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Aims

Trained immunity confers non-specific protection against various types of infectious dis-
eases, including bone and joint infection. Platelets are active participants in the immune
response to pathogens and foreign substances, but their role in trained immunity remains
elusive.

Methods

We first trained the innate immune system of C57BL/6 mice via intravenous injection of two
toll-like receptor agonists (zymosan and lipopolysaccharide). Two, four, and eight weeks lat-
er, we isolated platelets from immunity-trained and control mice, and then assessed wheth-
er immunity training altered platelet releasate. To better understand the role of immunity-
trained platelets in bone and joint infection development, we transfused platelets from
immunity-trained mice into naive mice, and then challenged the recipient mice with Staph-
ylococcus aureus or Escherichia coli.

Results

After immunity training, the levels of pro-inflammatory cytokines (tumour necrosis factor
alpha (TNF-a), interleukin (IL)-17A) and chemokines (CCL5, CXCL4, CXCL5, CXCL7, CXCL12)
increased significantly in platelet releasate, while the levels of anti-inflammatory cytokines
(IL-4, 1L-13) decreased. Other platelet-secreted factors (e.g. platelet-derived growth factor
(PDGF)-AA, PDGF-AB, PDGF-BB, cathepsin D, serotonin, and histamine) were statistically
indistinguishable between the two groups. Transfusion of platelets from trained mice into
naive mice reduced infection risk and bacterial burden after local or systemic challenge with
either S. aureus or E. coli.

Conclusion

Immunity training altered platelet releasate by increasing the levels of inflammatory cyto-
kines/chemokines and decreasing the levels of anti-inflammatory cytokines. Transfusion of
platelets from immunity-trained mice conferred protection against bone and joint infection,
suggesting that alteration of platelet releasate might be an important mechanism underly-
ing trained immunity and may have clinical implications.
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Strengths and limitations

The present study was the first to demonstrate that
immunity training alters platelet releasate. Up to
eight weeks after immunity training with two toll-like
receptor agonists, platelets are polarized towards a
pro-inflammatory phenotype. Transfusion of ‘trained
platelets’ into naive mice reduces the risk of bone and
joint infection after bacterial challenge, suggesting
that alteration of platelet releasate could be an
important mechanism for trained immunity.

The main limitation of this study was that we used only
representative pathogens (S. aureus and E. coli) and
training substances (zymosan and lipopolysaccha-
ride) to train the immune system of model mice. Thus,
our results might be different from those obtained
with other pathogens and training substances.

Introduction

Bone and joint infection is a devastating disease in ortho-
paedics, leads to severe health problems, and is consid-
ered one of the main causes of disability or even death.
Moreover, this type of infection has a high recurrence
rate and is difficult to treat, as most antibiotics struggle
to penetrate the hard bone to reach the infected area, and
some bacteria can escape the host’s immune system and
antibiotics by remaining dormantin host cells, replicating
intracellularly, and breaking out when the host’s immune
system is compromised.'

The innate immune response is the cornerstone of host
immunity during the acute phase of a response following
exposure to pathogens.* Immediately after microbial
invasion, the innate immune system is activated in a
conservative and non-specific fashion.’ For these reasons,
the innate immune system, rather than the adaptive
immune system, plays a more crucial role in preventing
infections like bone and joint infection.® One patient
population at increased risk of postoperative bone and
joint infection consists of those with compromised innate
immunity.”® Boosting the innate immunity of this patient
group before orthopaedic surgery might be valuable in
clinical practice.

A newly emerging concept of innate immune
memory, termed ‘trained immunity’ and defined as the
ability of the innate immune system to form immune
memory and provide long-lasting protection against
foreign invaders, was recently discovered in plants,
invertebrates, and mammals.®"" Immunity training with
immunologically active substances, such as heat-killed
Candida albicans, B-glucans, zymosan, and Bacillus
Calmette-Guérin vaccine, enhances the ability of the
innate immune system to respond more effectively to
future challenges by unrelated microbes.’>* Recently,
researchers in the field of musculoskeletal infection have
demonstrated that immunity training can effectively
reduce periprosthetic infection in a mouse model.™ To
the best of current knowledge, trained immunity involves

functional alterations of immune cells, including mono-
cytes, natural killer (NK) cells, and neutrophils.”™'” Unlike
adaptive immunity, trained immunity is mainly driven
by epigenetic reprogramming downstream of Toll-like
receptor (TLR) signaling.''®

One group of blood cells that expresses various types
of functional TLRs is platelets, and megakaryocytes, their
precursor cells, which express TLR2 and TLR4."2° Thus,
it is conceivable that platelets and megakaryocytes could
be affected during immunity training. To the best of our
knowledge, however, no previous study has evaluated the
role of platelets in trained immunity. Platelets have been
shown to modulate immune responses during inflamma-
tion and infection by megakaryocytic release of various
‘pre-packaged’ bioactive substances.??? Releasable
substances carried by platelets are stored in three distinct
types of intracellular granules: a-granules (chemokines,
cytokines, growth factors); &-granules (small molecules
including serotonin, glutamate, histamine); and lyso-
somes (enzymes for extracellular matrix degradation).?*-%*
Platelets may play an especially important role in surgical
infections, because they are abundant in surgical wounds
and are activated.? In the present study, we tested the
hypothesis that immune training changes levels of releas-
able factors from platelets, and investigated whether
transfusion of isolated platelets from immunity-trained
mice into naive mice should confer protection against
bacterial challenge.

Methods

All animal experiments were conducted in accordance
with protocols approved by the Institutional Animal Care
and Use Committee (IACUC) of our hospital, and adhered
to China’s regulations on experimental animal usage,
which were consistent with Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.

Animals, housing conditions, and immunity train-
ing. Female C57BL/6 mice were housed in a con-
trolled environment (20°C to 23°C, 50% of humidi-
ty, 12-hour/12-hour light-dark cycle) and in specific
pathogen-free conditions. Mice had ad libitum food and
tap water and were allowed to acclimate to the labora-
tory conditions for at least one week before testing. All
operations were performed under sterile conditions. At
ten weeks of age, the mice were intravenously injected
with 0.1 mg of zymosan (TLR2 agonist) and 0.1 mg of
lipopolysaccharide (TLR4 agonist) for immunity training
according to a previously reported protocol.™ Control
mice received normal saline.

Preparation of platelets and haematological analy-
sis. Using a standardized protocol,? platelets were isolat-
ed from control mice (no immunity training, indicated as
0 weeks) and mice euthanized at either two, four, or eight
weeks after immunity training. In order to inhibit the ac-
tivation of platelets and the coagulation cascade, blood
was drawn from the inferior vena cava into syringes con-
taining 10% (by volume) citrate-dextrose anticoagulant
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(Sigma-Aldrich, USA). The blood sample was first centri-
fuged at 100x g for six minutes to collect upper layer and
buffy coat. Platelets were washed twice with modified
Tyrode-HEPES buffer (134 mM NaCl, 2.9 mMKCl, 0.34 mM
Na,HPO,, 12 mM NaHCO,, 20 mM HEPES, 1 mM MgCl,,
5 mM D-glucose, pH 7.4), and then centrifuged at 800x
g for ten minutes. The platelet pellet was resuspended to
a desired concentration in Tyrode-HEPES buffer contain-
ing prostacyclin (0.5 pM) and apyrase (0.02 U/ml), and
the mixture was maintained at 37°C for 30 minutes be-
fore using in experiments. Platelet and white cell counts
were performed using an automated analyzer (Beckman
Coulter Diagnostics, USA).

Preparation of platelet releasate after in vitro activa-
tion. For analyses of chemokines and cytokines in re-
leasate of platelets from control mice (zero weeks) and
mice euthanized at either two, four, or eight weeks after
immunity training, we made a 500 pl solution contain-
ing 2 x 108 platelets, thrombin (10 U/ml), 20 mM CaCl,
and 2 mM MgCl, (final concentration). This combina-
tion produced a rapid release of a-granules, &-granules,
and lysosomes.?® After incubation of samples at 37°C for
20 minutes, the samples were centrifuged at 5,000x g
for ten minutes, and the supernatant was aspirated and
stored at -80°C for later analysis.

Assessment of platelet releasate. In the releasate, we
measured the levels of platelet-related chemokines, cy-
tokines, enzymes, and other small molecules.?*2%3 Levels
of chemokine ligand (CCL)5, CXCLS5, interleukin (IL)-4, IL-
13, IL-17A, and tumour necrosis factor alpha (TNF-a) were
measured using a ProcartaPlex kit (ThermoFisher, USA),
according to the manufacturer’s instructions. Levels of
the three main platelet-derived growth factor (PDGF)
isoforms (AA, AB, and BB) were assessed, as were levels
of serotonin, histamine, CXCL4, CXCL7, CXCL12, and
cathepsin D using commercially available ELISA kits ob-
tained from Abcam (UK).

Preparation of bacterial inoculum. We chose Staphylococcus
aureus (BAA-1556; ATCC, USA) and Escherichia coli (BAA-
196, ATCC) to serve as representative species of gram-
positive and gram-negative bacteria in this study.®' Fresh
bacterial cultures were prepared 24 hours before surgery
and grown on tryptic soy agar (TSA). After washing the
collected bacteria three times in sterile normal saline, we
adjusted the concentration to 107 colony-forming units
(CFUs) per ml according to a standard optical density
curve.

Surgical procedures and bacterial inoculation. At 24 hours
before and after surgery, samples of washed platelets ob-
tained from control, two-, four-, and eight-week mice were
transfused via tail vein injection; 1 x 10° washed platelets
were injected per mouse, each injection. Anaesthesia of
mice was maintained with volatile isoflurane (2.5%) after
an intraperitoneal injection of an anaesthesia cocktail of
ketamine (80 mg/kg) and xylazine (7.5 mg/kg). We disin-
fected the surgical site with povidone-iodine and ethanol,
and used a medial parapatellar approach to access the ar-
ticular surface of the distal femur. The femoral medullary

canal was manually reamed with a 22-gauge needle. A J-
shaped Kirschner wire (K-wire) (0.88 mm in diameter and
12 mm in length) was inserted reversely into the femo-
ral canal from the joint space (Figure 1). To mimic intra-
operative contamination, 1 x 10* CFUs of bacteria were
applied to the K-wire immediately before insertion. To
mimic haematogenous infection, 1 x 107 CFUs of bacteria
were injected into the tail vein immediately after wound
closure.

Bacterial cultures and species identification. Four weeks
after K-wire surgery, mice were euthanized with carbon
dioxide, and the joints with implants were harvested for
bacterial culturing. The knee joint capsule, femur, and in-
tramedullary K-wire were harvested separately and placed
into three sterile tubes (each containing 3 ml of sterile
normal saline). The femur and joint capsule were homog-
enized with a tissue grinder (Hoder, China). K-wires were
sonicated to disrupt the biofilm and release bacteria, if
any existed. The samples were then centrifuged, the TSA
culture plates were inoculated with 30 pl of the sample
supernatant, and the plates were incubated at 37°C for
48 hours. The culture plates were photographed using a
digital camera.

Bacterial colonies from the tissue samples were
analyzed and quantified using Image] (National Institutes
of Health (NIH), USA). We defined bone and joint infection
as a definite diagnosis if the sum of three colony counts
(bone, joint capsule, and K-wire) exceeded 20 colo-
nies (we set this threshold a priori) in cultured samples
from a given mouse. Bacterial species were identified by
16S ribosomal DNA sequencing (MicroSeq 500 micro-
bial identification system; ThermoFisher), following the
manufacturer’s instructions. All bacteria isolated from the
joint samples in this study were identified as the identical
species in the initial inoculum.

Primary and secondary study outcomes. Our primary
study outcome was the rate of bone and joint infection
at four weeks after surgery, which was determined by the
bacterial culturing of femur, K-wire, and joint capsules
at four weeks. Our secondary outcome was the bacterial
burden of the joint, which was determined by counting
the number of colonies in cultured samples.

Sample size calculation, randomization, and blinding. The
sample size was determined at a Type | error at 0.05, a
power of 80%, and a superiority margin at 0. According
to the previously reported data using this mouse mod-
el,” in order to detect a 40% difference between treat-
ment group and control group, at least 16 mice would
be required. With this sample size, we could expect >
99% power to detect a potentially statistically signifi-
cant difference. Considering the possible loss of mice by
extra-experimental factors, we overpowered the starting
sample size to 20 mice per group. A total of 100 mice
were used. Block randomization was performed us-
ing RandoMice (version 1.0.9)*? to randomly assign the
mice into each group. Except for one of the authors,
who prepared the platelets for transfusion (TG), all other
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Fig. 1

Representative radiographs showing a surgically inserted Kirschner wire in the femoral canal in: a) lateral and b) anteroposterior (AP) views.

researchers in this study were blinded to the group as-
signment information.

Statistical analysis. SPSS version 26.0 (IBM, USA) was
used for statistical analyses; significance was set as p <
0.05. Categorical and continuous variables are expressed
as means (standard deviations (SDs)) and counts (per-
centages). Differences in the rate of bone and joint infec-
tion between any two groups were evaluated statistically
using Fisher’s exact test. For comparing colony counts
and factor levels in platelet releasate between any two
groups, we used the non-parametric Mann-Whitney U
test.

Results

Alterations in cytokine and chemokine levels in platelet re-
leasate after immunity training. Enzyme-linked immuno-
sorbent assay (ELISA) analyses of cytokines and chemok-
ines in platelet releasate after immunity training showed
that levels of TNF-a and IL-17A increased significantly
compared to levels in platelet releasate from control mice
not exposed to immunity training (Figure 2a). In contrast
to these two pro-inflammatory cytokines, the levels of
anti-inflammatory cytokines IL-4 and IL-13 decreased sig-
nificantly after training (Figure 2a). In the two-, four-, and
eight-week groups respectively, the mean levels of the
chemokines CCL5 (1.84 (SD 0.47), 1.93 (SD 0.56), 2.13
(SD 0.77)), CXCL4 (2.77 (SD 0.25), 2.34 (SD 0.19), 2.51

(SD 0.23)), CXCL5 (1.56 (SD 0.31), 1.43 (SD 0.44), 1.77
(SD 0.23)), CXCL7 (2.15 (SD 0.56), 1.87 (SD 0.39), 2.00
(SD 0.41)), and CXCL12 (3.12 (SD 0.77), 2.87 (SD 0.64),
3.21 (SD 0.94)) also increased, but to different extents
compared with those of the controls (Figure 2b). Other
assessed factors in the platelet releasate (PDGF AA, PDGF
AB, PDGF BB, cathepsin D, serotonin, and histamine) of
immunity-trained mice did not change significantly com-
pared to control levels (all p-values > 0.05; Figure 2c).
Transfusion of platelets from immunity-trained mice pre-
vented bone and joint infection. As shown in Table I, mice
that received a transfusion of trained platelets 24 hours
before and after surgery had a reduced risk of bone
and joint infection compared with those that received
no transfusion after local inoculation with S. aureus (no
transfusion: 100% (20/20); control platelet. As demon-
strated in Figure 3, we observed a consistent pattern of
bacterial burdens defined as colony counts of cultures
(femur, joint capsule, K-wire).

Discussion

Training the innate immune system with vaccines and
other immunity-stimulating substances is a promising
approach to combat infectious disease.'®** For instance,
a randomized clinical trial demonstrated that Bacillus
Calmette-Guérin vaccine not only enhanced the immune
response to malarial infection, but also effectively reduced
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Fig. 2

Changes in levels of cytokines, chemokines, and other factors in platelet releasate after immunity training in a mouse model. a) Mean fold change by enzyme-
linked immunoabsorbent assay analysis of pro-inflammatory (tumour necrosis factor alpha (TNF-a), interleukin (IL)-17A) and anti-inflammatory (IL-4, IL-13)
cytokines in platelet releasate at different timepoints (two, four, and eight weeks) after an intravenous injection of saline (control), 0.1 mg of zymosan, and
0.1 mg of lipopolysaccharide in mice. Values are normalized to control levels. b) Mean fold change of chemokines (chemokine ligand (CCL)5, CXCL4, CXCLS5,
CXCL7, CXCL12) in the same immunity training and analysis protocol. ¢) Mean fold change in three isoforms of platelet-derived growth factor (PDGF),
serotonin and histamine, and cathepsin D in platelet releasate under the same protocol. p < 0.05 versus platelet releasate levels in controls. Error bars in
graphs here, and in all subsequent graphs, are standard deviations.
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Table 1. Bone and joint infections in mice transfused with platelets from
immunity-trained mice after local or systemic challenge with bacteria. Values
are presented as n (%).

Treatment* Infectiont No infection p-value

Local inoculation of S. aureus

No transfusion 20 (100) 0(0) N/A
Control 19 (95) 1(5) 1.000
2 wks 11 (55) 9 (45) 0.001

4 wks 9 (45) 11 (55) < 0.001
8 wks 10 (50) 10 (50) < 0.001
Local inoculation of E. coli

No transfusion 17 (85) 3 (15) N/A
Control 18 (90) 2(10) 1.000
2 wks 8 (40) 12 (60) 0.008
4 wks 10 (50) 10 (50) 0.041

8 wks 8 (40) 12 (60) 0.008
Systemic injection of S. aureus

No transfusion 18 (90) 2(10) N/A
Control 11 (55) 9 (45) 0.031

2 wks 4 (20) 16 (80) <0.001
4 wks 3(15) 17 (85) <0.001
8 wks 2(10) 18 (90) <0.001
Systemic injection of E. coli

No transfusion 16 (80) 4 (20) N/A
Control 9 (45) 11 (55) 0.048
2 wks 2(10) 18 (90) <0.001
4 wks 2(10) 18 (90) <0.001
8 wks 3(15) 17 (85) <0.001

*Experimental treatment consisted of platelets harvested from mice
that were immunity-trained with zymosan and lipopolysaccharide for
0 (Control), two, four, or eight weeks.

TRefers to all types of infections; positive culture results from bone,
Kirschner wire, or joint capsule samples. Bacterial species were
positively identified by 16S ribosomal DNA sequencing as identical to
those at time of systemic or local injection.

FChi-squared test.

E. coli, Escherichia coli; N/A, not applicable; S. aureus, Staphylococcus
aureus.

parasitaemia in human subjects after controlled malarial
infection.?* Similarly, inoculation with zymosan or lipo-
polysaccharide can significantly enhance the immune
response against bone and joint infection for up to eight
weeks in a preclinical mouse model of intra-articular
implants.™ To date, the mechanisms known to underlie
trained immunity mainly involve functional alterations of
immune cells, including monocytes, natural killer (NK)
cells, and neutrophils.”"” To the best of our knowledge,
no previous study has evaluated the role of platelets in
trained immunity.

Platelets play active roles in antibacterial defence,
ranging from effecting complex interactions with
bacteria to directly neutralizing pathogens and modu-
lating immune responses.** One of the most important
mechanisms for platelets” antibacterial actions is to
release various bioactive substances pre-packaged from
precursor megakaryocytes in response to bacterial inva-
sion.??2 In the present study, the immunity training-
induced alteration in platelet releasate occurs mainly

through a-granules (chemokines, cytokines, and growth
factors) instead of &-granules (small molecules) and lyso-
somes (degradative enzymes).?*2

The fundamental role of chemokines in immune
defence is to direct immune cells from the wider circu-
lation to a target site during bacterial invasion.*¢ Platelet-
derived chemokine CXCL4 plays a critical role in bacterial
clearance by recruiting neutrophils and monocytes for
phagocytosis and enhancing these cells’ kill function.?”-**
In this study, after transfusion of trained platelets, lympho-
cytes gathered on the surface of articular cartilage, while
there was no such recruitment of immune cells after
having been transfused with control platelet, as shown
in Supplementary Figure a. In addition, CXCL4 is able to
bind bacteria and induce a humoral immune response
to CXCL4-coated bacteria.*® Importantly, the chemo-
kine CCL5 can form heteromers with other chemokines
and synergistically amplify inflammation.*" The possible
roles of other chemokines that were elevated in platelet
releasate are less straightforward, and further study is
needed to elucidate whether they might be involved in
mitigating against BJI.

Platelets carry both anti- and pro-inflammatory
cytokines, contributing to a balanced inflammatory
response.*? In the present study, we found that immunity
training polarized platelets towards a pro-inflammatory
phenotype, thereby elevating the levels of the pro-
inflammatory cytokines TNF-a and IL-17A and lowering
the levels of the anti-inflammatory cytokines IL-4 and
IL-13. IL-17A can promote chemokine secretion by local
cells and thus can recruit more neutrophils from circula-
tion.** It was discovered decades ago that TNF-a is crucial
for bacterial clearance.** Patients receiving anti-TNF-a
therapy are at a substantial risk of developing bacterial
infection.* IL-4 and IL-13 share a common reporter IL4R-
alpha, and thus have overlapping biological functions.*¢
Most current knowledge on the functions of IL-4 and IL-13
relates to their role in allergic hypersensitivity.¥” Whether
lowered levels of IL-4 and IL-13 are related to BJI mitiga-
tion remains unclear.

Interestingly, we found that the untrained platelets
had an effect on infection after systemic challenge, but
no effect after local challenge. We believed that the effect
of untrained platelets is limited in local bacterial chal-
lenges because the burden of this challenge is stronger
than systemic challenge. Bacteria always exist in the
form of aggregates and tend to adhere to the surface of
endophytes to form biofilms that are difficult to remove,
which decreased the effect of untrained platelets in local
challenge. In addition, the beginning of the reaction of
untrained platelets took place in blood rather than local
tissue. Thus, some active agents against bacterial invasion
in blood are much higher than local, which causes these
differences.

The current study had several limitations. First, we
used only S. aureus and E. coli as representative patho-
gens for gram-positive and gram-negative bacteria,
respectively. Many other pathogens can also cause bone

BONE & JOINT RESEARCH



PLATELETS MEDIATE TRAINED IMMUNITY AGAINST BONE AND JOINT INFECTIONS IN A MOUSE MODEL

Relative level

Relative level

Relative level

2.0

1.54

1.0

0.5

Bacterial burden of femur

p>0.999

p<0.001

p=0.239

p<0.001

I

Il no transfusion
Il control platelet
Bl 2-week group

4-week group
Bl 8-week group

p=0.003

p<0.001

2.0

1.54

1.0

0.5+

2.0+

1.5

1.0

0.5+

Local S. aureus

p>0.999

Local S. aureus

p>0.999

Local E. coli

Systemic S. aureus Systemic E. coli

Bacterial burden of implant

p=0.777

p<0.001

Local E. coli

0=0.058

p<0.001

p<0.001

(B

Systemic S. aureus Systemic E. coli

Bacterial burden of capsule

p=0.236

p<0.001

T

p<0.001
p<0.001
p<0.001 —
<
| I_I_Ip :
T

Local S. aureus

Local E. coli

Fig. 3

Systemic S. aureus Systemic E. coli

79

Bacterial burden after bacterial challenge. Mean fold change of colony-forming units in cultures derived from surgical site samples after local inoculation or

systemic injection with the indicated pathogens. Cultures were obtained from the a) femur, b) implant, and c) joint capsule. Values are normalized to no

transfusion levels. p < 0.05 versus no transfusion. E. coli, Escherichia coli; S. aureus, Staphylococcus aureus.
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and joint infection, and the efficacy of transfusion of
platelets from immunity-trained mice might be more or
less different for other pathogens. However, S. aureus and
E. coli are among the most commonly isolated organ-
isms in surgical-site infections.*® Second, we used classic
agents for trained immunity: zymosan and lipopolysac-
charide. Other substances (e.g. Bacillus Calmette-Guérin
and measles vaccines) could also be used for immunity
training. The impact of training with other substances on
platelet releasate might be different. Future studies are
needed to clarify this issue.

In conclusion, immunity training altered platelet
releasates, specifically producing increased levels of
inflammatory cytokines/chemokines and decreased levels
of anti-inflammatory cytokines. Transfusion of platelets
from immunity-trained mice conferred protection against
bone and joint infection, suggesting that orchestrating
changes in small signalling molecules released from
platelets might be an important part of the mechanism
underlying trained immunity.

Supplementary material

X8 Figure showing histological analyses of the knee
joint four weeks after transfusion, and ARRIVE
checklist.
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