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      Background

      
				Infections of Zika (ZIKV), dengue (DENV), and chikungunya viruses
				(CHIKV) are presented with similar clinical symptoms; these often lead to misdiagnosis.
				Viremia levels and host immune responses may contribute to disease severity. This
				study was aimed to characterize the ability of ZIKV, CHIKV, and DENV to infect human
				peripheral blood mononuclear cells (PBMCs) and assess the expression of tumor
				necrosis factor (TNF)-α, interleukin (IL)-10, and interferon gamma-induced protein (IP)-10 genes in response to the viral infections.			


       


      Methods

      
				PBMCs were isolated from healthy donors using gradient centrifugation.
				Cells were infected with Indonesian isolates of ZIKV, CHIKV, and DENV for 48 hours.
				Plaque assays were performed to measure viable virus titers, while viral genomic RNA
				and the gene expression of TNF-α, IL-10, and IP-10 were determined using real-time
				quantitative reverse transcription-polymerase chain reaction.			


       


      Results

      
				The susceptibility of PBMCs to ZIKV, CHIKV, and DENV infection was
				observed, and the viable virus titer and viral genome quantity were found to be
				significantly higher in ZIKV and CHIKV. All viruses induced the expression of immune-related
				proteins. The TNF-α gene was upregulated by all viruses to relatively similar
				levels. IL-10 expression was highest in response to ZIKV, followed by CHIKV. In contrast,
				IP-10 expression was highly upregulated in DENV-infected cells and only moderately
				expressed in ZIKV- and CHIKV-infected cells.			


       


      Conclusions

      
				ZIKV, CHIKV, and DENV clinical isolates infected PBMCs with different
				levels of virus infectivity. The gene expression of IL-10 was highly upregulated in ZIKV
				infection and IP-10 in DENV infection.			
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				Indonesia is among the most vulnerable
				regions in Asia that suffering from arthropod-borne
				virus (arbovirus) outbreaks due to its climate and
				environment suitable for Aedes mosquitoes, which are
				the principal vector of the virus.¹ Zika (ZIKV), dengue
				(DENV), and chikungunya viruses (CHIKV) are three
				arboviruses which are considered major public health
				concerns because of their expanding geographical
				range and the high number of cases that may lead
				to severe clinical and epidemiological implications.²
				ZIKV, DENV, and CHIKV infections share similar clinical
				symptoms. Since DENV and CHIKV infections are more
				common in Asia and Africa, sometimes only a small
				number of clinicians are aware of ZIKV infections
				in humans. Moreover, only a few laboratories have
				ZIKV clinical testing capabilities.³ This situation may
				lead to clinical misdiagnosis in the areas where these
				viruses are present. Hence, enhancing our knowledge
				on the phenotypic differences between these viruses
				and identifying how they infect cells and induce host
				immune responses are useful to better understand the
				pathomechanisms of arboviruses infections.


				
				During the recent outbreak in Bali and Jambi,
				DENV, CHIKV, and ZIKV were isolated from patients
				with mild clinical manifestations.⁴⁻⁶ During the 2015
				dengue outbreak in Bali, notable clinical symptoms
				of malaise, nausea, loss of appetite, headache, and
				myalgia were observed in the majority of patients.⁶
				Both ZIKV and CHIKV, which were identified in Jambi
				during the dengue outbreak in early 2015, showed
				similar symptoms to DENV acute infection, such as
				fever and headache. However, ZIKV-infected patients
				had no rash, conjunctivitis, or peripheral edema, and
				CHIKV-infected patients did not show rash, arthralgia,
				or fever, which are hallmarks of the respective
				viruses.4,5 The analysis of distinct clinical symptoms
				in the acute phase of arbovirus-infected patients in
				Indonesia compared with the previous study on ZIKV,
				DENV, and CHIKV might provide useful information
				to help uncover the peculiar pathomechanisms and
				immune responses of the Indonesian population
				against the arboviruses.


				
				This study was aimed to investigate the
				characteristics of Indonesian ZIKV, DENV, and CHIKV
				infections using an in vitro infection model. The
				susceptibility of healthy human peripheral blood
				mononuclear cells (PBMCs) and the induced immune
				responses were analyzed by focusing on cytokine/chemokine gene expression. The susceptibility of
				PBMCs, which have been previously used in the study
				of arbovirus infections,7,8 was assessed by measuring
				virus replication using a plaque assay method and viral
				RNA genome detection. Also, the gene expression
				profiles of three immune-related proteins, including
				tumor necrosis factor (TNF)-α, interleukin (IL)-10,
				and interferon gamma-induced protein (IP)-10, were
				analyzed using relative quantification.						




			 

      
        METHODS

      


			
			 

			
				Human PBMCs were collected from the whole
				blood of healthy donors. The involvement of human
				subjects in this study was approved by the Eijkman
				Institute Research Ethics Commission number 125/2018.
				All donors provided a written informed consent
				before their enrollment in this study. All donors were
				healthy after meeting the criteria as follows: body
				temperature of 36.5–37.5°C, pulse rate of 60–100
				times/min, respiration rate 12–20 times/min, blood
				pressure of 90/60–120/80 mmHg (systolic/diastolic),
				with no hematological/anemia status, and not taking
				medication for any sickness. Based on Dengue NS1 and
				IgM/IgG detection, all donors were negative for dengue
				infection. The ZIKV strain JMB-185 (Asian genotype),
				CHIKV strain JMB-192 (Asian genotype), and DENV-2
				strain SJN-006 (Cosmopolitan genotype) were isolated
				from patients with mild clinical manifestations from
				Indonesia.⁴⁻⁶ Viruses were propagated in Vero cells
				(Cercopithecus aethiops, monkey kidney, ATCC® CCL-81™) to provide viral stocks for this study.


				
				Approximately 20 ml of venous blood was
				collected from three donors using an aseptic
				venipuncture technique, and this was later stored in
				heparin tubes (Vacuette®, Greiner Bio-One, Austria).
				The blood was diluted with Dulbecco’s phosphate-buffered
				saline (D-PBS) (Gibco, Thermo Fisher
				Scientific, USA) at a ratio of 1:2. The diluted blood
				was carefully added into 15 ml centrifuge tubes
				containing Ficoll-Paque PLUS (GE Healthcare, USA)
				solution to generate layers of blood on the top of
				Ficoll at a ratio of 6:4. Tubes were centrifuged for 40
				min at 400 × g in a centrifuge chamber set to 20°C.
				The buffy coat ring containing PBMCs was collected,
				pooled, washed with D-PBS (three times the volume
				of the PBMC suspension), centrifuged for 10 min at
				100 × g at 20°C, and resuspended in 1X Roswell Park
				Memorial Institute (RPMI) 1640 (Gibco) complete cell
				culture medium supplemented with 10% fetal bovine
				serum and 1% antibiotic/antimycotic solution (Gibco).
				The number of isolated PBMCs was measured using
				a hemocytometer (Neubauer Improved, Superior
				Marienfeld, Germany) and seeded in wells of 24-well
				plates (Corning, USA).


				
				A total of 1 × 10⁶ PBMCs/well was cultured in 1 ml of
				RPMI complete medium in 24-well plates, and before
				infection, cells were incubated overnight at 37°C with
				5% CO₂ for cell adaptation and resting. Cells were then
				infected with ZIKV, CHIKV, and DENV at a multiplicity
				of infection of one plaque-forming unit (PFU)/cell, such
				that one virus particle theoretically infected each cell.
				The positive/reactive and negative/uninfected controls
				were prepared by adding 1 μg/ml of lipopolysaccharide
				and RPMI complete medium only, respectively. PBMC
				infections were performed in duplicate for each group.
				The plates were incubated for 48 hours at 37°C with 5%
				CO₂ before the cells and supernatants were harvested.


				
				The plaque assay was performed to quantify
				the titer of the viable virus from PBMC infection
				experiments. Briefly, BHK-21 cells (Mesocricetus
				auratus, hamster kidney, ATCC® CCL-81™) in RPMI
				complete medium were seeded in 24-well plates at
				a density of 2 × 105 cells/well and incubated in a 37°C
				incubator with 5% CO2 for a 2-day incubation period.
				Cell monolayers was infected with 200 μl of the
				ten-fold serially diluted supernatant from the PBMC
				infection assay in duplicate and incubated for 60
				min at 37°C with 5% CO2 to allow virus adsorption.
				Inoculated wells were then aspirated and replenished
				by adding 0.5 ml of 1% carboxymethyl cellulose
				overlay. Plates were incubated for four (CHIKV) or
				five (ZIKV and DENV) days at 37°C with 5% CO2 to
				ensure similar plaque sizes. Cells were then fixed with
				3.7% formaldehyde solution for 30 min and visualized
				by staining using 1% w/v crystal violet (Sigma, USA) in
				distilled water. Plaques were counted manually and
				expressed as PFU/ml.


				
				Viral RNA from the supernatant was extracted using
				PureLink Viral RNA/DNA Mini Kit (Invitrogen, Thermo
				Fisher Scientific, USA) as per the manufacturers’
				procedures. Total RNA was extracted from cells using
				the RNeasy RNA extraction kit (Qiagen, Germany)
				as per the manufacturers’ protocol. Extracted RNA
				from both cell lysates and supernatants underwent
				quantification of the viral genome using a SuperScriptTM
				III PlatinumTM Green One-Step qRT-PCR Kit (Invitrogen),
				7500 Fast Real-Time PCR System (Applied Biosystems,
				USA), and target-specific primer sets as listed in Table 1.
				The relative quantity of viral RNA was measured based
				on the cycle threshold (Ct) value. The process was
				performed in duplicates.


				
				 

				
					
						
							Table 1.
						
						
							Primers used in the study
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				The extracted RNA templates were normalized
				to 50 ng/reaction, and they were used for cDNA
				preparation using a SuperScriptTM III Reverse
				Transcriptase System (Invitrogen) and oligo(dT)
				primer (Promega, USA) in a SimpliAmpTM Thermal
				Cycler (Applied Biosystems) at 42°C for 1 hour. The
				synthesized cDNA was stored at -20°C until use.
				Cytokine and housekeeping gene expression levels
				were determined by quantitative polymerase chain
				reaction (qPCR) using GoTaq® qPCR Master Mix
				(Promega) in a 7500 Fast Real-Time PCR System. The
				relative quantification analysis was performed to
				measure the expression of TNF-α, IL-10, and IP-10 genes
				normalized to human β-actin housekeeping gene and
				relative to the uninfected control using primers listed
				in Table 1. Relative gene expression was calculated
				based on Ct values using the 2-ΔΔCt method (Equation-1), where
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				SPSS version 25 (IBM Corp., USA) was used for
				all statistical analyses. The differences in viable virus
				quantification, viral RNA detection, and cytokine/chemokine gene expression were evaluated by oneway
				analysis of variance for mean comparisons of
				multiple groups with the Tukey–Kramer post-hoc
				test. A p-value of <0.05 was considered statistically
				significant. The results were presented as the mean
				(standard deviation [SD]).												



       

      
        RESULTS

      


			
			 

			
				The number of viable ZIKV, DENV, and CHIKV was
				measured as the number of viable viruses propagated
				and secreted into the supernatant by infected PBMCs
				48 hours after infection. As shown in Figure 1, the
				number of viable ZIKV, DENV, and CHIKV were 4.92
				× 10⁴ (1.23 × 10⁴), 8.04 × 10² (2.75 × 10²), and 5.00 × 10⁴
				(1.08 × 10⁴), respectively. Compared with DENV, the
				measured viable ZIKV and CHIKV were significantly
				higher (p<0.01).	
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							Figure 1.
						
						
							Viable virus counts (PFU/ml) following infection of
							PBMCs for 48 hours determined by plaque assay method.
							Data were obtained from three unrelated individual donors,
							and experiments were performed in duplicate. PFU=plaque-forming
							unit; ZIKV=Zika virus; DENV=dengue virus;
							CHIKV=chikungunya virus

							*Tukey–Kramer test, p<0.01						
					

				

				 

				

				
				To assess the ability of the viruses to infect and
				replicate within PBMCs, we quantified viral genomes
				using real-time quantitative reverse transcription-polymerase
				chain reaction (qRT-PCR). The intracellular
				virus genomes were quantified using RNA extracted
				from PBMC lysates. The relative RNA quantity of ZIKV
				was significantly higher compared with that of DENV
				and CHIKV (p<0.01) with Ct values of 15.84 (1.76), 23.16
				(1.85), and 23.75 (1.49), respectively (Figure 2a). In
				addition, DENV and CHIKV have shown a similar amount
				of viral RNA (Figure 2a). The relative quantity of the viral
				genomes in the culture supernatant was also measured
				using the same method. Similarly, the RNA quantity of
				ZIKV was also higher compared with that of CHIKV and
				DENV (p<0.01) with Ct values of 13.75 (1.03), 24.51 (1.19),
				and 19.65 (0.97), respectively (Figure 2b).	
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							Figure 2.
						
						
							Viral RNA detection in PBMC lysates (a) and culture supernatants (b) determined by qRT-PCR. Higher Ct value represents
							lower viral load. PBMC=peripheral blood mononuclear cell; qRT-PCR=quantitative reverse transcription-polymerase chain reaction;
							Ct=cycle threshold; ZIKV=Zika virus; DENV=dengue virus; CHIKV=chikungunya virus

							*Tukey–Kramer test, p<0.01						
					

				

				 

				

				
				The ability of ZIKV, CHIKV, and DENV to infect
				PBMCs was used as the basis to investigate the
				response of PBMCs against viral infections by
				assessing the expression of immune mediators.
				The gene expressions of TNF-α, IL-10, and IP-10 were
				measured using real-time qRT-PCR. Figure 3 shows
				the gene expression of these factors in ZIKV-, DENV-, and CHIKV-infected PBMCs. The expression of
				TNF-α was upregulated by 2.37 (2.01)-, 2.69 (1.46)-,
				and 3.65 (2.46)-fold, measured as mean fold change
				(SD), in PBMCs infected with ZIKV, DENV, and CHIKV,
				respectively, relative to the uninfected controls.
				However, no significant change in the expression of TNF-α
				gene was observed following infection by these viruses
				(p>0.05). In ZIKV- and CHIKV-infected PBMCs, the
				expression of IL-10 was upregulated by 3.53 (1.59)- and
				1.56 (1.09)-fold, respectively (Figure 3). Interestingly,
				IL-10 gene expression was significantly downregulated
				by 0.52 (0.29)-fold in DENV-infected PBMCs. The
				expression of the chemokine IP-10 varied among
				arbovirus-infected PBMCs. Specifically, IP-10 gene
				expression was highly upregulated in DENV-infected
				PBMCs by 107.80 (54.88)-fold, followed by ZIKV-
				(32.83 [20.51]-fold) and CHIKV-infected PBMCs (6.91
				[2.37]-fold). Overall, the infection of three arboviruses
				in PBMCs induced the expression of TNF-α, IL-10, and
				IP-10 to different degrees.						
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							Figure 3.
						
						
							Gene expression of TNF-α, IL-10, and IP-10 in PBMCs
							in response to ZIKV, CHIKV, and DENV infections determined
							by qRT-PCR. Data were shown as the mean (SD) from
							three individual donors in three independent experiments
							performed in duplicate. Statistical analysis using Tukey–Kramer test: *p<0.05; †p<0.01.
							PBMCs=peripheral blood mononuclear cells; ZIKV=Zika
							virus; DENV=dengue virus; CHIKV=chikungunya virus;
							LPS=lipopolysaccharide; qRT-PCR=quantitative reverse
							transcription-polymerase chain reaction; SD=standard
							deviation						
					

				

				 

				



			 

      
        DISCUSSION

      


			
			 

			
				Studying arboviruses found to be endemic
				in a country, as well as examining their genetic
				characteristics, may contribute to better understanding
				of disease dynamics. PBMCs were used as a model of
				arbovirus infections as this cell population, particularly
				monocytes and dendritic cells, is susceptible to ZIKV,
				DENV, and CHIKV infections.⁸⁻¹⁰ This study showed that
				ZIKV has an increased viral load compared with DENV
				in the amount of viable virus and relative viral quantity,
				both intra- and extra-cellular. These results indicated
				that ZIKV replicates more robustly in PBMCs than DENV
				during the 48 hours post-infection. Studies of ZIKV
				and DENV infections in humans have also shown that
				PBMCs, especially monocytes, are highly susceptible
				to ZIKV compared with DENV.¹¹ Similar to ZIKV, CHIKV
				exhibits a significantly higher viral titer compared with
				DENV, although they have a comparable viral load in
				terms of relative extracellular viral quantity. This result
				was consistent with a previous study that compared
				the growth kinetics of DENV and CHIKV.¹²


				
				PBMCs were found to be more susceptible to ZIKV
				and CHIKV than DENV in the acute infection phase even
				though all arbovirus specimens that were used in this
				study exhibit similar mild clinical manifestations.4–6
				Hence, the difference in viral load after incubation with
				PBMCs may indicate their efficiency in viral attachment
				and replication rates against immune cells. However,
				the detailed mechanisms contributing to the distinct
				viral kinetics cannot be elucidated without considering
				the response of the host immune cells.


				
				PBMCs have been widely used in infectious
				disease research as they display a vigorous cytokine/chemokine responses upon viral infection.7,8,13 Studies
				have reported that the concentrations of several
				cytokines/chemokines are elevated during the acute
				phase of infection by ZIKV.¹⁴ The variable profiles
				in cytokine/chemokine gene expression were also
				observed for DENV¹⁵ and CHIKV¹³ acute infections.
				This study simulated the arbovirus acute infection
				in which the incubation time for arbovirus-infected
				PBMCs lasted for 48 hours post-infection. Here, the
				relative gene expressions of cytokines/chemokines
				TNF-α, IL-10, and IP-10 were used as representatives of
				inflammatory cytokines, anti-inflammatory cytokines,
				and inflammatory chemokines, respectively.


				
				In this study, the upregulation of TNF-α cytokine
				gene expression was found to be similar following the
				infection of all three arboviruses. This result was similar
				to another study that showed ZIKV-infected PBMCs
				exhibited similar gene expression of TNF-α compared
				with DENV in HTR8 cells.⁸ The transient expression of
				TNF-α was also observed in PBMCs infected with ZIKV
				at 48 hours.⁹ Similarly, elevated TNF-α levels have also
				been observed in the sera of dengue hemorrhagic
				fever/dengue shock syndrome patients in the acute
				phase in Malaysia.¹⁶ Furthermore, TNF-α levels were
				marginally higher in patients in the acute phase of CHIKV
				infections compared with healthy controls.¹⁰ Overall,
				the obtained data suggest a similar inflammatory
				responses in PBMCs against arbovirus infections.


				
				Unlike TNF-α, different IL-10 gene expression
				profiles were observed during the arbovirus infection
				experiments in PBMCs. The anti-inflammatory
				mediator IL-10 was highly upregulated in ZIKV-infected
				cells but was downregulated in DENV-infected and
				moderately upregulated in CHIKV-infected cells. The
				upregulated expression of IL-10 in ZIKV-infected PBMCs
				supports previous study that observed the significant
				upregulation of IL-10 in an acute patient with a mild
				disease outcome.¹⁷ Regarding IL-10 downregulation
				in DENV-infected PBMCs, low expression of IL-10 has
				been found in dengue patients without warning signs
				but remained high in a patient with warning signs
				throughout the disease.¹⁸ Whether the low expression
				of IL-10 observed in this study is related to the nature
				of the DENV-2 strain used in this experiment, which
				only caused mild clinical manifestations,⁶ requires
				further examination. Meanwhile, the IL-10 expression
				level in CHIKV-infected PBMCs was found to be higher
				compared to uninfected cells. A similar result was
				observed in a previous study that analyzed IL-10 levels
				in a patient suffering from acute CHIKV infection.¹⁰
				The acute phase of CHIKV infection can be described
				in three stages, depending on the presence of IL-10 expression.
				Specifically, IL-10 is highly expressed during the viral
				stage (positive for CHIKV), gradually declines in the
				antibody initiation stage (IgM positive, IgG negative),
				and reaches the lowest level during the seroconversion
				stage (IgM positive, IgG positive).¹³


				
				IP-10 is a ligand of the chemokine receptor CXCR3
				and a chemoattractant of macrophages, monocytes,
				natural killer cells, T cells, and dendritic cells; it also
				promotes the adhesion of T cells to the endothelium.
				The elevated levels of IP-10, along with MIG, are
				found to be correlated with the Th1-type reaction.¹⁹
				Various degrees of IP-10 gene upregulation have been
				observed in arbovirus-infected PBMCs.¹⁴ In this study,
				IP-10 was highly upregulated in DENV-infected PBMCs.
				This result was in agreement with a previous study
				that measured IP-10 protein levels in the blood of a
				patient with acute DENV infection.¹⁶ Together with
				the downregulation of IL-10, highly expressed IP-10
				was observed in a DENV-infected patient with warning
				signs during the acute infection phase. Even so, the
				patient from which DENV was isolated only showed
				mild clinical manifestation similar to the patients in
				Malaysia.¹⁶ IP-10 was upregulated in CHIKV-infected
				PBMCs but lower than in DENV-infected cells. A similar
				profile was also reported in a study that measured
				the levels of IP-10 in the sera of CHIKV-infected
				patients.¹³ Interestingly, IP-10 is widely expressed in
				rheumatoid arthritis (RA) and other arthritis-related
				disease patients.²⁰ The use of IP-10 as a biomarker for
				RA symptoms may imply an analogous mechanism for
				joint deterioration in CHIK disease.²¹ In ZIKV-infected
				PBMCs, we observed a relatively lower induction
				compared to DENV and CHIKV. This observation is
				consistent with the low expression of IP-10 in ZIKV
				acute patients who were not from an endemic area,
				in which the level increased during patient recovery.¹⁴
				However, the findings from this study are in contrast
				with a report from patients in an endemic area,
				where IP-10 was found to be highly upregulated.²² The
				enhanced upregulation of IP-10 in ZIKV patients was
				associated with exanthema, which was previously
				observed from patients in an endemic area²² but not
				in this study.


				
				An early inflammatory response may occur
				when the arbovirus is actively replicating, but then
				it decreases due to a counter anti-inflammatory
				response when the virus has been eliminated
				from the system. In this study, the upregulation of
				inflammatory markers IL-10 and IP-10 in both ZIKV and
				CHIKV infections was observed. However, the same
				did not occur in DENV-infected PBMCs, wherein IL-10
				expression was found to be low and IP-10 was high.
				This condition may reflect the acute phase of the
				infection as it has been previously reported that the
				level of IL-10 only peaked during the late stage of the
				disease, whereas IP-10 remained continuously high
				during disease progression.²³


				
				Limitations to this study include the examination
				of an incomplete set of cytokines/chemokines and
				the limited number of donors. Therefore, further
				investigations are needed to obtain the complete
				profiles of cytokine/chemokine responses. However,
				this study is the first to directly compare the cytokine/chemokine gene expression profiles in PBMCs in response
				to infection by Indonesian strains of ZIKV, DENV, and
				CHIKV.


				
				In conclusion, this study shows that ZIKV was the
				most infective due to its high viral load and relative
				intra- and extra-cellular viral quantity compared with
				the other two viruses, DENV and CHIKV. Cytokine/chemokine gene expression levels were differently
				induced upon virus infection. Specifically, IL-10 and IP-10 were found to be highly upregulated in ZIKV and
				DENV infections, respectively. DENV-infected PBMCs
				exhibited the most rigorous inflammatory response
				compared to ZIKV and CHIKV, which possibly explains
				the low level of DENV viral load 48 hours post-infection.
				The differences in the induced immune responses may
				be used as a basis to propose biomarkers for diagnostic
				tests that will help in differentiating between ZIKV,
				DENV, and CHIKV infections.									
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