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Abstract

Most patients with chronic lower back pain (CLBP) exhibit degenerative disc disease. Disc

specimens obtained during initial therapeutic discectomies are often infected/colonized with

Propionibacterium acnes, a Gram-positive commensal of the human skin. Although pain

associated with infection is typically ascribed to the body’s inflammatory response, the

Gram-positive bacterium Staphylococcus aureus was recently observed to directly activate

nociceptors by secreting pore-forming α-hemolysins that disrupt neuronal cell membranes.

The hemolytic activity of P. acnes in cultured disc specimens obtained during routine thera-

peutic discectomies was assessed through incubation on sheep-blood agar. The β-hemoly-

sis pattern displayed by P. acnes on sheep-blood agar was variable and phylogroup-

dependent. Their molecular phylogroups were correlated with their hemolytic patterns. Our

findings raise the possibility that pore-forming proteins contribute to the pathogenesis and/

or symptomology of chronic P. acnes disc infections and CLBP, at least in a subset of

cases.

Introduction

Chronic lower back pain (CLBP) is a leading cause of disability among adults worldwide.

CLBP has been ranked the number one cause of years lived with disability in the United States

[1], and substantial CLBP rates have been reported in Germany (27%) [2], Sweden (33.2%) [3],

and Latin America (31.3%) [4]. Most patients with CLBP exhibit degenerative disc disease, an

idiopathic condition that predisposes to herniation, sciatica, and significant morbidity/

PLOS ONE | https://doi.org/10.1371/journal.pone.0208144 November 29, 2018 1 / 10

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Capoor MN, Ruzicka F, Sandhu G,

Rollason J, Mavrommatis K, Ahmed FS, et al.

(2018) Importance of Propionibacterium acnes

hemolytic activity in human intervertebral discs: A

microbiological study. PLoS ONE 13(11):

e0208144. https://doi.org/10.1371/journal.

pone.0208144

Editor: Andrea Cortegiani, University of Palermo,

ITALY

Received: July 3, 2018

Accepted: November 11, 2018

Published: November 29, 2018

Copyright: © 2018 Capoor et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: DiscitisDx, Inc. provided support in the

form of a research grant which was used to pay for

culturing, microscopy, and materials. Neither

DiscitisDX, Inc. nor any other commercial

organization provided any support in the form of

salaries for authors and did not have any role in the

study design, data collection and analysis, decision

to publish, or preparation of the manuscript. KM’s

http://orcid.org/0000-0002-8450-0584
http://orcid.org/0000-0001-8517-3928
https://doi.org/10.1371/journal.pone.0208144
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0208144&domain=pdf&date_stamp=2018-11-29
https://doi.org/10.1371/journal.pone.0208144
https://doi.org/10.1371/journal.pone.0208144
http://creativecommons.org/licenses/by/4.0/


disability. Regarding the underlying mechanism of pain, Freemont et al. [5] has demonstrated

ingrowth of nerve fibers into degenerated discs (usually accompanied by the presence of annu-

lar fissures), representing a potential source of nociception in CLBP, although frank inflamma-

tion is often lacking within the paucicellular disc tissue.

In 2001, Stirling et al. [6] first published evidence suggesting a relationship between chronic

bacterial infection and disc degeneration. A growing body of literature has since argued that

disc specimens are often already infected/colonized with Propionibacterium acnes at the time

of initial therapeutic discectomies (i.e. prior to any previous surgical manipulation). P. acnes is

a prominent Gram-positive bacterial commensal of the human skin and pilosebaceous unit. In

multiple independent studies from 2001 to 2017, P. acnes was isolated from 26% of resected

specimens [7–11]. Two 2015 meta-analyses reported a pooled prevalence of bacteria at 34%

[12] and 36.2% [13], with P. acnes as the predominant species. In a recent 368-patient study,

Capoor et al. [14] confirmed these observations and directly visualized the presence of P. acnes
biofilms in situ within resected discs. This result is most consistent with chronic infection.

Chronic infections are often associated with pain symptoms. This type of nociception is

classically attributed to body’s inflammatory cascade, a cytokine-induced phenomenon that

involves leukocyte infiltration and vascular dilatation. Nevertheless, more direct mechanisms

of pathogen-induced pain have also been suggested. For instance, Chiu et al. [15] recently

demonstrated that Staphylococcus aureus can directly activate nociceptor neurons through

elaboration of a pore-forming toxin (α-hemolysin) that can generate action potentials in these

cells through pathological ion influx. Beyond S. aureus, bacterial pathogens secrete diverse

pore-forming proteins that facilitate cytotoxicity by targeting host-cell membranes [16]. They

are often referred to as ‘hemolysins’ for historical reasons—in that erythrocyte lysis (i.e. β-

hemolysis) is often observed when these organisms are cultured on blood agar—although

these proteins can likewise form pores in other cellular targets (for instance, white blood cells

and platelets [17]). In this context, it is noteworthy that hemolytic activity has been associated

with cultured strains of P. acnes, including isolates from orthopedic joint infections [18].

Accordingly, we hypothesized that P. acnes also expresses pore-forming proteins during

chronic intervertebral disc infection/colonization, directly interacting with sensory neurons

and contributing to symptoms of CLBP. The current study explores this hypothesis by assess-

ing the hemolytic activity of P. acnes strains obtained from three independent studies. In the

first study, Capoor et al. [14] assessed the presence of P. acnes in degenerated disc tissue

obtained from 368 patients who underwent microdiscectomies. Of these, 119 (32.3%) were

positive for P. acnes by culture (>1 colony-forming unit (CFU)/g). Only the 38 P. acnes-posi-

tive disc tissue samples with>1000 CFU/g were examined in this study. In the second study,

Rollason et al. [19] assessed the presence of P. acnes in degenerated disc tissue obtained from

64 patients diagnosed with lumbar disc herniation who underwent discectomy surgery. Disc

samples obtained from 24 (38%) of these patients tested positive for P. acnes by culture (1–150

CFU per sample). We were able to obtain 67 separate P. acnes isolates recovered from these tis-

sues for use in this study. In the third study, Albert et al.[20] assessed the presence of P. acnes
in degenerated disc tissue obtained from 61 patients who underwent primary surgery at a sin-

gle spinal level for disc herniation. Anaerobic cultures were positive in 26 (43%) of these

patients. We were able to obtain P. acnes-positive disc tissue samples for this study.

Materials and methods

At the time of the three independent studies, Capoor et al. [14], Rollason et al. [19] and Albert

et al. [20], each received Ethics Committee approval and the respective studies were approved
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by the Institutional Review Boards of the participating hospitals. Further, written informed

consents were obtained from each patient participating in the respective studies.

β-Hemolytic activity of disc tissue and disc tissue homogenates

Homogenates (a total of 38) from disc tissue samples obtained during a previous study by Capoor

et al.[14], along with several solid fragments of intervertebral disc tissue, were directly inoculated

on the surface of Wilkins-Chalgren Anaerobe Agar containing 7% sheep’s blood and vitamin K

(Hi Media Laboratories) and then incubated at 37˚C for 14 days under anaerobic conditions. Pos-

itive hemolysis was recorded if complete zones of clearance were observed on these plates.

Frozen intervertebral disc tissue samples excised from lumbar disc herniations by Albert

et al.[20] were used to inoculate plates made using Columbia blood agar containing 7% (v/v)

defibrinated sheep’s blood. These plates were incubated as described above. Positive hemolysis

was recorded if complete zones of clearance were observed.

β-Hemolytic activity and phylotyping of P. acnes strains isolated from disc

tissue

Fifty-one colonies were selected visually (depending upon the hemolytic characteristics

observed) from the 38 P. acnes-positive disc tissue homogenates studied by Capoor et al. [14].

Hemolytic activity was assessed using Columbia Blood Agar Base (Oxoid) supplemented with

7% sheep erythrocytes that had been washed with phosphate-buffered saline. These plates were

incubated as described above. Positive hemolysis was recorded if complete zones of clearance

were observed on agar plates. These samples were subjected to multiplex PCR typing to deter-

mine their phylogroups [21, 22]. Where a sample had both hemolytic and non-β-hemolytic

colonies, more than one colony was selected for multiplex PCR typing.

A hemolytic P. acnes strain from the Collection of Microorganisms (Department of Micro-

biology, Faculty of Medicine, Masaryk University) isolated phylotype IB from clinical material

was used as a positive control to evaluate hemolytic activity. For phylotyping of our isolates,

we utilized Nagy et al.’s methodology [21], which we tested for accuracy against the set of clini-

cal P. acnes isolates from the Collection of Microorganisms.

The sixty-seven P. acnes isolates obtained from Rollason et al. [19] had already been sub-

jected to phylogroup analysis using recA sequencing and monoclonal antibody typing. Hemo-

lytic activity was assessed using Columbia blood agar supplemented with 7% (v/v) defibrinated

sheep’s blood. These plates were incubated as described above. Positive hemolysis was

recorded if complete zones of clearance were observed on agar plates.

Identification of bacteria

Capoor et al. utilized matrix-assisted laser desorption/ionization–time of flight mass spectrom-

etry (MALDI-TOF MS) for identification of P. acnes, Rollason et al. utilized 16S rRNA-based

PCR, and Albert et al. utilized (API) biochemical analysis using the Rapid ID 32A kit and by

16S rDNA PCR.

Results

β-hemolytic activity observed in cultured disc tissue homogenate

Homogenates from the 38 disc tissue samples available from the study by Capoor et al. [14]

were used to inoculate blood agar plates that were subsequently incubated under anaerobic

conditions. Fragments of disc tissue were also streaked over the surface of the blood agar plates

before pressing and embedding into the agar surface for incubation. These samples could be
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most representative of the spinal condition since they were fresh tissue samples excised from

patients and cultured the same day. Additional disc tissue samples from the study be Albert

et al. [20] were similarly used to inoculate blood agar plates. Photographs of representative

plates are presented in Fig 1.

After anaerobic culture, 26 (68%) of the 38 plates inoculated with homogenates contained

colonies that showed β-hemolysis (clearing of the blood agar) as well as 12 (32%) plates with

colonies that displayed no hemolytic activity. Some of the bacterial colonies (subsequently

identified as P. acnes) derived from disc tissue fragments showed β-hemolysis, while others

showed either no hemolysis or a brown color likely caused by porphyrins produced by P.

acnes. Of the 26 hemolytic samples, 21 had P. acnes as the only bacteria isolated from the disc,

and 5 samples had additional bacteria cultured (2 S. haemolyticus, 1 S. pasteuri, 1 S. warneri,
and one with both P. granulosum and F. magna). Of the 12 non-hemolytic samples, 10 had P.

acnes as the only bacteria isolated form the disc, and 2 had additional bacteria cultured (1 P.

granulosum and one 1 S. epidermidus).

β-hemolytic activity and phylogroup analysis of P. acnes strains isolated

from disc tissue

To assess the in vitro hemolytic properties of disc-derived P. acnes strains, archived isolates

from two previous clinical studies were assessed. The results are presented in Table 1.

Fig 1. Hemolytic activity of P. acnes in infected intervertebral disc tissue. Fragments of disc tissue were streaked over the surface of the blood agar plates

before pressing and embedding into the agar surface for incubation. Some bacterial colonies (subsequently identified as P. acnes) show β-hemolysis (clearing

of the blood agar), others show no hemolysis and/or production of porphyrins as a dark brown pigmentation with no clearing of the blood agar. (A) Images

of hemolysis from intervertebral disc tissue obtained from Capoor et al. study [14]. (B) Images of hemolysis from herniated disc tissue received from Albert

et al. study [20].

https://doi.org/10.1371/journal.pone.0208144.g001
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A total of 51 morphologically distinct colonies were cultured from the 38 disc specimens

obtained from the study of Capoor et al. [14] Of note, whenever a single disc specimen yielded

both β-hemolytic and non-hemolytic colonies, all colony types from that specimen were

selected for inclusion here. Multiplex PCR typing was performed to assign the colonies to the

appropriate phylotype. For a majority of these samples, only the visibly dominant strain’s phy-

logroup was reported. As summarized in Table 1 and broken down according to phylogroup,

26 (51%) of the 51 strains were β-hemolytic (51%). The vast majority of the isolates from phy-

logroup I (including subgroups IA, IB and IC) were β-hemolytic, but all of the isolates from

phylogroup II were non-hemolytic. No isolates from phylogroup III were recovered. The

hemolysis pattern from the disc homogenates (Fig 1) corresponded 100% to the hemolysis pat-

tern of the P. acnes strains subsequently cultured from the same homogenates.

From the independent study of Rollason et al. [19], 67 additional disc-derived isolates of P.

acnes, which had bend assigned phylotypes in the original study, were obtained for hemolysis

profiling. These isolates were included here irrespective of their original quantitative abun-

dance from disc cultures. As summarized in Table 1, 20 (30%) of the 67 isolates were β-hemo-

lytic. As seen with the samples from Capoor et al.’s study [14], the vast majority of the samples

from phylogroup I (IA and IB, in this dataset) were β-hemolytic, while all of the strains from

phylogroup II were non-hemolytic. Seven strains from phylogroup III were present in this

sample set, and all of them were also found to be non-hemolytic.

Discussion

A substantial portion of the P. acnes strains tested in this study (46 [39%] of 118) displayed β-

hemolytic activity in culture. This is higher than the percentage observed by Wright et al. [24],

who noted that 22 (21%) of 106 P. acnes strains obtained from sterile body sites exhibited

hemolytic activity with sheep blood. However, it is a lower percentage than that observed by

Nodzo et al. [18], who found that 13 (59%) of 22 P. acnes strains isolated from patients who

had undergone shoulder arthroplasty exhibited hemolytic activity. Follow-up studies by Boyle

et al. [25] and Mahylis et al. [26] found that 16 (52%) of 31 and 20 (51%) of 39, respectively,

isolates from patients who had undergone shoulder arthroplasty exhibited hemolytic activity.

When the results of all these studies are added together, 37% of clinical P. acnes isolates have

exhibited hemolytic activity, suggesting that the results of this study are typical of P. acnes
strains isolated from samples obtained in surgical settings.

In healthy adult humans and animals, nerves do not extend beyond the outer third of the

annulus fibrosus. However, Freemont et al. [5] have demonstrated the presence of nerves,

including those that express the Substance P (a nociceptive neurotransmitter), in the inner

third of the annulus fibrosus, the nucleus pulposus, or both, of patients with chronic low back

pain. Infection of these tissues with P. acnes would place the infecting bacteria in proximity of

Table 1. Phylogroup-specific distribution of β-hemolysis among P. acnes isolated from disc tissue.

P. acnes strains from Capoor et al.[8] P. acnes strains from Rollason et al.[23]

Phylogroup Number of isolates Number (%) positive for β-hemolysis Number of isolates Number (%) positive for β-hemolysis

IA1 20 16 (80%) 19 16 (84%)

IB 10 9 (90%) 6 4 (67%)

IC 1 1 (100%) 0 -

II 20 0 (0%) 35 0 (0%)

III 0 - 7 0 (0%)

Total 51 26 (51%) 67 20 (30%)

https://doi.org/10.1371/journal.pone.0208144.t001
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these ingrown nociceptive nerves, raising the potential for an interaction between P. acnes and

nociceptive neurons that results in pain (Fig 2). Chiu et al. [15] have relatively recently shown,

using a mouse model, that S. aureus induces calcium flux and action potentials in sensory neu-

rons that modulate inflammation through the secretion of N-formylated peptides and the

pore-forming toxin α-hemolysin. Mechanical and thermal hyperalgesia in these mice corre-

lated with live bacterial load rather than with tissue swelling or immune activation. Thus, a rea-

sonable mechanism by which chronic P. acnes infection of one or more intervertebral discs

might induce CLBP is the ability of P. acnes to secrete pore-forming toxins like the α-hemoly-

sin of S. aureus (Fig 2B). The microbiological findings presented here confirmed that (pore-

forming) hemolytic factors are associated with disc tissue, disc homogenates, and P. acnes iso-

lates obtained from patients undergoing discectomy. These findings support the hypothesis

that chronic low back pain may, in some cases, be associated with P. acnes infection of the

intervertebral disc and that this pain may correlated with live bacterial load.

The concept of direct microbe-mediated nociceptor stimulation rather than biomechanical

problems being the mode of CLBP-generation would bridge several logical gaps. For one, it

would explain how an “undercover” infectious colonization of the very particular physiological

and biochemical environment within degenerative human discs could lead to low back pain

presenting a clinically obvious pyogenic infection, as would be seen with other pathogens. In

addition, the discovery of a dedicated nervous supply to the vertebral body and to the end-

plates not only provides explanations for how vertebroplasty can reduce fracture-related back

pain–it also offers an explanation for how inflammatory endplate-related changes of adjacent

bone marrow (Modic Type 1 changes) might correlate with low back pain. A dense nociceptive

innervation of the vertebral endplate and the histochemical finding of Substance P in the

related afferences [27–29] clearly indicate that not only secondary ingrowth of nerve fibers

into degenerative annulus defects but also the vertebral endplate itself are potential targets for

such a pain-generating mechanism. An early interventional study [30] demonstrated that so-

called discogenic pain can be treated by interruption of the basivertebral nerve. All these data

support the need for more research and a better understanding of what chronic low back pain

really is and which pathophysiological processes are the most frequent causes.

Phylotyping of the P. acnes isolates obtained from resected disc tissues showed that isolates

from phylogroups II and IA were dominant, while isolates from phylogroups IB, IC and III

were present in much smaller numbers. Although these results are somewhat different from

the initial observations of McDowell et al. [22], who observed a much larger proportion of

phylotype III isolates, the results presented here were obtained using a much larger number of

disc tissue samples. Hemolytic activity was restricted to those isolates from phylogroup I,

including phylogroups IA, IB, and IC; the substantial number of phylogroup II isolates and the

small number of phylogroup III isolates showed no hemolytic activity (Table 1). These results

are consistent with those of McDowell et al. [31] and underline the need for more detailed

study of the potential pore-forming toxins of P. acnes and their phylogroup distributions.

On a true etiologic level, the presence of a P. acnes toxin (even within a disc) is not complete

evidence that it is performing the physiologic function we hypothesize. In vitro experiments,

in which P. acnes culture supernatant (or recombinant pore-forming exotoxin) could be

applied to a neuronal tissue culture model, are needed to examine the effect of P. acnes pro-

teins on depolarization. Identifying the genes responsible for the ability of P. acnes to form

pores in neuronal membranes would require knock-in/knock-out experiments with putative

hemolysin genes. Mutagenesis models of P. acnes CAMP genes have been developed [32], and

a similar model could be applied to generate P. acnes hemolysin knockouts, which could be

evaluated using designs analogous to those used in the previous animal model studies [15].

Ultimately, such strains might also be investigated in an animal model of P. acnes discitis [33].
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Such a model could be established to assesses “pain” and not simply proliferation of bacteria

within the disc.

To investigate when and how hemolysin genes are secreted, the elaboration of pore-form-

ing exotoxins should be studied under diverse growth conditions (e.g. planktonic exponential,

planktonic stationary, surface-associated biofilm). Protein expression within a disc may be dif-

ferent from all growth conditions tested, and resected disc tissue would need to be evaluated to

represent in situ conditions. In addition, clinical studies could be proposed in patients under-

going microdiscectomy for disc herniation. Validated microbiological detection of P. acnes in

the extracted disc tissue would be pursued with the two principal aims being: (i) evaluation of

the association between P. acnes hemolytic activity in the infected disc tissue and pre-operative

pain scores, and (ii) determination of the pore-forming factors expressed in the disc tissue

specimens and evaluation of their association with pre-operative pain scores.

The presence of genetic code for putative hemolysins in virtually all known P. acnes
genomes, as well as the hitherto not well-appreciated formation of hemolytic zones on micro-

biological culture plates growing P. acnes from human discs, should make spinal researchers

think deeper and with renewed curiosity. It will be of great importance to test disc material

that is obtained during surgery for hemolytic activity in a larger, prospective series. With

regard to the suggested use of fresh tissue, a possible limitation of the current study is that it

utilized frozen intervertebral disc tissue. If the initial observations presented here were to hold

true in these series, such observations would support the pathogenicity of (low-grade infected)

nucleus material. It would help explain why in many patients, nucleus fragments that do not

exert a significant mechanical compression on the affected nerve root on imaging can still

cause such intense radiculopathy.

Future studies could employ hemolytic assays directly on disc tissue material, proteomics

using mass spectrometry on the crude disc tissue homogenate to assess whether hemolysins

are expressed, mass spectrometry on liquid culture supernatants for secretome analysis, and

qRT-PCR or RNA-seq for expression analysis. Hemolysin gene secretion, including assess-

ment of the type I secretion system that does not require signal peptide, could also be studied.
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Raz, Holger Brüggemann, Peter A. Lambert, Vincent A. Fischetti, Ondrej Slaby.

References
1. Collaborators USBoD. The state of US health, 1990–2016: Burden of diseases, injuries, and risk factors

among US states. JAMA. 2018; 319(14):1444–72. https://doi.org/10.1001/jama.2018.0158 PMID:

29634829

2. Neuhauser H, Ellert U, Ziese T. [Chronic back pain in the general population in Germany 2002/2003:

prevalence and highly affected population groups]. Gesundheitswesen. 2005; 67(10):685–93. https://

doi.org/10.1055/s-2005-858701 PMID: 16235136

3. Dijken CB-v, Fjellman-Wiklund A, Hildingsson C. Low back pain, lifestyle factors and physical activity: a

population based-study. J Rehabil Med. 2008; 40(10):864–9. https://doi.org/10.2340/16501977-0273

PMID: 19242625

4. Garcia JBS, Hernandez-Castro JJ, Nunez RG, Pazos MAR, Aguirre JO, Jreige A, et al. Prevalence of

low back pain in Latin America: a systematic literature review. Pain Physician. 2014; 17(5):379–91.

PMID: 25247896

5. Freemont AJ, Peacock TE, Goupille P, Hoyland JA, O’Brien J, Jayson MIV. Nerve ingrowth into dis-

eased intervertebral disc in chronic back pain. Lancet. 1997:178–81. https://doi.org/10.1016/S0140-

6736(97)02135-1

6. Stirling A, Worthington T, Rafiq M, Lambert PA, Elliott TS. Association between sciatica and Propioni-

bacterium acnes. Lancet. 2001; 357(9273):2024–5. https://doi.org/10.1016/S0140-6736(00)05109-6

PMID: 11438138.

7. Aghazadeh J, Salehpour F, Ziaeii E, Javanshir N, Samadi A, Sadeghi J, et al. Modic changes in the

adjacent vertebrae due to disc material infection with Propionibacterium acnes in patients with lumbar

disc herniation. Eur Spine J. 2016. https://doi.org/10.1007/s00586-016-4887-4 PMID: 27885471.

8. Capoor MN, Ruzicka F, Machackova T, Jancalek R, Smrcka M, Schmitz JE, et al. Prevalence of Propio-

nibacterium acnes in Intervertebral Discs of Patients Undergoing Lumbar Microdiscectomy: A Prospec-

tive Cross-Sectional Study. PLoS One. 2016; 11(8):e0161676. https://doi.org/10.1371/journal.pone.

0161676 PMID: 27536784; PubMed Central PMCID: PMCPMC4990245.

9. Coscia MF, Denys GA, Wack MF. Propionibacterium acnes, Coagulase-Negative Staphylococcus, and

the "Biofilm-like" Intervertebral Disc. Spine (Phila Pa 1976). 2016; 41(24):1860–5. Epub 2016/09/27.

https://doi.org/10.1097/BRS.0000000000001909 PMID: 27669046; PubMed Central PMCID:

PMCPMC5158091.

10. Javanshir N, Salehpour F, Aghazadeh J, Mirzaei F, Naseri Alavi SA. The distribution of infection with

Propionibacterium acnes is equal in patients with cervical and lumbar disc herniation. Eur Spine J.

2017. https://doi.org/10.1007/s00586-017-5219-z PMID: 28712017.

11. Rigal J, Thelen T, Byrne F, Cogniet A, Boissiere L, Aunoble S, et al. Prospective study using anterior

approach did not show association between Modic 1 changes and low grade infection in lumbar spine.

Eur Spine J. 2016; 25(4):1000–5. Epub 2016/01/29. https://doi.org/10.1007/s00586-016-4396-5 PMID:

26818032.

12. Urquhart DM, Zheng Y, Cheng AC, Rosenfeld JV, Chan P, Liew S, et al. Could low grade bacterial infec-

tion contribute to low back pain? A systematic review. BMC Med. 2015; 13:13. https://doi.org/10.1186/

s12916-015-0267-x PMID: 25609421; PubMed Central PMCID: PMCPMC4320560.

13. Ganko R, Rao PJ, Phan K, Mobbs RJ. Can bacterial infection by low virulent organisms be a plausible

cause for symptomatic disc degeneration? A systematic review. Spine (Phila Pa 1976). 2015; 40(10):

E587–92. Epub 2015/05/09. https://doi.org/10.1097/BRS.0000000000000832 PMID: 25955094.

14. Capoor MN, Ruzicka F, Schmitz JE, James GA, Machackova T, Jancalek R, et al. Propionibacterium

acnes biofilm is present in intervertebral discs of patients undergoing microdiscectomy. PLoS One.

2017; 12(4):e0174518. Epub 2017/04/04. https://doi.org/10.1371/journal.pone.0174518 PMID:

28369127; PubMed Central PMCID: PMCPMC5378350.

Importance of Propionibacterium acnes hemolytic activity in human intervertebral discs

PLOS ONE | https://doi.org/10.1371/journal.pone.0208144 November 29, 2018 9 / 10

https://doi.org/10.1001/jama.2018.0158
http://www.ncbi.nlm.nih.gov/pubmed/29634829
https://doi.org/10.1055/s-2005-858701
https://doi.org/10.1055/s-2005-858701
http://www.ncbi.nlm.nih.gov/pubmed/16235136
https://doi.org/10.2340/16501977-0273
http://www.ncbi.nlm.nih.gov/pubmed/19242625
http://www.ncbi.nlm.nih.gov/pubmed/25247896
https://doi.org/10.1016/S0140-6736(97)02135-1
https://doi.org/10.1016/S0140-6736(97)02135-1
https://doi.org/10.1016/S0140-6736(00)05109-6
http://www.ncbi.nlm.nih.gov/pubmed/11438138
https://doi.org/10.1007/s00586-016-4887-4
http://www.ncbi.nlm.nih.gov/pubmed/27885471
https://doi.org/10.1371/journal.pone.0161676
https://doi.org/10.1371/journal.pone.0161676
http://www.ncbi.nlm.nih.gov/pubmed/27536784
https://doi.org/10.1097/BRS.0000000000001909
http://www.ncbi.nlm.nih.gov/pubmed/27669046
https://doi.org/10.1007/s00586-017-5219-z
http://www.ncbi.nlm.nih.gov/pubmed/28712017
https://doi.org/10.1007/s00586-016-4396-5
http://www.ncbi.nlm.nih.gov/pubmed/26818032
https://doi.org/10.1186/s12916-015-0267-x
https://doi.org/10.1186/s12916-015-0267-x
http://www.ncbi.nlm.nih.gov/pubmed/25609421
https://doi.org/10.1097/BRS.0000000000000832
http://www.ncbi.nlm.nih.gov/pubmed/25955094
https://doi.org/10.1371/journal.pone.0174518
http://www.ncbi.nlm.nih.gov/pubmed/28369127
https://doi.org/10.1371/journal.pone.0208144


15. Chiu IM, Heesters BA, Ghasemlou N, Von Hehn CA, Zhao F, Tran J, et al. Bacteria activate sensory

neurons that modulate pain and inflammation. Nature. 2013; 501(7465):52–7. https://doi.org/10.1038/

nature12479 PMID: 23965627; PubMed Central PMCID: PMCPMC3773968.

16. Bubeck Wardenburg J, Patel RJ, Schneewind O. Surface proteins and exotoxins are required for the

pathogenesis of Staphylococcus aureus pneumonia. Infect Immun. 2007; 75(2):1040–4. https://doi.org/

10.1128/IAI.01313-06 PMID: 17101657; PubMed Central PMCID: PMCPMC1828520.

17. Otto M. Staphylococcus aureus toxins. Curr Opin Microbiol. 2014; 17:32–7. https://doi.org/10.1016/j.

mib.2013.11.004 PMID: 24581690; PubMed Central PMCID: PMCPMC3942668.

18. Nodzo SR, Hohman DW, Crane JK, Duquin TR. Hemolysis as a clinical marker for propionibacterium

acnes orthopedic infection. Am J Orthop (Belle Mead NJ). 2014; 43(5):E93–7. Epub 2014/05/20. PMID:

24839635.

19. Rollason J, McDowell A, Albert HB, Barnard E, Worthington T, Hilton AC, et al. Genotypic and antimi-

crobial characterisation of Propionibacterium acnes isolates from surgically excised lumbar disc hernia-

tions. Biomed Res Int. 2013; 2013:530382. Epub 2013/09/26. https://doi.org/10.1155/2013/530382

PMID: 24066290; PubMed Central PMCID: PMCPMC3771251.

20. Albert HB, Lambert P, Rollason J, Sorensen JS, Worthington T, Pedersen MB, et al. Does nuclear tis-

sue infected with bacteria following disc herniations lead to Modic changes in the adjacent vertebrae?

Eur Spine J. 2013; 22(4):690–6. Epub 2013/02/12. https://doi.org/10.1007/s00586-013-2674-z PMID:

23397187; PubMed Central PMCID: PMCPMC3631023.

21. Barnard E, Nagy I, Hunyadkurti J, Patrick S, McDowell A. Multiplex touchdown PCR for rapid typing of

the opportunistic pathogen Propionibacterium acnes. J Clin Microbiol. 2015; 53(4):1149–55. https://doi.

org/10.1128/JCM.02460-14 PMID: 25631794; PubMed Central PMCID: PMCPMC4365214.

22. McDowell A, Perry AL, Lambert PA, Patrick S. A new phylogenetic group of Propionibacterium acnes. J

Med Microbiol. 2008; 57(Pt 2):218–24. https://doi.org/10.1099/jmm.0.47489-0 PMID: 18201989.

23. Sandhu GK, Acton L, Morozov I, Aldsworth T, Lambert PA, Worthington T, et al. Exocellular Enzyme

Production by Propionibacterium acnes In Association With Lumbar Disc Herniation. Poster session

presented at: The Microbiology Society Annual Conference 2017; 2017 Apr 03–06; 2017 Apr 03–06;

Edinburgh, UK.

24. Wright TE, Boyle KK, Duquin TR, Crane JK. Propionibacterium acnes Susceptibility and Correlation

with Hemolytic Phenotype. Infect Dis (Auckl). 2016; 9:39–44. https://doi.org/10.4137/IDRT.S40539

PMID: 27773990; PubMed Central PMCID: PMCPMC5063917.

25. Boyle K, Nodzo S, Wright T, Crane JK, Duquin TR. Hemolysis is a diagnostic adjuvant for Propionibac-

terium acnes orthopaedic shoulder infection. J Shoulder Elbow Surg. 2017; 26(5):e161–e2.

26. Mahylis JM, Entezari V, Iannotti JP, Karichu J, Richter S, Derwin KA, et al. Hemolytic strains of Propioni-

bacterium acnes do not demonstrate greater pathogenicity in periprosthetic shoulder infections. J

Shoulder Elbow Surg. 2018; 27:1097–104. https://doi.org/10.1016/j.jse.2017.12.025 PMID: 29472140

27. Antonacci MD, Mody DR, Heggeness MH. Innervation of the human vertebral body: a histologic study.

J Spinal Disord. 1998; 11(6):526–31. PMID: 9884299.

28. Bailey JF, Liebenberg E, Degmetich S, Lotz JC. Innervation patterns of PGP 9.5-positive nerve fibers

within the human lumbar vertebra. J Anat. 2011; 218(3):263–70. https://doi.org/10.1111/j.1469-7580.

2010.01332.x PMID: 21223256; PubMed Central PMCID: PMCPMC3058212.

29. Fras C, Kravetz P, Mody DR, Heggeness MH. Substance P-containing nerves within the human verte-

bral body. an immunohistochemical study of the basivertebral nerve. Spine J. 2003; 3(1):63–7. PMID:

14589248.

30. Becker S, Hadjipavlou A, Heggeness MH. Ablation of the basivertebral nerve for treatment of back pain:

a clinical study. Spine J. 2017; 17(2):218–23. https://doi.org/10.1016/j.spinee.2016.08.032 PMID:

27592808.

31. McDowell A, Barnard E, Nagy I, Gao A, Tomida S, Li H, et al. An expanded multilocus sequence typing

scheme for Propionibacterium acnes: Investigation of ‘pathogenic’, ‘commensal’ and antibiotic resistant

strains. PLOS ONE. 2012; 7(7):e41480. https://doi.org/10.1371/journal.pone.0041480 PMID:

22859988

32. Sorensen M, Mak TN, Hurwitz R, Ogilvie LA, Mollenkopf HJ, Meyer TF, et al. Mutagenesis of Propioni-

bacterium acnes and analysis of two CAMP factor knock-out mutants. J Microbiol Methods. 2010; 83

(2):211–6. https://doi.org/10.1016/j.mimet.2010.09.008 PMID: 20850482.

33. Dudli S, Liebenberg E, Magnitsky S, Lu B, Lauricella M, Lotz JC. Modic type 1 change is an autoimmune

response that requires a proinflammatory milieu provided by the "Modic disc". Spine J. 2017. https://doi.

org/10.1016/j.spinee.2017.12.004 PMID: 29253635.

Importance of Propionibacterium acnes hemolytic activity in human intervertebral discs

PLOS ONE | https://doi.org/10.1371/journal.pone.0208144 November 29, 2018 10 / 10

https://doi.org/10.1038/nature12479
https://doi.org/10.1038/nature12479
http://www.ncbi.nlm.nih.gov/pubmed/23965627
https://doi.org/10.1128/IAI.01313-06
https://doi.org/10.1128/IAI.01313-06
http://www.ncbi.nlm.nih.gov/pubmed/17101657
https://doi.org/10.1016/j.mib.2013.11.004
https://doi.org/10.1016/j.mib.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24581690
http://www.ncbi.nlm.nih.gov/pubmed/24839635
https://doi.org/10.1155/2013/530382
http://www.ncbi.nlm.nih.gov/pubmed/24066290
https://doi.org/10.1007/s00586-013-2674-z
http://www.ncbi.nlm.nih.gov/pubmed/23397187
https://doi.org/10.1128/JCM.02460-14
https://doi.org/10.1128/JCM.02460-14
http://www.ncbi.nlm.nih.gov/pubmed/25631794
https://doi.org/10.1099/jmm.0.47489-0
http://www.ncbi.nlm.nih.gov/pubmed/18201989
https://doi.org/10.4137/IDRT.S40539
http://www.ncbi.nlm.nih.gov/pubmed/27773990
https://doi.org/10.1016/j.jse.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29472140
http://www.ncbi.nlm.nih.gov/pubmed/9884299
https://doi.org/10.1111/j.1469-7580.2010.01332.x
https://doi.org/10.1111/j.1469-7580.2010.01332.x
http://www.ncbi.nlm.nih.gov/pubmed/21223256
http://www.ncbi.nlm.nih.gov/pubmed/14589248
https://doi.org/10.1016/j.spinee.2016.08.032
http://www.ncbi.nlm.nih.gov/pubmed/27592808
https://doi.org/10.1371/journal.pone.0041480
http://www.ncbi.nlm.nih.gov/pubmed/22859988
https://doi.org/10.1016/j.mimet.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20850482
https://doi.org/10.1016/j.spinee.2017.12.004
https://doi.org/10.1016/j.spinee.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29253635
https://doi.org/10.1371/journal.pone.0208144

