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ABSTRACT 

 

 

 

MACROPHAGE IMMUNOMETABOLISM DURING FLAVIVIRUS INFECTION 

 

 

 

Dengue virus (DENV) and Zika virus (ZIKV) are mosquito borne flaviviruses that are 

transmitted by the Aedes spp. mosquito and have caused outbreaks in Africa, Asia, the south 

Pacific, and the Americas. Infection with DENV can cause severe illness, such as dengue 

hemorrhagic fever and dengue shock syndrome, while infection with ZIKV can result in 

congenital abnormalities, such as microcephaly, and spontaneous abortions. Although disease 

outcome for these viruses is markedly different, both DENV and ZIKV both target monocytes 

and macrophage for pathogenesis. Macrophage are among the first cells to be infected by DENV 

and ZIKV and are disseminated throughout the body. While macrophage are an important cell in 

flavivirus pathogenesis, the mechanisms by which viruses modulate macrophage function are not 

fully understood. In this dissertation, I present data that attempts to explain the interaction 

between macrophage and flaviviruses, as well as investigate the mechanisms in which DENV 

and ZIKV control macrophage gene expression and metabolism.  

The most widely used macrophage cell line, THP-1 cells, are cultured as immature 

monocytes. To become naïve macrophage, these cells are treated with phorbol 12-myristate- 13 

acetate (PMA). Once THP-1 monocytes are differentiated into naïve macrophage, they can be 

polarized into different macrophage subsets. Even though THP-1 macrophage are widely used, 

the protocols in which to differentiate and polarize cells are not consistent. In chapter 2, we 

optimize methods to differentiate and polarize THP-1 cells. We measure gene expression and 

cellular metabolism during differentiation and polarization to characterize macrophage 
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phenotype. These data, coupled with published literature, show that this model is a reliable 

system to study macrophage biology and flavivirus-macrophage interactions. We use the 

methods developed in this aim throughout the dissertation.   

Macrophage metabolism and phenotype determine immune function. Inflammatory (M1) 

macrophage are inflammatory and mount a strong anti-viral response, while anti-inflammatory 

(M2) macrophage dampen anti-viral responses. Viruses can alter macrophage phenotype for 

efficient replication and immune evasion. In chapter 3 we elucidated the role of macrophage 

polarization on DENV replication, showing that M1 macrophage have suppressed DENV 

replication while M2 macrophage support replication. In addition, we characterized the impact of 

DENV infection on M1 and M2 gene expression and metabolism. DENV infection resulted in an 

upregulation of inflammatory and anti-inflammatory genes in both M1 and M2 macrophage. 

Infection resulted in similar metabolic profiles in M1 and M2 cells, suggesting that DENV 

infection reprograms cellular metabolism in a way that is favorable for replication, regardless of 

macrophage phenotype. The key difference between M1 and M2 cells was the upregulation of 

interferon genes, where M1 mounted a strong interferon response, M2 mounted a subdued 

response. The difference in the interferon response could explain the difference in DENV 

replication observed in the two phenotypes. These data add to the ongoing literature on 

immunometabolism and its impact on viral pathogenesis. 

Cyclin dependent kinase 8 (CDK8) and CDK19 are transcriptional cofactors that regulate 

expression of inflammatory and anti-inflammatory genes. In addition, inhibition of CDK8/19 

during DENV infection leads to decreased replication, as well as metabolic shifts in Huh7 cells, 

a liver cell line. In chapter 4, we investigate the role of CDK8/19 on viral replication and 

inflammatory/ anti- inflammatory gene expression. We found that inhibition of CDK8/19 kinase 
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activity increased DENV replication and anti-inflammatory gene interleukin 10 (IL-10) 

expression. In contrast, inhibition of kinase activity decreased expression of inflammatory genes 

C-X-C motif chemokine ligand 10 (CXCL10). Furthermore, I found distinct mechanisms for each 

kinase through analysis of DENV-infected CDK8 and CDK19 knockdown cells. Knockdown of 

CDK8 mimics chemical inhibition of CDK8/19, while knockdown of CDK19 did not change 

expression in CXCL10 or IL-10. These data indicate that CDK8 and CDK19 regulate the 

transcription of different genes during DENV infection in macrophage. These data contribute the 

basic understanding of CDK8/19 regulation during viral infection.  

Macrophage phenotype plays a large role in ZIKV pathogenesis, where macrophage 

found near the placenta are an anti-inflammatory phenotype and are susceptible to infection. In 

chapter 5, we investigated the role of cyclin dependent kinase 8 and phenotype in Zika virus 

pathogenesis. We found CDK8 gene expression increase throughout infection, while CDK8 

kinase inhibition decreased viral replication. Furthermore, inhibiting CDK8/19 kinase activity 

led to a decrease in CXCL10 and an increase in IL-10, as seen in a DENV model of infection. We 

also found that M2 macrophage were more susceptible to infection than M0 or M1. These data 

suggest that CDK8/19 kinase activity could be a pan-flavivirus mechanism to regulate host gene 

expression during infection. 
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CHAPTER 1: OVERVIEW OF THE LITERATURE 

 

 

 

In this chapter, I summarize concepts that are important background for my research. I 

summarize the dengue virus (DENV) genome, proteins, and lifecycle. Next, I give an overview 

about cellular metabolism and how it relates to DENV infection and replication. I give an 

overview of the host response to infection, focusing on the role of macrophage during the 

initiation and resolution of inflammation. I go into depth about macrophage phenotypes and their 

distinct metabolism. Lastly, I review the literature on cyclin dependent kinase 8 and cyclin 

dependent kinase 19 and their role in viral infection.  

1.1 Dengue virus  

Dengue virus (DENV) is the leading cause of arthropod borne viral disease in the world 

(Diamond & Pierson, 2015). DENV outbreaks have been reported throughout the world, with 

cases primarily occurring in the Americas, Africa, south Asia, and the Pacific islands (S. Bhatt et 

al., 2013). The global burden of DENV has been increasing over the past 30 years, with 

estimates at 50-100 million infections worldwide in 1988, to 400 million infection in 2013 (S. 

Bhatt et al., 2013). There are four DENV serotypes (DENV1-4) circulating in the tropic and sub 

tropic regions that can cause illness (Diamond & Pierson, 2015; S. K. Roy & Bhattacharjee, 

2021). While the majority of infection leads to asymptomatic or mild disease, 5% of infections 

can lead to severe illness, with 2.5% of those leading to death (Pang, Mak, & Gubler, 2017). 

Severe illness is manifested by either a hemorrhagic fever (dengue hemorrhagic fever, DHF) or 

by shock (dengue shock syndrome, DSS). DHF and DSS are characterized by the onset of 

capillary leakage and thrombocytopenia, which causes bleeding into the skin and gastrointestinal 

tract and are often fatal (Halstead, 2007).  
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Infection caused by these serotypes are a significant public health concern, with 13,500 

fatal cases globally and an annual economic burden of 8.89 billion US dollars globally (Shepard, 

Undurraga, Halasa, & Stanaway, 2016). Elucidating the interactions between the immune cells 

and flaviviruses may eventually lead to development of effective therapeutics. Understanding the 

impact of cellular environment on DENV replication, as well as the impact DENV has on 

cellular homeostasis, is vital to understanding DENV immune evasion and pathogenesis. 

1.1a DENV genome and proteins 

 DENV is a member of the Flaviviridae family and is an enveloped single stranded 

positive-sense RNA virus surrounded by a host-derived lipid membrane, covered by surface 

envelope proteins. It possesses an 11-kb long genome that encodes a single polyprotein, which is 

cleaved into 3 structural proteins (C, PrM and E) and 7 nonstructural proteins (NS1, NS2A, 

NS2B, N3, NS4A, NS4B and NS5).   

The structural proteins are involved in nucleocapsid formation, membrane formation, 

maturation and envelopment of the virion (Nanaware et al., 2021). The capsid protein is a 12-

kDa protein that functions as a homodimer with each monomer possessing 4 alpha helical 

regions (Byk & Gamarnik, 2016). The main function of the capsid protein is to encapsulate the 

genome into the virion, creating the nucleocapsid (Byk & Gamarnik, 2016; Oliveira, Mohana-

Borges, de Alencastro, & Horta, 2017). This interaction is critical for viral replication, as the 

reversal is necessary for genome release within the cell (Byk & Gamarnik, 2016).  

The precursor M (prM) protein and the envelope protein (E) are associated on the 

immature virus particle and form 60 trimeric spikes on the capsid (Li et al., 2008). The prM 

protein is a 26 kDa protein that consists of a N-terminal domain, the predomain, followed by the 

M domain, a flexible structure that forms the membrane of a mature virus particle (Li et al., 
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2008). The predomain contains seven β-strands that conceal the fusion loop of the E protein and 

prevent fusion of the immature virus particle with the host membrane in the trans-Golgi network 

and exosomes (Yu et al., 2009; Yu et al., 2008). Inside the Golgi apparatus, the prM protein is 

cleaved by the host furin protein (Yu et al., 2009). After cleavage, the pr protein is no longer 

attached to the viral particle, while the M protein is still associated, but not exposed on the 

surface. The rearrangement of the M protein causes the E protein to form homodimers, giving 

the mature virion its characteristic “smooth” shape (Yu et al., 2009; Yu et al., 2008). The E 

protein (53 kDa) will forms a trimer once it binds onto to cells surface receptors (Bressanelli et 

al., 2004; Modis et al., 2004). Once inside an endosome, the low pH causes the E protein to 

reveal a fusion peptide, which becomes inserted into the cell membrane and releases the viral 

genome into the cytoplasm (Bressanelli et al., 2004). 

Nonstructural (NS) proteins are responsible for viral replication and evasion of anti-viral 

responses.  NS1 is a 48 kDa glycosylated protein that is the only DENV protein to be secreted 

from the cell. NS1 is secreted as a hexamer (H. R. Chen, Lai, & Yeh, 2018), which is composed 

of three dimers and resembles a high-density lipoprotein (Gutsche et al., 2011). The similarity 

between NS1 and a high-density lipoprotein is thought to disrupt coagulation by interfering with 

the synthesis of endogenous lipoproteins (Gutsche et al., 2011). NS1has been shown to induce 

vascular leakage (Malavige & Ogg, 2017), either through interaction with toll like receptor 4 

(TLR-4) (Modhiran et al., 2015), which releases inflammatory cytokines, or through disruption 

of the endothelial glycocalyx by induction of heparanase-1 (Glasner et al., 2017; Puerta-Guardo, 

Glasner, & Harris, 2016). Intracellular NS1 is also required for viral replication (Płaszczyca et 

al., 2019) and infectious particle assembly (Fan, Liu, & Yuan, 2014; Songprakhon et al., 2020). 
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NS2A is a 22kDa endoplasmic reticulum (ER) associated transmembrane protein, with 5 

transmembrane regions, spanning from the N-terminal domain in the ER lumen to the C terminal 

domain in the cytosol (Xie et al., 2013). NS2A recruits structural proteins, a protease complex 

and the viral genome to sites of virion assembly where the encapsulation of the genome and 

assembly of the virion take place (Xie et al., 2019).  

NS2B is a 15 kDa protein with four transmembrane regions, with both the N and C 

termini located in the cytoplasm. The hydrophilic domain of NS2B is a cofactor for the 

NS2B/NS3 serine protease, where it cleaves the DENV polyprotein between NS2A/NS2B, 

NS2B/NS3, NS3/NS4A, NS4A/NS4B and internal cleavage at C protein, NS2A, NS3 and NS4A 

(Gopala Reddy et al., 2018).  The NS2B/NS3 protease targets the stimulator of the interferon 

gene (STING) protein, preventing a type I interferon response in infected cells (Aguirre et al., 

2012). This protease also targets cyclic GMP/AMP synthase (cGAS) for proteolysis to avoid 

detection by mitochondrial DNA sensors (Aguirre et al., 2017). The NS2B/NS3 protease has 

been shown to cleave host mitofusions, which alters mitochondrial function and inhibits anti-

viral response to infection (Yu et al., 2015) . 

NS3 is the second largest DENV nonstructural protein at 70 kDa. NS3 functions as a 

protease with NS2B and a single stranded RNA (ssRNA)-activated NTPase and helicase (Cui et 

al., 1998; Li et al., 1999). It associates with NS2B at the N terminal domain and is a NTPase- 

helicase for the remaining 70% of the protein (Matusan et al., 2001; Swarbrick et al., 2017). NS3 

has also been shown to induce shifts in cellular metabolism. NS3 recruits fatty acid synthase 

(FASN) to the site of replication to increase fatty acid synthesis for ER remodeling (Heaton et 

al., 2010). It also binds  to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and reduces 

glycolytic activity and shifts cellular metabolism to non-glycolytic pathways (Silva et al., 2019).  
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NS4A is a 16 kDa protein that associates with the ER through three transmembrane 

regions. The C terminal domain is located in the ER, where it acts as a signal for translocation of 

NS4B into the ER (Miller et al., 2007).  NS4A creates replication complexes by inducing 

membrane rearrangement through oligomerization with a host protein, reticulon 3.1 (Aktepe & 

Mackenzie, 2018; S. Miller & Krijnse-Locker, 2008; Stern et al., 2013). Furthermore, NS4A 

forms replication complexes by interacting with a host scaffolding protein, vimentin (Teo & 

Chu, 2014). NS4A also interacts with ancient ubiquitous protein 1 (AUP1), an ER-associated 

protein correlated with increased levels of lipid droplets, to increase its acetyltransferase activity 

and trigger lipophagy (Jingshu Zhang et al., 2018), which has been shown to be advantageous for 

viral replication (Jordan & Randall, 2017).  

Only a 2-kDa region separates NS4A and NS4B (referred to as 2K). Though this region is 

not involved in the formation of the replication complexes, the cleavage of the 2K region is 

important for the induction of membrane alterations (Miller et al., 2006; Zou et al., 2015). The 

2K region also defines the C terminal region of NS4A and the N terminal region of NS4B (Zou 

et al., 2015). NS4B is a 27-kDa protein that is associated with the ER membrane through five 

transmembrane domains (Gopala Reddy et al., 2018; Zou et al., 2015). NS4B forms a 

homodimer and associates with NS1 and NS4 to modulate virus replication (Giraldo et al., 2018; 

Gopala Reddy et al., 2018; Płaszczyca et al., 2019). Furthermore, NS4B associates with NS3 in 

the perinuclear region of cells, where it dissociates NS3 from ssRNA, enhancing NS3 helicase 

activity (Umareddy et al., 2006). As seen with other DENV nonstructural proteins, NS4B alters 

mitochondrial function; it enhances mitochondrial elongation and decreases mitochondrial 

fission, which promotes viral replication (Barbier, Lang, Valois, Rothman, & Medin, 2017; 

Chatel-Chaix et al., 2016).  
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NS5 is the most conserved and largest nonstructural protein at 103 kDa. The C- terminal 

domain mainly functions as an RNA-dependent RNA polymerase (RdRp), which replicates the 

viral genome (Iglesias, Filomatori, & Gamarnik, 2011; Kapoor et al., 1995; Klema et al., 2016). 

The N-terminal domain functions as a methyl transferase that caps viral RNAs during 

transcription (Issur et al., 2009; Klema et al., 2016; L. Liu et al., 2010). NS5 also associates with 

NS3 to form a replicase complex in the ER (Kapoor et al., 1995). Though it replicates viral 

mRNA in replication complexes in the ER, NS5 is primarily found in the nucleus (Kapoor et al., 

1995; S. Miller et al., 2006), and while the full significance of this localization remains unclear, 

NS5 has been shown to disrupt splicing by interacting with host spliceosomes in the nucleus (De 

Maio et al., 2016) and has been associated with an increase in IL-8 production, a cytokine that 

has been correlated with severe dengue cases (Medin et al., 2005; Rawlinson et al., 2009; Soo et 

al., 2019). NS5 also antagonizes polymerase associated factor 1 complex (PAF1C) to restrict an 

anti-viral immune response (Petit et al., 2021). In addition, NS5 blocks the type I interferon 

response by binding the signal transducer and activator of transcription 2 (STAT2) and targeting 

it for proteasomal degradation (Ashour et al., 2009).  

1.1b DENV life cycle 

 The first step in DENV replication is the binding of the virus onto cellular receptors on 

the cell surface. The DENV E glycoprotein interacts with cell surface receptors. Multiple cell 

factors have been identified as receptors for DENV entry. The receptor type is serotype and host 

cell dependent (Cruz-Oliveira et al., 2015), but adhesion molecule of dendritic cells (DC-SIGN), 

CD14, heat- shock proteins 70 and 90 (HSP 70/90), as well as mannose receptors have been 

identified as receptors in monocytes and macrophage (Chen, Wang, & King, 1999; Miller et al., 

2008; Reyes-del Valle et al., 2005; Tassaneetrithep et al., 2003;)  Pokidysheva et al., 2006).  
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After DENV attaches to receptors, the virus particle is endocytosed via clathrin-mediated 

endocytosis (Acosta, Castilla, & Damonte, 2012; Krishnan et al., 2007). Once inside the cell, the 

endosome carrying the virus is delivered to early endosomes (Smit, Moesker, Rodenhuis-Zybert, 

& Wilschut, 2011). The exposure to an acidic endosomal environment causes the E protein to 

undergo confirmational change and reveal a fusion peptide (Bressanelli et al., 2004; Modis et al., 

2004). The fusion peptide fuses the viral membrane with the endosomal membrane, creating a 

pore and releasing the nucleocapsid into the cytoplasm (Pierson & Kielian, 2013).  

Once in the cytoplasm, the capsid protein dissociates from the genome, which frees the 

RNA for direct viral translation (Byk & Gamarnik, 2016).  Viral translation takes place on the 

rough ER by host ribosomes. Translation is usually initiated by the recognition of a m7GpppN 

cap structure at the 5′ end of mRNAs, but DENV also exhibits the ability to undergo cap 

independent translation (Edgil et al., 2006). This cap independent translation is internal 

ribosomal entry site (IRES) independent and involves both the 3’ and 5’ untranslated regions 

(UTR) (Edgil et al., 2006). Translation is carried out by ER associated host proteins and results 

in a polyprotein (Reid et al., 2018). This polyprotein is cleaved into the 10 viral proteins by the 

NS2A/NS3 protease (Gopala Reddy et al., 2018).  

The prM and E protein assemble on the ER lumen, while the nonstructural proteins 

rearrange the surface of the ER to create replication complexes. The replication complexes are 

made of viral and host protein which come together within vesicles in the endoplasmic 

reticulum, near the nucleus (Den Boon & Ahlquist, 2010). During replication the viral genome 

takes on two forms, a linear form, and a circular form (Gamarnik & Andino, 1998). The linear 

form is for translation and protein synthesis, while the circular form is solely for replication 

(Gamarnik & Andino, 1998). NS3 forms a complex with NS5 and unwinds RNA while NS5 
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transcribes RNA (Kapoor et al., 1995). Replicating in these vesicle packets is beneficial to the 

virus because the intermediary dsRNA is shielded from the innate immune response (Morrison, 

Aguirre, & Fernandez-Sesma, 2012).  

 Structural proteins are recruited to the ER by NS2A, where the capsid protein 

encapsulates the genome, creating the nucleocapsid (Byk & Gamarnik, 2016). The immature 

viral particle buds from the ER, containing a host lipid membrane embedded prM and E proteins 

(Kuhn et al., 2002). Once in the slightly acidic golgi network, the E protein dimerizes, exposing 

the pr protein for furin mediated cleavage (Bressanelli et al., 2004). The M protein undergoes a 

conformational change and shifts cells from spiky appearance to a smooth one, which is a sign of 

a mature viral particle (Yu et al., 2009; Yu et al., 2008).  The cleavage of the pr protein exposes 

the fusion loop on the E protein, which allows the virion to bud be secreted from the cell (Li et 

al., 2008).  

 
Figure 1.1: DENV replication cycle. DENV binds onto cell receptors and enters the cell via 

clathrin-mediated endocytosis. Once the pH in the endosome drops, the virion undergoes a 

confirmational changes. These confirmational changes allow the membrane of the virion to fuse 
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to the endosomal membrane and release the viral genome into the cytoplasm. The viral genome 

traverses to the endoplasmic reticulum, where it undergoes translation of viral proteins. These 

viral proteins are assembled into an immature virion and translocate through the golgi network, 

where it matures. Then the virus is released into the extracellular space. Adapted from image on 

BioRender.com. 

 

 

1.1c Cellular metabolism 

Glucose is one of the main carbon sources used for glycolysis and is transported into the 

cell via glucose transporters (GLUT 1-4). Once inside the cell, glucose is phosphorylated by 

hexokinase enzymes (HKI-IV) and converted into glucose- 6- phosphate (G-6-P). G-6-P and can 

either be shuttled into the pentose phosphate pathway (PPP) or continue through glycolysis 

(DeBerardinis et al., 2008). If G-6-P is diverted to the PPP, it will undergo a series of oxidations 

and will ultimately fuel and aid in the synthesis of ribose-5-phosphate and erythrose 4-phosphate, 

precursors for nucleotides and amino acids, respectively (DeBerardinis et al., 2008).  If G-6-P 

continues through glycolysis, it will eventually be converted into two ATP molecules and two 

pyruvates. The pyruvate molecules undergo dehydrogenation, which results in one molecule 

CO2, one molecule NADH and one molecule acetyl CoA. The acetyl CoA will be shuttled into 

the TCA cycle by carnitine palmitoyltransferase 1A (CPT1a).  

The TCA cycle occurs within the inner membrane of the mitochondria and is responsible 

for the majority of cellular oxidation (Akram, 2014). When acetyl CoA enters the TCA cycle, the 

acetyl group is transferred to oxaloacetate, creating citric acid. Citric acid is dehydrogenated to 

form a-Ketoglutarate, which also undergoes dehydrogenation to form succinate. Succinate is 

converted back into oxaloacetate, which can accept the acetyl group form acetyl CoA, finishing 

the cycle (Akram, 2014; Martínez-Reyes & Chandel, 2020). The eight steps of the TCA cycle 

result in three NADH molecules, one GTP and one FADH2 molecule. NADH and FADH2 

transfer the electrons to the electron transport chain where they pass through a series of electron 
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acceptor and donator molecules (Martínez-Reyes & Chandel, 2020). As the electrons pass 

though these molecules, they fall into lower energy states. The energy loss pumps protons across 

the membrane, generating a proton gradient. The proton gradient generates energy for ATP 

synthetase to phosphorylation ADP to ATP. 

Fatty acids support the creation of lipid material in the cell and is crucial for the 

formation of cellular membranes. Fatty acid synthesis starts when acetyl-CoA and malonyl-CoA, 

intermediates from the TCA cycle, are converted into palmitate by FASN. Palmitate can be 

metabolized into long chain fatty acids that can be used for membrane synthesis or converted 

into lipid droplets (Sanchez & Lagunoff, 2015). Cells can utilize the fatty acids in these lipid 

droplets for energy. Fatty acid oxidation is the process in which fatty acids in lipid droplets can 

be broken down for membrane generation or for energy acquisition (Sanchez & Lagunoff, 2015). 

Each molecule of fatty acid undergoes beta oxidation, a process in which carbons are removed 

from the carboxyl end of fatty acids, resulting in a molecule of acetyl CoA. Acetyl CoA is 

transported to the mitochondria by CPT1a where it enters the TCA cycle.  

1.1d DENV induced metabolism shifts 

Viruses trigger metabolic reprogramming in host cells to access macromolecules needed 

for viral replication and virion production (Goodwin, Xu, & Munger, 2015; Thaker, Ch’ng, & 

Christofk, 2019). Virus infected cells increase the rate of glycolysis, which produces increased 

levels of macromolecules for virion biosynthesis (Sanchez & Lagunoff, 2015; Thaker et al., 

2019). Viruses also regulate rates of lipid metabolism to increase availability of ATP, which aids 

in viral replication (A. P. Bhatt et al., 2012; Syed, Amako, & Siddiqui, 2010).   

Increased glucose metabolism increases ATP and biosynthetic precursors for virus 

genome replication (Sanchez & Lagunoff, 2015). Upon infection, DENV2 upregulates the 
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expression of glycolytic enzymes, GLUT1, HKI and HKII (Fontaine et al., 2015; Butler et al., 

2020). The increased expression of these genes is correlated with increases in viral replication, 

indicating that glycolysis is necessary for viral replication (Butler et al., 2020; Fontaine, 2015). 

Furthermore, inhibition of glycolysis decreases viral RNA synthesis and infectious particle 

production (Fontaine et al., 2015). DENV also increases glucose metabolism for an energy 

source for oxidative phosphorylation (Fernandes-Siqueira et al., 2018). 

DENV2 increases lipid metabolism to aid in viral replication, virion production and 

packaging (Butler et al., 2020; Fernandes-Siqueira et al., 2018; Heaton & Randall, 2010). 

DENV2 alters fatty acid oxidation and synthesis by control of FASN (Heaton et al., 2010). 

Specifically, DENV2 NS3 recruits FASN to sites of viral replication to stimulate fatty acid 

synthesis. This leads to a remodeling of membranes and establishment of replication complexes 

(Heaton et al., 2010). Furthermore, loss of acyl-CoA thioesterase, an enzyme that processes fatty 

acyl CoA, results in decreased DENV RNA and infectious particle production (St Clair et al., 

2022). DENV2 induces lipophagy to release free fatty acids from lipid droplets for beta-

oxidation and membrane production for ER expansion and the energy demands of replication 

(Jordan & Randall, 2017; Zhang et al., 2018). To respond to increased energy demands, DENV 

also increases oxidative phosphorylation and mitochondrial respiration (Butler et al., 2020). 

1.2 Host response to infection 

The inflammatory response is one of the first lines of defense the body mounts against a 

pathogen. Inflammation is initiated once DENV single stranded RNA is recognized by cellular 

sensors, mitochondrial antiviral signaling protein (MAVS) and retinoic acid-inducible gene 



 

12 

 

 

Figure 1.2: An overview of cellular metabolism. Glucose enters the cell through a glucose 

transporter and is converted into Glucose -6-phosphate by hexokinase enzymes. From here it can 

enter the pentose phosphate pathway, where it will fuel the synthesis of amino acid and 

nucleotides. If the G-6-P molecule continues through glycolysis, it will ultimately be converted 

into acetyl CoA. Once inside the mitochondria, the acetyl group is transferred to oxaloacetate to 

create citrate during the TCA cycle. Citrate will be broken down through a series of 

decarboxylation and oxidations, which result in NADH and FADH2. These molecules will 

donate their electrons electron transport chain, which will create a proton gradient, that can 

provide energy to reactions like the phosphorylation of ADP to ATP. DENV has been shown to 

alter glycolysis, fatty acid synthesis and oxidative phosphorylation during infection. Figure made 

using BioRender.com. 

 

 

1(RIG-I) (Nanaware et al., 2021). This detection leads to the activation of monocytes, and 

macrophages, which secrete pro-inflammatory mediators, such as tumor necrosis factor alpha 

(TNFα) and C-X-C motif chemokine ligand 10(CXCL10) (Bennett et al, 2018). Natural killer 

(NK) cells, which lyse infected cells, are recruited to the site of infection by TNFα and CXCL10. 

NK cells are critical in preventing DENV replication by initiating the interferon response early in 
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infection (Nanaware et al., 2021; Vivier et al., 2008). Neutrophils are recruited to the site of 

infection by the secretion of interleukin 8 (IL-8), TNFα and interferon beta (IFNβ). These cells 

phagocytize pathogens, produce reactive oxygen species (ROS) that kill pathogens and clear 

infected cells (Rosales, 2018). Inflammatory cytokines and chemokines, as well as the 

recognition of PAMPS, activate inflammatory macrophage and dendritic cells (DCs) (Mosser & 

Edwards, 2008; Murray, 2017). These cells are antigen presenting cells (APCs) whose main 

function during inflammation is to phagocytose, process and present pathogens to T cells in the 

lymph nodes (Barker et al., 2002). Macrophage and DCs will migrate to the lymph nodes from 

the site of infection and present antigens to CD4+ T cells though MHC class II molecules 

(Barker et al., 2002). In addition to antigen presentation, macrophage and DCs secrete interferon 

gamma (IFNγ) to aid in the activation of effector T cells. The antigen presentation, coupled with 

binding of MHC class II and the binding of IFNγ onto the interferon gamma receptor (IFNRG) 

on T cells, activate naive CD4+ T cells to effector CD4+ T cells (Castro et al., 2018). 

Effector T cells secrete interleukin 2 (IL-2) and IFNγ. IFNγ further activates macrophage 

(in a positive feedback loop) and activates cytotoxic T cells (CTLs) in combination with IL-2 

(Castro et al., 2018). CTLs recognize infected cells via binding of MHC class I and respond to 

infected cells by secreting perforins and granzymes, which induce apoptosis (Ito & Seishima, 

2010). The secretion of IL-2 and IFNγ by effector CD4+ T cells also activates B cells. Upon 

activation, B cells produce nonspecific IgM, which can activate the compliment pathway and 

lead to opsonization and death of infected cells (Quartier et al., 2005). Next, DENV specific 

IgGs, secreted by B cells, bind to the DENV NS1, E and prM proteins (Nanaware et al., 2021). 

Macrophage recognize the bound antigen-antibody complex via the Fc region of the IgG 

molecule and phagocytose the complex (Modhiran, Kalayanarooj, & Ubol, 2010).   



 

14 

Clearance of apoptotic cells by neutrophils and macrophage initiates the resolution of 

inflammation (Ortega-Gómez et al., 2013). During this resolution, cells are shifting from a pro-

inflammatory state to an anti-inflammatory state.  Pro-inflammatory chemokine and cytokine 

gene expression is being inhibited, while chemokines in the extracellular space are being 

sequestered (Ortega-Gómez et al., 2013; Sugimoto et al., 2016).  Importantly, during resolution 

macrophage are reprogramed from an inflammatory phenotype to an anti-inflammatory 

phenotype (Ortega-Gómez et al., 2013; Sugimoto et al., 2016).  

1.2a Macrophage role during infection 

Macrophage have three main functions in inflammation: phagocytosis, antigen 

presentation and immunosuppression (Fujiwara & Kobayashi, 2005). The first two functions are 

primarily carried out by classically activated macrophage (M1), while immunosuppression is 

carried out by alternatively activated macrophage (M2) (Sica & Mantovani, 2012). 

M1 macrophage are pro-inflammatory macrophage involved in the initiation of 

inflammation. These inflammatory macrophage combat viral and bacterial infection by 

producing ROS, phagocytosing pathogens and inducing the type 1 and type 2 interferon response 

(Murray, 2017; Nikonova et al., 2020). M1 macrophage are activated by inflammatory mediators 

IFNγ and TNF in combination with the binding of PAMPS on TLRs (Mosser & Edwards, 2008; 

Murray, 2017). IFNγ leads to the activation of the Janus kinase (JAK)-STAT pathway, which is 

required for phagosome maturation and phagocytosis (Albieri et al., 2005; Zhu, Zhou, Jiang, & 

Zhang, 2015). In addition to phagocytosis, IFNγ stimulates monocyte chemoattractant protein-1 

(CCL2)-dependent migration to lymph nodes (Hu, Park-Min, Ho, & Ivashkiv, 2005). Once in the 

lymph node, M1 macrophage present antigens to T cells vial MHC-II receptors and activate 

naïve T cells to effector T cells (Murray, 2017). Within the context of DENV infection, an influx 
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of M1 macrophage in the brains of infected mice is associated with severe viral encephalitis 

(Jhan et al., 2021). Furthermore, CXCL10, a chemokine secreted by M1 macrophage, can 

decrease viral infection of cells by competing for a co-receptor DENV uses for cell entry. (Ip & 

Liao, 2010). 

M2 macrophage are immunosuppressive macrophage involved in the resolution of 

inflammation. These anti-inflammatory macrophage aid in inhibiting the production of 

inflammatory mediators, suppression of antigen presenting M1 macrophage and promotion of 

wound healing (Gordon & Martinez, 2010; Yu et al., 2022). M2 macrophage are activated by 

interleukin 4 (IL-4) and interleukin 13 (IL-13) (Gordon & Martinez, 2010; Murray, 2017). M2 

macrophage have 4 subtypes; M2a, M2b, M2c and M2d. Briefly, M2a macrophage exert 

immunomodulatory functions; M2b macrophage functions are involved in the Th2 response and 

aid in the encapsulation of parasites; M2c are involved in tissue repair; and M2d are tumor 

associated macrophage that is associated with the tumor microenvironment (Sica & Mantovani, 

2012; Yao, Xu, & Jin, 2019). Treating cells with IL-4 induces the expression of both TGFβ and 

IL-10, two key regulators of the anti-inflammatory response. TGFβ promotes M2 polarization by 

inducing the expression of anti-inflammatory genes, such as arg1 (Gong et al., 2012). TGFβ also 

suppresses the macrophage inflammatory phenotype by suppressing expression of inflammatory 

cytokines like TFNα and IL-12 (Zhang et al., 2015).  IL-10 decreases inflammatory cytokine 

gene expression and decreases MHC class II on the surface of DC, halting the activation of T 

effector cells (Murray, 2006; Saraiva & O’Garra, 2010).  Due to the strong immunosuppressive 

role in inflammation, many viruses promote M2 polarization during infection (Yu et al., 2022). 

M2 macrophages have also been associated with increasing levels of bleeding in patients 

infected with DENV (Lee et al., 2018). IL-10 is also associated with severe dengue illness and is 
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considered a biomarker for severe illness (Pé Rez et al., 2004; K.-M. Soo et al., 2017; Tsai et al., 

2013).  

1.2b Antibody dependent enhancement and vascular leakage 

One of the unique features of DENV pathogenesis is that infection with one serotype 

does not provide lifelong immunity against another serotype. In fact, infection with subsequent 

serotypes is a risk factor for disease severity (Halstead, 2007).  During DENV clearance and 

resolution of disease, antibodies bind to DENV, and facilitate cell entry by Fc gamma receptor 

(FcγRII) mediated endocytosis (Diamond & Pierson, 2015). Since the virus is neutralized, the 

macrophage can target the viral particle for degradation. In an antibody dependent enhancement 

(ADE) model, the antibodies that bind DENV are non-neutralizing or sub-neutralizing and 

cannot effectively inhibit replication in macrophage (Lee et al., 2020). Once inside, the virus can 

subvert detection and degradation by negatively regulating the TLR pathway (Modhiran at al., 

2010; Narayan & Tripathi, 2020). DENV also upregulates the production of IL-10 and IL-6, 

which inhibits the JAK/STAT pathway and blocks the interferon response (Chareonsirisuthigul, 

et al, 2007; Tsai et al., 2014). The overproduction of IL-10 in ADE is associated with increased 

vascular leakage in patients and can lead to tissue damage and multiple organ failure (Nanaware 

et al., 2021).  

1.2c Interferon response to infection 

After infection following mosquito bite, DENV will interact with keratinocytes and 

resident dendritic cells, called Langerhans cells, and macrophage (Cerny et al., 2014; S. J. L. Wu 

et al., 2000). Since dendritic cells and macrophage are cell targets for DENV, the virus will bind 

cell receptors and be endocytosed (Nikitina et al., 2018). Within the endosome, infected cells 

recognize PAMPs from the virus particle. Toll-like receptors 3 and 7 (TLR3/7) are pattern 
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recognition receptors (PRR) that reside in the endosomal compartment and recognize viral RNA 

and double stranded RNA (dsRNA)(Liang et al., 2011; Urcuqui-Inchima, Cabrera, & Haenni, 

2017). The recognition of viral RNA by TLR 3, 7 and 8 activates adaptor proteins, myeloid 

differentiation primary response gene 88 (MyD88) and Toll/IL-1 receptor domain-containing 

adapter-inducing interferon-b (TRIF), which ultimately trigger the transcription of  type 1 

interferon mediators (Liang et al., 2011; Sariol et al., 2011).  These mediators are secreted by the 

infected cells and bind onto the type 1 interferon α/β receptor (IFNAR) on nearby cells, which 

activates the tyrosine kinase 2 (TYK2) and JAK1 subunits on the cytoplasmic side of the 

receptors. The TYK2 and JAK1 kinases phosphorylate STAT 1 and 2, which then form a 

heterodimer. This heterodimer then forms a complex with IFN-regulatory factor 9 (IRF9) (the 

complex is called the IFN-stimulated gene factor 3 (ISGF3)) and translocates to the nucleus. In 

the nucleus, ISGF3 binds to IFN-stimulated response elements (ISREs) on DNA to initiate 

transcription of interferon stimulated genes (ISGs) (Behrmann et al., 2004; Platanias, 2005; Seif 

et al., 2017). 

Infection of macrophage also triggers the type 2 interferon response, which is similar to 

the type 1 response. IFNγ binds to a type 2 interferon receptor (IFNGR) which has two JAK 

subunits (Platanias, 2005). The JAK kinases phosphorylate STAT1, which then forms a 

homodimer. The STAT homodimer translocates to the nucleus, where it binds IFN-γ-activated 

sites (GAS) on the DNA and initiates transcription of ISGs (Platanias, 2005). The binding of 

IFNγ can also cause STAT1 and STAT2 to dimerize and undergo the same signaling cascade and 

binding of ISREs as in the type 1 response (Schroder, Hertzog, Ravasi, & Hume, 2004). 

Transcription of IFNγ is not only important for regulating intracellular anti-viral mechanisms, 

but it also primes type 1 T cells (Schroder et al., 2004). Within the context of macrophages, IFNγ 
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induces nitric oxide (NO) and ROS production and increases receptor mediated phagocytosis (A. 

J. Lee & Ashkar, 2018; Schroder et al., 2004) 

Since the interferon response is so potent, DENV has multiple mechanisms to subvert and 

decrease interferon signaling. DENV NS5 binds STAT2 and targets it for proteolytic degradation 

(Ashour et al., 2009). NS4A and NS4B prevent activation of STAT1 (Muñoz-Jordán et al., 

2005).  The degradation of STAT2, as well as the inactivation of STAT1, disrupts the formation 

of  IRF9 and prevents the transcription of ISGs (Ashour et al., 2009).  The NS2B/NS3 protease 

disrupts the cGAS–STING pathway. cGAS doesn’t detect DENV RNA directly, but instead 

detects the mitochondrial DNA leaked into the cytoplasm by damaged mitochondria during 

infection (Tremblay, Freppel, Sow, & Chatel-Chaix, 2019; West et al., 2015). cGAS then 

produces the second messenger cyclic GMP-AMP (cGAMP), which activates the STING 

protein. STING activates TANK-binding kinase 1 (TBK1), which will ultimately lead to the 

transcription of interferon genes (Decout, Katz, Venkatraman, & Ablasser, 2021). By targeting 

STING for degradation, the virus inhibits the induction of ISGs (Aguirre et al., 2012).  

1.2d Macrophage immunometabolism 

Once activated, immune cells shift their metabolism to fuel inflammatory or anti-

inflammatory functions. The process of changing cellular metabolism in response to environment 

is referred to as immunometabolism (Buck, Sowell, Kaech, & Pearce, 2017). Inflammatory cells 

upregulate glycolysis to produce inflammatory chemokines and cytokines, while anti-

inflammatory cells upregulate oxidative phosphorylation (O’Neill, Kishton, & Rathmell, 2016).  

In response to infection, inflammatory macrophage (M1) rapidly shift their metabolism to 

produce inflammatory chemokines and cytokines. While glycolysis only produces 2 ATPs per 

glucose molecule, it is a metabolic pathway that can quickly provide energy and byproducts for 
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inflammatory mediators (Nagy & Haschemi, 2015).  Furthermore, glycolytic enzymes play dual 

roles in immunometabolism; they convert glucose to pyruvate, but also help regulate the 

inflammatory immune response. HK1, the first enzyme in glycolysis, promotes inflammasome 

activation/ IL-1β secretion through an mTOR-dependent pathway or by acting as a PRR (Moon 

et al., 2015; Wolf et al., 2011). Glycolytic enzymes have also been shown to regulate anti-viral 

responses. For example, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB) induces 

the phagocytosis and removal of VSV infected cells (Jiang et al., 2016). Late glycolytic enzymes 

also play a role in inflammation. Enolase (ENO), the penultimate glycolytic enzyme, is 

expressed on inflammatory macrophages and contributes to the production of inflammatory 

cytokines (Bae et al., 2012; Guillou et al., 2016).  Pyruvate kinase M2 (PKM2), the last enzyme 

in glycolysis, forms a complex with hypoxia-inducible factor-1 alpha (HIF1α), stabilizing the 

protein. HIF1α induces the expression of interleukin-1 beta (IL-1β) and aids in macrophage 

migration (Semba et al., 2016; Van den Bossche, O’Neill, & Menon, 2017). 

M1 macrophage also upregulate the PPP, which generates NADPH. NADPH will provide 

electrons to molecular oxygen, creating ROS (Sedeek, Nasrallah, Touyz, & Hébert, 2013). In 

addition, NADPH also helps to generate nitric oxide, another anti-microbial product secreted by 

M1 macrophage (Palmieri et al., 2020).   

 M1 macrophage have a dysregulated TCA cycle. The TCA cycle in M1 macrophage is 

disrupted in two places: after citrate and after succinate (Van den Bossche et al., 2017). Increased 

citrate levels aid in nitric oxide production (Infantino et al., 2011). In addition, the accumulation 

of citrate generates itaconate via immune responsive gene 1. Itaconate is suggested to have anti-

microbial properties (Michelucci et al., 2013; O’Neill, 2015). Itaconate accumulation further 

dysregulates the TCA cycle by inhibiting succinate dehydrogenase, leading to an accumulation 
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of succinate. Succinate is an inflammatory signal that induces IL-1β expression by stabilizing 

HIF1α (Tannahill et al., 2013). Lastly, M1 macrophage have a reverse electron transport chain at 

complex 1, which drives the production of ROS (Mills et al., 2016).  

In contrast to M1, M2 anti-inflammatory processes are very energy intense and require 

increased ATP (Shyh-Chang et al., 2013). Therefore, M2 macrophage primarily utilize oxidative 

phosphorylation, a process that produces around 30 molecules of ATP per glucose (Van den 

Bossche et al., 2017). Anti-inflammatory cells are thought to fuel oxidative phosphorylation 

through fatty acid oxidation. While the exact mechanisms remain unclear, increased fatty acid 

oxidation plays a role in regulating the anti-inflammatory functions in M2 cells. For example, 

overexpression of fatty acid transport protein 1, an enzyme in fatty acid oxidation, leads to 

decreases in inflammation (Johnson et al., 2016). Furthermore, increases in CPT1a are associated 

with the anti-inflammatory properties of M2 cells. Constitutive expression of CTP1a reduced the 

generation of inflammatory cytokines (Malandrino et al., 2015). In contrast, blocking CPT1a 

enzyme activity by using etomoxir, prevents cells from polarizing to M2 macrophage 

(Divakaruni et al., 2018). Although increased glycolysis is a hallmark of M1 macrophage, M2 

macrophage depend on glycolysis to fuel the TCA cycle and mitochondrial respiration (O’Neill 

et al., 2016). Furthermore, blocking glycolysis reduces gene expression of M2 markers, 

suggesting glycolysis is required for M2 function (Van den Bossche et al., 2017). 

1.3 CDK8 and CDK19 

Cyclin dependent kinase 8 (CDK8) and its activating cyclin, Cyclin C, are components of 

the Mediator complex (Soutourina, 2018). The mediator complex is a large complex required for 

transcription of RNA polymerase II (RNAP II) genes. The mediator complex does this by 
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transducing signals from transcription activators bound to the enhancer regions of DNA to 

RNAP II complexes (Rovnak & Quackenbush, 2022; Soutourina, 2018). CDK8, Cyclin C and 

 

 

 
Figure 1.3: Macrophage phenotypes. The left side of the figure depicts M1 metabolism, which 

is defined by an increase in glycolysis and a broken TCA cycle, both of which produce an 

increase in anti-inflammatory chemokines and cytokines. The right side of the figure depicts M2 

metabolism, defined by an increase oxidative phosphorylation, which results in the production 

and secretion of anti-inflammatory chemokines and cytokines.  Figure made using 

BioRender.com 

two other mediator proteins, Med12 and Med13, make up the CDK8 kinase module. The CDK8 

module is required for the induced expression of a subset of genes in response to a disruption in 

cellular homeostasis. This module can phosphorylate the Carboxy Terminal Domain (CTD) of 

RNAP II to control transcriptional pausing and elongation (Conaway & Conaway, 2013). The 

CDK8 module can reversibly dissociate from RNAPII and phosphorylate transcription factors to 

initiate transcription (Knuesel et al, 2009). CDK8 kinase module can also regulate chromatin 

structure by phosphorylating histone H3 at serine 10 (Knuesel et al., 2009). The CDK8 kinase 

module phosphorylates transcription factors in response to cell stress and reprograms cellular 

metabolism, cell proliferation and immune signaling (Donner et al., 2010; Galbraith et al., 2017; 

Steinparzer et al., 2019; Zhao et al., 2012). CDK19, a CDK8 homolog, associates with Med12L 

and Med13L and has similar function to CDK8 (Daniels et al., 2013). CDK19 shares 91% 
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homology with CDK8 and only differs at the C terminal tail, suggesting different interaction 

partners. For example, CDK8, but not CDK19, is required for the induction of HIF1α genes 

during hypoxia (Galbraith et al., 2013).  

In times of cellular stress, CDK8 is known to have regulatory functions on metabolism, 

serum response and immune signaling. CDK8 has been identified as an oncogene that plays a 

role in tumor development in colon and breast cancer (Firestein et al., 2008; Knab et al., 2021; 

McDermott et al., 2017). Though the exact mechanism remains unclear, CDK8 has been shown 

to modulate beta catenin activity, and suppression of kinase function leads to inhibition of colon 

cancer cell proliferation (Firestein et al., 2008). CDK8 kinase activity has been shown to regulate 

aspects of cellular metabolism (Galbraith et al., 2017a; X. Zhao et al., 2012). CDK8 is a 

regulator of glycolysis, where kinase activity is required for the transcription of multiple 

glycolytic genes and inhibition of CDK8 kinase activity decreases glucose uptake and glycolytic 

capacity (Galbraith et al., 2017a). In contrast, CDK8 is a negative regulator of lipophagy (D. 

Feng et al., 2015; X. Zhao et al., 2012). CDK8 phosphorylates sterol regulatory-element binding 

proteins 1c (SREBP1c), a transcription factor that regulates lipid metabolism, targeting it for 

ubiquitination and degradation (X. Zhao et al., 2012).  

1.3a CDK8 during virus infection 

Previous work in our lab has investigated the role of CDK8/19 during virus infection. 

Walleye dermal sarcoma virus (WDSV) is a retrovirus that causes walleye dermal sarcoma, a 

seasonal tumor in walleye fish (Rovnak & Quackenbush, 2010). WDSV encodes a retroviral 

cyclin (RV cyclin), a viral protein that has a small amount of homology to cell cyclins and binds 

to host transcriptional factors like TATA binding protein-associated factor 9 (TAF9) (Brewster et 

al., 2011; Quackenbush et al., 2009). Binding transcriptional factors allows RV cyclin to alter 
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host gene expression to promote cell proliferation and tumor development (Brewster et al., 2011; 

Quackenbush et al., 2009;  Rovnak et al., 2012). RV cyclin also binds CDK8 and enhances its 

kinase activity to increase transcriptional elongation, gene expression and cell proliferation 

(Birkenheuer et al., 2015; Brewster et al., 2011; Rovnak et al., 2012).  

 CDK8 kinase activity aids in DENV replication (Butler et al., 2020). CDK8 gene 

expression is increased throughout DENV replication and correlates with increases in HK2, a 

marker for glycolysis, and LC3, a marker for lipophagy. Chemical inhibition of CDK8/19 leads 

to a decrease in viral replication and decreases in HK2 and LC3 gene expression and protein 

levels (Butler et al., 2020). Furthermore, treatment with Senexin B, a chemical inhibitor of 

CDK8/19 kinase activity, decreases mitochondrial respiration and glycolysis (Butler et al., 

2020).  

1.3b CDK8 regulates immune function 

 CDK8 controls the interferon response and regulates inflammatory cytokine gene 

induction by phosphorylating STAT1, STAT3 AND STAT5 (Akamatsu et al., 2019; Bancerek et 

al., 2013; Martinez-Fabregas et al., 2020). Specifically, CDK8 phosphorylates STAT1 at serine 

727 in response to IFNγ to differentially regulate the transcription of IFNγ response genes 

(Bancerek et al., 2013). CDK8 and CDK19 have been shown to be mechanistically different in 

response to IFNγ, where CDK8 acts in a kinase dependent manner, CDK19 activity is kinase 

independent, resulting in regulation of different subset of genes (Steinparzer et al., 2019a). In 

addition to STAT1, CDK8 mediates nuclear factor κb (NF-κb) induced transcription (Chen et al., 

2017). Upon activation of NF-κb, CDK8 is co-recruited with NF-kb to promoters of NF-κb 

response genes IL-8, CXCL1 and CXCL2, inducing transcription (Chen et al., 2017).  
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NK immune surveillance and cytolytic function is also regulated by CDK8/19. CDK8 

phosphorylates STAT1 within NK cells, which suppresses the production of cytolytic mediators, 

perforin and granzyme B (Putz et al., 2013). Inhibition of CDK8/19 kinase activity results in an 

increase in these mediators. The increase in these mediator leads to diminished cancer cell size 

and an increase in survival in melanoma and leukemia mouse models (Hofmann et al., 2020; 

Witalisz-Siepracka et al., 2018). Furthermore, knockdown of CDK8 inhibits tumor growth and 

prevents metastasis in a NK cell mediated fashion (Knab et al., 2021). 

In macrophage and Tregs, inhibition of CDK8 kinase activity enhances anti-

inflammatory gene expression. CDK8 is a negative regulator of IL-10, where chemical inhibition 

of CDK8/19 results in an increase in IL-10 protein secretion from macrophage (Johannessen et 

al., 2017). CDK8/19 phosphorylation of STAT5, prevents it from binding and activating 

transcription of the Foxp3 gene (Akamatsu et al., 2019). Inhibition of CDK8/19 kinase activity 

results in increased retention of STAT5 in the nucleus, leading to induction of Foxp3 gene 

expression and suppression of auto immune diseases in mouse models (Akamatsu et al., 2019; 

Guo, Wang, Lv, Wan, & Zheng, 2019) 
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CHAPTER 2: OPTIMIZING MACROPHAGE DIFFERENTIATION AND POLARIZATION 

IN A THP-1 MONOCYTE CELL LINE 

 

 

 

2.1 Summary 

 Macrophage are among the first cells to become infected with DENV2. These cells are 

crucial in the pathogenesis of DENV infection, as they can either drive a potent anti-viral 

response early in infection or further enhance pathogenesis. One of the most widely used cell 

lines to study macrophage, THP-1 cells, are a monocytic cell line that can be differentiated into 

macrophage and subsequently polarized into two different macrophage phenotypes: M1 

macrophage and M2 macrophage. In this study we sought to optimize methods for differentiating 

and polarizing THP-1 cells. We found that differentiating cells with low concentrations of PMA 

for a longer duration of time resulted in increased expression of gene of CD11b, a marker of 

macrophage maturity. We also optimized the duration of treatment with interferon gamma 

(IFNγ) or interleukin 4 (IL-4) to polarize cells towards an inflammatory (M1) or anti-

inflammatory (M2) phenotype, respectively. When polarizing cells towards different 

macrophage phenotypes, a shorter incubation in IFNγ resulted in M1-like macrophages, while 

longer incubation in IL-4 resulted in M2-like macrophage.  

2.2 Introduction 

Dengue virus (DENV) infects monocytes and macrophage, which play a significant role 

in pathogenesis (Lee et al., 2018; Soo, Tham, Khalid, Basir, & Chee, 2019). In response to 

DENV infection, macrophage secrete chemokines and cytokines, an excess of which can cause a 

cytokine storm. Overproduction of cytokines, IL-6 and IL-10, lead to tissue damage and vascular 

leakage, which can ultimately lead to multiple organ failure and possibly death (Lee et al., 2018; 
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Soo et al., 2019; Tsai et al., 2013). By disseminating the virus throughout the body, macrophage 

play an important role in viral pathogenesis. 

Macrophage phenotype is also an important factor to consider while studying flavivirus 

macrophage interactions. The two main subsets of macrophage, classically activated macrophage 

and alternatively activated macrophage, have different functions during inflammation. 

Classically activated macrophages (M1) are pro-inflammatory and are highly phagocytic 

(O’Neill & Pearce, 2016; Van den Bossche et al., 2017). They secrete pro-inflammatory 

chemokines and cytokines, such as IL-12, IL-1β and TNFα. Glycolysis is upregulated in M1 

cells to produce pro-inflammatory mediators, such as reactive oxygen species and nitric oxide 

(Buck et al., 2017).  Alternatively activated macrophages (M2) are immunosuppressive and 

resolve inflammation (Gordon & Martinez, 2010; Van den Bossche et al., 2017). They secrete 

anti-inflammatory proteins and aid in wound healing. Oxidative phosphorylation is upregulated 

in M2 cells (Buck et al., 2017). Macrophage phenotype has been shown to impact flavivirus 

dynamics, with cells treated with IL-4 cells supporting DENV replication and M1 cells being 

more resistant to DENV infection (Diamond & Harris, 2001; Schaeffer et al., 2015). 

Cultured cells are an important tool for studying the molecular mechanisms involved in 

virus-pathogen interactions. The THP-1 monocytic cell line is commonly used as a model system 

for studying macrophage function and biology.  Unlike mouse or human peripheral blood 

mononuclear cells (PBMC), THP-1 cells do not require the isolation of cells from the blood, 

making them easier to obtain and culture (Aldo et al., 2013). Importantly, macrophage-like cells 

can be differentiated from THP-1 monocytic cells. THP-1cells also have cell markers and secrete 

cytokines similar to that of monocytes and macrophages isolated from mouse or human donors 

(Auwerx, 1991; Kohro et al., 2004). To differentiate THP-1 cells from monocytes into 
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macrophages, cells are treated with α 25- dihydroxy vitamin D3 (vD3), macrophage colony 

stimulating factor (M-CSF), or phorbol 12-myristate- 13 acetate (PMA), with PMA being the 

most widely used (Chanput, Mes, & Wichers, 2014). Similar to macrophage obtained from 

mouse or human donors, PMA differentiated THP-1 macrophage have lower proliferation, 

higher phagocytic capabilities, and higher expression of the macrophage surface cell markers, 

CD11b and CD14, compared to their non-differentiated monocytic counterparts (Aldo et al., 

2013; Daigneault et al., 2010). Furthermore, the morphology of  cells treated with PMA is 

similar to mature macrophage in terms of  adhesion and expansion of lamellipodia than their 

non-differentiated counterparts (Kawakatsu et al., 2019; McWhorter et al., 2013).  

The concentration of PMA used to differentiate THP-1 cells varies greatly, with 

concentrations ranging from 5-400 ng/ml (Starr et al., 2018). A number of studies use 100 ng/ml 

of PMA to differentiate THP-1 cells, however, a concentration of 5 ng/ml of PMA is sufficient to 

differentiate cells while maintaining key macrophage functions, such as detecting and responding 

to antigens (Park et al., 2007). However, culturing cells in the presence of PMA activates protein 

kinase C (PKC), which could activate inflammatory signaling (Jiang & Fleet, 2012). Therefore, 

it is necessary to rest macrophage in media without PMA prior to commencing any 

manipulations (Baxter et al., 2020; Castrillo et al., 2001). Culturing conditions become more 

complicated when studying virus-pathogen interactions, where the concentration, duration of 

PMA and resting period after PMA, as well as the kinetics of viral replication, need to be 

considered. Therefore, the resting period after PMA varies within published studies, with 

durations ranging from 24-hours to 6 days (Maeß et al., 2010; Maeß et al., 2014). PMA treated 

THP-1 cells can be polarized to M1 and M2 cells, with multiple studies having found that 

treating PMA-differentiated THP-1 cells with 20 ng/ml of IFNγ polarizes cells into M1 
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phenotype, while treatment with 20 ng/ml IL-4 polarizes cells into M2 (Gordon & Martinez, 

2010; Tedesco et al., 2018). 

Since macrophage play an important role in flavivirus replication and pathogenesis 

(Nikitina et al., 2018), we sought to develop a working model for virus infection. To investigate 

replication of flaviviruses in a macrophage model system, we utilized THP cells to establish 

culture conditions to differentiate monocytes into macrophage and polarize cells towards an M1 

or an M2 phenotype. In this study, we investigate the impact of PMA concentration and duration 

on macrophage differentiation. Furthermore, we optimize duration of polarization towards an M1 

or M2 phenotype by measuring inflammatory or anti-inflammatory gene markers and cellular 

metabolism. We used these data to develop a working model to study ZIKV and DENV 

replication in THP-1 cells, as well as probe the impact of viral replication on macrophage gene 

expression and metabolism. 

2.3 Methods and Materials 

2.3a: Cell culture and PMA stimulation 

THP-1 human monocytic cells (TIB-202™, Manassas, VA, US) were cultured in RPMI-

1640 media, supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 

1% L-glutamine, 1% penicillin-streptomycin, 25 mM HEPES and 0.05mM 2-mercaptoethanol in 

a 37°C incubator with 5% CO2. 2 x 106 cells. Cells were plated in T-25 flasks and treated with 

indicated concentration of phorbol 12-myristate 13-acetate (PMA) to induce differentiation into 

macrophages. Cells were incubated with 10 ng/ml of PMA for 0, 24, 48, 72 or 96 hours.  

2.3b: Polarization of PMA treated THP-1 cells 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL 

PMA. Twenty-four hours later, media with PMA was removed, and cells were washed with D-
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PBS.  Cells were then treated with either 20 ng/mL interferon gamma (IFNγ) (R & D Systems, 

Minneapolis, MN, USA) or 20 ng/mL interleukin 4 (IL-4) (R & D Systems, Minneapolis, MN, 

USA) to polarize them into M1 or M2 phenotypes, respectively.  

2.3c: DENV infection 

For infection, cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and 

incubated with DENV2 (strain 16681) (Kinney et al., 1997) at indicated multiplicities in media 

for 1 hour at 4°C with rocking. Virus media was removed, cells were washed twice with cold D-

PBS, and warmed RPMI-1640 media with 10% FBS was added. 

2.3d: RNA extraction and qPCR 

At the indicated time points, cells were harvested in TRIzol (Invitrogen, Thermofisher, 

Waltham, MA, USA), and total RNA was isolated using Zyomogen TRIzol RNA extraction kit 

according to manufacturer’s instructions. cDNA was made using an iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions, and then subjected 

to qPCR analysis with iQ SYBR green Supermix in a CFX96 real-time PCR system. Primers are 

listed in Table 1. Relative expression was normalized to a house keeping gene, Ribosomal 

Protein L37a (RPL37a). For genomic equivalent analysis, Cq values were standardized to ten-

fold dilutions of in vitro transcribed DENV2 genomic RNA and subject to qRT-PCR. 

2.3e Mitochondrial and Glycolytic Stress Tests 

A Seahorse XFe analyzer (Agilent Technologies) was used to measure the oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) based on the mitochondrial 

stress test (Agilent 103015-100) and glycolysis stress test (Agilent 103020-100), respectively. 

THP-1 cells were plated at 4x106 cells in 10 cm2 dishes with 10 ng/ml PMA. After 24 hours 

PMA was removed, and cells were polarized with 20 ng/ml IL-4 for 48 hours or 20 ng/ml IFNγ 
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Table 2.1 PCR Primers 

Gene FWD REV Source 

IL-10 GAC TTT AAG GGT 

TAC CTG GGT TG 

TCA CAT GCG CCT TGA 

TGT CTG 

(X. Huang et al., 

2016) 

TGFβ1  ACG TGG AGC TGT 

ACC AGA AAT A 

GGC GAA AGC CCT CAA 

TTT CC 

 (Shiratori et al., 

2017) 

CXCL10  CCA GAA TCG AAG 

GCC ATC AA 

CAT TTC CTT GCTAAC 

TGC TTT CAG 

(Qi et al., 2009) 

RPL37A ATTGAAATCAGCCAG

CACGC 

AGGAACCACAGTGCCAG

ATCC 

(Maeß et al., 2010) 

DC-SIGN GGATACAAGAGCTTA

GCAGGGTG 

GCGTGAAGGAGAGGAGT

TGC 

(Teles et al., 2010) 

CD11b GTGAAGCCAATAACG

CAGC 

CTCCCATCCGTGATGAC

AAC 

(Izban, Nowicki, & 

Nowicki, 2012) 

IFNβ CGCCGCATTGACCAT

CTA 

GACATTAGCCAGGAGGT

TCTCA 

(Bender et al., 2015) 

DENV2 ACAAGTCGAACAACC

TGGTCCAT 

GCCGCACCATTGGTCTTC

TC 

(Butler et al., 2020) 

 

 

for 12 hours. Cells were then detached from 10 cm2 dished plates using cell striper (Corning, 

Manassas, VA, US), washed with D-PBS, centrifuged at 500g for 5 minutes. Cells were 

resuspended in 2 ml XF base medium (Agilent Technologies) supplemented with 1 mM 

pyruvate, 2 mM L-glutamine, and with 10 mM glucose for the mitochondrial stress test. Cells 

were then counted and plated at a density of 7.5 x 104 cells per well in XF96 cell culture 

microplates with Cell-Tak (Corning, Manassas, VA, US) and spun at 500g for 5 minutes. XF 

base medium was added for a total amount of 500 µl per well. Cells were rested for 20 minutes 

in a non-CO2 incubator at 37°C, and then placed in the Seahorse XFe analyzer for analysis. The 

mitochondrial stress test used sequential injections of oligomycin (1 µM), p-

trifluoromethoxyphenylhydrazone (FCCP, 1.5 µM), and rotenone and antimycin A (0.5 µM 
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each). The glycolysis stress test used sequential injections of glucose (10 mM), oligomycin (1 

µM), and 2-deoxyglucose (50 mM). Measurements were collected at 5-minute intervals; three 

times before and after injections and six times after the last injection.  

Mitochondrial activity was determined as follows: (1) Basal respiration was calculated 

using the last rate measurement before injection of oligomycin minus the non-mitochondrial 

respiration rate (defined as the minimum rate measurement after rotenone/antimycin A 

injection), (2) ATP production was calculated as the last rate measurement before oligomycin 

injection minus the minimum rate measurement after oligomycin injection, (3) Maximum 

respiration was calculated using the maximum rate measurement after FCCP injection minus 

non-mitochondrial rate, (4) Spare capacity was the maximal respiration minus basal respiration, 

and (5) Proton leak was the minimum rate measurement after oligomycin injection minus non-

mitochondrial respiration. OCR/ECAR ratio based on measurements at basal conditions at 18 

minutes. 

2.3f Statistics 

Statistical analysis was performed on Prism Software version 9.3.1. Statistical 

significance was calculated using the two-tailed Student’s t test or one way ANOVA.   

2.4 Results 

2.4a PMA concentration and timing 

 We first wanted to determine the optimal PMA concentration and resting period after 

treatment to differentiate THP-1 cells. The reported concentration of PMA ranges from 5-400 

ng/ml (Park et al., 2007). We sought a concentration of PMA that differentiated the majority of 

cells but had low levels of cytotoxicity. To determine the amount of PMA needed to differentiate 

cells, we treated cells with either 10 ng/ml, 50 ng/ml, or 100 ng/ml PMA. Total cellular RNA 
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was collected at 24 hours post treatment and quantified gene expression by RT-qPCR. We first 

measured CD11b, a gene that encodes a cell surface marker for mature macrophages. An 

increase of 1.8-fold and 2.0-fold expression of CD11b was observed in cells treated with 10 

ng/ml of PMA and 50 ng/ml of PMA, respectively, over that measured in untreated cells.  

Treatment with 100 ng/ml did not change CD11b expression (mean fold change over 0 ng/ml = 

1.09 +/- 0.11) (Figure 2.1A). Expression of CD209, a known receptor for DENV binding and 

cell entry, followed a similar trend. Treatment with 10 ng/ml and 50 ng/ml resulted in an increase 

of 3.3-fold and 3.1-fold CD209 expression, respectively. A slight increase in CD209 expression 

(mean fold change over 0 ng/ml = 1.44 +/- 0.18) was measured in cells treated with 100 ng/ml 

PMA over that of untreated cells.  The 10 ng/ml concentration was selected for subsequent 

experiments.  

THP-1 differentiation is also impacted by the length of time cells rest in PMA free media. 

Longer treatment times have been shown to increase CD11b cell surface expression, but also 

increase cell death (Starr et al., 2018). To determine the best timing for differentiation, we 

treated cells with 10 ng/ml for 24 hours, then replaced media with PMA free media for 0, 24, 48 

or 72 hours. We collected total cellular RNA at the indicated time points post PMA treatment 

and quantified gene expression by RT-qPCR (Figure 2.1B). CD11b and CD209 gene expression 

increased throughout the time course, such that there was a 10-fold increase in CD11b and a 2.3- 

fold increase in CD209 at 72 hours compared to that at 0 hour. (Figure 2.1B).  

We used light microscopy to image cells at each collection time point to observe cell 

morphology throughout treatment. Changes in cell morphology were dependent on resting time, 

with cells resting for 72 hours exhibiting more extensive differentiation, as defined by the 

extended cytoplasm and increased adherence (Kawakatsu et al., 2019) (Figure 2.1C). These data 
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demonstrate that 10 ng/ml of PMA followed by 72 hours of resting in media without PMA is the 

optimal differentiation protocol. 

 

Figure 2.1: PMA concentration and duration of incubation impact macrophage 

maturation. (A) THP-1 cells were treated with indicated PMA concentration; total RNA was 

collected at 24 hours post treatment. CD11b and CD209 gene expression were measured. (B) 

THP-1 cells were treated with 10 ng/ml PMA, cellular RNA was collected at specified time 

points and measured for CD11b or CD209 expression. (C) THP-1 cells treated with 10 ng/ml 

were imaged at 40x via light microscopy at specified time points. Genes were normalized against 

reference gene RPL37a. All experiments were n = 3 biological replicates, *p, 0.05, **p<0.01, 

***p<0.001, ****p<0.0001 unpaired two tailed t tests. Error bars represent mean +/- SEM. 

 

 

2.4b Polarization of THP-1 cells to M1 phenotype with IFNγ treatment 

 IFNγ was used to polarize THP-1 cells to M1 macrophage. To determine the optimal 

duration of IFNγ treatment to polarize cells to an M1 phenotype, we treated cells with 20 ng/ml 

IFNγ for 12, 24, 48, or 72 hours and collected total RNA at indicated time points. We measured 

gene expression of the chemokine C-X-C motif chemokine ligand 10 (CXCL10), and markers for 

the interferon response: 2'-5'-oligoadenylate synthetase 1 (OAS1), and interferon beta (IFNβ). 
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These genes were chosen because they are upregulated in M1 macrophage and are used as 

markers for the M1 phenotype (Genin et al., 2015; Nikonova et al., 2020). Expression of 

CXCL10 was increased at 12 hours of treatment, then decreased back to baseline levels 

afterwards (12 hour mean fold change over 0 hour = 2464 +/- 157) (Figure 2.2). In contrast, 

IFNβ gene expression was elevated later during polarization, with expression increasing at 72 

hours (72 hour mean fold change over 0 hour = 6.46 +/- 1.19) (Figure 2.2). The late increase in 

IFNβ gene expression may be due to an ISG that regulates the late stage interferon response 

(Smieja, Jamaluddin, Brasier, & Kimmel, 2008). OAS1, a type 1 interferon stimulated gene, 

exhibited an expression pattern similar to CXCL10, with expression increasing at 12 hours and 

decreasing afterwards (12 hour mean fold change over 0 hour = 177.2 +/- 6.98). Interestingly, 

expression of OAS1 increased again at 72 hours (72 hour mean fold change over 0 hour = 88.98 

+/- 4.24). Since both IFNγ and IFNβ stimulate OAS1 expression, the increase at 12 hours could 

be OAS1 responding to IFNγ stimulation, while the increase at 72 hours could be OAS1 

responding to IFNβ induction. Based off of the increase in CXCL10 expression and OAS1 

expression at 12 hours, we proceeded with a 12-hour IFNγ treatment for subsequent polarization 

experiments. The duration of IFNγ treatment varies in THP-1 cells, with times ranging from 12 

hours to 48 hours of treatment (Baxter et al., 2020; Tedesco et al., 2018), so by choosing 12 

hours we are still consistent with the literature.  
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Figure 2.2: Markers for M1 macrophage peak early in polarization. PMA treated THP-1 

cells were treated with 20 ng/ml IFNγ, cellular RNA was collected at specified time points and 

measured for CXCL10, IFNβ or OAS1 expression. Genes were normalized against reference gene 

RPL37a. All experiments were n = 3 biological replicates, *p, 0.05, **p<0.01, ***p<0.001, 

****p<0.0001 unpaired two tailed t tests. Error bars represent mean +/- SEM. 

 

 

2.4c IFNγ increases oxidative phosphorylation and glycolysis early in treatment 

 The metabolic profile is an important marker for macrophage phenotype. Increased 

glycolysis is the result of the M1 cell responding to infection (Van den Bossche et al., 2017). The 

increased rate of glycolysis leads to an accumulation of byproducts such as citrate and succinate, 

which aid in the production of inflammatory mediators like nitric oxide and IL-1β (Infantino et 

al., 2011; Tannahill et al., 2013). We sought to determine the point during the M1 polarization 

time course that would yield the highest rate of glycolysis, as well as produce the most non 

mitochondrial oxygen consumption rate (OCR), which is an indicator of reactive oxygen species 

(Chacko et al., 2014). Cells were polarized with 20 ng/ml IFNγ for the indicted time points and a 

Seahorse flux analyzer was used to measure changes in extracellular acidification rate (ECAR) 

and oxygen consumption (OCR) rates, measures of glycolysis and oxidative phosphorylation, 

respectively. (Jing Zhang & Zhang, 2019). We measured changes in mitochondrial stress 

following the addition of oligomycin (ATP synthase inhibitor), FCCP (electron transport chain 
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uncoupler), rotenone and antimycin A (electron transport chain complex I and III inhibitors). 

Changes in glycolysis were measured following the addition of glucose, oligomycin (ATP 

synthase inhibitor), and 2-DG (hexokinase inhibitor). 

 When we measured ECAR, we found that 12 hours of polarization increased glycolysis 

and glycolytic reserve, but not glycolytic capacity. Glycolytic capacity is the maximal capacity 

of a cell to generate ATP from glycolysis, while glycolytic reserve is the difference between 

basal glycolysis and glycolytic capacity and is the ability of a cell to undergo glycolysis during 

times of stress (Mookerjee, Nicholls, & Brand, 2016).  The increase in glycolysis and glycolytic 

reserve suggests that 12-hour polarization with IFNγ increases a cell’s ability to draw on 

glycolysis to produce ATP in times of stress.  

We also considered an increase in reactive oxygen species (ROS) to be an indicator of M1 cells 

since inflammatory cells increase production of ROS to kill pathogens. When measuring 

mitochondrial respiration, 12 hours of polarization increased basal respiration, but not maximal 

respiration. The difference between basal respiration and maximal respiration, known as the 

spare capacity, decreased at 12 hours of polarization (Figure 2.7B, right).  Spare capacity 

measures the ability of a cell to produce energy under times of increased stress. The decrease in 

spare capacity suggests that shorter durations of IFNγ treatment limits the cell’s ability to use 

oxidative phosphorylation to respond to stress (Figure 2.3). We also observed an increase in ATP 

production at 12 hours of polarization. This suggests that 12 hours of polarization increases basal 

respiration for ATP production, possibly to increase fatty acid synthesis, another hallmark 

metabolic pathway of M1 macrophage (Buck et al., 2017). There was also an increase in proton 

leak and non-mitochondrial respiration at 12 hours of polarization (Figure 2.3). The increase in 

both proton leak and non-mitochondrial respiration suggests that cells are generating high levels 
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of ROS, while also compromising the inner mitochondrial membrane integrity, possibly 

damaging the mitochondria (Nanayakkara et al., 2020).  

 

 

Figure 2.3: M1 metabolism is upregulated early in polarization. M1 cells were incubated 20 

ng/ml IFNγ at indicated time points. Oxygen consumption rate (OCR) was measured during a 

mitochondrial stress test. Basal rate, Maximum Respiration, Spare Capacity, ATP production, 

Proton Leak, and Non-Mitochondrial Respiration were calculated. Extracellular acidification rate 

(ECAR) was measured. Glycolysis, Glycolytic Capacity, and Glycolytic Reserve were measured. 

(B and D) OCR/ECAR ratio was calculated at basal respiration at 18 minutes. All significant 

values for OCR and ECAR were calculated using one-way ANOVA with Tukey’s multiple 
comparisons. Significant values for genes calculated using unpaired two tailed t test. *p, 0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Error bars represent mean +/- SEM. 
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Lastly, we calculated the OCR/ECAR ratio, to determine which metabolic pathway is 

dominant during polarization. Cells that are highly glycolytic have lower OCR/ ECAR values, 

while cells that upregulate oxidative phosphorylation have higher OCR/ ECAR ratios. We found 

that polarizing cells with IFNγ for 12-, 24-, and 48- hours increases the OCR/ECAR ratio. While 

unexpected, our system still shows an increase in key inflammatory genes and glycolysis at 12 

hours polarization. Therefore, we chose to polarize cells for 12 hours for subsequent 

experiments.  

2.4d: IL-4 stimulates anti-inflammatory genes later in polarization  

Schaeffer et al., showed that cells treated with IL-4 were able to sustain DENV 

replication (Schaeffer et al., 2015). Similar to IFNγ, the amount of IL-4 used in literature is 

consistent, but the timing of treatment varies, with times ranging from 24 hours to 72 hours of 

IL-4 treatment (Genin et al., 2015; Van den Bossche et al., 2015). To determine the optimal 

duration of IL-4 treatment to polarize cells to an M2 phenotype, we treated cells with 20 ng/ml 

IL-4 for 24, 48, 72 or 96 hours and collected total RNA at indicated time points. We measured 

interleukin 10 (IL-10) and tumor growth factor beta (TGFβ) expression, as these markers are key 

regulators in many anti-inflammatory pathways. There was a 1.9-fold increase in IL-10 at 72 

hours post treatment (72 hour mean fold change over 0 hour = 1.88 +/- 0.06) (Figure 2.4) 

followed by a decrease at 96 hrs. TGFβ gene expression increased between 0 hours and 48 hours 

of treatment (48-hour mean fold change over 0 hour = 1.59 +/- 0.14) and leveled off through 96 

hrs. TGFβ expression does not significantly change at 72 and 96 hours of treatment (72-hour 

mean fold change over 0 hour = 1.46 +/- 0.03, 96-hour mean fold change over 0 hour = 1.57 +/- 

0.12) (Figure 2.4). These data show that IL-10 gene expression peaks at 72 hours of IL-4 
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treatment, while TGFβ expression increased until 48 hours of treatment, and does not 

significantly change afterwards. 

 

Figure 2.4: Markers for M2 macrophage peak later in polarization. PMA treated THP-1 

cells were treated with 20 ng/ml IL-4, cellular RNA was collected at specified time points and 

measured for IL-10 or TGFβ expression. Genes were normalized against reference gene RPL37a. 

All experiments were n = 3 biological replicates, *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001 

unpaired two tailed t tests. Error bars represent mean +/- SEM. 

 

 

2.4e Longer M2 polarization results in increased mitochondrial respiration 

 One of the hallmarks of M2 macrophage is an increase in oxidative phosphorylation 

(Galván-Peña & O’Neill, 2014). We sought to identify the timepoint that would result in the 

greatest increase in oxidative phosphorylation. PMA-treated THP-1 cells were polarized with 20 

ng/ml IL-4 at indicted time points and the Seahorse flux analyzer was used to measure changes 

in OCR and ECAR, as measures of oxidative phosphorylation and glycolysis, respectively. 

 Seventy-two hours of IL-4 treatment yielded a metabolic profile most similar to M2 

macrophage, as marked by an increase in oxidative phosphorylation parameters (Figure 2.5A). 

Seventy-two hours of polarization had significantly higher basal respiration compared to the 

other time points. Interestingly, it did not have a higher max respiration compared to 24- or 48-
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hour polarization and had decreased maximal respiration compared to 96 hours of polarization. 

The spare capacity was markedly lower than the other time points, indicating that either the 

ability of cells to respond to energy has decreased, or that the basal respiration was already at 

max (due to too many cells plated for the assay) and there could be no further increase in 

maximal respiration, resulting in a smaller spare capacity. Seventy-two hours of polarization did 

increase ATP production, suggesting that longer polarization increases ATP demand. Later 

polarization increased both proton leak and non-mitochondrial respiration, indicating that longer 

polarization may have adverse effects on mitochondrial health. Treating cells with IL-4 for 48, 

72 and 96 hours increases both glycolysis and glycolytic capacity. However, glycolytic reserve is 

not impacted by treatment with IL-4. This suggests that polarization towards an M2 phenotype 

does not impact the ability of cells to use glycolysis in times of stress. 

Seventy-two hours of polarization had the highest OCR/ECAR ratio, demonstrating that 

72 hours of polarization drives cells to use oxidative phosphorylation as their primary 

metabolism (Figure 2.5B). Since polarization for 72 hours increased IL-10 and TGFβ gene 

expression and increased most oxidative phosphorylation parameters, we selected this 

polarization duration for future experiments.  

2.5 Discussion 

THP-1 cells are a widely used model system to study monocyte and macrophage biology, 

with PMA being the stimulant of choice to differentiate THP-1 monocytes to macrophage 

(Chanput et al., 2014; Daigneault et al., 2010). However, the concentration and duration of 

incubation in PMA varies widely throughout published studies. In this study we determined the 

optimal amount and duration of incubation of PMA for differentiation. Furthermore, we 
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determined the optimal timing for polarization of PMA treated THP-1 cells towards a M1 or M2 

phenotype.  

 

 

Figure 2.5: M2 metabolism is upregulated later during polarization. M2 cells were incubated 

with 20 ng/ml IL-4 at indicated time points. Oxygen consumption rate (OCR) was measured 

during a mitochondrial stress test. Basal rate, Maximum Respiration, Spare Capacity, ATP 

production, Proton Leak, and Non-Mitochondrial Respiration were calculated. Extracellular 

acidification rate (ECAR) was measured. Glycolysis, Glycolytic Capacity, and Glycolytic 

Reserve were measured. (B and D) OCR/ECAR ratio was calculated at basal respiration at 18 

minutes. All significant values for OCR and ECAR were calculated using one-way ANOVA 

with Tukey’s multiple comparisons. Significant values for genes calculated using unpaired two 
tailed t test. *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent mean +/- SEM. 
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High concentrations of PMA can lead to unintended outcomes, such as cell death (Starr et 

al., 2018), or an increase in NF-kB gene clusters (Hellweg et al., 2006), which can upregulate 

inflammatory genes such as IL-6, and TNFα (Park et al., 2007). Here, we found that 

concentrations up to 50 ng/ml were sufficient in upregulating CD11b and DC-SIGN, while 100 

ng/ml decreased both CD11b and DC-SIGN expression. CD14, another marker of macrophage 

maturation, has been shown to have decreased expression with PMA concentrations over 

50ng/ml (Park et al., 2007). The decrease in CD11b can be considered another adverse effect of 

using high concentrations of PMA. Higher concentrations have been shown to be cytopathic 

during intracellular infection (Starr et al., 2018), while lower concentration of PMA allow cells 

to respond to anti-inflammatory polarizing stimulants such as IL-10 (Baxter et al., 2020; Maeß et 

al., 2014). Due to this fact, as well as the results of our study, we used 10 ng/ml of PMA for 

future assays. Resting cells in media without PMA increases macrophage cell markers while 

decreasing NF-kB gene clusters and secretion of inflammatory cytokines and chemokines 

(Chanput et al., 2014). We found that longer resting times after PMA increases both CD11b and 

CD209 expression. However, we based our rest period on the DENV replication cycle in Huh7 

cells, a liver cell line commonly used in in vitro DENV experiments. Resting cells for 24 hours 

prior to DENV infection means that 48 hours of DENV infection (peak viral replication in huh7 

cells (Butler et al., 2020)) would coincide with 72 hours of post PMA rest. This means that cells 

express CD209 and CD11b, receptors for DENV, at the same time DENV replication increases. 

Since macrophage phenotype impacts viral replication (Sang, Miller, & Blecha, 2015), 

we tested the optimal timing of IFNγ or IL-4 treatment in our system. The concentrations of 

IFNγ and IL-4 are consistent throughout the literature, with studies using 20 ng/ml of IFNγ or 

IL-4 to polarize cells towards M1 or M2 phenotypes, respectively. We first optimized the 
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duration of incubation with IFNγ, measuring both gene expression and cellular metabolism to 

confirm an M1 phenotype. While an increase in M1 markers have been found to be upregulated 

at 6 hours of IFNγ polarization (Shiratori et al., 2017), these experiments used 100 ng/ml of 

PMA and may have been measuring off target effects of PMA stimulation (Chanput et al., 2014). 

Even though our system used a lower concentration of PMA and rested cells for 24 hours in 

media without PMA, our assays yielded similar results as seen in the literature (Shiratori et al., 

2017; Surdziel et al., 2017). We saw an increase in CXCL10 and OAS1 at earlier timepoints, and 

a sharp decrease later in the time course. In contrast, we did not see an increase in IFNβ until 72 

hours of polarization. Our data suggest that IFNβ gene expression is not directly regulated by 

IFNγ treatment. A plausible explanation for this is that IFNβ is regulated by a an ISG that 

regulates the late stage interferon response, like interferon regulatory factor 1 (IRF-1) (Smieja et 

al., 2008). IRF-1 is induced by the binding of the STAT1 homodimer formed during the type II 

interferon response (Feng et al., 2021). IRF-1 has been shown to upregulate IFNβ at low levels, 

which is also supported by our data (Feng et al., 2021; Yarilina et al., 2008).   

Our study is one of the few to measure changes in metabolism in M1 cells over the 

course of IFNγ treatment. Other studies polarize macrophage with IFNγ for 24 hours, then 

measure glycolysis and oxidative phosphorylation (Jha et al., 2015; Van den Bossche et al., 

2015). Our study confirms that many glycolytic and mitochondrial parameters are increased after 

24 hours of polarization. Furthermore, we show polarization for 12 hours yields similar results to 

a 24-hour polarization. Treatment with IFNγ for 12 hours leads an upregulation in glycolysis, 

non- mitochondrial OCR and ATP production. The increase in glycolysis early in polarization 

support the concept that M1 cells rapidly upregulate the rate of glycolysis for production of anti-

microbial products early in infection (Nagy & Haschemi, 2015). The increase in ATP and non-
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mitochondrial OCR, an indicator for ROS production, show that a 12 hour time point may lead to 

the highest energy demand, but also the most production of ROS(Chacko et al., 2014). The rapid 

increase in ROS and ATP does not come without trade off, as proton leak, an indicator of the 

loss of mitochondrial membrane integrity, is also increased at 12 hours of polarization 

(Nanayakkara et al., 2020).  

THP-1 cells are notoriously difficult to polarize to an M2 phenotype. THP-1 macrophage 

do not readily respond to IL-10 (Shiratori et al., 2017) and do not upregulate M2 markers to the 

same degree as PBMCs (Forrester et al., 2018). Since M2 macrophage play an important role in 

DENV pathogenesis (Schaeffer et al., 2015; Tsai et al., 2013), we attempted to optimize our 

system for M2 polarization. The resolution of inflammation is a slower process than the initiation 

of inflammation, therefore studies treat cells with IL-4 for longer amounts of time than they treat 

cells with IFNγ, with times ranging from 24-72 hours (Genin et al., 2015). We found that longer 

incubation in IL-4 resulted in increased IL-10 and TGFβ gene expression. IL-10 decreases the 

expression of inflammatory chemokines and cytokines and inhibits the activation of T effector 

cells, while TGFβ promotes the polarization towards an M2 phenotype by upregulating anti-

inflammatory genes and suppressing the M1 phenotype (Gong et al., 2012; Murray, 2006; 

Saraiva & O’Garra, 2010; Zhang et al., 2015).  Our metabolism data further substantiate the 

concept that longer polarization leads to cells that are more M2-like.  Longer periods of IL-4 

incubation resulted in increased mitochondrial respiration, a hallmark of M2 macrophage (Kelly 

& O’Neill, 2015). Interestingly, longer incubation also led to increases in glycolysis. While 

glycolysis is a hallmark of M1 cells, increases in glycolysis supports the increase in oxidative 

phosphorylation and fatty acid oxidation seen in M2 macrophage (Huang et al., 2016). 
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Local environment plays a major role in virus-pathogen dynamics, and no in vitro system 

can fully recapitulate this. However, using THP-1 macrophages can provide insight into the 

mechanisms of virus-pathogen interactions. We find that these cells can be used to study 

macrophage polarization and will be used to study flavivirus- macrophage interactions in M1 and 

M2 macrophage. Our data show that PMA stimulated THP-1 cells are a competent model to 

study macrophage biology and metabolism. 
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CHAPTER 3: DENGUE VIRUS REPROGRAMS MACROPHAGE GENE EXPRESSION 

AND METABOLISM 

 

 

 

3.1 Summary 

Macrophages are a site of DENV replication, and the imbalance between macrophage 

pro-inflammatory and anti-inflammatory phenotypes during DENV infection leads to severe 

disease outcomes. To investigate the effect of macrophage phenotype on DENV serotype 2 

(DENV2) replication, we treated THP-1 macrophages with either interferon gamma (IFNγ) or 

interleukin 4 (IL-4) to polarize them towards an inflammatory (M1) or anti-inflammatory (M2) 

phenotype, respectively, prior to infection. DENV2 showed preferential replication in M2 

compared to M1 or non-treated cells. Infection with DENV2 resulted in increased expression of 

inflammatory and anti-inflammatory genes in all phenotypes. Macrophage infected with DENV 

exhibited elevated expression of glycolytic genes and a fatty acid oxidation gene. Furthermore, 

DENV metabolically reprograms macrophages to utilize resulted in an upregulation of oxidative 

phosphorylation in M0, M1 and M2 cells. These data suggest that DENV shifts macrophage gene 

expression and metabolism to support viral replication.  

3.2 Introduction 

Dengue virus (DENV) is the most prevalent mosquito borne virus in the world. DENV is 

transmitted by Aedes albopictus and Aedes aegypti mosquitoes, which have a predicted 

geographical range that includes Europe, Africa, Asia, and the Americas (Kraemer et al., 2015). 

Therefore, DENV epidemics occur in the Americas, Africa, Asia, and Europe (S. K. Roy & 

Bhattacharjee, 2021), putting roughly 3.6 billion people at risk (S. Bhatt et al., 2013).  
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Four distinct serotypes of dengue (DENV1, 2, 3, 4) circulate in tropic and subtropic 

regions and can cause disease. While 75% of cases with a single serotype are asymptomatic or 

mild, infection can cause severe illness, such as dengue hemorrhagic fever (DHF) and dengue 

shock syndrome (DSS) (Diamond & Pierson, 2015). Infection with a single serotype does not 

confer lifelong immunity against infection with another serotype (Diamond & Pierson, 2015). In 

fact, infection with two or more serotypes is a leading risk factor for severe disease (Halstead, 

2007). These diseases are characterized by hemorrhagic episodes and vascular permeability, 

which can lead to shock and death (Halstead, 2007).   

Virus replication depends on cellular metabolism for energy and metabolic precursors, 

and infection triggers changes in carbon metabolism and fatty acid synthesis (Thaker et al., 

2019). DENV serotype 2 (DENV2), in particular, increases glucose and lipid metabolism to aid 

in viral replication, virion production and  virion assembly (Fernandes-Siqueira et al., 2018; 

Fontaine et al., 2015; Heaton & Randall, 2010, Butler et al., 2020). Glycolysis and the TCA 

cycle generate ATP in cells, and intermediates from glycolysis are shuttled into the pentose 

phosphate pathway for synthesis of nucleotide and amino acid precursors.  Increased glucose 

metabolism increases ATP and biosynthetic precursors for virus genome replication (Sanchez & 

Lagunoff, 2015). DENV2 increases cellular glucose consumption by upregulating the expression 

of glycolytic enzymes, hexokinase 1 and 2 (Fontaine et al., 2015; Butler et al., 2020). Inhibition 

of glycolysis decreases viral RNA synthesis and infectious particle production (Fontaine et al., 

2015). Fatty acids can be shuttled into lipid synthesis or into the TCA cycle and oxidative 

phosphorylation via -oxidation. DENV2 alters fatty acid oxidation and synthesis by recruiting 

fatty acid synthetase (FASN) to replication sites (Heaton et al., 2010). DENV2 remodels and 

expands the endoplasmic reticulum (ER) membrane to establish replication complexes (Gullberg 
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et al., 2018; Heaton & Randall, 2010; Jordan & Randall, 2017; Perera et al., 2012). Furthermore, 

DENV2  induces lipophagy to release free fatty acids from lipid droplets for β-oxidation and 

membrane production for ER expansion and the energy demands of replication (Jordan & 

Randall, 2017; Jingshu Zhang et al., 2018).  

Macrophage are a primary target of DENV infection (Cerny et al., 2014; Jessie et al., 

2004; Schmid & Harris, 2014). Macrophage have two major subsets: classically activated 

macrophage and alternatively activated macrophage, referred to as M1 and M2, respectively 

(Gordon & Martinez, 2010; Mosser & Edwards, 2008). M1 cells secrete inflammatory mediators, 

such as IFNγ, IL-1β, IL-12, tumor necrosis factor alpha (TNFα), and inflammatory chemokines, 

such as C-X-C motif chemokine ligand 10 (CXCL10) (Murray, 2017). M2 cells secrete 

immunosuppressive mediators, such as IL-10 and TGFβ, which resolve inflammation and aid in 

wound healing (Murray, 2017; Shapouri-Moghaddam et al., 2018). Infected macrophage 

disseminate viruses to tissues and organs throughout the body, and inflammatory cytokines and 

chemokines support viral infection and spread (Nikitina et al., 2018). Patients with severe dengue 

fever symptoms were shown to have elevated serum concentrations of CXCL10 and TNFα, while 

patients that resolved infections had higher concentrations of TGFβ (Soo et al., 2017; Soo et al., 

2019; Zhao et al., 2016). The balance between inflammatory and immunosuppressive cytokines 

is crucial in disease severity and resolution. 

Macrophage shift their metabolism for rapid macrophage recruitment and proliferation, 

as well as cytokine production in response to infection (Buck et al., 2017). The macrophage 

subsets utilize different metabolic pathways: M1 cells upregulate the pentose phosphate pathway 

to increase in NADPH levels. NADPH oxidase catalyzes the transfer of electrons from NADPH 

to molecular oxygen to produce anti-microbial reactive oxygen species. Upregulation of 
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glycolysis results in high levels of succinate, which enhances IL-1β expression by stabilizing 

HIF-1α, a transcriptional regulator of IL-1β (Tannahill et al., 2013). M2 cells upregulate 

oxidative phosphorylation and fatty acid oxidation (Ching-Cheng Huang et al., 2014; Galván-

Peña & O’Neill, 2014; Viola et al., 2019) to increase ATP production and fuel bioenergetically 

intense immunosuppressive functions (Shyh-Chang et al., 2013), such as tissue repair and 

angiogenesis (S. Yu et al., 2022). While DENV, Zika virus, Hepatitis C virus, and HIV have all 

been shown to change macrophage phenotype during infection, few studies have investigated the 

link between viral metabolic reprogramming and shifts in macrophage phenotype (Cassol et al., 

2009; Foo et al., 2017; Jhan et al., 2021; Syed, Amako, & Siddiqui, 2010).  

In this study, we investigated the impact of DENV2 on macrophage gene expression and 

metabolism in naïve (M0), M1 and M2 macrophage subsets. We hypothesized that the presence 

of DENV2 would decrease expression of anti-viral genes, increase expression of 

immunosuppressive genes, and increase oxidative phosphorylation in all infected macrophage 

subsets. Our results show that DENV2 infection upregulated both pro-inflammatory and 

immunosuppressive genes in M0 cells and drove cells towards oxidative phosphorylation, a 

metabolic pathway utilized by immunosuppressive (M2) immune cells. By reprogramming 

metabolism, DENV2 polarizes macrophage towards an immunosuppressive phenotype to create 

a more hospitable environment for replication. We also found that M1 and M2 cells differ in the 

type 1 interferon response to DENV2, with M1 cells upregulating type 1 interferon stimulated 

genes to a higher degree than infected M2 cells. Our data suggest that DENV2 metabolic 

reprogramming is an important mechanism for immune evasion in M2 cells, while the interferon 

pathway is an important anti-viral mechanism in decreasing DENV2 replication primarily in M1 

cells.  
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3.3Materials and Methods 

3.3a Cells and infection 

THP-1 human monocytic cells (TIB-202™, Manassas, VA, US) were cultured in RPMI-1640 

media, supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% L-

glutamine, 1% penicillin-streptomycin, 25 mM HEPES and 0.05mM 2-mercaptoethanol in a 

37°C incubator with 5% CO2.  

24 hours prior to infection, 2 x 106 cells, plated in T-25 flasks, were treated with 10 ng/mL 

phorbol 12-myristate 13-acetate (PMA) to induce differentiation into macrophages. For 

infection, cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and incubated 

with DENV2 (strain 16681)(Kinney et al., 1997)  at indicated multiplicities in media for 1 hour 

at 4̊C with rocking. Virus media was removed, cells were washed twice with cold D-PBS, and 

warmed RPMI-1640 media with 10% FBS was added.  

3.3b Macrophage polarization and infection 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL PMA. 

24 hours later, media with PMA was removed, and cells were washed with D-PBS and then 

treated with either 20 ng/mL interferon gamma (IFNγ) (R & D Systems, Minneapolis, MN, 

USA) or 20 ng/mL interleukin 4 (IL-4) (R & D Systems, Minneapolis, MN, USA) to polarize 

them into M1 or M2 phenotypes, respectively. 24 hours later, cells were infected with DENV2 as 

described above.  

3.3c RNA extraction and qPCR 

At the indicated time points, cells were harvested in TRIzol (Invitrogen, Thermofisher, 

Waltham, MA, USA), and total RNA was isolated using Zyomogen TRIzol RNA extraction kit 

according to manufacturer’s instructions. cDNA was made using an iScript cDNA synthesis kit 
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(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions, and then subjected 

to qPCR analysis with iQ SYBR green Supermix in a CFX96 real-time PCR system. Primers are 

listed below. Relative expression was normalized to reference gene, ribosomal protein L37a 

(RPL37a). For genomic equivalent analysis, Cq values were standardized to ten-fold dilutions of 

in vitro-transcribed DENV2 genomic RNA and subject to qRT-PCR. 

 

 

Table 3.1 PCR Primers 

Gene Forward sequence Reverse sequence Source 

IL-10 GAC TTT AAG GGT TAC 

CTG GGT TG 

TCA CAT GCG CCT TGA 

TGT CTG 

(Shiratori et al., 

2017) 

CXCL1
0 

CCA GAA TCG AAG GCC 

ATC AA 

CAT TTC CTT GCTAAC TGC 

TTT CAG 

(Qi et al., 2009) 

IFNβ CGCCGCATTGACCATCTA GACATTAGCCAGGAGGTT

CTCA 

(Bender et al., 

2015) 

TGFβ ACG TGG AGC TGT ACC 

AGA AAT A 

GGC GAA AGC CCT CAA 

TTT CC 

(Shiratori et al., 

2017) 

IL-1β TCT TCG ACA CAT GGG 

ATA ACG A 

TCC CGG AGC GTG CAG TT (X. Huang et al., 

2016) 

TNFα CAG CAA GGA CAG CAG 

AGG A 

CCG TGG GTC AGT ATG 

TGA GA 

(X. Huang et al., 

2016) 

ENO1 GTCTCTTCAGGCGTGCAA

GC 

GATGAGACACCATGACGC

CC 

(Galbraith et al., 

2017b) 

CPT1a GCACTGTTGACCACTGA

GCA 

CCGGTCAGCCCAAGATAA

CA 

(Sinha et al., 

2015) 

DENV2 ACAAGTCGAACAACCTG

GTCCAT 

GCCGCACCATTGGTCTTCT

C 

(Butler et al., 

2020) 

HK2 CAAAGTGACAGTGGGTG

TGG 

GCCAGGTCCTTCACTGTCT

C 

(Butler et al., 

2020) 

RPL37
a 

ATTGAAATCAGCCAGCA

CGC 

AGGAACCACAGTGCCAGA

TCC 

(Maeß et al., 

2010) 

 

 

3.3d Plaque assays 

Media were collected at indicated time points and centrifuged at 500g for 10 minutes at room 

temperature. Plaque assays were performed on baby hamster kidney (BHK) cells (ATCC CCL-

10). BHKs, plated at 3 x 105 cells per well in MEM with 10%FBS, were incubated with 10-fold 
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dilutions of the clarified cell supernatants for 2 hours at room temperature with rocking. 

Inoculum was removed and cells were overlaid with 3 mL of 2% agarose in MEM supplemented 

with 5% FBS. After incubation for 7 days, 8% neutral red solution in PBS was added to the agar 

overlay, and plaques were counted 24 hours after staining. 

3.3e Metabolic Stress Tests 

A Seahorse XFe analyzer (Agilent Technologies) was used to measure the oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) with the mitochondrial 

stress test (Agilent 103015-100). Cells plated at 4x106 cells in 10 cm2 dishes were differentiated 

and polarized as described above with 20 ng/mL IL-4 for 48 hours or 20 ng/mL IFNγ for 12 

hours and then infected with DENV2 at an MOI of 10 for 1 hour at 4̊C. After incubation, virus 

media was removed, cells were washed twice with D-PBS and RPMI-1640 media with 10% FBS 

was added. At 36 hours post infection, cells were detached with Cell Stripper (Corning, 

Manassas, VA, US), washed with D-PBS, centrifuged at 500g for 5 minutes and resuspended in 

2 mL XF base medium (Agilent Technologies) supplemented with 1 mM pyruvate, 2 mM L-

glutamine, and with 10 mM glucose. Cells were then counted and plated at 7.5 x 104 cells per 

well in XFe24 cell culture microplates with Cell-Tak (Corning, Manassas, VA, US) and spun at 

500g for 5 minutes. XF base medium was added for a total amount of 500 µl per well. Cells were 

rested for 20 minutes in a non-CO2 incubator at 37°C, and then placed in the Seahorse XFe 

analyzer for analysis. The mitochondrial stress test used sequential injections of oligomycin (15 

µM), p-trifluoromethoxyphenylhydrazone (FCCP, 15 µM), and rotenone and antimycin A (5 µM 

each). Glucose (10 mM), oligomycin (15 µM), and 2-deoxyglucose (500 mM) were injected to 

measure extracellular acidification rate (ECAR. Measurements were collected at 5-minute 

intervals; three times before and after injections and six times after the last injection.  
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Mitochondrial activity was determined as follows: (1) Basal respiration was calculated using 

the last rate measurement before injection of oligomycin minus the non-mitochondrial 

respiration rate (defined as the minimum rate measurement after rotenone/antimycin A 

injection), (2) ATP production was calculated as the last rate measurement before oligomycin 

injection minus the minimum rate measurement after oligomycin injection, (3) Maximum 

respiration was calculated using the maximum rate measurement after FCCP injection minus 

non-mitochondrial rate, (4) Spare capacity was the maximal respiration minus basal respiration, 

(5) Proton leak was the minimum rate measurement after oligomycin injection minus non-

mitochondrial respiration, and (6) Non Mitochondrial Respiration was the minimum rate after 

rotenone and antimycin A injection.  

Glycolytic function was determined as follows: (1) Glycolysis was the maximum rate 

measurement before oligomycin injection minus minimum rate after 2-DG injection, (2) 

Glycolytic capacity was the maximum rate measurement after oligomycin injection minus the 

minimum rate after 2DG injection, and (3) Glycolytic reserve was the glycolytic capacity minus 

glycolysis. OCR/ECAR ratio was calculated with measurements at basal conditions at 18 

minutes. 

3.3f Subcellular Extracts and Protein Analysis 

Nuclear and cytoplasmic extracts were prepared as previously described (Brewster et al., 

2011). Briefly, cells were lysed in 0.5% NP-40 in PBS with protease and phosphatase inhibitors 

(2 µg/mL leupeptin and aprotinin, 1 µg/mL pepstatin, 0.2 mM phenylmethylsulfonyl fluoride 

[PMSF], 0.2 mM sodium orthovanadate, 2 mM sodium pyrophosphate, and 1 mM 

glycerophosphate). Cells were incubated on ice for 30 minutes then pelleted for 4 minutes at 

1,600g. Supernatants were aliquoted into separate tubes and nuclear pellets were washed with 
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cold PBS, and then incubated with Dignam’s buffer for 1 hour on ice. Extracted nuclei were 

pelleted for 15 min at 21,000g. 

Protein concentration of each extract was determined with a Pierce BCA protein assay kit 

(Thermo Scientific) according to manufacturer’s instructions. Equal quantities of total protein 

were separated by polyacrylamide gel electrophoresis for western blot.  Blocked blot segments, 

separated by molecular weight range, were probed simultaneously with indicated primary 

antibodies overnight. Antibodies were detected with appropriate horseradish peroxidase-

conjugated secondary antibodies and developed with the TMB membrane peroxidase substrate 

system (3,3',5,5'-Tetramethylbenzidine, KPL). Images were scanned with a Visioneer One touch 

scanner 9420 at a gamma value of 1.0, and all contrast adjustments were uniformly applied using 

Adobe Photoshop. List of antibodies can be found in supplemental methods. 

3.3g Statistics 

Statistical analysis was performed on Prism Software version 9.3.1. Statistical significance 

was calculated using the two-tailed Student’s t test or one way ANOVA.  

3.4 Results 

3.4a Inflammatory and immunosuppressive genes are upregulated during DENV2 infection 

To investigate immunometabolic reprogramming during DENV2 infection we utilized 

THP-1 human monocytic cells. PMA-treated THP-1 macrophage (M0) were infected with 

DENV2 at a multiplicity of infection (MOI) of 0.1 and total cellular RNA was collected at 0 hrs 

(bound virus) and at 12-, 24-, and 36- hours post infection (hpi).  DENV2 genome equivalents 

(GE) were quantified by RT-qPCR.  Cell supernatants were collected at the same intervals for 

quantification of infectious virus production by plaque assay. DENV2 genome equivalents 

steadily increased after 12 hpi, to 1.70 x 104 GE +/- 2.01 x 103 at 36 hpi (Figure 3.1A, left). 
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Infectious particles (PFU/mL) followed a similar trend, with infectious particle titers reaching 

1.36 x 103 +/- 1.68 x 102 PFU/mL at 36 hours post infection (Figure 3.1A, right). Next, we 

preformed the same experiment with a higher MOI (MOI = 5) to assess virus replication in a 

synchronized infection with minimal bystander cell effects and with measurable virus effects on 

cellular gene expression. The replication kinetics were similar to those at MOI = 0.1: genome 

equivalents increased after 12 hpi and reached, 6.83 x 106 +/- 1.5 105 GE at 36 hpi (Figure 3.1B, 

left), and infectious particles followed a similar trend, with viral titers reaching 5.51 x 104 +/- 3.3 

x 103 PFU/mL at 36 hpi (Figure 3.1B, right). 

We used RT-qPCR to measure inflammatory and immunosuppressive gene expression at 36 

hpi in mock-infected vs. DENV2-infected M0 cells (MOI = 5). Results were normalized to 

reference gene, RPL37a. We measured IL-12, IL-1β, TNFα and CXCL10, gene expression to 

evaluate the inflammatory response during infection. IL-12 gene expression increased 5-fold (M0 

DENV mean fold change over M0 mock-infected = 4.95 +/- 0.32), IL-1β was upregulated 1.75-

fold (mean = 1.74 +/- 0.09), TNFα was upregulated 5-fold (mean = 4.96 +/- 0.43), and CXCL10 

was upregulated ten thousand-fold (mean = 1.13 x104 +/- 618) in DENV2-infected M0 compared 

to mock-infected M0 (Figure 3.1C). Next, we measured IL-10 and TGFβ to investigate the 

immunosuppressive response during infection. IL-10 was upregulated 1.75-fold (mean = 1.75 

+/− 0.16) and TGFβ 3-fold (mean = 3.39 +/− 0.63) (Figure 3.1D). We were also interested in 

DC-SIGN (CD209) gene expression, as it is both a marker for the M2 phenotype (Surdziel et al., 

2017) and a receptor for DENV cell attachment (Tassaneetrithep et al., 2003). CD209 was 

upregulated 1.7-fold (mean = 1.70 +/- 0.25) in DENV-infected vs. mock-infected M0 cells 

(Figure 3.1D). These data indicate that DENV2 upregulates expression of both proinflammatory 

and immunosuppressive genes in M0 macrophage. 
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Figure 3.1: DENV2 upregulates expression of inflammatory and immunosuppressive genes. 

PMA treated THP-1 (M0) cells were infected with an MOI of 0.1 (A) or MOI of 5 (B). Total 

cellular RNA and supernatant were collected at specified timepoints and analyzed for 

intracellular DENV2 genome equivalents (left) or infectious particles-PFU/mL (right). M0 cells 

were infected with an MOI of 5 and total cellular RNA was collected at 36 hpi and analyzed for 

expression of IL-12, IL-1β, TNFα, or CXCL10 (C), or IL-10, TGFβ or CD209 (D). All cellular 

genes were normalized against reference gene RPL37a. All experiments were n = 3 biological 

replicates, *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001 unpaired two tailed t tests. Error bars 

represent mean +/- SEM. 
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3.3b DENV2 infection upregulates cellular metabolism in macrophage 

Macrophage undergo metabolic reprograming during virus infection. To determine the 

impact of DENV2 infection on macrophage (M0) metabolism, we measured expression of two 

glycolytic genes, hexokinase 2 (HK2) and enolase 1 (ENO1). HK2 encodes the HKII protein, 

which phosphorylates glucose upon entry into the cell and is a rate limiting enzyme of glycolysis 

(Wolf et al., 2011). Upon DENV infection, HK2 was upregulated 2.6-fold (mean = 2.60 +/- 0.22) 

(Figure 3.2A, left). ENO1 encodes alpha- enolase (α-enolase), a glycolytic enzyme that catalyzes 

2-phosphoglycerate to phosphoenolpyruvate, the penultimate step in glycolysis. α-enolase is 

expressed on the surface of inflammatory macrophage and monocytes. ENO1 gene expression 

was upregulated 1.4-fold (mean = 1.39 +/- 0.15) in DENV-infected cells (Figure 3.2A, middle). 

The increase in both HK2 and ENO1 gene expression supports virus-induced glycolysis during 

DENV2 infection.  

To measure an impact of infection on fatty acid oxidation, we measured carnitine 

palmitoyltransferase 1A (CPT1a) gene expression. CPT1a encodes CPT1a, an enzyme that 

transports long chain fatty acids into the mitochondria, where they undergo b-oxidation for 

efficient ATP generation. CPT1a expression was upregulated 1.2-fold (mean = 1.29 +/- 0.06) in 

infected cells (Figure 3.2A). The modest, but significant increase of CPT1a supports the need for 

fatty acid β-oxidation during DENV2 infection (Jordan & Randall, 2017; Tongluan et al., 2017). 

The upregulation of glycolysis and oxidative phosphorylation (OXPHOS) in DENV infected 

M0 cells at 36 hpi was further corroborated using a Seahorse metabolic flux analyzer.  We 

measured mitochondrial respiration based on oxygen consumption rate (OCR) and measured 

cellular glycolysis based on extracellular acidification rate (ECAR) (Zhang & Zhang, 2019). 

OCR and ECAR were measured following injection of oligomycin (ATP synthase inhibitor), 
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FCCP (uncoupler of oxidative phosphorylation), and rotenone, antimycin A (electron transport 

chain complex I and III inhibitors) and 2-deoxy-glucose (2-DG) (hexokinase inhibitor). We 

measured basal respiration, maximal respiration, spare capacity, ATP production, non-

mitochondrial respiration, and proton leak (see methods for details regarding calculations of 

parameters).  

There were significant increases in all OCR parameters measured at 36 hpi in DENV2-

infected cells when compared to uninfected cells (Figure 3.2B). The increase in basal respiration 

and maximal respiration shows that DENV2 shifts host cell metabolism to oxidative 

phosphorylation. The difference between basal respiration and maximal respiration, known as 

the spare capacity, was higher in infected cells compared to mock infected cells (Figure 3.2B, 

right). Spare capacity measures the ability of a cell to produce energy under times of increased 

stress. The increase in spare capacity suggests that mitochondria are responding to the increased 

stress of viral infection, but still manages to increase energy output, as seen in the increase of 

ATP production. While DENV2 is increasing mitochondrial respiration, the mitochondria also 

sustained damage during infection, as seen by an increase in proton leak and non-mitochondrial 

OCR, two indicators of loss of integrity to the inner mitochondrial membrane and mitochondrial 

damage (Nanayakkara et al., 2020). 

We observed an increase in basal glycolysis, glycolytic capacity, but not glycolytic reserve 

during DENV infection (Figure 3.2C) Glycolytic capacity is the maximal capacity of a cell to 

generate ATP from glycolysis, while glycolytic reserve is the difference between basal 

glycolysis and glycolytic capacity and is the ability of a cell to undergo glycolysis during times 

of stress (Mookerjee et al., 2016). The increases in both glycolysis and glycolytic capacity 

indicate that DENV2 is driving the cell to undergo glycolysis at a higher rate, possibly to  
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Figure 3.2: DENV2 drives mitochondrial respiration in M0 cells. M0 cells were infected with 

DENV2 at an MOI of 10 (A) Total RNA was analyzed for HK2, ENO1 and CPT1a expression 
(B) Oxygen consumption rate (OCR) was measured during a mitochondrial stress test. Basal 

rate, Maximum Respiration, Spare Capacity, ATP production, Proton Leak, and Non-

Mitochondrial Respiration were calculated. (C) Extracellular acidification rate (ECAR) was 

measured. Glycolysis, Glycolytic capacity, and Glycolytic reserve were calculated. (D) 

OCR/ECAR ratio was calculated at 18 minutes. All significant values for OCR and ECAR were 

calculated using one-way ANOVA with Tukey’s multiple comparisons. Significant values for 
genes calculated using unpaired two tailed t test. *p, 0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Error bars represent mean +/- SEM. 
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generate more ATP and funnel glycolytic byproducts into the TCA cycle, and ultimately 

oxidative phosphorylation. We didn’t see any significant difference in glycolytic reserve, 

suggesting that the ability of a cell to produce ATP from glycolysis is unchanged during times of 

stress.  

Since both OXPHOS and glycolysis were increased, we calculated the OCR/ECAR ratio at 

basal respiration (Bilz et al., 2018; van der Windt et al., 2012) to determine the dominant 

metabolic pathway during infection. A high OCR/ECAR indicates cells utilize oxidative 

phosphorylation for their energy demands, while a low OCR/ECAR ratio suggests cells depend 

on glycolysis. Infected cells had a higher OCR/ECAR ratio (Figure 3.2D), demonstrating that 

DENV2 infection drives cells to primarily utilize oxidative phosphorylation for its energy 

demands.  

3.3c M2 macrophage support DENV2 infection 

To determine whether macrophage phenotype impacts DENV2 replication, PMA-

differentiated M0 were treated with either 20 ng/mL IFNγ or 20 ng/mL IL-4 to polarize them 

into an M1 or M2 phenotype, respectively. M1 and M2 cells were infected with DENV2 at an 

MOI of 0.1 and total RNA and culture supernatants collected at 0 (virus binding), 6, 12, 18, 24, 

and 36 hpi to measure viral genome equivalents and plaque forming units.  DENV2 genome 

equivalents decreased in M1 cells throughout infection, with only 1.4x102 +/- 30 GE remaining 

at 36 hpi, (Figure 3.3A left).  In contrast, viral RNA increased in M2 cells to 5.36 x 106 +/- 5.5 x 

105 GE at 36 hpi, 4 logs higher than M1 cells (Figure 3.3A, right). The infectious virus titer was 

also reduced in M1 macrophage when compared to that in M0 and M2 cells at 36 hpi (M0 = 

4.49x103 +/- 368 PFU/mL, M2 = 3.20x103 +/- 409 PFU/mL, M1 = 1.55 x 102 +/- 44 PFU/mL; 

p<0.001) (Figure 3.3B). 
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We saw a similar pattern at an MOI of 5, with DENV2 RNA decreasing over time in M1 

cells to 5.10 x 105 +/- 7.0 X 103 GE at 36 hpi and increasing in M2 cells (3.65 x107 +/- 9.3 x 106 

GE at 36 hpi) (Figure 3.3C). Infectious viral titers were significantly higher in M2 macrophage 

(1.34 x 106 +/- 2.45 x 105 PFU/mL) and M0 macrophage (1.37 x106 +/- 1.44 x 105 PFU/mL) 

when compared to M1 cells (2.92 x 103 +/- 7.10 x 102 PFU/mL) at 36 hpi (Figure 3.3D).  

Regardless of the MOI, DENV2 did not replicate efficiently in M1 cells, with viral RNA and 

infectious particles remaining low throughout infection. These data indicate that M2 macrophage 

provide a supportive cellular environment for DENV2 replication.   

 
Figure 3.3: M2 macrophage provide a conducive environment for DENV2 replication. 

PMA treated M0 cells were untreated or treated with IFNg or IL4 to polarize to M1 and M2 

cells, respectively. Macrophage were infected with a MOI of 0.1 (A and B) or MOI of 5 (C and 

D). Total cellular RNA and supernatant were collected at specified timepoints and analyzed for 

intracellular DENV2 genome equivalents (A, C) or infectious particles (PFU/mL) at 36 hours 

post infection (B, D). All experiments were n = 3 biological replicates, one-way ANOVA with 

Tukey’s multiple comparison’s test, ***p<0.001, ****p<0.0001. Error bars represent mean +/- 
SEM. 
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3.3d DENV2 infection of M2 cells increases immunosuppressive markers but decreases 

inflammatory cytokines compared to infected M0 cells.   

To further investigate the cellular environment and response to viral infection, we measured 

the expression of inflammatory and immunosuppressive genes in mock-infected and DENV2-

infected M2 cells at 36 hpi. There were no significant differences in the expression of 

inflammatory genes in M0 and M2 uninfected cells (IL-12: M2 mean fold change over M0 = 

1.34 +/- 0.21, IL-1β: M2 fold mean change over M0 = 0.13 +/- 0.03, TNFα: M2 fold mean 

change over M0 = 0.66 +/- 0.10, CXCL10: M2 fold mean change over M0 = 0.73 +/- 0.10). 

consider a slightly different format:  M2 mean fold change over M0: IL-12 = 1.34 +/- 0.21, IL-1β 

= 0.13 +/- 0.03, TNFα = 0.66 +/- 0.10, CXCL10 = 0.73 +/- 0.10. Upon infection there was no 

observed difference in IL-12 expression levels in M2 cells (M2 DENV mean fold change over 

M2 = 1.31). However, there was a 0.5-fold increase in IL-1β (M2 DENV2 mean fold change 

over M2 = 0.46), a 6-fold increase in TNFα (M2 DENV2 mean fold change over M2 = 6.70) and 

a 18,000-fold increase in CXCL10 (M2 DENV2 mean fold change over M2 = 1.83 x 104) in 

infected M2 cells compared to uninfected M2 cells (Figure 3.4A). When comparing DENV2 

infected M2 cells to infected M0 cells, there was a 2.8-fold decrease in IL-12 (M0 DENV mean 

fold change over M2 DENV = 2.8), a 5- fold decrease in IL-1β (M0 DENV change over M2 

DENV2 = 5.84) and a 1.8-fold decrease in TNFα (M0 DENV2 mean fold change over M2 

DENV2 = 1.83). There was no statistically significant difference in CXCL10 expression in 

infected M2 cells compared to infected M0 cells (Figure 3.4A). These data demonstrate that 

upon infection, the expression of certain inflammatory cytokines, but not CXCL10, are reduced 

in response to DENV2 infection in M2 cells. 
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While IL-10 and TGFβ are both immunosuppressive genes, they are also master regulators of 

the anti-inflammatory response and promote activation of M0 cells towards an M2 phenotype 

(Gong et al., 2012; Saraiva & O’Garra, 2010). To confirm the phenotype of our M2 cells, we 

measured IL-10 and TGFβ gene expression compared to M0 cells. There was an increase in both 

IL-10 and TGFβ gene expression in M2 cells compared to that in M0 cells (IL-10: M2 mean fold 

change over M0 = 2.33 +/- 0.06, TGFβ: M2 mean fold change over M0 = 2.48 +/- 0.02). Upon 

infection there was a 3.5- fold increase in IL-10 (M2 DENV2 mean fold change over M2 = 3.37) 

and a 1.7-fold increase in TGFβ gene expression (M2 DENV2 mean fold change over M2 = 

1.69) in infected M2 cells compared to uninfected M2 cells (Figure 3.4B). These data further 

confirm that DENV2 increases these key regulators of the anti-inflammatory response. 

 There was an increase in IL-10 gene expression in infected M2 cells compared to infected 

M0 cells (M2 DENV2 mean fold change over M0 DENV2 = 1.59). We saw in no difference in 

TGFβ gene expression in infected M2 cells versus the infected M0 cells (M2 DENV2 mean fold 

change over M0 DENV2 = 0.90). DENV2 did increase IL-10 gene expression (M0 DENV2 

mean fold change over M2 = 2.11) and TGFβ expression (M2 DENV2 mean fold change over 

M2 = 1.86) more than the addition of IL-4 alone (Figure 3.4B). This suggests that DENV2 is a 

stronger trigger for immunosuppressive gene expression than IL-4. The increase of 

immunosuppressive genes indicates that DENV2 can drive macrophage towards an 

immunosuppressive phenotype just as strongly as immunosuppressive cytokines, like IL-4. 

While CD209 is a known receptor for DENV2 entry (Tassaneetrithep et al., 2003), it is also a 

marker for the immunosuppressive macrophage phenotype (Lugo-Villarino et al., 2018). There 

was a 2.2-fold increase in CD209 in M2 cells compared to M0 (M2 mean fold change over M0 = 

2.23 +/- 0.04). There was also a 1.6-fold increase in infected M2 cells compared to uninfected 
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M2 cells (M2 DENV2 mean fold change over M2 = 1.58). The increase in CD209 expression in 

M2 infected cells compared to M0 infected cells (M2 DENV2 mean fold change over M0 

DENV2 = 3.51) (Figure 3.4B) shows that M2 cells not only have a more conducive environment 

for viral replication, but also upregulates gene expression for one of the receptors DENV2 uses 

for viral entry. 

 

Figure 3.4: DENV2 infection of M2 cells increases immunosuppressive markers but 

decreases inflammatory cytokines compared to infected M0 cells. M2 cells were infected 

with MOI = 5, total cellular RNA was collected at 36 hours post infection and analyzed for (A) 

CXCL10, TNFα or IL-1β, (B) IL-10, TGFβ or CD209 gene expression. All cellular genes were 

normalized against reference gene RPL37a. All experiments were n = 3 biological replicates, 

one-way ANOVA with Tukey’s multiple comparison’s test. ***p<0.001, ****p<0.0001. Error 

bars represent mean +/- SEM. 
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3.3e No difference in inflammatory gene expression levels in infected M1 and infected M0 cells 

Just as we sought to understand increased DENV2 replication in M2 cells, we measured gene 

expression of inflammatory genes to evaluate possible outcomes responsible for limited DENV2 

replication in M1 cells. We infected M1 cells and collected RNA at 36 hpi to measure IL-12, 

CXCL10, IL-1β and TNFα gene expression. Since IL-12, IL-1β and TNFα are often used to 

phenotype M1 cells, we used these genes to confirm the M1 phenotype. There was a 1.7- fold 

increase in IL-12 (M1 mean fold change over M0 = 1.73 +/- 0.32), a 2.4-fold increase in IL-1β 

(M1 mean fold change over M0 = 2.40 +/- 0.46) and a 10-fold increase in TNFα (M1 mean fold 

change over M0 = 9.98 +/- 0.87) in M1 cells compared to M0 cells. While the increase in 

CXCL10 in M1 was not significantly different from M0, M1 cells had 1,000-fold higher 

expression (M1 mean fold change over M0 = 1.18 x 103 +/- 4.02 x 102) (Figure 3.5). 

We measured inflammatory gene expression during infection to determine if an increase in 

inflammatory gene expression correlated with a decrease in DENV2 replication. DENV2 

increased expression of IL-12, did not increase the expression of IL-1β and increased the 

expression of TNFα and CXCL10 in M1 infected cells compared to uninfected M1 cells (IL-12: 

M1 DENV2 mean fold change over M1 = 3.09; IL-1β: M1 DENV2 mean fold change over M1 = 

0.95; TNFα: M1 DENV2 mean fold change over M1 = 1.37; CXCL10: M1 DENV2 mean fold 

change over M1 = 11.22) (Figure 3.5). However, there was not a significant difference in the 

expression level any of the four inflammatory genes when comparing infected M1 cells and 

infected M0 cells (IL-12: M1 DENV2 mean fold change over M0 DENV = 1.08; IL-1β: M1 

DENV2 mean fold change over M0 DENV2 = 0.87, TNFα: M1 DENV2 fold change over M0 

DENV2 = 1.17, CXCL10: M0 DENV2 mean fold change over M1 DENV2 = 1.00) (Figure 3.5). 

These data indicate that the suppressed DENV2 replication in M1 macrophage was not due to the 
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increase of these inflammatory genes. Other factors, such as macrophage metabolism or the 

interferon response, may play an important role in reducing DENV2 replication in M1 cells.  

 
Figure 3.5: No difference in inflammatory gene expression levels in infected M1 and 

infected M0 cells. M1 cells were infected with an MOI = 5, total cellular RNA was collected at 

36 hpi and analyzed for IL-12, IL-1β, CXCL10, or TNFα All cellular genes were normalized 

against reference gene RPL37a. All experiments were n = 3 biological replicates, one-way 

ANOVA with Tukey’s multiple comparison’s test (A-D) or unpaired two tailed t tests (D left 

graph), *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001.). Error bars represent mean +/- SEM. 

 

 

3.4f Expression of glycolytic genes are upregulated in M1 cells upon DENV2 infection, while 

DENV2 increases expression of both glycolytic and fatty acid oxidation genes in M2 cells 

Since inflammatory gene expression did not differ between M0 and M1 macrophage, even 

though we saw a distinct decrease in DENV2 replication in M1 cells, we wanted to determine if 

macrophage metabolism impacted replication. The primary pathway used by macrophage differs 

by phenotype, with M1 utilizing glycolysis and M2 utilizing oxidative phosphorylation and fatty 

acid oxidation. We investigated the impact of DENV2 infection on metabolic gene expression in 

M1 and M2 phenotypes at 36 hpi. Since HKII is the first rate limiting enzyme in glycolysis, we 

measured gene expression changes as a marker for shifts in early glycolysis during polarization 

and infection. Polarizing cells towards an M2 phenotype did not significantly alter expression 

levels of HK2 (M2 mean fold change over M0 = 0.87 +/- 0.06), but infection in M2 cells 
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increased HK2 levels 3-fold (M2 DENV2 mean fold change over M2 = 3.10). There was no 

significant change between M0 DENV and M2 DENV (M0 DENV2 mean fold change over M2 

DENV2 = 0.91), meaning that while DENV2 infection increases HK2 levels, there is no added 

affect in M2 cells. Next, we measured HK2 in the M1 phenotype. Since M1 cells upregulate 

glycolysis, we expected to see an increase in HK2 upon polarization. As anticipated, HK2 

expression was increased in M1 cells compared to M0 cells (M1 mean fold change over M0 = 

2.92 +/- 0.30). We saw a further increase in HK2 expression levels during DENV2 infection of 

M1 cells (M1 DENV2 mean fold change over M1 = 1.41), and a significant increase in 

expression levels in M1 DENV compared to M0 DENV (M1 DENV2 mean fold change over M0 

DENV2 = 1.67) (Figure 3.6A).  

To determine the impact of DENV2 on late-stage glycolytic genes, we measured ENO1. α-

enolase is an enzyme that plays a role in both late glycolysis as well as in the inflammatory 

response in monocytes. Similar to HK2, polarizing cells towards M2 did not significantly change 

ENO1 expression levels (M2 mean fold change over M0 = 1.46 +/- 0.20). There was no 

significant increase in ENO1 during DENV2 infection of M2 cells (M2 DENV2 mean fold 

change over M0 = 1.84 +/- 0.07) and no difference in ENO1 gene expression in M2 DENV 

compared to M0 DENV (M2 DENV2 mean fold change over M0 DENV2 = 0.96). Next, we 

measured ENO1 expression in M1 cells. Since glycolysis is the primary metabolic pathway in 

M1 cells, we expected ENO1 expression levels to increase upon polarization. As expected, we 

saw an increase in ENO1 expression upon polarization (M1 fold mean change over M0 = 1.73 

+/- 0.05). Infection further increased expression (M1 DENV2 mean fold change over M1 = 1.56) 

and there were significantly higher expression levels in M1 infected cells compared to infected 

M0 cells (M1 DENV fold change over M0 DENV = 1.490) (Figure 3.6B). These data suggest 
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that DENV2 induces early glycolytic gene expression in all macrophage phenotypes, but only 

increases late glycolytic gene expression in naive and inflammatory phenotypes.  

Since oxidative phosphorylation plays a major role in M2 macrophage function, we 

investigated the gene expression of CPT1a in M1 and M2 macrophage. While CPT1a was not 

upregulated in M2 cells compared to M0 cells (M2 mean fold change over M0 = 1.06 +/- 0.02), 

there was a significant increase in expression during infection of M2 cells (M2 DENV2 mean 

fold change over M0 = 1.83 +/- 0.07). Furthermore, the expression of CPT1a was higher in 

infected M2 cells compared to infected M0 cells (M2 DENV2 mean fold change over M0 

DENV2 = 1.31). While CPT1a is not upregulated during M2 polarization, the upregulation 

during infection suggests that DENV2 is driving fatty acid oxidation in M2 phenotypes 

compared to M0. When we measured CPT1a expression in M1 cells, we observed an increase in 

uninfected M1 cells compared to uninfected M0 cells (M1 mean fold change over M0 = 1.50 +/- 

0.10). However, when we measured CPT1a in infected M1 cells, we did not see a difference 

between uninfected and infected M1 cells (M1 DENV2 mean fold change over M1 = 0.93) or 

between infected M1 cells and infected M0 cells (M1 DENV2 mean fold change over M0 

DENV2 = 1.00) (Figure 3.6C). The negligible difference in CPT1a gene expression during 

infection of M1 macrophage compared to M0 cells suggests that DENV2 infection does not 

increase oxidative phosphorylation in these cells. The differences in glycolytic and fatty acid 

oxidative gene expression between M1 and M2 infected cells suggests metabolism may play an 

important role to either enhance or diminish viral replication. 
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Figure 3.6: Glycolytic gene expression is upregulated in M1 cells upon DENV2 infection, 

while DENV2 increases glycolytic and fatty acid oxidation gene expression in M2 cells. M2 

or M1 cells were infected with an MOI of 5, total cellular RNA was collected at 36 hpi and 

analyzed for HK2, ENO1 or CPT1a. All cellular genes were normalized against reference gene 

RPL37a. All experiments: n = 3 biological replicates, one-way ANOVA with Tukey’s multiple 
comparison’s test *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent mean +/- 
SEM. 

 

 

3.3g DENV2 infection increases mitochondrial respiration 

To further validate the impact DENV2 has on M1 and M2 metabolism, we used a seahorse 

flux analyzer to measure oxygen consumption rate (OCR). We measured changes in 

mitochondrial stress following the addition of oligomycin (ATP synthase inhibitor), FCCP 

(electron transport chain uncoupler), rotenone and antimycin A (electron transport chain complex 

I and III inhibitors). We examined mitochondrial respiration in uninfected M0 and M2 cells and 

M2 cells infected with DENV2 virus. We infected cells with MOI = 10 and preformed a seahorse 

assay at 36hpi. 
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Our data confirm that M2 cells have higher oxygen consumption than non-polarized cells 

(Figure 3.7A,B).  While M2 cells had higher basal respiration, maximal respiration compared to 

M0 cells, there was no significant difference in spare capacity, indicating polarization to M2 

cells does not impact the cell’s ability to produce energy under conditions of increased work. 

Polarization towards M2 also increased ATP production, suggesting that polarization increases 

ATP demand, which is a hallmark of this phenotype (Van den Bossche et al., 2017). M2 

polarization did not change proton leak, but it did increase non mitochondrial respiration (Figure 

3.7B) indicating that there is no damage to the mitochondrial matrix, but possibly an increase in 

the activity of enzymes associated with inflammation, such as NADPH oxidase or lipoxygenases 

(Chacko et al., 2014).  

Lastly, we compared M2 and M2 DENV2. The only parameters that had a significant 

difference between M2 and M2 DENV2 cells were maximal respiration and spare capacity. The 

increase in both of these parameters indicates that DENV2 is not only driving the maximum 

amount of oxidative phosphorylation mitochondria can sustain but is also increasing the range of 

potential of substrates the cell can use for respiration, such as lipids or amino acids (Tavakoli et 

al., 2013). These data suggest that DENV2 increases mitochondrial respiration in M2 cells to 

create an environment that is beneficial to viral replication (Figure 3.7B). 

Next, we measured mitochondrial respiration on M1 macrophage. We measured 

mitochondrial respiration in uninfected M0 and M1 cells and M2 cells infected with DENV2 

virus at an MOI = 10 and preformed the seahorse assay at 36hpi. Since M1 macrophage 

upregulate glycolysis and not oxidative phosphorylation, we did not expect to see a difference in 

any mitochondrial respiration parameter compared to M0 macrophage. There was no significant 

difference between M1 and M0 cells when measuring basal respiration, maximal respiration, or 
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spare capacity (Figure 7C &D). The was an increase in ATP production, proton leak and non-

mitochondrial OCR in M1 cells compared to M0 cells. Proton leak and non-mitochondrial OCR 

are indicators of mitochondrial health but are also associated with inflammation (Chacko et al., 

2014). The increase in these parameters could further confirm that M1 cells have increased 

inflammatory mechanisms compared to M0 cells.  

 

Figure 3.7: DENV2 drives oxidative phosphorylation in M1 and M2 cells. M1 and M2 cells 

were infected with an MOI of 10. (A and B) M2 cells or (C and D) M1 cells were infected with 

DENV2 at an MOI of 10. Oxygen consumption rate (OCR) was measured during a 

mitochondrial stress test. Basal rate, Maximum Respiration, Spare Capacity, ATP production, 

Proton Leak, and Non-Mitochondrial Respiration were calculated. All significant values for 

OCR and ECAR were calculated using one-way ANOVA with Tukey’s multiple comparisons. 
Significant values for genes calculated using unpaired two tailed t test. *p, 0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Error bars represent mean +/- SEM. 
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There was a significant increase in basal and maximal respiration between M1 and M1 

DENV. This indicates that the virus is driving cells towards oxidative phosphorylation. The 

increase in spare capacity, shows that the virus is increasing the cell’s ability to utilize energy in 

times of stress. The insignificant differences between M1 and M1 DENV in ATP production, 

non-mitochondrial OCR and proton leak suggests infection does not lead to increased ATP 

synthesis and does not dysregulate mitochondrial function. These data show that even though 

there is little DENV2 replication, there is still an impact of the virus on cellular metabolism. 

Regardless of phenotype, DENV2 increases mitochondrial respiration, but is not a sufficient 

explanation for the differences in virus replication in M1 compared to M0 and M2 cells (Figure 

3.7D) 

3.4h DENV2 does not increase glycolysis in M1 or M2 cells 

To understand differences in glycolysis between M1 and M2 cells, we measured changes 

in extracellular acidification rate (ECAR) using a seahorse flux analyzer. We measured changes 

in glycolysis following the addition of glucose, oligomycin (ATP synthase inhibitor), and 2-DG 

(hexokinase inhibitor). We measured ECAR in uninfected M0 and M2 cells and M2 cells 

infected with DENV2 virus. We infected cells with MOI = 10 and performed a seahorse assay at 

36 hpi. 

Polarization towards M2 cells increased glycolysis, and glycolytic capacity, but did not 

impact glycolytic reserve (Figure 3.8A). While glycolysis is not the primary metabolism of M2 

cells, increasing the rate of glycolysis has the potential to increase the amount of lactate shuttled 

into the TCA cycle, ultimately increasing oxidative phosphorylation. There was no difference 

between M2 and M2 DENV in the observed glycolytic parameters, indicating that the binding, 

uptake, and replication of DENV2 in M2 macrophages has little impact on glycolysis. The 
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OCR/ECAR ratio is increased once cells are polarized towards an M2 phenotype, which further 

confirms that these cells utilize oxidative phosphorylation over glycolysis (Figure 3.8B). We 

measured an increase in the ratio between M2 and M2 DENV cells. Polarization towards M2 

increases oxidative phosphorylation and infection with DENV2 increases it further.  

Polarization towards M1 cells increased the rate of glycolysis compared to M0 cells, but 

we saw no difference in glycolytic capacity or glycolytic reserve (Figure 3.8C). The negligible 

difference in these parameters between M1 and M0 cells confirm our previous results and 

demonstrates that M1 cells do not utilize glycolysis during cellular stress and will most likely use 

oxidative phosphorylation.  The only significant difference between M1 and DENV-infected M1 

cells was the level of glycolytic reserve, an indication that infection increased the cell’s ability to 

use glycolysis in times of stress. This may be beneficial to the virus as it can increase the 

capacity of a cell to metabolize carbon, via glycolysis, and shuttle byproducts into the TCA 

cycle. There was no significant difference in OCR or ECAR between M0 and M1 cells (Figure 

3.8D). However, infection seems to increase the OCR/ ECAR ratio in M1 cells, indicating 

DENV drives this cell type to upregulate oxygen consumption instead of glycolysis (Figure 

3.8D). The increase in oxidative phosphorylation over glycolysis during infection suggests that 

DENV drives M1 cells towards a metabolic profile distinct from conventional M1 macrophage.  
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Figure 3.8: DENV2 does not increase rates of glycolysis in in M1 and M2 cells. M1 and M2 

cells were infected with an MOI of 10. (A and B) M2 cells or (C and D) M1 cells were infected 

with DENV2 at an MOI of 10. Extracellular acidification rate (ECAR) was measured. 

Glycolysis, Glycolytic Capacity, and Glycolytic Reserve were measured. (B and D) OCR/ECAR 

ratio was calculated at basal respiration at 18 minutes. All significant values for OCR and ECAR 

were calculated using one-way ANOVA with Tukey’s multiple comparisons. Significant values 

for genes calculated using unpaired two tailed t test. *p, 0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Error bars represent mean +/- SEM. 

 

 

3.4i Increases in expression of type I interferon genes during infection correlate with decreases 

in DENV2 replication in M1 cells  

In addition to cellular metabolism, we investigated the impact of the type 1 interferon 

response on DENV2 replication in M0, M1 and M2 cells. The type 1 interferon response is a 

potent anti-viral pathway cells use to prevent viral spread (Katze, He, & Gale, 2002).  We first 

measured gene expression of interferons alpha (IFNα) and beta (IFNβ). Polarization towards M1 

or M2 cells did not impact IFNα gene expression compared to M0 cells (M1 mean fold increase 

over M0 = 0.78 +/- 0.16, M2 mean fold change over M0 = 1.05 +/- 0.21), but infected M0, M1 

and M2 cells had elevated levels of IFNα compared to mock infected cells. When we compared 
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infected subsets, infected M2 cells had lower levels of IFNα compared to infected M0 cells, but 

infected M1 cells had higher IFNα expression compared to both M0 and M2 infected cells (M2 

DENV mean fold change over M0 = 5.8+/- 0.66, M1 DENV2 mean fold change over M0 = 

14.67 +/- 0.229, M0 DENV2 mean fold change over M0 = 10.33 +/- 0.522) (Figure 3.9).  

When measuring IFNβ expression, we saw that polarization towards an M1 or M2 phenotype 

did not impact IFNβ levels (M1 mean fold change over M0 = 1.49 +/- 0.09, M2 mean fold 

change over M0 = 0.89 +/- 0.11). Upon infection, IFNβ was significantly increased in infected 

M1 cells, which had a 11-fold increase compared to infected M0 (M1 DENV2 mean fold change 

over M0 DENV = 11.09). In contrast, infected M2 cells had a lower induction of IFNβ 

expression compared to M0 cells (M2 DENV mean fold change over M0 DENV2 = 0.18). IFNγ 

alone did not significantly increase IFNβ gene expression, so there was a specific induction of 

IFNβ in response to infection in M1 cells.  

To confirm whether type I IFN-mediated mechanisms impact the observed restriction of 

DENV2 in M1 cells, we measured gene expression levels of 2'-5'-oligoadenylate synthetase 1 

(OAS1), a known interferon-induced gene. OAS1 gene expression was increased in M1 cells, but 

not in M0 or M2 cells (M1 mean fold change over M0 = 24.94 +/- 5.37, M2 fold change over M0 

= 1.50 +/- 0.61). DENV2 infection increased OAS1 gene expression in M0, M1 and M2 cells, 

with no significant differences between the phenotypes (M1 DENV mean fold change over M0 = 

2.38 x 103 +/- 55.5, M0 DENV2 mean fold change over M0 = 2.19 x 103 +/- 67.1, M2 DENV2 

mean fold change over M0 = 1.74 x 103 +/- 142). When we measured expression of the IFN-

inducible double-stranded RNA-dependent protein kinase R (PKR), its expression was increased 

in M1 cells compared to M0 or M2 cells (M1 mean fold change over M0 = 1.65 +/- 0.06, M2 

mean fold change over M0 = 0.93 +/- 0.03) and further increased upon DENV2 infection (M1 
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DENV2 mean fold change over M0 = 2.27 +/- 0.160, M0 DENV2 mean fold change over M0 = 

1.59 +/- 0.084, M2 DENV2 mean fold change over M0 = 1.43 +/- 0.02). There was no difference 

between M0 and M2 infected cells, but PKR expression was significantly increased in infected 

M1 cells (Figure 3.9). When comparing infected M1 cells and infected M2 cells, we saw higher 

levels of IFNα, IFNβ, OAS1, and PKR in infected M1 cells compared to infected M2 cells. These 

data indicate that the interferon response may play an important role in inhibiting the production 

of DENV2 infectious virus and possibly increasing the host response against infection in M1 

cells. 

 

 

Figure 3.9: Increase in IFN-stimulated genes leads to a decrease in DENV2 replication. M1 

cells were infected with an MOI = 5, total cellular RNA was collected at 36 hpi and analyzed for 

IFNβ, IFNα, OAS1 or PKR gene expression. All cellular genes were normalized against 
reference gene RPL37a. All experiments were n = 3 biological replicates, one-way ANOVA with 

Tukey’s multiple comparison’s test. *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001.). Error bars 
represent mean +/- SEM. 

 

 

3.5 Discussion  

 Together, our data show that regardless of phenotype, DENV2 will attempt to reprogram 

macrophage gene expression and metabolism to drive cells towards a hospitable environment for 

replication. DENV infection results in an increase in both inflammatory and anti-inflammatory 
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genes, suggesting that the virus is driving cells towards a hospitable environment for replication, 

while the cell is mounting an anti-viral response against the virus. An increase in oxidative 

phosphorylation combined with an immunosuppressive environment leads to an increase in 

DENV replication in M2 cells. While DENV did increase oxidative phosphorylation in M1 cells, 

the interferon response negated any potential benefit an increase in oxidative phosphorylation 

could have provided for DENV replication. 

Macrophage are among the first cells to become infected with DENV2 after a mosquito 

bite (Schmid & Harris, 2014),(Rathore & St John, 2018). These cells not only initiate 

inflammation by recruiting inflammatory cells to the site of infection (Fujiwara & Kobayashi, 

2005), but they also illicit a strong type I and type II interferon response, which promotes anti-

viral mechanisms (McNab, Mayer-Barber, Sher, Wack, & O’Garra, 2015). To evade an anti-viral 

response some viruses, such as respiratory syncytial virus (RSV), polarize M0 macrophage 

towards an M2 phenotype, resulting in an environment has an increase in both inflammatory and 

immunosuppressive genes (Shirey et al., 2010). We observed a similar phenomenon, where M0 

macrophage upregulate both inflammatory and immunosuppressive genes in response to DENV2 

infection. Our model recapitulates what is seen in severe dengue patients, where severe dengue 

episodes result in an increase in both inflammatory and anti-inflammatory cytokines and 

chemokines (Soo et al., 2017; Soo et al., 2019; Zhao et al., 2016). While the immune response to 

DENV is incredibly complex, our study further confirms that the macrophage is mounting an 

anti-viral response at the same time the virus is driving the cell to create an immunosuppressive 

environment.  

We observed enhanced replication in M2 macrophage and decreased replication in M1 

macrophage. Other viruses, such as HIV and HCV, have altered replication kinetics in different 
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macrophage phenotypes (D. H. Lee & Ghiasi, 2017). Previous literature has shown that 

stimulating macrophage with IL-4 increases gene expression of DC-SIGN (CD209), a receptor 

that is both upregulated in M2 cells and used by DENV2 for cell entry (Schaeffer et al., 2015), 

which has been correlated with increased DENV RNA during infection. While we did not see an 

increase in DC-SIGN gene expression with IL-4 simulation on its own, we did see an increase 

during infection. DENV2 may increase DC-SIGN expression as a method to increase entry and 

viral replication in M2 cells (P. Liu et al., 2017). In contrast, we found that M1 cells were 

permissive to infection but did not sustain high viral titer or genome equivalents. Cells treated 

with IFNγ have been shown to have limited DENV, most likely due to an increased interferon 

response (Diamond & Harris, 2001; Sittisombut et al., 1995). Ebola virus exhibits similar 

replication dynamics, with increased replication in M2 cells and diminished replication in M1 

cells (Rhein et al., 2015; Rogers et al., 2019). 

M2 cells have an environment more conducive to viral replication. These macrophage 

have an increase in immunosuppressive genes, such as IL-10 and TGFβ, which allow viruses to 

replicate while evading strong anti-viral response (Cassol et al., 2009; Mantovani et al., 2004). 

Expression of inflammatory genes were decreased in infected M2 cells compared to M0 cells, 

suggesting that a decreased inflammatory response may be beneficial to DENV replication, as 

seen with HIV (Tricia et al., 2015). The increase in IL-10 expression during DENV infection 

alone surpassed the level of IL-10 seen by stimulating cells with IL-4. Many viruses target IL-10 

since it is a key regulator in the immunosuppressive response and activation of IL-10 prevents 

the release of inflammatory proteins (Saraiva & O’Garra, 2010). Hepatitis C virus, herpesviruses 

and poxviruses have all adapted a mechanism to increase IL-10 gene or protein expression 

during infection (Fleming et al., 1997; Kwon et al., 2019; Suzuki et al., 1995). Furthermore, an 
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increase in IL-10 has been seen in severe dengue illness and is being considered as a marker for 

severe dengue (Pé Rez et al., 2004). DENV infection also increases TGFβ in M0 and M2 

macrophage. Increasing the amount of TGFβ is also an effective immune evasion strategy. TGFβ 

inhibits iNOS and nitric oxide production (Abd El-Aleem, Mohammed, Saber, Embaby, & 

Djouhri, 2020), which leads to a dampened anti-viral response and increased survival (Odkhuu et 

al., 2018). 

The M1 phenotype is associated with higher levels of inflammatory genes and our data 

show IFNβ, IFNα and PKR are particularly important in the M1 phenotype’s anti-viral response 

against DENV2. IFNα and IFNβ have the highest expression in infected M1 macrophage 

compared to infected M0 or infected M2 cells. The increase in IFNα and IFNβ will ultimately 

lead to the transcription of interferon stimulated genes (ISGs), such as OAS1 and PKR. OAS1 

has been shown to block DENV replication, while the exact role of PKR as an anti-viral 

mechanism against DENV remains to be discovered (Diamond & Harris, 2001; R.-J. Lin et al., 

2009). It has been suggested that the decrease in DENV2 replication in IFNγ/β treated cells is 

due to mechanisms that prevent translation of viral proteins necessary for viral replication 

(Diamond & Harris, 2001). We show that an increase in PKR and OAS1gene expression are 

correlated with decreased viral replication in M1 cells. These data suggest that the suppressed 

replication is due to IFNγ priming the type I and type II interferon response in during DENV2 

infection (Diamond et al., 2000). 

Viral reprogramming of metabolism has dual purposes in macrophage, since shifting 

metabolism shifts function (O’Neill & Pearce, 2016). We found that DENV2 increases HK2 

gene expression in M0, M1 and M2 macrophage, while ENO1 was only increased in M0 and M1 

cells. HKII has been linked as a key enzyme in toll-like receptor (TLR) induced glycolytic burst 
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and activation of dendritic cells (Everts et al., 2014; Perrin-Cocon et al., 2018), linking its 

enzyme activity to both the regulation of cellular metabolism and inflammation. Cells cultured in 

media supplemented with purified α-enolase protein upregulate proinflammatory gene 

expression, via  binding and activation of TLR-4 (Bae et al., 2012; Guillou et al., 2016), 

indicating ENO1 plays an important role in inflammation. Since ENO1 and HK2 have both been 

linked to increase in inflammatory mediators (Bae et al., 2012; Guillou et al., 2016; Hinrichsen et 

al., 2021; Wolf et al., 2011), an increase in these genes indicates that viral induction of glycolysis 

for viral replication could be detrimental to DENV2 survival in M1 cells. Since late glycolytic 

enzymes play a role in production of reactive oxygen species and inflammasomes in macrophage 

(Van den Bossche et al., 2017), the increase in glycolysis in M1 cells could contribute to the 

decrease in DENV2 replication. The increases of HK2 and ENO1 in M1 infected cells correlate 

with increased inflammatory chemokines and decreased DENV replication. CPT1a is an 

important protein for oxidative phosphorylation and regulating inflammation (Calle et al., 2019; 

Lin et al., 2018). We found that CPT1a was upregulated in infected M0 and infected M2 

macrophage, but not infected M1 cells. The increase in CPT1a could be due to the increase in 

fatty acid oxidation and beta oxidation necessary to sustain infection. Furthermore, since CPT1a 

is important for an anti-inflammatory response, DENV could be upregulating this gene to evade 

an anti-viral response in the cell.  

DENV2  has been shown to enhance the oxidative phosphorylation (Butler et al., 2020; 

Fernandes-Siqueira et al., 2018) and redistribute fatty acid synthetase to increase fatty acid 

synthesis (Heaton et al., 2010). We show that DENV2 increases the rate of oxidative 

phosphorylation in all subsets of infected macrophage. In M0 and M2 cells, the increase in 

oxidative consumption rate is associated with an increase in DENV2 RNA and infectious 
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particles. Within these cells the DENV2 is taking advantage of, as well as driving, the increased 

rate of oxidative phosphorylation to enhance replication and infectious particle production. In 

contrast, the increased rate of oxidative phosphorylation in M1 cells does not explain the 

decreased viral replication observed in this phenotype. Increase in mitochondrial respiration may 

serve a different purpose in M1 cells, as an increase in fatty acid oxidation has been shown to 

increase IFNα expression, possibly driving an interferon response against the virus (D. Wu et al., 

2016). In addition to increasing fatty acid synthesis and oxidative phosphorylation, DENV2 

replication also induces glycolysis (Fontaine et al., 2015). We did not observe an increase in 

glycolysis in infected M2 cells or infected M1 cells, which supports the fact that DENV2 is 

driving oxidative phosphorylation more than glycolysis in these cells. 

Our research shows that DENV infected macrophages exhibit characteristics of both 

inflammatory and immunosuppressive phenotypes. While infection of inflammatory macrophage 

leads to an upregulation of oxidative phosphorylation, the strong interferon response leads to 

diminished replication compared to immunosuppressive macrophage. The differences in 

cytokine expression levels in acute and chronic dengue infection is correlated with disease 

severity (K.-M. Soo et al., 2017; K. M. Soo et al., 2019). Understanding the regulation of viral 

induced inflammatory responses in different phenotypes of macrophage is critical to 

understanding DENV pathology and disease progression. 

  



 

82 

CHAPTER 4: INVESTIGATING THE ROLE OF CDK8 AND CDK19 IN DENV2 

INFECTION OF MACROPHAGES 

 

 

 

4.1 Summary 

Dengue virus (DENV) is the most prevalent arthropod borne flavivirus in the world, 

causing dengue hemorrhagic fever and dengue shock syndrome. To effectively replicate and 

evade anti-viral responses mounted by infected cells, DENV must block/alter the transcription of 

inflammatory and anti-inflammatory genes and proteins. Here, we investigate the role of cyclin 

dependent kinase 8 (CDK8) and its paralog, cyclin dependent kinase 19 (CDK19), during DENV 

infection of macrophage. CDK8 and CDK19 are host transcriptional co-factors that regulate 

expression of interferon gamma-stimulated genes and certain cytokines/chemokines. We show 

that DENV serotype 2 (DENV2) infection induces expression of CDK19, but not CDK8 in THP-

1 cells. Treatment with Senexin B, a CDK8/19 inhibitor, was found to increase DENV2 genome 

equivalents and infectious particles in naïve (M0) macrophages. We also find that inhibition of 

CDK8/19 kinase activity increases IL-10 but decreases CXCL10 gene expression. This suggests 

dependence upon CDK8/19 activity for virus induction of CXCL10 and repression of IL-10. We 

present preliminary data assessing the roles of CDK8 and CDK19 during DENV infection of 

macrophage. Using a shRNA lentiviral knockdown system, we find that CDK8 and CDK19 

regulate different pathways within the context of infection. Lastly, we begin to investigate the 

role of CDK8 and CDK19 within polarized macrophage. Similar to results seen in M0 

macrophage, inhibition of CDK8/19 kinase activity increases IL-10 expression but decreases 

CXCL10 gene expression in inflammatory (M1) and anti-inflammatory (M2) macrophage. These 

preliminary data suggest that CDK8 and CDK19 may play a key role in regulating macrophage 
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ability to transcribe genes that control polarization and anti-viral immunity during DENV 

infection. 

4.2 Introduction 

Cytokines and chemokines are master regulators of the innate and adaptive immune 

response. These proteins interact with cytokine/chemokine receptors to regulate the immune 

response, either inducing or suppressing inflammation (Dinarello, 2000; Opal & DePalo, 2000). 

One of the predominant producers of cytokines and chemokines are macrophage (Tayal & Kalra, 

2008), where inflammatory (M1) macrophage secrete inflammatory cytokines and chemokines 

and anti-inflammatory (M2) macrophage secrete anti-inflammatory cytokines (Sica & 

Mantovani, 2012). Signal transducer and activator of transcription (STAT) proteins are known to 

regulate the transcription of cytokines and chemokines genes (Lawrence & Natoli, 2011). During 

polarization towards an M2 phenotype, the phosphorylation of STAT6 leads to the repression of 

the inflammasome and inflammatory genes (Czimmerer et al., 2018; T. Yu et al., 2019). In 

addition, the phosphorylation of STAT3 initiates an anti-inflammatory signaling cascade 

necessary for M2 function (Weber-Nordtt et al., 1996). In M1 cells, the phosphorylation of 

STAT1 leads to the induction of various inflammatory genes (Lawrence & Natoli, 2011). 

CDK8 is a component of the Mediator complex, which is required for transcription of 

RNA polymerase II (RNAP II) genes (Soutourina, 2018). CDK8, its activating cyclin, cyclin C, 

and two other Mediator proteins, Med12 and Med13, make up the CDK8 kinase module. This 

module can phosphorylate the Carboxy Terminal Domain (CTD) of RNAP II to control 

transcriptional pausing and elongation of RNAPII dependent genes (Conaway & Conaway, 

2013). The CDK8 module can reversibly dissociate from RNAPII and phosphorylate 

transcription factors  in response to cell stress and reprograms cellular metabolism, cell 
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proliferation and immune signaling (Donner at al., 2010; Galbraith et al., 2017; Knuesel et al., 

2009; Steinparzer et al., 2019; Zhao et al., 2012). Since amino acid alignments have shown that 

the kinase domain is conserved between CDK8 and CDK19, CDK19 is presumed to have similar 

kinase activity as CDK8. CDK8 and CDK19 differ most at the C terminal tail, suggesting 

different interaction partners and distinct regulatory functions. For example, CDK8, but not 

CDK19, is required for the induction of HIF1α genes during hypoxia (Galbraith et al., 2013). 

CDK8 and CDK19 have been shown to be mechanistically different in response to interferon 

gamma (IFNγ), where CDK8 acts in a kinase dependent manner, CDK19 activity is kinase 

independent, resulting in regulation of a different subset of genes (Steinparzer et al., 2019). 

 STAT proteins can be phosphorylated by cyclin dependent kinase 8 (CDK8) and its 

paralog, cyclin dependent kinase 19 (CDK19). CDK8 controls the interferon response and 

regulates inflammatory cytokine gene induction by phosphorylating STAT1, STAT3 AND 

STAT5 (Akamatsu et al., 2019; Bancerek et al., 2013; Martinez-Fabregas et al., 2020). 

Specifically, CDK8 phosphorylates STAT1 at serine 727 in response to IFNγ and differentially 

regulates the transcription of IFNγ response genes (Bancerek et al., 2013). Furthermore, 

inhibition of CDK8 kinase activity enhances anti-inflammatory gene expression. CDK8 is a 

negative regulator of interleukin 10 (IL-10), where chemical inhibition of CDK8/19 results in an 

increase in IL-10 protein secretion in macrophage (Johannessen et al., 2017). CDK8/19 

phosphorylation of STAT5 prevents the activation of regulatory T cells (Akamatsu et al., 2019). 

Inhibition of CDK8/19 kinase activity results in increased retention of STAT5 in the nucleus, 

leading to induction of Foxp3 gene expression and suppression of auto immune diseases in 

mouse models (Akamatsu et al., 2019; Guo et al., 2019). 
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Previous work in our lab has investigated the role of CDK8/19 during virus infection. 

Walleye dermal sarcoma virus (WDSV) is a retrovirus that encodes retroviral cyclin (RV cyclin), 

a viral protein that has a small amount of homology to cell cyclins and directly binds to CDK8 to 

enhance its kinase activity resulting in increased transcriptional elongation and cell proliferation 

(Birkenheuer et al., 2015; Brewster et al., 2011; Rovnak et al., 2012). Dengue virus serotype 2 

(DENV2) regulates host metabolism via CDK8 kinase activity (Butler et al., 2020). Furthermore, 

CDK8 gene expression is increased throughout DENV replication and chemical inhibition of 

CDK8/19 leads to a decrease in viral replication (Butler et al., 2020).  

Here, we present preliminary data investigating the role of CDK8 and CDK19 in the 

context of DENV2 infection of macrophage. We propose that CDK8/19 regulates the 

transcription of C-X-C motif chemokine ligand 10 (CXCL10) and IL-10 to provide an 

environment more conducive to viral replication. In addition, we use a lentivirus knockdown 

system to characterize the roles of CDK8 and CDK19 individually. We find that CDK8 

knockdown has similar effects on IL-10 and CXCL10 gene expression as chemical inhibition of 

kinase activity, suggesting CDK8 kinase regulated IL-10 and CXCL10 expression. In contrast, 

CDK19 knockdown did not yield the same results seen with CDK8 knockdown, indicating 

CDK19 has a distinct role in transcriptional regulation from CDK8. Our preliminary data 

suggests that CDK8/19 kinase activity could be a mechanism that plays a role in DENV2 

replication.  
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4.3 Methods and Materials 

4.3a: Cell culture and PMA stimulation 

THP-1 human monocytic cells (TIB-202™, Manassas, VA, US) were cultured in RPMI-

1640 media, supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 

1% L-glutamine, 1% penicillin-streptomycin, 25 mM HEPES and 0.05mM 2-mercaptoethanol in 

a 37°C incubator with 5% CO2. 2 x 106 cells. Cells were plated in T-25 flasks and treated with 

indicated concentration of phorbol 12-myristate 13-acetate (PMA) to induce differentiation into 

macrophages. Cells were incubated with 10 ng/ml of PMA for 0, 24, 48, 72 or 96 hours.  

4.3b: Polarization of PMA treated THP-1 cells 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL 

PMA. Twenty-four hours later, media with PMA was removed, and cells were washed with D-

PBS. Cells were then treated with either 20 ng/mL interferon gamma (IFNγ) (R & D Systems, 

Minneapolis, MN, USA) or 20 ng/mL interleukin 4 (IL-4) (R & D Systems, Minneapolis, MN, 

USA) to polarize them into M1 or M2 phenotypes, respectively.  

4.3c: DENV2 infection 

For infection, cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and 

incubated with DENV2 (strain 16681) (Kinney et al., 1997) at indicated multiplicities in media 

for 1 hour at 4̊ C with rocking. Virus media was removed, cells were washed twice with cold D-

PBS, and warmed RPMI-1640 media with 10% FBS was added. 

4.3d: RNA extraction and qPCR 

At the indicated time points, cells were harvested in TRIzol (Invitrogen, Thermofisher, 

Waltham, MA, USA), and total RNA was isolated using Zyomogen TRIzol RNA extraction kit 

according to manufacturer’s instructions. cDNA was made using an iScript cDNA synthesis kit 
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(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions, and then subjected 

to qPCR analysis with iQ SYBR green Supermix in a CFX96 real-time PCR system. Primers are 

listed in Table 1. Relative expression was normalized to a house keeping gene, Ribosomal 

Protein L37a (RPL37a). For genomic equivalent analysis, Cq values were standardized to ten-

fold dilutions of in vitro transcribed DENV2 genomic RNA and subject to qRT-PCR. 

 

 

Table 4.1 PCR Primers 

Gene FWD REV Source 

CDK8 GGGATCTCTATGTCG

GCATGTAG 

AAATGACGTTTGGATGC

TTAAGC 

(Galbraith et al., 

2013) 

CDK19 GCCACGGCTAGGGCC

T 

GCGAGAACTGGAGTGCT

GATAA 

(Galbraith et al., 

2013) 

DENV2 ACAAGTCGAACAACC

TGGTCCAT 

GCCGCACCATTGGTCTTC

TC 

(Butler et al., 2020) 

CXCL10  CCA GAA TCG AAG 

GCC ATC AA 

CAT TTC CTT GCTAAC 

TGC TTT CAG 

(Qi et al., 2009) 

IL-10 GAC TTT AAG GGT 

TAC CTG GGT TG 

TCA CAT GCG CCT TGA 

TGT CTG 

(X. Huang et al., 

2016) 

RPL37A ATTGAAATCAGCCAG

CACGC 

AGGAACCACAGTGCCAG

ATCC 

(Maeß et al., 2010) 

 

 

4.3e Plaque assays 

Media were collected at indicated time points and centrifuged at 500g for 10 minutes at 

room temperature. Plaque assays were performed on baby hamster kidney (BHK) cells. BHKs, 

plated at 3 x 105 cells per well in MEM with 10%FBS, were incubated with 10-fold dilutions of 

the clarified cell supernatants for 2 hours at room temperature with rocking. Inoculum was 

removed and cells were overlaid with 3 mL of 2% agarose in MEM supplemented with 5% FBS. 



 

88 

After incubation for 7 days, 8% neutral red solution in PBS was added to the agar overlay, and 

plaques were counted 24 hours after staining. 

4.3f Senexin treatment 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL 

PMA. Twenty-four hours later, media with PMA was removed, and cells were washed with D-

PBS. For infection, cells were washed with D-PBS and incubated with DENV2 (strain 16681) 

(Kinney et al., 1997) at indicated multiplicities in media for 1 hour at 4̊ C with rocking. Virus 

media was removed, cells were washed twice with cold D-PBS. Cells were then treated with 

warmed RPMI-1640 media + 10% FBS, supplemented with 5 µM Senexin B. Media 

supplemented with 5 µM Senexin B was left on cells for the remainder of infection.  

4.3g CDK8/19 knockdown 

Lentivirus delivery of short hairpin RNAs (shRNA) (Sigma-Aldrich, St. Louis, MO, 

USA) was used to knockdown expression of CDK8 and CDK19 as previously described (Butler 

et al., 2020). THP-1 cells were transduced with shRNA lentiviruses and incubated for 1 hour at 

37̊ C prior to selection with 1 µg/mL puromycin for seven days. Selected cells were harvested 

for gene expression analysis or protein assay. After confirmation of knockdown, cells were 

plated at 2 × 106 cells per T-25 cm2 flask for DENV2 infection for 36-hour post infection. 

 

 

Table 4.2 shRNA sequences 

Gene Designation Sequence  

CDK8 TRCN0000000489 CCGGATGTCCAGTAGCCAAGTTCCACTCGAGTGG

AACTTGG CTACTGGACATTTTTT 

CDK19 TRCN0000195069 CCGGAGGACTGATAGCTCTTCTTTACTCGAGTAAA

GAAGAG CTATCAGTCCTTTTTT 

Nontarget SHC002 CCGGCAACAAGATGAAGAGCACCAACTCGAGTTG

GTGCTC TTCATCTTGTTGTTTTT 
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4.3hProtein analysis 

Nuclear extracts were prepared as previously described (Brewster, Birkenheuer, Vogt, 

Quackenbush, & Rovnak, 2011). Briefly, cells were lysed in 0.5% NP-40 in PBS with protease 

and phosphatase inhibitors (2 µg/mL leupeptin and aprotinin, 1 µg/mL pepstatin, 0.2 mM 

phenylmethylsulfonyl fluoride [PMSF], 0.2 mM sodium orthovanadate, 2 mM sodium 

pyrophosphate, and 1 mM glycerophosphate). Cells were incubated on ice for 30 minutes then 

pelleted for 4 minutes at 1,600 g. Supernatants were aliquoted into separate tubes and nuclear 

pellets were washed with cold PBS, and then incubated with Dignam’s buffer for 1 hour on ice. 

Extracted nuclei were pelleted for 15 min at 21,000 g. 

Protein concentrations of each extract were determined with a Pierce BCA protein assay 

kit (Thermo Scientific) according to manufacturer’s instructions. Equal quantities of total protein 

were separated by polyacrylamide gel electrophoresis for western blot. Blocked blot segments, 

separated by molecular weight range, were probed simultaneously with indicated primary 

antibodies overnight. Antibodies were detected with appropriate horseradish peroxidase-

conjugated secondary antibodies and developed with the TMB membrane peroxidase substrate 

system (3,3',5,5'-Tetramethylbenzidine, KPL). Images were scanned with a Visioneer One touch 

scanner 9420 at a gamma value of 1.0, and all contrast adjustments were uniformly applied using 

Adobe Photoshop. List of antibodies can be found in supplemental methods. 

4.3i Statistics 

Statistical analysis was performed on Prism Software version 9.3.1. Statistical 

significance was calculated using the two-tailed Student’s t test or one-way ANOVA.  
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4.4 Results 

4.4a CDK19 is upregulated during DENV2 infection and CDK8/19 kinase inhibition increases 

DENV2 replication  

 Since DENV serotype 2 (DENV2) infection of Huh7 cells results in an increase in CDK8 

gene expression (Butler et al., 2020), we hypothesized that within the context of DENV2 

infection of macrophage, CDK8 gene expression would be upregulated. We infected cells with a 

multiplicity of infection of 5 (MOI = 5). Total RNA was collected 36 hours post infection (hpi) 

and CDK8 gene expression was analyzed via RT-qPCR. Contrary to our prediction, CDK8 gene 

expression was not altered by DENV2 infection (M0 DENV2 mean fold change over M0 = 1.07 

+/- 0.06) (Figure 4.1A). Since CDK8 expression levels did not change during infection, we 

measured CDK19 gene expression. CDK19 has a high degree of homology to CDK8, differing 

only in the C terminal domain, suggesting different interacting partners and different functions 

(Galbraith et al., 2013; Steinparzer et al., 2019). CDK19 gene expression was significantly 

upregulated during infection (M0 DENV2 mean fold change over DENV2 = 2.87 +/- 0.39) 

(Figure 4.1B). These data suggest that CDK19 may have a distinct role during DENV2 infection 

in macrophage. 

Chemical inhibition of CDK8/19 kinase activity has been shown to decrease DENV2 

replication in Huh7 cells, a liver cell line  (Butler et al., 2020). To see if we could recapitulate 

these data in our macrophage system, we treated cells with Senexin B. Senexin B is an active site 

inhibitor that targets both CDK8 and CDK19 kinase function (McDermott et al., 2017). We 

pretreated cells 24 hours prior to infection with 5 µM dimethyl sulfoxide (DMSO) or 5 µM 

Senexin B dissolved in DMSO. Cells were then infected with DENV2 at a MOI = 0.1. After viral 

adsorption, cells were treated with media containing DMSO or media containing 5 µM of 
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Senexin B dissolved in DMSO for the duration of the infection. Total RNA was collected at 24 

hpi and DENV2 genome equivalents (GE) were quantified by RT-qPCR. Cell supernatants were 

collected for quantification of infectious virus production via plaque assay. Contrary to 

previously publish data, treatment with Senexin B increased both DENV2 genome equivalents 

and infectious particle production (Figure 4.1C). Genome equivalents increased 3-fold (DMSO: 

3.68 x 104 +/- 7.82 x 103 GE, Senexin B: 1.11 x 105 +/- 1.36 x 104 GE), while infectious particle 

production increased 4.4-fold (DMSO: 1.91 x 103 +/- 4.75 x 102 PFU/mL, Senexin B: 8.46 x 103 

+/- 4.73 x 102 PFU/mL) (Figure 4.1C&D). These data suggest that CDK8 and CDK19 gene 

expression are impacted differently during DENV2 infection. 

 

 

 

Figure 4.1: CDK19 expression is increased during DENV2 infection and CDK8/19 kinase 

inhibition increases DENV22 replication. M0 macrophage were infected with a MOI = 5 and 

total cellular RNA was collected at 36 hours post infection. (A) CDK8 and (B) CDK19 gene 

expression was measured. (C & D) M0 macrophage were treated with 5 µM Senexin B and 

infected with a MOI of 0.1 and analyzed for (C) intracellular DENV2 genome equivalents or (D) 

infectious particles (PFU/mL) at 36 hours post infection. Cellular genes were normalized to 

housekeeping gene RPL37A. All experiments were n = 3 biological replicates, student’s t test, * 

p<0.5, ** p<0.01, ***p<0.001. Error bars represent mean +/- SEM. 
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4.4b CDK8/19 kinase regulates CXCL10 and IL-10 expression during infection 

Since CDK8/19 are regulators of gene expression during times of cellular stress, we 

sought to determine whether CDK8/19 kinase activity regulated IL-10 and CXCL10 transcription 

during infection. Cells were treated for 24 hours prior to infection with DMSO or 5 µM Senexin 

B and infected with an MOI = 5. CXCL10 and IL-10 gene expression were measured as 

inflammatory and anti-inflammatory markers, respectively. DENV2 infection increased CXCL10 

expression in infected Senexin B treated and infected DMSO treated cells compared to 

uninfected cells (M0 DENV2 DMSO mean fold change over M0 DMSO: 4.34 x 103 +/- 3.76 x 

102, M0 DENV2 SB mean fold change over M0 SB: 3.12 x 103 +/- 1.62 x 102). Treatment with 

Senexin B decreased CXCL10 expression 39% compared to DMSO treated cells (M0 DENV2 

SB mean fold change over M0 DENV2 = 0.61 +/- 0.02) (Figure 4.2A, left). IL-10 expression was 

only increased in the presence of Senexin B (M0 SB mean fold change over DMSO M0 = 9.459 

+/- 0.36; M0 DENV2 SB mean fold change over M0 DMSO: 10.44 +/- 1.08). While treatment 

with Senexin B increased IL-10 expression, infection did not further enhance gene expression 

(DENV2 DMSO mean fold change over M0 DMSO: 1.59 +/- 0.07, M0 DENV2 SB mean fold 

change over M0 SB: 1.11 +/- 0.07) (Figure 4.2A, right). In concordance with the literature, this 

indicates that CDK8/19 are positive regulators of CXCL10 gene expression and negative 

regulators of IL-10 expression (Johannessen et al., 2017; Steinparzer et al., 2019).  

Since macrophage metabolism impacts macrophage function (Van den Bosscheet et al., 

2017), we investigated the role of CDK8/19 kinase activity on cellular metabolism during 

infection. Inhibition of CDK8 kinase activity has been shown to decrease expression of 

glycolytic enzyme hexokinase 2 (HK2) and lipophagy protein microtubule-associated protein 1 

light chain 3 (LC3) during DENV2 infection of Huh7 cells (Butler et al., 2020). In contrast to 
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previously published data, treatment with Senexin B did not alter gene expression of HK2 or LC3 

during infection (HK2: M0 DENV2 DMSO mean fold change over M0 DMSO: 2.11 +/- 0.06, 

M0 DENV2 SB mean fold change over M0 DMSO: 2.02 +/- 0.15; LC3: M0 DENV2 DMSO 

mean fold change over M0 DMSO = 0.97 +/- 0.08, M0 DENV2 SB mean fold change over M0 

DMSO = 1.36 +/- 0.59) (Figure 4.3B).  

 

 

 

Figure 4.2: CDK8/19 regulates CXCL10 and IL-10 expression. M0 were infected with a MOI 

of 5 and total cellular RNA was collected at 36 hours post infection. (A &B) CXCL10 and IL-10, 

(B) HK2 and LC3, (C) IFNβ expression were measured via RT-qPCR. Genes were normalized to 

housekeeping gene RPL37A. All experiments were n = 3 biological replicates, one-way ANOVA 

with Tukey’s multiple comparison’s test, **p<0.01, ****p<0.0001. Error bars represent mean 
+/- SEM. 

 

 

Since CDK8/19kinase activity has been shown to be regulators of the interferon response 

(Bancerek et al., 2013; Steinparzer et al., 2019a), we investigated the role for CDK8/19 kinase 

activity on IFNβ gene expression as a marker for the type 1 interferon response. As expected, 
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IFNβ expression increased during infection (M0 DENV2 DMSO mean fold change over M0 

DMSO = 166.6 +/- 10.82, M0 DENV2 SB mean fold change over M0 DMSO = 266 +/- 67.49). 

When we compared IFNβ gene expression level between infected Senexin B treated and infected 

DMSO treated cells, we did not see a difference (M0 DENV2 SB mean fold change over M0 

DENV2 DMSO = 1.6 +/- 0.06) (Figure 4.3C). These data show that CDK8/19 expression solely 

regulated inflammatory and anti-inflammatory gene expression in our in vitro macrophage 

model. 

4.4c Knockdown of CDK8 increased DENV2 replication 

To distinguish the roles of CDK8 and CDK19 during DENV2 infection, we utilized a 

lentivirus knockdown system to create CDK8/19 shRNA knockdowns in THP-1 cells. THP-1 

cells were transduced with non-target shRNA (NT), CDK8 shRNA (CDK8-KD) or CDK19 

shRNA (CDK19-KD), then selected with puromycin for 7 days. To evaluate the efficiency of the 

shRNA knockdown, we measured CDK8 and CDK19 gene expression in the knockdown cells. 

There was a 72% decrease in CDK8 RNA compared to the non-target cells (CDK8 KD mean 

fold change over NT = 0.28 +- 0.02). Interestingly, CDK8 expression was increased in CDK19-

KD cells (CDK19-KD mean fold change over NT = 1.62 +- 0.03) (Fig 4.3A). Since CDK8 is a 

lethal knockdown (Westerling et al., 2007), and CDK8 and CDK19 are assumed to be 

functionally redundant, an increase in CDK19 expression may be compensating for the decrease 

in CDK8. To further confirm knockdown of CDK8, we measured protein levels in the 

knockdown lines via western blot. There was a dramatic decrease in CDK8 protein in CDK8-KD 

cells, verifying the knockdown of CDK8 at the protein level (Figure 4.3B).When CDK19 

expression was measured in the knockdown cells, there was a 79% knockdown in gene 

expression in the CDK19 cells (CDK19-KD mean fold change over NT = 0.21 +- 0.02), and no 
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decrease in the CDK8 knockdown cells (CDK8-KD mean fold change over NT = 1.00 +- 0.05) 

(Fig 4.3C). Protein levels of CDK19 were not measured due to time constraints. Assuming 

CDK19 protein levels are correlated with CDK19 RNA levels, as seen with CDK8 knockdowns, 

we can assume that CDK19 protein levels are decreased in the CDK19 knockdown cells line. 

These data confirm the knockdown of CDK8 and CDK19 gene expression in THP-1 cells.  

 

 

 
Figure 4.3: Knockdown of CDK8 increased DENV2 replication. M0 cells were transduced 

with lentivirus mediated nontarget shRNA, CDK8 shRNA, CDK19 shRNA. (A) CDK8 gene 

expression was analyzed in knockdown cell lines. (B) CDK8 protein levels were analyzed via 

western blot analysis. (C) CDK19 gene expression was analyzed in knockdown cell lines. (D) 

Knockdown cells were infected with MOI = 5 DENV2 for 36 hours, DENV2 RNA was 

measured against standard curve. All experiments were n = 3 biological replicates, one-way 

ANOVA with Tukey’s multiple comparison’s test, **p<0.01, ****p<0.0001. Error bars 

represent mean +/- SEM. 

 

 

We sought to distinguish the roles of CDK8 and CDK19 during DENV2 infection in 

macrophage. NT, CDK8-KD, and CDK19-KD cells were infected with DENV2 at an MOI of 5 

and total RNA was collected at 36 hpi. DENV2 genome equivalents were measured via RT-
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qPCR. We found that knockdown of CDK8 increased DENV2 genome equivalents relative to 

infected NT cells (CDK8 KD = 4.80 x 105 +/- 4.89 x 104 GE, NT = 2.58 x 105 +/- 2.62 x 104 

GE). We did not see a difference in DENV2 GE between NT cells and CDK19-KD cell, but 

DENV2 genome equivalents were lower relative to CDK8 KD cells (CDK19 KD = 2.23 x 105 

+/- 5.81 x 104 GE). These results suggest that CDK8 may be the kinase targeted by DENV2 

during replication in M0 macrophage. 

4.4d CDK8 controls IL-10 and CXCL 10 gene expression 

Next, we determined the role of CDK8 and CDK19 on gene expression during DENV2 

infection. There is evidence that CDK8 and CDK19 have distinct mechanisms in regulating the 

anti-viral interferon response (Steinparzer et al., 2019). To characterize the roles of CDK8 and 

CDK19 in regulating inflammatory and anti-inflammatory genes during infection, we infected 

NT, CDK8-KD, and CDK19-KD with DENV2 at a MOI = 5. Total RNA was collected 36 hpi 

and host gene expression measured by RT-qPCR. CXCL10 expression, was increased in DENV2 

infected NT cells (NT DENV2 mean fold change over NT = 13.39). Infected CDK19-KD cells 

had an increase in CXCL10 expression (CDK19-KD DENV2 mean fold change over CDK19-KD 

= 13.60). Since this expression level is similar to expression levels measured in infected NT 

cells, this indicates that CDK19 kinase does not play a major role in regulating CXCL10 gene 

expression. In contrast, infection did not result in increased CXCL10 expression in CDK8-KD 

cells (CDK8- KD DENV2 mean fold change over CDK8-KD = 1.00), suggesting that CDK8 

regulates CXCL10 gene expression (Figure 4.4A).  

When we measured IL-10 expression, there was no significant difference in IL-10 in NT 

infected cells compared to uninfected NT cells (NT DENV2 mean fold change over NT = 1.434 

+/- 0.21). Knockdown of CDK8 increased IL-10 gene expression (CDK8 KD mean fold change 
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over NT = 3.364 +/- 0.16). Furthermore, there was no significant difference in IL-10 expression 

between infected CDK19-KD cells and uninfected CDK19-KD cells (CDK19-KD DENV2 mean 

fold change over CDK19- KD = 0.76 +/- 0.09) (Figure 4.4B). In contrast, infected CDK8-KD 

increased IL-10 expression 1.5-fold relative to uninfected CDK8-KD cells (CDK8-KD DENV2 

mean fold change over CDK8-KD = 1.54 +/- 0.05). While we have not examined the broader 

array of inflammatory and anti-inflammatory genes, the difference between IL-10 expression and 

CXCL10 expression in CDK8-KD cells and CDK19-KD cells suggests that these paralogs may 

regulate different genes within the inflammatory response in infected macrophage.  

 

 

 
Figure 4.4: CDK8 controls IL-10 and CXCL10 gene expression. M0 cells were transduced 

with lentivirus mediated nontarget shRNA (NT), CDK8 shRNA (CDK8-KD), CDK19 shRNA 

(CDK19-KD) and infected with a MOI of 5. Total cellular RNA was collected at 36 hours post 

infection. (A) CXCL10 and (B) IL-10 expression were analyzed via RT-qPCR. Experiments were 

either (A) n = 4 or (B) n = 2 biological replicates, one-way ANOVA with Tukey’s multiple 
comparison’s test, **p<0.01, ****p<0.0001. Error bars represent mean +/- SEM. 
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4.4e Regulation by CDK8/19 is not phenotype specific 

 To determine whether CDK8 inhibition regulates DENV2 replication in M1 and M2 

cells, we polarized cells with IFNγ or IL-4 and pretreated cells with media containing DMSO or 

media containing 5 µM Senexin B for 24 hours prior to infection. Cells were infected with an 

MOI = 5 and total RNA and cell supernatants were collected at 36 hours post infection. CDK8 

gene expression was analyzed via RT-qPCR and normalized against reference gene RP37A. 

Similar to the results seen in Figure 4.1A, CDK8 expression was not significantly increased in 

any macrophage during infection (Figure 4.5A). Next, we measured CDK19 gene expression at 

36 hpi. We found that CDK19 was upregulated in M0, M1 and M2 macrophage upon infection 

(M0 DENV2 mean fold change over M0 = 1.85 +/- 1.90, M1 DENV2 mean fold change over 

M1= 1.58 +/- 0.10, M2 DENV2 mean fold change over M2 = 2.02 +/- 0.05) (Figure 4.5B).  

To investigate the role of CDK8/19 kinase activity on DENV replication, we measured 

DENV2 replication in infected M0, M1 and M2 cells treated with DMSO or treated with Senexin 

B. M0, M1 and M2 cells were pretreated with Senexin B for 24 hours, then infected with 

DENV2 at an MOI = 5. After infection, fresh media supplemented with DMSO, or Senexin B 

was added. While Senexin B significantly increased genome equivalents in M0 cells (M0 

DENV2 = 1.37 x 106 +/- 1.44 x 105, M0 DENV2 SB = 6.59 +/- 106 +/- 8.6 x105)(Figure 4.5C), 

there was no difference in viral genome equivalents in infected M1 or M2 cells (M1 DENV2 = 

2.92 x 103 +/- 7.10 x 102, M1 DENV2 SB = 3.19 x 103 +-/ 5.57 x 102; M2 DENV2 = 1.34 x 106 

+/- 2.54 x 105, M2 DENV2 SB = 2.36 x 106 +/- 6.05 x 105) (Figure 4.5C). We saw a similar 

trend for infectious particle production; M0 cells had an increase in infectious particles with 

Senexin B treatment (M0 DENV2 = 1.95 x 103 +/- 6.6 x 102, MO DENV2 SB = 8.5 x 103 +/-

2.70 x102) (Figure 4.5D), while Senexin B did not change infectious particles production in 



 

99 

infected M2 cells (M2 DENV2 = 1.51 x 103 +/-3.3x102, M2 DENV2 SB =  2.66 x103 +/-4.01 x 

102) (Figure 4.5D). Infected M1 cells failed to produce plaques in this assay (Figure 4.5D). Due 

to the high error rates of the RNA-dependent RNA polymerase (RdRp) during viral replication 

(Peck & Lauring, 2018), DENV2 infection often yields higher viral RNA amounts compared to 

infectious particles (Richardson et al., 2006). A genome equivalent amount of 103 GE did not 

yield enough infectious virus to produce plaques in our system. While we did not measure the 

limit of detection for our plaque assays, this genome equivalent may have been below the limit 

of detection of these experiments. 

Although Senexin B did not change DENV2 replication in M1 or M2 cells, we sought to 

determine whether Senexin B treatment would impact IL-10 and CXCL10 treatment in infected 

M1 and M2 cells. Total RNA was collected from infected M0, M1 and M2 cells at 36 hpi and 

analyzed via RT-qPCR. CXCL10 is only upregulated during infection in M0 cells, so we only 

observe changes in infected M0 cells. Treatment with Senexin deceased CXCL10 gene 

expression in infected M0 cells (M0 DENV2 + SB mean fold change over M0 DENV2 = 0.13). 

Since IFNγ induces CXCL10 expression (Gotsch et al., 2007), we were able to measure the 

impact of Senexin B treatment in uninfected and infected M1 cells. In uninfected cells, Senexin 

B did not significantly decrease CXCL10 expression (M1 + SB mean fold change over M1 = 

0.66). However, in infected M1 cells, Senexin B decreased CXCL10 expression (M1 DENV2 + 

SB mean fold change over M1 DENV2 = 0.34). Lastly, Senexin B decreased CXCL10 expression 

in infected M2 cells (M2 DENV2 + SB mean fold change over M2 DENV2 = 0.20) (Figure 

4.5E). These data show that CDK8/19 are regulators of CXCL10 expression and inhibition of 

kinase activity consistently decreases CXCL10 expression in all macrophage phenotypes.  
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In contrast to CXCL10, inhibition of CDK8/19 kinase activity is found to increase IL-10 

expression (Johannessen et al., 2017). In contrast to previous data, Senexin B did not increase IL-

10 expression in uninfected M0 cells (M0 + SB mean fold change over M0 = 1.14). However, 

Senexin B treatment did increase IL-10 expression relative to infected DMSO treated M0 cells 

(M0 DENV2 + SB mean fold change over M0 DENV2 = 1.32). When measuring IL-10 

expression in M1 cells, we found gene expression remained unchanged for uninfected and 

infected cells treated with Senexin B (M1 + SB mean fold change over M1 = 1.13, M1 DENV2 

+ SB mean fold change over M1 DENV2 = 0.73). This may be because M1 cells do not support 

high levels of IL-10, as it dampens the interferon response and inhibits transcription of 

inflammatory cytokines (Saraiva & O’Garra, 2010). Uninfected M2 cells treated with Senexin B 

had significantly higher levels of IL-10 compared to uninfected M2 cells (M2 + SB mean fold 

change over M2 = 2.02). We saw a similar pattern during infection, where infected cells treated 

with Senexin B have a higher amount of IL-10 than infected DMSO treated cells (M2 DENV2 = 

SB mean fold change over M2 DENV2 = 1.57) (Figure 4.5F). While we did not see an impact of 

Senexin B on DENV2 replication, we did see an impact on IL-10 and CXCL10 expression, 

indicating that CDK8/19 inhibition regulates immune responses during infection.  

4.5 Discussion 

CDK8 and CDK19 have been shown to be important for viral replication in DENV2 

infection models of Huh7 cells (Butler et al., 2020). These data add to this body of work by 

attempting to distinguish distinct roles of CDK8 and CDK19 within the context of macrophage 

infection. Here, we find that, in contrast to previous work, inhibition of CDK8 kinase activity 

increases DENV replication. This suggests a distinct mechanism in which DENV utilized 

CDK8/19 in the context of macrophage infection. Furthermore, we attempt to characterize the 
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Figure 4.5: CDK19, not CDK8, is upregulated during infection. PMA treated M0 cells were 

untreated or treated with IFNγ or IL-4 to polarize to M1 and M2 cells, respectively. Macrophage 

were infected with a MOI of 5 and total cellular RNA was collected at 36 hours post infection. 

Genes were normalized to housekeeping gene RPL37A. All experiments were n = 3 biological 

replicates, one-way ANOVA with Tukey’s multiple comparison’s test, **p<0.01, ****p<0.0001. 
Error bars represent mean +/- SEM.  
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roles of CDK8 and CDK19 within DENV2 infection. We find distinct roles for the two paralogs, 

where CDK8 knockdown shares similar gene expression regulation as treatment with Senexin B. 

These findings will add to the growing body of literature attempting to distinguish the roles 

CDK8 and CDK19 regulation of transcription. 

 Here, we present preliminary data that suggests that these kinases have distinct roles 

during DENV2 infection of macrophage. For example, CDK19, not CDK8 is upregulated during 

DENV2 infection of macrophage, suggesting that CDK19 plays a key role in infection. Both 

CDK8 and CDK19 kinase activity was inhibited during Senexin B treatment due to the fact that 

their kinase active site is conserved (Porter et al., 2012). When we inhibited CDK8/19 with 

Senexin B, we found an increase in viral RNA and infectious particles. The increase in DENV2 

replication during CDK8/19 inhibition suggests that these kinases are a negative regulator of 

DENV2 replication, even though CDK19 expression was increased during infection.  

CDK8/19 regulate a myriad of host pathways in response to cellular stress, including 

immune responses to infection and cellular metabolism(Galbraith et al., 2017; Steinparzer et al., 

2019). Viruses shift these pathways to aid in viral replication and evasion of the immune 

response (Sang et al., 2015). We determined the role of CDK8/19 kinase activity in three 

different pathways: the inflammatory response to infection, cellular metabolism, and the 

interferon response. A limitation of this study is that these pathways are vastly complex and 

picking one to two genes from each cannot fully capture the depth of CDK8/19 gene regulation. 

However, by picking key regulators and comparing our results to published literature, we can 

begin to determine the role of CDK8/19 kinase activity on the regulation of these cellular 

pathways during DENV2 infection. We found that Senexin B decreased CXCL10 expression 

during infection but did not regulate the expression in any of our other genes during infection. 
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We observed an increase in IL-10 expression, but this was due to the inhibition of CDK8/19 and 

was not impacted by virus infection (Johannessen et al., 2017). In contrast to previous data in the 

Huh7 model of infection, Senexin B treatment did not change HK2 or LC3 expression. This 

suggests that the mechanisms in which CDK8/19 regulate gene expression in macrophage could 

be distinctively different from those in liver cells.  

We found knockdown of CDK8 yields comparable results to treating cells with Senexin 

B prior to and during infection. This suggests that CDK8 regulates gene expression in a kinase 

dependent manner, as shown throughout the literature (Bancerek et al., 2013; Galbraith et al., 

2013, 2017b). In contrast, CDK19 knockdown did not mimic Senexin B treatment or CDK8 

knockdown. Knockdown of CDK19 slightly decreased DENV replication, while having 

negligible impact on IL-10 or CXCL10 gene expression. This not only confirms that CDK19 is 

functionally distinct from CDK8, but it also confirms that CDK19 may be regulating 

transcription in a kinase independent manner. Although CDK8, not CDK19, is the dominant 

kinase during IFNγ directed anti-viral mechanisms, knocking CDK19 down increases the 

susceptibility of cells to VSV infection (Steinparzer et al., 2019). While CDK19 knockdown 

slightly decreased DENV replication in our model, contradicting the results seen in the literature 

(Steinparzer et al., 2019), these data still suggest that CDK19 plays a role in the host response to 

infection. These data should be interpreted carefully, as there was no evidence of protein 

knockdown in our model. Further studies are necessary to confirm that protein levels, and 

therefore kinase activity, are decreased within these cells. In addition, future studies are 

warranted to elucidate how viruses use CDK19 to regulate gene transcription. For example, 

transcriptomics could be performed on RNA infected CDK8-KD cells and CDK19-KD cells to 

show the effects knockdown has on various immune pathways, such as chemotaxis, 
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phagocytosis, and angiogenesis. The increase in CDK19 gene expression suggests that CDK19 

may play a significant role during DENV2 infection of macrophage. Furthermore, these data 

suggest that CDK8 and CDK19 have distinct roles during macrophage activation and viral 

infection. 

Polarization is an important part of the macrophage life cycle. For macrophage to be 

functionally active, cells must polarize to an inflammatory or an anti-inflammatory phenotype 

(Murray, 2017). Here, we present preliminary data on the impact of CDK8/19 on macrophage 

polarization and response to infection. While Senexin B treatment did not impact DENV2 

replication in M1 or M2 macrophage, it regulated gene expression. In concordance with the 

literature, inhibition of CDK8/19 kinase activity increased IL-10 expression, further confirming 

that CDK8 is a negative regulator of IL-10 expression (Johannessen et al., 2017). In addition, 

CXCL10 gene expression was decreased in Senexin treated cells, indicating CDK8/19 kinase 

activity regulates CXCL10 gene expression. We add to these results by measuring the impact of 

CDK8/19 inhibition in infected polarized cells. Inhibition of CDK8/19 changed IL-10 and 

CXCL0 expression, regardless of phenotype status. The fact that CDK8/19 inhibition does not 

impact DENV replication but does regulate gene expression of key inflammatory mediators 

suggests that the influence of inhibition could be more important at an organismal level. For 

example, as a chemokine, the primary function of CXCL10 is to attract inflammatory cells to the 

site of infection (Gotsch et al., 2007). Decreasing the expression of this gene could lead to a 

dampened inflammatory response at the site of infection. CDK8/19 inhibition has been shown to 

be important at an organismal level, as inhibition of CDK8/19 enhances the surveillance of 

natural killer cells during cancer, leading to decreased proliferation of cancer cells and increased 

survival in mouse models (Knab et al., 2021; Putz et al., 2013).  
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CHAPTER 5: INVESTIGATING THE ROLE OF CYCLIN DEPENDENT KINASE 8 AND 

MACROPHAGE PHENOTYPE IN ZIKA VIRUS PATHOGENESIS 

 

 

 

5.1 Summary 

Zika virus (ZIKV) is a mosquito borne flavivirus that is associated with outbreaks of 

microcephaly in South America in 2016-2017. ZIKV is linked to cases of Guillain-Barre 

syndrome, fatal encephalitis, and myelitis as well as other immunological complications. 

Macrophages play an important role in the pathogenesis of ZIKV, ferrying the virus to different 

organs throughout the body, such as the testes, the brain, and the placenta. We investigated the 

role of cyclin dependent kinase 8 (CDK8) on ZIKV replication. CDK8 is a transcriptional co-

factor that regulates the transcription of IFNγ stimulated genes and the transcription of specific 

cytokines/chemokines. ZIKV infection in macrophages induced gene expression of CDK8, while 

inhibition of CDK8 kinase activity decreased ZIKV replication. Using the CDK8 inhibitor, 

Senexin B, we saw an increase in IL-10 gene expression and decrease in CXCL10 gene 

expression. We use a polarized THP-1 macrophage system to explore how macrophage 

phenotype affects ZIKV replication. We found that ZIKV replicates more efficiently in anti-

inflammatory (M2) macrophage versus inflammatory (M1) macrophage. These data suggest that 

ZIKV uses CDK8 kinase activity as a mechanism to aid in replication and control of host 

responses to infection. 

5.2 Introduction 

Zika virus (ZIKV) is a mosquito borne flaviviruses that has been associated with 

outbreaks of microcephaly and Guillain-Barre syndrome in South America and French Polynesia 

(Cauchemez et al., 2016; Schuler-Faccini et al., 2016). ZIKV can be transmitted by a mosquito 
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bite from an Aedes spp. mosquito, sexual contact, blood transfusion, or vertical transmission to a 

developing fetus (Lazear & Diamond, 2016). Similar to dengue virus (DENV), infection with 

ZIKV usually causes an asymptomatic or febrile illness. However, infection with ZIKV during 

pregnancy can be devastating to developing fetuses, often resulting in congenital abnormalities 

such as microcephaly, decreased brain tissue and macular scarring of the eyes (Brasil et al., 

2016; Cauchemez et al., 2016).  

ZIKV is an 11 kb positive sense RNA virus that encodes 3 structural proteins and 7 

nonstructural proteins (Pierson & Diamond, 2018). The life cycle of ZIKV is very similar to 

DENV. Briefly, the E protein binds onto cell surface receptors and is endocytosed (Laureti, 

Narayanan, Rodriguez-Andres, Fazakerley, & Kedzierski, 2018; Tabata et al., 2016). Once inside 

the endosome, the shift to a more acidic environment causes the E protein to undergo a 

confirmational change and expose the fusion peptide, which fuses the virion membrane to the 

membrane of the endosome, creating a pore (Dai et al., 2016; Laureti et al., 2018; Modis et al., 

2004). The genome is released into the cytoplasm and is translated by host ribosomes at the 

rough endoplasmic reticulum by host ribosomes. After the genome has been replicated and 

structural proteins have been translated, the virion is assembled (Pierson & Diamond, 2012). The 

newly assembled virion migrates through the golgi network and is released and infects adjacent 

cells (Pierson & Diamond, 2012). Macrophage are a cell target for ZIKV and are of particular 

interest in understanding the pathogenesis of the virus (Jurado & Iwasaki, 2017; Michlmayr, 

Andrade, Gonzalez, Balmaseda, & Harris, 2017).   

The transmission route in which ZIKV crosses the placenta is thought to be facilitated by 

blood monocytes (Jurado & Iwasaki, 2017). Infected monocytes can migrate across the body and 

disseminate ZIKV to various organs (Jurado & Iwasaki, 2017; Michlmayr et al., 2017). 
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Furthermore, these infected monocytes can cross the placental barrier and expose various types 

of cells to the virus (Salinas, Schiavo, & Kremer, 2010). ZIKV has been shown to infect 

Hofbauer cells, a specialized placental macrophage (El Costa et al., 2016; Quicke et al., 2016). 

These cells are found at the maternal fetal interface and can migrate between the maternal side 

and the placental side throughout pregnancy (Gabor, Kim, Reyes, & Golos, 2018). Hofbauer 

cells have an anti-inflammatory (M2) phenotype, as opposed to an inflammatory phenotype 

(M1), and are responsible for dampening inflammation at the fetal maternal interface (Gabor et 

al., 2018). These cells are thought to facilitate vertical transmission of viral agents, such as 

human cytomegalovirus (HCMV) and HIV (Boily-Larouche et al., 2012; Zulu, Martinez, 

Gordon, & Gray, 2019). This anti-inflammatory phenotype is especially important during ZIKV 

infection because infection of M2 macrophages lead to higher viral titer (Foo et al., 2017).   

The mechanisms in which ZIKV reprograms macrophage towards an anti-inflammatory 

phenotype are still being elucidated. We hypothesize that ZIKV is using cyclin dependent kinase 

8 (CDK8) to reprogram host gene expression. CDK8 is a part of the Mediator complex and is a 

transcriptional co-factor that aids in the transcription RNA polymerase II (RNAPII) dependent 

genes (Soutourina, 2018). CDK8, and its activating partner, Cyclin C, as well as Med12 and 

Med13 create the CDK8 kinase module. This module can reversibly dissociate from the 

Mediator complex and phosphorylate transcription factors in response to cellular stress (Rovnak 

& Quackenbush, 2022; Soutourina, 2018). CDK8 regulates transcription of inflammatory and 

anti-inflammatory genes (M. Chen et al., 2017; Johannessen et al., 2017; Steinparzer et al., 

2019b). CDK8 is used by various viruses for replication and to regulate host transcription in 

response to infection. Walleye dermal sarcoma virus (WDSV) is retrovirus that encodes 

retroviral cyclin (RV cyclin), a viral protein that has a small amount of homology to cell cyclins 
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and binds onto CDK8 and enhances its kinase activity to increase transcriptional elongation, 

gene expression and cell proliferation (Birkenheuer et al., 2015; Brewster et al., 2011; Rovnak et 

al., 2012). DENV manipulates CDK8 kinase activity to regulate host metabolism and enhance 

viral replication (Butler et al., 2020). CDK8 gene expression is increased throughout DENV 

replication and chemical inhibition of CDK8/19 leads to a decrease in viral replication (Butler et 

al., 2020). These instances of CDK8 involvement during viral replication indicate a viable 

mechanism for ZIKV. 

In this aim we found that CDK8 kinase inhibition decreased ZIKV replication and 

decreased CXCL10 expression, but increased IL-10 expression. Furthermore, we confirm 

findings in the literature that M2 cells are more susptible to infection and that macrophage 

phenotype impacts ZIKV replication. Our preliminary data that suggests that macrophage 

phenotype, as well as interactions with CDK8, are a mechanism for ZIKV replication 

enhancement.  

5.3 Methods and Materials 

5.3a: Cell culture and PMA stimulation 

THP-1 human monocytic cells (TIB-202™, Manassas, VA, US) were cultured in RPMI-

1640 media, supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids, 

1% L-glutamine, 1% penicillin-streptomycin, 25 mM HEPES and 0.05mM 2-mercaptoethanol in 

a 37°C incubator with 5% CO2. 2 x 106 cells. Cells were plated in T-25 flasks and treated with 

indicated concentration of phorbol 12-myristate 13-acetate (PMA) to induce differentiation into 

macrophages. Cells were incubated with 10 ng/ml of PMA for 24 hours.  
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5.3b: Polarization of PMA treated THP-1 cells 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL 

PMA. Twenty-four hours later, media with PMA was removed, and cells were washed with D-

PBS. Cells were then treated with either 20 ng/mL interferon gamma (IFNγ) (R & D Systems, 

Minneapolis, MN, USA) or 20 ng/mL interleukin 4 (IL-4) (R & D Systems, Minneapolis, MN, 

USA) to polarize them into M1 or M2 phenotypes, respectively.  

5.3c: ZIKV infection 

For infection, cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and 

incubated with ZIKV strain PRVABC59 at indicated multiplicities in media for 1 hour at 4°C 

with rocking. Virus media was removed, cells were washed twice with cold D-PBS, and warmed 

RPMI-1640 media with 10% FBS was added. 

5.3d: RNA extraction and qPCR 

At the indicated time points, cells were harvested in TRIzol (Invitrogen, Thermofisher, 

Waltham, MA, USA), and total RNA was isolated using Zyomogen TRIzol RNA extraction kit 

according to manufacturer’s instructions. cDNA was made using an iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions, and then subjected 

to qPCR analysis with iQ SYBR green Supermix in a CFX96 real-time PCR system. Primers are 

listed in Table 1. Relative expression was normalized to a house keeping gene, Ribosomal 

Protein L37a (RPL37a). For genomic equivalent analysis, Cq values were standardized to ten-

fold dilutions of in vitro transcribed ZIKV genomic RNA and subject to qRT-PCR. 

 

 

 



 

110 

Table 5.1 PCR Primers 

Gene FWD REV Source 

ZIKV CCACTAACGTTCTTTT

GCAGACAT 

CCGCTGCCCAACACAAG (Giovanetti et al., 

2020) 

IL-10 GAC TTT AAG GGT 

TAC CTG GGT TG 

TCA CAT GCG CCT TGA 

TGT CTG 

(X. Huang et al., 

2016) 

CXCL10  CCA GAA TCG AAG 

GCC ATC AA 

CAT TTC CTT GCTAAC 

TGC TTT CAG 

(Qi et al., 2009) 

CDK8 GGGATCTCTATG 

TCGGCATGTAG 

AAATGACGTTTG 

GATGCTTAAGC 

(Galbraith et al., 

2013) 

CDK19 GCCACGGCTAGG 

GCCT 

GCGAGAACTGGA 

GTGCTGATAA 

(Galbraith et al., 

2013) 

RPL37A ATTGAAATCAGCCAG

CACGC 

AGGAACCACAGTGCCAG

ATCC 

(Maeß et al., 2010) 

 

 

5.3e Plaque assay 

Media were collected at indicated time points and centrifuged at 500g for 10 minutes at 

room temperature. Plaques were performed on Vero cells. Cells were plated at 3 x 105 cells per 

well in DMEM with 10% FBS the day before assay. 10-fold dilutions of clarified supernatant 

were incubated with cells for 2 hours at room temperature while rocking. The cells were overlaid 

with 3 mL of 2% agarose in DMEM supplemented with 10% FBS. After incubation for 7 days, 

8% neutral red solution in PBS was added to the agar overlay, and plaques were counted 24 

hours after staining. 

5.3f Senexin treatment 

THP-1 monocytes plated at 2 x 106 cells in T-25 flasks were stimulated with 10 ng/mL 

PMA. Twenty-four hours later, media with PMA was removed, and cells were washed with D-

PBS. For infection, cells were washed with Dulbecco’s phosphate-buffered saline (D-PBS) and 
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incubated with ZIKV strain PRVABC59 at indicated multiplicities in media for 1 hour at 4°C 

with rocking. Virus media was removed, cells were washed twice with cold D-PBS. Cells were 

then treated with warmed RPMI-1640 media + 10% FBS, supplemented with 5 µM Senexin B. 

Media supplemented with Senexin B was left on cells for the remainder of infection.  

5.3g Statistics 

Statistical analysis was performed on Prism Software version 9.3.1. Statistical 

significance was calculated using the two-tailed Student’s t test or one way ANOVA.   

5.4 Results 

5.4a: ZIKV infection upregulates IL-10 and CXCL10 gene expression 

 To assess ZIKV replication kinetics in macrophage, THP-1 PMA differentiated (M0) 

cells were infected with ZIKV at a multiplicity of infection (MOI) = 10. Total cellular RNA was 

collected at 0 hours (bound virus) and at 24-, 48- and 72- hours post infection (hpi). Genome 

equivalents steadily increased after 24 hpi, reaching 4.47 x 104 GE (4.47 X 104 +/- 1.62 x 103GE) 

at 72 hpi (Fig 5.1A). These data confirm that our system supports ZIKV replication and can used 

in subsequent experiments.  

Transcripts for the C-X-C motif chemokine ligand 10 (CXCL10) and interleukin 10 (IL-

10) were determined using RT-qPCR at 72 hpi. CXCL10 was used as a marker for host 

inflammatory response to infection. Furthermore, CXCL10 gene expression has been shown to be 

upregulated during ZIKV infection and can be used to confirm infection (Naveca et al., 2018). At 

72 hpi, CXCL10 exhibits a 500-fold (mean fold change = 498.7 +/- 62.56) increase in gene 

expression (Fig 5.1B, left).  To measure the anti-inflammatory response, we measured IL-10 

gene expression. IL-10 was upregulated 6-fold (mean fold change = 6.10 +/- 0.19) at 72 hours 

post infection (Fig 5.1B, right).  
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Figure 5.1: ZIKV upregulates both IL-10 and CXCL10 during infection. PMA treated THP-1 

(M0) cells were infected with and MOI of 10 for 72 hours. Total cellular RNA and supernatant 

were collected at specified timepoints and analyzed for (A) intracellular ZIKV genome 

equivalents or (B) IL-10 or CXCL10 gene expression. All cellular genes were normalized against 

reference gene RPL37a. Time course experiment was 1 biological replicate, IL-10 and CXCL10 

experiments were n = 4 biological replicates, *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001 

unpaired two tailed t tests. Error bars represent mean +/- SEM. 

 

 

5.4b: Inhibition of CDK8/19 kinase activity decreases ZIKV replication 

The mechanism in which ZIKV increases replication and reprograms gene expression is 

important, and not yet fully understood. CDK8 is a transcriptional co-factor that can regulate 

immune cell function and is used by DENV to regulate host transcription during infection (Butler 

et al., 2020; Johannessen et al., 2017; Steinparzer et al., 2019b). To determine the role of CDK8 

during ZIKV infection, we measured CDK8 gene expression at 72 hpi. CDK8 gene expression 

was upregulated 1.8- fold (ZIKV mean fold change over M0 = 1.81 +/- 0.28) (Figure 5.2A). This 

suggests that CDK8 may play a role during ZIKV infection. 

To determine the role of CDK8 kinase activity on ZIKV replication and host gene 

expression during infection we treated cells with Senexin B, a CDK8/19 kinase inhibitor. Cells 

were infected with an MOI = 10 for one hour at 4 °C, then treated with media containing 
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Dimethyl sulfoxide (DMSO) or 5 µM Senexin B solubilized in DMSO. We first assessed the 

impact of CDK8 inhibition on ZIKV replication. Both intracellular RNA and infectious particle 

production decreased in cells treated with Senexin B (intracellular RNA: Senexin B fold change 

over DMSO = 0.57 +/- 0.31; infectious particles: DMSO: 1.46 X 103 +/- 173 GE, Senexin B: 

2.83 x 102 +/- 38 GE) (Figure 5.2B). Next, we measured the impact of CDK8 kinase inhibition 

CXCL10 and IL-10 gene expression during infection. CXCL10 expression was downregulated in 

infected cells treated with Senexin B (Senexin B fold change over DMSO = 0.47 +/- 0.03). In 

contrast, IL-10 was upregulated with Senexin B treatment (Senexin B fold change over DMSO = 

3.30 +/- 0.09) (Fig 5.2C). These data show that CDK8 kinase positively regulates CXCL10 

transcription and negatively regulates of IL-10 transcription during infection. ZIKV may be 

using CDK8 to increase anti-inflammatory gene expression while dampening proinflammatory 

gene expression.  

5.4c: ZIKV infection upregulates both inflammatory and anti-inflammatory markers in M0, M1 

and M2 cells 

When ZIKV first encounters resident tissue macrophage, these macrophages exhibit an 

M1 or an M2 phenotype (Jenkins & Allen, 2021; Zulu et al., 2019). To better understand how 

macrophage phenotype can impact ZIKV replication, M0 cells were polarized to either an M1 or 

M2 phenotype and infected with an MOI = 10. Total RNA was collected at 72 hours post 

infection and analyzed via RT-qPCR. Infected M1 cells had a lower amount of ZIKV genome 

equivalents compared to infected M0 cells (M1: 3.80 × 103 +/- 1.0 ×103 GE, M0: 3.04 × 104 +/- 

8.79 ×103 GE) (Figure 5.2A). In contrast, M2 cells sustained higher amounts of ZIKV genome 

equivalents compared to M0 (M2: 8.71 ×105 +/- 3.40 ×105 GE). These data indicate that  
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Figure 5.2: CDK8 kinase activity increases ZIKV replication and regulates IL-10 and 

CXCL10 expression. PMA treated M0 cells were infected with a MOI of 10 and total RNA was 

collected at 72 hpi. (A) CDK8 expression was measured (B) intracellular RNA was measured or 

infectious particle production were measured (C) IL-10 or CXCL10 gene expression was 

measured. All cellular genes were normalized against reference gene RPL37a. All experiments 

were n = 3 biological replicates, *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001 unpaired two 

tailed t tests. Error bars represent mean +/- SEM. 

 
 

macrophage that exhibit an M2 phenotype, including Hofbauer cells, are more permissive to 

ZIKV infection. 

To elucidate the differences in ZIKV replication between M1 and M2 cells, CXCL10 and 

IL-10 gene expression was measured at 72 hpi. Since there is only one biological replicate, and 

ANOVA statistical tests could not be performed, we cannot interpret significant differences in 

expression levels. CXCL10 expression was increased in infected M0 cells relative to uninfected 

M0 cells (M0 ZIKV mean fold over M0 = 895). Polarization towards an M1 phenotype also 
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increased CXCL10 relative to uninfected M0 cells (M1 mean fold over M0 = 230). Furthermore, 

infected M1 cells exhibit a dramatic increase in CXCL10 expression compared to uninfected M1 

cells (M1 ZIKV mean fold change over M0 = 2.15 x 103) (Figure 5.2B, left). IL-10 is increased 

during infection of M0 cells relative to uninfected M0 cells (M0 ZIKV mean fold change over 

M0 = 5.81) and during M1 polarization (M1 mean fold change over M0 = 1.83). We saw that IL-

10 was also increased during infection of M1 cells (M0 ZIKV mean fold change over M0: 4.69, 

M1 ZIKV mean fold change over M0 = 3.69) (Figure 5.2B, right).  

Similarly, we measured CXCL10 and IL-10 gene expression in M2 polarized cells. There 

was an increase in CXCL10 expression in infected M0 cells (M0 ZIKV mean fold change over 

M0 = 530). There was also an increase in CXCL10 in infected M2 cells (M2 ZIKV mean fold 

change over M0 = 969.34 +/- 45.75) (Figure 5.2C, left). Since there is only one biological 

replicate, the in CXCL10 expression between infected M0 cells and infected M2 cells cannot be 

interpreted. When we measured IL-10 expression we measured an increased in IL-10 gene 

expression in M2 cells compared to M0 cells (M2 mean fold change over M0 = 2.08 +/- 0.19). 

ZIKV infected M2 cells increased IL-10 expression compared to infected M0 cells (M2 ZIKV 

mean fold change over M0 = 8.57 +/- 0.22) (Figure 5.2C, left). 

5.5 Discussion 

 Macrophage are used by ZIKV to disseminate the virus to parts of the body, such as the 

testes and placenta (Foo et al., 2017; Jurado & Iwasaki, 2017; Quicke et al., 2016; Yang et al., 

2020). While it is known that ZIKV can replicate well in these cells, the impact of macrophage 

phenotype on virus pathogenesis is still being explored. Here, we propose a model in which 

ZIKV upregulates CDK8 to control host transcription of CXCL10 and IL-10. Furthermore, we 

began preliminary studies to explore the role of macrophage phenotype on ZIKV replication. 
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Figure 5.3: ZIKV upregulates inflammatory and immunosuppressive genes. (A) M0, M1 

and M2 cells were infected with an MOI = 10. CXCL10 or IL-10 gene expression was measured 

in (B) M1 cells or (C) M2 cells. All cellular genes were normalized against reference gene 

RPL37a. ZIKV GE experiment was n = 3 biological replicates, CXCL10 and IL-10 experiments 

were n = 1 biological replicates, *p, 0.05, **p<0.01, ***p<0.001, ****p<0.0001 One way 

ANOVA. Error bars represent mean +/- SEM.   

 

 

 Recent studies have found that ZIKV can change macrophage gene expression and local 

environment during infection (Carlin et al., 2018; Foo et al., 2017; Luo et al., 2018). However, 

few studies examine the mechanism in which ZIKV controls host expression in macrophage. 

Preliminary data suggest CDK8/19 are the transcriptional regulators ZIKV manipulates during 

infection. When CDK8/19 kinase activity is inhibited, ZIKV replication decreases. In addition, 

when kinase activity is inhibited, there is also an increase in CXCL10 expression and a decrease 

in IL-10 expression. While the control of CXCL10 and IL-10 transcription by CDK8/19 has been 

shown in the literature (Bancerek et al., 2013; Johannessen et al., 2017; Steinparzer et al., 
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2019b), we are the first to show it within the context of ZIKV infection. We propose that ZIKV 

manipulates CDK8 to control transcription of key inflammatory and anti-inflammatory genes.  

 Tissue resident macrophage have distinct functions and phenotypes, depending on the 

local environment. Hofbauer cells, a maternal macrophage of fetal origin, are important for fetal 

development and can secrete proinflammatory cytokines (Gabor et al., 2018). Even though these 

can be proinflammatory, they are often found as an M2-like phenotype and are ineffective in 

controlling infectious agent spread (Gabor et al., 2018). ZIKV has been shown to target these 

cells for replication and use these cells for vertical transmission to the placenta (Quicke et al., 

2016). In this aim we show that M0, M1, and M2 macrophage phenotype has a profound effect 

on replication. Cells polarized to an M2 phenotype had significantly more viral RNA compared 

to cells polarized to an M1 phenotype. These data agree with what is seen by other viruses, such 

as EBOV and HIV. These viruses have enhanced replication in M2 macrophage, while having 

restricted replication in M1 macrophage (Denner, 2016; Rhein et al., 2015; Rogers et al., 2019; 

Tricia et al., 2015). These data also support the theory that ZIKV can be vertically transmitted 

due to the immunosuppressive environment of the fetal maternal interface (Foo et al., 2017).   

The results presented here show a similar expression pattern of IL-10 and CXCL10 in 

both infected M1 and infected M2 macrophage. Expression of both these genes were upregulated 

during infection, yet the degree of upregulation varied depending on phenotype. The increase of 

IL-10 in M1 cells shows that ZIKV works to skew the phenotype towards a more conducive 

environment for replication, but the dramatic increase in CXCL10 indicates the cell is mounting a 

strong enough anti-viral/ inflammatory response to dampen viral replication. M2 cells have a 

greater increase in IL-10 expression than M1 cells, showing ZIKV is driving cells towards more 

of an immunosuppressive phenotype. This further confirms the idea that ZIKV takes advantage 
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of the anti-inflammatory phenotype of placental macrophage for better replication (Foo et al., 

2017). However, this portion of this work is limited by the single biological replicate. Since 

statistics could not be performed, we cannot assume the differences in gene expression are 

significant. However, these data are similar to what was measured in a DENV model of 

infection. This suggests that infection with ZIKV could potentially drive macrophage towards 

both an inflammatory and anti-inflammatory phenotype. Future work should repeat these 

infections for at least 3 biological replicates to confirm our results. 

  



 

119 

CONCLUSION 

 

 

 

 Macrophage immunometabolism dictates macrophage function and can be altered by 

viruses. In this dissertation, we characterize macrophage phenotype and gene expression during 

DENV and ZIKV infection. We also investigate the role of CDK8/19 kinase activity on the 

regulation of host genes during infection. We propose a model in which DENV and ZIKV 

reprogram macrophage gene expression and metabolism via CDK8/19. Few studies investigate 

the role of polarization during DENV infection, and even fewer examine the reprogramming of 

macrophage immunometabolism by viruses. This dissertation bridges the gap between immune 

gene expression and macrophage metabolism during viral infection.  

Although the THP-1 monocyte cell line is one of the most widely used cell lines to study 

monocytes and macrophage biology, the methods in which to differentiate and polarized cells 

remains inconsistent (Baxter et al., 2020; Genin et al., 2015; Park et al., 2007). In aim 1 we 

compared different concentrations of phorbol 12-myristate-13-acetate (PMA), paired with 

different resting periods, to determine the optimal differentiation protocol. We found lower 

concentrations of PMA, paired with a shorter resting period, were sufficient to differentiate 

monocytes into macrophages. Since THP-1 macrophage can be polarized into different 

macrophage subsets, we optimized the duration in which to treat cells with interferon gamma 

(IFNγ) or interleukin (IL-4). In optimizing polarization of macrophage, we found that a shorter 

incubation time with IFNγ was necessary to polarize cells towards M1 while a longer incubation 

with IL-4 was sufficient for M2 polarization. Here, we developed a system that can be used to 

study flavivirus-macrophage interactions in future experiments.  
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In aim 2, we characterize gene expression and metabolism changes inM0, M1 and M2 

macrophage during DENV2 infection. We measured an increase in both inflammatory and anti-

inflammatory genes during infection. Gene expression in our infection model mimics cytokine 

and chemokine profiles seen in severe DENV patients (Soo et al., 2017; Soo et al., 2019; Zhao et 

al., 2016). The fact that our model is similar to that seen in patients further confirms the use of 

THP-1 macrophage to study DENV-macrophage interactions. When we measured gene 

expression in anti-inflammatory macrophage, we found an increase in anti-inflammatory genes 

compared to naïve macrophage during infection. Furthermore, the upregulation of inflammatory 

genes was not as strong as that seen in infected naïve or inflammatory cells. This suggests that 

M2 macrophage are not mounting a strong inflammatory response during infection and is a more 

conducive environment for replication.  In contrast, M1 cells have a higher upregulation of 

interferon genes compared to M0 and M2 cells. These data, coupled with published literature, 

indicate that the interferon response is a strong inhibitor of DENV replication (Diamond & 

Harris, 2001; Diamond et al., 2000; Nanaware et al., 2021; Tremblay et al., 2019). This study is 

the first to examine gene expression in M2 polarized macrophage during DENV infection and 

further contributes to knowledge of DENV pathogenesis.  

Macrophage have to change phenotypes from inflammatory during the onset of infection to anti-

inflammatory during the resolution of infection (Murray, 2017). The shift between these two 

phenotypes is thought to be regulated by changes in cellular metabolism (Van den Bossche et al., 

2015) . Since viruses change cellular metabolism in order to obtain precursors for replication 

(Sanchez & Lagunoff, 2015), we sought to understand whether DENV can change cellular 

metabolism in polarized cells. We first measured key glycolytic genes hexokinase 2 (HK2) and 

enolase 1 (ENO1) and a fatty acid oxidation gene carnitine palmitoyltransferase 1A (CPT1a). 
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HK2 and ENO1 were upregulated in infected M1 cells compared to infected M2 cells, while 

CPT1a was upregulated in infected M2 cells compared to infected M1 cells. Furthermore, when 

we measured infection, we observed increased rates of glycolysis in M1 cells, but not M2. 

Lastly, the rate of oxidative phosphorylation was similar between M1 and M2 cells.  Further 

studies examining whether metabolic shift correlated with macrophage phenotype, via flow 

cytometry, are warranted. This study is one of the first to measure changes in polarized 

macrophages in response to DENV and correlate it to inflammatory and anti-inflammatory gene 

expression changes. This study contributes to basic knowledge of viral reprogramming of 

immunometabolism.  One of the limitations in this chapter is characterizing phenotype without 

measuring cells surface markers or cytokine secretion. To fully capture macrophage phenotype 

and function, multi-panel flow cytometry and ELISA are warranted. Since M2 macrophage have 

four different subsets, with each having a slightly different function than the other, a panel 

measuring IL-10 expression, as well as markers specific for each subtype is necessary and 

included in Table 6.1 below.  

 

 

Table 6.1: A List of Potential Cell Surface Markers for Identifying Different Macrophage 

Subsets 

 M1 M2a M2b M2c M2d 

Marker 

expression 

CD86 

CD80 

CD68 

MHC II 

IL-1R 

IL-10 

CD163 

MHC II 

CD206 

 

IL-10 

CD86 

MHC II 

IL-10 

CD163 

TLR1 

IL-10 

VEGF 

 

 

Previous work in our lab has identified the role of CDK8 and CDK19 during DENV 

infection of liver cells (Butler et al., 2020). In aim 3, we investigate the role of CDK8 and 
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CDK19 in a DENV model of infection in macrophage cells. Unlike liver cells, macrophage 

regulate the inflammatory response by secreting both inflammatory and anti-inflammatory 

proteins. Although CDK19 was upregulated during infection, inhibition of CDK8/19 kinase 

activity increased viral replication. Furthermore, when we treated infected cells with Senexin B, 

we saw that CDK8/19 kinase activity regulated interleukin 10 (IL-10) and C-X-C motif 

chemokine ligand 10 (CXCL10) expression, but not HK2 or lipophagy protein microtubule 

associated light chain 3 (LC3) or interferon beta (IFNβ). We also distinguished the roles of 

CDK8 and CDK19 by utilizing CDK8 and CDK19 knockdown cells. We found that knockdown 

of CDK8 decreased expression of IL-10 and increased expression of CXCL10, similar to what 

was observed with Senexin B treatment. This suggests that CDK8 kinase activity is important for 

regulating expression of these genes (Johannessen et al., 2017; Steinparzer et al., 2019b). These 

findings contribute to literature attempting to distinguish the roles CDK8 and CDK19 regulation 

of transcription. This preliminary data is exciting and opens many avenues of exploration. Since 

CDK8/19 regulate many different cellular pathways, global gene transcription of knockdown 

cells during infection would yield interesting results. Future experiments should use RNA 

sequencing to determine the patterns of inflammatory and anti-inflammatory gene expression 

induced by DENV infection of macrophages in CDK8 and CDK19 knockdown cells. 

Macrophage also play an important role in Zika virus (ZIKV) pathogenesis. ZIKV-

infected macrophage ferry the virus across the placenta to developing fetal neurons. Once 

infected, ZIKV stunts the development of these cells, leading to microcephaly and ZIKV 

congenital syndrome. In aim 4 we present preliminary data investigating the mechanism in which 

ZIKV reprograms macrophage gene expression. We find that CDK8 gene expression is increased 

during infection and kinase inhibition via Senexin B decreases viral replication. We also present 
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preliminary data in which M2 cells are more susceptible to infection than M0 and M1 cells. 

These data are similar to DENV and suggest that CDK8 can be used as a pan-flavivirus 

mechanism to reprogram gene expression to create a more conducive environment for 

replication. Biological replicates are necessary to determine shifts in IL-10 and CXCL10 gene 

expression in M1 cells can be repeated. Future studies analyzing ZIKV induced shifts in cellular 

metabolism would add to the breath of data on ZIKV-macrophage interactions. 

Despite the significant global burden of DENV and ZIKV, there are no effective anti-

viral treatments. Immunometabolism is a promising target for host directed therapy during 

DENV infection. Cancer cells shift metabolism in the tumor microenvironment in a manner 

similar to DENV reprogramming metabolism in macrophage (Roy at al., 2020; Sanchez & 

Lagunoff, 2015). Current drugs targeting cancer immunometabolism are showing promising 

results (Traba et al., 2021). Targeting immunometabolism, in combination with CDK8/CDK19 

treatment, could be a promising avenue for host directed anti-viral treatments.  
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