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Surgical revision in the presence of an
S. aureus infection increases virulence
factor expression and activates a multi-
tissue inflammatory response

Check for updates
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Replacing implantedmedical hardware due to infection often requires one or more revision surgeries.
Each surgery triggers a tissue injury response and disrupts the established bacterial biofilm. However,
the complex tissue response to reinjury and biofilm disturbance is not well understood. Our results
show that with an existing infection, immunological niches such as the bone marrow, lymph nodes,
and circulating blood further upregulate pro-inflammatory programs in response to revision. Rather
than reducing bacterial burden, this heightened inflammation provokes virulence factor expression
and tissue damage, including bone osteolysis and muscle fibrosis. While muscle fibrosis appears
transient and begins resolving by 14 days post-revision, osteolysis continues to progress. This study
defines the timing and pathophysiology of coordinated multi-tissue responses to revision during
infection. Understanding how host–pathogen interactions influence tissue recovery after revision can
help identify risks and guide interventions that minimize damage and maximize bacterial clearance.

Surgery for traumatic fracture repair or arthroplasty often requires the
implantation of stainless steel or titanium hardware components1. The
use of implanted material in the surgical site drives an increased risk for
infection as abiotic materials are rapidly coated with serum proteins,
creating an ideal surface for bacteria to colonize and form a biofilm2.
While free-floating (planktonic) bacteria are susceptible to immune
defenses and antibiotics, bacteria in a biofilm community surrounded by
a matrix of extracellular polymeric substances (EPS) are far less
susceptible3–7. The EPS barrier is composed of proteins, polysaccharides,
and nucleotides which limit the diffusion of antibiotics and physically
block innate immune effectors from reaching the encased bacteria8,9.
Bacteria within biofilms also employ active defenses by producing
virulence factors which molecularly thwart the immune response and
limit antibiotic efficacy, further promoting pathogen survival10–13. One of
the most common biofilm-forming bacteria in implant-associated
infection is Staphylococcus aureus (S. aureus), which includes both
methicillin-sensitive (MSSA) and resistant (MRSA) strains2,14. In fact,
antibiotic-resistant strains of pathogenic bacteria now constitute the

majority of orthopedic infections, presenting significant clinical chal-
lenges that reduce the number of available treatment options15.

The standard treatment for infected hardware involves a revision
surgery to remove dead and infected tissue, followed by replacement of
the biofilm-coated hardware16,17. In the United States, a two-stage
revision (2 surgeries) is the most common procedure16,17. At the first
surgery, the infected implant is removed, and antibiotics are admi-
nistered both locally (loaded within a cement spacer) and systemically
to kill hidden bacteria18. Sometime later (usually several weeks), when
the bacteria are considered cleared, a second surgery is performed to
reimplant the new hardware18. In Europe, a one-stage revision surgery
where the infected hardware is removed and replaced in a single pro-
cedure is more common16,17. A third option, called the “DAIR” pro-
cedure (debridement, antibiotics, and implant retention), where the
implanted hardware remains in place, is also considered in certain
cases19. The benefits of DAIR are a shorter surgical procedure, better
preservation of the bone structure, and faster postoperative recovery.
Unfortunately, this strategy results in comparatively lower success
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rates (30-80%)19. Conversely, both one-stage and two-stage revisions
have broadly comparable patient outcomes with reinfection rates of
15-20%16–18,20. Importantly, one-stage revision is typically offered
under stricter selection criteria (e.g., identified susceptible organism,
good soft-tissue envelope, no sinus tract), while two-stage remains the
historical ‘gold standard’ used for more complex or higher-risk pre-
sentations. This difference may explain why overall “success” can
appear higher for two-stage despite similar reinfection figures in well-
selected one-stage cohorts21,22. In all cases, patients are placed on long-
term courses of systemic antibiotics combined with antibiotic-loaded
cements to eliminate the remaining bacteria and prevent reinfection23.

While surgical intervention for infected hardware is the accepted
standard of care, the process of making an incision and debriding
necrotic tissue is not without consequences. The process of freshly
wounding infected tissue not only activates local and systemic
responses but also disrupts biofilms. Studies investigating the complex
multi-tissue and bacterial responses to surgery – both immediately and
over time – are limited. In fact, most studies only address the effects of
infection and/or infection mitigation on bone-related processes. More
recent studies on bone infection have detailed the ability of S. aureus to
invade the osteocyte lacuna-canalicular network (OLCN) either
directly through bone injury or indirectly through other
mechanisms24–26. For example, infected “trojan horse macrophages”
can carry bacteria into themarrow and release them25.With this access,
individual bacteria can squeeze into and through the OLCN to infect
osteocytes26. Osteocyte death then leaves empty lacunae which create
pockets where dormant bacteria reside, becoming reactivated as bone
is resorbed through remodeling24–27. These types of detailed studies
have not been routinely extended to the surrounding periprosthetic
tissues, nor do they explore the coordinated multi-tissue and systemic
responses.

Indeed, the impact of implant and hardware-associated infection
on other tissues beyond bone is not well understood. While it is known
that infection and persistent inflammation can compromise bone
marrow function, resulting in fibrosis and reduced hematopoietic
function, the extent and timing of this disruption and how fast recovery
occurs is unknown28. Interestingly, skeletal muscles, which lay in direct
contact with bone and hardware-associated biofilms, are typically
resistant to bacterial invasion29. However, during revision surgery,
muscle fibers and fascial planes are separated or cut, providing access
for bacteria to enter30. Despite this, how the muscle tissue and nearby
immune cells respond to surgical injury and biofilm disruption
remains less well known. Finally, while it is well established that S.
aureus virulence factor expression is highly dynamic and can be dra-
matically affected by changes to the environment or biofilm disruption
in vitro, little work has been done to investigate the in vivo response31,32.
It is likely that the response to surgical intervention for infection is not
determined by any one of these individual sites, but through the
coordinated response of all affected tissues. Importantly, under-
standing each tissue’s response and contribution to infection eradi-
cation and healing could better predict the outcome of revision
surgeries.

This investigation focuses on understanding the complex patho-
physiology of host–pathogen responses to revision surgery across
multiple tissue niches, both in direct contact with infected implants and
at more distal sites. We hypothesize that surgical revision in the context
of active infection provokes a coordinated, tissue-specific inflammatory
response that fails to reduce bacterial burden but instead enhances
bacterial virulence and drives long-term tissue damage. To test this, we
used a rat model of surgical revision for hardware-associated biofilm
infection and performed temporal profiling to capture the molecular
interplay between S. aureus and surrounding tissues, including bone,
muscle, bone marrow, lymphoid tissue, and blood. Taken together, the
findings from this studymay help inform the timing of interventions and

strategies to prevent or mitigate some of the devastating outcomes fol-
lowing revision surgery.

Results
Bacteria colonize hardware and infiltrate all surrounding tissues
within seven days of initial infection
To study thehost immune andpathogen responses to infection in individual
tissues after surgical revision, we developed a rat model of bone and hard-
ware infection. In this model, at index surgery, infection is established by
delivering 105 colony forming units (CFUs) S. aureus on a collagen sponge
placed over an implant along the femur (Fig. 1A). The hardware, muscle,
lymph nodes (draining and contralateral), and bone with marrow were
assessed after 7 days to confirm biofilm growth and tissue pathophysiology
(Fig. 1B). Established infection was grossly confirmed by the presence of
necrotic tissue, swelling, and purulent material at the level of the muscle
tissue or wound fluid at the level of the implants (Fig. 1C). Counts of 5-6
log10 CFU confirmed comparable bacterial colonization in both the muscle
tissue and on hardware after 7 days of infection (Fig. 1D).

We usedmuscle tissue histology to determine the extent of infection
after 7 days. Sections stained with Brown and Hopps, a modified Gram
stain, in Fig. 1E highlighted Gram-positive S. aureus bacteria (yellow
arrows) within both fibrotic regions (found adjacent to the incision site)
and deeper in the tissue between the muscle myofibrils. Picrosirius red
staining delineated the red areas of muscle fibrosis (indicating tissue
damage) from healthy muscle fibers (yellow) (Fig. 1F). Although some
muscle tissue fibrosis is evident in uninfected rats after surgery alone,
there is a significant ~3-fold increase in the depth of fibrotic tissue
associated with infection (Fig. 1G)33–35. Molecular changes observed by
RNA sequencing in the infectedmuscle compared to the uninfected after
7 days showed an upregulation of immune and inflammatory responses
including: the adaptive immune response, innate immune functions like
granulocyte migration, and the inflammatory response (Fig. 1H).
Downregulated processes associated with infection primarily include
muscle adaptation, vesicle transport, and energy homeostasis processes
(Fig. 1I).

We next compared bone and bone marrow pathology after 7 days of
infection using trichrome staining to assess structural changes and Brown
and Hopps staining to detect S. aureus infiltration. In both infected and
uninfected rats, the center hole (h, outlined) exhibits visible reactive bone
(rb), confirming bone remodeling at the surgical implant sites (Fig. 1J, K).
The cortical bone (cb) appears denser and less porous in the uninfected rats,
whereas in the infected rats, the cortical bone is expanded and seems to
exhibit more microcracks, which are stained dark purple with Brown and
Hopps stain as the fuchsin dye lodges in the cracks and binds the exposed
calcium-richbonematrix (Fig. 1J, K)36. Compared to the bonemarrow (ma)
of healthy rats, which demonstrates uniform cellularity populated by viable
cells, the marrow of infected rats shows depletion of cellular elements with
increased fibrotic tissue (Fig. 1J, K). In infected rats, planktonic bacteria
(yellow arrows) are present both dispersed throughout the bone marrow
and engulfed within phagocytes (Fig. 1K). Bacteria are also observed within
osteocytes and in empty lacunae (*) where healthy osteocytes usually reside
(Fig. 1K). These data indicate that at 7 days post-infection, both bone and
marrow are infiltrated with bacteria, with lesions indicating homeostatic
disturbance and compromised tissue.

While inflammatory cytokines are likely to peak in the blood serum
within 24–48 hours post-injury or infection,weuseda cytokine arrayELISA
to determine if the systemic serum response persisted after 7 days
(Table 1)37. Five cytokines were significantly upregulated after 7 days.
Infected rats had significantly increased CINC-2 (~61 fold), ICAM-1
(~18-fold), and L-selectin (~4 fold). These cytokines typically upregulate
neutrophil recruitment and inflammation and facilitate leukocyte recruit-
ment from circulation to the site of infection38–40. IL-1α, a cytokine that
triggers both local and systemic inflammatory immune responses, and
TIMP-1, a growth factor that modulates MMP and immune cell activity,
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were also significantly upregulated 38- and 3-fold respectively41,42. Together,
results from this model indicate that we have successfully established a
robust infection comprising the hardware, bone, and surrounding tissues.
Specifically, we observe early bacterial invasion of the bone and marrow,
colonization of the OLCN, and loss of osteocytes that are characteristic of
the pathology typically associated with a chronic orthopedic infection.

Invasion of osteocytes and marrow by S. aureus triggers pro-
gressive bone destruction and marrow fibrosis
After we determined that by 7 days a clear infection was established, we
performed revision surgery. Adequate levels of infectionwere confirmed for
each rat by determining the CFUs on the 2 screws implanted at index
surgery. At each end-term timepoint (6 h, Day 4, andDay 14 post-revision),
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CFUs were measured from both the hardware placed at revision and the
muscle tissue (Fig. 2A). There was a slight, but insignificant, decrease in
CFUs at 6 h post-revision, which was possibly associated with the rinse and
debridement procedures (Fig. 2B). By Day 4 the CFUs recovered to slightly
above revision levels at ~6.5 log10 and remained at that level until Day 14
(Fig. 2B). These results suggest that our model generates a stable, non-
resolving infection in both the muscle tissue and on the hardware.

An important clinical indication of biofilm infection is osteolysis43,44.
To confirm this physiological endpoint in our model, we used micro-CT
scanning to determine the extent of reactive bone formation and osteolysis
at Day 14. There was a visible increase in both the reactive periosteal bone
formation on the outside surface of the whole bone (shown in whole bone
image) and bone loss by osteolysis (shown in the transverse section) in the
infected femora compared to uninfected at Day 14 (Fig. 2C). Measurement
of the bone volume to total volume (BV/TV) ratio confirmed a significant
(p = 0.035) loss of cortical bone (Fig. 2D), but no significant change in
reactive bone formation (data not shown). We further confirmed, using
SEM to visualize the surface of the implanted lock-plate, the presence of a
mature biofilm byDay 14 (Fig. 2E). S. aureus cocci (black arrows) are visible
within a mesh-like extracellular material consistent with a biofilm matrix
(white arrows), with neutrophils (blue arrows) at the periphery that do not
appear to penetrate this layer (Fig. 2E).

We further determined bacterial localization using Brown and Hopps
histological staining (modified Gram stain). On Day 4 post-revision
numerous planktonic bacteria (green arrows) and some clumps are visible
along the periosteum and within the OLCN (Fig. 2F). Larger clumps of
biofilmwere observedfilling empty lacunae and coating the surfaces of dead
bone fragments (Fig. 2F). The marrow on Day 14 was disrupted with large
areas of fibrosis and numerous bacteria (Fig. 2F). Histological scoring
(Supplementary Table 1) of bacterial presence in the bone (Supplementary
Fig. 1) revealed a significant increase in bacterial clumping scores (p = 0.018)
on Day 4, but no difference on Day 14 compared to pre-revision (Fig. 2G).
The total infection score followed the same pattern with a significant
increase frompre-revision toDay 4 (p = 0.045) and no significant difference
between pre-revision and Day 14. These results suggest that bacterial
colonization of the bone is a continuous process, but that a steady statemay
be reachedover time. Finally,weusedTRAPstaining tovisualize osteoclasts.
These bone-resorbing cells are hyper-activated by bone injury and
inflammatory cytokines45,46. As expected, in areas of bone damage due to

screw insertion, or in areas of bacterial presence, large numbers of osteo-
clasts (dark red) are present regardless of the timepoint, with a significant
increase (p < 0.001) observed onDay 14 (Fig. 2H, I). This likely accounts for
the osteolysis observed and measured in bone at Day 14 post-revision
(Fig. 2C, D). Taken together, these results show that both the bone and the
bone marrow, a vital immunological niche, are compromised by bacteria,
and show no signs of resolution.

Lymph nodes significantly expand after revision surgery
The compromised bone marrow niche due to infection led us to explore the
draining lymph nodes – another immunological niche that is highly sensitive
to both local injury and infection. To assess the differential effect of the
revision surgery in the presence of S. aureus infection, we removed the
draining popliteal lymph nodes from both the operated and non-operated
limbs of the same rat and compared their weight at each timepoint
(Fig. 3A, B). Pre-revision, the weight of the operated limb lymph node
increased, but not significantly (p= 0.188) compared to the non-operated
limb (Fig. 3B). At 6 h (p = 0.031) and Day 4 (p= 0.031) post-revision there
were significant increases in the operated limb lymph node weights (Fig. 3B).
While there was no significant difference on Day 14 between the operated
and non-operated limb lymph nodes, there was greater variability in size and
fewer retrievable samples in the non-operated limb (Fig. 3A, B). Surgery had
no effect on lymph node weight in non-infected rat limbs (Supplementary
Fig. 2).

To further investigate the underlying cause of the surgically induced
lymph node enlargement, we used multiple histological staining techniques
to identify bacterial localization (Brown and Hopps), pathology (H&E), and
mast cell presence (toluidine blue). Importantly, before beginning our ana-
lysis, an H&E-stained section of a normal rat lymph node was used to define
the architecture, and each regionwas labeled (Fig. 3C). Representative Brown
and Hopps sections show bacteria localized in the capsule and lymphatic
vessels of the medulla on Day 4 (yellow arrows show planktonic bacteria)
(Fig. 3D). ByDay14, bacteria areno longer detectable in the lymphatic vessels
and are only visible in the capsular area (Fig. 3D).We thenusedH&E-stained
histological sections to determine how the lymph nodes structurally and
cellularly change in response to infection. Figure 3E shows representative
high-magnification images of lymph nodes with the capsule (c), lympho-
follicularnodules (outlines,n), andmedulla (m)areasdefined for infectedand
uninfected rats.Day 4 infected lymphnodes demonstrate features compatible
with a drainage reaction including cortical follicular lymphoid hyperplasia
with medullary plasmacytosis and expansion of the subcapsular and
medullary sinuses by edema and cell infiltrates including plasma cells, Mott
cells, macrophages, hemosiderophages, neutrophils, and mast cells (Fig. 3E).
Toluidine blue staining showed an abundance of mast cells (dark purple)
clustered together on bothDay 4 andDay 14 (black arrows) in themedulla of
infected lymph nodes, but dispersed mast cells present in uninfected lymph
nodes (black arrows) (Fig. 3E). Finally, uninfected lymph nodes on bothDay
4 and Day 14 had visible but less prominent lymphofollicular nodules with
medullary sinuses containing scattered mast cells, macrophages, and few
plasma cells (Fig. 3E). The infected lymph nodes on Day 14 have an inter-
mediate pathology with reactive lymphofollicular nodules and plasmacytosis
with mast cells, activated macrophages, and scattered neutrophils (Fig. 3E).

Fig. 1 | Bacteria colonize hardware and infiltrate all surrounding tissues within
seven days of initial infection. A Diagram of infection and end-term timeline.
BDiagram of tissue collection protocol.CRepresentative gross images of uninfected
and infected incision sites 1week after index surgery.DCFUcounts on the tissue and
hardware 1 week after index surgery. E Representative image of infected muscle
tissue 1 week after index surgery. Stained with Brown and Hopps. Visible S. aureus
bacteria (dark purple) are marked with a yellow arrow. F Picrosirius red-stained
muscle tissue (yellow) from uninfected and infected rats 1 week after index surgery
highlighting myofascial fibrosis (red). G Quantification of depth of fibrosis (µm) in
uninfected (n = 5) and infected (n = 7) rats determined from picrosirius-red-stained
muscle sections. P-value determined using Mann Whitney test (p < 0.05).
H Significantly upregulated gene ontology (GO) pathways from bulk RNA

sequencing comparing infected (n = 5) to uninfected (n = 5) rats 1 week after index
surgery. I Significantly downregulated GO pathways comparing infected to unin-
fected rats 1 week after index surgery. JTrichrome staining of the bone in uninfected
rats with structural elements labeled: muscle (mu), center hole (h, outlined), reactive
bone (rb), cortical bone (cb), bone marrow (ma), and growth plate (gp). Brown and
Hopps staining of the bone with insets showing bone marrow with leukocytes and
cortical bone with osteocytes. K Trichrome, Brown and Hopps staining of the bone
in infected rats with labeled structural elements. Brown and Hopps insets show
cortical bonewith bacteria within osteocytes (yellow arrows), empty lacunae (*), and
bone marrow with planktonic bacteria and bacteria engulfed by a phagocyte (yellow
arrows).

Table 1 | Circulating pro-inflammatory cytokines are
upregulated after seven days of infection

Average Blood Serum Cytokine Change (pg mL-1) ± SD: Index to Revision

Cytokine Uninfected Infected p-Value* Fold Change

CINC-2 2.75 ± 19.46 168.74 ± 180.61 0.049 61.360

ICAM-1 34.73 ± 358.26 620.79 ± 414.36 0.026 17.875

IL-1a −14.22 ± 35.95 48.97 ± 46.47 0.025 4.444

L-Selectin −4.54 ± 46.61 168.98 ± 85.58 0.001 38.220

TIMP-1 412.44 ± 451.02 1325.08 ± 524.02 0.009 3.213

*p-value determined by student’s t-test.
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Fig. 2 | Invasion of osteocytes andmarrow by S. aureus triggers progressive bone
destruction and marrow fibrosis. A Diagram of experimental timeline with index
surgery, revision surgery, and end term timepoints. B Average CFU measurements
on the implant hardware and tissue over time in infected rats. Pre-revision n = 3, 6 h
n = 6, Day 4 n = 4, Day 14 n = 6. Data are presented as mean ± SD. (C) Micro-CT
scans of uninfected and infected femurs onDay 14 post-revision.DQuantification of
cortical bone volume/total volume ratio in uninfected (n = 3) and infected (n = 3)
rats on Day 14 post-revision. E SEM image of a biofilm on an implant on Day 14
post-revision. Inset shows S. aureus bound to an extracellular matrix (black arrow).
White arrows mark structures consistent with EPS. Blue arrows mark neutrophils

surrounding the biofilm. F Representative images of Brown and Hopps staining of
femur mid-sections at all timepoints. Green arrows mark S. aureus. G Histological
scoring of bacterial clumping and total infection score within the bone. For all
timepoints n = 4. P-values determined using Kruskal-Wallis test (p < 0.05).
H Representative TRAP-stained femurs showing osteoclasts in dark red. (I)
Quantification of osteoclasts/mm2 of bone in uninfected (pre-revision n = 5, Day 4
n = 4, Day 14 n = 4) and infected (pre-revision n = 5, Day 4 n = 3, Day 14 n = 4)
femurs. P-values determined using one-way ANOVA with multiple compar-
isons (p < 0.05).
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Fig. 3 | Lymphnodes significantly expand after revision surgery. AGross images of
draining popliteal lymphnodes from infected rats at each timepoint.BMeasurement of
draining popliteal lymph node weights in the infected and uninfected limbs of infected
rats. Uninfected limb pre-revision n = 6, 6 h n = 6, Day 4 n = 6, Day 14 n = 3. Infected
limb pre-revision n = 6, 6 h n = 6, Day 4 n = 6, Day 14 n = 4. P-values calculated using
Kruskal-Wallis test (p < 0.05). C Diagram of rat lymph node structures used for
orientation in the proximal histological analyses.D Brown and Hopps stained lymph
nodes of infected rats at Day 4 and Day 14 showing the lymphatic vessels within the

medulla and the capsule. S. aureusmarked with yellow arrows. EH&E and Toluidine
blue-stained lymph nodes in uninfected and infected rats at Day 4 and Day 14. H&E
images show structure (nodule outlined, marked n, capsule marked c). Toluidine blue
images are taken from themedulla (m) and showmast cells (dark purple). FCells/µm2

in the lymphnodemedulla.N = 3 for all conditions. P-values calculated using Student’s
t-test (p < 0.05). G Immunofluorescence of the medulla using antibodies against CD3
and CD4 (1:100). H Calculation of CD3+ and CD4+ cells/mm2 in the lymph node
medulla. N = 3 for all conditions. P-values calculated using Student’s t-test (p < 0.05).
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Because histological analysis revealed that infection led to congested
sinuses, we used DAPI staining to determine the relative cellularity of the
medulla in infected and uninfected lymph nodes. On Day 4, infected rats
have significantly more (p = 0.031) cells/µm2 than uninfected rats, but by
Day 14 there was no difference between the two groups (Fig. 3F). We next
used antibodies against CD3 and CD4 to determine whether T cell popu-
lation changes accounted for the change in lymph node size (Fig. 3G). On
Day 4 there was a significant increase in both CD3+ (p = 0.008) and CD4+
(p = 0.032) T cell populations/µm2 in themedulla of infected rats compared
to the uninfected (Fig. 3H). On Day 4 there are more CD4+ cells than
CD3+ cells, which is unusual, but which is likely a population of CD3-
CD4+ cells that are known to be active in lymph node development and
repair47,48. By Day 14, there was only a significant increase (p = 0.038) in
CD4+ T cells in the infected rats, and no difference in CD3+ T cells
(Fig. 3H). This finding suggests that CD3+ and CD4+ T cell populations
are at least partially responsible for the increased size of the lymph nodes by
Day 4, but innate cells are not necessarily involved.

To determine systemic changes in the inflammatory landscape over
time and explore how the infection-induced changes to the bone marrow
and lymph node niches change inflammatory cytokine signaling, we mea-
sured the changes in circulating blood serum cytokines from revision to end
termatDay4andDay14post-revision (Table 2).GM-CSF,whichpromotes
development and activationof neutrophils andmacrophages, is upregulated
with infection at Day 4, but not at Day 1449. IL-2, which promotes T cell
growth and regulates T cell differentiation is downregulated at Day 4, but
not at Day 1450. The anti-inflammatory IL-10 and IL-13 cytokines are
downregulated with infection at Day 14, but are not changed at Day 451,52.
Pro-inflammatory TCK-1, which regulates macrophage and T cell activity
and activates pro-inflammatory programs, is upregulated with infection at
Day14, but is not changed atDay453. Thesefindings suggest that there is still
a circulating systemic inflammatory response at Day 14.

Revisionsurgery reactivatesS.aureusproliferationandvirulence
factor expression, triggering an inflammatory response and
muscle fiber loss
Revision surgery causes tissue injury and biofilmdisruption. Thismakes the
early events after revision surgery a critical period where muscle tissue
mounts an inflammatory response and bacteria respond to physical
disruption37. To assess these responses, we processedmuscle tissue from the
incision site for histology and both pro- and eukaryotic RNA isolation 6 h, 4
days, and 14 days post-revision. As established in Fig. 1F, a thick layer of
muscle fibrosis is formed during the first 7 days of infection. We compared
the pre-revision timepoint to the 6 h, Day 4, and Day 14 timepoints using
picrosirius red staining. The incision site muscle (boxed, insets) at 6 h post-
revision appears unchanged from the pre-revision sample (Fig. 4A, 1F). Of
note, both samples have a clear, delineated line between the healthy yellow
musclefibers and the red areas offibrosis35. This indicates that by revision or
6 h later, themuscle tissuefibrosis at the incision site is no longer infiltrative.
However, on both Day 4 and Day 14 post-revision, the discrete layers of
fibrosis (red) at the incision site (boxed insets) are transformed into a more
infiltrative process that effaces the underlying degenerative muscle fibers

(yellow) (Fig. 4A)35. In support of these observations,wemeasured thedepth
of the fibrotic region. We found that it significantly increases on Day 4
(p = 0.004) andDay14 (p = 0.009) (Fig. 4B).This suggests that theprocess of
revision reactivates muscle fibrosis.

To determine the molecular events triggered in the muscle by the
revisionprocess,weusedbulkRNAsequencing and the gene ontology (GO)
library to compare differential expression between the infected rats 6 h post-
revision and the infected pre-revision rats. Upregulated pathways 6 h post-
revision include cellular responses to inflammatory IL-1, apoptotic signal-
ing, and regulatory pathways for vasculature and cytokine production
(Fig. 4C). Downregulated pathways include organization, structure, and
regulation of actomyosin, cell migration, and mitochondria organization
(Fig. 4D). These molecular changes correspond with the histological results
that show revision surgery induces a renewed disruption of muscle fibers.
Further, the molecular changes also reveal increased cell death, the
inflammatory response, and angiogenesis in response to an incision.

To confirm the presence of bacteria in the region of renewed fibrotic
activity, we used histology to describe bacterial localization/pathology
within the tissue. Brown and Hopps staining showed the bacteria (yellow
arrows) localized in both areas of active fibrosis and deeper in between
muscle fibers (Fig. 4E). The muscle infection was scored based on key
infection parameters (Fig. 4E, F) (Supplementary Fig. 3) (Supplementary
Table 2). Bacteria were localized deeper within the muscle tissue at 6 h and
onlynear the surface onDay14post-revision (Fig. 4F). Bacterial clumping, a
measure of biofilm activity and infection severity, was highest onDay 4, but
was again reduced by Day 14 (Fig. 4F).

When grown in vitro, biofilms have significantly higher expression of
key virulence factors involved in quorum sensing and immune cell activa-
tion than planktonic bacteria (Supplementary Fig. 4). However, how S.
aureus modulates the expression of these virulence factors in a complex
in vivo environmenthasnot yet been studied.Thus,wewanted to determine
how the disruption of the S. aureus biofilm by revision would influence
virulence factor expression. To track the changes in virulence factor
expression in ourmodel over time,we used a predefined, targetedRT-qPCR
panel todetermine the relative virulence factor expression at each timepoint
(Fig. 4G). We did not perform whole-bacterium transcriptomics in tissue
given the low pathogen RNS yield and host RNA dominance in vivo.
Therefore, a focused virulence panel provided sensitive detection of early
bacterial responses within this model. Superoxide Dismutase A (sodA) is a
virulence factor responsible for detoxifying harmful reactive oxygen species
(ROS)by splitting them intowater andoxygen10. TheagrBvirulence factor is
part of a quorum-sensing complex in S. aureus that allows the bacteria to
sense and form biofilms11. SarA is a regulator of virulence factor tran-
scription and controls expression of both sodA and the agr locus10. Both luk-
PV and hla form pores in themembranes of attacking immune cells12,13. For
each virulence factor, we saw the same pattern of expression: 6 h after
revision surgery, the expression increased significantly from pre-revision
levels (Fig. 4G). On Day 4 and Day 14 post-revision, virulence factor
expression was significantly lower than at 6 h and not significantly different
from pre-revision levels (Fig. 4G). Together, these findings suggest that
revision surgery immediately triggers an enhanced inflammatory response

Table 2 | Circulating pro-inflammatory cytokines remain elevated weeks after revision surgery

Average Blood Serum Cytokine Change (pg mL-1) ± SD: Revision to End Term

Cytokine Day 4 Uninfected Day 4 Infected p-Value* Day 14 Uninfected Day 14 Infected p-Value*

GM-CSF −0.69 ± 1.46 6.60 ± 3.18 0.022 1.32 ± 2.30 −1.99 ± 1.85 0.124

IL-2 9.82 ± 85.34 −205.26 ± 67.44 0.027 111.15 ± 132.73 4.38 ± 172.26 0.443

IL-10 534.29 ± 589.40 1420.96 ± 4333.79 0.743 2886.10 ± 1099.78 −181.85 ± 1079.56 0.026

IL-13 40.05 ± 69.03 101.28 ± 170.59 0.595 228.25 ± 55.30 5.51 ± 6.40 0.002

TCK-1 −76.32 ± 474.61 −106.39 ± 82.51 0.919 −1143.25 ± 462.57 −48.62 ± 327.20 0.029

*p-Value determined by student’s t-test.
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Fig. 4 | Revision surgery reactivates S. aureus proliferation and virulence factor
expression, triggering an inflammatory response and muscle fiber loss.
A Representative image of picrosirius red-stained muscle tissue 6 h, Day 4, and Day
14 post-revision. B Quantification of depth of fibrosis (µm) in infected 6 h (n = 6),
Day 4 (n = 6), Day 14 (n = 5) rats compared to pre-revision (n = 7) determined from
picrosirius-red-stained muscle sections. P-values determined using one-way
ANOVA (p < 0.05).C Significantly upregulated gene ontology (GO) pathways from
bulk RNA sequencing comparing infected rats at 6 h (n = 5) to infected rats pre-

revision (n = 5). D Significantly downregulated GO pathways comparing infected
rats at 6 h to infected rats pre-revision. E Representative images of muscle stained
with Brown and Hopps. Bacteria marked with yellow arrows. FHistological scoring
of bacterial localization and bacterial clumping score within the muscle. Analysis
compares 6 h (n = 6), Day 4 (n = 7), Day 14 (n = 8). P-values determined using the
Kruskal-Wallis test (p < 0.05). G Relative virulence factor expression in vivo com-
paring pre-revision (n = 4), 6 h (n = 2), Day 4 (n = 5), and Day 14 (n = 5). P-values
determined by ordinary one-way ANOVA (p < 0.05).
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and upregulated bacterial virulence 6 h post-revision. This translates to
further destruction of muscle tissue fibers and the dissemination of bacteria
back into the tissue which does not resolve by Day 14 post-revision.

Revision surgery reactivates the muscle inflammatory response
As the revision process has been shown to initiate muscle injury, angio-
genesis, inflammation, and biofilm dispersal, we sought to investigate the
specific interplay between the immune response and these events. RNA
sequencing results from infected muscle 4- and 14-days post-revision were
compared to the infected pre-revision muscle. On Day 4 there was upre-
gulation of pro-inflammatory cell activity including leukocyte migration
and proliferation, lymphocyte proliferation, and regulation of the immune
effector process (Fig. 5A). We used RT-qPCR to confirm these results by
assessing IL-1β and IL-6 levels and found that these were also upregulated
on Day 4 in the infected rats (Supplementary Fig. 5). At the same time,
metabolic pathways such as aerobic respiration, cellular respiration, and
oxidative phosphorylation are downregulated (Fig. 5B). Pathways more
consistent with muscle healing such as macromolecule biosynthesis and
metabolic processing, not infection mitigation, are upregulated on Day 14,
despite ongoing infection (Fig. 5C)54. However, indications of potential
dysregulation in the healing outcome are seen in the downregulated Day 14
pathways which include negative regulation of apoptotic signaling, skeletal
system development, and post-synapse assembly (Fig. 5D). All of these
pathways are suggestive of muscle loss or destruction.

Tomore specifically query the immune cell dynamics at play over time
in these large-scale pathway changes, we used GSVA analysis and the
PanglaoDB55. This analysis indicates that both innate and adaptive immune
cell populations are upregulated at each time point in the infected rats
compared to the uninfected (Fig. 5E). However, the infected rats on Day 4
have the strongest andmost coordinated upregulation of these immune cell
populations.More specifically,GSVAusing thehallmarkpathways fromthe
MSigDB56 indicate that the epithelial-mesenchymal transition, IL-6 JAK/
STAT signaling, inflammatory response, and the interferon response are
upregulated in infected animals, with the strongest and most coordinated
response occurring again at Day 4 post-revision and becoming less coor-
dinated between rats byDay 14 post-revision (Fig. 5F). These results suggest
that there is an inflammatory immune response to infection and surgical
revision, and that this response peaks 4 days after revision and starts to
resolve by Day 14, despite the continued presence of bacteria in both the
tissue and on the hardware.

To confirm cellular and hallmark pathway changes, we explored dif-
ferences in protein levels of cytokines in the muscle between infected and
uninfected rats at both Day 4 and Day 14 post-revision using a cytokine
array Elisa (Table 3). Day 4 primarily shows upregulation of pro-
inflammatory cytokines, whereas Day 14 primarily shows downregulation
of pro-inflammatory cytokines and upregulation of anti-inflammatory
cytokines (Table 3). Specifically, the pro-inflammatory cytokines PDGF-
AA, ProlactinR, RAGE, andTCK-1 are downregulated atDay 14 compared
to Day 4. Anti-inflammatory cytokines such as IL-4 are upregulated at Day
14 and not Day 4. These results further support the Day 4 peak in inflam-
matory activity following revision surgery that resolves by Day 14 in the
muscle, despite ongoing infection.

Discussion
Herewe investigate the response ofmultiple tissues to revision surgery in the
presence of an S. aureus biofilm infection. Our study provides unique
insights into the coordinated response of cells, organs, and S. aureusbacteria
to surgical revision. We utilize a rat model to investigate the response of
muscle, bone, bone marrow, draining lymph nodes, blood serum, and S.
aureus to the combined insult of infection and surgical revision. The
immediate (6 h) response is activation of S. aureus virulence factor
expression and an inflammatory immune response in the surgically injured
tissue that peaks ~4 days later. The presence of degenerative pathology
occurs not only in the surgically injured muscle, but also in the bone,
marrow, and lymph nodes. Apart from bone andmarrow, degenerative and

inflammatory pathology appears to be resolving by Day 14 post-revision in
the soft tissues. Circulating blood cytokines confirm that surgical injury
induces a systemic inflammatory response that begins resolving by Day 14.
Unfortunately, this response fails to significantly reduce CFU counts across
any time point. Instead, we observed a 6 h surge in virulence factor
expression using a predefined, targeted RT-qPCR panel of virulence genes
(e.g., soda, agrB, sarA, luk-PV, hla). Conclusions about bacterial behavior
are accordingly bound to this panel, while host responses are informed by
bulk RNA-seq. Despite this limitation, this work highlights the importance
of employing productive strategies at the time of revision to target the
reactivated bacteria and aid immune cells in a tissue-specific manner to
promotemore effective bactericidal strategies andprotect tissue from injury.

In this study, we model a peri-implant infection in rats to understand
the interactionbetween cells, tissues, andbacteria after surgical intervention.
A successfully established infection is present after one week with gross
clinical signs including pus, redness, and seepingwoundfluid. Further, both
the tissue andhardware at the incision site showCFUcounts,which confirm
a robust infection. It is important to note that we have not provided any
antibiotic or alternative treatments for infection to directly assess tissue-
pathogen responses. To this end, the ratsmount a typical immune response
consisting of upregulated adaptive and innate immune signatures, degen-
erative muscle fibrosis, and increased bone pathology, which all mimic
patient pathology43,44.

Uninfected rats have healthy bone andmarrownicheswith inactivated
leukocytes and healthy osteocytes. Infected rats, however, have visible S.
aureus infiltration within the bone and marrow spaces one week post-
infection. This finding coordinates with the bone infection pathology in
other studies, but occurs earlier than has been previously described57–59.
Typically, reports show that S. aureus infiltrates osteocyte lacunae and
triggers osteocyte death, leaving holes in the bone after 14–28days22,57–62.We
see this occurring in areas of bone damage after only 7 days of infection, and
thepathologycontinues toprogress up to14dayspost-revision.ByDay14S.
aureus completely infiltrates the bone and marrow, leading to severe
osteolysis and bone marrow fibrosis. This pathology closely resembles that
seen in clinical cases of implant-associated infection43,44. The marked tissue
damage we observe highlights that each additional surgical insult could
compound inflammatory injury, explaining some of the limited clinical
gains seen with two-stage revision when compared to one-stage revision.

Lymph nodes represent an intersection between bacteria and the
immune response. In our model, only the combination of infection and
revision surgery causes the lymph nodes to expand in size. Uninfected
lymph nodes do not expand in response to surgical revision. The expansion
of the lymph nodes is sustained from 6 h to Day 4, but resolves by Day 14
post-revision. The expansion of infected lymph nodes in response to revi-
sion is due to increased cellularity in part caused by the expansion of
CD4+ T cells. Interestingly, CD4+T cell populations are typically at their
peak in the lymph node one week post-infection, but in our model, we see
highnumbers ofCD4+Tcells at both11 (Day4) and21days (Day14) after
the initial infection63. This suggests that revision surgery in infected rats
triggers CD4+T cell expansion. Large numbers of CD4+ T cells can cause
congestion in the lymph node, and previous studies show that this con-
gestion can hinder cytotoxic CD8+T cell activation and thus can reduce
the efficacy of the immune response64. It has also been shown that lymph
nodes that are expanded in size can have reduced lymph flow, contributing
to slower and less effective bacterial clearance65. This supports the idea that
revision surgeries have negative repercussions that prevent productive
bacterial clearance, and thus reducing the number of revision surgeriesmay
be beneficial to healing.

Interestingly, 6 h after revision surgery, bacterial CFUs are slightly
reduced, and immune activation is increased. This is accompanied by a
significant increase in bacterial virulence factor expression as bacteria are
disrupted from the biofilm state, where low levels of virulence factors are
secreted, to a metabolically active state that induces higher levels7,66–69. This
transient increase in virulence rapidly drops by Day 4 post-revision. This
finding suggests that the bacteria reenter a quiescent state after disruptionby
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Fig. 5 | Revision surgery reactivates the muscle inflammatory response.
A Significantly upregulated gene ontology (GO) pathways from bulk RNA
sequencing comparing infected rats at Day 4 (n = 6) to infected rats pre-revision
(n = 5). B Significantly downregulated GO pathways comparing infected rats at Day
4 to infected rats pre-revision. C Significantly upregulated GO pathways comparing
infected rats at Day 14 (n = 6) to infected rats pre-revision (n = 5). D Significantly
downregulated GO pathways comparing infected rats at Day 14 to infected rats pre-

revision.EGSVAanalysis of bulk RNA sequencing over time for innate and adaptive
cell signatures derived from PanglaoDB. F GSVA analysis of bulk RNA sequencing
over time for MSigDB Hallmark Pathways. For all GSVA analyses, infected rats at
pre-revision (n = 5), Day 4 (n = 6), andDay 14 (n = 6) are compared with uninfected
rats at pre-revision (n = 5), Day 4 (n = 6), and Day 14 (n = 6) to generate a pattern of
expression.
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revision surgery. The progression of bacteria through these stages has sev-
eral implications. Thefirst is that surgical revision increases the potential for
bacterial virulence, which has broad-reaching effects, but typically causes
damage to immune cells and tissue66. The second implication is that revision
surgery does appear to open awindowof opportunity for effective treatment
of the bacteria. In a quiescent/biofilm state, bacteria are less susceptible to
both antibiotics and immune cell infiltration9,70. When disturbed and more
metabolically active, the bacteria aremore susceptible to treatments71. These
findings suggest that revision may create a narrow window of enhanced
susceptibilitywhen S. aureus transitions out of its biofilm state and expresses
virulence factors, duringwhicha targeted antimicrobial interventionmaybe
more effective.

The injury of infectedmuscle tissue in ourmodel also indicates amore
robust immune response after revision.OnDay 4post-revision,wefind that
the inflammatory response peaks and progresses toward resolution by Day
14 in the presence of bacteria. This increase in immune cell infiltration is
accompanied by increases in muscle fibrosis on Day 4 and Day 14 when
compared to uninfected controls. This is accompanied by an increase in the
depth of infiltrating bacteria over time. These results correspond with
previously publisheddatawhich show that immune responses to infiltrating
bacteria in skin andmuscle are often self-limiting regardless of whether they
successfully clear the bacteria72,73. Skeletal muscle tissue in particular is
capable of sustaining low, but constant levels of inflammation in the pre-
sence of a persistent biofilm, while still initiating healing programs74. The
immune response resolution that we see in our model could be due to the
bacteria returning to its non-inflammatory biofilm state, the natural self-
limiting course of the inflammatory response, or a combination of both.
While we are unable to determine the exact cause of the immune response
resolution, we can conclude that revision surgery is an inflammatory event
that triggers upregulated inflammation beyond that which is present with
the infection alone. This finding further supports that each revision comes
with negative repercussions, and reducing the number of revision surgeries
can prevent repeated inflammatory events that cause tissue damage.
Additionally, we are able to conclude that a single revision surgery does
contribute to an improvement inmuscle pathologyover time, and therefore,
a single robust inflammatory event may be helpful in reducing the bacteria
and improving muscle pathology.

Our study does have limitations. One limitation is the small sample
size. Due to the challenging nature of the surgeries and that the rats used in
this study are not genetic clones, there is increased variability in our results.
While this variability does more closely mimic the range of clinical findings
due to genetic heterogeneity, this also makes it challenging to draw broad
conclusionsbasedon these results.Another limitationof this study is thatwe
do not have a time point within the first week of infection. Looking at the
initial immune response to the index surgery and infection would provide
insights into whether we are re-exacerbating an earlier immune response

with the revision surgery, or whether we are generating a unique immune
response with revision.We also, based on the nature of tissue sampling, are
unaware of whether other parts of the host body are compensating for the
defects in the infected limb.While we see no differences in the lymph nodes
of the contralateral uninfected limb, we do not know whether the bone,
marrow, muscle, or circulating immune system are able to compensate for
the defects in the injured and infected limb long enough for that limb to
recover.

Despite these limitations, our study contributes to the body of work
that suggests one-stage revision is a viable andperhaps preferable, option for
resolving implant-associated infections over the traditional two-stage revi-
sion. We show that a single revision surgery triggers an upregulation in
bacterial virulence and the inflammatory immune response, which both
highlight the short window of opportunity to administer effective treatment
and lead to damage in the host tissues. By exploiting this knowledge, we
suggest that clinicians may be better able to tailor their approach to one-
stage revisions to include an aggressive,multi-faceted antibacterial regime at
the time of revision to target the bacteria when they are most disturbed and
susceptible to treatment. An enhanced, but rapidly resolving, immune
response may benefit this system as it would be able to infiltrate the biofilm
when it is disturbed 6 h after revision. Together, our data provide insights
into the communication between tissues and bacteria during a hardware-
associated biofilm infection and informs on the most effective timing and
revision type for improving patient outcomes.

Methods
Inoculum Preparation
Frozen stock solution of Staphylococcus aureus (ATCC 25923) of a known
concentration was thawed, and 50 µL was added to 10mL sterile room-
temperature Lactated Ringers solution (Medex Medical Supply). This
volume has previously been shown to result in a concentration of 100,000
cells/250 µL solution. The suspension was vortexed, and five serial dilutions
were created and plated on blood agar. These plates were placed in an
incubator at 37 °C, and the growth was quantified the following day.

Orthopedic Animal Model
All procedures were approved by the University of Pennsylvania IACUC
protocol #806810. The animals used in this studywere 10-11-week-oldmale
Sprague-Dawley rats. For index surgery, the animals were anesthetized via
cage induction using Isofluorane in oxygen, and preoperative medications
included meloxicam (Loxicom, 2mg/kg SC), buprenorphine extended-
release injectable suspension (Fidelis Animal Health Inc., 0.65mg/kg SC),
and Lactated Ringers solution (Medex Medical Supply, 5 mL SC). The left
hind limb was circumferentially clipped and aseptically prepared. An inci-
sion through the skinwasmade from the level of the femorotibial joint to the
coxofemoral joint following the path of the femur. The lateral surface of the

Table 3 | Pro-inflammatory cytokines are enriched in muscle following revision surgery, but do not persist long-term

Average Cytokines (pg mL-1) ± SD: Muscle

Cytokine Day 4 Uninfected Day 4 Infected p-Value* Day 14 Uninfected Day 14 Infected p-Value*

TCK-1 37.99 ± 17.04 66.67 ± 3.31 0.046 49.80 ± 9.97 66.37 ± 12.70 0.150

b-NGF 16.32 ± 3.14 26.42 ± 1.16 0.006 13.49 ± 2.79 40.25 ± 6.04 0.002

GM-CSF 27.03 ± 3.12 19.15 ± 0.73 0.013 27.80 ± 3.35 18.17 ± 2.46 0.016

Prolactin R 283.53 ± 56.51 0.00 ± 0.00 0.001 257.43 ± 53.58 0.00 ± 0.00 0.001

IL-2 102.46 ± 33.86 130.30 ± 32.01 0.359 99.00 ± 5.75 158.29 ± 28.85 0.025

IL-4 1.20 ± 0.29 1.14 ± 0.59 0.876 0.45 ± 0.26 1.46 ± 0.20 0.006

IL-13 9.43 ± 8.28 6.49 ± 2.34 0.586 16.49 ± 2.23 7.48 ± 1.69 0.005

PDGF-AA 211.71 ± 154.25 96.08 ± 36.52 0.275 254.83 ± 20.63 63.99 ± 44.89 0.003

RAGE 29.10 ± 47.91 47.65 ± 10.79 0.549 58.40 ± 8.52 28.34 ± 5.52 0.007

*p-Value determined by student’s t-test.
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femur was exposed, using a combination of blunt and sharp dissection to
divide the vastus lateralis and the biceps femoris. Single bicortical 0.8 mm
stainless steel screws (RISystem AG, Switzerland) were placed at the prox-
imal and distal ends of the exposed femur. A unicortical hole was created in
the mid-diaphyseal region and left unfilled to establish medullary access. A
collagen sponge (Davol Inc., Becton, Dickinson and Company) was placed
over the screw heads and empty hole and saturated with 250 µL of saline
containing 105 CFU of S. aureus ATCC 25923. The muscle was closed in a
simple continuous pattern using 4/0 polyglactin 910 (PDS, Ethicon, JnJ
MedTech). The skin was closed in a simple continuous pattern using 4/0
polyglecaprone. Prior to skin closure the peri-incisional area was infiltrated
with bupivacaine liposome injectable suspension (Nocita, Elanco).

Revision surgerywasperformed sevendays after the index surgery.The
animals were anesthetized and medicated as described above. An identical
approach to the lateral femur was made and the screws were removed and
used to calculate CFU counts at revision. The infected tissue was gently
debrided. The incision was lavagedwith 0.3% iodine solution with a contact
time of 5minutes. An 8-hole polyetheretherketone (PEEK) RatFix plate
(RISystems AG, Switzerland) was placed on the lateral aspect of the femur
and securedwith 4 screws that avoided the locations of the previously placed
screws. Closure of the soft tissues and local analgesia were performed as
described above.

The animals were euthanized via intracardiac injection of a
pentobarbital-based euthanasia solution (Vortech Pharmaceuticals Ltd.)
and bilateral pneumothorax following anesthesia via cage induction using
Isofluorane and oxygen either 6 hours (6 h), 4 days, or 14 days after revision
surgery. All implants, the musculature cranial and caudal to the femur, the
popliteal lymph nodes, and the femur were collected aseptically after con-
firmation of death.

Scanning Electron Microscopy
The hardware (screws and plate) was removed from the bone and fixed in
4% paraformaldehyde for at least 24 h. After fixation, the hardware was
serially dehydrated using a series of graded alcohols from 70% to 100%with
each phase lasting at least 6 h. After dehydration, the hardwarewas dried for
72 h. The samples were sputter-coated with gold and imaged using a
Tabletop Hitachi Scanning Electron Microscope.

Bacterial culture and CFU calculations
Bacterial culture. An overnight culture was generated by taking one
colony of S. aureus (ATCC 25923) from a streaked agar plate, adding it to
5 mL of sterile TSB, and incubating with shaking 12-18 hours overnight
at 37 °C. A subculture was prepared by adding 1 mL of the overnight
culture into 4 mL of sterile TSB and incubating with shaking at 37 °C for
2–5 hours. A densitometer was used to prepare a 108 CFU/mL solution,
which was then diluted using sterile TSB to a 105 CFU/mL solution. 1 mL
of the 105 CFU/mL solution was added to the well of a 24-well plate
(Fisher Scientific) containing a 3D printed 1.5 cm diameter poly-
caprolactone (PCL) disc. The plate was incubated at 37 °C for 48 hours to
generate biofilms on the PCL discs. In Vitro CFU Calculations: After
48 hours of incubation, the discs containing the biofilms were rinsed in
sterile PBS (Thermo Fisher) and placed into a new 24-well plate con-
taining 1 mL of sterile PBS. The discs containing the biofilms were sealed
securely within the wells of the plate using parafilm (Sigma-Aldrich) and
sonicated using the Branson CPX2800 ultrasonic bath for 20 minutes.
The samples were diluted 1:100 by pipetting 20 μL of the sample into
180 μL of sterile PBS. The samples were serially diluted 7 additional times
for a total of 8 different concentrations. Each sample was serially diluted
in triplicate. 100 μL of each dilution was plated onto a Petrifilm (Fisher
Scientific). The Petrifilms were incubated at 37 °C for 18-24 hours.
CFU/mL counts were calculated based on manufacturer instructions. In
Vivo CFU Calculations: The recovered implants were placed in sterile
tubes andwashed three timeswith sterile dPBS. The implantswere placed
in 3% Tween 20 (Fisher Scientific) and bath sonicated at 37 °C for
10 minutes. Serial dilutions of these fluids were plated on Petrifilms

(Fisher Scientific), which were incubated 18–24 hours at 37 °C. The
muscle tissue was vortexed in 5 mL sterile PBS for 5 minutes, and this
fluid was handled identically to the implant fluid. CFU/mL counts were
calculated based on manufacturer instructions.

RNA Isolation
Prokaryotic RNA isolation. Biofilms grown on discs were removed from
TSB and washed using 2 mL PBS. 3 discs were combined in a 50 mL
conical tube with 2 mL of Trypsin (Thermo Fisher), and discs were
incubated with shaking at 37 °C for 20 minutes. Trypsin-containing
bacteria were centrifuged for 4 minutes at 10,000 x g. The pellet was
resuspended in 500 μL TE buffer (Fisher Scientific). Planktonic bacteria
from a subculture were centrifuged for 4 minutes at 10,000xg. The pellet
was resuspended in 500 μL TE buffer. Samples in TE buffer were cen-
trifuged for 3 minutes at 8000xg at 4 °C. 100 μL of RNAse-free water was
added to the pellet, and the pellet was vortexed vigorously for 3 minutes.
100 uL of TRIzol reagent (Fisher Scientific) and 100 μL of chloroform
were added to the pellet and vortexed for 1 minute. The resultingmixture
was incubated at 70 °C for 30 minutes. The samples were centrifuged at
12,000 x g for 10 minutes at 4 °C. 100 μL of the resulting aqueous solution
was transferred to a new tube, and 200 μL of isopropanol was used to
precipitate the RNA. After vigorous vortexing, the samples were cen-
trifuged at 12,000 x g for 10 minutes at 4 °C. The isopropanol was
removed, and 200 μL of 70% ethanol was added to the pellet. The pellet
was vortexed and centrifuged for 5 minutes at 8000xg. The ethanol was
removed, and the samples were dried for 5 minutes. RNA was resus-
pended in 20 μLof RNAse-free water. Eukaryotic RNA Isolation: Incision
site tissue from the biceps femoris was excised, flash frozen in liquid
nitrogen, and crushed. The muscle tissue was suspended in TRIzol
reagent (Invitrogen) at a ratio of 1 mL reagent per 0.1 g tissue. Tissue was
dissociated usingM tubes and a gentleMACS tissue dissociator (Miltenyi
Biotec). Chloroform phase separation was used to extract the RNA-
containing aqueous layer and exclude protein from the dissociated tissue.
A Macherey-Nagel Nucleospin RNA Midi Kit (Macherey-Nagel) was
used to isolate the RNA.

RT-qPCR
Total RNA was converted to cDNA using RNA to cDNA EcoDry Premix
(TakaraBio). 2 µL of cDNAwas used for eachRT-qPCR reaction. Reactions
were performed in triplicate for each animal sample using SYBR Green
Master mix and the QuantStudio 3 Real-Time PCR machine (Thermo
Fisher) following the manufacturer’s instructions. Relative gene expression
for each sample (primer details in Supplementary Table 3) was determined
by normalizing to the expression of endogenous β-actin in each sample.
Log2Fold Change was determined by comparing gene expression in the
operated ipsilateral limb to the expression in the non-operated contralateral
limbs of uninfected rats. Relative expressionwas determined using the 2-ΔΔCt

method75.

RNA sequencing and analysis
RNA samples were sent to an off-site laboratory (Novogene) for quality
validation and sequencing. The sequencing data were converted to raw read
counts and mapped to the Rattus norvegicus genome by Novogene. Dif-
ferential gene expression, gene ontology, and robust principal component
analysis were completed using R Statistical Software version 4.2.2 using the
DESeq2, clusterProfiler, and rrcov packages76–78. The transcripts of
approximately 32,500 genes were measured, normalized, and the variance
was visualized using robust principal components analysis. The identified
outliers were discarded, and the remaining samples were analyzed to
determine differentially expressed genes (DEGs). The significant DEGs
presented an adjusted p-value < 0.05 using the Benjamini-Hochberg
adjusted value. Significantly up- and downregulated genes were graphed
using clusterProfiler, org.Rn.eg.db, ggplot2, patchwork, and scales
libraries77,79–82. Gene set enrichment analysis (GSEA) and gene set variance
analysis (GSVA) were conducted and graphed using the biomaRt, fgsea,
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GSVA, paletteer, and pheatmap libraries83–87. All data used in this study can
be accessed through the GEO accession number: GSE301856.

Histology
Tissue preparation. Soft tissue and bone were excised and fixed
immediately in 4% paraformaldehyde (PFA) for up to 48 h and trans-
ferred to 70% ethanol for 24 h. Bone was then placed in 14% ethylene-
diaminetetraacetic acid (EDTA) for 3 weeks for demineralization. All
tissues were progressively dehydrated in graded alcohols and xylenes
before being embedded in paraffin wax blocks (Thermo Fisher). Picro-
sirius Red: Picrosirius red stain (ThermoFisher) was used to visualize and
differentiate fibrotic tissue (red) and muscle tissue (yellow). The incision
site fibrotic region was traced in its entirety, and the average depth of the
fibrotic tissue, or thickness, was determined for each individual rat. Fat
area per total fibrotic area was calculated by using 5 non-overlapping 20x
images of the incision site per rat and determining the total fat area
(white) per total fibrotic area (red), and generating the average %fat per
animal. Myofibrils were calculated by using 5 non-overlapping 20x
images of the incision site per rat and determining the totalmyofibril area
(yellow) per total fibrotic area (red,) and generating the average %myo-
fibrils per animal. All images were taken using a Nikon Eclipse E800
microscope. Color analysis was conducted using Image-Pro Plus
7.0 software. Brown and Hopps: Brown and Hopps staining kit (New-
comer Supply) was used to visualize theGram (+) S. aureus (dark purple)
within different tissues (muscle and bone). Infection parameters and total
infection score for the muscle were determined using the scoring criteria
outlined in Supplementary Table 2. Infection parameters and total
infection score for the bone were determined using the scoring criteria
outlined in Supplementary Table 1. All images were taken using a Nikon
Eclipse E800microscope. Color analysis was conducted using Image-Pro
Plus 7.0 software. Hematoxylin and Eosin (H&E): H&E staining and
pathology were conducted according to the University of Pennsylvania
New Bolton Center histology core protocols. Lymph node slides were
imaged at 10x to capture the structure of the capsule, nodules, and
medullary space. The pathology report was created using a survey of 40x
images. Toluidine Blue: Toluidine blue staining (Toluidine Blue O,
Thermo Fisher, 1.1 mg/mL in 1%NaCl, 8% ethanol) was used to visualize
mast cells (dark purple) within the lymph node. The medullary area was
imaged at 20x. TRAP: Distal femur sections were deparaffinized and
rehydrated. Sections were stained using Leukocyte Acid Phosphatase
(TRAP) Kit (Sigma-Aldrich). We diverged from the kit protocol in the
last stages of staining and counterstained with Fast Green FCF powder
(Sigma Aldrich) instead of the kit hematoxylin solution. To count
osteoclasts, stained sections were manually scanned under a Nikon
Eclipse E800 microscope using a 40x objective lens. Dark red-stained
osteoclasts in direct contact with the endosteum of the diaphysis were
counted and presented as the number of osteoclasts per millimeter of
bone perimeter. Bone perimeter was calculated using a spatial calibration
function in Image-Pro Plus 7.0 software. All custom macros for Image-
Pro Plus 7.0 software are available upon responsible request from the
corresponding author.

Immunofluorescence
Muscle and lymph node sections were deparaffinized, rehydrated, and
stained at the University of Pennsylvania Center for Musculoskeletal Dis-
orders Histology Core (PCMD Admin Affiliate Member Award grant
number: P30AR069619). Primary antibodies included 1:100mouse anti-rat
CD3 (Thermo Fisher) and 1:100 FITC-conjugated mouse anti-rat CD4
(Thermo Fisher). The secondary antibody used was Alexa Fluor 546
(Thermo Fisher).

Protein extraction
Protein was isolated from muscle tissue using tissue protein extraction
reagent (TPER) (Thermo Fisher) and M tubes (Miltenyi Biotec) to
mechanically homogenize the tissue using a gentleMACS tissue dissociator

(Miltenyi Biotec). The homogenate was centrifuged at 1000 x g for
5minutes, the supernatant was collected, and the supernatant was cen-
trifuged again at 10,000 x g for another 5minutes. The supernatant was
collected and protein concentration was determined using the BCA assay
(Thermo Fisher).

Cytokine array
Rat blood serum samples and isolated muscle proteins (n = 3 for each
treatment group and timepoint) were sent to an off-site laboratory (Ray-
Biotech), and quantitative proteomics were performed using a Miltiplex
ELISA panel of rat-specific cytokines. Expression data for each treatment
group (uninfected and infected) and time point (Day 4 and Day 14) were
averaged, and a Student’s t-testwas used to determine significant differences
in expression.

Micro-CT scanning
Rat femurs were scanned using a Scanco Medical microCT 40 machine.
Scanswere performedalong the long axis of the diaphysis using an energy of
55 kVp, a current of 145mA, and a 200-ms integration time to produce a
resolution of 16 mm3 voxel size. 140 slices were used to evaluate each hol,e
with 20 additional slices on either side. All microCT data is reported as a
percentage of bone volume at these holes. The manufacturer's software was
used to calculate bone volume andmean density (BV/TV) data. The control
femurs that did not undergo surgery were measured in their entirety
for use as a reference for normalization. This negated minor varia-
tions in hole placement from sample to sample. Proximal and distal
holes were grouped separately due to substantial differences in
healing between locations.

Statistics
Graphs and statistical analysis were performed using R statistical software
version 4.2.2 and the ggplot2, forcats, stringr, patchwork, scales, paletteer,
and pheatmap libraries, or GraphPad Prism 10.4.180–82,86–89. Significant dif-
ferencewasdefined in all cases asp < 0.05.TheMann-Whitney testwas used
in the analysis forBV/TVcalculations inbone,CFUcalculations in vivo, and
RT-qPCR analysis. Student’s t-test was used for cytokine analysis, and
lymph node immunofluorescence analysis. Kruskal-Wallis with False
Discovery Rate was used for bone and muscle histology scoring
analysis and lymph node weight analysis. An ordinary one-way
ANOVA was used for virulence factor analysis, depth of fibrosis
analysis, and osteoclast analysis.

Data availability
All data is freely available on reasonable request from the corresponding
author. All sequencing data used in this study can be accessed through the
GEO accession number: GSE301856.

Code availability
The underlying code for this study is not publicly available butmay bemade
available to qualified researchers on reasonable request from the corre-
sponding author.
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