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Abstract

Rickettsia conorii is a Gram-negative, cytosolic intracellular bacterium that has classically 

been investigated in terms of endothelial cell infection. However, R. conorii and other human 

pathogenic Rickettsia species have evolved mechanisms to grow in various cell types, including 

macrophages, during mammalian infection. During infection of these phagocytes, R. conorii 
shifts the host cell’s overall metabolism towards an anti-inflammatory M2 response, metabolically 

defined by an increase in host lipid metabolism and oxidative phosphorylation. Lipid metabolism 

has more recently been identified as a key regulator of host homeostasis through modulation of 

immune signaling and metabolism. Intracellular pathogens have adapted mechanisms of hijacking 

host metabolic pathways including host lipid catabolic pathways for various functions required for 

growth and survival. In the present study, we hypothesized that alterations of host lipid droplets 

initiated by lipid catabolic pathways during R. conorii infection is important for bacterial survival 

in macrophages. Herein, we determined that host lipid droplet modulation is initiated early during 

R. conorii infection and these alterations rely on active bacteria and lipid catabolic pathways. We 

also find that these lipid catabolic pathways are essential for efficient bacterial survival. Unlike the 

mechanisms used by other intracellular pathogens, the catabolism of lipid droplets induced by R. 
conorii infection is independent of upstream host PPARα signaling. Inhibition of PPARɣ signaling 

and lipid droplet accumulation in host cells causes a significant decrease in R. conorii survival 

suggesting a negative correlation with lipid droplet production and R. conorii survival. Together, 

these results strongly suggest that the modulation of lipid droplets in macrophage cells infected by 

R. conorii is an important and underappreciated aspect of the infection process.

Author Summary

Rickettsia conorii is a human pathogenic rickettsial species that is predominantly transmitted 

in the Mediterranean basin and Northern Africa with fatality in humans ranging from 3.2%
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−32%. Pathogenic Rickettsia species do not exclusively grow within endothelial cells and can 

proliferate within phagocytes in vitro and in vivo. Herein, we demonstrate that initiation of 

early lipid droplet modulation occurs during R. conorii infection of macrophages. We show 

that triglyceride-associated lipases and fatty acid β-oxidation regulates the initiation of the 

identified lipid droplet alterations in a PPAR-independent manner during infection. We have 

also demonstrated that active R. conorii protein synthesis is required for LD modulation during 

infection. Studies inhibiting PPARɣ and inducing foam-like cell induction during infection also 

suggests that LD over-accumulation has a detrimental effect on rickettsial growth. These results 

indicate that processes required for lipid droplet modulation are potential targets for development 

of host-directed therapeutics against rickettsial infections.
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Introduction

Rickettsia conorii is a Gram-negative obligate intracellular α-proteobacteria that resides 

within the cytosol of mammalian cells. R. conorii is transmitted predominantly in the 

Mediterranean basin and Northern Africa by ticks to mammals, with humans being an 

accidental, dead-end host (1). Infections in humans with pathogenic spotted fever group 

(SFG) Rickettsia species can cause fatality in 10–40% of untreated cases, with R. conorii 
fatality rates ranging from 3.2% - 32% (2). It is widely accepted that Rickettsia species can 

selectively grow in vascular endothelial cells during infections in vivo; therefore, studies to 

further define the basis underlying Rickettsia-host cell interactions in vitro have focused on 

using primary endothelial cells and endothelial cell lines (3–8). However, several studies 

have demonstrated that R. conorii and other pathogenic SFG Rickettsia species are more 

promiscuous in the cell types they infect during in vivo and in vitro models of rickettsial 

diseases (8–10). Recent studies have shown that growth by pathogenic SFG Rickettsia 
species in macrophages is correlated with the ability of species to cause disease in mammals 

(9, 11–13). Therefore, investigating pathogen-macrophage interactions is critical to further 

understand the complex interplay between Rickettsia species and target cells in mammals.

To further investigate the consequences of interactions between R. conorii and macrophages 

in vitro, a non-biased proteomic analysis of uninfected and R. conorii-infected THP-1 

macrophages was performed to determine global host protein alterations that are stimulated 

by R. conorii infection. This study revealed that R. conorii infection leads to an overall 

transition of infected macrophages to an anti-inflammatory M2 phenotype (12), which is 

characterized by shifts in host cell energy production and other metabolic pathways, such 

as lipid metabolic processes, involved in cell homeostasis (11, 12, 14). In addition, host 

fatty acid synthase (FASN), an enzyme essential for fatty acid production, is required for R. 
conorii survival during THP-1 macrophage infection, thus highlighting a constraint for the 

production of host lipids for efficient infection of macrophages (12). Taken together, these 

data reinforce the importance of better elucidating the modulation of host pathways, such as 
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lipid metabolic processes, that are necessary for shifting macrophage responses to promote 

survival of R. conorii.

During mammalian cell infection, Rickettsia species quickly escape a newly formed 

phagosome-like vacuole formed upon entry by lysis and reside within the cytosol of 

the infected host cell (1). Various other intracellular pathogens, predominantly those that 

reside within a pathogen containing vacuole, have been shown to interact with and/or 

alter host lipid pathways for nutrient acquisition and regulation of cellular responses to 

survive within the host cell (reviewed in (15)). A major host cell components shown to 

be altered during intracellular infection with these pathogens are lipid droplets (LDs), 

which act as cellular storage compartments composed of triglycerides and other esterified 

lipids (16, 17). Dynamic alterations in LD size, number, and composition are involved in 

regulation of multiple host processes including energy production, immune modulation, 

membrane integrity, macrophage polarization, and during infection of host cells (reviewed 

in (15)). Additionally, lipid catabolic pathways such as lipase-driven triglyceride lipolysis 

and fatty acid β-oxidation (FAO) are well-characterized modulators of LDs that have been 

associated with infections by various intracellular pathogens (18–22). A shift in host cell 

metabolism, including increases in metabolic pathways such as lipase-drive triglyceride 

lipolysis and FAO, is a major driver of the M2 phenotype (14). In addition, lipid catabolic 

processes promote host cell longevity and anti-inflammation characterized by production of 

sustainable energy from lipids and other sugar alternative carbon molecules (14, 18). This 

anti-inflammatory metabolic response, including LD modulation and lipid catabolism, is 

likely important for development of a hospitable niche for R. conorii during macrophage 

infection (11, 12). However, the mobilization of LDs and involvement of LD-associated 

pathways during infections of mammalian cells with R. conorii and other SFG Rickettsia 
species has not yet been addressed.

Manipulation of LDs and lipid catabolism for maintenance of host cell homeostasis 

during infection is conducted by various regulatory molecules including host peroxisome 

proliferator-activated receptors (PPAR) and bacterial mechanisms, such as effector protein 

interactions with host pathways like with Salmonella typhimurium SseL, and functional 

RNAs interaction at the post-transcriptional step of host processes like with Mycobacterium 
tuberculosis miR-33 (23, 24). In macrophages, PPARs are part of a nuclear receptor 

superfamily that play important roles in transcriptional regulation of proteins required for 

pathways involved in lipid metabolism and macrophage polarization (25, 26). Specifically, 

PPARα is a key player in shifting macrophages to an M2 response by regulating energy 

metabolism through upregulation of FAO-associated and other lipid catabolic processes (26). 

Alternatively, PPARɣ increases uptake and sequesters gathered lipids into LDs for use upon 

host cell metabolic shift (26, 27). Interestingly, studies investigating the alteration of PPARα 
and PPARɣ during intracellular macrophage infection with various pathogens, including 

Mycobacterium tuberculosis and Chlamydia pneumoniae, determined that the creation of 

a metabolically favorable niche for sustainable infection requires regulation of expression 

and function of PPARα and PPARɣ (28–33). For M. tuberculosis and C. pneumoniae, 

modulation of these signaling molecules promotes development of a foam cell required 

for bacterial persistence within the infected cell (28, 32, 34, 35). Salmonella typhimurium 
and M. tuberculosis have also been shown to regulate LDs directly during active bacterial 
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infection suggesting a multitude of mechanisms are potentially involved in modulating 

lipid metabolism and the M2 macrophage response observed during R. conorii infection of 

macrophages (23, 24).

In this study, we demonstrate that LD mobilization is initiated early in R. conorii infection 

of phagocytic cells in vitro. Remarkably, stimulation of the early alterations in LDs requires 

bacterial de novo protein synthesis suggesting a rickettsial mechanism is involved in 

modifying host LD composition. Interestingly, lipid catabolic pathways are required for 

early induction of LD modulation and overall bacterial survival, determined by employing 

specific pharmacological inhibitors targeting host triglyceride lipases and FAO. Together 

these data suggest that alterations in host LDs regulated by host lipid catabolism are 

necessary during R. conorii infection, coinciding with previous studies suggesting a shift 

to an M2-associated metabolic response. Intriguingly, regulators of these lipid metabolic 

pathways, PPARα and PPARɣ, are expressed at comparable levels to uninfected cells during 

R. conorii infection of THP-1 macrophages. In contrast to studies of other intracellular 

bacteria-host cell interactions (28–31), pharmacological inhibition of PPARα had no effect 

on R. conorii survival. Inhibition of PPARɣ activity had a positive effect on R. conorii 
growth, while the induction of a foam cell-like phenotype diminished rickettsial survival. 

These results give further insight into the significance of host LD and other lipid processes 

in establishment of a replicative niche for R. conorii within macrophages.

Results

Host lipid droplets are altered during R. conorii infection of THP-1 macrophages

LDs are the center of lipid metabolic pathways and are heavily regulated based on 

macrophage status (36, 37). To define any changes in host LDs during R. conorii infection of 

THP-1 macrophages at early (1 hour post infection; hpi) and replicative (24 hpi) time points, 

Oil Red O was used to target the neutral lipids congregated in LDs. As shown in Figure 

1, immunofluorescence microscopy analyses of uninfected and R. conorii-infected THP-1 

macrophages demonstrated that the average number of LDs per host cell was increased 

at 1 hpi (Figure 1A & C) while the average LD area was significantly decreased during 

infection at both 1 hpi (Figure 1A & C) and 24 hpi (Figure 1B & C). The increase in LDs 

that are smaller in size early in the infection may suggest a regulation of fission/fusion 

of LDs or an increase in lipids sequestered into LDs while simultaneously being released 

during infection. However, the average LD area decreased at 24 hpi without a significant 

change in LD number, indicating that active release of lipids from LDs is occurring at late 

stages in R. conorii infection of THP-1 macrophages. To support the observed R. conorii 
stimulated host LD dynamics, we quantified triglyceride content in uninfected and R. conorii 
infected THP-1 macrophages at 1 hpi and 24 hpi. As shown in Figure 1D, the triglyceride 

composition remained unchanged overall at 1 hpi and was significantly decreased at 24 hpi. 

These results indicate an initiation of alterations in LD phenotypic changes early during 

infection that is dynamic throughout infection. Interestingly, the intracellular Gram-negative 

bacteria, Chlamydia trachomatis has been shown to colocalize with and utilize host lipids 

from LDs during infection (38, 39). To determine whether R. conorii employs a similar 

strategy to gain access to host lipids, immunofluorescence microscopy analysis on R. 
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conorii-infected THP-1 cells stained with Oil Red O was performed. In contrast to C. 
trachomatis, R. conorii does not colocalize with host LDs, suggesting an alternative method 

of LD regulation is employed (Figure S1).

R. conorii protein synthesis is required for initiation of host LD modulation early in 
infection

A few bacterial pathogens that reside within a vacuole have demonstrated a requirement for 

active bacterial mechanisms to alter LD composition during infection (23, 24). Therefore, 

we determined whether R. conorii de novo protein synthesis is involved in initiating the 

modulation of LDs during THP-1 macrophage infection. Chloramphenicol is a bacteriostatic 

antibiotic drug that targets bacterial ribosomes to block de novo protein synthesis and has 

been previously shown to block rickettsial protein expression (40–42). To determine if 

rickettsial de novo protein synthesis is involved in initiating the observed LD phenotype 

in THP-1 macrophages, R. conorii was pre-incubated with chloramphenicol or ethanol as 

a control 1 hr prior to macrophage infection at a concentration previously utilized for 

Rickettsia species to inhibit protein synthesis (43). As shown in Figure 2A & C, inhibition 

of bacterial protein synthesis using chloramphenicol prior to R. conorii infection leads to a 

significant decrease in the average number of LDs per cell when compared to vehicle treated 

R. conorii infected cells. In addition, the R. conorii driven decrease in average LD area is 

blocked by pre-incubation of rickettsial cells with chloramphenicol and results in average 

LD area comparable to uninfected controls (Figure 2B & C). Taken together, these results 

demonstrate that active bacterial infection and de novo bacterial protein synthesis is required 

for initiation of LD modulation in infected THP-1 macrophages.

Initiation of early LD modulation seen during R. conorii infection is blocked by general 
triglyceride lipase inhibition

Release of lipid from LDs is driven by a multitude of catabolic processes, including 

lipases both specific to LDs and trafficked to LDs (44). The distinct decrease in average 

area of LDs during infection suggests that catabolic processes, such as lipase-driven 

lipid release, are potentially involved in this process. Orlistat is an FDA-approved drug 

that targets the active domain of a multitude of lipases that are specific for hydrolysis 

of triglycerides predominantly found within LDs but does not significantly affect the 

function of phospholipases. Orlistat has been used previously to define host lipid 

droplet:intracellular pathogen interactions (45, 46) and is currently being investigated for use 

as an alternative host-directed antiviral treatment (47–49). Additionally, the concentration 

of Orlistat used herein was previously shown to have minimal “off-target” effects and 

allowed THP-1 macrophages to remain viable (Figure S2A) (50, 51). To elucidate if 

active release of triglycerides is involved in initiating the LD phenotype defined at the 

early stage of infection, Orlistat was added to THP-1 macrophages 24 hrs prior to 

infection. THP-1 macrophages were infected with R. conorii for 1 hour and processed 

for immunofluorescence microscopy analysis to determine the average LDs per host cell 

and the average LD area. Similar to observations seen in Figure 1, R. conorii infection 

of DMSO-treated THP-1 cells led to an increase in average number of LDs per host 

cell (Figure 3A & C) and a decrease in the average area of LDs (Figure 3B & C). 

Interestingly, addition of Orlistat to cells prior to R. conorii infection significantly impacted 
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the early LD changes making the average number of LDs per cell and average LD area in 

infected cells comparable to uninfected controls (Figure 3A, B, & C). To define the impact 

perturbing triglyceride lipases with Orlistat has on R. conorii growth in THP-1 macrophages, 

bacterial survival overtime was monitored. As highlighted in Figure 3D, addition of 

Orlistat prior to R. conorii infection led to a significant decrease in R. conorii survival 

in THP-1 macrophages at 3 days post infection (dpi) and 5 dpi, suggesting a requirement 

for triglyceride catabolism via lipases during R. conorii infection of macrophages. Taken 

together, these results suggest that lipase-driven triglyceride catabolism is required for the 

significant early initiation of LD alterations during R. conorii infection and correlates with 

rickettsial survival in THP-1 macrophages.

Initiation of early lipid droplet alteration requires active fatty acid β-oxidation during R. 
conorii infection of THP-1 macrophages

Although lipase-driven lipolysis of triglycerides is important for initiation of the LD 

modulation seen during R. conorii infection of macrophages, there are other lipid catabolic 

factors that may also be involved. The recent reports suggesting the promotion of an M2 

response during R. conorii infection supports the use of alternative metabolic pathways, 

such as those involved in lipid catabolism during infection (11, 12). One vital lipid 

catabolic pathway that utilizes free fatty acids and stored lipids is FAO (52). A key 

requirement for FAO is the initial conversion of lipids to acylcarnitine esters by carnitine 

palmitoyltransferase 1a (CPTIa) that can then be transported across the mitochondrial 

membrane for catabolism (18). To define the role host FAO has on initiation of LD 

alterations during infection the CPTIa inhibitor, Etomoxir, was used at a concentration 

previously utilized to elucidate the role of FAO during infection with various intracellular 

pathogens (45, 53–55). In addition, the dose of Etomoxir was used at a concentration 

that allowed THP-1 macrophages to remain viable (Figure S2B) and has been shown to 

exhibit minimal “off-target” effects in macrophages (56). Uninfected and R. conorii-infected 

THP-1 macrophages treated with Etomoxir (10 μM) were processed to visualize changes 

in LDs at 1 hpi (Figure 4A, B, & C). As expected, DMSO-treated R. conorii infected 

THP-1 macrophages showed a significant increase in average LDs per host cell and decrease 

in average LD area compared to uninfected DMSO treated cells at 1 hpi. Interestingly, 

treatment with Etomoxir significantly reduced the average number of LDs in R. conorii 
infected cells comparable to the DMSO infected control (Figure 4A & C) and restored the 

average area of LDs in R. conorii infected cells to levels seen in uninfected cells (Figure 

4B & C). These results suggest that early in the infection process, CPTIa activation and 

FAO are involved in initiating the observed alterations in host LDs. To determine if CPTIa 

and FAO are also important for bacterial survival in THP-1 macrophages, host cells were 

treated with Etomoxir, and rickettsial survival overtime was analyzed by qPCR. Indeed, 

pharmacological inhibition of CPTIa with Etomoxir prior to R. conorii infection results in a 

significant decrease in rickettsial survival at 3 dpi and 5 dpi compared to untreated controls 

(Figure 4D), suggesting a requirement for FAO to develop a sustainable infection in THP-1 

macrophages.
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Host PPARα is not required for initial LD changes or sustainable R. conorii infection of 
THP-1 macrophages

PPARα is a potent regulator of FAO, LD catabolism, and overall lipid modulation and has 

been shown to play an important role in the macrophage shift to an M2 metabolic phenotype 

seen during R. conorii infection of macrophages (26). C. pneumoniae and M. tuberculosis 
are known modulators of macrophage polarization and specifically LD modulation which 

have been linked to regulation of PPARα signaling during infection (28, 30). To investigate 

the role PPARα serves for the initiation of LD modulation early in R. conorii infection, 

LDs were visualized in the presence of a PPARα inhibitory compound, GW6471 (0.5 μM). 

GW6471 has been used previously for defining the requirement of FAO and regulation of 

foam cell formation during C. pneumonia infection of macrophages (28). Pharmacological 

inhibition of PPARα with GW6471 (0.5 μM) was performed at a concentration previously 

shown to inhibit PPARα activity (57, 58) and at a concentration that allowed THP-1 

macrophages to remain viable (Figure S2C). Interestingly, treatment with GW6471 had no 

effect on host LD alterations that are stimulated early in infection (Figure 5 A, B, & C), 

suggesting that PPARα-signaling is not required for early LD modulation during R. conorii 
infection of THP-1 macrophages.

Other intracellular bacteria that require PPARα signaling have been shown to actively 

modulate PPARα expression during infection (28–30, 35). To determine if PPARα 
expression is altered during R. conorii infection of THP-1 macrophages, alterations in pparα 
mRNA and PPARα protein expression at the initial stage of infection were determined. 

As shown in Figure 5D & E, R. conorii infection does not stimulate significant changes 

in pparα mRNA levels and PPARα protein expression at 1 hpi. Similarly, PPARα protein 

expression remained significantly unaltered at the replicative stage of infection (24 hpi) 

(Figure S3A). Although mRNA and protein expression levels were unaltered, PPARα 
activation and function could be modified during infection. To determine if functional 

PPARα plays a role in R. conorii infection of THP-1 macrophages, GW6471 was utilized 

to inhibit activation of PPARα. Interestingly inhibition of PPARα did not significantly 

affect R. conorii survival compared to the vehicle control (Figure 5F) further indicating the 

absence of a PPARα-signaling requirement during R. conorii infection.

Pharmacological inhibition of host PPARɣ has a positive correlation with R. conorii during 
THP-1 macrophage infection due to the inhibition of development of a foam cell-like 
cellular response

PPARɣ is a potent regulator of lipid sequestering and accumulation into LDs and in 

macrophages is associated with regulation of polarization (26). M. tuberculosis and C. 
pneumoniae are heavily associated with the development of a foam cell phenotype 

characterized by an increase in lipid scavenging and accumulation of lipids within LDs. 

The development of this phenotype during infection requires PPARɣ expression and is 

important for bacterial sustainability within the host cell (28, 33, 59). To investigate the 

putative role PPARɣ serves for the initiation of LD modulation early in R. conorii infection, 

LDs were visualized in the presence of a PPARɣ inhibitory compound, GW9662 (10 

μM). This concentration was chosen because it allowed THP-1 macrophages to remain 

viable (Figure S2D) and has been shown previously to inhibit activation of PPARɣ in 
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macrophages, including in studies with intracellular pathogens such as C. pneumoniae and 

Brucella abortus (28, 60–62). Intriguingly, treatment with GW9662 had no effect on host 

LD modulation initiated early in infection (Figure 6A, B, & C). Collectively, these results 

suggest that PPAR signaling is likely not involved in R. conorii induced LD alterations on 

THP-1 macrophages.

To determine if PPARɣ expression is modulated during R. conorii infection of THP-1 

macrophages, alterations in pparɣ mRNA and PPARɣ protein expression at early and 

replicative stages of infection were analyzed. As shown in Figure 6D & E, R. conorii 
infection does not stimulate differences in mRNA and protein expression levels at 1 hpi. 

Interestingly, PPARɣ protein levels at 24 hpi also showed no significant changes (Figure 

S3B). Inhibition of PPARɣ significantly increased R. conorii growth at 3 dpi (Figure 6F), 

demonstrating that intracellular survival in THP-1 macrophages is positively impacted by 

PPARɣ inhibition. At 5 dpi, we observed a significant decrease in cell viability likely caused 

by continued R. conorii proliferation (data not shown). Together, these results highlight the 

potential negative impact of PPARɣ and subsequent accumulation of lipids and LDs within 

infected THP-1 macrophages during R. conorii infection.

To further describe the negative effects a PPARɣ signaling for lipid accumulation may 

have during R. conorii infection of THP-1 macrophages, a foam cell-like phenotype was 

induced by addition of oleic acid-albumin. The development and contribution of foam cell 

development to pathogen intracellular survival has been well characterized for pathogens 

such as M. tuberculosis and C. pneumoniae (28, 32, 35, 45). Similarly, oleic acid-albumin 

was used at a concentration of 400μM as done previously during M. tuberculosis infection 

(34). To confirm a significant increase in LDs present during foam cell induction and to 

define the LD modulation initiated during infection in foam-like cells, LD visualization and 

quantification was conducted as done previously. The BSA controls showed similar results 

as those seen in previous experiments, with a decrease in size of LDs and an increase 

in the number of LDs present during R. conorii infection of macrophages (Figure 7A, 

B, & C). In contrast, THP-1 macrophages treated with oleic acid-albumin resulted in a 

significant increase in LD size in uninfected and infected samples, when compared to BSA 

controls, with little difference between uninfected and infected oleic acid-albumin treated 

cells (Figure 7B & C). Interestingly, the number of LDs per host cell in foam-like cells for 

uninfected and infected samples was comparable to that of the uninfected control (Figure 

7A & C). To determine if infection of oleic acid-albumin treated cells is inhibitory for R. 
conorii infection of macrophages as predicted, R. conorii survival in THP-1 macrophages 

that present with a foam cell-like phenotype was determined. R. conorii survival was 

significantly impaired in oleic acid-albumin treated cells after both 3 dpi and 5 dpi. Thus, 

suggesting that the induction of a foam-like cell phenotype, correlated with a significant 

increase in LD size, blocks R. conorii-induced early LD modulation and overall survivability 

in THP-1 macrophages.

Discussion

Intracellular pathogens rely heavily on host cells to develop a niche required for efficient 

infection and pathogen growth. Several studies have shed light on host processes important 
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for development of a niche for various vacuolar intracellular bacteria, while neglecting 

bacteria that live and replicate within the nutrient-poor host cytosol. In macrophages, lipid 

metabolism has more recently become a known key regulator of host cell homeostasis 

and polarization, which has been associated with establishment of sustainable intracellular 

bacterial infections. As previously mentioned, the intracellular bacteria that have defined 

alterations in host lipid metabolic pathways are predominantly those that reside within 

a PCV upon infection of the host cell. For example, modulation of various host lipid 

pathways has been shown to be involved in providing nutrients and regulating host cell 

signaling to develop a replicative niche, and as structural integrity for pathogens such as 

Mycobacterium tuberculosis, Chlamydia spp., dengue virus and hepatitis C virus (15, 63–

67). During macrophage infection, pathogens, such as M. tuberculosis and C. pneumoniae, 
also manipulate host lipid processes to initiate polarization of macrophages that is ideal for 

production of a favorable bacterial niche (68–70). However, R. conorii and other rickettsial 

species are cytosolic intracellular bacteria that lack the accessibility of associating with 

host lipids within a pathogen containing vacuole. The requirement of lipid synthesis for 

R. conorii macrophage infection by FASN suggests a need of lipids for a specific function 

important for bacterial survival (12); however, the role of host lipid metabolism during 

intracellular infection by Rickettsia species remains unclear. The current study focuses 

on further defining the importance of host LDs during R. conorii infection of THP-1 

macrophages by elucidating the initiation of LD structural alterations and lipid pathways 

important for inducing these changes.

There are multiple fates that synthesized lipids during infection can meet including being 

sequestered into lipid stores and catabolism by lipase-driven lipolysis or FAO. R. conorii 
infection drives a dynamic shift in host LD phenotype early in infection with changes in 

both size and number per host cell. However, these alterations are different at replicative 

stages of infection, implying a temporal dynamic modulation of host LDs and lipid 

pathways throughout the course of infection (Figure 8A). LDs are also a major source 

of lipids used for energy production, structural integrity, and immune signaling (44). 

Indeed, pathogens have evolved mechanisms to sequester lipids from host LDs through lipid 

catabolic pathways as a mechanism of providing substrates for modulation of signaling, 

structural lipids, and energy (reviewed in (15)). Early studies with Rickettsia species 

indicated the presence of membrane phospholipids, including phosphatidylcholine (PC), 

within the bacterial membrane. Genomic analyses revealed that Rickettsia species lack the 

machinery to effectively produce certain membrane lipids including PC, suggesting a need 

to acquire these from host sources (71–73). Rickettsia species have also been shown to 

stimulate prostaglandin production during infection indicating bacterial immune regulation 

through lipid metabolites (74). These early studies defining lipid processes modulated during 

infection coincides with the dynamic nature of LD alterations, including the likely release 

of lipids from LDs that may contribute to these phenotypes. Intriguingly, at early stages 

of R. conorii infection of THP-1 macrophages, there is an increase in average LD per 

host cell with a decrease in the average size of the LDs. This phenotype could be due in 

part by an infection-induced stimulation of both anabolic and catabolic lipid processes as 

seen in infections of host cells by other intracellular pathogens, including M. tuberculosis, 
C. pneumoniae, and dengue virus (45, 53, 55, 63, 64, 75–77). Similarly, Coxiella burnetii 
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infection induced an increase in LDs compared to uninfected controls, while requiring lipid 

catabolism to regulate LD homeostasis necessary for efficient infection (78). Additionally, 

this phenotype could also be produced through the stimulation of fission of larger LDs into 

smaller LDs. Modulation of total lipid content and LD fission has been linked to cell cycle 

progression with lack of LD catabolism negatively correlating with yeast cell growth (79, 

80). However, the mechanisms stimulating LD fission/fusion dynamics in animal cells, and 

specifically macrophages, remains relatively undefined.

Interestingly, R. conorii de novo protein synthesis in required for initiation of host LD 

mobilization during infection, suggesting that a bacterial factor(s) is involved in modulating 

these host lipid shifts important for development of a favorable replicative niche. Although 

the host metabolic changes required for sustainable intracellular infections are being 

investigated, the bacterial mechanisms involved in stimulating these responses have not 

yet been elucidated. To date, very few intracellular bacteria have defined mechanisms 

that directly regulate host LDs, and those that do are restricted to growth within a 

pathogen containing vacuole. For example, C. trachomatis uses pathogen containing 

vacuole-associated bacterial proteins as a mechanism for recruitment of LDs and release 

of lipids from LDs during intracellular infection (38, 81). S. typhimurium also expresses 

a secreted effector protein, SseL, that has been associated with direct regulation of host 

LD modulation to maintain a viable niche for the bacteria (23). Unfortunately, BLAST 

analysis shows no SseL homologues in the R. conorii genome. In terms of rickettsial 

infections, the secretome components necessary for development of a desirable niche within 

the host cell are not well elucidated (82). Rickettsia species including R. conorii encode 

for phospholipases and putative effector proteins, which have a potential role in modulating 

host LD responses to infection (82–86). Therefore, further work must be conducted to better 

characterize the active bacterial mechanism required for modulation of host LDs and other 

metabolic processes during infection.

M. tuberculosis has been shown to manipulate host lipid catabolic pathways and drive the 

development of a foam cell phenotype required for bacterial sustainability (45). For M. 
tuberculosis, the formation of foam cells is necessary for development of chronic infection, 

and when lipase-driven LD catabolism is inhibited with Orlistat, there is no effect on 

bacterial growth (87). However, R. conorii infection does not result in the formation of 

foam cells in macrophages. In addition, the pharmacological inhibition of lipase-driven 

triglyceride catabolism with Orlistat during R. conorii infection results in a significant 

decrease in rickettsial survival and early LD modulation during infection (Figure 7B). 

Similar to M. tuberculosis, R. conorii infection of THP-1 macrophages shifts the host cell 

towards a M2 macrophage phenotype (12, 88). This shift is typically characterized by a 

decrease in the glycolytic pathways, suggesting that alternative molecules, such as lipids, 

are required to compensate (12). The use of lipids as an alternative carbon source relies 

on the upregulation of lipid catabolic processes such as triglyceride specific lipase-driven 

lipolysis and FAO (18). We demonstrated that pharmacological inhibition of the host 

FAO initiation enzyme, CPTIa, causes a significant decrease in rickettsial survival during 

THP-1 macrophage infection. Comparably, inhibition of FAO by Etomoxir also reduced M. 
tuberculosis load during replicative stages in macrophages, demonstrating the importance of 

FAO in establishing M2 macrophage polarization and subsequent sustainable infection (53). 
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Separately, host FAO and LD modulation have been associated with various intracellular 

infections predominantly for energy production and regulation of the immune response 

(reviewed in (15)). However, LD regulation as a source of lipids for FAO during the growth 

of intracellular non-vacuolar bacterial pathogens has been largely unstudied. This study 

demonstrates that at early stages of infection, inhibition of CPTIa activation leads to a 

dysfunction in initiation of LD modulation. Together these data suggest a requirement of the 

lipid catabolic processes, triglyceride lipase driven lipolysis and FAO, for initiation of LD 

alterations early in infection and bacterial survival in THP-1 macrophages. (Figure 8B).

PPARs are key transcriptional modulators of host homeostasis by regulation of lipid 

metabolism pathways (27). Previous studies have also identified PPARα and PPARɣ as 

active regulators of the host immune response making these molecules viable targets 

for therapeutic intervention (29, 59). Overall, PPARα upregulates lipid catabolism, 

predominantly through FAO, to maintain cell homeostasis, and PPARɣ is traditionally 

associated with increases in lipid uptake and LD formation (27). In macrophages, these 

transcription factors are drivers of cellular metabolism, typically shifting the response to a 

more M2 macrophage phenotype, like that seen during R. conorii infection of macrophages 

(12, 26). Many other intracellular pathogens, including M. tuberculosis and C. pneumoniae, 
regulate PPARα and PPARɣ to mediate host metabolic processes required for establishment 

a hospitable niche (28, 33, 61). However, the mechanisms for regulation of PPARs 

throughout infection are largely not understood. Unlike M. tuberculosis and C. pneumoniae, 
R. conorii infection of THP-1 macrophages does not require PPARα for the lipid metabolic 

shifts necessary for bacterial survival. As mentioned previously, bacterial protein synthesis is 

required for initiation of the LD phenotype seen early during infection. There is the potential 

that instead of hijacking host PPARα to stimulate LD alterations, a R. conorii de novo 
protein, like SseL in S. typhimurium, bypasses this host signaling pathway to stimulate the 

desired response (23).

Surprisingly, PPARɣ inhibition significantly enhances R. conorii growth in THP-1 

macrophages. A previous report indicated that inhibition of PPARɣ by GW9662 induces 

an anti-inflammatory environment in macrophages, similar to that seen to be induced during 

R. conorii infection (11, 12, 60). This would suggest that prior treatment of macrophages 

with GW9662 likely provides a more favorable niche upon infection with R. conorii that 

would allow for efficient bacterial growth. PPARɣ is also heavily involved in increasing 

lipids sequestered into LDs to maintain cellular homeostasis and is required for the foam 

cell formation observed during infections with M. tuberculosis and Chlamydia pneumoniae 
(28, 59). Our results during PPARɣ inhibition suggest that the sequestering of lipids into 

LDs has a negative impact on rickettsial growth and survival in macrophages. Incubation 

of mammalian cells with GW9662 at relevant concentrations to inhibit PPARɣ have also 

been shown to reduce lipids sequestered within LDs in macrophage models, including 

THP-1 macrophages, strengthening this notion (89, 90). In addition, we determine that the 

stimulation of a foam cell-like phenotype before R. conorii infection negatively impact 

on bacterial survival and early LD alterations in THP-1 macrophages and correlates with 

a decrease in R. conorii survival within these cells. Additionally, previous reports define 

an importance of LDs and subsequent lipid release during C. trachomatis infection of 

host cells (38, 39, 78, 91, 92). Together, this suggests that an overabundance of LDs 
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developed through PPARɣ-driven lipid accumulation during R. conorii infection of THP-1 

macrophages has a detrimental effect on bacterial survival. As mentioned above, PPARɣ 
signaling and subsequent lipid accumulation to, in some cases, form a foam cell-like 

phenotype have been associated with activation of host inflammatory responses; therefore, 

inhibition of PPARɣ before infection could have a positive effect on R. conorii growth by 

dampening inflammatory signals that Rickettsia would otherwise have to avoid or regulate 

upon infection to provide the optimum replicative niche (11, 12, 93).

There have been an increasing number of studies addressing the requirement for regulation 

of host LDs to develop a hospitable niche for survival of various intracellular bacteria (15, 

94). Specifically, host lipids derived from LDs are a key source of nutrients, metabolites, and 

structural and signaling molecules, making it a common target for a variety of intracellular 

pathogens. We demonstrate that average LDs per host cell are increased early in R. conorii-
infected cells with a decrease in average LD area throughout infection. Initiation of early 

LD alterations require host lipid catabolic processes, such as triglyceride lipases and FAO, 

as well as de novo bacterial protein synthesis. These catabolic processes are independent 

of the upstream signaling molecule, PPARα. However, inhibition of PPARɣ positively 

effects R. conorii growth in THP-1 macrophage. In addition, lipid accumulation to develop 

a foam cell-like phenotype is detrimental to bacterial survival and LD modulation during 

THP-1 macrophage infection. Together, the data generated from this study indicate that lipid 

catabolic processes that regulate host LD modulation are an important understudied aspect 

of Rickettsia-host cell interactions and may shed further insight into the mechanisms by 

which non-vacuolar facultative and obligate intracellular bacterial pathogens regulate host 

cell processes to develop a favorable niche during the infection of mammalian cells.

Materials and Methods

Cell lines, Rickettsia growth and purification

THP-1 (ATCC-TIB-202™) cells were differentiated into macrophage-like cells by addition 

of 100nM phorbol 12-myristate 12-acetate (PMA; Sigma-Aldrich) 24 hrs prior to start of 

experiment. PMA-treated THP-1 cells (THP-1 macrophages) were infected with R. conorii 
Malish7 at a MOI of 2. Cells were grown in RPMI-1640 medium (Gibco) with 10% 

heat-inactivated fetal bovine serum (FBS; R&D Systems). Vero cells (ATCC-CCL-81™) 

were used to propagate R. conorii Malish7 as described previously (95, 96). Vero cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) with 10% FBS, 1x 

non-essential amino acids (Corning), and 0.5 mM sodium pyruvate (Corning). Cells were 

maintained in 5% CO2 at 34°C.

Lipid droplet visualization and Triglyceride Quantification

THP-1 macrophages were seeded at a density of 5×105-1×106 cells/mL on poly-L-lysine 

treated in 24 well plates. After 24 hrs, cells were R. conorii infected (MOI of 2) or 

treated with pharmacological inhibitor as described below. 24 hrs after treatment, R. conorii 
Malish7 (MOI of 2) was added to cells and bacterial:host cell contact was induced by 

centrifugation at 300 xg for 5 min. For chloramphenicol-treatment studies, R. conorii 
required for infection at an MOI of 2 was incubated, at 34°C and 5% CO2, in RPMI 
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with 10% FBS and 20 ug/mL chloramphenicol (43). After 1 hr, chloramphenicol was 

removed, and THP-1 macrophages were infected with treated R. conorii as described above. 

Samples were 4% paraformaldehyde (PFA)-fixed at 1-hour post infection (hpi) and 24 

hpi for standard infection and 1 hpi for chloramphenicol or inhibitor treatment studies. 

Oil Red O isopropanol solution (Electron Microscopy Sciences) was utilized according to 

manufacturer’s protocol. Briefly, after 4% PFA fixation, samples were incubated with 60% 

isopropanol for 5 min before addition of Oil Red O mixture (6:4 Oil Red O to H2O) 

for 20 mins. Washed coverslips were probed as described previously with anti-R. conorii 
antibody RcPFA (97) followed by Goat α-Rabbit Alexa Flour-488 (Invitrogen) and DAPI 

(Thermo Scientific) before being mounted on slides for visualization with the Olympus 

Fluoview FV10i confocal microscope (9). Ten fields of view each with 3–15 cells (a total 

of approximately 100–200 cells) for each treatment group were gathered for determination 

of average LD area (μm2) and average LD quantification within each field using ImageJ 

software for analysis of particles with a constant threshold. Fields of view for infected 

samples contained both uninfected and infected cells with 50–100% infection and all cells 

within each field of view were included in the analysis. Experiments were repeated three 

times for a total of 30 fields of view. Colocalization images were analyzed as described 

previously (9, 13).

1×107 THP-1 macrophage cells were seeded in two wells of a six well plate as described 

previously. After R. conorii infection (MOI of 2), cells were collected at 1 hpi and 24 

hpi and pelleted at 300 xg for 5 min in 1x PBS. Triglycerides were quantified using the 

Triglyceride Quantification kit (Sigma-Aldrich) following manufacturers protocol. Briefly, 

triglycerides were released by boiling with 5% Nonidet™ P 40 Substitute and pelleted by 

centrifugation at high speed for 2 min. Triglyceride was converted to glycerol and fatty acid 

and quantified by measurement of fluorescent intensity (λex = 535/λem = 590 nm) using 

the Molecular Devices Spectramax M2 microplate reader.

Pharmacological inhibition of host lipid metabolic processes

THP-1 macrophages were seeded in 96 well plates at 5 × 104 cells per 200μl for each well. 

Inhibitors were used at concentrations that maintained cell viability and were recommended 

by supplier. Inhibitors utilized include Etomoxir (10 μM; Sigma-Aldrich), Orlistat (10 μM; 

Sigma-Aldrich), GW6471 (0.5 μM; BioVision), and GW9662 (10 μM; BioVision). DMSO 

control cells were treated with equal volumes as inhibitor added. Inhibitors were added 24 

hrs prior to R. conorii infection (MOI of 2) as described above. Samples were harvested at 1 

day post infection (dpi), 3 dpi, and 5 dpi and processed for total gDNA isolation (Invitrogen) 

(9). After collection and gDNA processing, qPCR was performed with iTaq Universal Probe 

Supermix (BioRad) following manufacturers protocol. The PCR reaction was conducted as 

follows: 50°C for 2 mins, 95°C for 10 mins, followed by 45 cycles of 95°C for 15 secs, 58°C 

for 1 min. R. conorii sca1 normalized to host β-actin was used to quantify the amount of 

Rickettsia per host cell present within each sample. Primers and probes used were described 

previously (10).

Allen et al. Page 13

Cell Microbiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MTT Assay for analysis of THP-1 macrophages viability in the presence of inhibitors

THP-1 macrophages were seeded in 96 well plates at 5 × 104 cells per 200μl for each 

well. Varying concentrations of Etomoxir, Orlistat, GW6471, or GW9662 were added. At 

6 days post treatment, the Vybrant MTT Cell Proliferation Assay kit (Invitrogen) was used 

according to the manufactures protocol. Briefly, the media was replaced with 100μL of 

fresh culture media and 10μL of 12mM MTT stock solution per well before incubation at 

34°C. After 2 hrs, 100μL SDS-HCl solution was added to each well and incubated for 2 

hrs. Absorbance was read at 570nm using the Molecular Devices Spectramax M2 microplate 

reader.

PPARα and PPARɣ mRNA and protein expression

THP-1 macrophages were seeded in 6 well plates at 5×105-1×106 cells/mL with 4mL 

per well. Infections were carried out as described above at an MOI of 2. Total RNA 

was collected from uninfected control and R. conorii infected THP-1 macrophages at 

1 hpi and 24 hpi for pparα and pparɣ mRNA expression using the PureLink RNA 

Mini Kit (Invitrogen). Total RNA from DMSO-, GW6471-, and GW9662-treated cells 

was collected. Immediately after extraction, RNA was DNase treated using the TURBO 

DNA-free kit (Invitrogen) before SYBR-based qRT-PCR was performed. Quantitative 

RT-PCR was performed using qScript One-Step SYBR Green RT-qPCR (QuantaBio) 

following the manufactures protocol with the PCR reaction protocol as: 10 mins at 

48°C followed by 5 mins at 95°C, then 50 cycles of 10 secs at 95°C, 20 secs 

at 53°C, and 30 secs at 68°C, ending with a melt curve analysis from 40°C to 

95°C. mRNA expression was normalized to β-actin for quantification. Primers used 

for pparα and pparɣ were published previously (28). The sequences for β-actin 
primers are forward primer: 5’-CCTGTATGCCTCTGGTCGTA-3’ and reverse primer: 5’­

CCATCTCCTGCTCGAAGTCT-3’.

Whole cell lysates (WCL) were collected from uninfected control and R. conorii 
infected THP-1 macrophages at 1 hpi and 24 hpi. WCLs were quantified and processed 

as described previously (98). The membranes were blocked with 1X TBST and 

2% BSA before incubation with primary antibodies: anti-PPARα (1:250; Santa Cruz 

Biotechnology), anti-PPARɣ (1:250; Santa Cruz Biotechnology) and anti-β-actin (1:1,000; 

Santa Cruz Biotechnology). After washing, the membranes were incubated with anti-Mouse 

horseradish peroxidase (1:25,000; Sigma-Aldrich). The membranes were visualized using 

chemiluminescence horseradish peroxidase substrates for film exposure. Protein detected by 

western immunoblot was quantified with ImageJ.

Macrophage lipid loading with oleic acid-albumin

Oleic acid (Enzo Life Sciences) was associated with albumin as previously described (99) 

before addition to THP-1 macrophages. THP-1 macrophages were seeded in a 24 well plate 

with coverslips or a 96 well plate at 5 ×105-1×106 cells per mL with 1 mL per well or 200 

μL per well, respectively. After 24 hrs, oleic acid-albumin or BSA (Thermo-Scientific) was 

added to the corresponding cells at a concentration of 400 μM as used previously to induce 

a foam cell-like phenotype in THP-1 macrophages (34). Oleic acid-albumin was incubated 

with THP-1 cells for 3 hrs before infection with R. conorii at an MOI of 2. Rickettsial 
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survival overtime, and LD visualization and analysis at 1 hpi was conducted as described 

above.

Data analysis and Statistics

Quantitative PCR analysis were analyzed by one-way ANOVA followed by Bonferroni 

correction post-hoc and qRT-PCR and western immunoblot results were analyzed by an 

one-way Student’s t-test. Significance of average LDs per host cell, average LD area, 

and triglyceride quantification was determined by one-way Student’s t-test for comparison 

of samples in each time-point independently. Significance for average LDs per host cell 

and average LD area in the presence of pharmacological treatments or chloramphenicol 

were determined by one-way ANOVA followed by Bonferroni correction post-hoc. MTT 

assay data was analyzed using the non-linear regression model. Statistics were performed 

using GraphPad Prism Version 5.0b. Significance is defined by p value *≤ 0.05, **≤ 0.05, 

***≤0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take Aways

• Host lipid droplets are differentially altered in early and replicative stages of 

THP-1 macrophage infection with Rickettsia conorii.

• Lipid droplet alterations are initiated in a bacterial-dependent manner and do 

not require host peroxisome proliferator-activated receptors α or ɣ activation.

• Pharmacological inhibition of host lipid catabolic processes during R. conorii 
infection indicates a requirement of lipid catabolism for bacterial survival and 

initiation of lipid droplet modulation.

• A significant increase in host lipid droplets during infection has a negative 

impact on R. conorii survival in THP-1 macrophages.
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Figure 1. 
Modulation of host lipid droplets (LDs) during R. conorii THP-1 macrophage infection. 

THP-1 macrophages were infected with R. conorii at a multiplicity of infection of 2. Oil 

Red O was used for quantification of average LDs per THP-1 cell and average area (μm2) 

at 1 hour post infection (hpi; A) and 24 hpi (B). Ten fields of view from three independent 

experiements with 3–15 cells per field of view were quantified for both uninfected (UN) 

and R. conorii (Rc)-infected samples using ImageJ software with a constant threshold for 

all images. (C) A single representative image of fields taken at 100X with oil red O (red) 

signifying LDs, α-Rickettsia (green) signifying R. conorii, and DAPI (blue) signifying 

nuclei. White bar is indicative of 10μm. (D) Triglyceride quantification was performed for 

three independent experiments with three experimental replicates of unifected and R. conorii 
infected samples at 1 hpi and 24 hpi. Significance is represented by p≤0.05 determined by 

a one-way Student t-test for each time-point separately. Statistical significance is defined by 

*p≤0.05, **p≤0.005, or ***p≤0.001.
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Figure 2. 
De novo R. conorii protein synthesis is required for stimulation of LD alterations seen 

during THP-1 macrophage infection. R. conorii was pretreated with Chloramphenicol 

(Chlora; 20μg/ml) or ethanol (EtOH) prior to THP-1 macrophage infection. Samples 

were collected at 1 hour post infection (hpi) before being stained with Oil Red O for 

quantification. Ten fields of view from three independent experiments each with 3–15 cells 

were quantified for (A) average lipid droplets (LDs) per THP-1 cell and (B) average area 

(μm2) of all treatment groups using ImageJ software with a constant threshold. (C) A single 

representative field was taken at 100X for each treatment. Oil red O (red) signifies LDs, 

α-Rickettsia (green) signifies R. conorii, and DAPI (blue) signifies nuclei. White bar is 

indicative of 10μm. Significance is represented by p≤0.05 determined by a one-way ANOVA 

followed by Bonferroni’s correction post hoc test. Statistical significance is defined by 

*p≤0.05, **p≤0.005, ***p≤0.001.

Allen et al. Page 23

Cell Microbiol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Pharmacological inhibition of triglyceride targeting lipases prevents the initiation of LD 

modulation early in R. conorii THP-1 macrophage infection. THP-1 macrophages were 

treated with Orlistat (10 μM) 24 hr prior to infection with R. conorii (MOI of 2). Samples for 

LD analysis were collected at 1 hour post infection (hpi) before being stained with Oil Red 

O for visualization of LDs. Ten fields of view from three independent experiements with 3–

15 cells per field were quantified to define (A) average lipid droplets (LDs) per THP-1 cell 

and (B) average area (μm2) for all groups using ImageJ software with a constant threshold. 

(C) A representative visualization at 100X of one cell within each treatment group is shown. 

Oil red O (red) signifies LDs, α-Rickettsia (green) signifies R. conorii, and DAPI (blue) 

signifies nuclei. White bar is indicative of 10μm. (D) Rickettsial survival in the presence of 

Orlistat or DMSO was quantified by qPCR to analyze R. conorii (sca1) per host cell (actin) 
at 1 day post infection (dpi), 3 dpi, and 5 dpi. Data is representative of three independent 

experiments with each condition performed in triplicate. Significance is represented by 

p≤0.05 determined by a one-way ANOVA followed by Bonferroni’s correction post hoc test. 

Statistical significance is defined by *p≤0.05, **p≤0.005, ***p≤0.001.
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Figure 4. 
Pharmacological inhibition of fatty acid β-oxidation (FAO) prevents lipid droplet 

modulation early in R. conorii THP-1 macrophage infection. THP-1 macrophages were 

treated with Etomoxir (10 μM) 24 hr before infection with R. conorii (MOI of 2). 

Samples for LD analysis were collected at 1 hour post infection (hpi) before being stained 

with Oil Red O for visualization of LDs. Ten fields of view from three independent 

experiements with 3–15 cells per field were quantified to define (A) average lipid droplets 

(LDs) per THP-1 cell and (B) average area (μm2) for all groups using ImageJ software 

with a constant threshold. (C) A representative visualization of one cell at 100X within 

each treatment group. Oil red O (red) signifies LDs, α-Rickettsia (green) signifies R. 
conorii, and DAPI (blue) signifies nuclei. White bar is indicative of 10μm. (D) Rickettsial 

survival in the presence of Etomoxir or DMSO was quantified by qPCR to analyze 

R. conorii (sca1) per host cell (actin) at 1 day post infection (dpi), 3 dpi, and 5 dpi. 

Data is representative of three independent experiments with each condition performed in 

triplicate. Significance is represented by p≤0.05 determined by a one-way ANOVA followed 

by Bonferroni’s correction post hoc test. Statistical significance is defined by *p≤0.05, 

**p≤0.005, ***p≤0.001.
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Figure 5. 
PPARα is not required for R. conorii infection of macrophages. Samples for LD analysis 

were collected at 1 hour post infection (hpi) before being stained with Oil Red O for 

visualization of LDs. Ten fields of view from three independent experiements with 3–15 

cells per field were quantified to define (A) average lipid droplets (LDs) per THP-1 cell and 

(B) average area (μm2) for all groups using ImageJ software with a constant threshold. (C) A 

representative visualization of one cell at 100X within each treatment group. Oil red O (red) 

signifies LDs, α-Rickettsia (green) signifies R. conorii, and DAPI (blue) signifies nuclei. 

White bar is indicative of 10μm. (D) qRT-PCR analysis with total RNA from R. conorii 
infected (MOI of 2) THP-1 macrophages was employed to determine mRNA expression 

of pparα at 1 hpi. (E) Immunoblotting was conducted with whole cell lysates for protein 

expression of PPARα at 1 hpi in uninfected or R. conorii infected (MOI of 2) THP-1 

macrophages. (F) DMSO or GW6471 qPCR analysis with gDNA from pre-treated THP-1 
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macrophages infected with R. conorii (MOI = 2) in the presence of DMSO or GW6471 for 

inhibition of PPARα at 1 days post infection (dpi), 3 dpi and 5 dpi. All data is representative 

of three independent experiments with each condition performed in triplicate. Significance 

is represented by p≤0.05 determined by a one-way ANOVA followed by Bonferroni’s 

correction post hoc test. Statistical significance is defined by *p≤0.05, **p≤0.005, *** 

p≤0.001.
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Figure 6. 
Inhibition of PPARɣ is positively correlated with increased R. conorii infection of 

macrophages. Samples for LD analysis were collected at 1 hour post infection (hpi) before 

being stained with Oil Red O for visualization of LDs. Ten fields of view from three 

independent experiements with 3–15 cells per field were quantified to define (A) average 

lipid droplets (LDs) per THP-1 cell and (B) average area (μm2) for all groups using ImageJ 

software with a constant threshold. (C) A representative visualization of one cell at 100X 

within each treatment group. Oil red O (red) signifies LDs, α-Rickettsia (green) signifies 

R. conorii, and DAPI (blue) signifies nuclei. White bar is indicative of 10μm. (D) qRT-PCR 

analysis with total RNA from R. conorii infected (MOI of 2) THP-1 macrophages to 

determine mRNA expression of pparɣ at 1 hour post infection (hpi). (E) Immunoblotting 

with whole cell lysates for protein expression of PPARɣ at 1 hpi in uninfected or R. 
conorii infected (MOI of 2) THP-1 macrophages. (F) qPCR analysis with gDNA from 
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pre-treated THP-1 macrophages infected with R. conorii (MOI of 2) in the presence of 

DMSO and GW9662 for inhibition of PPARɣ at 1 days post infection (dpi) and 3 dpi. All 

data is representative of three independent experiments with each condition performed in 

triplicate. Significance is represented by p≤0.05 determined by a one-way ANOVA followed 

by Bonferroni’s correction post hoc test. Statistical significance is defined by *p≤0.05, 

**p≤0.005, *** p≤0.001.
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Figure 7. 
Formation of a foam cell-like phenotype in THP-1 macrophages results in a decrease in R. 
conorii survival. THP-1 macrophages were treated with oleic acid-albumin (400 μM) 3 hr 

before infection with R. conorii (MOI of 2). Samples for LD analysis were collected at 1 

hour post infection (hpi) before being stained with Oil Red O for visualization of LDs. Ten 

fields of view from three independent experiements with 3–15 cells per field were quantified 

to define (A) average lipid droplets (LDs) per THP-1 cell and (B) average area (μm2) for all 

groups using ImageJ software with a constant threshold. (C) A representative visualization 

of one cell at 100X within each treatment group. Oil red O (red) signifies LDs, α-Rickettsia 
(green) signifies R. conorii, and DAPI (blue) signifies nuclei. White bar is indicative of 

10μm. (D) Rickettsial survival in the presence of oleic acid-albumin or BSA was quantified 

by qPCR to analyze R. conorii (sca1) per host cell (actin) at 1 day post infection (dpi), 3 

dpi, and 5 dpi. Data is representative of three independent experiments with each condition 
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performed in triplicate. Significance is represented by p≤0.05 determined by a one-way 

ANOVA followed by Bonferroni’s correction post hoc test. Statistical significance is defined 

by *p≤0.05, **p≤0.005, ***p≤0.001.
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Figure 8. 
Model of host lipid droplet modulation following R. conorii infection of THP-1 

macrophages. (A) Lipid droplet (LD) number and size is dynamic during R. conorii 
infection, depicted by an increase in average LD production early in infection with a 

decrease in average LD area throughout infection. Purple circles represent host cells 

membrane containing nucleus (blue) and R. conorii (green). (B) Host LD (red cluster of 

circles) alterations are shown to be initated in the early stages of R. conorii infection of 

THP-1 macrophages. During early stages of infection pharmacological inhibition of lipid 

catabolic pathways with Orlistat, which targets triglyceride lipases, and Etomoxir, which 

targets the beginning steps of fatty acid oxiation (FAO) by inhibiting carnitine-palmytol 

transferase (CPTIa), perturbs the significant LD alterations R. conorii infection induces at 

1 hpi (red symbols). This suggests that active FAO and triglyceride lipases are involved 

in stimulating the LD modulation seen at early stages (dark green arrows). Additionally, 

fatty acid synthase (FASN) is required for R. conroii infection of THP-1 macrophages (12) 

and contributes to the production of free fatty acid and in normal states produces lipids for 

storage in LDs (red cluster of circles); however, the contribution of these free fatty acids to 

LDs or other pathways during infection remains undetermined. Interestingly, a R. conorii 
(light green ovals) protein expressed early in infection is necessary for initiation of host LD 

modulation (dark green arrows).
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