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ABSTRACT The molecular details underlying differences in pathogenicity between
Rickettsia species remain to be fully understood. Evidence points to macrophage per-
missiveness as a key mechanism in rickettsial virulence. Different studies have shown
that several rickettsial species responsible for mild forms of rickettsioses can also
escape macrophage-mediated killing mechanisms and establish a replicative niche
within these cells. However, their manipulative capacity with respect to host cellular
processes is far from being understood. A deeper understanding of the interplay
between mildly pathogenic rickettsiae and macrophages and the commonalities and
specificities of host responses to infection would illuminate differences in immune
evasion mechanisms and pathogenicity. We used quantitative proteomics by sequen-
tial windowed data independent acquisition of the total high-resolution mass spectra
with tandem mass spectrometry (SWATH-MS/MS) to profile alterations resulting from
infection of THP-1 macrophages with three mildly pathogenic rickettsiae: Rickettsia
parkeri, Rickettsia africae, and Rickettsia massiliae, all successfully proliferating in these
cells. We show that all three species trigger different proteome signatures. Our results
reveal a significant impact of infection on proteins categorized as type I interferon
responses, which here included several components of the retinoic acid-inducible gene
I (RIG-1)-like signaling pathway, mRNA splicing, and protein translation. Moreover, sig-
nificant differences in protein content between infection conditions provide evidence
for species-specific induced alterations. Indeed, we confirm distinct impacts on host
inflammatory responses between species during infection, demonstrating that these
species trigger different levels of beta interferon (IFN-b), differences in the bioavailabil-
ity of the proinflammatory cytokine interleukin 1b (IL-1b), and differences in triggering
of pyroptotic events. This work reveals novel aspects and exciting nuances of macro-
phage-Rickettsia interactions, adding additional layers of complexity between Rickettsia
and host cells’ constant arms race for survival.

IMPORTANCE The incidence of diseases caused by Rickettsia has been increasing over
the years. It has long been known that rickettsioses comprise diseases with a contin-
uous spectrum of severity. There are highly pathogenic species causing diseases that
are life threatening if untreated, others causing mild forms of the disease, and a
third group for which no pathogenicity to humans has been described. These
marked differences likely reflect distinct capacities for manipulation of host cell proc-
esses, with macrophage permissiveness emerging as a key virulence trait. However,
what defines pathogenicity attributes among rickettsial species is far from being
resolved. We demonstrate that the mildly pathogenic Rickettsia parkeri, Rickettsia afri-
cae, and Rickettsia massiliae, all successfully proliferating in macrophages, trigger dif-
ferent proteome signatures in these cells and differentially impact critical compo-
nents of innate immune responses by inducing different levels of beta interferon
(IFN-b) and interleukin 1b (IL-1b) and different timing of pyroptotic events during
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infection. Our work reveals novel nuances in rickettsia-macrophage interactions,
offering new clues to understand Rickettsia pathogenicity.

KEYWORDS SFG Rickettsia, obligate intracellular bacteria, macrophage permissiveness,
immune evasion, host-pathogen interactions, pathogenicity, innate immunity, type I
interferon responses, SWATH-MS/MS

The incidence of rickettsial infections has been increasing over the years across all
geographic regions (1). Moreover, the overall rise in temperature caused by global

climate change has increased the prevalence and activity of ticks, which is also
expected to raise the incidence of tick-borne diseases in humans, including rickettsial
diseases (2–5). Rickettsioses are a group of diseases with a continuous spectrum of dis-
ease severity caused by different rickettsial species (6, 7). Among these species are
Rickettsia rickettsii, Rickettsia prowazekii, Rickettsia conorii, and Rickettsia typhi, which
are considered highly pathogenic and are responsible for life-threatening diseases in
humans, with very high mortality rates if untreated (1, 8). On the other hand, species
like Rickettsia montanensis and Rickettsia amblyommatis have been considered to have
limited or no pathogenicity to humans and are mainly associated with asymptomatic
or mild illness with seroconversion (1, 7, 9). In between are organisms like R. parkeri, R.
africae, and R. massiliae (among many others), etiologic agents of non-life-threatening
rickettsioses to which no death, to our knowledge, has ever been attributed (6, 7, 10–
14). Although this spectrum of disease severity in rickettsioses has long been known,
the molecular signatures underlying such drastic differences in pathogenicity are still
to be fully elucidated. The need to better understand the molecular details that con-
tribute to rickettsial pathogenesis is further bolstered by the identification of many
rickettsial species whose pathogenicity to humans is still uncertain (1, 4, 15).

In several animal models of Rickettsia infection, bacteria have been found within
macrophages, raising important questions about the biological role of these phago-
cytic cells in rickettsial pathogenesis (16, 17). The ability to avoid macrophage-medi-
ated killing mechanisms and replicate, or at least survive, within the cells that are sup-
posed to kill pathogens has been considered an essential part of what it means to be a
pathogen, giving rise to the so-called “macrophage paradox” (18). We have previously
reported that a drastic phenotypic difference between the highly pathogenic R. conorii
and the nonpathogenic R. montanensis lies in their ability to survive and proliferate
within macrophages (19). Moreover, a study performed by Engström and colleagues
has shown that ompB-deficient R. parkeri bacteria, which proliferated in human dermal
microvascular endothelial cells (HMECs) but could not replicate in mouse bone mar-
row-derived macrophages (BMDMs), were unable to colonize mouse organs and cause
disease (20). Together, these results point toward macrophages as critical players dur-
ing rickettsial infections, by either acting to eliminate the bacteria or, alternatively, suc-
cumbing to rickettsia colonization and allowing bacterial replication and systemic dis-
semination, likely through a “Trojan horse” mechanism (6, 21). Thus, macrophage
permissiveness to infection is emerging as a key mechanism in rickettsial pathogenesis.
This reinforces the need to deepen our understanding on how rickettsia species escape
macrophage immune defenses and establish a replicative niche within these phago-
cytic cells. We have recently reported that the highly pathogenic R. conorii substantially
modulates several macrophage signaling pathways, interfering with a wide range of
host cellular processes, likely changing the cellular environment to better suit its sur-
vival and proliferation requirements (22, 23). More recently, the ability of R. parkeri to
use outer membrane protein B (rOmpB) to protect the bacterial surface from ubiquity-
lation has been described as a strategy to promote bacterial survival in macrophages
through evasion of autophagy (20). Also, studies in BMDMs have shown that R. parkeri
takes advantage of inflammasome-mediated host cell death to antagonize the deleteri-
ous effect of type I interferon (IFN-I) during infection (24). These results illustrate the in-
tensive research efforts currently ongoing to understand the strategies employed by
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rickettsiae to establish a replicative niche within macrophages. However, the global
landscape of alterations induced within the host by rickettsial species responsible for
mild rickettsioses and species-specific nuances in host responses to infection remains
vastly unexplored.

High-throughput approaches have emerged as valuable tools to study the host-
pathogen interface during infection (25–27). Here, we employed a high-throughput
quantitative proteomics approach, sequential windowed acquisition of all theoretical
mass spectra with tandem mass spectrometry (SWATH-MS/MS), to profile alterations of
the proteome of THP-1 macrophages upon infection with three rickettsial species re-
sponsible for mild rickettsioses: R. parkeri (causing R. parkeri rickettsiosis), R. africae
(agent of African tick bite fever), and R. massiliae (causing a yet-unnamed spotted
fever). Our results revealed that all three species triggered substantial alterations in
proteomic signatures upon infection, impacting several host cellular processes. The
observed changes in various proteins associated with RNA splicing, protein translation,
and type I interferon responses, including several components of the retinoic acid-in-
ducible gene I (RIG-1)-like receptor pathway (RLR), reveal additional mechanisms tar-
geted/impacted by these obligate intracellular bacteria during macrophage coloniza-
tion. Moreover, significant differences in protein content observed between infection
conditions are consistent with species-specific induced alterations. These findings sug-
gest that different mildly pathogenic rickettsiae are likely differentially possessed of
manipulative capacities to subvert macrophage-mediated killing mechanisms. We pro-
vide further evidence of this by showing that R. parkeri, R. africae, and R. massiliae elicit
qualitatively and quantitatively distinct immune responses, differentially impacting im-
portant mediators, such as IFN-b , IL-1b , or pyroptosis.

The findings presented herein provide additional insights into the complex interac-
tions at the host-Rickettsia interface and provide evidence of species-dependent nuan-
ces that offer new clues to understand differences in pathogenicity attributes among
rickettsiae.

RESULTS
SFG Rickettsia species responsible for mild rickettsioses induce substantial

alterations in the proteome of THP-1 macrophages during infection. The ability of
spotted fever group (SFG) Rickettsia species responsible for mild rickettsioses, namely,
R. parkeri and R. africae, to establish a replicative niche within macrophages has been
reported previously (20, 24, 28). However, the global landscape of strategies employed
to subvert macrophage-mediated killing mechanisms and the nature of macrophage
cellular processes modulated/manipulated during infection by these and other mildly
pathogenic rickettsiae remain largely unknown. We herein used a high-throughput,
label-free, quantitative proteomics approach (SWATH-MS/MS) to extensively character-
ize the responses of macrophages to infection by R. parkeri, R. africae, and R. massiliae,
all responsible for milder forms of the disease. Using phorbol 12-myristate 13-acetate
(PMA)-differentiated THP-1 macrophages as our model of study, we confirmed by
quantitative PCR and immunofluorescence microscopy that the three rickettsial species
established a replicative niche within these phagocytic cells (multiplicity of infection
[MOI] of 10) (Fig. 1A; Fig. S1). Total protein extracts were then prepared from unin-
fected and infected THP-1 macrophages at 24 h postinfection (hpi) in a total of 4 bio-
logical replicates per experimental condition. The relative protein quantification was
performed using liquid chromatography (LC)-SWATH-MS analysis, where a comprehen-
sive library of 2,837 confidently identified proteins was created. A total of 1,925 pro-
teins were confidently quantified in all samples. Proteins were considered altered
when an alteration of at least 20% in abundance (fold change of #0.83 or $1.2) was
observed between uninfected and infected conditions (23, 29, 30). Using these criteria,
significant changes in the content of host proteins were observed upon infection with
these rickettsial species. Specifically, we found alterations in the content of 632 (411
enriched and 221 reduced), 559 (309 enriched and 250 reduced), and 545 (307
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enriched and 238 reduced) host proteins upon infection with R. parkeri, R. africae, and
R. massiliae, respectively (Fig. 1B; Table S1).

Infection of THP-1 macrophages with R. parkeri, R. africae, and R. massiliae
impacts several host cellular functions. To provide insights into the molecular proc-
esses modulated by these rickettsial species, we started by analyzing the host proteins
with altered abundance in each infection condition using the Search Tool for Retrieval
of Interacting Genes/Proteins (STRING) (31). The global interaction networks obtained
for host proteins with increased and decreased abundance upon R. parkeri, R. africae, and
R. massiliae infection can be found in Fig. S2, S3, and S4, respectively, and the Gene
Ontology (GO) enrichment plot integrating these results is illustrated in Figure 2. This
analysis revealed the enrichment of several proteins categorized as neutrophil degranula-
tion (GO:0043312), innate immune responses (GO:00045087), and vesicle-mediated trans-
port (GO:0016192) in all three infection conditions. In contrast, clusters with GO associ-
ated with translation (GO:0006412) were observed only in R. parkeri- and R. africae-
infected cells (Fig. 2; Fig. S2A, S3A, and S4A). Several clusters were also identified among
proteins with reduced abundance (Fig. 2; Fig. S2B, S3B, and S4B). Interestingly, proteins
associated with translation (GO:0006412) were also found to be underrepresented in R.
parkeri and R. africae-infected cells, suggesting a common impact of infection with both
species on this particular process. Additionally, other protein clusters found to have
reduced abundance shared among the three infection conditions included GO terms
categorized as mRNA splicing, via spliceosome (GO:0000398), mRNA export from nucleus
(GO:0006406), neutrophil degranulation (GO:0043312) (also observed among

FIG 1 Global alterations in the proteome of THP-1 macrophages infected with R. parkeri, R. africae, and R. massiliae. (A) Immunofluorescence microscopy of
THP-1 macrophages infected with R. parkeri, R. africae, and R. massiliae (MOI of 10) at 1 h, 24 h, and 48 h postinfection. Cells were stained with DAPI (blue)
to stain host nuclei, phalloidin (red) to stain actin, and rabbit anti-Rickettsia polyclonal antibody NIH/RML I7198 followed by Alexa Fluor 488 (green) to stain
Rickettsia. Scale bar = 10 mm. (B) Scatterplot representation of changes in protein abundance of THP-1 macrophages upon infection with R. parkeri (top), R.
africae (middle), and R. massiliae (bottom) (at 24 hpi, MOI of 10). The 1,925 proteins that were confidently quantified in all 4 experimental conditions were
plotted and considered altered when a change of at least 20% in abundance (fold change of #0.83 or $1.2) was observed between uninfected and
infected conditions. Proteins that were considered to decrease, not change, or increase their abundance upon infection are represented in blue, green, and
red, respectively. See also Table S1 in the supplemental material.
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overrepresented proteins), and regulation of cytoskeleton organization (GO:0051493). A
cluster associated with DNA replication (GO:0006260) was observed in R. parkeri- and R.
massiliae-infected cells, and one cluster associated with clathrin-mediated endocytosis
(local STRING network cluster [CL] term identifier CL:19108) was found only in the former.
This STRING analysis evidenced commonalities and specificities related to THP-1 cell
responses to each of these mildly pathogenic rickettsiae. Therefore, to gain additional
insights into the nature/identity of proteins altered in the most populated clusters and
how these vary between infection conditions, we started by performing a detailed analy-
sis of the proteins that showed altered abundance in at least one infection condition
(Fig. 3 and 4; Table S2) (“innate immune responses” is explored in a different section
below). Not unexpectedly, one of the obvious observations is that the abundance of
many of these proteins varied differently among infection conditions, likely evidencing a
different impact on these biological processes by each Rickettsia species. In the group of
proteins categorized as neutrophil degranulation (GO:0043312) (Fig. 3A), we found sev-
eral proteins associated with KEGG pathway identifiers for lysosomes and phagosomes,
among which lysosomal protective protein/cathepsin A (GenBank accession no. CTSA
[P10619]), cathepsin Z (CTSZ [accession no. Q9UBR2]), cathepsin D (CTSD [accession no.
P07339]), with decreased abundance in the three data sets, and lysosome-associated
membrane glycoprotein 2 (LAMP2 [accession no. P13473]) that was enriched in all infec-
tion conditions (Fig. 3A).

Regarding the cluster of proteins categorized as translation (GO:0006412)
(Fig. 3B), we found that of the 57 host proteins identified in this GO group (which
showed altered abundance in at least one infection condition), 40 and 38 proteins
were considered altered in R. parkeri- and R. africae-infected cells, respectively,

FIG 2 Gene ontology (GO) classification analysis of host proteins with altered abundance upon infection. Protein-protein interaction network
cluster analysis for the host proteins with increased and decreased abundance upon infection with each rickettsial species was carried out
with STRING 11.0 (http://string-db.org) using the highest confidence score (0.9) and MCL clustering with an inflation parameter of 3 to select
the most representative and significant GO or local STRING network cluster (CL) terms (Fig. S2 to S4). GO Enrichment Plot function in Image
GP (http://www.ehbio.com/ImageGP/) was then used to integrate and represent the Gene Ontology analysis. Analysis of the 221, 250, and
238 host proteins with increased abundance upon infection with R. parkeri, R. africae, and R. massiliae is represented by R.p._up, R.a._up, and
R.ma._up, respectively. Analysis of the 411, 309, and 307 host proteins with decreased abundance upon infection with R. parkeri, R. africae,
and R. massiliae is represented by R.p._down, R.a._down, and R.ma._down, respectively. The dot size indicates the number of host proteins
with altered abundance for the specific infection condition of each GO or CL categorization. The dot color indicates the significance of the
enrichment [2log10(FDR-corrected P value)].
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FIG 3 Rickettsial species responsible for mild rickettsioses affect several biological processes during infection of THP-1 macrophages. (A
and B) Combined list of the individual gene names (and respective log2 fold change values) categorized with the GO terms neutrophil
degranulation (GO:0043312) (A) and translation (GO:0006412) (B) that display altered abundance in at least one infection condition.
Colored circles represent individual proteins in THP-1 macrophages infected with R. parkeri (blue), R. africae (red), and R. massiliae
(green). Gene names associated with an asterisk highlight proteins described in the text. Detailed information can be found in Table S2.
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whereas only 18 proteins were significantly altered in R. massiliae-infected cells
(Fig. 3B; Table S2), likely explaining why this cluster was not observed in R. massiliae
(Fig. 2). Specifically, we found that several ribosomal proteins, such as 60S ribosomal
protein L10 (RPL10 [accession no. P27635]), 60S ribosomal protein L36 (RPL36
[accession no. Q9Y3U8]), 40S ribosomal protein S15a (RPS15A [accession no.
P62244]), 40S ribosomal protein S21 (RPS21 [accession no. P63220]), and 40S

FIG 4 Rickettsial species responsible for mild rickettsioses affect several biological processes during infection of THP-1 macrophages. (A and B) Combined
list of the individual gene names (and respective log2 fold change values) categorized with the GO terms mRNA splicing, via spliceosome (GO:0000398) and
mRNA export from nucleus (GO:0006406) (A) and regulation of cytoskeleton organization (GO:0051493) (B) that display altered abundance in at least one
infection condition. Colored circles represent individual proteins in THP-1 macrophages infected with R. parkeri (blue), R. africae (red), and R. massiliae
(green). Gene names associated with an asterisk highlight proteins described in the text. Detailed information can be found in Table S2.
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ribosomal protein S27 (RPS27 [accession no. P42677]), as well as eukaryotic transla-
tion initiation factor 3 subunit F (EIF3F [accession no. O00303]), showed reduced
abundance in R. parkeri- and R. africae-infected cells only (Fig. 3B).

In the group of proteins that were categorized as mRNA splicing via spliceosome
(GO:0000398) and mRNA export from nucleus (GO:0006406), there were a large num-
ber of splicing factors and accessory proteins, which play a critical role in regulating al-
ternative splicing. Specifically, we found several serine-arginine-containing proteins (SR
proteins), such as serine/arginine-rich splicing factor 3 (SRSF3 [accession no. P84103]),
serine/arginine-rich splicing factor 4 (SRSF4 [accession no. Q08170]), serine/arginine-
rich splicing factor 5 (SRSF5 [accession no. Q13243]), and serine/arginine repetitive ma-
trix protein 2 (SRRM2 [accession no. Q9UQ35]), as well as several small nuclear ribonu-
cleoproteins (snRNPs) and heterogeneous nuclear ribonucleoproteins (hnRNPs), such
as U1 small nuclear ribonucleoprotein 70 kDa (SNRNP70 [accession no. P08621]), heter-
ogenous nuclear ribonucleoprotein H2 (HNRNPH2 [accession no. P55795]), heteroge-
nous nuclear ribonucleoprotein A3 (HNRNPA3 [accession no. P51991]), and heteroge-
nous nuclear ribonucleoprotein D0 (HNRNPD [accession no. Q14103]), and splicing
factors such as splicing factor 1 (SF1 [accession no. Q15637]), splicing factor 3B subunit
4 (SF3B4 [accession no. Q15427]) (Fig. 4A), with reduced abundance in at least one
infection condition.

Analysis of the proteins that were categorized as regulation of cytoskeleton organi-
zation (GO:0051493) revealed that the macrophage-capping protein (CAPG [accession
no. P40121]), actin-related protein 2/3 complex subunit 5 (ARPC5 [accession no.
O15511]), actin-related protein 2 (ACTR2 [accession no. P61160]), transforming protein
RhoA (RHOA [accession no. P61586]), stathmin (STMN1 [accession no. P16949]), cofilin-
1 (CFL1 [accession no. P23528]), and ADP-ribosylation factor 1 (ARF1 [accession no.
P84077]) showed reduced abundance in R. parkeri- and R. africae-infected cells only
(Fig. 4B). Curiously, capping protein and cofilin were shown to play an essential role in
R. parkeri’s motility (32). The changes in protein abundance observed herein suggest
different impacts on host cytoskeleton components/organization between these three
SFG Rickettsia species and raise intriguing questions about the repercussions on actin-
based motility mechanisms.

SFG Rickettsia species induce substantial alterations in the proteome of THP-1
macrophages in a species-dependent manner. The difference in the nature of pro-
tein network clusters observed for each infection condition and the abundance of indi-
vidual host proteins within each GO group suggested alterations of the macrophage
proteome that are species specific. To further evaluate this, we analyzed the relative
protein quantifications between infection conditions of R. africae/R. massiliae, R. afri-
cae/R. parkeri, and R. massiliae/R. parkeri, following the same criteria as previously. The
results are illustrated in Figure 5A to C. We could observe substantial alterations (of at
least 20%) in the abundance of 534 (corresponding to 27.7% of the quantified proteins)
host proteins between THP-1 macrophages infected with R. africae and R. massiliae
(Fig. 5A; Table S3), 359 (18.6% of the quantified proteins) between R. africae- and R.
parkeri-infected cells (Fig. 5B; Table S3), and 418 (21.7% of the quantified proteins)
between R. massiliae- and R. parkeri-infected cells (Fig. 5C; Table S3). To shed light on
the cellular processes represented by these proteins, we performed a STRING analysis
and evaluated the most representative GO terms among each of these groups. The
heat maps shown in Figure 5D to F represent the changes in protein abundance
between infection conditions within these clusters, confirming that the pattern of host
protein alterations differed between rickettsial species. For example, although both R.
africae and R. massiliae induced the accumulation of several proteins that were catego-
rized as type I interferon signaling (GO:0060337), the levels of accumulation of several
of these proteins, including the interferon-induced GTP-binding protein Mx1 (acces-
sion no. P20591) and 29-59-oligoadenylate synthase 2 (accession no. P29728), were sig-
nificantly higher in R. africae-infected cells, possibly suggesting higher type I IFN
responses in R. africae-infected cells at this time point postinfection (Fig. 5D; Table S4).
Indeed, we provide further validation of this trend later in this work. Proteins
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FIG 5 SFG Rickettsia species induce substantial alterations in the proteome of THP-1 macrophages in a species-specific manner. (A to C) Scatterplot
representation comparing global changes in protein abundance between two infection conditions. Comparison between R. africae-infected cells and

(Continued on next page)
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associated with neutrophil degranulation (GO:0043312), mRNA splicing, via spliceo-
some (GO:0000398), and the nuclear pore (GO:0005643) also displayed significant dif-
ferences in accumulation between R. africae-infected cells and R. massiliae-infected
cells. Moreover, several proteins that were categorized as cellular response to interleukin
1 (GO:0071347), including the interleukin 1 receptor antagonist protein (accession no.
P18510), intercellular adhesion molecule 1 (accession no. P05362), and interleukin 1b
(accession no. P01584), were found in lower abundance in R. africae-infected cells than in
R. massiliae-infected cells (Fig. 5D; Table S4), IL-1 b validated later in this work.

Comparing R. africae-infected cells with R. parkeri-infected cells, we also observed
that several proteins that were categorized as proteasome complex (GO:0000502), as
well as several proteins categorized as clathrin-mediated endocytosis (CL:19108), were
found in lower abundance in R. parkeri-infected cells than in R. africae-infected cells
(Fig. 5E; Table S4). Interestingly, proteins that were categorized as cellular response to
interleukin 1 (GO:0071347), including the interleukin 1 receptor antagonist protein
(accession no. P18510), interleukin 1b (accession no. P01584), intercellular adhesion
molecule 1 (accession no. P05362), and guanylate-binding protein 2 (accession no.
P32456), as well as other proteins that were categorized as response to interferon
gamma (GO:0034341), including kynureninase (accession no. P23497), nuclear autoan-
tigen Sp-100 (accession no. P23497), guanylate-binding protein 4 (accession no.
Q96PP9), CD44 antigen (accession no. P16070), and NEDD8 ultimate buster 1 (acces-
sion no. Q9Y5A7), were found in higher abundance in R. parkeri-infected cells than in
R. africae-infected cells (Fig. 5E; Table S4), evidencing differences in host inflammatory
responses.

When comparing R. massiliae- and R. parkeri-infected cells, the pattern of host pro-
tein alterations was also different for several cellular processes (Fig. 5F; Table S4). As an
example, several proteins that were categorized as regulation of cytoskeleton organi-
zation (GO:0051493) and others that were categorized as clathrin-mediated endocyto-
sis (CL:19108) were found in lower abundance in R. parkeri-infected cells than in R. mas-
siliae-infected THP-1 macrophages (Fig. 5F; Table S4). Proteins categorized as type I
interferon signaling (GO:0060337) were found in lower abundance in R. massiliae-
infected cells than in THP-1 macrophages infected with R. parkeri (Fig. 5F; Table S4),
again evidencing differences that we validate later in this study.

Although all the SFG Rickettsia species used herein possess the ability to subvert
macrophage-mediated killing mechanisms and establish a replicative niche within
THP-1 macrophages, they trigger substantially different proteomic signatures in a spe-
cies-specific manner.

SFG Rickettsia species responsible for mild rickettsioses elicit changes in the
abundance of several proteins of the RIG-I-like receptor signaling pathway. As
shown by the results in Figure 2 and Fig. S2 to S4, our data revealed that infection of
THP-1 macrophages with SFG Rickettsia species responsible for mild rickettsioses indu-
ces the accumulation of several proteins categorized as innate immune responses
(GO:00045087). We analyzed the 80 proteins categorized in this cluster that had altered
abundance in at least one infection condition (Table S5). The observed enrichment pat-
tern revealed as top categories the type I interferon signaling pathway (GO:0060337),
RIG-I-like receptor signaling pathway (hsa04622), and 29-59-oligoadenylate synthase
and type I interferon signaling pathway (CL:4673) (Fig. 6A). The RLR signaling pathway

FIG 5 Legend (Continued)
R. massiliae-infected cells (A), R. africae-infected cells and R. parkeri-infected cells (B), and R. massiliae-infected cells and R. parkeri-infected cells (C).
The 1,925 proteins that were confidently quantified in all 4 experimental conditions were plotted and considered altered when a change of at least
20% in abundance (fold change of #0.83 or $1.2) was observed between infection conditions. Proteins that were considered to decrease, not
change, or increase their abundance upon infection are represented in blue, green, and red, respectively. See also Table S3. (D to F) Host proteins
that changed abundance between two infection conditions were analyzed in STRING to identify protein network clusters and their respective
classification according to gene ontology (GO) or local STRING network cluster (CL) terms. The heatmaps display alterations in the abundance
of individual host proteins and their respective GO or CL term classification. The heatmaps compare alterations between R. africae-infected
cells and R. massiliae-infected cells (D), R. africae-infected cells and R. parkeri-infected cells (E), and R. massiliae-infected cells and R. parkeri-
infected cells (F). The blue (decreased) and red (increased) color scale indicates alterations in protein abundance (log2 ratio) between infection
conditions. See also Table S4.
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FIG 6 SFG Rickettsia species modulate multiple components impacting the RIG-I-like receptor signaling pathway. (A) STRING
network analysis of the 80 proteins categorized as innate immune response (GO:00045087) that show altered abundance in at

(Continued on next page)
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has been identified as an important component of the innate immune system that
detects intracellular infections and generates actions to limit pathogen replication (33,
34). However, to our knowledge, this pathway has not been previously identified in
Rickettsia-macrophage interactions (23, 24). Interestingly, our results revealed that the
three proteins identified as cytoplasmic RNA sensors, RIG-I/DDX58 (accession no.
O95786), melanoma differentiation associated factor 5 (MDA5/IFIH1 [accession no.
Q9BYX4]), and probable ATP-dependent RNA helicase DHX58 (LGP2/DHX58 [accession
no. Q96C10]), as well as the E3 ubiquitin/IFN-stimulated gene 15 (ISG15) ligase TRIM25
(TRIM25/TRI25 [accession no. Q14258]), which mediates the ubiquitination of RIG-I and
MDA5, and ISG15 (accession no. P05161), which has been described as a product and a
regulator of the activation of this pathway, are among the proteins found with the
highest abundance upon infection (Fig. 6B; Table S5). Notably, the dihydroxyacetone
kinase protein (dihydroxyacetone kinase [accession no. Q3LXA3]), described as a nega-
tive regulator of MDA5 (35), is found with decreased abundance in R. africae-infected
THP-1 macrophages only, pointing toward species-specific alterations.

As a follow-up validation, we performed Western blot analysis of uninfected and
infected THP-1 macrophages against RIG-1 and ISG15 (Fig. 6C). These results showed
the same trend in alterations in protein abundance between the MS-based proteomics
data and the Western blot results. Moreover, an increased smear pattern of ISG15 con-
jugated to target proteins (ISGylation), which is known to be strongly induced by type
I interferon responses, was visible at this time point postinfection in cells infected with
pathogenic Rickettsia only. None of these changes in protein abundance were
observed in uninfected or R. montanensis-infected cells (used here as a nonpathogen
control that cannot proliferate in macrophages) (19, 22, 23). These results are consist-
ent with the augmented accumulation of interferon-stimulated genes observed in the
quantitative SWATH-MS data for the three mildly pathogenic rickettsiae.

It has been shown that RLR activation promotes elongation of the mitochondrial
network, thus facilitating mitochondrial antiviral-signaling protein (MAVS) interactions
with downstream signaling molecules (36, 37). So, we next sought to determine if
infection of THP-1 macrophages with R. parkeri, R. africae, and R. massiliae would pro-
mote alterations in mitochondrial morphology compared with the results of infection
with the nonpathogen R. montanensis. To investigate this, THP-1 macrophages were
infected with the different rickettsial species (MOI of 10) or left uninfected as a control,
and at 24 hpi, cells were fixed and mitochondria immunolabeled with anti-TOM20 anti-
body for confocal microscopy analysis. Indeed, we observed an expansion of the mito-
chondrial network in THP-1 macrophages infected with R. parkeri, R. africae, and R.

FIG 6 Legend (Continued)
least one infection condition. The analysis was carried out using the highest confidence score (0.9) and MCL clustering with an
inflation parameter of 3. Nodes are represented with different colors according to their categorization in gene ontology (GO)
terms. See also Table S5. (B) Individual analysis of the host proteins (and respective log2 fold change values as determined by
SWATH-MS/MS) identified in KEGG pathways as RIG-I-like receptor signaling pathway (hsa04622) that show altered abundance in
at least one infection condition. Color bars represent individual proteins in THP-1 macrophages infected with R. parkeri (blue), R.
africae (red), and R. massiliae (green). See also Table S5. (C) Western blot analysis of total protein extracts (15 mg) from uninfected
THP-1 macrophages (uninf.) and THP-1 macrophages infected with R. montanensis (R.m.), R. parkeri (R.p.), R. africae (R.a.), and R.
massiliae (R.ma.). Protein samples were probed for retinoic acid-inducible gene I (RIG-1 [accession no. O95786]) and ubiquitin-like
protein ISG15 (accession no. P05161), and immunoblot analysis with SERVA purple was used as the protein loading control. (D)
Evaluation of mitochondrial morphology by immunofluorescence microscopy of uninfected and R. montanensis-, R. parkeri-, R.
africae-, and R. massiliae-infected THP-1 macrophages (MOI of 10) at 24 h postinfection. Cells were stained with DAPI (blue) to
identify host nuclei, anti-Tom20 antibody (F-10) (sc-17764) followed by Alexa Fluor 647 goat anti-mouse antibody (green) to identify
mitochondria, and anti-Rickettsia antibody (anti-RcPFA antibody) (NIH/RML I7198) followed by Alexa Fluor 568 (red) to identify
Rickettsia. Scale bar = 5 mm. (E to G) Quantification of alterations in mitochondrial network morphology parameters using the
morphometric ImageJ plugin tool MiNA on mitochondrion-labeled images. Scatterplots show the quantification of mitochondrial
footprints (mitochondrial mass in a cell) (E), the mean branch lengths (average size of all branches) (F), and 2-dimensional
representations of mitochondrial footprint versus mean branch length (G) for uninfected (black) and R. montanensis- (gray), R.
parkeri- (blue), R. africae- (red), and R. massiliae (green)-infected THP-1 macrophages. Dots are data from individual cells (n . 50),
and mean values (horizontal bar) 6 standard deviations (SD) are representative of results from three independent experiments.
Significance was determined by Brown-Forsythe and Welch analysis of variance (ANOVA) using GraphPad Prism 8 (ns, not
significant; *, P , 0.1; ***, P , 0.001; ****, P , 0.0001). Statistical analysis was performed using GraphPad Prism version 8.0.1
(GraphPad Software, Inc., CA, USA).
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massiliae compared with uninfected or R. montanensis-infected cells (Fig. 6D). To
obtain an unbiased and quantitative representation of these observations, we used the
semiautomated morphometric tool MiNA to analyze the mitochondrial network mor-
phology (38). Our results showed that infection with the pathogenic species induced a
significant increase in the mean branch length (reflecting the average size of all
branches) compared with the branch length in uninfected cells. In contrast, a signifi-
cant reduction in these values was observed in R. montanensis (nonpathogen)-infected
cells (Fig. 6E). Moreover, mitochondria of R. parkeri-, R. africae- and R. massiliae-hijacked
macrophages also showed a significant increase in the mitochondrial footprint, reflect-
ing mitochondrial mass in a cell, compared with that in uninfected and R. montanensis-
infected cells (Fig. 6F). These higher values in footprint and mean branch length
(Fig. 6G) are consistent with an expansion/fusion of the mitochondrial network foot-
print in THP-1 macrophages infected with these mildly pathogenic rickettsiae, thus
reinforcing the RLR pathway as one of the routes for type I interferon production.

Rickettsia-dependent regulation of interleukin 1 and type I interferon responses
during infection. Innate cytokines are central players of the inflammatory response, in
which type I interferon and interleukin 1 represent the pillars of distinct and specialized
pathways (39). We have found that several proteins categorized as cellular response to
interleukin 1 (GO:0071347) (Fig. 5D to F), including IL-1b (accession no. P01584) itself,
showed decreased abundance in THP-1 macrophages infected with R. africae com-
pared to their levels in R. parkeri- and R. massiliae-infected cells (Fig. 7A). To further
confirm these results, we evaluated the intracellular levels of IL-1b by Western blotting
at 24 hpi. Again, our results confirmed the lower intracellular bioavailability not only of
the precursor form of IL-1b but also of its activated product in R. africae-infected cells
(Fig. 7A). Notably, our proteomics data and follow-up validation by Western blotting
demonstrated that the markers of inflammasome and pyroptosis, caspase-1 and
cleaved gasdermin D, followed a different trend (Fig. 7B and C). The intracellular levels
of the cysteine protease caspase-1 (accession no. P29466), which activates itself and
converts the immature pro-IL-1b into its mature form after recruitment by the inflam-
masome complex (40), were found to be enriched in THP-1 macrophages upon infec-
tion with all rickettsial species (Fig. 7B). The pyroptosis inducer gasdermin D (GSDMD
[accession no. P57764]) is cleaved by activated caspase-1 to release the membrane
pore-forming GSDMD-N domain, thus contributing to the release of activated IL-1b , IL-
18, and DAMPS (40, 41). Our Western blot analysis revealed that, at 24 hpi, the intracel-
lular levels of activated gasdermin D were higher in R. africae-infected THP-1 macro-
phages than in R. parkeri- and R. massiliae-infected cells (Fig. 7C), evidencing a different
impact on the inflammasome/IL-1b axis upon R. africae infection.

Taking this into account, we next sought to determine the intracellular levels of IL-
1b (both precursor and mature forms) at different time points postinfection by
Western blotting. Our results confirmed lower bioavailability of both (precursor and
mature) forms of this proinflammatory cytokine in R. africae-infected cells across sev-
eral time points postinfection (as early as 6 hpi) (Fig. 7D and E). However, consistent
with our previous result, we observed significantly higher levels of activated gasdermin
D in R. africae-infected THP-1 macrophages than in the other infection conditions at 12
and 24 hpi, suggesting that pyroptotic events are triggered earlier by R. africae
(Fig. 7F). We then evaluated the levels of high mobility group protein B1 (HMGB1) in
the supernatant of Rickettsia-infected THP-1 macrophages to confirm this observation.
Our results confirmed significantly higher levels of HMGB1 in the culture medium of R.
africae-infected cells, thus corroborating more pyroptotic events in this infection con-
dition (Fig. 7G). However, when assessing the levels of secreted activated IL-1b at dif-
ferent time points postinfection, our results revealed no significant differences
between infection conditions, except at 48 hpi for R. massiliae-infected cells (Fig. 7H).
Therefore, although pyroptotic events appear to be triggered earlier in R. africae-
infected cells, this does not contribute to increased secretion of IL-1b , pointing again
to differential regulation of the production of this proinflammatory cytokine in R. afri-
cae-infected cells.
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FIG 7 Rickettsia-dependent regulation of IL-1b and IFN-b responses during infection. (A to C) Bar chart of log2 fold change for the respective individual
protein as determined by SWATH-MS between R. parkeri- (blue), R. africae- (red), and R. massiliae- (green)-infected and uninfected THP-1 macrophages, and
the corresponding Western blot analyses. Total protein extracts (15 mg) from uninfected THP-1 macrophages (uninf.) and R. parkeri- (R.p.), R. africae- (R.a),
and R. massiliae- (R.ma.) infected THP-1 macrophages were probed for interleukin 1b (precursor and activated forms) (IL-1b [accession no. P01584]) (A),
caspase-1 (accession no. P29466) (B), and gasdermin D (precursor and activated forms) (accession no. P57764) (C). Immunoblot analysis with SERVA purple

(Continued on next page)
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Several reports have demonstrated the cross talk between IL-1 and type I IFN in reg-
ulating inflammatory responses (39, 42, 43). It has been demonstrated that type I IFN
can inhibit IL-1 production by either repressing inflammasome activity or reducing the
abundance of pro-IL-1b in a STAT1/IL-10-dependent manner (43). By acting as a possi-
ble counterregulator of pro-IL-1b production, we hypothesized that these rickettsial
species would trigger differential levels of type I IFNs in THP-1 macrophages, as evi-
denced by the observed differences in the abundance of several ISGs between infec-
tion conditions (Fig. 5D and F). To further evaluate this, we determined the concentra-
tions of secreted IFN-b at different time points postinfection (Fig. 7I). Our results
confirmed significantly higher levels of this cytokine in R. africae-infected cells than in
R. parkeri and R. massiliae infections at 12 hpi, with these levels remaining significantly
higher than in R. massiliae-infected cells for 24 and 33 hpi. In fact, IFN-b levels in R.
massiliae infection only increased at later times postinfection. This evidence confirmed
that infection by different rickettsial species induced different levels of type I IFN.
Combined with the differences in IL-1b bioavailability, these results indicate that
although R. parkeri, R. africae, and R. massiliae all replicate successfully within THP-1
macrophages, they trigger qualitatively and quantitatively distinct inflammatory
responses during infection.

THP-1 cell signatures in response to infection with mildly pathogenic SFG
Rickettsia species versus the highly pathogenic R. conorii. The species-specific dif-
ferences in host responses observed between mildly pathogenic Rickettsia species led
us to compare those responses with our previously published data sets for the highly
pathogenic R. conorii and the nonpathogen R. montanensis (23). To evaluate this, we
crossed the data sets and identified a total of 684 host proteins that were confidently
quantified in all infection conditions and that could be used for comparison purposes
(Table S6). Importantly, we found that the proteins related to interferon-stimulated
responses were not present in this merged data set. Indeed, in THP-1 cells infected
with the highly pathogenic R. conorii, this drastic increase in interferon-stimulated
responses was not quantifiable/observable (23). Considering that, we remined the
SWATH files acquired at that time for R. conorii-infected and uninfected cells and
extracted the information with the library of identified proteins in the present data set
for four proteins of interest (IL-1b , Mx1 [accession no. P20591], ISG15, and RIG-I). As
detailed in the supplemental material (Fig. S21 to S26), from the analyzed proteins,
only IL-1b was undoubtedly present in R. conorii-infected THP-1 cells with high inten-
sity. For the three interferon-induced proteins, the selected peptides were not found in
the R. conorii data set (or any control sample) for Mx1 and RIG-I, whereas for ISG15,
there was a visible peak with very low intensity, indicating that the protein may be
present but is not regulated in this infection condition. Taken together, these results
indicate marked differences in interferon-stimulated responses triggered by mildly
pathogenic Rickettsia species versus the highly pathogenic R. conorii.

To gain more insights into other cellular signatures that may distinguish highly and
mildly pathogenic Rickettsia species, we performed a GO analysis of this merged data
set. The GO enrichment plot integrating these results is shown in Figure 8A. Our results

FIG 7 Legend (Continued)
was used as the protein loading control. (D to H) Western blot analysis, loading controls, and respective quantification for the corresponding individual
protein on uninfected (uninf.) and R. parkeri-, R. africae-, and R. massiliae-infected THP-1 macrophages at the indicated time points postinfection. Bars
represent mean values 6 SD from three independent experiments. (D and E) Evaluation of the intracellular levels of precursor (D) and activated (E) forms
of IL-1b in total protein extracts (15 mg). Immunoblot analysis with SERVA purple was used as the protein loading control, and results were normalized for
R. africae-infected cells. (F) Evaluation of the intracellular levels of activated gasdermin D in total protein extracts (25 mg). Immunoblot analysis with SERVA
purple was used as the protein loading control and results were normalized for the highest-intensity band. (G) Evaluation of the secreted levels of HMGB1
in culture supernatants (50 ml). Results were normalized for the highest-intensity band. Loading controls are shown below each group. (H) Evaluation of
the secreted levels of activated IL-1b in culture supernatants (50 ml). Results were normalized for the highest-intensity band. Loading controls are shown
below each group. (I) Determination of the levels of IFN-b in culture supernatants of uninfected (white) and R. parkeri-, R. africae-, and R. massiliae-infected
THP-1 macrophages by ELISA at the respective time points postinfection. Statistical analysis was performed using ordinary one-way ANOVA with correction
for multiple comparisons using statistical hypothesis testing (Tukey). Significant differences are indicated as follows: ns, nonsignificant; *, P , 0.05; **, P ,
0.01; ***, P , 0.001. Statistical analysis was performed using GraphPad Prism version 8.0.1 (GraphPad Software, Inc., CA, USA). Raw data of the cropped
Western blot images and loading controls can be found in the supplemental material (Fig. S5 to S20).
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point toward substantial differences in the levels of several proteins categorized as
protein folding (GO:0006457), tricarboxylic acid (TCA) cycle (hsa00020), and oxidative
phosphorylation (hsa00190), which mainly showed increased abundance in R. conorii-
infected THP-1 macrophages only (details of proteins and log2 fold change values are
listed in Fig. 8B to D and Table S6). These observations suggest potential differences
also in host metabolic rewiring and protein folding capacity between R. conorii and the
other, mildly pathogenic species.

DISCUSSION

This work provides evidence that R. parkeri, R. africae, and R. massiliae, all responsi-
ble for mild rickettsioses, trigger different proteome signatures in THP-1 macrophages
upon infection, indicating species-dependent differential impacts in several host cellu-
lar processes. Among the differences observed, our results confirm distinct impacts on
inflammatory responses between species. Although all species triggered type I

FIG 8 THP-1 signatures differ in response to infection with mildly pathogenic SFG Rickettsia species versus the highly pathogenic R. conorii. (A) Gene
Ontology analysis of 684 host proteins with altered abundance upon infection that were confidently quantified in all of the following infection conditions:
R. conorii- (R.c.), R. africae- (R.a.), R. parkeri- (R.p.), R. massiliae- (R.ma.), and R. montanensis- (R.m.) infected THP-1 macrophages. GO Enrichment Plot function
in Image GP (http://www.ehbio.com/ImageGP/) was used to integrate and represent the Gene Ontology analysis. Analyses of the host proteins with
decreased and increased abundance upon infection with each bacterial species are represented by “down” and “up,” respectively. The dot size indicates
the number of host proteins with altered abundance for the specific infection condition of the selected GO or KEGG pathway (hsa) categorization. The dot
color indicates the significance of the enrichment [2log10(FDR-corrected P values)]. (B to D) Combined list of the individual gene names (and respective
log2 fold change values) categorized with the GO or hsa term protein folding (GO:0006457) (B), TCA cycle (hsa00020) (C), and oxidative phosphorylation
(hsa00190) (D). Colored circles represent individual proteins in THP-1 macrophages infected with R. conorii (pink), R. parkeri (blue), R. africae (red), and R.
massiliae (green), and R. montanensis (black and white). Detailed information can be found in Table S6.
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interferon responses, the differences in the levels of IFN-b and bioavailability of IL-1b
between infection conditions further strengthen the evidence of variations among rick-
ettsiae in their ability to manipulate the host. Moreover, our quantitative proteomics
analysis reveals significant impacts of infection with these mildly pathogenic rickettsiae
on various macrophage cellular processes, highlighting the exciting complexity of rick-
ettsia-host interactions.

Proteolytic enzymes like cathepsins participate in the intracellular digestion of bac-
teria. This event contributes directly to the elimination of the invading pathogen and
indirectly to the generation of bacterial antigens for presentation, thus supporting
adaptive immune responses (44). We found that Rickettsia-infected THP-1 macro-
phages displayed reductions in the amounts of cathepsin A/lysosomal protective pro-
tein (CtsA), cathepsin D (CtsD), and cathepsin Z (CtsZ) at 24 hpi. These results are in
agreement with our previous observations of lower accumulation of CtsD and CtsZ in
macrophages infected with the highly pathogenic R. conorii (23). Many bacterial patho-
gens have evolved multiple strategies for controlling the expression and proteolytic ac-
tivity of cathepsins to limit their antibacterial action and subsequently favor intracellu-
lar pathogen survival (44–48). Therefore, understanding the cathepsin modulation
strategies of Rickettsia and how the dysregulation of these proteases contributes to the
pathogenesis of rickettsial infections through their role in both innate and adaptive
immune functions of macrophages warrants further investigation.

Alterations in host RNA splicing patterns upon infection have been reported as a
means to tweak the host immune responses against the pathogen, thus emerging as a
new paradigm in host-pathogen interactions (49–52). The implications of alterations in
alternative splicing during infection are remarkable, since they can influence a wide va-
riety of aspects, such as transcript stability, stability of the translated products, loss/
gain of function, interacting partners, and subcellular localization (49, 50). Although
this is more extensively reported during viral infections, (a few) recent studies also
demonstrate bacterial interference with the host splicing machinery (49). One example
is the massive alterations in the RNA splicing pattern of human macrophages upon
infection with Mycobacterium tuberculosis, with alternative spliced variants of host
genes resulting in better survival of M. tuberculosis strains within these cells (53).
Serine-arginine-containing proteins (SR proteins) and ribonucleoproteins (RNPs) are
critical regulators of alternative splicing, and therefore, alterations in the activity, local-
ization, and concentration of these regulatory proteins can impact the cellular alterna-
tive splicing landscape (49). We found that infection of THP-1 macrophages with rick-
ettsial species decreased the accumulation of a large number of splicing factors and
other accessory proteins, such as small nuclear ribonucleoproteins (snRNPs) and heter-
ogenous nuclear ribonucleoproteins (hnRNPs), suggesting pivotal alterations in the
host RNA splicing pattern during rickettsial infections.

Another step of host gene expression known to be impacted by microbial infection
is protein synthesis (54, 55), with a growing number of reports demonstrating the abil-
ity of pathogens to interfere with host mRNA translation to trigger and/or limit the pro-
duction of host immune defenses (54, 55). Our results showed that infection of THP-1
macrophages with R. africae and R. parkeri (less so for R. massiliae) altered the abun-
dance of a significant number of proteins involved in translation, including several ri-
bosomal proteins and eukaryotic initiation factors (eIFs). Specifically, we found signifi-
cant reductions in the abundance of the translation initiation factor eIF-2B subunit
delta in all Rickettsia-infected cells and the eukaryotic translation initiation factor 3 sub-
unit F in R. parkeri- and R. africae-infected macrophages. Our data sets also revealed
substantial alterations in the abundance of several subunits of the 40S and 60S ribo-
somal proteins in Rickettsia-infected cells, possibly resulting in modifications in the
ribosome composition and subsequent alterations in the host translation machinery.
Distinct impacts of bacterial infections on translation have been found between the
action of specific toxins that directly inhibit translation (e.g., in Pseudomonas aerugi-
nosa and Legionella pneumophila infections) and by induction of stress pathways that
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result in general host metabolic stress responses to infection (e.g., in Chlamydia,
Shigella flexneri, and Salmonella species infections) (56, 57). Curiously, recent findings
with the RickettsialesmemberWolbachia provided evidence for aWolbachia-host trans-
lation interaction by revealing that perturbations in ribosome components and eIFs by
RNA interference (RNAi) or mutations result in increased bacterial levels, both in vitro
and in vivo (58). Our work provides evidence that Rickettsia species may also interfere
with the ongoing host protein synthesis during infection. However, whether this
potential dampening of protein translation results from host stress responses to infec-
tion or an active manipulation of the host translation machinery by Rickettsia remains
an exciting open question. Curiously, it has been demonstrated that viruses manipu-
late host translation through proteolytic cleavage of eIFs (55). One specific example is
the HIV-1 protease, which has been shown to be capable of cleaving the eukaryotic ini-
tiation factor 4G (eIF4G) and subunit d of eukaryotic initiation factor 3 (eIF3d) to facili-
tate HIV disease progression (59–63). We have previously identified a membrane-em-
bedded retropepsin-like enzyme (APRc) that is highly conserved across Rickettsia
genomes and shares structural and functional features with the HIV-1 protease (64, 65).
Evaluating eukaryotic initiation factors as potential substrates for APRc during rickett-
sial infections and the subsequent impacts on rickettsial pathogenesis emerges as an
exciting hypothesis and a new avenue of research in our laboratory. Perturbation of
host translation and RNA splicing machineries during infection with mildly pathogenic
rickettsial species and analysis of the consequent impacts of these interactions on the
host immune responses and pathogenesis of the disease reveal additional layers of
complexity to the Rickettsia-host interactions that call for further research.

Innate immune responses are the first line of defense against invading pathogens
(39, 42). Infection of THP-1 macrophages with R. parkeri, R. africae, and R. massiliae
caused the accumulation of many proteins associated with innate immunity, with the
products of several ISGs being among the proteins with the highest increases in abun-
dance upon infection. Among these proteins are guanylate-binding protein 1 (GBP1),
guanylate-binding protein 2 (GBP2), and guanylate-binding protein 4 (GBP4), which
are interferon-inducible GTPases of the dynamin GTPase superfamily that have been
shown to restrict the replication of intracellular pathogens in both immune and nonim-
mune cells (66). Another group of ISGs that we found to have increased abundance in
Rickettsia-infected THP-1 macrophages were the 29-59-oligoadenylate synthetase (OAS)
molecular innate immune sensors, including OAS2, OAS3, and OASL, which can detect
cytosolic double-stranded RNA (dsRNA) in order to activate the latent RNase L (RNase
L) to induce degradation of pathogen and cellular RNAs and thereby block pathogen
replication (67). Also, we found that several protein members of the RLR pathway,
including the cytoplasmic RNA sensors RIG-I, MDA5, and LGP2, as well as TRIM25 and
ISG15, were among the proteins with increased abundance in Rickettsia-infected THP-1
macrophages. Remarkably, the protein DAK, described as a physiological repressor of
MDA5-mediated signaling (35), showed lower abundance in R. africae-infected cells
only. However, the contribution of this species-specific decrease in DAK abundance for
a more pronounced activation of the RLR pathway in R. africae-infected cells warrants
future investigation. Overall, these results are consistent with the induction of type I
IFN responses by all three mildly pathogenic rickettsiae in THP-1 macrophages. The re-
strictive role of type I IFN in R. parkeri replication has recently been demonstrated in
mouse BMDMs (24), with the authors elegantly showing that in this cell type, IFN-I pro-
duction is mediated by the DNA sensor cyclic-GMP-AMP synthase (cGAS). Here, we
demonstrate the higher abundance of many RLR pathway components by MS-based
proteomics, which we further validated, by Western blotting for RIG-I and ISG15 (to-
gether with ISGylation), to be specifically induced by pathogenic species only.
Moreover, and consistent with the fact that activation of the RLR pathway promotes
elongation of the mitochondrial network (36, 37), we showed a significant expansion/
fusion of the mitochondrial network footprint in THP-1 macrophages infected with the
three pathogenic Rickettsia species. Combined, these results provide the first evidence
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for the activation of the RLR-dependent pathway for type I IFN production in human
macrophages during rickettsial infections, indicating that mildly pathogenic rickettsiae
may employ different pathways to stimulate IFN-I production. Evidence for cytosolic
detection of RNA through RIG-I has been demonstrated for a much-reduced number of
bacterial pathogens (68). Our results indicate that R. parkeri, R. africae, and R. massiliae
should also be added to this group. However, the nature of the rickettsial ligands induc-
ing RLR-mediated responses in macrophages, the contribution of the RLR pathway to
type I interferon production during rickettsial infections, how repercussions of type I IFN
production (through this or other pathways) differ between rickettsial species, and the
possible existence of bacterial effectors targeting host IFN responses are several of the
outstanding questions arising from our and others’ data (24, 69) that certainly mandate
further studies into the interactions between rickettsiae and interferons.

Type I IFN and IL-1 cytokines represent distinct and specialized pathways of the
innate inflammatory responses (39). Our results demonstrated decreased abundance
of the proinflammatory IL-1b in R. africae-infected cells compared to the levels in R.
parkeri- and R. massiliae-infected THP-1 macrophages at 24 hpi and consistently lower
bioavailability of both precursor and mature forms of IL-1b in R. africae-infected cells
across the infection. With an opposite trend, we observed more pyroptotic events in
this infection condition at earlier time points postinfection. It was recently demon-
strated that R. parkeri benefits from inflammasome-mediated host cell death to antag-
onize IFN-I (24). Moreover, it is also known that type I IFNs contribute to inflamma-
some-dependent caspase-1 activation, leading to proinflammatory pyroptotic cell
death (70, 71). Therefore, our observations of earlier pyroptotic events in R. africae-
infected cells could result from differences in IFN-I levels between infection conditions.
Indeed, our results confirmed higher production of IFN-b in R. africae-infected THP-1
macrophages, thus demonstrating that rickettsial species trigger qualitatively and
quantitatively distinct inflammatory responses during infection. Adding to this, the
reduced bioavailability of IL-1b in R. africae-infected cells indicates a possible link to
IFN-b counterregulation, as it has been demonstrated that during M. tuberculosis infec-
tions, IFN-b potently inhibits (in an IL-10-dependent manner) both IL-1a and IL-1b
production (39, 72). Given the importance of IL-1b as an amplifier of immune reactions
through the activation of innate immune cells, the differential regulation of this proin-
flammatory cytokine by R. africae opens exciting questions regarding the potential
immunosuppressive repercussions of reducing IL-1 signaling for enhancing R. africae
pathogenesis. The main differences in innate inflammatory components observed in
this work, and possible responses associated with these changes, are summarized in
Figure 9. Notably, in THP-1 macrophages infected with the highly pathogenic R. conorii,
we did not observe this drastic increase in interferon-stimulated responses (23). We
have further corroborated these observations by remining the SWATH files for three
interferon-induced proteins (Mx1 [accession no. P20591], ISG15, and RIG-I), all signifi-
cantly overrepresented upon infection with mildly pathogenic species. Further com-
parison of proteins commonly quantified in all data sets also revealed differential accu-
mulation of various proteins involved in metabolic pathways and protein folding/
quality control, evidencing additional distinctions in host cellular signatures resulting
from infection with R. conorii compared with infection with the mildly pathogenic rick-
ettsiae. The future elucidation of these different capacities to exploit immunometabolic
pathways among Rickettsia species may contribute important molecular cues to distin-
guish between the severe and mild pathogenic conditions caused by different rickett-
sial species.

Overall, our data underline the complex and nuanced interactions between differ-
ent rickettsial species and macrophages during infection, continuing to reveal addi-
tional layers of complexity between Rickettsia and host cells’ constant arms race for
survival. We confirm species-specific interference with many host cellular processes
and thereby provide new clues to understand the molecular basis for the long-known
differences in pathogenicity among mildly pathogenic Rickettsia species.
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MATERIALS ANDMETHODS
Cell lines and Rickettsia growth and purification. Vero cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Atlanta
Biologicals), 1� nonessential amino acids (Corning), and 0.5 mM sodium pyruvate (Corning). THP-1
(ATCC TIB-202) cells were grown in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (Atlanta Biologicals). Differentiation of THP-1 cells into macrophage-like cells was car-
ried out by the addition of 100 nM phorbol 12-myristate 13-acetate (PMA; Fisher). Cells were allowed to
differentiate and adhere for 3 days prior to infection. Both cell lines were maintained in a humidified 5%
CO2 incubator at 34°C. Rickettsia montanensis isolate M/5-6T, Rickettsia massiliae isolate MTU5, Rickettsia
parkeri isolate Portsmouth, and Rickettsia africae isolate ESF-5 T were obtained from CSUR—Collection
de Souches de l’Unité des Rickettsies, Marseille, France. All Rickettsia species were propagated in Vero
cells and purified as previously described (73, 74).

Assessment of Rickettsia growth dynamics. Growth curves were performed by inoculating R. par-
keri, R. africae, and R. massiliae at a MOI of 10 into PMA-differentiated THP-1 macrophages at a conflu-
ence of 2 � 105 cells per well, in 24-well plates, with 2 wells infected for each day of the growth curve.
Plates were centrifuged at 300 � g for 5 min at room temperature to induce contact between rickettsiae

FIG 9 R. parkeri, R. africae, and R. massiliae-infected macrophages display differences in key inflammatory components. Our quantitative proteomics data
indicate that all three species of mildly pathogenic rickettsiae stimulate type I interferon responses. Among the proteins with the highest increases in
abundance upon infection are several members of the RIG-1-like receptor pathway (RLR), including the cytoplasmic RNA sensors RIG-I, MDA5, LGP2, and
TRIM25 and ISG15. Therefore, RLR emerges as another possible route for IFN-1 production in Rickettsia-infected macrophages, raising exciting questions
about the nature of the bacterial ligands triggering the MDA5 or RIG-1 sensors (highlighted with “?”). We further demonstrate mitochondrial fusion upon
infection with all pathogenic species, consistent with the activation of the RLR pathway. These results also provide evidence that Rickettsia might induce
IFN-I production by different routes, as shown by the identification of cGAS by Burke and colleagues in their work with mouse BMDMs (24). Although all
three species triggered type I interferon responses, we have further demonstrated that the levels of IFN-b are different during the course of infection
between species, with R. africae displaying higher levels at earlier times postinfection. These differences are likely to have a differential impact on the
inflammasome–IL-1b axis between species, as we demonstrate that despite triggering earlier pyroptotic events, R. africae infection results in a lower
bioavailability of the proinflammatory cytokine IL-b (both precursor and activated forms). We anticipate a possible link to IFN-b counterregulation.
Differential regulation of IL-1b by R. africae opens exciting questions regarding its potential immunosuppressive repercussions, thereby enhancing R.
africae pathogenesis. Figure created with bioRender.
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and host cells and incubated at 34°C and 5% CO2. At each specific time point postinoculation, cells were
scraped and samples were stored in phosphate-buffered saline (PBS) at 280°C. Genomic DNA was
extracted using the DNeasy blood and tissue kit (Qiagen) according to the manufacturer’s instructions.
The extracted DNA was subjected to quantitative PCR analysis using the 7500 fast real-time PCR system
(Thermo Fisher Scientific). Bacterial growth was queried by quantitative PCR using PowerUp SYBR green
master mix (Applied Biosystems) under the following conditions: 2 min at 50°C and 2 min at 95°C, fol-
lowed by 40 cycles of 95°C for 3 s and 58°C for 30 s. The rickettsial sca1 gene was amplified using the pri-
mers sca1-F (59-GGGTTCGATGCTGAAATCGAC-39) and sca1-R (59-GTCCGTAAATAGAAACCACATGAC-39),
and the mammalian b2m gene was amplified using the primers b2m-F (59-
CACTGAAAAAGATGAGTATGCC-39) and b2m-R (59-AACATTCCCTGACAATCCC-39). Growth is presented as
the ratio of sca1 versus b2m. All unknowns were quantified by the cycle threshold method (DDCT) with
comparison to molar standards. Experiments were done in triplicate.

Growth dynamics were also assessed by immunofluorescence. Briefly, PMA-differentiated THP-1
macrophage monolayers at a confluence of 2 � 105 cells per well, in 24-well plates seeded onto glass
coverslips, were inoculated with R. parkeri, R. africae, and R. massiliae at an MOI of 10. Plates were centri-
fuged at 300 � g for 5 min at room temperature to induce contact between rickettsiae and host cells
and incubated at 34°C and 5% CO2 for 24, 48, and 72 h. At each indicated time point postinoculation,
infected monolayers were washed with PBS and fixed in 4% paraformaldehyde (PFA) for 20 min.
Samples were then permeabilized with 0.1% Triton X-100 and blocked with 2% bovine serum albumin
(BSA). Rickettsia growth was assessed by staining with anti-Rickettsia polyclonal antibody NIH/RML I7198
(1:1,500), followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:1,000), DAPI (49,6-diamidino-2-
phenylindole; 1:1,000), and Texas Red–X phalloidin (1:200). After washing with PBS, glass coverslips were
mounted in Mowiol mounting medium and preparations were viewed on a Zeiss Axiovert 200M fluores-
cence microscope (Carl Zeiss) using a final �40 optical zoom and processed with ImageJ software.

Sample preparation. PMA-differentiated THP-1 cell monolayers at a cell confluence of 2 � 105 cells
per well, in 24-well plates (6 wells per condition), were infected with R. parkeri, R. africae, and R. massiliae
at an MOI of 10 or maintained uninfected as a control. Plates were centrifuged at 300 � g for 5 min at
room temperature to induce contact between rickettsiae and host cells and incubated at 34°C and 5%
CO2 for 24 h. At the specified time point, the culture medium was removed, cells were washed 1� with
PBS, and total protein was extracted using 100 ml of protein extraction buffer per well (25 mM Tris/HCl,
5 mM EDTA, 1% Triton X-100, and Pierce protease inhibitors [Thermo Fisher Scientific], pH 7.0). Samples
were passed 10 times through an insulin syringe with a 28-gauge needle (Becton, Dickinson) and dena-
tured using 6� SDS sample buffer (4� Tris/HCl, 30% glycerol, 10% SDS, 0.6 M dithiothreitol, 0.012% bro-
mophenol blue, pH 6.8) during 10 min at 95°C. The total protein content in each sample was then quan-
tified using the Pierce 660-nm protein assay kit (Thermo Fisher Scientific) and kept at 280°C until
further processing. Experiments were done in quadruplicate. After thawing, amounts of 10 mg of each
replicate sample from each experimental condition were pooled, creating the four pooled samples (R.
parkeri pool, R. africae pool, R. massiliae pool, and uninfected pool). At this point, the same amount of a
recombinant protein (green fluorescent protein fused to maltose-binding periplasmic protein [MalE-
GFP]) was added to each replicate sample and the pooled samples to serve as an internal standard. All
the samples were boiled for 5 min, and acrylamide was added as an alkylating agent.

In-gel digestion and LC-MS/MS. The volume corresponding to 40 mg of each replicate sample, as
well as pooled samples, was then loaded into a precast gel (4 to 20% Mini-Protean TGX gel; Bio-Rad),
and SDS-PAGE was partially run at 110 V (75). After SDS-PAGE, proteins were stained with colloidal
Coomassie blue as previously described (76). The lanes were sliced into 3 fractions with a scalpel, and af-
ter the excision of the gel bands, each one was sliced into smaller pieces. The gel pieces were destained
using a 50 mM ammonium bicarbonate solution with 30% acetonitrile (ACN), followed by a washing
step with water (each step was performed in a thermomixer [Eppendorf] at 1,050 � rpm for 15 min). The
gel pieces were dehydrated on a Concentrator plus/Vacufuge R plus (Eppendorf). To each gel band,
75 ml of trypsin (0.01 mg/ml solution in 10 mM ammonium bicarbonate) was added and the band left for
15 min at 4°C to rehydrate the gel. After this period, 75 ml of 10 mM ammonium bicarbonate was added
and in-gel digestion was performed overnight at room temperature in the dark. After digestion, the
excess solution from gel pieces was collected into a low-binding microcentrifuge tube (LoBind,
Eppendorf) and peptides were extracted from the gel pieces by the sequential addition of three solu-
tions of increasing percentages of ACN (30, 50, and 98%) in 1% formic acid (FA). After the addition of
each solution, the gel pieces were shaken in a thermomixer (Eppendorf) at 1,250 rpm for 15 min and the
solution was collected into the tube containing the previous fraction. The peptide mixtures were dried
by rotary evaporation under vacuum (Concentrator plus/Vacufuge plus; Eppendorf). The peptides from
each fraction of each sample were pooled for SWATH analysis, while the peptides from the pooled sam-
ples were kept separated in the three fractions of the digestion procedure. After digestion, all samples
were subjected to solid-phase extraction with C18 sorbent (OMIX tip; Agilent Technologies). The eluted
peptides were evaporated and solubilized in 30 ml mobile phase, aided by ultrasonication using a cup
horn device (Vibra-Cell 750 W; Sonics) at 40% amplitude for 2 min. Samples were then centrifuged for
5 min at 14,100 � g (MiniSpin plus; Eppendorf) and analyzed by liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS). The TripleTOF 6600 system (Sciex) was operated in two phases: in-
formation-dependent acquisition (IDA) of each fraction of the pooled samples, followed by SWATH (se-
quential windowed data-independent acquisition of the total high-resolution mass spectra) acquisition
of each sample. Peptide separation was performed using liquid chromatography (nanoLC 425; Eksigent)
on a Triart C18 capillary column 1/32 in (12 nm, S-3mm, 150 by 0.3 mm; YMC) and using a Triart C18 capil-
lary guard column (0.5 by 5 mm, 3 mm, 12 nm; YMC) at 50°C at 5 ml/min with a 50-min gradient from 5%
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to 30% ACN in 0.1% FA in a total run time of 65 min, and the peptides were eluted into the mass spec-
trometer using an electrospray ionization source (DuoSpray source; Sciex). IDA experiments were per-
formed by analyzing each fraction of the pooled samples. The mass spectrometer was set for IDA scan-
ning full spectra (350 to 2,250 m/z) for 250 ms, followed by 50 MS/MS scans (100 to 1,500 m/z with an
accumulation time of 60 ms in order to maintain a cycle time of 3.3 s). Candidate ions with a charge state
between 11 and 15 and counts above a minimum threshold of 100 cps were isolated for fragmenta-
tion, and one MS/MS spectrum was collected before adding those ions to the exclusion list for 15 s
(mass spectrometer operated by Analyst TF 1.8; Sciex). Rolling collision energy was used with a collision
energy spread (CES) of 5. The SWATH setup was essentially as described previously (77), with the same
chromatographic conditions used for SWATH and IDA acquisitions. For SWATH-MS-based experiments,
the mass spectrometer was operated in a looped product ion mode. The SWATH-MS setup was designed
specifically for the samples to be analyzed (Table S7), in order to adapt the SWATH windows to the com-
plexity of this batch of samples. A set of 168 windows of various widths (containing 1 m/z for window
overlap) was constructed covering the precursor mass range of 350 to 2,250 m/z. A 500-ms survey scan
(350 to 2,250 m/z) was acquired at the beginning of each cycle for instrument calibration, and SWATH-
MS/MS spectra were collected from 100 to 2,250 m/z for 19 ms, resulting in a cycle time of 3.76 s from
the precursors ranging from 350 to 2,250 m/z. The collision energy for each window was determined
according to the calculation for a charge 12 ion centered upon the window, with varying collision
energy spread according to the window.

Protein identification and relative quantification. A specific library of precursor masses and frag-
ment ions was created by combining all files from the IDA experiments and used for subsequent SWATH
processing. The library was obtained using Protein Pilot software (version 5.0.1; Sciex) with the following
search parameters: Homo sapiens Swiss-Prot database (downloaded in September 2020) and MalE-GFP,
acrylamide-alkylated cysteines as fixed modification, and the gel-based special focus option. An inde-
pendent false discovery rate (FDR) analysis using the target-decoy approach provided with the Protein
Pilot software was used to assess the quality of the identifications, and identifications were considered
positive when identified proteins and peptides reached a 5% local FDR (78, 79). Data processing was
performed using the SWATH processing plug-in for PeakView (version 2.2; Sciex). Briefly, peptides were
selected from the library using the following criteria: (i) the unique peptides for a specific targeted pro-
tein were ranked by the intensity of the precursor ion from the IDA analysis as estimated by the Protein
Pilot software, and (ii) peptides that contained biological modifications and/or were shared between dif-
ferent protein entries/isoforms were excluded from selection. Up to 15 peptides were chosen per pro-
tein, and SWATH quantitation was attempted for all proteins in the library file that were identified below
5% local FDR from Protein Pilot searches. Peptide retention times were adjusted by using the MalE-GFP
peptides. In SWATH acquisition data, peptides are confirmed by finding and scoring peak groups, which
are a set of fragment ions for the peptide. Up to 5 target fragment ions were automatically selected, and
the peak groups were scored following the criteria described in reference 80. The peak group confi-
dence threshold was determined based on an FDR analysis using the target-decoy approach, and a 1%
extraction FDR threshold was used for all the analyses. Peptides that met the 1% FDR threshold in at
least three replicates of a given experimental group were retained, and the peak areas of the target frag-
ment ions of those peptides were extracted across the experiments using an extracted-ion chromato-
gram window of 4 min. Protein levels were estimated by summing all the transitions from all the pep-
tides for a given protein (81) and normalized to the total intensity at the protein level. Statistical tests
were performed in RStudio using the nonparametric Kruskal-Wallis test for multiple hypothesis testing,
followed by the post hoc Dunn’s test and adjusting the P values for multiple testing by controlling the
FDR using the Benjamini-Hochberg adjustment; proteins were considered altered when an alteration in
abundance of at least 20% (fold change of #0.83 or $1.2) was observed between experimental
conditions.

Bioinformatics analysis. Functional protein association networks were evaluated using the Search
Tool for Retrieval of Interacting Genes/Proteins (STRING) 10.5 (http://string-db.org/) using the highest
confidence score (0.9) and the Markov cluster algorithm (MCL) with an inflation parameter of 3 (31). The
GO Enrichment Plot function in Image GP (http://www.ehbio.com/ImageGP/) was used to integrate and
represent the Gene Ontology analysis.

Western blotting. After thawing, the same amount of protein for each sample was resolved by SDS-
PAGE using 12.5% polyacrylamide gels in a Bio-Rad Mini-Protean tetra cell and transferred to a polyviny-
lidene difluoride membrane at 100 V during 100 min at 4°C. The membranes were blocked for 60 min
with 2% BSA in Tris-buffered saline (TBS) containing 0.1% Tween 20 and then incubated at 4°C overnight
with primary antibodies. The following primary antibodies were used accordingly: anti-RIG-I (D-12) anti-
body (sc-376845; Santa Cruz Biotechnology) (1:100), anti-ISG15 antibody (F-9) (sc-166755; Santa Cruz
Biotechnology) (1:100), anti-IL-1b (D3U3E) rabbit monoclonal antibody (MAb) (12703; Cell Signaling
Technology) (1:1,000), anti-cleaved IL-1b (Asp116) (D3A3Z) rabbit MAb (83186; Cell Signaling
Technology) (1:1,000), anti-caspase-1 (D7F10) rabbit MAb (3866; Cell Signaling Technology) (1:1,000),
anti-gasdermin D (E8G3F) rabbit MAb (97558; Cell Signaling Technology) (1:1,000), anti-cleaved gasder-
min D (Asp275) (E7H9G) rabbit MAb (36425; Cell Signaling Technology) (1:1,000), and anti-HMGB1
(D3E5) rabbit MAb (6893; Cell Signaling Technology) (1:1,000). After several washes with TBS-T (TBS con-
taining 0.1% Tween 20), the membranes were incubated at room temperature with the following corre-
sponding secondary antibodies: anti-mouse IgG (whole molecule)–peroxidase produced in rabbit
(A9044; Sigma) (1:10,000) and anti-rabbit IgG, horseradish peroxidase (HRP) linked, produced in goat
(7074; Cell Signaling Technology) (1:10,000). The membranes were washed again in TBS-T and visualized
using NZY supreme ECL HRP substrate (NZYTech) on a VWR Imager.
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The membranes were stained using SERVA purple (SERVA electrophoresis; Enzo) to determine the
total protein load in each lane according to the manufacturer’s guidelines. The integrated density of
antibody-stained protein bands and total protein content of each lane were measured using ImageJ
software.

Analysis of alterations in mitochondrial morphology. PMA-differentiated THP-1 macrophage mono-
layers at a confluence of 2 � 105 cells per well, in 24-well plates seeded onto glass coverslips, were inocu-
lated with R. montanensis, R. parkeri, R. africae, and R. massiliae at an MOI of 10 or maintained uninfected as
a control. Plates were centrifuged at 300 � g for 5 min at room temperature to induce contact between
rickettsiae and host cells and incubated at 34°C and 5% CO2 for 24 h. At each indicated time point postino-
culation, infected monolayers were washed with PBS and fixed in 4% PFA for 20 min. Samples were then
permeabilized with 0.1% Triton X-100 and blocked with 2% BSA. Labeling was carried out by incubation
with anti-Rickettsia polyclonal antibody NIH/RML I7198 (1:1,500), followed by Alexa Fluor 568-conjugated
goat anti-rabbit IgG (1:1,000), anti-Tom20 antibody (F-10) (sc-17764) (1:500) followed by Alexa Fluor 647
goat anti-mouse antibody (1:1,000), and DAPI (1:1,000). After washing with PBS, glass coverslips were
mounted in Mowiol mounting medium and preparations were viewed on an LSM 710 Axio Observer Z1-
based laser scanning confocal microscope (Carl Zeiss) equipped with a Plan-Apochromat 40�/1.40 objec-
tive and the following lasers: diode 405-30, argon/2, DPSS 561-10, and HeNe633. Confocal images of cells
were taken from various fields of view randomly selected across the entire coverslip area, and mitochondrial
morphology was analyzed using the semiautomated morphometric tool MiNA within Fiji (38).
Mitochondrial networks (labeled with anti-Tom20 antibody) from individual cells were selected and digitally
isolated. From the output data, we used the values listed under “mitochondrial footprint” and those under
“mean branch length.” A minimum of 50 cells were analyzed per condition, in a total of three independent
experiments.

Quantification of IFN-b levels. Culture supernatants of uninfected and Rickettsia-infected THP-1
macrophages at the respective time points postinfection were collected and filtered with sterile 0.2-mm
syringe filters (Whatman Puradisc; Cytiva), and IFN-b levels were measured with the human IFN-beta
DuoSet enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems), following the manufacturer’s
instructions. Protein concentrations were determined based on the optical density, using a BioTek
Cytation 3 imaging reader at 450 nm, and compared to standard curves for purified IFN-b (R&D
Systems).

Statistical analysis. Statistical analysis and significance are reported in the figure legends. If not
described otherwise, statistical analysis was performed using GraphPad Prism version 8.0.1 (GraphPad
Software, Inc., CA, USA). Statistical analyses of the proteomics results are specifically described in the cor-
responding sections in Materials and Methods.

Data availability. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (82) partner repository with the data set identifier
PXD026982.
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