yan et al., 2020). With that being said, we
focused on a group of substances collectively called curcuminoids.
Curcumin (diferuloylmethane), as the prototype, is among the major
substances stored in the rhizome of Curcuma longa (turmeric) (Lestari
and Indrayanto, 2014). There is evidence that pro-inflammatory cyto-
kines (IL-6, IL-1p, and TNF-a) are among the aforementioned
curcumin-inflected signaling molecules. Besides, no serious adverse re-
actions have been reported with its administration (Gupta et al., 2013).
Curcumin has a multifaceted role and inhibits COX-2 and the activation
factor NF-kB (Khan et al., 2018). Administration of Curcuma longa ex-
tracts in CMS model in rats increased the activity of NK cells and
augmented the levels of TNF-a and IL-6 (Komal et al., 2019). It also
modulates the proliferation and responsiveness of macrophages, NK
cells, DCs, and lymphocytes (Khan et al., 2018). Curcumin shows
immunosuppressive effects and inhibits mitogen-induced (phorbol-12--
myristate-13-acetate, Concanavalin A, Phytohaemagglutinin) prolifera-
tion of human spleen-derived lymphocytes and IL-2. In a study in 2005,
the immunosuppressive effects of curcumin in human peripheral blood
mononuclear cells (PBMCs) were shown, wherein it inhibits IL-2 and
expression of NF-kB and PHA-induced proliferation(Yadav et al., 2005).

Interestingly, NK cells can launch direct attacks on virus-infected
cells and modulate immune response via cytokine production. There-
fore, it is necessary to examine their role in SARS-CoV-2 infection
(Pasrija and Naime, 2021). Several studies have reported the consider-
ably lower frequency of NK and CD8" T cells with dysfunction and
exhausted phenotypes along with hyperexpression of NKG2A inhibitory
markers as well as PD-1 and Tim3 on CTLs (Zheng et al., 2020). NK cells
can be divided into two subsets, dim and bright, according to CD56
surface density expression. Dim (CD3’CD56+dim CD16") NK cells are
cytolytic and comprise more than 90% of CD3~CD56 " NK cells, whereas

European Journal of Pharmacology 933 (2022) 175267

bright (CD3~CD56P118" CD167) NK cells are immunoregulatory prin-
cipally through cytokine production. (Bjorkstrom et al., 2016; Lin et al.,
2004), which both of them decrease significantly in blood circulation
during the SARS-COV2 (Maucourant and Filipovic, 2020).

Moreover, CD56%4™ NK cells are divided into subtypes, less or more
differentiated cells in terms of expressing CD62L, CD57, KIRs, and
NKG2A markers. More previously published results have suggested the
responsiveness of cytokine-driven NK cells during acute SARS-CoV-2
infection because of the dominance of CD56 8" NK cells and less
differentiated CD56%™ NK cells (Bjorkstrom and Ponzetta, 2021; Mau-
courant and Filipovic, 2020).

Additionally, hyperactivation of NK cells resulting from IL-6, IL-6R,
and IL-18, IL-15 induction has been found in the severe stage of COVID-
19, leading to dysfunction and suppression of the cytotoxic activity of
NK cells during long time (Koutsakos et al., 2021). NK cells are
accounted for early responses in acute SARS-CoV-2 infection by
recruiting the CD56" 8" and CD56%™ NK cell population from the pe-
ripheral blood into the lungs, resulting in NK cell depletion in blood
circulation (Maucourant and Filipovic, 2020; Wilk and Rustagi, 2020).
The blood circulating NK cells are characterized by increased prolifer-
ation with higher expression levels of perforin and granzyme B cycling,
and the activated phenotype of NK cells was found in acute SARS-CoV-2
infection with increased expression levels of HLA-DR, CD38, CD69, and
Ki67 activating markers as well as TIM3, LAG3 and PD1 inhibitory
markers. Moreover, less differentiated NKG2ATCD62L"CD57 KIR™
cells in the CD56%™ NK cells were the main population during acute
SARS-CoV2 infection (Maucourant and Filipovic, 2020; Wilk and Rus-
tagi, 2020). As a result of lymphopenia and leukocyte dysfunction dur-
ing SARS-COV2 infection, declined count of NK cells and their impaired
cytotoxic activity have been reported repeatedly, indicating the impor-
tance of these kinds of cells in defense against the virus.

On the other hand, NK cell absence leads to ARDS derived from se-
vere hyper inflammation in the severe stage of the COVID-19 disease.
Additionally, it is essential to highlight the importance of the comple-
ment system’s role in SARS-COV?2 infection. It is worth noting that C5a,
an inflammatory factor, stimulates the release of cytokines and che-
mokines from various immune cells by linking to its receptor, C5aR (Yan
and Gao, 2012). Elevated expression of C5aR receptor on NK cells and
NKT cells and higher production of inflammatory cytokines were found
after exposure of these kinds of cells to a sepsis-like immune environ-
ment such as SARS-COV2 infection (Carvelli et al., 2020; Fusakio et al.,
2011). Altogether, the production of proinflammatory cytokines and
C5a mediators’ engagement with NK and NKT cells would contribute to
hyperinflammation and subsequent occurrence of cytokine storm in
COVID-19.

We hypothesize that Nanocurcumin could adjust immune dysregu-
lation using NK cell activity as the biomarker and mitigate the inflam-
mation by targeting inflammatory mediators. Therefore, we conducted
this randomized double-blinded clinical trial to evaluate curcumin’s
clinical efficacy on NK cells, mentioned pro-inflammatory cytokines (IL-
1B, IL-6, and TNF-a), and C5a in COVID-19 patients compared to
placebo.

2. Methods and materials
2.1. Study design and patient selection

This is a placebo-controlled study that received the approval of the
Research Ethics Committee of Tabriz University of Medical Sciences.
Patients were selected among those admitted to Imam Reza hospital,
affiliated with Tabriz University of Medical Sciences (IR.TBZMED.
REC.1398.1314). Moreover, the trial was registered in the Iranian
Registry of Clinical Trials (IRCTID: IRCT20200324046851N1). After
applying inclusion criteria, a total number of 60 confirmed COVID-19
patients and 60 healthy control subjects were considered eligible. The
COVID-19 diagnosis was made by a pulmonologist based on laboratory
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data and clinical symptoms with respect to protocols. Then, a pre-
designed informed consent form was obtained from all participants
either in the patient or control group. COVID-19 patients group was later
separated into placebo and Nanocurcumin groups. The inclusion criteria
were: age between 18 and 70, eagerness to participate, and COVID-19
confirmed by RT-PCR. 10% (3 out of 30) of patients in the Nano-
curcumin group and 6% (2 out of 30) of patients in the placebo group
were on ventilators, with no significant difference between both groups.

In the case of a compromising immune condition (like immunosup-
pressive agent usage or human immunodeficiency virus (HIV) infec-
tion), pregnancy, and breastfeeding, subjects were excluded. The
subject’s information, including clinical symptoms and laboratory
findings, is summarized in Table 1.

2.2. Therapeutic intervention

The Nanocurcumin group received 160 mg of nanocurcumin as two
80 mg dosages for 21 consecutive days, and on the other hand, the
placebo group received placebo capsules. The oral curcumin capsules
used in this study were “SinaCurcumin®”, a registered product from
curcuminoids in Iran (IRC:1228225765), which were developed in the
nanotechnology research center of Mashhad University of Medical Sci-
ences and marketed by Exir nano Sina company (Hatamipour et al.,

Table 1
Subjects clinical symptoms and laboratory finding.
Nano- Placebo Healthy
curcumin group (n Control (n
group (n = =30) =60)
30)
Age, Years 18-67 (52.7 20-68 21-69
+ 8.6) (52.4 + (50.3 £
7.6) 8.4)
Sex Men 21 (%70) 23 (% 48 (%80)
76.6)
Women 9 (%30) 7 (%23.3) 12 (%20)
Current smoking 5 (%16.6) 6 (%20) 10 (%
16.6)
Diabetes 1 (%3.3) 2 (%6.6) 0
Hypertension 2 (%6.6) 1 (%3.3) 0
Cardiovascular 2 (%6.6) 2 (%6.6) 0
disease
Chronic kidney 0 2 (%6.6) 0
disease
Fever <37.3°C 3 (%10) 1 (%3.3) 0
37.3-38.0°C 11 (%36.6) 14 (%
46.6)
38.1-39.0 °C 9 (%30) 9 (%30)
>39.0 °C 7 (%23.3) 6 (%20)
Cough 18 (%60) 20 (% 0
66.6)
Headache 2 (%6.6) 3 (%10) 0
Dyspnea 8 (%26.6) 7 (%23.3) 0
White blood cell <4 8 (%26.6) 7 (%23.3) 0
count, x 10°%/L 4-10 12 (%40) 14 (% 53(88.3%)
46.6)
>10 10 (%33.3) 9 (%30) 7 (11.7%)
Lymphocyte count, <1.0 20 (%66.6) 18 (%60) 2 (3.3%)
x 10%/L >1-0 10 (%33.3) 12 (%40) 58
(96.7%)
Platelet count, x <100 19 (%63.3) 21 (%70) 0
10°/L >100 11 (%36.6) 9 (%30) 60 (100%)
Creatinine, pmol/L <133 25 (%83.3) 27 (%90) 0
>133 5 (%16.6) 3 (%10)
Lactate <245 20 (%66.6) 19 (% 0
dehydrogenase, 63.3)
U/L >245 10 (%33.3) 11 (%
36.6)
Bilateral 28 (%93.3) 28 (% 0
involvement of 93.3)
chest radiographs
mechanical 3 (10%) 2 (6%) 0
ventilation
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2019). Nanocurcumin oral capsules were administered to patients,
known as improved oral bioavailability formulation of curcumin. Sina-
Curcumin is a soft gelatin capsule containing 40 mg of curcuminoids, the
dietary polyphenols extracted from the dried rhizomes of Curcuma longa
L. (turmeric), which is introduced as C3 complex [curcumin, bisdeme-
thoxycurcumin (BDMC), and desmethoxycurcumin (DMC)] (Hatami-
pour et al., 2019; Rahimi et al., 2016). Differences that make
Nanocurcumin more applicable and beneficial than curcumin for ther-
apeutic applications include Particle size, hydrophobicity, as well as
charge, and area of the surface that increases effectiveness, solubility,
oral bioavailability, active targeting, and pharmacokinetic profile
(Karthikeyan et al., 2020). Small particle size (mostly 10-100 nm size
nanoparticles) improve the permeability, accessibility, and effectiveness
of Nanocurcumin in different medicinal applications compared to cur-
cumin. Nanocurcumin possesses a higher absorption capability into cells
and can enter body organs more feasible than normal curcumin, espe-
cially in infections, by targeting intracellular pathogens (Flora et al.,
2013). Thereby, Nanocurcumin could be considered as a useful drug
choice compared to normal curcumin. Increased systemic bioavailability
and higher distribution of Nanocurcumin in tissues than normal curcu-
min with 60 folds of enhancement in the biological half-life could be
mentioned as another advantage (Ma et al., 2007). Curcumin nano-
formulation has also been reported to augment its mean residence-
retention- and circulation time inside the body (Mythri et al., 2007).

On the other hand, a larger surface area of Nanocurcumin elevates its
solubility, improves pharmacological activity, fast drug-releasing, and
specific responsiveness to target molecules (Mohanty et al., 2012).
Interestingly, surface charges defined as zeta potential, established in
Nanocurcumin formulation, avoid the aggregation of nanomaterials and
increases the solubility and stability in suspension. At the same time,
free curcumin is susceptible to aggregations and opsonization due to its
lower solution in water (Muller and Keck, 2004).

In addition to Nanocurcumin, atorvastatin, bromhexine, azi-
thromycin, protease inhibitors, broad-spectrum antibiotics, and corti-
costeroids were also the routine therapeutics used in both
Nanocurcumin- and placebo-treated COVID-19 patients; therefore, did
not affect the study findings, and the differences between groups were
only related to the placebo and Nanocurcumin.

2.3. Blood sampling and sample preparation

Peripheral blood samples of healthy control and COVID-19 groups
were obtained before treatment, and NK cell frequency, cytotoxicity,
inflammatory cytokines, C5a serum level, and NK cell receptor gene
expression were evaluated and compared between the two groups.
Sampling was also done for Nanocurcumin and placebo group after
treatment to assess the mentioned parameters. The PBMCs isolation was
done using Ficoll (lymphosep) 1.077 g/ml (Biosera, UK) density
gradient centrifugation method. The isolated PBMCs were used for flow
cytometry analysis and mRNA expression assessment.

2.4. NK cells frequency assessment

To evaluate NK cell proportion, immunostaining and triple-color
immunofluorescence analyses were done. Immunostaining was carried
out by fluorescein isothiocyanate (FITC; BD Biosciences) labeled anti-
CD3, phycoerythrin (PE; BD Biosciences) labeled Anti-CD16, and allo-
phycocyanin (APC; BD Biosciences) labeled anti-CD56 antibodies to
distinguish NK cells. Finally, the NK cell population was determined as
CD3™ CD56" CD16" cells. FITC, PE, and APC mouse IgG2a were used as
the isotype controls. The gating strategy was based on the cells’ forward
and side scatter profiles. The FACSCalibur flow cytometer (BD Bio-
sciences) and the Cell Quest Pro software (BD Biosciences, SanJose, CA)
were used to measure the stained cells and data analysis, respectively.
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2.5. NK cells cytotoxicity assessment

The relative proportion of killed K562 target cells by NK cells
accounted for NK cells cytotoxicity and was evaluated by flow cytom-
etry. After co-incubation of K562 target cells with patient mononuclear
cells, including NK cells, propidium-iodide uptake was quantified. After
2 h of co-incubation at 37 °C with 5% CO2, the permeability of Killed
K562 cells by NK cells allowed DNA staining by propidium iodide.
Subsequently, the percentage of killed target cells was measured using
flow cytometry. Beyond 15% of target cell killing is determined as
increased cytotoxicity in an effector to target ratio of 50:1.

2.6. mRNA expression assessment of NK cells inhibitory and activating
receptors

The expression of NK cells receptors, including KIR and C-type lectin
inhibitory receptors (KIR2DL1, KIR2DL2, KIR2DL3, and NKG2A) and
KIR2DS1, KIR2DS4, and NKG2C, activating receptors were evaluated by
qRT-PCR based on SYBR-Green; therefore, total RNA of isolated PBMCs
were extracted by RNX-PLUS Solution (SinaClon, Tehran, Iran). Subse-
quently, cDNA was synthesized by reverse transcription of extracted
mRNA using the RevertAid Reverse Transcriptase kit (Thermo Fisher,
Waltham, Massachusetts). An SYBR GREEN qRT-PCR Master Mix was
used for amplification, and data analysis was carried out by a Light
Cycler 2.0 Real-Time PCR System machine (Roche Applied Science,
Germany). Beta-2 microglobulin (p2M) was selected as an endogenous
control gene. The sequence of primers has been presented in Table 2.

2.7. Measurements of IL-15, IL-6, TNF-a, and C5a secretion levels by
ELISA

Serum secretion levels of IL-1p, IL-6, TNF-a cytokines, as well as
circulating C5a were assessed in the serum samples of COVID-19 pa-
tients (before and after treatment) and controlled by enzyme-linked
immunosorbent assay (ELISA) technique using ELISA Kit (MyBio-
Source) for cytokines and HK349 ELISA Kit (Hycult Biotech) for C5a,
according to the Manufacturer’s protocols. HRP-conjugated secondary
antibodies and tetramethylbenzidine, a peroxidase substrate, were
applied to detect the abovementioned mediators. After stopping the
reaction with acidification (H2S04), the absorbance values were read by
the Medgenix ELISA reader (BP-800; Biohit) at 450 nm. Standard curves
were utilized to calculate the concentrations.

2.8. Statistical analysis

Statistical analysis was done by SPSS PC Statistics (version 19.0;

Table 2
The primers sequence.
Gene Forward (5'- Sequence
3)
/Reverse (3'-
51
Activating KIR2DS1 F ACGATGCACCTGTACGATCA
receptors R TCTTTCAACACGCAGGACAG
KIR2DS4 F AGAGAAACTAAAGAACTGGAC
R AGAGATATGTGTTTCATGTGCC
NKG2C F GCATAAAGACATACTCCAAACC
R ACTTCTCCACAACCCTCTG
Inhibitory KIR2DL1 F GTTGGTCAGATGTCATGTTTGAA
receptors R CCTGCCAGGTCTTGCG
KIR2DL2 F AAACCTTCTCTCTCAGCCCA
R GCCCTGCAGAGAACCTACA
KIR2DL3 F AGACCCTCAGGAGGTGA
R CAGGAGACAACTTTGGATCA
NKG2A F GTGATGATGAAGGAATCGTACC
R TAAATCCTCTGAAACTGCCG
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SPSS Inc). An unpaired T-test was utilized to compare the differences in
immunologic parameters between COVID-19 and the control group. To
compare the parameters before and after treatment, paired T-test was
used. The descriptive data were reported as the mean + SD, and p
values < 0.05 were considered to be statistically significant. The
GraphPad Prism (version 7.00 for Windows) (GraphPad Software, La
Jolla, California, www.graphpad.com) was used for graph drawing.

3. Results
3.1. Population and function of NK cells

NK cell population was evaluated by flow cytometry to compare the
frequency of NK cells in COVID-19 patients and the control group. The
results showed that NK cell frequency was 16.45 + 4.02 percent in each
ml of whole blood in the control group, while it was decreased in COVID-
19 patients (11.77 + 4.87), and the difference was statistically signifi-
cant (P < 0.001) (Fig. 1A). The results of cytotoxicity evaluation also
showed that NK cell cytotoxicity was significantly reduced in COVID-19
patients (12.42 + 6.15) compared with the control group (18.92 + 4.6)
(P < 0.001) (Fig. 1B).

NK cell population was also compared in Nanocurcumin and placebo
groups before and after the treatment. Before the treatment, the fre-
quency of NK cells in the Nanocurcumin group was 11.94 + 3.5%, while
after the treatment, the frequency was dramatically elevated to 17.05 +
4.3% (p < 0.001) (Fig. 2A).

The comparison of NK cells’ cytotoxicity pre-treatment (13.94 +
3.7%) and post-treatment (19.21 + 5.0%) demonstrated that Nano-
curcumin was able to increase the cytotoxicity in the Nanocurcumin
group notably (p < 0.001) (Fig. 2B).

3.2. Expression of NK cells receptors

QRT-PCR assessment was done to evaluate the mRNA expression
level of NK cells activating and inhibitory receptors. The expression
levels of KIR2DS1, KIR2DS4, and NKG2C activating receptors of NK cells
in the COVID-19 group were significantly lower than in the control
group (p = 0.009, p = 0.026, and p = 0.015, respectively) (Fig. 3A). In
the case of inhibitory receptors, the expression levels of KIR2DL3,
KIR2DL2, KIR2DL1, and NKG2A were increased in COVID-19 patients
compared with the control group (p = 0.01, p = 0.008, p = 0.006, and p
= 0.004, respectively) (Fig. 3B).

Activating and inhibitory receptor expression was also assessed in
Nanocurcumin and placebo group after treatment. Initially, a compari-
son was made between the expression of receptors in the control group
with Nanocurcumin and the placebo group. The expression levels of
KIR2DL3, KIR2DL2, KIR2DL1, and NKG2A inhibitory receptors were
higher in the placebo group in comparison with before treatment (P <
0.001, P < 0.001, P =0.011, and P < 0.001, respectively). However, the
expression level of mentioned receptors was decreased after Nano-
curcumin therapy when compared to the placebo group (P = 0.028, P <
0.001, p = 0.004, and P < 0.001, respectively) (Fig. 4A). The same
analysis was done about activating receptors. The mRNA expression
levels of KIR2DS1, KIR2DS4, and NKG2C activating receptors were
significantly lower in the placebo group pre-treatment (P = 0.011, p =
0.001, and P = 0.003, respectively). The post-treatment results showed
that Nanocurcumin therapy was able to upregulate the expression levels
of activating receptors when compared to the placebo group (p = 0.004,
p =0.002, and p = 0.016, respectively) (Fig. 4B). All the results are also
summarized in Table 3.

3.3. Secretion levels IL-1p, IL-6, TNF-a, and C5a
Serum levels of IL-1p, IL-6, TNF-a, and C5a were measured by ELISA

in COVID-19 patients before and after treatment with Nanocurcumin
and healthy control individuals. Based on obtained results, serum
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Fig. 1. NK cells frequency and function in COVID-19 patients and control group. A1) The results pertaining to the flow cytometry analysis of the control group,
and COVID-19 patients. A2) Flowcytometry analysis of NK cells frequency showed that NK cells population was significantly lower in patients in comparison with
control group (p < 0.001). B) NK cells cytotoxicity was also reduced in COVID-19 patients when compared to control group (p < 0.001). COVID-19 patient group, n
= 60. Control group, n = 60. Results were presented as mean + SD. P < 0.05 was described as statistically significant. COVID-19, coronavirus disease 2019; NK cells,

Natural killer cells.
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Fig. 3. The mRNA expression level of Activating and inhibitory receptors in COVID-19 patients and control group. A) The results of qRT-PCR assessment for
NK cells activating receptors demonstrated that the expression levels of KIR2DS1, KIR2DS4 and NKG2C in COVID-19 group were significantly lower than control
group (p = 0.009, p = 0.026 and p = 0.015, respectively). B) The expression levels of KIR2DL1, KIR2DL2, KIR2DL3, and NKG2A inhibitory receptors were increased
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n = 60. Results were presented as mean + SD. P < 0.05 was described as statistically significant. COVID-19, coronavirus disease 2019; NK cells, Natural killer cells;

KIR, Killer-cell immunoglobulin-like receptor.

secretion levels of all IL-1p (p = 0.001), IL-6 (p = 0.001), TNF-a (p <
0.001), and C5a (p = 0.002) were significantly higher in COVID-19
patients compared to control group (Fig. 5). In the Nanocurcumin
group, findings represented that the Nanocurcumin could meaningfully
decrease the serum secretion levels of all IL-1p (p = 0.003), IL-6 (p =
0.008), TNF-a (p = 0.002), and C5a (p = 0.002) after treatment when
compared to pre-treatment condition (Fig. 6). All the results are also
summarized in Table 4.

3.4. Clinical outcomes

A subject evaluation was done prior to the treatment in the case of
clinical manifestation and laboratory tests, which are summarized in
Table 1. Clinical symptoms such as fever, cough, headache, or chronic
diseases like diabetes and hypertension were evaluated besides the
laboratory tests, including white blood cells (WBCs) and platelet count.
There were also chest radiographs to monitor the lung situation. No
statistically significant difference was observed between the Nano-
curcumin and placebo group before the treatment. However, there was a
noticeable improvement in the clinical outcome of patients after the
Nanocurcumin therapy; the associated data is summarized in Table 5.
The studied COVID-19 patients had 6% (2 out of 30) and 23% (7 out of
30) mortality rates in the Nanocurcumin- and placebo-treated groups,
respectively. As a result, the mortality rate was found to be higher in the
placebo-treated group than in the Nanocurcumin-treated group (p <
0.001).

4. Discussion

The COVID-19 pandemic has so far claimed over Four million lives
globally. Moreover, the ongoing pandemic threatens to become a global
humanitarian crisis since no aspect of human life has remained un-
touched by it (Curkovi¢ et al., 2020). Various studies have concentrated
on lightning up the shadowy transition of SARS-CoV-2 through a
possible intermediate host(s) to humans (Yan et al., 2020). These efforts
may provide invaluable data on effectively controlling or preventing
future pandemics. Nonetheless, we believe that a decent understanding
of COVID-19 immunopathology is pivotal for better managing the
ongoing pandemic (Giamarellos-Bourboulis et al., 2020).

Acute lung injury (ALI) that could lead to acute respiratory distress
syndrome (ARDS) is COVID-19 patients’ significant morbidity and
mortality cause (Li et al., 2020). It is hypothesized that lung inflam-
mation triggers a series of events underlying acute lung injury (ALI). The
unconstrained inflammatory response to SARS-CoV-2 infection may be

partly due to the increased production of inflammatory cytokines
(including IL-6 and TNF-a) (Market et al., 2020). These cytokines were
even suggested to be used as predicting parameters for disease prognosis
since numerous studies reported their increased concentration in severe
COVID-19 cases (Fathi and Rezaei, 2020). The results of our previous
study also confirmed that the expression and secretion level of inflam-
matory cytokines, including IL-1p, IL-6, TNF-a, and IL-18, were signifi-
cantly increased in COVID-19 patients when compared to healthy
controls (Valizadeh et al., 2020a).

As more evidence regarding the immunopathology of COVID-19 was
accumulating, administration of immune-modulatory agents as a po-
tential treatment came under consideration (Esmaeilzadeh et al., 2021a,
2021b). Anti-cytokines (i.e. Tocilizumab), corticosteroids (i.e. dexa-
methasone), and Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) were
among the evaluated medications for alleviating immunopathology
COVID-19 trials. However, various studies concentrated on natural
health substances with well-established immunomodulatory effects
(Market et al., 2020). Curcumin (diferuloylmethane) is a natural phar-
macologically active compound with a safe adverse reaction profile. As a
consequence of extensive investigations, curcumin’s capability to
modulate diverse molecular signaling pathways has been directly linked
to its different biological effects, such as anti-inflammatory, antioxidant,
and antimicrobial (Aggarwal et al., 2003).

The cytokine storm is associated with severe COVID-19 cases mainly
characterized by acute respiratory distress syndrome (ARDS), multi-
organ failure, and death (Coperchini et al., 2020; Li et al., 2020). In
this regard, we found dramatically higher levels of IL-1f, IL-6, and
TNF-a in blood samples of COVID-19 patients than healthy controls.
Interestingly, as we expected, Nanocurcumin could strikingly decline
the secretion levels of the cytokines mentioned above after treatment.

In line with our study, the therapeutic effect of Nanocurcumin in
2019-nCoV patients was recently proven in similar studies. The findings
of recent studies documented the immunomodulatory and anti-
inflammatory role of Nanocurcumin in reducing the proinflammatory
cytokines (IL-1p and IL-6) in mRNA and protein levels (Valizadeh et al.,
2020b), mitigating inflammatory Th17 cell responses (Tahmasebi et al.,
2020) and increasing T regulatory (Treg) cell responses (Tahmasebi
et al., 2021b) in COVID-19-treated patients, which was suggested as a
potent natural-based immunomodulatory agent for improving the pa-
tients’ condition. Moreover, in this line, the immunomodulatory role of
Nanocurcumin has been proven in various inflammatory and autoim-
mune diseases such as ankylosing spondylitis (AS), multiple sclerosis
(MS), inflammatory bowel disease (IBD), diabetes, and neurologic dis-
orders, which increasingly emphasizes the therapeutic role of
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Nanocurcumin in inflammatory conditions and confirms our obtained
results (Dolati et al., 2018a, 2018b; Ghosh et al., 2015; Hajialilo et al.,
2019). It seems that nanocurcumin exerts a part of its anti-inflammatory
function by inhibiting the expression and activation of different tran-
scription factor, including NF-Kf, inflammatory cytokines including
TNF-a, IL-1p, and IL-6 and various chemokines including MIP-1a
(Trivedi et al., 2017). However, all aspects of nanocurcumin’s immu-
nomodulation have not been discovered, and more studies are needed
for this purpose (Fig. 7).

Therefore, we decided to investigate the theory that curcumin
application in COVID-19 patients could regulate the defect in the im-
mune system. Imbalance of the immune system responses, which is
characterized by an increase in inflammatory cells (Thl and Th17),
increased production of inflammatory mediators, as well as a decrease
and dysfunction of regulatory cells (Tregs), is the leading cause of
inflammation in SARS-CoV2 infected patients (Sadeghi et al., 2021).
Following this fact, the disturbance of the immune system responses has
been studied and proved in many autoimmune and inflammatory dis-
eases, including Behcet’s disease (Ahmadi and Yousefi, 2019),

preeclampsia (Eghbal-Fard and Yousefi, 2019), MS (Izadi et al., 2020;
Tahmasebi et al., 2021a), AS (Ahmadi et al., 2020), and recurrent im-
plantation failure (RIF) (Ahmadi et al., 2019), which emphasize the
immune system role in the pathogenesis of these type of disorders.

The profound lymphopenia seen in COVID-19 patients is due to
depletion of T-cells, B-cells, and natural killer (NK) cells, probably
caused by rapid virus replication. This lymphocyte exhaustion phe-
nomenon was also reported in patients infected with SARS-CoV (Market
etal., 2020). NK-cells, as innate responders, hold quite an important role
in fighting viral infections and immune modulation (van Eeden et al.,
2020). There is a lack of data on how NK-cells may directly contribute to
failed control of SARS-CoV-2. However, evidence supports the hypoth-
esis that NK-cell diminished function is linked to COVID-19 severity.
Interestingly, obesity, old age, and malignancy are described by CDC
(centers for disease control and prevention) as predisposing conditions
against COVID-19 and are also associated with decreased NK-cell ac-
tivity (Market et al., 2020).

Although the mechanism of NK cell depletion during SARS-COV2
infection is not clearly understood, it is probably due to the absence or
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Table 3

Real-time PCR (mRNA expression of activating and inhibitory receptors of NK cells) results.

European Journal of Pharmacology 933 (2022) 175267

Prior to treatment

Post treatment

COVID-19 Healthy p- Control Placebo P value  Control Nano- P P value (Nano-
patients control value group curcumin value curcumin vs
(Mean =+ SD) (Mean + (Mean + group (Mean placebo)
SD) SD) + SD)
mRNA expression KIR2DL3 1.437 £ 0.50 0.975 + 0.01 0.998 1.717 + <0.001 0.998 1.205 + 0.59 0.081 0.028
level of activating 0.06 +0.09 0.63 + 0.09
and inhibitory KIR2DL2 1.587 £+ 0.65 0.008 1.495 + <0.001 0.870 + 0.38 0.082 <0.001
receptors 0.66
KIR2DL1 1.778 +£0.83 0.006 1.478 + 0.011 1.030 £+ 0.54 0.769 0.004
0.85
NKG2A 1.769 £ 0.77 0.004 2.273 £ <0.001 1.060 + 0.63 0.623 <0.001
0.94
KIR2DS1 0.805+0.16 1.011 + 0.009 0.994 0.688 + 0.011 0.994 1.100 £+ 0.29 0.145 0.004
0.11 + 0.06 0.41 + 0.06
KIR2DS4 0.722 + 0.30 0.026 0.649 + 0.001 0.996 + 0.19 0.959 0.002
0.34
NKG2C 0.814 +0.17 0.015 0.685 + 0.003 0.936 + 0.15 0.179 0.016
0.35
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decreased expression of activating receptors (KIR2DS and NKG2C) along
with increased expression of inhibitory receptors (KIR2DL and NKG2A)
on NK cells (Maucourant and Filipovic, 2020; Osman et al., 2020).

Our study results indicated the significantly lower counts of circu-
lating NK cells in COVID-19 patients, which is consistent with previously
published results reporting the notably declined number of NK cells in
peripheral blood mononuclear cells (PBMCs) of COVID-19 patients
(Taghiloo et al., 2021).

Further, our findings represented the meaningfully higher expression

levels of inhibitory receptors on NK cells that may lead to NK cell
dysfunction (Fig. 7). In this context, the upregulated expression level of
inhibitory receptors on NK cells has been documented as one of the main
reasons for NK cell depletion and dysregulated function in SARS-COV2
infection. Cytotoxicity of NK cells is prevented by NKG2A binding to
the HLA-E molecule (Zheng et al., 2020). It was found that the upre-
gulation of NKG2A on NK cell surface results in limited production of
cytokines and Granzyme B during SAS-COV2 infection. Furthermore,
COVID-19 infection elicits the exhausted phenotype of NK cells by
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Fig. 6. Serum levels of IL-1f, IL-6, TNF-a and C5a
in Nanocurcumin- and placebo-treated groups.
After treatment, findings indicated that the Nano-
curcumin could considerably decreased the serum
secretion levels of IL-1f (p < 0.001), IL-6 (p = 0.008),
(p = 0.002), and C5a (p = 0.002) in Nanocurcumin-
treated group than in placebo-treated group.
COVID-19 patient group, n = 60. Results were pre-
sented as mean + SD. P < 0.05 was described as
statistically significant. COVID-19, coronavirus dis-
ease 2019; IL, interleukin; TNF-a, tumor necrosis
factor alpha.

Prior to treatment (n = 60)

Post treatment

COVID-19 patients (Mean + Healthy control (Mean + p-value Nano-curcumin group (Mean + SD) (n = Placebo group (Mean + SD) (n = 23)
SD) SD) 28)
Before After p- Before After p-
value value
IL-18 16.93 + 9.76 8.34 £ 6.07 0.001 15.82 + 7.43 11.48 £+ 6.81 0.003 15.99 + 8.63 + 15.38¢ 0.738
10.08
1L-6 4.97 £ 3.2 3.04 +£1.77 0.001 4.95 + 3.06 3.82 +2.13 0.008 542 + 4 4.95 + 3.44 0.564
TNF- 289.5 + 122.3 197.3 + 88.27 <0.001 293.7 + 234.8 + 0.002 285.4 + 279.5 + 0.762
o 120.1 89.88 127.5 166.2
C5a 24.25 + 28.07 12.76 + 6.94 0.002 28.57 + 17.96 + 0.002 24.67 + 20.24 + 0.533
29.07 16.18 31.88 14.01
Table 5

Subjects clinical symptoms and laboratory finding before and after the treatment.

Nano-curcumin group (n = 28)

Placebo group (n = 23)

Before (n = 30) After (n = 28) P value Before (n = 30) After (n = 23) P value
Fever <37.3°C 3 (%10) 21 (75%) <0.001 1 (%3.3) 2 (7%) 0.546
37.3-38.0 °C 11 (%36.6) 7 (25%) 14 (%46.6) 10 (43%)
38.1-39.0 °C 9 (%30) 0 (0%) 9 (%30) 8 (34%)
>39.0 °C 7 (%23.3) 0 (0%) 6 (%20) 4 (13%)
Cough 18 (%60) 3 (10%) <0.001 20 (%66.6) 6 (26%) 0.038
Headache 2 (%6.6) 0 (0%) - 3 (%10) 2 (8%) -
Dyspnea 8 (%26.6) 1 (3%) <0.001 7 (%23.3) 5 (21%) 0.124
White blood cell count, x 10°/L <4 8 (%26.6) 3 (10%) <0.001 7 (%23.3) 4 (17%) 0.223
4-10 12 (%40) 20 (71%) 14 (%46.6) 13 (56%)
>10 10 (%33.3) 5 (17%) 9 (%30) 6 (26%)
Lymphocyte count, x 10°/L <1-0 20 (%66.6) 7 (25%) <0.001 18 (%60) 9 (39%) 0.043
>1-0 10 (%33.3) 21 (75%) 12 (%40) 14 (60%)
Platelet count, x 10°/L <100 19 (%63.3) 6 (21%) <0.001 21 (%70) 15 (65%) 0.367
>100 11 (%36.6) 22 (78%) 9 (%30) 8 (34%)
Creatinine, pmol/L <133 25 (%83.3) 27 (96%) <0.0001 27 (%90) 19 (82%)
>133 5 (%16.6) 1 (3%) 3 (%10) 4 (17%) 0.381
Lactate dehydrogenase, U/L <245 20 (%66.6) 26 (92%) <0.0001 19 (%63.3) 16 (69%)
>245 10 (%33.3) 2 (56%) 11 (%36.6) 7 (30%) 0.184
Bilateral involvement of chest radiographs 28 (%93.3) 9 (32%) <0.0001 28 (%93.3) 12 (52%) 0.011
mechanical ventilation 3 (10%) 0 (0%) - 2 (6%) 0 (0%) -




S. Abbaspour-Aghdam et al.

A

tKIR2DS1 | KIR2DLI

tNKG2C | NKG2A

European Journal of Pharmacology 933 (2022) 175267

1 Activatory
receptors

Nano
curcumin
effects

1 NK cell frequency in

W TCL | CoVID-19 patients PBMC
. 1 NK cell function in
Curcumin ﬁ/\s COVID-19 pat|gr_1ts PBMC
3 o — 1 General condition of

1 NK cell frequency in
COVID-19 patients PBMC

1 NK cell function in COVID-
19 patients PBMC

tient
— 160 mg of g
A ) Nanocurcumin
< VY for 21 days
‘ iy
A"

Fig. 7. Different functions of nanocurcumin in modulating immune system responses. (A) Inhibitory functions that cause reductions in immune responses (B)
Activating functions that lead to increased immune responses. (C) The use of Nanocurcumin by improving the function of NK cells leads to the improvement of

patients’ conditions.

inducing the expression of PDCD1, HAVCR, and LAG3 on their surface
(Wilk and Rustagi, 2020). Some other evidence documented that
downregulated expression of NKG2C, an activating receptor of NK cells,
leads to a severe condition in COVID-19 (Vietzen et al., 2021). As a
result, due to the reduction in the number of cells and their activity in
patients, maybe increasing the reserves, activity, and restoration of
these cells can help improve the condition of COVID-19 patients (Gia-
marellos-Bourboulis et al., 2020). The results of this study showed that
Nanocurcumin, as a natural treatment with its immunomodulatory
function, could increase the frequency of NK cells and their function in
SARS-COV2 infected patients by upregulating the expression of acti-
vating receptors and downregulating inhibitory receptors on these cells.
In our study, NK-cell number was used as a biomarker to determine
Nanocurcumin efficacy against COVID-19 immune pathology. As stated
in the results, Nanocurcumine could increase the lethal activity of cells
in patients receiving Nanocurcumine compared with placebo. Consistent
with these findings, previously, it was demonstrated that curcumin
could intensify the NK cell cytotoxicity and killing activity (Trivedi
et al,, 2017). In a study, it was reported that Nanocurcumin could
boosted the function of NK cells by increasing the expression of CD16™"
and CD56%™ on NK cells and activation of STAT4 and STATS5 in NK cells
(Lee and Cho, 2018). Besides, another study has shown that curcumi-
noids could elevate the NK cells’ cytotoxicity and killing function by
stimulating the NK cells to secrete IFN-y (Fiala et al., 2015). Considering
the importance of the C5a complement fragment in the COVID-19
immunopathogenesis, serum levels of this mediator were evaluated in

10

the current study. We found significantly increased serum levels of C5a
in COVID-19 patients than in controls, which were significantly
decreased after treatment with Nanocurcumin compared to placebo. It
was demonstrated that C5a-C5aR involved in inflammatory responses
and development of coagulopathy in SARS-COV2 infected patients
(Risitano and Mastellos, 2020). Monocytes, macrophages, neutrophils,
NK and NKT cells expressing C5aR were recruited to the lungs by
binding to C5, which leads to the production of IL-1p, IL-6, and TNF-a
pro-inflammatory cytokines and subsequently cytokine storm (Bosmann
and Ward, 2012; Mastellos et al., 2020). Using anti-C5a antibody as a
treatment choice in patients supports the abovementioned facts by
elevating the lung oxygenation, mitigating the systemic inflammation,
and mediating clinical improvement (Gao et al., 2020). In line with our
obtained results, the increased serum levels of C5a have been reported
recently in COVID-19 patients which was correlated with disease
severity and were significantly higher in patients suffering from lung
damage and ARDS. Also, it was suggested that the elevated level of C5a
in the patients with the most-severe conditions has an important role in
developing the inflammation mostly in ARDS patients (Carvelli et al.,
2020; Gao et al., 2020).

5. Conclusion
The present study confirmed the presence of a dysregulated immune

response, including diminished frequency and function of NK cells in
addition to higher expression of inhibitory receptors and lower
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expression of stimulatory receptors in COVID-19 patients. The results of
Nanocurcumin therapy as an immunomodulatory agent demonstrated
that controlling the exaggerated immune response may improve NK cells
function and infected patients’ situation. Also, as a hopeful outcome,
Nanocurcumin could considerably decrease the mortality rate in treated
patients compared to the placebo-treated group. Therefore, Nano-
curcumin may be a helpful choice in modulating immune system dys-
regulated responses like increased NK cells in COVID-19 patients.
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