
Section SI 
Intracellular Bacteria Are Particularly Challenging to Treat 

Intracellular bacteria have a parasitic relationship with their host, and in the case of obligate 
intracellular bacteria, cannot multiply in a cell-free environment.[1] The ability of intracellular bacteria to 
infect and reproduce in host cells allows them to evade the host immune system.[2] This makes appropriate 
antibiotic therapy especially important, even in immunocompetent hosts. In addition, their routine inability 
to grow in nonliving media make them difficult to identify in clinical microbiology laboratories.[1] 
Unfortunately, this can lead to a delayed diagnosis and, therefore, a delay in appropriate antibiotic therapy. 
Six of the bacteria identified by the World Health Organization (WHO) and the U.S. Centers for Disease 
Control and Prevention (CDC) as threats to human health are intracellular bacteria.[3, 4] Mycobacterium 
tuberculosis is of major concern. A significant risk factor for M. tuberculosis infections is a previous infection 
by the same species,[5] which suggests the pathogen persists within the host after first contact. Bacteria 
responsible for foodborne illness, such as Salmonella and Shigella species are also serious concerns. In the 
U.S., intracellular pathogens Listeria monocytogenes, nontyphoidal Salmonella enterica, and Shigella spp. are 
responsible for an estimated $2.8, $3.6, $0.1 billion, respectively, in annual healthcare costs.[6] These 
infections are a major burden on non-US healthcare systems as well.[7] Additionally, Chlamydia trachomatis 
and Neisseria gonorrhoeae cause large numbers of sexually transmitted infections globally,[8, 9] which are 
notorious for recurrence. Lastly, common bacteria such as Escherichia coli and Staphylococcus aureus are 
responsible for hundreds of thousands of hospitalizations and billions of dollars in related costs in the 
U.S.[10, 11] These costs are increased by the clinical complications of recurrent infections and the associated 
deaths. Other clinically relevant intracellular bacteria can be seen in Supplementary Table S1. 

Persistence is a phenomenon relatively unique to intracellular bacteria.[2, 12] Persistent infections 
can be classified as chronic infections or latent infections.[2] Because of the bacteria’s ability to persist, 
infections caused by these organisms often require longer treatment durations than non-persistent 
infections.[13-16] Furthermore, a number of these bacteria require treatment with multiple antibiotics for 
successful eradication,[13, 14, 16, 17] leading to resistance.[3, 4] Generally, the treatment of intracellular 
bacteria is limited to protein and DNA synthesis inhibitors (e.g., aminoglycosides, fluoroquinolones, 
macrolides, rifamycins, tetracyclines) potentially because these antibiotics may penetrate both human and 
bacterial cells (Supplementary Table S1). This limited armamentarium means that each time an antibiotic 
succumbs to resistance, our options for appropriate treatment reduce drastically. Thus, we must find 
alternatives. We propose that anti-virulence agents would be particularly useful as an alternative to 
antibiotics for the eradication of intracellular bacteria. However, there are technical challenges—as we will 
demonstrate below—that are holding back the field of anti-virulence discovery. 

 
 

 

Supplementary Table S1. A list of clinically important intracellular bacteria, including clinical conditions and 
therapy options. 
Bacteria Clinical 

presentation 
Guideline 
recommended 
antibiotic therapy 

Duration of 
treatment 

Longer 
treatment 
needed?* 

Bartonella species lymphadenitis 
infective 
endocarditis 

lymphadenitis—
azithromycin 
infective 
endocarditis—2-drug 
regimen (doxycycline, 
gentamicin) 

Lymphadenitis—5 
days [16] 
infective 
endocarditis—6 
weeks [16] 

No 



Brucella species osteomyelitis 
arthritis 

3-drug regimen 
(doxycycline, 
gentamicin, rifampin) 

vertebral 
osteomyelitis—12 
weeks [16] 
arthritis—12 weeks 
[16] 

Yes 

Chlamydia 
pneumoniae 

LRTI fluoroquinolone 
macrolide 
tetracycline 

≥ 5 days [18] No 

Chlamydia 
trachomatis 

urethritis 
cervicitis 

azithromycin 
doxycycline 

1 day [15] 
7 days [15] 

No 

Coxiella burnetii LRTI 
infective 
endocarditis [19] 

doxycycline LRTI—2 weeks [16] 
infective 
endocarditis—78 
weeks [16] 

Yes 

Escherichia coli urinary tract 
infection 

various various No 

Francisella 
tularensis 

LRTI gentamicin 
tobramycin 

10 days [16] No 

Helicobacter 
pylori 

peptic ulcers 3-drug regimen 
(amoxicillin, 
clarithromycin, 
metronidazole) 

14 days[20] No 

Legionella 
pneumophila 

LRTI fluoroquinolone 
macrolide 
tetracycline 

≥ 5 days [18] No 

Listeria 
monocytogenes 

meningitis penicillin G 
ampicillin 

≥ 21 days [15] Yes 

Mycobacterium 
tuberculosis 

LRTI 
meningitis 

4-drug regimen 
(rifampin, isoniazid, 
pyrazinamide, 
ethambutol) 

LRTI—26 weeks  
meningitis—52 
weeks [14] 

Yes 

nontuberculous 
mycobacterium 

LRTI 
osteomyelitis 

3-drug regimen 
(azithromycin, 
ethambutol, and 
rifampin) 

LRTI—52 weeks 
[13] 
Osteomyelitis—26 
weeks [17] 

Yes 

Neisseria species urethritis 
cervicitis 
meningitis 

ceftriaxone 1 day[21] No 

SFG Rickettsia 
species 

fever/rash doxycycline 7 days [16] No 

typhus group 
Rickettsia species 

fever/rash doxycycline 5 days [16] No 

nontyphoidal 
Salmonella 
enterica 

infective 
endocarditis 
osteomyelitis 

ceftriaxone 
ciprofloxacin 

infective 
endocarditis—6 
weeks 
osteomyelitis—6–8 
weeks 

No 



 
Section SII 
Virulence Factors Are Important Enablers of Intracellular Pathogen Survival 

Bacterial virulence mechanisms facilitate intracellular survival in host cells and are key to the 
pathogenesis of organisms known to cause persistent and/or recurrent infections. Intracellular bacteria 
employ two mechanisms to defend itself against immune responses: (1) evasion of recognition by the 
immune system and (2) modulation and suppression of the immune response.[2] These mechanisms allow 
bacteria to survive, move from cell to cell and cause tissue damage. Intracellular survival provides a distinct 
advantage by subverting human cellular envelopes to mask bacterial presence, while the cytosol provides 
sustenance to allow additional pathogenic processes.[24] While the exact mechanisms or processes may 
differ, these overarching themes are likely to be rigidly uniform across all species and strains of pathogens 
a primis principiis. 

Avoidance of immune responses is key. Intracellular bacterial communities (IBCs) reside within 
the cell, undetected and unharmed by the immune system. Multiple in vivo models have shown that 
bacteria have evolved specific mechanisms to enable this. One such capability is observed in the formation 
of intracellular niches by uropathogenic E.coli (UPEC) inside host bladder epithelial cells during a urinary 
tract infection. These niches form through the bacterial adhesin FimH-mediated mechanism that creates 
biofilm-like pods inside host cells’ cytoplasm. These pods help UPEC evade detection by 
polymorphonuclear cells such as neutrophils, and also keep out antibiotics.[25, 26] Similar intracellular 
niches are formed by C. trachomatis, where a type III secretion system (T3SS) delivers effector proteins that 
enable the IBC to remain undetected.[27] Importantly, these bacteria also transform into filamentous shapes 
while exiting these burgeoning IBCs making them too large for elimination by phagocytosis. Thus, they 

Salmonella 
enterica 
subspecies 
enterica serovar 
Typhi or 
Paratyphi 

diarrheal disease ceftriaxone 
ciprofloxacin 

N/A No 

Shigella species diarrheal disease azithromycin 
ceftriaxone 
ciprofloxacin 

N/A No 

Staphylococcus 
aureus 

infective 
endocarditis 
bone and joint 
infection 

vancomycin 
nafcillin 

infective 
endocarditis—6 
weeks[22] 
prosthetic joint 
infection—12 
weeks[23] 

Yes 

Tropheryma 
whipplei 

infective 
endocarditis [19] 

doxycycline 52 weeks [16] Yes 

Yersinia pestis lymphadenitis 
LRTI 
bloodstream 
infection 

gentamicin Lymphadenitis—10 
days [16] 
LRTI—10 days [16] 

Yes 

*Longer duration of treatment needed when compared to the same infection caused by other bacterial species, which 
are not known for intracellular existence. 
N/A: Not available from the Infectious Diseases Society of America (IDSA) or The Sanford Guide to Antimicrobial 
Therapy, which are common resources used to determine the clinical treatment of infectious diseases. 



can survive even upon eventual destruction of the host cell due to overcrowding. Another immune 
avoidance mechanism involves directly dismantling the immune-signaling cascade of the host cell. Key 
immune-signaling factors of the host are down-regulated by the invading C. trachomatis, disrupting 
immune responses.[28] These are critical mechanisms employed by bacteria to enable survival, and 
eventually, pathogenicity within the host. Blocking these mechanisms will enable a faster clearance of 
pathogens by the host’s immune system.[2, 29]   

There are specific mechanisms in place to support intracellular life, which may or may not be 
needed for survival and growth in broth. Pathogens use a plethora of genes to invade and infect host 
cells.[30-33] Often, these genes are needed to accomplish critical tasks, such as supplying key nutrients. For 
example, C. trachomatis requires lipids and acquires them by exploiting existing host pathways. Specifically, 
C. trachomatis induces fragmentation of the lipid-rich Golgi apparatus through cleavage of the protein 
golgin-84, which maintains Golgi matrix structure. This proteolytic action makes lipids freely available in 
the space surrounding the intracellular niche where C. trachomatis replicates. When this fragmentation 
process is disrupted, the intracellular growth of C. trachomatis is inhibited.[34] In nutrient-rich 
environments, bacteria still must be capable of metabolizing those nutrients efficiently. When the 
production of glutamine synthetase is inhibited in M. tuberculosis, nitrogen from the surrounding 
environment cannot be metabolized. This results in attenuation of the bacterial growth in human 
macrophages and non-virulence in a guinea pig model.[35] Similarly, a mutant of Brucella suis was created 
in which the encoding of nitric oxide reductase was disrupted genetically. This resulted in lowered rates of 
survival and multiplication inside murine macrophages, despite the presence of nitric oxide within the 
cell.[36] Host cells infected by bacteria often do not offer adequate zinc ions to permit bacterial survival. 
However, S. enterica uses virulence factors (transporters) to obtain the zinc it needs. Blocking the pathway 
enabling zinc uptake also blocks intracellular survival. [2, 29, 37]  

Clearly, if we can identify virulence factors that enable intracellular infections, and target them 
successfully, we could theoretically build an array of frontline treatments for infections. The powerful 
advantage of these medications would be that they do not require bacterial cell division for an effect to take 
place: traditional antimicrobials (i.e., antibiotics) are only useful against bacterial undergoing continuous 
cell division, such as IBCs. They would not function against a subpopulation of non-dividing bacteria, such 
as persisters or quiescent cells. Anti-virulence drugs would function by eliminating the pathogen’s ability 
to survive intracellularly, regardless of whether they were rapidly dividing or not. However, this field is 
brand new and full of challenges for drug discovery. 
Section SIII 
Examples of Proteomics Being Used to Understand Bacterial Virulence 

 
A good example is the study of pediatric peptic ulcer disease (PUD) caused by Helicobacter pylori. 

Investigators have compared H. pylori strains from patients with PUD and non-ulcer dyspepsia (NUD), 
and through two-dimensional gel electrophoresis and mass spectrometry, identified different proteins. The 
proteins identified in PUD H. pylori strains contributed to greater mobility of flagella, increased metabolic 
activity (through protein flavodoxin A), and were involved in iron metabolism. In order to ensure that 
virulence was the determining factor for the development of PUD, impact on gastric epithelial cells between 
NUD and PUD was examined through an in vitro cell culture experiment.[38] Other such proteomics-based 
studies have been conducted for Candida albicans, Candida trachomatis and Pseudomonas aeruginosa.[39, 40] 
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