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ABSTRACT

Staphyloccocus aureus is one of the major pathogens in orthopedic periprosthetic joint infection (PJI), a devastating complication of
total joint arthroplasty that often results in chronic and persistent infections that are refractory to antibiotics and require surgical
interventions. Biofilm formation has been extensively investigated as a reason for persistent infection. The cellular composition, acti-
vation status, cytokine profile, and role of the immune response during persistent S. aureus PJI are incompletely understood. In this
study, we used histology, multiparametric flow cytometry, and gene expression analysis to characterize the immune response in a
clinically relevant orthopedic PJI model. We tested the hypothesis that persistent S. aureus infection induces feedback mechanisms
that suppress immune cell activation, thereby affecting the course of infection. Surprisingly, persistent infection was characterized by
strikingly high cytokine gene expression indicative of robust activation of multiple components of innate and adaptive immunity,
along with ongoing severe neutrophil-dominated inflammation, in infected joint and bone tissues. Activation and expansion of drain-
ing lymph nodes and a bone marrow stress granulopoiesis reaction were also maintained during late phase infection. In parallel, feed-
back mechanisms involving T-cell inhibitory receptors and exhaustion markers, suppressive cytokines, and regulatory T cells were
activated and associated with decreased T-cell proliferation and tissue infiltration during the persistent phase of infection. These
results identify the cellular and molecular components of the mouse immune response to persistent S. aureus PJI and indicate that
neutrophil infiltration, inflammatory cytokine responses, and ongoing lymph node and bone marrow reactions are insufficient to
clear infection and that immune effector mechanisms are suppressed by feedback inhibitory pathways. These immune-suppressive
mechanisms are associated with diminished T-cell proliferation and tissue infiltration and can be targeted as part of adjuvant immu-
notherapeutic strategies in combination with debridement of biofilm, antibiotics, and other therapeutic modalities to promote erad-
ication of infection. © 2021 American Society for Bone and Mineral Research (ASBMR).
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Introduction

O rthopedic periprosthetic joint infection (PJI) is a devastat-
ing complication that affects 1% to 2% of total joint arthro-
plasty (TJA) patients per year in the United States."? PJI is often
not responsive to antibiotic therapy, resulting in debilitating per-
sistent and chronic infections that require invasive interventions,
including a combination of debridement, irrigation, and complex
revision surgery that involves removal and re-implantation of the

prosthetic implant. One key reason for persistence of PJl is bacte-
rial biofilm that forms on the implant.®) Biofilm is a bacterially
produced matrix composed of proteins, extracellular DNA, and
polysaccharides that harbors quiescent-phase bacteria that are
refractory to antibiotics and shielded from host immune cells.
Staphylococcus aureus is a major PJI pathogen affecting up to
63% of culture-positive cases™ that is often antibiotic-resistant,
tissue destructive, and particularly difficult to eradicate.*™®
In addition to forming biofilms, S. aureus directly targets innate
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and adaptive immune cells to avoid clearance and establish
chronic infections.”'” A deeper understanding of immune
responses against S. aureus is essential for the development ther-
apies and vaccines against this pathogen, as efforts to develop
effective vaccines have failed.!'%"®

A primary mechanism of immune defense against extracellu-
lar bacteria like S. aureus is phagocytosis and killing of microbes
by innate immune cells—neutrophils and to a lesser extent mac-
rophages." Influx of neutrophils to sites of infection is medi-
ated by inflammatory cytokines such as IL-1p and TNF, and by
IL-17 family cytokines, that induce chemokine expression and
endothelial activation."® IL-17 is produced by innate v T cells
and by T-helper 17 (Th17) lymphocytes that are part of adaptive
immunity. The antimicrobial mechanisms of neutrophils are aug-
mented by inflammatory cytokines, and phagocytic functions
are increased by opsonization (coating) of S. aureus by comple-
ment split products and antibodies, the latter produced by B
lymphocytes. The importance of neutrophils, microbicidal mech-
anisms, signaling by inflammatory cytokines, and type 3 immu-
nity (mediated by IL-17) in anti-Staph immunity is well
established, including strong genetic evidence showing loss-of-
function mutations in these pathways, specifically in signaling
proteins MYD88 and IRAK4 in innate immune cells, and regula-
tors of Th17 cells such as STAT3, in children who are highly sus-
ceptible to Staph infections, and by gene deletion studies in
mouse models of infection."*'® The current paradigm is that
adaptive immunity is important for controlling S. aureus infection
mainly by increasing the influx and function of neutro-
phils."*719 The inability of combined adaptive and innate
immunity to clear S. aureus infections is typically attributed to
biofilm formation creating an impenetrable physical barrier
between the bacteria and host phagocytic cells®® and effective
attenuation of immune functions by this bacterium.3:°111921.22)
However, affected children outgrow susceptibility to S. aureus
infections,"® suggesting either that S. aureus-induced suppres-
sive mechanisms can be overcome or that there are alternative
immune mechanisms that can clear Staph that are not effectively
mobilized during initial infections. Such mechanisms could
include macrophage-mediated killing, type 1 IFN-y-mediated
immunity, antibody-mediated phagocytosis, and clearance of
intracellular S. aureus by CD8" cytotoxic lymphocytes.(1%232%)
Discovery of immune mechanisms that can clear S. aureus, or
how to overcome Staph-mediated immune suppression, would
offer great promise for developing immunotherapies for
S. aureus infections.

Staphyloccocus aureus suppresses both innate and adaptive
immune responses by various mechanisms.'""?"?2 Staphyloc-
cocus aureus inhibits innate immune responses by producing vir-
ulence factors (eg, exotoxins, enterotoxins, adhesive factors) that
interfere with opsonization and phagocytosis, suppress neutro-
phil recruitment and activation by blocking chemoattractants,
inhibit killing mechanisms and enzymes, and by producing
toxins like leukotoxins and hemolysins that lyse neutrophils
and other immune cells.?*” Suppression of adaptive immunity
occurs via induction of myeloid-derived suppressor cells (MDSCs,
which suppress T-cell proliferation), suppressive cytokines such
as IL-10, regulatory T cells (Tregs), and T-cell anergy, a functional
state where chronic exposure to antigens renders T cells hypor-
esponsive to stimulation.®'® Various mouse models of
S. aureus infection, which include systemic and local infections
with or without biofilm, have consistently shown persistent unre-
solving infection lasting for weeks, with ongoing immune activa-
tion locally at the site of infection that is not able to clear the

infection.”®3® Thus, in persistent infection, the host and path-
ogen reach a state of coexistence, where the pathogen is con-
tained by an attenuated immune system and tissue damage is
limited, but the pathogen is not eliminated. Regulation of the
balance and stability of this equilibrium state is not well under-
stood, but abrogation of key immune-suppressive mechanisms
offers the possibility of activating immune responses to help
clear infection together with other therapeutic modalities.
The promise and potential of such a therapeutic strategy are
supported by the immense success of immune checkpoint
blockade in activating constrained immune responses to elim-
inate tumors.®>%% |n addition to activating cytotoxic lympho-
cytes that would be effective at targeting infected tissue cells
and immune cells such as Trojan horse leukocytes,*”*" check-
point blockade can potentially activate anergic CD4" T cells to
mobilize adaptive immunity. However, limitations to an immu-
notherapy approach are potentially toxicity related to immune
overactivation, and that bacteria present in biofilms, whether
in Staphylococcal abscess communities®? in the soft tissues
and bone marrow, in glycocalyx on implants and necrotic tis-
sue, and extracellular bacteria within the canalicular network
of the cortical bone, are sequestered from immune cells by
an impenetrable barrier.?”)

Mouse models of orthopedic PJI that faithfully recapitulate
acute and also persistent infection that is recalcitrant to antibi-
oticc have been developed by our group and
others.(?829353843) These models are characterized by large
numbers of MDSCs that can suppress adaptive immunity, but
the cellular composition, activation status, and cytokine profile
of the immune system at the site of persistent infection have
not been well characterized. Even less is known about immune
activation status in draining lymph nodes (LNs), where the
adaptive immune response initiates, and in bone marrow adja-
cent to the site of infection. In this study, we tested the
hypothesis that persistent S. aureus infection activates feed-
back mechanisms that suppress immune cell activation and
cytokine production at the site of infection and also in draining
LNs and adjacent bone marrow (BM). We used our recently
developed clinically relevant PJI model that incorporates a
weight-bearing implant that can osseointegrate, introduction
of infection through the same method hypothesized to occur
clinically, presence of biofilm on the implant, and progression
of infection to intramedullary canal, and enables analysis of
both joint soft tissue and bone compartments that are affected
by PJI in humans in a mechanically loaded environment.?%2%
Combined investigation using histology, multiparameter flow
cytometry, and gene expression analysis showed that during
persistent infection neutrophil infiltration, BM myeloid cell
reaction, and innate and adaptive cytokine gene expression
remained highly elevated, whereas T-cell proliferation was sup-
pressed in infected tissues and draining LNs and numbers of
infiltrating immune cells diminished relative to early stage
infection. The late stage was characterized by engagement of
feedback mechanisms including increased Tregs and expres-
sion of anti-inflammatory IL-10 and increased expression of T-
cell inhibitory receptors and exhaustion markers. These results
reveal the cellular and molecular components of the mouse
immune response to persistent S. aureus PJI and indicate that
neutrophil infiltration and activation of cytokine responses
are insufficient to clear S. aureus PJI. The results reveal several
immune-suppressive mechanisms that can be targeted as part
of immunotherapeutic strategies to promote eradication of
infection in combination with other therapeutic modalities.
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Materials and Methods

Bacteria

The methicillin-sensitive S. aureus strain Xen36 was used in all
experiments in this study, as previously described.?>*®

Animals, surgical procedures, and treatments

All animal procedures used in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) at Hospital
for Special Surgery (HSS) and Weill Cornell Medicine (WCM).
Nine- to 16-week-old female C57BL/6 mice (Jackson Laboratory,
Bar Harbor, ME, USA) were used in all experiments and housed in
standard specific pathogen-free (SPF) conditions at the WCM
animal facility. A total of 54 mice underwent unilateral proximal
tibial implant insertion (right tibia) as described previously.“*
Specifically, an incision was made in the right knee and the quad-
riceps fibers divided medially, after which the anterior cruciate
ligament and menisci were resected and the patella dislocated
to expose the tibial plateau. The tibial articular cartilage and
proximal epiphysis were removed with a fine-tip burr. Using a
high-speed drill, a 0.9-mm-diameter hole was created in the
medullary canal and a 3D printed titanium implant inserted in
a press-fit model into the hole, after which the extensor mecha-
nism was closed using resorbable suture and skin closed with
non-absorbable suture. Half of the animals (n = 27) also received
a 2 pL intra-articular injection of ~10* colony-forming units
(CFUs) of S. aureus Xen36 after closure of the arthrotomy site.??
Group sizes for each time point and experiment are provided in
the figure legends. Accuracy of bacterial dosing at inoculation
was confirmed via plating equal amounts of the syringe injec-
tions onto kanamycin-containing agar plates in triplicate and
counting the colonies after overnight culture. Postoperatively,
mice were administered buprenorphine (0.05 mg/kg) every
12 hours subcutaneously for 48 hours and monitored closely as
they resumed normal ambulation, which provided mechanical
loading onto the implant. For in vivo depletion studies, mice
were injected with 250 pg of anti-CD8 (BioXCell, Lebanon, NH,
USA; 243, #BE0061) or isotype control (BioXCell, LTF-2,
#BE0090) antibodies intraperitoneally (i.p.) starting 2 days before
surgery and infection and biweekly after that until euthanasia at
17 days. One mouse died in each group (anti-CD8 and isotype
treated) over the course of i.p. injections in the CD8 cell depletion
experiment.

Blood collection and ELISA

Animals were euthanized 3, 7, 14, 21, and 35 days after surgery
via CO,; inhalation followed by cervical dislocation and blood
was collected via cardiac puncture, from both infected mice
and non-infected controls. Blood was collected retro-orbitally
on day 28 after mice were anesthetized via isoflurane inhalation.
Blood was centrifuged and serum stored at —80°C for future use.
Serum amyloid A (SAA) levels were quantified using an ELISA kit
(KMA0021;Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s instructions.

Histopathological analysis

Animals were euthanized 3, 7, 14, 21, and 35 days post infection
(dpi). Both the operated and contralateral knees including the
surrounding musculature from the infected and non-infected
animals were fixed in 10% neutral-buffered formalin for 5 to

6 hours. After fixation, bones were demineralized using 10%
EDTA after which the implants were gently removed from the
tibias with minimal loss of tissue at the bone-implant interface.
Tissues were processed using an automated processor (Sakura
Finetek, Torrance, CA, USA; VIP 1000) and embedded in paraffin
at the HSS histopathology core. Sagittal sections (7 microns
thick) of the hind limbs were obtained and stained with hema-
toxylin and eosin (H&E). Each section included the knee joint
and periarticular soft tissues, part of femoral and tibial diaphyses,
and surrounding muscles. Histology slides were reviewed by a
pathologist at HSS with training in musculoskeletal pathology
in a blinded manner. Tissues were scored for histological signs
of infection, such as inflammation, abscesses, purulent exudate,
and necrosis. The soft tissues were also scored for signs of
healing and tissue repair such as fibrosis. Implant osseo-
integration was estimated by scoring the peri-implant ossifica-
tion (Supplemental Table S1).

Immunohistochemistry

Paraffin-embedded sections were deparaffinized and rehydrated
at the Laboratory of Comparative Pathology at WCM. The sec-
tions were stained using the following antibodies: CD3 (Abcam,
Cambridge, MA, USA; ab135372, 1:250 after heat-induced epi-
tope retrieval [HIER] in a pH 6.0 buffer); myeloperoxidase (Dako,
Glostrup, Denmark; A0398, 1:1000, HIER pH 6.0); and F4/80
(Abcam, ab6640, 1:100, HIER in 10 mM citrate buffer, pH 6.0).
Immunohistochemistry was performed on a Leica Bond RX auto-
mated stainer using Bond reagents (Leica Biosystems, Buffalo
Grove, IL, USA), including a polymer detection system (DS9800,
Novocastra Bond Polymer Refine Detection, Leica Biosystems).
The chromogen was 3,3 diaminobenzidine tetrachloride (DAB),
and sections were counterstained with hematoxylin.

Multicolor flow cytometry

Infected soft tissues surrounding the joint space and implant
were harvested and digested with Collagenase A (2.5 mg/mL)
and DNase for 15 minutes at 37°C, after which cells were passed
through a 70 pm filter and washed with RPMI. Live/dead cell dis-
crimination was performed using LIVE/DEAD Fixable Dead Cell
Stain (Invitrogen, Carlsbad, CA, USA; L23105) according to the
manufacturer’s instructions followed by subsequent staining
with specific antibodies. Bone marrow cells were isolated by
centrifugation after cutting the proximal and distal ends of the
tibias. Lymph nodes (bilateral iliac and inguinal) were harvested,
minced, and digested with type Il collagenase (Worthington,
Lakewood, NJ, USA) as described.“® Single-cell suspensions
were counted and then incubated with purified rat anti-mouse
CD16/CD32 (mouse Fc block; BD Biosciences, San Jose, CA,
USA; #553141 used at 1:50 dilution) before proceeding to surface
marker staining. The following fluorophore-conjugated anti-
bodies were used: anti-CD3, CD4, CD8, CD25, CD69, NK1.1,
TCRy8, CXCR5, ICOS, CD11b, F4/80, Ly6C, Ly6G, CD11c, I-Ab,
CCR2, and CD9 (additional information provided in Supplemen-
tal Table S2). The Foxp3/Transcription Factor staining buffer set
(Thermo Fisher Scientific) was used to fix and permeabilize cells
for intracellular staining of Foxp3 and Ki67. Cells were analyzed
on a FACS Canto (BD Biosciences) according to the manufac-
turer’s guidelines. Data were analyzed with FlowJo v10 software.
Total cell populations per lymph node were calculated by multi-
plying the percentage of gated population by the lymph node
cell count. Uniform manifold approximation and projection
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(UMAP) analysis was performed on the flow cytometry data sets RNA isolation
using the following parameters in Flowlo: nn (nearest
neighbors) = number of colors, min_dist of 0.0001 and Euclidean
distance.

All samples, ie, soft tissue, cancellous bone, and peri-implant tis-
sue from the infected and non-infected control mice, were
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dissected and flash-frozen separately in liquid nitrogen. Soft tis-
sue and cancellous bone samples were harvested bilaterally, ie,
from the operated right side (R) and the non-operated left side
(L) from the infected (4) and non-infected groups (—). Samples
were mechanically homogenized in TRIzol (Invitrogen) and total
RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia,
CA, USA) following the manufacturers’ instructions.

Real-time quantitative polymerase chain reactions
(RT-gqPCR)

cDNA was synthesized using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific) and real-time qRT-PCR
was performed using Fast SYBR Green Master Mix and an
ABI7500 Fast system (Applied Biosystems). Gene expression
was normalized to mouse Hprt and calculated using the AACt
method. Gene-specific primer sequences used are listed in Sup-
plemental Table S3. Heatmaps for expression of specific genes
were generated using ACt values and colors were scaled by
row (Z scores); data represent average values of 3 to 6 mice per
group.

Statistics

Graphs in the figures are presented as a median, interquartile
range and the number of mice (n) per group. Statistical analyses
were performed with GraphPad Prism 8 for Windows (GraphPad
Software, Inc., La Jolla, CA, USA). No animals were excluded from
the analysis. All data were tested for normality using the
Shapiro-Wilk normality test. Student’s t test and Mann-Whitney
test were used for parametric and non-parametric data, respec-
tively. Ordinary 2- or 3-way ANOVA with Tukey’s post hoc test
was used for multiple comparisons. Significance is indicated in
the box plots.

Results

Persistent inflammatory and innate immune response
in PJI

Previous work in this S. aureus PJI model found elevated serum
levels of acute-phase response protein serum amyloid A (SAA),
a systemic marker of inflammation, and that infection was par-
tially controlled but persistent, as the recovery of S. aureus CFUs
decreased by 10-fold from 2 to 6 weeks.”” We corroborated
these results by finding a massive increase in serum SAA 1 week
post infection, which diminished but remained elevated at the
5-week time point (Fig. 1A). A time course experiment revealed
that serum SAA peaked 3 to 7 days post infection (dpi) and sub-
sequently diminished by approximately 80% to an elevated pla-
teau that was maintained at 14, 21, 28, and 35 dpi (Fig. 1B). The

SAA results are consistent with a persistent partially controlled
infection. The transition to lower SAA levels corresponds to the
timing of the emergence of an adaptive immune response.“®
The significantly higher levels of SAA even at 35 dpi compared
with controls indicates a sustained inflammatory response in
the setting of persistent infection.

To further investigate the sustained nature of the inflamma-
tory and immune responses we performed a histological analysis
of implanted knee joints (including tibiae and femora) of
infected and non-infected control animals at multiple time
points (3, 7, 14, 21 and 35 days) over a period of 5 weeks
(Fig. 1C, representative photomicrographs). The amounts of tis-
sue inflammation, necrosis, fibrotic tissue formation, and implant
osseointegration were scored blindly by a pathologist (Fig. 1D)
using a scoring system described in Supplemental Table S1.
H&E-stained histological sections of operated limbs of non-
infected mice revealed a mild inflammatory reaction at days
3 and 7, subsequently resolving over time in accord with our
recent report.(45) In contrast, the tissues from infected animals
had much more severe infiltration of inflammatory cells, mainly
polymorphonuclear neutrophils (PMNs), as early as 3 dpi. At
day 7, there was heavy acute inflammation involving intra-
articular soft tissues, articular capsule, and surrounding soft tis-
sues (Fig. 1E, top left). By day 21, diffuse large abscesses had
formed, with massive tissue destruction, within and around the
joint (Fig. 1C, lower row). Necrotizing granulomatous reactions
surrounded by fibrotic sheets were observed at 21 and 35 dpi
(Fig. 1Cand 1E, top right). We also observed PMNs extending into
the medullary canal starting at 7 dpi, and by day 35 there were
necrotizing granulomas in the bone marrow, encapsulated by a
fibrous band (Fig. 1E, bottom). Non-infected mice showed rapid
and effective osseointegration, with multiple newly formed osse-
ous trabeculae around the implant by day 7; in the infected tib-
ias, the ossification around the implant was initially delayed
compared with the non-infected, and as the infection pro-
gressed to the medullary canal from the joint space, the new
bone was resorbed by day 35. These results demonstrate infec-
tion that progresses from the joint space into the medullary
canal beginning approximately 7 dpi and persists in the face of
a sustained and extensive tissue inflammatory reaction.

Sustained infiltration of infected joint tissues by innate
and adaptive immune cells

We used flow cytometry to perform a detailed and quantitative
analysis of immune cells that infiltrate soft tissues of infected
joints (the gating strategy and representative FACS plots are
shown in Fig. 2A and Supplemental Fig. STA, B). We compared
day 7, corresponding to activation of adaptive immunity,“” to
day 35, corresponding to a more chronic phase of immune

Fig. 1. Persistent inflammatory and tissue-destructive response to S. aureus infection in a PJl mouse model. (A) Serum amyloid A levels in infected animals
and uninfected controls at 7 and 35 dpi (n = 6/group per time point). (B) Serum amyloid A levels in non-infected controls and infected animals at the
specified time points (n = 3/group per time point). Data are represented as median with interquartile range, two-way ANOVA followed by Tukey post
hoc test. (C) Representative H&E-stained photomicrographs of knee joint sagittal sections of non-infected (top) controls and infected (bottom) animals
at specified time points (n = 3/group per time point). (D) Histopathological scoring of H&E sections in (C). (E) Representative H&E-stained sections of
infected mice at days 7 and 35 showing inflammation in the soft tissues around the joint and bone. (C) Scale bars = 400 um (top), 200 pm (bottom).
(E) Magnification x 10, scale bars = 50 pm. The images for control non-infected mice in (C) were derived from the same mice used in the study of Xia

and colleagues,“”

and the scoring for control noninfected mice in (D) was performed on the same mice and samples as in the study of Xia and col-

leagues.*® The control and infected mice were analyzed together as part of the same experiment.
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Fig. 2. Sustained infiltration of infected joint soft tissues by innate and adaptive immune cells. (A) Representative flow cytometric plots showing identi-
fication of myeloid populations in infected joint soft tissues at 7 and 35 dpi. (B) Frequency of CD45™ cells isolated from infected soft tissues at 7 and 35 dpi
(n = 6/group per time point). (C-E) Bar graphs of relative proportions of myeloid and lymphoid cell populations in infected joint soft tissues at 7 and 35 dpi
(n = 6/group per time point). Data are represented as median with interquartile range, Mann-Whitney test.

activity. Approximately 65% of the cells isolated from joint soft Fig. 10). As expected, neutrophils (Ly6G Ly6C" cells) were the
tissues were of hematopoietic origin (CD45™) at day 7, which dominant immune cell population (~80% of CD45™" cells) at day
decreased to ~25% by day 35 (Fig. 2B and Supplemental 7 (Fig. 20); this predominance of neutrophils was sustained up
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CD3

Fig. 3. Infiltration of infected joints by immune cells. Representative photomicrographs of immunohistochemical staining for MPO (neutrophils), F4/80
(macrophages), and CD3 (T cells) at 7 and 35 dpi (n = 3/group per time point) in infected joint tissues (arrows = intensely F4/80 positive macrophages;
yellow asterisks = larger macrophages with weaker F4/80 signal; green asterisks = macrophages around granulomas). Magnification x10; scale bars

are 50 pm.

to day 35. The cellular composition of other innate myeloid
immune cells, CD11b"F4/80" macrophages (~6% of CD45"
cells), CD11b*Ly6C™ monocytes, and CD11c*MHCII* dendritic
cells, was also comparable on days 7 and 35 (Fig. 20). Infiltrating
macrophages were predominantly CX3CR1%, suggestive of a
monocytic origin, and could be divided into CX3CR1 single-
positive and CX3CR1TCD9" double-positive macrophages
(Supplemental Fig. S1A, upper right panel) whose relative propor-
tions did not change substantially over time (Fig. 2D). Low levels
of tissue infiltration by innate lymphocytes (NK cells, NKT cells,
and y8 T cells) did not change notably over time (Fig. 2E). Adap-
tive immune cells, namely B and T cells, represented a smaller
fraction of immune infiltrates (~1% to 2%) relative to myeloid

cells, but the proportion of lymphocytes in infected tissues was
also sustained and comparable at 7 and 35 dpi (Fig. 2E).

We further corroborated and localized immune cell infiltration
in infected tissues using immunohistochemistry to stain for MPO
(myeloperoxidase, neutrophil marker), F4/80 (macrophage
marker), and CD3 (T-cell marker) (Fig. 3 and Fig. S2 in Appendix
S1). MPO staining showed a diffuse pattern throughout joint
tissues in infected mice at both 7 and 35 dpi in comparison
to the non-infected controls, with strong staining correspond-
ing to abscesses, which may correspond to Staphylococcus
abscess communities.*”*? At day 35, the MPO-positive areas
were abundant in diaphyseal bone as well. F4/80-positive cells
were found in the soft tissues around the joint, at both 7 and
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35 days; intensely positive macrophages were abundant in the
most superficial layers of capsule (arrows); bigger macro-
phages, with vacuolar cytoplasm and weaker F4/80 positivity,
were located at the periphery of the abscesses at 7 days (yel-
low asterisks); at 35 days, this latter population was forming a
more defined rim around the external wall of necrotizing gran-
ulomas (green asterisks). Infiltrating CD3™ T cells were found in
the infected legs 7 dpi, especially in perivascular areas but also
scattered through intra-articular and periarticular soft tissues.
At day 35, T-cell staining remained similar and T cells were
mostly concentrated around the edges of necrotizing granulo-
mas in soft tissues and at the site around the implant. The
non-infected legs showed only rare, scattered CD3" cells (data
not shown). Collectively, the data show sustained immune cell
infiltration associated with persistent infection, with the cellu-
lar composition of the infiltrates not changing substantially
over time.

Sustained activation of immune cells in infected tissues

To assess the activation status of immune cells in joint tissues
post infection, we analyzed expression of innate and adaptive
immune activation genes in infected and non-infected control
animals 7 and 35 dpi by RT-qPCR. In accord with expected early
activation of innate immunity, innate immune cell-expressed
cytokine and chemokine genes such as II1b, Il6, Tnf, 1123a, Cxcl1,
Cxcl3, Cxcl10, and Ccl5 were highly induced in infected joint tis-
sues 7 dpi relative to control noninfected joint tissues (Fig. 4A—
Q). Expression of /16, the major driver of SAA expression, declined
from 7 to 35 dpi (Fig. 4A, B) in parallel with the decrease in SAA
(Fig. 1A). Expression of a majority of the inflammatory/innate
immune genes, including Tnf, 16, and Th17-promoting cytokine
1123a, and the neutrophil chemokines Cxcl7 and Cxcl3 was sub-
stantially and significantly increased on day 35 relative to 7 dpi.
Interestingly, expression of major CD4 " T-cell effector genes Ifng
(marker of a Th1 response that activates macrophages and tar-
gets intracellular bacteria) and //77a (marker of a Th17 response
that recruits PMNs and targets extracellular bacteria) was ele-
vated 7 dpi and further increased by 35 dpi (Fig. 4A-C). Although
PJI typically initiates in the joint tissues and adjacent implant,
penetration of infection into the medullary canal and infection
of bone (osteomyelitis) represents a catastrophic outcome."
Thus, we assessed immune gene activation in cells attached to
the implant and in cancellous bone that more distally surrounds
the implant. In line with histological findings showing infection
of the medullary canal as early as 7 dpi, induction of both innate
and adaptive immune genes at both sites was observed at both
7 and 35 dpi, although gene induction was less robust in the
bone samples (Fig. 4D, E and Fig. S3 in Appendix S1). Collectively,
these results show effective activation of innate and adaptive

immune cells in several infected tissues at 7 dpi, which persists
or even increases at 35 dpi.

We also used this gene expression/qPCR approach to measure
immune cell marker genes to corroborate the flow cytometry
results; compared with flow cytometry where limiting cell num-
bers did not allow analysis of non-infected tissues, we were able
to compare gene expression in infected versus noninfected tis-
sues. Infected joint tissues exhibited increased expression of y8
T-cell markers Vg1.1 and Vg4, T-cell markers Cd4 and Cd8a, and
B-cell marker Cd19 (Fig. 4F, G). Expression of Cd19 and Vg1.1
was significantly increased on day 35 relative to day 7 (Fig. 4G),
whereas expression of the other cell marker genes did not signif-
icantly change with time. Interestingly, the CD8 T-cell effector
genes Gzmb (encoding granzyme B) and Prf1 (encoding perforin)
were more highly expressed on day 7 than on day 35 (Fig. 4H).
These results support infiltration of infected tissues by various
immune cells and suggest that B cells accumulate at the later
stages of infection, consistent with the trend for increased B cells
observed by flow cytometry in Fig. 1.

Effects of CD8 T-cell depletion on PJI model

Increasing evidence suggests that S. aureus is not strictly an
extracellular pathogen and can adapt to persist and divide intra-
cellularly inside host cells, including in immune cells such as
macrophages that have been termed “Trojan horses.” 24"
CD8™ cytotoxic lymphocytes are important for immunity against
intracellular pathogens and could potentially be important in
eradicating intracellularly infected joint or bone cells."” The role
of CD8" T cells in immune responses to S. aureus is mostly
unknown. As expression of CD8 T-cell effector genes that lyse
infected target cells was elevated in our PJI model (Fig. 4), we
tested the functional importance of CD8™ T cells using an anti-
body depletion strategy beginning 2 days before infection
(Fig. S4 in Appendix S1 documents effectiveness of CD8" T-cell
depletion of >90%). Analysis of mice euthanized 17 dpi revealed
that depletion of CD8" T cells resulted in minimal and not statis-
tically significant differences in serum SAA, joint histology, and
joint tissue bacterial numbers (Fig. 5A-D). Gene expression anal-
ysis (Fig. 5E) confirmed depletion of CD8™ cells and also showed
a moderate reduction in expression of Ifng, which encodes an
important effector cytokine produced by CD8" and CD4™ T cells.
In line with lower Ifng expression, mRNA amounts encoded by
IFN-y-stimulated gene Cxcl10 were significantly lower in CD8 T-
cell-depleted mouse tissues (Fig. 5E). However, expression of var-
ious cytokine genes, including /l77a, Tnf, and I/1b, was not signif-
icantly different between the isotype and anti-CD8a-treated
groups. We conclude that CD8™ T cells play a minimal role in this
PJI model.

Fig. 4. Immune cell activation and cytokine gene expression are maintained 35 dpi in infected joint tissues, cancellous bone, and peri-implant tissue. (A)
qPCR analysis of the expression of /6, Cxcl10, Tnf, and ll177a mRNA in joint soft tissues of non-infected and infected mice (RNA samples from the non-
infected day 7 group in (A) and (C) are the same samples that were used in gene expression analysis in the study of Xia and coIIeagues.“‘S’ (B) Heatmap
of cytokine, chemokine, and immune effector molecule gene expression in joint soft tissues of infected mice at 7 and 35 dpi. (C-E) gPCR analysis of the
expression of /[1b and Ifng mRNA in joint soft tissues (bilateral, L = left and R = right hind limbs), cancellous bones (bilateral, L = left and R = right hind
limbs), and peri-implant tissue (operated right side only), respectively, of non-infected and infected mice at 7 and 35 dpi (n = 6/group per time point;n =3
for non-infected day 7 groups). (F) Heatmap of immune cell marker gene expression in joint soft tissues of infected mice at 7 and 35 dpi. (G) qPCR analysis
of the expression of Cd19, Vy4, and (H) Prfl and Gzmb mRNA in joint soft tissues of non-infected and infected mice (n = 6/group per time point; n = 3 for
non-infected day 7 groups). Data are represented as median with interquartile range, three-way ANOVA followed by Tukey post hoc test.
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Fig. 5. Effects of CD8" T-cell depletion on PJI. (A) Representative H&E-stained photomicrographs (magnification x 5) of knee joint sagittal sections of isotype (left
panel) and anti-CD8 (right panel) treated mice 17 dpi (data representative of two independent experiments, n = 6/group). (B) Histopathological scoring of H&E
sections in (A) (n = 6/group). (C) Serum amyloid A levels and (D) total CFUs in the two groups of infected animals. Data are represented as median with inter-
quartile range, Mann-Whitney test. (E) gPCR analysis of the expression of the specified genes in joint soft tissues (bilateral, L = left and R = right hind limbs) from
isotype and anti-CD8-treated groups (n = 4/group). Data are represented as median with interquartile range, two-way ANOVA followed by Tukey post hoc test.

Sustained mobilization of draining lymph nodes and bone
marrow during PJI

Adaptive immunity is activated in draining LNs, where dendritic
cells (DCs) that migrate from infected tissues present antigens to
lymphocytes, which expand during active infection and subse-
quently contract after infection has been resolved. To evaluate
whether activation of adaptive immunity is sustained at the later

phases of persistent PJI, we examined draining inguinal and iliac
lymph nodes after surgery and infection. Infection resulted in a
massive expansion of size and cellularity of iliac LNs that drain
operated and infected joints (R, +) that was apparent at 7 dpi
and was fully maintained at 35 dpi (Fig. 6A, B); similar but less
pronounced increases were observed in draining inguinal LNs
(Fig. S5 in Appendix S1). In line with our recent report,“*> surgery
alone transiently expanded draining LNs at day 7, with a return
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Fig. 6. Sustained expansion of draining iliac lymph nodes up to 35 dpi. (A) Representative photographs of iliac nodes harvested from non-infected (left
panel) and infected (right panel) mice (n = 3/group per time point) 35 dpi showing massive increase in size on the infected right side. Data representative
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range, three-way ANOVA followed by Tukey post hoc test.

to near baseline at day 35. Substantial LN expansion was only
observed on the infected R side, consistent with a unilateral
infection.

Flow cytometric analysis (gating strategy shown in Fig. S6 in
Appendix S1) showed pronounced accumulation of both CD4™
and CD8™ T cells in draining LNs 7 dpi and their numbers were
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Fig. 7. Sustained bone marrow myeloid cell reaction post infection. (A) Representative flow cytometric plots showing identification of myeloid popula-
tions, (B) proportions of myeloid populations, and (C) expression of CD9 and CX3CR1 in CD11b*F4/80" macrophages in bone marrows of naive and
infected mice at 7 and 35 dpi (n = 4-6/group per time point; bilateral, L = left and R = right hind limbs). Data are represented as median with interquartile
range, one-way ANOVA followed by Tukey post hoc test.

maintained or further increased at 35 dpi (Fig. 6C and Fig. S7 in draining LNs at 35 dpi (Fig. 6D). Activation of T cells in LNs is
Appendix S1). In accord with increased yd T cells in infected tis- mediated by dendritic cells (DCs) that migrate from infected tis-
sues at day 35, we observed increased numbers of yd T cells in sues to present antigens in LNs. Accordingly, LNs draining
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Fig. 8. Activation of feedback inhibitory pathways post infection. (A) Ki67 staining of proliferating CD4" and CD8™ T cells in joint tissues (n = 6/group per
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iliac lymph nodes of non-infected and infected mice 7 and 35 dpi. (E) Expression of PD-1 on CD4™ T cells. (F) Total number of CD872B47CD39™" T cells in
iliac lymph nodes from non-infected and infected animals 7 and 35 dpi as determined by flow cytometry (n = 6/group per time point). Data are repre-
sented as median with interquartile range, three-way ANOVA followed by Tukey post hoc test.
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infected joints harbored increased numbers of CD11c™ MHCII™
DCs at both 7 and 35 dpi (Fig. 6E; gating strategy shown in
Fig. S8A in Appendix S1). These LNs also exhibited increased
numbers of neutrophils and monocytes (Fig. S8B in Appendix
S1). An increased fraction of draining LN CD4™ T cells stained
positive for activation marker ICOS at both 7 and 35 dpi
(Fig. 6F); these ICOS™ T cells stained negative for CXCRS5 (Fig. S6
in Appendix S1), suggesting they do not correspond to follicular
helper T cells. In line with ongoing T-cell activation and related
expansion in draining iliac LNs, approximately 25% of CD4*
and 13% of CD8™ T cells stained positive for the proliferation
marker Ki67 at 7 dpi (Fig. 6G); the number of Ki67* T cells in
draining LNs diminished by day 35 but remained elevated rela-
tive to control LNs. Overall, these results support ongoing activa-
tion of T-cell immunity in draining LNs that persists through
35 days.

Infection mobilizes myelopoiesis in the bone marrow to gen-
erate neutrophils and monocytes that migrate to sites of infec-
tion.*® In addition, as PJI extends into the medullary canal,
S. aureus bacteria can directly activate myeloid cells in adjacent
BM. We used flow cytometry to determine the effects of infection
on neutrophils, monocytes, and macrophages in adjacent and
contralateral tibial bone marrow; the gating strategy and repre-
sentative FACS plots are shown in Fig. 7A and Fig. S1, Appendix
S1. Relative to noninfected mice, infection substantially
increased the fraction of Ly6G™ neutrophils in BM of infected
mice on both the infected (right, R) and contralateral (left, L)
sides, and this increase persisted from 7 to 35 dpi (Fig. 7B). Bone
marrow macrophages were defined as CD11b™ F4/807 (Fig. 7A)
and three distinct populations were observed: CX3CR1 single-
positive (CX3CR1™ CD9"), CD9 single-positive (CX3CR1~ CD9™),
and CX3CR1" CD9" double-positive cells (Fig. 7C). Based on
the expression pattern of Ly6C,“*>" two distinct populations
of monocytes were observed in the BM, CD11b'Ly6C"
(Monocytes-1) and CD11bTLy6C™ (Monocytes-2) (Fig. 7A).
Monocytes-1 were CX3CR1TCD9~, whereas monocytes-2 were
predominantly CX3CR1-CD9™ (Fig. S9 in Appendix S1). Similar
to neutrophils, infection altered the relative numbers of the var-
ious macrophage and monocyte populations in both infected
and contralateral tibias 7 and 35 dpi (Fig. 7B, C; Fig. S10 in Appen-
dix S1 presents quantitation of the various cell populations).
These results show that infection induces a myeloid lineage
bone marrow reaction consistent with reactive myelopoiesis that
occurs both in bone marrow adjacent to infection and distal
bone marrow, and identify distinct monocyte and BM macro-
phage populations that can be distinguished based on CX3CR1
and CD9 expression.

Feedback inhibitory pathways that restrain immune
responses

We investigated whether feedback inhibitory mechanisms that
could restrain the tissue immune response were induced at
35 dpi. In accord with the activation phase of adaptive immunity
on day 7, 50% of CD37CD4™" and CD3"CD8™ T cells stained pos-
itive for the proliferation marker Ki67 (Fig. 8A). Strikingly, the frac-
tion of Ki67* T cells in infected tissues dramatically decreased
from day 7 to day 35 post infection (Fig. 8A). When we calculated
the total number of tissue-infiltrating T cells, correcting for cellu-
larity (Fig. 2B and Fig. S1Cin Appendix S1), both CD4" and CD8™
T-cell numbers were markedly decreased in infected tissues on
day 35 relative to day 7 post infection (Fig. 8B), despite mainte-
nance of large numbers of T cells in draining LNs (Fig. 6).

Collectively, the results suggest that the LN and tissue T-cell
responses are partially restrained by feedback inhibitory mecha-
nisms, with a greater suppressive effect in infected tissues. In line
with activation of inhibitory pathways, mRNA of the immune-
suppressive cytokine IL-10 was significantly elevated in infected
relative to non-infected tissues, and was higher at 35 dpi relative
to 7 dpi (Fig. 8C). Expression of Foxp3, encoding the FOXP3 mas-
ter regulator of regulatory T cells (Tregs), was also elevated in
infected tissues (Fig. 8C), and higher numbers of Tregs that
increased over time were observed in draining LNs (Fig. 8D).
Finally, we measured T-cell surface expression of the inhibitory
receptor PD1 that can restrain T-cell activation and of the
exhaustion markers 2B4 and CD39.4? CD4™ T cells in LNs drain-
ing infected tissues expressed significantly higher levels of PD1
(Fig. 8E), whereas a fraction of CD8" T cells was double positive
for 2B4 and CD39 (Fig. 8F), which corresponds to an exhausted
functional phenotype.“? Collectively, these results support the
engagement of various feedback inhibitory pathways to restrain
the immune response in an attempt to limit tissue damage and
toxicity.

Discussion

The recalcitrance of orthopedic S. aureus PJI to antibiotic therapy
highlights the importance of understanding immune responses
to guide development of immunotherapies to help prevent
and eradicate chronic PJI. In this study, we have defined immune
responses and countervailing feedback mechanisms that
restrain immunity in infected tissues, draining LNs and reactive
bone marrow during early and persistent phases of PJl in a clin-
ically relevant orthopedic model. Persistent infection is charac-
terized by a sustained inflammatory reaction and strikingly
high cytokine gene expression indicative of robust activation of
multiple components of innate and adaptive immunity in
infected joint and bone tissues. This tissue immune response is
associated with and likely sustained by ongoing LN expansion
and bone marrow reaction. However, feedback mechanisms
involving inhibitory receptors, suppressive cytokines, and Tregs
are operative during persistent infection and, together with
sequestration of bacteria by encapsulation or biofilm, can con-
tribute to failure of bacterial clearance. These findings identify
a disconnect between ongoing immune activation in LNs and a
“split tolerance” in infected tissues where inflammatory genes
are highly expressed but cell proliferation and ability to clear
infection are suppressed. The results suggest approaches to
modulate the immune response to S. aureus PJI to promote erad-
ication of infection in combination with debridement of biofilm
and other therapeutic modalities.

In chronic infections with pathogens such as Mycobacterium
tuberculosis, Mycobacterium leprae, HIV, or strains of LCMV, the
host and pathogen reach a semi-stable state of equilibrium
where the immune response becomes attenuated and infection
is contained but not eliminated.®**? The benefit to the host is
avoidance of toxicity associated with cytokine storm and of
extensive tissue damage associated with ongoing severe inflam-
mation. In contrast, in S. aureus PJ, sustained high-level expres-
sion of immune activation genes, including cytokines and
chemokines, is associated with ongoing high-grade inflamma-
tion, soft tissue destruction, and lysis of bone. Thus, the amount
of inflammation required to contain S. aureus PJl is highly delete-
rious to the host and not particularly effective at clearing the
pathogen. This raises the possibility that the immune response
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to S. aureus PJlis “misdirected” and that activation of the innate
immune, Th1, and Th17 pathways that we observed activates
deleterious inflammatory pathways without engaging immune
and microbicidal mechanisms that effectively clear S. aureus
infection. Such skewed or maladaptive immune responses occur
in other infections such as M. Leprae, and can be induced by the
pathogen in order to escape the immune response.®? Alterna-
tively, the immune response may be appropriate, but S. aureus
can disarm downstream effector mechanisms by various previ-
ously described mechanisms®®'%'? and thereby escape effective
immunity.

Extensive investigation of S. aureus infection in the skin, the
most common site of infection, has revealed that effective
immunity is mediated by neutrophils, whose recruitment and
function are amplified by inflammatory cytokines and type 3 IL-
17-mediated immunity."*'® In our PJI model, extensive neutro-
phil infiltration was associated with high-level cytokine, neutro-
phil chemoattractant, and IL-17 expression, but infection was
not cleared. One possible explanation is that when S. aureus
infection mobilizes the bone marrow, in addition to monocytes
and neutrophils S. aureus strongly induces myeloid-derived sup-
pressor cells (MDSCs).®%3223>5) MDSCs are immature myeloid
lineage cells related to monocytes or neutrophils that originate
in the BM, follow a non-standard differentiation pathway, and
infiltrate into infected tissues or tumors where they produce sup-
pressive factors.®®>”) Although best known as suppressors of T-
cell responses, MDSCs also exhibit poor phagocytic capacity
and produce anti-inflammatory cytokines, which would contrib-
ute to ineffectiveness at clearing S. aureus. Interestingly, in our
S. aureus PJI model, we observed a strong myeloid BM reaction,
with mobilization of cells expressing neutrophil markers and
changes in the composition of monocyte and macrophage
populations. We have followed consensus expert opinion that
it is not possible to identify MDSCs based solely on currently
known cell surface markers®® and did not try to define MDSC
populations within these myeloid cell populations based on cell
surface phenotype. Instead, we have started to identify and
define monocyte and macrophage subpopulations based on
new cell surface markers such as CX3CR1 and CD9, with the goal
of performing functional and gene expression analyses on puri-
fied cell populations in future work. CD9 appears to represent a
promising marker as it clearly divides myeloid cells into subsets
in our model, and CD9" myeloid cells decrease in the BM while
increasing in infected tissues over time. CD9' macrophages
can have pro-inflammatory and fibrotic phenotypes©®%? and
it will be interesting to align CD9 subsets with inflammatory ver-
sus MDSC functions. Such an approach may identify new cell
subpopulations and cell surface markers to selectively target to
deplete suppressive myeloid cells, while preserving cell types
important for host defense.

Although investigation of skin S. aureus infections and the
genetics of susceptibility in children have highlighted the impor-
tance of the Th17-PMN axis in host defense, other immune
mechanisms may be important, including humoral immunity'®
and the IFN-y-macrophage axis."%?*?% Interestingly, children
with defects in PMN function or Th17 responses outgrow their
susceptibility to S. aureus infections, supporting the existence
of alternative immune mechanisms that are effective against
S. aureus."® In this light, we investigated the role of CD8™ T cells.
Although S. aureus is predominantly an extracellular pathogen,
intracellular infection of various cell types, including osteoblasts
and osteoclasts in PJI, has been described.""%®" An important
component of the immune response against intracellular

pathogens is lysis of infected cells by cytotoxic lymphocytes
(CTLs) that differentiate from CD8" T cells. To our knowledge,
the role of CTL-mediated killing in anti-S. aureus immunity has
not been previously investigated but if effective could offer a
potential strategy for immunotherapy. However, CD8" T-cell
depletion had minimal effects upon the course of PJI in our
model, although expression of a subset of cytokines and ISGs
was affected. Given that osteoblasts and osteoclasts are intracel-
lularly infected by S. aureus, the most prominent effects of CD8"
T-cell depletion would be predicted to be on the bone compo-
nent of infection. Thus, the effects of CD8 cell depletion may
have been difficult to observe in our model, which has a strong
soft tissue infection component similar to human PJI. We believe
that it would be worthwhile to investigate the role of CD8" T
cells in an osteomyelitis model, where a greater proportion of
cells may be intracellularly infected with S. aureus.

Attenuation of immune responses during chronic infection,
and also the “exhaustion” of anti-tumor immune cells, have
been primarily investigated at the site of infection or in the
tumor.®4% |n infected tissues in our S. aureus PJI model, it is pos-
sible that activation of T-cell exhaustion markers may be due to
polyclonal activation by superantigens such as staphylococcal
enterotoxin B. Relatively little is known about how immunity is
regulated in draining LNs in these chronic settings. In our PJI
model, LN expansion and cellularity were maintained, if not
increased, at 35 relative to 7 dpi, with increased numbers of
DCs and expression of activation markers; although inhibitory
receptor expression was elevated, lymphocyte proliferation was
sustained at higher levels in LNs than in tissues. This indicates
that immune responses were maintained in a more active state
in draining LNs and then further downregulated, which can
occur via suppression of migration of activated lymphocytes into
infected tissues, and/or further suppression of cell activation in
the tissues themselves. Our findings of relatively sparse tissue
infiltration by T cells, on the order of 1% of CD45™ cells, is consis-
tent with a report that T-cell infiltration in human PJI tissues is
lower than in the low-grade inflammatory condition osteoarthri-
tis.%? Suppression of migration represents one of the mecha-
nisms of action of Tregs, which together with MDSCs, can also
suppress T-cell proliferation in infected tissues.

Immunotherapy with immune checkpoint blockade (ICB) that
blocks the inhibitory receptors PD-1 and CTLA4 on T cells and
activates immune-mediated rejection of tumors represents a
major breakthrough in cancer therapy.®?*% Our findings and
the PJI literature support developing immunotherapies that
can be used in conjunction with debridement of biofilm and
antibiotics to better control and possibly eradicate infections.
Immunotherapy with anti-glucosaminidase antibodies has
already been used successfully in combination with vancomycin
in an orthopedic implant-associated osteomyelitis model,>)
establishing the utility of this approach. Given elevated expres-
sion of inhibitory receptors and exhaustion markers on CD4"
and CD8™ T cells in our PJI model, it would be reasonable to test
ICB, although the limited role for CD8" T cells that we have
described limits enthusiasm for this approach. Our results sup-
port strategies that target Tregs and enhance migration of T cells
into infected tissues, or target MDSCs to enhance immune cell
expansion in infected tissues. Several strategies for eliminating
MDSCs have shown promise in treatment of tumors and persis-
tent infections including S. aureus,®%*? but a lack of specificity
for MDSCs limits this approach.®®” Given the phenotypic simi-
larities of MDSCs to myeloid progenitors, monocytes, and neu-
trophils, there is also a concern that depleting MDCSs would
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also deplete myeloid cells important for host defense. Instead,
we suggest it may be fruitful to better understand pathways of
MDSC differentiation in S. aureus PJI models and modulate these
pathways to attenuate suppressor functions while strengthening
antimicrobial mechanisms.

Our findings and potential strategies for immunotherapy
need to be considered in the context of biofilm and other
mechanical barriers, such as fibrin encapsulation, that sequester
S. aureus in a sessile and quiescent form from immune cells. In
orthopedic PJI, S. aureus can be sequestered in glycocalyx on
implants and necrotic tissue, in abscess communities in the soft
tissues and bone marrow, and within the canalicular network of
the cortical bone.**?” These sequestered bacteria detach and
disperse into surrounding tissues and enter a planktonic phase,
thus maintaining active infection, which drives inflammation/
immunity and associated tissue damage. We have previously
shown that biofilm forms in our model,*® and the current data
showing sustained high-level activation of inflammatory genes
in infected tissues and of immune cells in draining lymph nodes
support that the immune system is sensing late-phase infection,
most like in a planktonic phase. Immunotherapy would be most
effective in targeting the planktonic phase of infection and
would need to be titrated to avoid overactivation of the immune
system and to be used in combination with antibiotics and strat-
egies that target or deplete biofilm. Antibiotic therapy will be
incorporated in future studies and will help to model the phase
of human PJI after antibiotic therapy is instituted subsequent
to diagnosis, which can be delayed relative to initial symptoms
of infection.

Our study has several limitations. Although we have made
every effort to develop a clinically relevant PJI model?82263)
and our findings are aligned with published studies of human
PJI, %% it will be important to compare our findings to human
PJI in greater detail. To this effect, we have initiated a study of
human PJI subjects that to date has confirmed low-level T-cell
infiltration, but greater heterogeneity and variability in duration
of infection before surgical intervention will necessitate a long
enrollment period. We did not directly assess the phagocytic,
antimicrobial, and suppressive (MDSC) functions of tissue-
infiltrating myeloid cells. This can be addressed in future work
by sorting myeloid cells into subpopulations and performing
functional studies, or alternatively by single-cell RNA sequencing.

In summary, we have identified a “split tolerance” in the
immune response to S. aureus PJI where cell activation and cyto-
kine production coexist with feedback inhibitory pathways that
limit immunity but do not sufficiently suppress inflammation to
prevent tissue damage. This work sets the stage for designing
strategies to specifically modulate the immune response to pro-
mote eradication of infection.
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