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Anterior cruciate ligament (ACL) injury and meniscal tear (MT) are major causal
factors for developing post-traumatic osteoarthritis (PTOA), but the biological
mechanism(s) are uncertain. After these structural damages, the synovium could
be affected by complement activation that normally occurs in response to tissue
injury. We explored the presence of complement proteins, activation products,
and immune cells, in discarded surgical synovial tissue (DSST) collected during
arthroscopic ACL reconstructive surgery, MT-related meniscectomy and from
patients with OA. Multiplexed immunohistochemistry (MIHC) was used to
determine the presence of complement proteins, receptors and immune cells
from ACL, MT, OA synovial tissue vs. uninjured controls. Examination of synovium
from uninjured control tissues did not reveal the presence of complement or
immune cells. However, DSST from patients undergoing ACL and MT repair
demonstrated increases in both features. In ACL DSST, a significantly higher
percentage of C4d+, CFH+, CFHR4+ and C5b-9+ synovial cells were present
compared with MT DSST, but no major differences were seen between ACL and
OA DSST. Increased cells expressing C3aR1 and C5aR1, and a significant increase
in mast cells and macrophages, were found in ACL as compared to MT synovium.
Conversely, the percentage of monocytes was increased in the MT synovium.
Our data demonstrate that complement is activated in the synovium and is
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associated with immune cell infiltration, with a more pronounced effect
following ACL as compared to MT injury. Complement activation, associated
with an increase in mast cells and macrophages after ACL injury and/or MT, may
contribute to the development of PTOA.

KEYWORDS

complement system, anterior cruciate ligament, medial meniscus tear, lateral meniscus
tear, osteoarthiritis, synovium

1 Introduction

Osteoarthritis (OA) is the most common form of arthritis,
impacting the quality of life for millions of people worldwide and
constituting a major challenge for health systems. The etiology of
OA is multifactorial. One of the most important modifiable risk
factors in individuals that leads to early onset OA is the occurrence
of a joint injury during participation in sports such as football and
soccer (1), where tearing or spraining of the anterior cruciate
ligament (ACL) and meniscal tear (MT), i.e., medial or lateral
meniscal tear (MMT or LMT), are relatively common injuries. ACL
tears represent more than 50% of knee injuries and affect more than
200,000 people in the United States each year, with direct and
indirect costs greater than $7 billion annually (2, 3). Females are at
three times higher risk of undergoing an ACL injury than males (4).
In contrast, males experience two times as many meniscal injuries
as females (5). The incidence of post-traumatic OA (PTOA)
following ACL tear is as high as 87% (6, 7). Most patients with
ACL tears are younger than 30 at the time of their injury, and these
ACL injuries lead to early onset OA (8).

The mechanism of cartilage deterioration following ACL
injuries and MT after surgery is not completely understood, but it
is known that the articular cartilage sustains a considerable
mechanical impact at the time of injury (9) and is exposed to an
altered mechanical environment persistently after injury in both
cases (10, 11). The medial meniscus is physically linked to the
cartilage, and a torn meniscus is also one of the most common
sports-related knee injuries. Although the exact incidence of MT is
unknown, some estimates suggest that it is 60 per 100,000.
Approximately 75% of symptomatic OA patients have prior
meniscus injuries (12, 13). MT repair surgery is also one of the

Abbreviations: CS, complement system; CP, classical pathway; LP, lectin
pathway; AP, alternative pathway; C3, Complement component 3; C3c,
Complement component ¢ fragment of C3; C4d, Complement component d
fragment of C4; CFB, complement factor B; CFP, complement factor properdin;
CFH, complement factor H; CFHR4, Complement factor H-related protein 4;
FCN3, Ficolin 3; MBL2, Mannan-binding lectin 2; C5b-9 or MAC, Membrane
Attack Complex; ACL, anterior cruciate ligament; MMT, medial meniscus tear;
LMT, lateral meniscus tear; MT, meniscus tear, either MMT or LMT; OA,
Osteoarthritis; PTOA, Post traumatic OA; Discarded surgical synovial tissue
(DSST); RA, Rheumatoid arthritis; H & E; Hematoxylin and Eosin; MIHC,

multiplexed immunohistochemistry.
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most common procedures performed after injury in the United
States (14).

In addition to cartilage damage, the synovium can be affected by
inflammatory processes after ACL injury or MT that is associated with
chronic innate immune system activation, including that of the
complement system (CS). This process could result in chronic
changes in the synovium of the types normally associated with the
development of an inflammatory arthritis such as rheumatoid arthritis
(RA) (15). Complement is a potent effector arm of innate immunity. It
is organized into three activation pathways including the classical
pathway (CP), the lectin pathway (LP) and the alternative pathway
(AP), the latter of which forms spontaneously on self surfaces and other
targets that lack sufficient levels of regulatory/inhibitory proteins. All
three complement activation pathways converge on the proteolytic
activation of complement component 3 (C3), followed by the
proteolytic activation of C5. Fragments of these two proteins,
including C3a, C3b, iC3b, C3d, C5a and C5b, then proceed to
initiate the many processes associated with complement-mediated
pro-inflammatory and immunomodulatory effects, including the
formation of the membrane attack complex (MAC) (C5b-9) (16). In
this process, C3b can be inactivated by complement factor I (CFI) into
iC3b (inactive C3b), which is further degraded by a second cleavage
into C3dg and then C3d (17) by complement receptor 1 type (CR1/
CD35) which acts as a cofactor for CFI (18), and proteases, respectively.
C3d binds to complement receptor 2 (CR2/CD21) and augments
humoral responses (19). C3b can also bind to CFB and properdin,
leading to cleavage by Factor D (FD) and initiation of the amplification
loop of complement (20). Complement factor H (CFH) is a major
soluble inhibitor of the AP and AP convertase that can also bind tissue
sites and exert local control (21), and CFHR4 in contrast promotes the
activation of the complement by interacting with C3b and acting as a
CFH antagonist. C4, a component of the CP or LP, is cleaved into C4b
and C4a by the proteases Cls or MASP-2 (22). C4b in a similar fashion
as C3b is proteolytically inactivated by CFI into iC4b and C4d and C4c
(23). C4d is deposited on the surface of injured cells and is accepted as a
marker of CP/LP activation in renal and cardiac allografts (24, 25), but
its role in the synovium after knee injuries is not known. Studies have
shown that activated complement components play a central role in
joint inflammation in rheumatic diseases (26-29).

Several studies have suggested a key role for the CS in patients
with chronic OA and experimental models of this condition (30,
31). In one study of patients with longstanding chronic OA, high
levels of complement proteins and activation products were found

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Holers et al.

in the synovial fluid and synovial membrane (31). In this study,
using a destabilization of the medial meniscus (DMM) mouse
model of OA, markedly lower inflammatory biomarker levels and
joint damage were found in mice lacking complement component
C5, as compared to wild type (WT) controls (31). In another
cartilage blunt trauma model in rabbits, there was deposition of
the membrane attack complex (MAC, ak.a. C5b-9) on the
chondrocyte surface (32). CR2-fH, a fusion protein that inhibits
activation of C3 and C5 (31, 33), was found in the DMM mouse
model to attenuate the development of OA in WT mice (31). Mice
deficient in C6, an integral component of the MAC, were also
protected against the development of OA and synovitis in the DMM
model (31).

In humans, the CS has been shown to be activated in chronic
OA and after knee injury (34). Furthermore, after knee injury, this
activation is associated with inflammation in synovial fluid as well
as with the presence of osteochondral fractures. Interestingly C4d
was increased in the SF even several years after knee injury (34).
These studies demonstrated an important potential role of
complement activation and suggested the use of complement-
based therapeutic strategies in OA and PTOA. However, a key
gap in our understanding of this process is whether complement is
activated in the synovium tissue at the time of ACL injury and MT,
and how that relates to infiltration of innate immune cells in the
early period. The current study is intended to address these
questions by analyzing DSST at the time of ACL reconstruction
and meniscectomy. Of particular relevance and significance to these
studies is that there are an increasing number of complement
inhibitors being developed for the treatment of human diseases
which could be applied to prevention of PTOA (35).

The main goal of this study was to examine and compare
synovium and ask whether there are specific pathogenic
complement proteins and other innate immune cells or immune
factors which can contribute to the development of OA after ACL
injury and MT. Therefore, we evaluated the synovium for
complement proteins and infiltrating immune cells after ACL
injury and MT but before ACL reconstructive surgery or
meniscectomy, respectively. We compared the presence of
complement components and immune cells in these two local but
different injuries in the knee joint and asked how two different
injuries can lead to one disease i.e., PTOA by using DSST from OA
patients. Our hypothesis is that injury specific complement
proteins, complement pathways and innate immune cells are
elevated or dysregulated in the synovium after ACL injury and
MT, which leads to damage to the synovium in a manner that could
promote the eventual development of PTOA.

2 Material and methods

2.1 Histopathology of DSST from ACL and
MT injuries

DSST was obtained during ACL reconstruction and medial

meniscectomy or medial meniscus repair in ACL or MT patients,
respectively, through a minimally invasive knee arthroscopic
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procedure under local anesthesia by an orthopedic surgeon
according to an Institutional Review Board approved protocol.
Approximately 6-8 DSST fragments were sorted from a pool of
other human tissue such as adipose tissue related to ACL
reconstruction (n = 16) or MT meniscectomy (n = 16), or OA
before total knee replacement surgery (n = 3) and the size of each
synovial tissue was from 0.5mm to 3mm. In the current study,
DSST were included from subjects with ACL reconstruction and
with both medial and lateral meniscus repair (n = 4) while two
DSST samples were from subjects with ACL reconstruction and
with lateral meniscus repair only (n = 2). All these DSST samples
were then fixed in 10% neutral buffered formalin (NBF) followed by
2x washings at 24 h with 70% Ethanol. The formalin fixed DSST
samples were processed for paraffin embedding, followed by
sectioning for histopathology and MIHC to assess the presence of
various complement proteins and immune cells according to the
protocol previously described (36). All DSST samples from ACL
and MT were stained using Hematoxylin and Eosin (H & E) and
Vimentin followed by examination by a pathologist for quality
control purposes. For H & E histopathological analysis, additional
DSST samples (n = 4) from MT were included (total n =20), and
these samples were not included for complement and immune cells
MIHC studies. The following criteria was used to examine
vascularity, number of adipocytes, and fibroblast-like
synoviocytes: none = 0 blood vessels, 0 adipocytes, and 0
fibroblast-like synoviocytes; low = 1-133 blood vessels, 1-30
adipocytes, and 1-20 fibroblast-like synoviocytes; medium = 134-
267 blood vessels, 31-60 adipocytes, and 21-40 fibroblast-like
synoviocytes; high = 268-400 blood vessels, 61-90 adipocytes, and
41-60 fibroblast-like synoviocytes. To assess the thickness of the
synovial membrane the following criteria was used: none = 0 no
synovial membrane present; low = 1-2 layers of synovial membrane
cells, medium = 3-4 layers of synovial membrane cells, and high =
5-6 layers of synovial membrane cells. In parallel, from
commercially obtained control synovial tissue (n = 4) that was
formalin fixed and paraffin-embedded, 2-4 sections on each slide
were processed from cadaveric donors knee joints (ST-1420
(Caucasian, male, 32); ST-1443 (Caucasian, male, age 49); ST-
1429 (Caucasian, female, 44); ST-1358 (Caucasian, male, 53) with
no history of opportunistic infections, rheumatoid arthritis (RA)
and OA (Articular Engineering, IL). Serology tests from these
control donors were negative for HIV-1, Hepatitis C antibody,
and Hepatitis B antigen. For comparison of complement proteins
and immune cells, some of the DSST samples (n = 3) were also
obtained as a surgical discard from OA patients (ages 43, 60, 55)
after total knee replacement surgery.

2.2 Multiplexed immunohistochemistry of
DSST for complement proteins

DSST from ACL (n = 16) and MT (n =16) patients obtained
during reconstructive surgery or before meniscectomy, respectively,
were used to simultaneously detect specific complement proteins as
complement panel 1, according to our published method (36).
Briefly, complement panel 1 included MIHC for detecting C3c,
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CFH, CFB, CFHR4, FCN3, MBL2 and C5b-9 (aka MAC) in the
synovium (36). For current studies, we also standardized another
complement panel 2 using DSST from ACL (n = 9) and MT (n =
12), which included MIHC for detecting C3d, C4d, C5/C5b,
C3AR1, C5ARI1, CD35 (aka CR1), CD21 (aka CR2), CD55 (aka
DAF, decay-accelerating factor), and CFP. For standardization of
complement panel 2, we used the following antibodies as well as the
specific antigen retrieval (AR) procedures for MIHC. For C3d, the
antigen retrieval used was 10mM Sodium Citrate pH 6.0 for 10 min
at 110°C using Ventana Stainer. The dilution of the primary C3d
antibody (LSBio) used was 1:100 and incubated for 32 min at 37°C.
Detection of C3d was done using Ventana I-VIEW DAB, secondary
replaced with Rabbit ImmPress polymer (Vector Labs), enzyme
replaced with Rabbit ImmPress polymer at 50% strength (Vector
Labs). For C4d, Borg high 9.5 pH solution (Biocare Medical) was
used for 10 min at 110°C in the NxGen Decloaker (pressure cooker)
(Biocare Medical). The dilution of primary C4d antibody
(American Research product) used was 1:10000 and incubated for
32 min at 37°C in the benchmark XT IHC Stainer. Detection of C4d
was done with the UltraView DAB kit from Ventana/Roche. For
C5/C5b, Borg solution pH 9.5 (Biocare Medical) was used for
10 min at 110°C followed by cooling for 10 min at room
temperature. The dilution of primary C5/C5b antibody used was
1:200 and incubated for 32 m in at 37°C on a benchmark XT IHC
stainer. Detection of C5/C5b was done with Ventana UltraView
DAB universal polymer detection from Ventana/Roche, using the
Ventana Benchmark XT. For C3aR1, 10 mM Sodium Citrate
solution pH 6.0 for 10 min at 110°C. The dilution of the primary
C3aR1 antibody (LsBio) used was 1:100 and incubated for 32 min at
37°C. Detection of C3aR1 was done using Rabbit modified I-View.
For C5aRl, similarly 10 mM Sodium Citrate solution pH 6.0 for
10 min at 110°C, antigen retrieval procedure, was used as
mentioned above. The dilution of the primary C5aRl antibody
(Abcam) (rabbit polyclonal) used was 1:200 and incubated 32 min.
at 37°C. The detection of C5aR1 was done for 10 min at 37°C using
Rabbit modified I-View. For CD35, antigen retrieval was done using
10 mM Sodium Citrate pH 6.0 with incubation for 10 min at 110°C.
The dilution of primary CD35 antibody (aka CR1) (Abcam) (rabbit
polyclonal) used was 1:200 incubated for 32 min at 37°C. The
detection of CD35 was done using Rabbit modified I-View. For
CD21, 10 mM Sodium Citrate pH 6.0 with incubation for 10
minutes at 110°C. The dilution of the primary CD21 (aka CR2)
antibody (Abcam) used was 1:200 and incubated for 32 min at 37°C.
The detection of CD21 was done using Rabbit modified I-View. For
CD55, 10 mM Sodium Citrate pH 6.0 with incubation for 10 min at
110°C then cooled for 10 min at room temperature. The dilution of
the primary CD55 (aka DAF) antibody (Abcam) used was 1:200
and incubated for 16 min at 37°C. The detection of CD55 was done
using the UltraView Universal detection kit. For CFP, the antigen
retrieval procedure used was BORG high pH 9.5 10 min at 110°C in
the pressure cooker. The dilution of the primary anti-Properdin/
CFP rabbit anti-human polyclonal antibody (aa35-84) (LS
Biosciences, Inc.) was 1:200 and incubated for 32 min at 37°C.
The detection of CFP (Properdin) was done using the Ventana
OptiView DAB kit. The counterstain was done with Harris
Hematoxylin with 2 min incubation. Various human tissue
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samples (surgical discard) such as OA synovium, normal kidney,
transplant rejected kidney, lungs, liver, and spleen were used as
negative and positive controls to examine the specificity of the
complement antibodies for optimization. All complement related
MIHC staining was performed using the Akoya Biosciences
detection kit and multispectral imaging using the Vectra Polaris
systems. MIHC images from DSST were scanned to obtain the
percentage of cells expressing complement proteins as
described below.

2.3 Quantitative measurements of
complement proteins from ACL and
MT DSST

After scanning and imaging of MIHC images from ACL and
MT synovium, all data were exported from the image analysis
software (InForm) according to our published studies (36). The
frequency of positive cells for each complement protein from
each synovial section was calculated by dividing the number of
cells with positive staining by the total number of cells in each
region. The average frequency was then calculated across all the
regions imaged on each slide. The software identifies each
individual cell using 4’,6-diamidino-2-phenylindole (DAPI)
staining nuclei. Parameters were set to define the nuclear size,
intensity, and shape. A cytoplasmic area was drawn around each
nucleus. In the scoring function, a threshold is set for each marker
depending on the range of signals seen across the images. The
percentage of cells that are above the threshold are considered
positive and quantified. In MIHC scanning analysis, an individual
cell can be positive for more than one category of marker. For
example, there may be some overlap between two markers that one
would not expect, caused potentially by two cells being on top of
one another or co-expressing two markers. A false color-coding
scheme was used to identify each complement protein, receptor and
immune cell.

2.4 Multiplexed immunohistochemistry of
DSST from ACL and MT for immune and
inflammatory cells

A panel of antibodies and antigen retrieval procedures (36) were
used to detect the presence of immune and inflammatory cells in the
DSST from ACL injury (n = 10), MT (n = 16) and control (n = 4)
injuries using MIHC followed by quantitative imaging analysis, as
described before (36). Due to the availability of limited DSST from
OA patients no MIHC analysis was done for various immune cells.
When we included and reanalyzed DSST data from six additional
subjects with both ACL reconstructive surgeries as well as MT-
related meniscectomy along with nine ACL reconstructive surgeries
subjects alone, as mentioned in Methods, we found there were still
significant differences related to all parameters compared with
DSST from MT related meniscectomy alone again confirming
that ACL injury affected the synovium more severely than the
MT (data not shown).
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2.5 Statistical analyses

The differences between the percentage of complement protein
positive cells from the ACL and MT synovium using MIHC
quantitative imaging data were compared by using both student
t-test and Mann and Whitney test a.k.a. Wilcoxson-Mann-Whitney
test. All p-values for significance were confirmed by using Mann
and Whitney test, a nonparametric test. All data were plotted using
GraphPad Prism 5. Data were expressed as Mean + SEM with p-
values < 0.05 were considered significant.

3 Results
3.1 Characteristic of ACL and MT patients

Demographic characteristics of patients with ACL and MT are
summarized in Table 1. Additional characteristics of each patient
including sex, age, body mass index (BMI), race, ethnicity, specific
diagnosis, surgical procedure, and the limb from which tissue was
obtained are shown in Tables 2, 3. Although there were no major
differences in the age and BMI, many BMI were in the overweight
and obesity ranges (Tables 2, 3). There were more ACL and MT
DSST samples from females than males, as all MIHC studies were
carried out blindly, with the recruitment population restricted by
the availability of DSST. Representative clinical images of the ACL
before (Figure 1A) and after reconstruction (Figure 1B), normal
ACL (Figure 1C) and various types of MT before meniscectomy
(Figure 1D), after meniscectomy (Figures 1E, F) and normal medial
meniscus with no tear and no meniscectomy (Figure 1G) are shown.

3.2 Histopathology of DSST from ACL
and MT

To examine the quality of DSST obtained, H & E staining was
performed on each synovial fragment from all ACL and MT
patients included in this study (Tables 2, 3). For this analysis,
DSST from ACL and MT were blindly scored using a scale from 0-3
for vascularity, density of adipocytes, fibrosis, and synovial

TABLE 1 Characteristics of ACL and MT Synovial Tissue Patients.

DSST ACL MT

N 16 16
Age: mean + SD 36.1 +£10.8 50.2 +10.2
Gender: % female 62.5 81.3
Race: % Caucasian 81.3 87.5
Ethnicity: % non-Hispanic 93.8 93.8
BMI: mean + SD 257 + 4.2 324 £+ 20.0
Orientation: % right 75 62.5

DSST, Discarded surgical synovial tissue; ACL, Anterior cruciate ligament; MT, Meniscus Tear;
BMI, Body mass index.
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membrane thickness (SMT) (Figure 2), as described in the
Methods. A subset of the ACL and MT DSST samples were also
stained for Vimentin as an internal quality control stain; it was
uniformly present confirming that the architecture and integrity of
the tissue was intact (data not shown).

Overall, there were no significant differences between ACL and
MT synovial tissue regarding vascularity, number of adipocytes,
fibrosis and SMT (Figures 2A, B). However, further analysis of MT
synovial tissue showed that there was significantly (p < 0.028) more
vascularity in females than males (Figure 2C), suggesting that sex-
specific differences exist in the synovial tissue after MT injury. Each
DSST from ACL, MT, OA and normal control were examined
histologically (Figure 3). Histologically control DSST obtained
appeared normal although from cadaver donors (Figure 3D)
therefore an appropriate normal synovium. Representative H & E
images of the ACL, MT, OA and normal DSST used for assessing
the above parameters are shown (Figures 3A-D).

3.3 Complement injury-related markers in
the DSST from ACL and MT

DSST from patients with ACL injury and MT were examined
for the presence of the C3d and C4d split products that are
covalently attached in tissues and derived from C3 and C4,
respectively (Figure 4). There were no differences in the
percentage of synovial cells expressing C3d (p = 0.20) in the
DSST from both ACL injury and MT; however, there was a
significant (p < 0.009) increase in the percentage of C4d positive
cells in the ACL synovium compared with the MT synovium
(Figures 4A, B). Minimum baseline levels of C3d and C4d were
present as expected in the control synovial tissue (Figures 4A, B).
Due to limited availability of DSST from OA, MIHC for C3d and
C4d expressing synovial cells were not performed. A representative
composite image of C4d (magenta color) from ACL and MT
synovial tissue is shown (Figures 4C, D). As C4d is an injury
related marker and binds to the site of complement activation, these
data suggest that ACL injury affects the synovium through CP/LP
activation more than found with MT. Thus, ACL injury might be
differentially activating the complement system pathways as
compared to MT.

3.4 Alternative pathway dysregulation in
the synovium after ACL injury

To specifically examine the potential role of the AP in DSST
from ACL and MT, which as noted above was an important
contributor to experimental OA (31), we examined various
components and regulatory proteins of the AP and LP including
C3c, CFB, CFP, CFH, CFHR4, MBL2 and also the terminal
pathway, C5b-9 (MAC) (Figure 5). No significant differences were
seen in the ACL synovium compared with the MT synovium for the
presence of cells staining positively for C3c, CFB (Figures 5A, C)
and CFP (data not shown). Interestingly, CFH and CFHR4 proteins
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TABLE 2 Characteristics of ACL! Synvoial Tissue Patients.

Joint | Primary = Secondary
Procedure 1 Procedure 2
Ethnicity = Side D) ¢ [D)¢
Non-
1.0012-2 F 29 29.67 | Black Hispanic Right ACL Arthroscopy ACL reconstruction
Medial and ACL reconstruction and both
Non- lateral meniscus medial and lateral meniscus sx
2.0014-2 M 44 25.88 | Caucasian = Hispanic Right ACL tear Arthroscopy
Non-
3.0020-2 F 39 2232 | Caucasian | Hispanic Right ACL Arthroscopy
Non-
4.0023-2 F 41 2223  Caucasian = Hispanic Right ACL Arthroscopy ACL reconstruction
Non-
5.0032-2 F 27 3242 | Caucasian | Hispanic Left ACL Arthroscopy ACL reconstruction
Non- Lateral meniscus ACL reconstruction and lateral
6.0039-2 F 36 21.47 | Caucasian = Hispanic Left ACL tear Arthroscopy meniscus sx
Non-
7.0044-2 M 28 209  Caucasian = Hispanic Right ACL Arthroscopy ACL reconstruction
Non-
8.0045-2 M 33 23.5  Caucasian = Hispanic Right ACL Arthroscopy ACL reconstruction
Non-
9.0054-2 F 40 28.67  Caucasian = Hispanic Left ACL Arthroscopy ACL reconstruction
Non-
10.0055-2 F 12 20.74 | Caucasian | Hispanic Right ACL Arthroscopy ACL reconstruction
Non-
11.0080-2 M 26 288 | Asian Hispanic Right ACL Arthroscopy ACL reconstruction
Medial and
Non- lateral meniscus ACL reconstruction and both
12.0086-2 F 42 2342 | Caucasian = Hispanic Right ACL tear Arthroscopy medial and lateral meniscus sx
Medial and
Non- lateral meniscus ACL reconstruction and lateral
13.0119-2 F 51 24.34  Caucasian = Hispanic Right ACL tear Arthroscopy meniscus sx
Medial and
lateral meniscus ACL reconstruction and both
14.0120-2 M 47 34.74 | Caucasian = Unknown Right ACL tear Arthroscopy medial and lateral meniscus sx
Non- Lateral meniscus ACL reconstruction and lateral
15.0124-2 M 29 25.62 | Caucasian = Hispanic Left ACL tear Arthroscopy meniscus sx
Non-
16. 0126-2 F 54 26.23 | Black Hispanic Right ACL Arthroscopy ACL reconstruction

! Anterior cruciate ligament.
* Body mass index.
DSST, discarded surgical synovial tissue; Sx, surgery.

were present at significantly (p < 0.045 and p < 0.015, respectively)
higher levels in the ACL synovium as compared to MT synovium
(Figures 5B, D). These data suggest that there is more dysregulation
of the AP after ACL injury than the MT, since CFH and CFHR4
counterbalance each other to control the level of AP activation. A
minimum baseline of C3¢, CFH, CFB, CFHR4, MBL2 and C5b-9
(MAC) were present in the control synovium (Figures 5A-F) and
CFP (data not shown). Interestingly a significant (p < 0.0007)
higher levels of MBL2 expressing cells were found in OA DSST
(Figure 5E). The higher expression of MBL2 in OA compared with
ACL and MT DSST indicate that specific LP components might be
playing a role in the late stage of the disease. Representative images
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of the CFH (cyan color) and CFHR4 (magenta color) proteins on
the surface of ACL and MT synovium are shown (Figures 6A-D).
These data suggest increased levels of activation of the AP are also
consistent with the significantly (p < 0.035) higher percentage of
C5b-9 (MAC) positive cells in the ACL DSST compared with the
MT DSST (Figures 6E, F). In parallel and consistently, a
significantly higher expression of C5/C5b was found in ACL
derived synovial fragments compared with the MT synovial
fragments (data not shown). A representative image of the ACL
and MT synovium showing the presence of C5b-9 (MAC) (yellow
color) is shown (Figures 6E, F). Representative composite images of
the OA and normal control DSST have been shown (Figures 6G, H).
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TABLE 3 Characteristics of MT* Synovial Tissue Patients.

Joint

10.3389/fimmu.2023.1146563

Primar
DX y Secondary DX = Procedure 1 Procedure 2
Ethnicity = Side
) Non- ) - )
1.0019-2 M 57 23.99 Caucasian . . Right MMT Synovitis Arthroscopy Debridement
Hispanic
. Non- . .
2.0038-2 F 36 19.37 Caucasian . . Right MMT Arthroscopy Meniscectomy
Hispanic
. Non- . . .
3.0042-2 F 59 25 Caucasian . . Right MMT Arthroscopy Medial Meniscectomy
Hispanic
Non- Medial Meni
4.0048-2 F 54 33.28 Caucasian . on . Right MMT edial Meniseus Arthroscopy Synovectomy
Hispanic tear
. Non- . .
5.0058-2 F 52 24.96 Caucasian Rk i Right MMT Arthroscopy Lateral Meniscectomy
Hispanic
. Non- . .
6.0066-2 M 62 25.1 Caucasian . . Left MMT Arthroscopy Medial Meniscectomy
Hispanic
. Non- .
7.0089-2 F 45 104.26 | Caucasian . . Left MMT Arthroscopy Debridement
Hispanic
. Non- .
8.0100-2 F 45 23.76 Caucasian . . Left MMT Arthroscopy Meniscectomy
Hispanic
. Non- ) .
9.0103-2 F 50 23.03 Caucasian . . Right MMT Arthroscopy Debridement
Hispanic
. Non- . Medial .
10.0106-2 F 64 33.68 Caucasian K . Right MMT X Lateral Meniscectomy
Hispanic Meniscectomy
Non- Partial Lateral
11.0116-2 F 61 25 Caucasian . on . Right MMT Arthroscopy ar {a atera
Hispanic Meniscectomy
Non- Partial Medial
12.0127-2 F 49 | 3375 | Multiracial o Right MMT Synovitis Arthroscopy artial Aedl
Hispanic Meniscectomy
Non- Partial Medial
13.0130-2 F 46 40.66 Caucasian . on . Left MMT Arthroscopy a 1'a edt
Hispanic Meniscectomy
X Non- » Partial Medial
14.0133-2 M 57 29.99 Caucasian . . Left MMT Synovitis Arthroscopy )
Hispanic Meniscectomy
Non- Lateral Meni Partial Medial
15. 0135-2 F 38 22.1 Caucasian . on . Left MMT atera, Meniscus Arthroscopy ar 1-a et
Hispanic Tear Meniscectomy
16. 0136-2 F 28 30.12 Other Hispanic Right MMT Arthroscopy Lateral Meniscectomy

! Meniscus tear.
2 Body mass index.
DSST, discarded surgical synovial tissue.

3.5 Comparing the expression of
complement receptors in the DSST from
ACL and MT

To examine potential mechanisms by which the complement
system could play a causal role in the development of synovial
inflammation, we also examined in the DSST from ACL injury and
MT for the presence of informative complement receptors (i.e.,
C3aR1 and C5aR1) to which the activation-generated components
of the complement system, designated C3a and C5a, respectively,
bind (Figure 7). A significantly higher percentage of C5aR1 and
C3aR1 (p < 0.013) (p < 0.024) expressing synovial cells were present
in the ACL compared with the MT synovium (Figures 7A, B).
Representative composite images regarding the presence of C3aR1
and C5aR1 receptors in synovium from ACL and MT are shown
(Figures 8A, B). A high expression of specifically C3aR1 was noticed

Frontiers in Immunology

surrounding blood vessels in the ACL DSST (Figure 8A). In
contrast, there were no differences in the percentage of synovial
cells expressing CR1/CD35 (p = 0.25) and CD21/CR2 (p = 0.33)
both in DSST from ACL injury and MT (Figures 7C, D). MIHC
representative composite images of the synovial tissue from ACL
injury (Figures 8A, C) and MT (Figures 8B, D) are shown for the
presence of C3aR1 and C5aR1 receptors.

3.6 Comparing immune and infiltrating
cells in the DSST from ACL injury and MT

To determine the presence of specific immune and inflammatory
cells, we performed MIHC using DSST on the same samples from the
ACL injury and MT patients (Figure 9). The percentage of synovial
cells expressing CD8 was significantly (p < 0.024) higher in the ACL
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FIGURE 1

Arthroscopic images of the knee joint ACL injury before and after reconstructive surgery, or of the MT before and after meniscectomy. (A) ACL injury
before reconstructive surgery. (B) ACL after reconstructive surgery. (C) Normal ACL with no injury and no reconstructive surgery. (D) Medial
meniscus radial tear before meniscectomy (E) Lateral meniscus bucket handle tear before meniscectomy. (F) Lateral meniscus bucket handle tear
after meniscectomy. (G) Normal medial meniscus with no injury and no meniscectomy. Knee arthroscopy was done by an Orthopedic surgeon and
images were taken before and after surgery. In arthroscopic images of ACL injury and post reconstructive surgery, and of MMT/LMT and post

meniscectomy, relevant features are indicated by a red arrow.

compared to the MT synovium (Figure 9A). In contrast, no significant
differences were seen in the percentage of synovial cells expressing CD4
and B cells (Figures 9B, C). Notably, the percentages of macrophages
(p <0.0025) and mast cells (p < 0.0072) in the ACL synovial tissue were
significantly higher than in the MT synovial tissue (Figures 9D, E). In
contrast, the MT synovial tissue contained a significantly (p < 0.009)
higher percentage of monocytes than the ACL synovial tissue
(Figure 9F). The percentage of monocytes was significantly higher in
female MT synovium than female ACL synovium (p < 0.019) (data not
shown). Overall, no significant differences were seen in the percentage
of neutrophils in the ACL and MT synovial tissue (Figure 9G). The
percentage of neutrophils in males was significantly (p < 0.04) higher
compared with female in the MT DSST synovium (data not shown).
Representative MIHC composite images from ACL, and MT DSST
show the presence of mast cells (Figures 10A, B), macrophages
(Figures 10C, D), monocytes (Figures 10E, F), and B and T cells
(Figures 10G, H). Normal controls show the presence of few
monocytes, abundant fat cells and B cells (Figure 10I). The presence
of adaptive immune cells in the tissue suggests that adaptive immunity
also plays an important role after ACL and MT injuries. These data
overall suggest that complement activation after ACL injury leads to
the activation of effector cells such as macrophages and mast cells, and
that this was more pronounced after ACL injury as shown in a putative
model (Figure 11). Infiltration of innate and adaptive immune cells into
the synovial tissue in ACL and MT was also seen, varying by the type
of injury.

4 Discussion

In this study, using MIHC, we have compared the presence of
several complement proteins, split complement products, complement
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receptors and complement regulatory proteins, as well as immune and
inflammatory cells, in the DSST obtained from OA patients before total
knee replacement and arthroscopically after ACL injury, and MT but
before reconstructive surgery and meniscectomy, respectively. Notably,
synovia from both ACL and MT were substantially infiltrated with cells
and showed evidence of marked complement activation. To the latter
point, we found that the CP and LP C4 activation fragment C4d was
more highly expressed on synovial cells from ACL DSST than the MT
DSST, suggesting a higher level of a complement-mediated effect in the
synovium after ACL injury as compared to MT. In addition, the AP of
the CS was likely to be more dysregulated, due to the higher expression
of CFHR4, in the ACL DSST after injury than the MT DSST. Higher
levels of C5b-9 (MAC) expressing synovial cells were also present in the
ACL DSST compared with MT DSST, again suggesting more
complement-mediated damage in the synovium after ACL injury
compared to MT. As one means of mediating pro-inflammatory
effects, the high expression of C3aR1 and C5aR1 on the surface of
synovial cells after ACL injury compared with the MT suggested that
local complement-mediated signaling might enhance inflammation
after ACL. Beyond the CS itself, the high percentage of mast cells and
macrophages in the DSST after ACL injury compared with the MT
suggests a more dominant role of the CS after ACL injury than the MT,
likely because of the presence of C3aRl and C5aRl1 (37) acting as
receptors for pathogenic chemoattractants. After ACL injury, crosstalk
between mast cells expressing C3aR1 and C5aR1 and CS is also likely,
as C3a and C5a are chemoattractants for mast cells (35). Finally, the
major finding of current study is that although both ACL as well as the
MT injuries activate the CS in synovium, but ACL injury more
significantly dysregulated the AP and injured to the synovium at
early stage, which might be one of the contributing factors or
potential risk factors for the initiation of inflammatory processes that
can lead to the development of OA in the long term.
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FIGURE 2
Comparing histopathological characteristics of DSST from ACL injury and MT patients. All DSST were staining with Hematoxylin and Eosin (H & E)
followed by counting in each section of blood vessels, adipocytes, fibroblast-like synoviocytes and the numbers of cell layers present in the
synovium membrane. (A) Synovium from ACL and MT patients showing no differences in the presence of vascularity, adipocytes, fibrosis and
synovial membrane thickness. (B) Synovium from male and female ACL patients showing no differences in vascularity, adipocytes, fibrosis and
synovial membrane thickness. (C) Synovium from female MT patients compared with male showing increase in vascularity with no differences in
adipocytes, fibrosis and synovial membrane thickness. SMT = synovial membrane thickness. ACL DSST n = 9. MT DSST n = 20. Male ACL DSSTn = 3
and female ACL DSST n = 6. Male MT DSST n = 7 and female MT DSST n = 13. All DSST were included in the final analysis for reproducibility and
variability. Data are shown as mean + SEM. *p < 0.05 considered significant

Additionally, we observed that there were no significant  there might be more inflammation in females than males after MT.
differences in the vascularity, presence of synovial adipocytes,  These observations indicate that MT might predispose females to
extent of fibrosis and synovial membrane thickness comparing  OA disease.
the DSST from ACL and MT injuries (Figure 2). However, We found a higher percentage of synovial cells expressing C4d
increased vascularity in the synovial tissue from MT of females  specifically in DSST after the ACL injury than in MT (Figure 4B).
compared with the synovial tissue from MT males suggests that  Interestingly C4d is covalently bound to the injured cells (21), and it
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FIGURE 3

Representative H & E histopathology images of the DSST after ACL injury and MT. (A) DSST after ACL injury. (B) DSST after MT. (C) OA DSST before
knee replacement surgery. (D) Normal DSST with no RA and no OA. Blood vessels, adipocytes, and synovial membrane have been marked with a
black arrow. These ACL and MT representative images have been selected from ACL DSST n = 9. MT DSST n = 20. OA DSST n = 3. Normal DSST
n = 4. For quality control two sections from each DSST were analyzed using H & E staining. Scale = 2000um except for (C) scale = 20um.

is widely accepted as one of the markers for antibody-mediated
rejection in renal and cardiac allografts (38, 39), but our MIHC
shows that it is also present on the synovium after ACL and MT
injuries, although differentially. Normally CFI cleaves iC4b into
C4d (surface bound) and C4c (soluble) (21). The CS is activated by
three pathways: CP, LP and AP, but only the CP and LP share C4;
therefore, C4d deposited on the injured or apoptotic cells could be
an activation product from CP or LP resulting from binding of
natural antibodies (NAbs) to injured tissues. Consistent with our
observations, another study has reported the presence of an
increased level of C4d in the synovial fluid several years after
knee trauma (32); therefore, it could be an informative synovial
injury marker after ACL injury.

Healthy individuals express NAbs to protect from viral and
bacterial infections, but these can also contribute to autoimmune
diseases (40). Furthermore, IgG or IgM NAbs are known to activate
the CP or LP. NAbs, which are germline coded as a part of natural
autoantibodies (NAAD), also bind to and clear the self-neoepitopes
produced by apoptotic and necrotic cells (41). Previous studies have
shown that a Nab monoclonal antibody, designated C2, binds to a
subset of phospholipids displayed on injured cells in the joints in
inflammatory arthritis, as confirmed by the therapeutic benefit on
the joint inflammation of C2 Nab-derived scFv-containing protein
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fused to a complement inhibitor: complement receptor-related y
(Crry) (42). Natural IgM binds to C1q to activate complement, and
likewise mannan binding lectin (MBL) bound to injured cells can
activate through MASPs (43-46). At present we do not know the
exact mechanism and whether enhanced C4d deposition in the ACL
synovial tissue resulted from CP or from LP activation or which
specific pathway is involved, or it is antibody independent or
dependent or acting as an opsonin on injured cells. Nonetheless,
the presence of an increased percentage of cells expressing C5b-9
(MAC) and C5/C5b in the synovium after ACL injury compared
with the MT indicate that more synovial cells are injured due to
complement activation, which likely is reflected by more deposition
of C4d after ACL injury (Figure 5F). In addition, ACL synovium
deposition of C4d and C5b-9 is consistent with a previous study in
which synovial fluids from OA, RA and knee injury patients were
found to contain elevated levels of C4d, C3bBbP, and soluble
terminal complement complex (32). Our current C4d deposition
data in the ACL synovium are consistent with this study, regardless
of the type of knee injury.

In comparison to MT expression of C3aR1 and C5aRl was
increased on the surface of synovial cells after ACL injury,
consistent with an important role for these receptors prior to the
development of OA. These C3aR1 and C5aR1 receptors data imply
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FIGURE 4

Comparing using MIHC percentage of synovial cells expressing C3d and C4d and representative composite images of MIHC comparing C4d in the
DSST obtained from ACL injury and MT at the time of reconstructive surgery and meniscectomy, respectively. (A) C3d positive cells in control (black
color), ACL (red color) and MT (blue color) synovium. (B) C4d positive cells in control (black color), ACL (red color) and MT (blue color) synovium
Control synovial tissue were with no RA and no OA, n = 3. ACL n = 9. MT n = 12. Two sections from each biopsy were analyzed. Data are shown as
Mean + SEM. *p < 0.05 considered significant. (C) A composite image from ACL synovium showing the presence of more C4d (magenta color). (D) A

composite image from MT synovium showing the presence of less C4d (magenta color). Each complement protein has been shown using false
color coding, including Magenta = C4d, Orange = C3d, Yellow = DAF and DAPI = blue. A red arrow shows the presence of a complement positive
cell. A minimum of three composite images were generated using a single DSST with 2 sections from each ACL (n = 9) and MT (n = 12) patient.

Scale bar = 100pm

that OA development after ACL is more likely than the MT. If so,
then our data are consistent with the overall higher risk of
developing OA after ACL than the MT after 19 years of follow up
(47). C3aR1 and C5aR1 might be involved in local tissue repair
similar to their upregulation in multiple sclerosis for demyelination
and remyelination (48). Although we have not seen any differences
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in this cross-sectional study in the percentage of adipocytes in the
DSST after ACL injury and MT, the role of obesity has clearly been
documented in the development of PTOA, for adipocytes do
express C3aR1 and C5aRl1 on their surface; in addition, as the
BMI in this study patients is in the higher range, we don’t rule out
that adipocytes also generate complement factor D (a.k.a. adipsin),
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Complement alternative pathway, its components and membrane attack complex in ACL synovium compared with MT synovium obtained at the
time of reconstructive surgery or meniscectomy, respectively. Percentage of complement positive synovial cells using MIHC have been shown using
imaging analysis. (A) C3c (B) CFH (C) CFB (D) CFHR4 (E) MBL2 (F) C5b -9 (MAC). Control synovial tissue were with no RA, no OA no opportunistic

infections (n

= 4). ACL n = 10 for C3c, CFH, CFB, CFHR4 and C5b-9. MT n = 16 for C3c, CFH, CFB, CFHR4, MBL and C5b-9. OA n = 3 for C3c, CFH,

CFB, CFHR4, MBL and C5b-9. Two sections from each DSST were analyzed. Data are shown as Mean + SEM. *p < 0.05 considered significant.
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FIGURE 6

Representative composite images of MIHC showing and comparing the presence of CFH, CFHR4 and C5-9 (MAC) expressing cells in the DSST
obtained after ACL and MT injuries but at the time of reconstructive surgery and meniscectomy, respectively. (A, B) A significantly high levels of CFH
expressing synovial cells in ACL (left first panel) vs. MT (left second panel) synovium. (C, D) Higher percentage of CFHR4 expressing synovial cells in
ACL (first center panel) vs. MT synovium (second center panel (E, F) A significantly high percentage of MAC expressing synovial cells in ACL (first right
panel) vs. MT synovium (second center right panel). (G) OA DSST (third bottom left panel). (H) Normal DSST (third bottom right panel). Each
complement protein has been shown using false color coding, including Cyan = CFH, Magenta = CFHR4, MAC = Yellow, MBL2 = Green, CFB = Pink,
FCN3 = White, and DAPI = blue. A red arrow shows the presence of a complement positive cell. A minimum of three composite images were
generated using a single DSST with 2 sections from each ACL (n = 10) and MT (n = 16) patient. Scale bar = 100pm

especially as lipodystrophic mice do not develop spontaneous or
PTOA (49-52). There is likely an association between adipsin, OA
synovial membrane and cartilage degradation through activation of
the complement system (53). Interestingly, our previous studies
have shown that C3aR1 or C5aR1 gene targeted mice are resistance
to collagen antibody-induced arthritis (54), and there was also a
positive correlation between C5aR1 gene expression and clinical
disease activity score 28 in synovium from early RA patients (36),
suggesting an important role for C5aR1 in inflammation both in
mice and humans. C3aR1 and C5aR1 down-stream signaling results
in activation of Mitogen-activated protein kinase (MAPK) and
phosphoinositide-3-kinase-protein kinase B/Akt (PI3K-PKB/Akt)
pathways (55).

C3aR1 and C5aRl are normally expressed on neutrophils,
basophils, eosinophils, mast cells, monocytes/macrophages and
also on adipocytes (50-52, 56). C5aR1 contribute to macrophage
accumulation in obese adipose tissue (57). The increased presence
of macrophages and mast cells in synovial tissue from ACL injury
compared to MT suggests there is a sustained complement-
mediated innate immune cellular response after ACL injury.
These data also suggest that complement in both injuries might
be controlling differentially immune cells mobilization/and or
recruitment, as well as inflammation, for there is an increased
presence of monocytes in the synovial biopsies obtained after MT
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(Figure 9F). In contrast to the mast cell, macrophage and monocyte
phenotypes, no differences were seen in percentage of neutrophils
comparing ACL and MT synovial tissue (Figure 9G). There were
also no differences in the percentage of B and CD4 T cells in the
DSST from ACL and MT (Figures 9B, C), indicating less
involvement of the adaptive immune response in the differential
responses after these injuries. The high percentage of mast cells and
macrophages in the ACL synovium compared with MT synovium
show that these two cell types might trigger a more robust
inflammatory response after ACL injury. An increased percentage
of synovial mast cells in ACL could be the result of their local
proliferation or a chemokine-mediated infiltration at the site of
injury. Interestingly other studies have shown that synovial
macrophages and lymphocytes are the most predominant
immune cells in OA whereas B cells, plasma cells and mast cells
are found to a lesser extent (58-60). Thus, after ACL or MT injuries,
there might be a change in cellular composition in the long term,
but initial effector cells might be different after ACL and MT knee
injuries. Consistent with above mentioned studies, our MIHC using
separate OA synovial tissue also show that macrophages, mast cells
and monocytes are also present (data not shown) which could be
responsible for moderate inflammation seen in OA. Mast cells,
which also express C3aR1 and C5aR1 were present predominantly
in synovial tissue from ACL injury than MT. We speculate that

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Holers et al.
A. C3aR1

0 -
% 40 4 R Control *
2 47 mmac
: . MT
2 30 1
@
=3
2 2 4
c
193
L
& 10 A

o 4

C. CD35(CR1)

S -
w
= 4 | [ Control
o
g [ G
= 3 4
& _— T
o
o
T 2 4
19
o
QJ
a 1

o

Control ACL MT
FIGURE 7

10.3389/fimmu.2023.1146563

B. C5aR1
0 1

I Control
I ACL
%

40 1

MT

Control ACL

, D.cD21(cR2)

I Control
[ ACL
. MT

Control ACL

Comparison of complement receptors using MIHC in the DSST after ACL and MMT injuries at the time of reconstructive surgery and meniscectomy
respectively. Percentage of positive cells in control (black color), ACL (red color) and MT (blue color) DSST have been shown. (A) C3aR1 (B) C5aR1
(C) CD35 (CR1) (D) CD21 (CR2). ACL n = 9 for C3aR1, C5aR1, CR1 and CR2. MT n = 12 for C3aR1, C5aR1, CR1 and CR2. Two sections from each
DSST were analyzed. Data are shown as Mean + SEM. *p < 0.05 considered significant. Normal control n = 4.

ACL-mediated injury can damage cartilage due to the secretion of
tryptase by mast cells which can destroy cartilage after ACL injury
and MT. Tryptase has been shown to be released by mast cells
through activation of protease-activated receptor 2, which is
increased in OA and RA synovium and cartilage (58, 61, 62)
however, we have not performed double staining for CD117/
Tryptase using ACL and MT DSST. Of note, we noticed that
C3aRl is highly expressed surrounding the blood vessels in the
DSST after ACL injury compared with MT (Figures 8A, B). C3aR1
are present on vascular endothelial cells (63). Interestingly the role
C3a/C3aR1 signaling in diapedesis has also been documented (64)
and we don’t rule out the role of C3aR1 in promoting vascular
inflammation after these injures. Overall, compared to MT,
synovium after ACL injury possesses several key pre-immune
features, suggesting that in addition to pathological mechanical
cues, ACL injury may initiate development of OA via early immune
system activation and pro-inflammation.

Furthermore, a high percentage of ACL DSST samples
demonstrated features of AP activation, suggesting that release of
CFH might be important to control AP activation after ACL injury,
with the goal to maintain an anti-inflammatory environment locally
for it is a negative regulator of the AP. Thus, CFH might be playing
a protective role to control initial synovial inflammation or cell
death following ACL injury. Consistent with our study a high
expression of both CFH and FHL-1 proteins, in OA synovium,
has been also documented previously (65). However, the high
expression of both CFHR4 and CFH proteins in the synovium
after ACL compared with MT confirm that there is local AP
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activation in the synovium that may be contributed by CFHR4
dysregulation. Our data show that AP dysregulation in the
synovium after ACL injury might be due the presence of an
increased percentage of CFHR4+ cells. Therefore, initial synovial
damage after ACL injury might in part be contributed to by CFHR4
generation, as CFHR4 counter regulates the AP through
competition with CFH. The tight balance between AP activation
and regulation due to an elevated expression of CFHR4 in the
synovium might be lost after ACL injury compared with the MT.
Mechanistically, CFHR4 allows complement activation by binding
to C3b and it also binds to C-reactive protein (18). There are two
splice variants of CFHR4 gene i.e., CFHR4A and CFHR4B. We were
not able to distinguish between both forms of CFHR4 proein using
MIHC due to the lack of specific antibodies, but studies have shown
that both act as competitors of CFH (18). In DSST we show that
complement proteins of the AP, such as C3c, CFB (Figures 5A, C),
are expressed locally were not statistically different among ACL, MT
and OA.

One of the limitations of the current study is that we have not
compared the complement proteins and immune cells in the
synovial tissue between different types of ACL tear (partial tear,
complete non retracted tear, and complete retracted tear) and MT
(radial tear and bucket handle tear) injuries. A second limitation is
that we have focused only on the ACL and MT related synovial
phenotypes; we have not assessed synovial fluid chemo-attractants
such as C3a and C5a, the assessment of which could be
additionally informative. Nonetheless, previous studies have
shown the presence of higher levels of complement components
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FIGURE 8
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Representative composite images of MIHC comparing the presence of complement receptors in the DSST from ACL and MT obtained at the time of
reconstructive surgery and meniscectomy, respectively. (A, B) Composite images from ACL and MT DSST respectively showing the presence of
C3aR1 (Top and bottom left). (C, D) Composite images from ACL and MT DSST, respectively, showing the presence of C5aR1 (Top and bottom right).
Each complement receptor or protein has been shown using false color coding, including specifically expressed at a higher levels surrounding blood
vessels White = C3aR1, Cyan = C5aR1, Yellow = DAF and DAPI = blue. A red arrow shows the presence of a complement positive cell. A minimum of
three composite images were generated using a single DSST with 2 sections from each ACL (n = 9) and MT (n = 12) patient. Scale bar = 100pm
shown either at the top or at the bottom right-hand side of each composite image.

in the synovial fluid from an early stage of the OA compared with
healthy controls (29). We do not rule out the possibility that there
were complement activated products or split fragments present
before the surgery for surgery is normally done an average thirty
days after the injuries and it is rare that reconstructive surgeries
and meniscectomies are done immediately on the same day of
injury. It is challenging and technically difficult get DSST two
times i.e., immediately after the injury and before surgery.
Another limitation of current study is that we have not
performed sample size justification due to the nature of this
study. Additionally, although we have identified some sex-
specific differences, we were underpowered in this study to fully
characterize sex as a biological variable. We also cannot clearly
define which pathway(s) of the complement system initiate
complement activation. We found no differences in the
percentage of cells expressing FCN3 (data not shown) and
MBL2 in the ACL and MT synovial tissue, but we can’t rule out
the possibility that other components of these pathways may be
involved, including CP (such as C1q) or LP (such as Collectins) or
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FCN1 and FCN2. LP activation may be involved at late stage of the
disease due to high expression of MBL2 in OA vs. ACL and MT, so
it is unlikely to be an initial trigger.

In conclusion, the evidence in the current study is consistent
with a substantial role for the CS in both types of injury, but with
differential mechanisms related to complement and immune cells in
the synovium from ACL injury and MT. Further CITE-seq (Cellular
Indexing of Transcriptomes and Epitopes by Sequencing) for
complement genes-proteins along with specific cell-specific
phenotyping antibodies using DSSTs from ACL, MT, OA and
uninjured will be highly informative along with the current
MIHC data. Overall ACL injury affected the synovium more
severely, as evident from an increased C4d deposition,
dysregulation of the AP by CFHR4, high expression of C3aRl,
C5aR1, C5b-9 and effector cells compared with the MT injury. Our
data show that complement-dysregulation in synovium might be
playing an important role after these injuries; therefore,
complement might be a valid candidate therapeutic target, in the
ACL context particularly, with the goal to mitigate or prevent early

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Holers et al. 10.3389/fimmu.2023.1146563

) C.CD4 Tecells
" A.CD8 Tcells 0 B.Becells 160
w . Control
= 4 I Control ] . Control 75 e
v Ao i - 7
Z 3 T s =y
7 ool
o 2 4
g - 25 1
§ 1 21
a
0 T iy 0 Control ACL MT oes Control ACL Mt
Control ACL mr " o
F. Monocytes
100 -D- Macrophage E. Mast cells . 201 ¥ *
12
;: * . Control
1 1 -
o 75 W Control W Control 15 AcL
S LN
= - cL g - WM
3 -7 - 7 ]
2 so 5 10
T 4
4 4
3 25 s
a 2 1

Control ACL Mt

Control ACL mMT Control ACL Mt
G. Neutrophils

=

W Control
L__FYeN
L

N w

Percent positive cells
-

Control ACL mMT

FIGURE 9

Comparison of percentage of immune and infiltrating cells using MIHC in the DSST after ACL injury and MT at the time of reconstructive surgery and
meniscectomy, respectively. (A) CD3/CD8+ T cells (B) CD19+ B cells (C) CD3/CD4+ T cells (D) CD68+ Macrophages (E) CD117+ Mast cells (F) CD14
+/CD68- Monocytes (G) Neutrophil. Control synovial tissue with no RA no OA n = 4. ACL n = 10 and MT n = 16. Two sections from each DSST were
analyzed. Data are shown as Mean + SEM. *p < 0.05 considered significant

A. Mast cells C. Macrophage

G.B& Tcells

ACL
DSST

"

FIGURE 10

Representative composite images showing the presence of inflammatory cells in the DSST from ACL injury and MT injuries at the time of
reconstructive surgery and meniscectomy, respectively. (A, B) More mast cells present in ACL synovium (top left panel) compared with MT synovium
(second left panel). (C, D) More macrophages were present in the ACL synovium (top right second panel) compared with MT synovium (second right
second panel). (E, F) Less monocytes were present in the ACL synovium (top right third panel) compared with MT synovium (second right third
panel). (G, H) Few B and T cells were present both in the ACL (top right panel) and MT synovium (second right panel) first. (I) Presence of
monocytes, fat cells and B cells in normal synovium (bottom panel). Immune and infiltrating cells have been shown using false color coding,
including Magenta = Mast cell, Red = Macrophage, Cyan = Monocyte, Yellow = T cell, Green = B cell and DAPI = blue. A red arrow shows the
presence of a complement positive cell. A minimum of three composite images were generated using a single DSST with 2 sections from each ACL
(n = 10) and MT (n = 16) patients. Normal control DSST (n = 4). Scale bar = 100um shown at the bottom or top right-hand side or of each
composite image.
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Putative model of the normal knee joint after ACL injury and MT leading an increased C4d, and increased MAC (a.k.a. C5b-9) deposition on the
surface of synovial cells in DSST. The CFHR4, a positive regulator of the AP and FH, a negative regulator of the AP protein expression on the surface
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imbalance along with infiltration of innate immune and inflammatory cells might lead to an early or faster onset of OA after ACL than MT injury. All
complement proteins, and inflammatory cells have been shown using different colors. This summary figure has been created with Biorender.com.

joint changes that predispose for the onset of PTOA. This study also
suggests when, and for what types of injuries we could apply
complement therapy to achieve a bon fide clinical benefit. Based
on current study, we propose that antagonists of C3aR1 or C5aR1,
dual targeting by anti-C5aR1ab-C5siRNA conjugate (66), inhibitors
of the LP such MASP2 or inhibitors of the CP and AP such as TT32
and bifunctional fusion protein (67, 68), or inhibitors of the CFHR4
protein or scFv-C4d-CFH could be useful new therapeutic tools to
be applied immediately after ACL or MT surgery to prevent or
mitigate initiation of OA disease.

Data availability statement
The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement
The studies involving human participants were reviewed and
approved by IRB University of Colorado Denver. The patients/

participants provided their written informed consent to participate
in this study.

Author contributions

NKB and VMH conceived the idea for analyzing complement
proteins and immune cells in the synovium of ACL, MT and OA

Frontiers in Immunology

16

patients. VMH reviewed this manuscript in-depth. NKB supervised the
project, executed the experimental plan, analyzed data and wrote the
first, final and revised draft of the manuscript. RMF provided primary
and secondary diagnosis, performed all surgical procedures, collected
and provided DSST before ACL reconstructive surgery, before MT
meniscectomy and also provided her expert advice related to each
diagnosis. AC was involved in patient recruitment and routine tissue
collection, processing, and preservation of DSST from ACL injury and
MT provided by an Orthopedic surgeon at the time of ACL
reconstructive surgery or meniscectomy. JS catalogued ACL and MT
related DSST samples and kept the patients record securely using
RedCap. MZ was involved in the discussions related to this work and
reviewing the manuscript. SA, a combined BA/BS-MD program
student, generated and analyzed some of the composite images
related to the ACL and MT using MIHC. SA also examined ACL
and MT H & E-stained histopathology slides and generated data. CS
provided DSST from OA patients undergoing a total knee replacement
surgery. MRC provided pathology assessment and cross-checked the
quality of ACL and MT DSST. LWM identified ACL and MT patients
and provided expert advice regarding primary and secondary
diagnoses. All authors contributed to the article and approved the
submitted version.

Funding

Supported by the National Institutes of Health grant R01
AR51749 to VMH (PI) and NKB (Co-I) and by the

frontiersin.org


https://www.biorender.com
https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Holers et al.

Institutional Joint Biology Program pilot grant to NKB (PI)
and RMF (Co-I).

Acknowledgments

All authors are thankful to the University of Colorado
Interdisciplinary Joint Biology Program (CUIJBP) members for
recruiting patients, collecting surgical discard tissues, and
cataloguing ACL and MT related DSST samples. Thanks to Ms.
Terrin Manes and the Tissue and Molecular Imaging Core in the
Department of Orthopedics at the University of Colorado for
processing, cutting, quality control and providing ACL and MT
DSST sections for IHC and MIHC. Thanks to Ms. Elizabeth
Smith in the AMC Histopathology Clinical core for helping to
standardize various complement protein-related antibodies along
with their antigen retrieval procedures related to complement
panels. We are also thankful to Dr. Kimberley Jordan and Mr.
Troy Schedin from the University of Colorado Human Immune
Monitoring Shared Resource (HIMSR) group for MIHC related
work and specifically for generating composite images and helping
in analysis.

References

1. Nicholson S, Dickman K, Maradiegue A. Reducing premature osteoarthritis in
the adolescent through appropriate screening. J Pediatr Nurs (2009) 24:69-74. doi:
10.1016/j.pedn.2008.03.009

2. Kaeding CC, Leger-St-Jean B, Magnussen RA. Epidemiology and diagnosis of
anterior cruciate ligament injuries. Clin Sports Med (2017) 36:1-8. doi: 10.1016/
j.csm.2016.08.001

3. Musahl V, Karlsson J. Anterior cruciate ligament tear. N Engl ] Med (2019)
380:2341-8. doi: 10.1056/NEJMcp1805931

4. Sutton KM, Bullock JM. Anterior cruciate ligament rupture: differences between males
and females. ] Am Acad Orthop Surg (2013) 21:41-50. doi: 10.5435/JAAOS-21-01-41

5. Baker BE, Peckham AC, Pupparo F, Sanborn JC. Review of meniscal injury and
associated sports. Am ] Sports Med (1985) 13:1-4. doi: 10.1177/036354658501300101

6. Nakata K, Shino K, Horibe S, Tanaka Y, Toritsuka Y, Nakamura N, et al.
Arthroscopic anterior cruciate ligament reconstruction using fresh-frozen bone plug-
free allogeneic tendons: 10-year follow-up. Arthroscopy (2008) 24:285-91. doi: 10.1016/
j.arthro.2007.09.007

7. Shelbourne KD, Stube KC. Anterior cruciate ligament (ACL)-deficient knee with
degenerative arthrosis: treatment with an isolated autogenous patellar tendon ACL
reconstruction. Knee Surg Sports Traumatol Arthrosc (1997) 5:150-6. doi: 10.1007/
5001670050043

8. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of
anterior cruciate ligament and meniscus injuries: osteoarthritis. Am J Sports Med (2007)
35:1756-69. doi: 10.1177/0363546507307396

9. Potter HG, Jain SK, Ma Y, Black BR, Fung S, Lyman S. Cartilage injury after acute,
isolated anterior cruciate ligament tear: immediate and longitudinal effect with clinical/
MRI follow-up. Am J Sports Med (2012) 40:276-85. doi: 10.1177/0363546511423380

10. Chaudhari AM, Briant PL, Bevill SL, Koo S, Andriacchi TP. Knee kinematics,
cartilage morphology, and osteoarthritis after ACL injury. Med Sci Sports Exerc (2008)
40:215-22. doi: 10.1249/mss.0b013e31815cbb0e

11. Logan CA, Aman ZS, Kemler BR, Storaci HW, Dornan GJ, LaPrade RF.
Influence of medial meniscus bucket-handle repair in setting of anterior cruciate
ligament reconstruction on tibiofemoral contact mechanics: A biomechanical study.
Arthroscopy (2019) 35:2412-20. doi: 10.1016/j.arthro.2019.03.052

12. Bhan K. Meniscal tears: Current understanding, diagnosis, and management.
Cureus (2020) 12:€8590. doi: 10.7759/cureus.8590

13. Chambers HG, Chambers RC. The natural history of meniscus tears. ] Pediatr
Orthop (2019) 39:S53-5. doi: 10.1097/BPO.0000000000001386

14. Park JW. Higher meniscus surgery incidence in Korea compared to Japan or the
USA. J Korean Med Sci (2019) 34:e233. doi: 10.3346/jkms.2019.34.€233

Frontiers in Immunology

17

10.3389/fimmu.2023.1146563

Conflict of interest

VMH is an employee of the University of Colorado School of
Medicine; a founder, advisor, shareholder, and previous consultant
of Q32 Bio Inc. NKB is an employee of the University of Colorado
School of Medicine; received royalties income from Q32 Bio Inc and
is a patent holder of the antibody RNA conjugate (ARC) i.e., anti-
C5aR1mAb - C5siRNA.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis pathogenesis.
Bone (2012) 51:249-57. doi: 10.1016/j.bone.2012.02.012

16. Schieferdecker HL, Schlaf G, Jungermann K, Gotze O. Functions of anaphylatoxin
C5a in rat liver: direct and indirect actions on nonparenchymal and parenchymal cells. Int
Immunopharmacol (2001) 1:469-81. doi: 10.1016/S1567-5769(00)00038-2

17. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement system
part I - molecular mechanisms of activation and regulation. Front Immunol (2015)
6:262. doi: 10.3389/fimmu.2015.00262

18. Medof ME, Iida K, Mold C, Nussenzweig V. Unique role of the complement
receptor CR1 in the degradation of C3b associated with immune complexes. ] Exp Med
(1982) 156:1739-54. doi: 10.1084/jem.156.6.1739

19. Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon DT. C3d of
complement as a molecular adjuvant: bridging innate and acquired immunity. Science
(1996) 271:348-50. doi: 10.1126/science.271.5247.348

20. Hebecker M, Jozsi M. Factor h-related protein 4 activates complement by
serving as a platform for the assembly of alternative pathway C3 convertase via its
interaction with C3b protein. J Biol Chem (2012) 287:19528-36. doi: 10.1074/
jbc.M112.364471

21. Kopp A, Hebecker M, Svobodova E, Jozsi M. Factor h: a complement regulator
in health and disease, and a mediator of cellular interactions. Biomolecules (2012) 2:46—
75. doi: 10.3390/biom2010046

22. Kidmose RT, Laursen NS, Dobo J, Kjaer TR, Sirotkina S, Yatime L, et al.
Structural basis for activation of the complement system by component C4 cleavage.
Proc Natl Acad Sci USA (2012) 109:15425-30. doi: 10.1073/pnas.1208031109

23. Murata K, Baldwin WM. 3rd. 2009. mechanisms of complement activation, C4d
deposition, and their contribution to the pathogenesis of antibody-mediated rejection.
Transplant Rev (Orlando) (2009) 23:139-50. doi: 10.1016/j.trre.2009.02.005

24. Mauiyyedi S, Crespo M, Collins AB, Schneeberger EE, Pascual MA, Saidman SL,
et al. Acute humoral rejection in kidney transplantation: II. morphology,
immunopathology, and pathologic classification. ] Am Soc Nephrol (2002) 13:779-87.
doi: 10.1681/ASN.V133779

25. Mohamedali B, Pyle J, Bhat G. Acute cellular rejection and C4d positivity in
heart transplantation : A manifestation of asymptomatic antibody-mediated rejection?
Am ] Clin Pathol (2016) 145:238-43. doi: 10.1093/ajcp/aqv026

26. Nandakumar KS, Jansson A, Xu B, Rydell N, Ahooghalandari P, Hellman L,
et al. A recombinant vaccine effectively induces c5a-specific neutralizing antibodies and
prevents arthritis. PloS One (2010) 5:¢13511. doi: 10.1371/journal.pone.0013511

27. Andersson M, Goldschmidt TJ, Michaelsson E, Larsson A, Holmdahl R. T-Cell
receptor V beta haplotype and complement component C5 play no significant role for

frontiersin.org


https://doi.org/10.1016/j.pedn.2008.03.009
https://doi.org/10.1016/j.csm.2016.08.001
https://doi.org/10.1016/j.csm.2016.08.001
https://doi.org/10.1056/NEJMcp1805931
https://doi.org/10.5435/JAAOS-21-01-41
https://doi.org/10.1177/036354658501300101
https://doi.org/10.1016/j.arthro.2007.09.007
https://doi.org/10.1016/j.arthro.2007.09.007
https://doi.org/10.1007/s001670050043
https://doi.org/10.1007/s001670050043
https://doi.org/10.1177/0363546507307396
https://doi.org/10.1177/0363546511423380
https://doi.org/10.1249/mss.0b013e31815cbb0e
https://doi.org/10.1016/j.arthro.2019.03.052
https://doi.org/10.7759/cureus.8590
https://doi.org/10.1097/BPO.0000000000001386
https://doi.org/10.3346/jkms.2019.34.e233
https://doi.org/10.1016/j.bone.2012.02.012
https://doi.org/10.1016/S1567-5769(00)00038-2
https://doi.org/10.3389/fimmu.2015.00262
https://doi.org/10.1084/jem.156.6.1739
https://doi.org/10.1126/science.271.5247.348
https://doi.org/10.1074/jbc.M112.364471
https://doi.org/10.1074/jbc.M112.364471
https://doi.org/10.3390/biom2010046
https://doi.org/10.1073/pnas.1208031109
https://doi.org/10.1016/j.trre.2009.02.005
https://doi.org/10.1681/ASN.V133779
https://doi.org/10.1093/ajcp/aqv026
https://doi.org/10.1371/journal.pone.0013511
https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Holers et al.

the resistance to collagen-induced arthritis in the SWR mouse. Immunology (1991)
73:191-6.

28. Spinella DG, Jefters JR, Reife RA, Stuart JM. The role of C5 and T-cell receptor
vb genes in susceptibility to collagen-induced arthritis. Immunogenetics (1991) 34:23-7.
doi: 10.1007/BF00212308

29. Wang Y, Rollins SA, Madri JA, Matis LA. Anti-C5 monoclonal antibody therapy
prevents collagen-induced arthritis and ameliorates established disease. Proc Natl Acad
Sci USA (1995) 92:8955-9. doi: 10.1073/pnas.92.19.8955

30. John T, Stahel PF, Morgan SJ, Schulze-Tanzil G. Impact of the complement
cascade on posttraumatic cartilage inflammation and degradation. Histol Histopathol
(2007) 22:781-90. doi: 10.14670/HH-22.781

31. Wang Q, Rozelle AL, Lepus CM, Scanzello CR, Song JJ, Larsen DM, et al.
Identification of a central role for complement in osteoarthritis. Nat Med (2011)
17:1674-9. doi: 10.1038/nm.2543

32. Joos H, Leucht F, Riegger J, Hogrefe C, Fiedler J, Durselen L, et al. Differential
interactive effects of cartilage traumatization and blood exposure In vitro and In vivo.
Am ] Sports Med (2015) 43:2822-32. doi: 10.1177/0363546515602248

33. Banda NK, Levitt B, Glogowska MJ, Thurman JM, Takahashi K, Stahl GL, et al.
Targeted inhibition of the complement alternative pathway with complement receptor
2 and factor h attenuates collagen antibody-induced arthritis in mice. ] Immunol (2009)
183:5928-37. doi: 10.4049/jimmunol.0901826

34. Struglics A, Okroj M, Sward P, Frobell R, Saxne T, Lohmander LS, et al. The
complement system is activated in synovial fluid from subjects with knee injury and
from patients with osteoarthritis. Arthritis Res Ther (2016) 18:223. doi: 10.1186/s13075-
016-1123-x

35. Silawal S, Triebel J, Bertsch T, Schulze-Tanzil G. Osteoarthritis and the
complement cascade. Clin Med Insights Arthritis Musculoskelet Disord (2018)
11:1179544117751430. doi: 10.1177/1179544117751430

36. Banda NK, Deane KD, Bemis EA, Strickland C, Seifert J, Jordan K, et al. Analysis
of complement gene expression, clinical associations, and biodistribution of
complement proteins in the synovium of early rheumatoid arthritis patients reveals
unique pathophysiologic features. J Immunol (2022) 208:2482-96. doi: 10.4049/
jimmunol.2101170

37. Elieh Ali Komi D, Shafaghat F, Kovanen PT, Meri S. Mast cells and complement
system: Ancient interactions between components of innate immunity. Allergy (2020)
75:2818-28. doi: 10.1111/all.14413

38. Feucht HE, Felber E, Gokel MJ, Hillebrand G, Nattermann U, Brockmeyer C,
et al. Vascular deposition of complement-split products in kidney allografts with cell-
mediated rejection. Clin Exp Immunol (1991) 86:464-70. doi: 10.1111/j.1365-
2249.1991.tb02954.x

39. Feucht HE, Schneeberger H, Hillebrand G, Burkhardt K, Weiss M, Riethmuller
G, et al. Capillary deposition of C4d complement fragment and early renal graft loss.
Kidney Int (1993) 43:1333-8. doi: 10.1038/ki.1993.187

40. Avrameas S, Alexopoulos H, Moutsopoulos HM. Natural autoantibodies: An
undersugn hero of the immune system and autoimmune disorders-a point of view.
Front Immunol (2018) 9:1320. doi: 10.3389/fimmu.2018.01320

41. Reyneveld GI, Savelkoul HFJ, Parmentier HK. Current understanding of natural
antibodies and exploring the possibilities of modulation using veterinary models. a
review. Front Immunol (2020) 11:2139. doi: 10.3389/fimmu.2020.02139

42. Banda NK, Tomlinson S, Scheinman RI, Ho JN, Ramirez R, Mehta G, et al. C2
IgM natural antibody enhances inflammation and its use in the recombinant single
chain antibody-fused complement inhibitor C2-crry to target therapeutics to joints
attenuates arthritis in mice. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.575154

43. Arnold JN, Wormald MR, Suter DM, Radcliffe CM, Harvey DJ, Dwek RA, et al.
Human serum IgM glycosylation: identification of glycoforms that can bind to
mannan-binding lectin. J Biol Chem (2005) 280:29080-7. doi: 10.1074/jbc.M504528200

44. Nauta AJ, Raaschou-Jensen N, Roos A, Daha MR, Madsen HO, Borrias-Essers
MC, et al. Mannose-binding lectin engagement with late apoptotic and necrotic cells.
Eur J Immunol (2003) 33:2853-63. doi: 10.1002/¢ji.200323888

45. Ogden CA, Kowalewski R, Peng Y, Montenegro V, Elkon KB. IGM is required
for efficient complement mediated phagocytosis of apoptotic cells in vivo.
Autoimmunity (2005) 38:259-64. doi: 10.1080/08916930500124452

46. Quartier P, Potter PK, Ehrenstein MR, Walport MJ, Botto M. Predominant role
of IgM-dependent activation of the classical pathway in the clearance of dying cells by
murine bone marrow-derived macrophages in vitro. Eur ] Immunol (2005) 35:252-60.
doi: 10.1002/eji.200425497

47. Snoeker B, Turkiewicz A, Magnusson K, Frobell R, Yu D, Peat G, et al. Risk of knee
osteoarthritis after different types of knee injuries in young adults: a population-based cohort
study. Br ] Sports Med (2020) 54:725-30. doi: 10.1136/bjsports-2019-100959

48. Ingersoll SA, Martin CB, Barnum SR, Martin BK. CNS-specific expression of
C3a and C5a exacerbate demyelination severity in the cuprizone model. Mol Immunol
(2010) 48:219-30. doi: 10.1016/j.molimm.2010.08.007

Frontiers in Immunology

18

10.3389/fimmu.2023.1146563

49. Collins KH, Lenz KL, Pollitt EN, Ferguson D, Hutson I, Springer LE, et al.
Adipose tissue is a critical regulator of osteoarthritis. Proc Natl Acad Sci USA (2021)
118:1-12. doi: 10.1073/pnas.2021096118

50. Cero C, Razzoli M, Han R, Sahu BS, Patricelli ], Guo Z, et al. The neuropeptide
TLQP-21 opposes obesity via C3aR1-mediated enhancement of adrenergic-induced
lipolysis. Mol Metab (2017) 6:148-58. doi: 10.1016/j.molmet.2016.10.005

51. Koc G, Soyocak A, Alis H, Kankaya B, Kanigur G. Changes in VGF and C3aR1
gene expression in human adipose tissue in obesity. Mol Biol Rep (2021) 48:251-7. doi:
10.1007/s11033-020-06043-9

52. McCullough RL, McMullen MR, Poulsen KL, Kim A, Medof ME, Nagy LE.
Anaphylatoxin receptors C3aR and C5aR1 are important factors that influence the
impact of ethanol on the adipose secretome. Front Immunol (2018) 9:2133. doi:
10.3389/fimmu.2018.02133

53. Valverde-Franco G, Tardif G, Mineau F, Pare F, Lussier B, Fahmi H, et al. High
in vivo levels of adipsin lead to increased knee tissue degradation in osteoarthritis: data
from humans and animal models. Rheumatol (Oxford) (2018) 57:1851-60. doi:
10.1093/rheumatology/key181

54. Banda NK, Hyatt S, Antonioli AH, White JT, Glogowska M, Takahashi K, et al.
Role of C3a receptors, C5a receptors, and complement protein C6 deficiency in
collagen antibody-induced arthritis in mice. J Immunol (2012) 188:1469-78. doi:
10.4049/jimmunol.1102310

55. Klos A, Tenner AJ, Johswich KO, Ager RR, Reis ES, Kohl J. The role of the
anaphylatoxins in health and disease. Mol Immunol (2009) 46:2753-66. doi: 10.1016/
j.molimm.2009.04.027

56. Wang Y, Zhang H, He YW. The complement receptors C3aR and C5aR are a
new class of immune checkpoint receptor in cancer immunotherapy. Front Immunol
(2019) 10:1574. doi: 10.3389/fimmu.2019.01574

57. Phieler J, Chung K], Chatzigeorgiou A, Klotzsche-von Ameln A, Garcia-Martin
R, Sprott D, et al. The complement anaphylatoxin C5a receptor contributes to obese
adipose tissue inflammation and insulin resistance. ] Immunol (2013) 191:4367-74. doi:
10.4049/jimmunol.1300038

58. de Lange-Brokaar BJ, Ioan-Facsinay A, van Osch GJ, Zuurmond AM, Schoones
J, Toes RE, et al. Synovial inflammation, immune cells and their cytokines in
osteoarthritis: a review. Osteoarthritis Cartilage (2012) 20:1484-99. doi: 10.1016/
jjoca.2012.08.027

59. Deligne C, Casulli S, Pigenet A, Bougault C, Campillo-Gimenez L, Nourissat G,
et al. Differential expression of interleukin-17 and interleukin-22 in inflamed and non-
inflamed synovium from osteoarthritis patients. Osteoarthritis Cartilage (2015)
23:1843-52. doi: 10.1016/j.joca.2014.12.007

60. Klein-Wieringa IR, de Lange-Brokaar BJ, Yusuf E, Andersen SN, Kwekkeboom
JC, Kroon HM, et al. Inflammatory cells in patients with endstage knee osteoarthritis: A
comparison between the synovium and the infrapatellar fat pad. ] Rheumatol (2016)
43:771-8. doi: 10.3899/jrheum.151068

61. Nakano S, Mishiro T, Takahara S, Yokoi H, Hamada D, Yukata K, et al. Distinct
expression of mast cell tryptase and protease activated receptor-2 in synovia of
rheumatoid arthritis and osteoarthritis. Clin Rheumatol (2007) 26:1284-92. doi:
10.1007/s10067-006-0495-8

62. Xiang Y, Masuko-Hongo K, Sekine T, Nakamura H, Yudoh K, Nishioka K, et al.
Expression of proteinase-activated receptors (PAR)-2 in articular chondrocytes is
modulated by IL-1beta, TNF-alpha and TGF-beta. Osteoarthritis Cartilage (2006)
14:1163-73. doi: 10.1016/j.joca.2006.04.015

63. Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R. Complement c3a
and c5a induce different signal transduction cascades in endothelial cells. J Immunol
(2002) 169:2102-10. doi: 10.4049/jimmunol.169.4.2102

64. Propson NE, Roy ER, Litvinchuk A, Kohl ], Zheng H. Endothelial C3a receptor
mediates vascular inflammation and blood-brain barrier permeability during aging. J
Clin Invest (2021) 131:1-17. doi: 10.1172/JCI140966

65. Friese MA, Manuelian T, Junnikkala S, Hellwage J, Meri S, Peter HH, et al.
Release of endogenous anti-inflammatory complement regulators FHL-1 and factor h
protects synovial fibroblasts during rheumatoid arthritis. Clin Exp Immunol (2003)
132:485-95. doi: 10.1046/j.1365-2249.2003.02173.x

66. Mehta G, Scheinman RI, Holers VM, Banda NK. A new approach for the treatment
of arthritis in mice with a novel conjugate of an anti-C5aR1 antibody and C5 small
interfering RNA. ] Immunol (2015) 194:5446-54. doi: 10.4049/jimmunol.1403012

67. Fridkis-Hareli M, Storek M, Or E, Altman R, Katti S, Sun F, et al. The human
complement receptor type 2 (CR2)/CR1 fusion protein TT32, a novel targeted inhibitor
of the classical and alternative pathway C3 convertases, prevents arthritis in active
immunization and passive transfer mouse models. Mol Immunol (2019) 105:150-64.
doi: 10.1016/j.molimm.2018.09.013

68. Fahnoe KC, Liu F, Morgan JG, Ryan ST, Storek M, Stark EG, et al. Development
and optimization of bifunctional fusion proteins to locally modulate complement
activation in diseased tissue. Front Immunol (2022) 13:869725. doi: 10.3389/
fimmu.2022.869725

frontiersin.org


https://doi.org/10.1007/BF00212308
https://doi.org/10.1073/pnas.92.19.8955
https://doi.org/10.14670/HH-22.781
https://doi.org/10.1038/nm.2543
https://doi.org/10.1177/0363546515602248
https://doi.org/10.4049/jimmunol.0901826
https://doi.org/10.1186/s13075-016-1123-x
https://doi.org/10.1186/s13075-016-1123-x
https://doi.org/10.1177/1179544117751430
https://doi.org/10.4049/jimmunol.2101170
https://doi.org/10.4049/jimmunol.2101170
https://doi.org/10.1111/all.14413
https://doi.org/10.1111/j.1365-2249.1991.tb02954.x
https://doi.org/10.1111/j.1365-2249.1991.tb02954.x
https://doi.org/10.1038/ki.1993.187
https://doi.org/10.3389/fimmu.2018.01320
https://doi.org/10.3389/fimmu.2020.02139
https://doi.org/10.3389/fimmu.2020.575154
https://doi.org/10.1074/jbc.M504528200
https://doi.org/10.1002/eji.200323888
https://doi.org/10.1080/08916930500124452
https://doi.org/10.1002/eji.200425497
https://doi.org/10.1136/bjsports-2019-100959
https://doi.org/10.1016/j.molimm.2010.08.007
https://doi.org/10.1073/pnas.2021096118
https://doi.org/10.1016/j.molmet.2016.10.005
https://doi.org/10.1007/s11033-020-06043-9
https://doi.org/10.3389/fimmu.2018.02133
https://doi.org/10.1093/rheumatology/key181
https://doi.org/10.4049/jimmunol.1102310
https://doi.org/10.1016/j.molimm.2009.04.027
https://doi.org/10.1016/j.molimm.2009.04.027
https://doi.org/10.3389/fimmu.2019.01574
https://doi.org/10.4049/jimmunol.1300038
https://doi.org/10.1016/j.joca.2012.08.027
https://doi.org/10.1016/j.joca.2012.08.027
https://doi.org/10.1016/j.joca.2014.12.007
https://doi.org/10.3899/jrheum.151068
https://doi.org/10.1007/s10067-006-0495-8
https://doi.org/10.1016/j.joca.2006.04.015
https://doi.org/10.4049/jimmunol.169.4.2102
https://doi.org/10.1172/JCI140966
https://doi.org/10.1046/j.1365-2249.2003.02173.x
https://doi.org/10.4049/jimmunol.1403012
https://doi.org/10.1016/j.molimm.2018.09.013
https://doi.org/10.3389/fimmu.2022.869725
https://doi.org/10.3389/fimmu.2022.869725
https://doi.org/10.3389/fimmu.2023.1146563
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Potential causal role of synovial complement system activation in the development of post-traumatic osteoarthritis after anterior cruciate ligament injury or meniscus tear
	1 Introduction
	2 Material and methods
	2.1 Histopathology of DSST from ACL and MT injuries
	2.2 Multiplexed immunohistochemistry of DSST for complement proteins
	2.3 Quantitative measurements of complement proteins from ACL and MT DSST
	2.4 Multiplexed immunohistochemistry of DSST from ACL and MT for immune and inflammatory cells
	2.5 Statistical analyses

	3 Results
	3.1 Characteristic of ACL and MT patients
	3.2 Histopathology of DSST from ACL and MT
	3.3 Complement injury-related markers in the DSST from ACL and MT
	3.4 Alternative pathway dysregulation in the synovium after ACL injury
	3.5 Comparing the expression of complement receptors in the DSST from ACL and MT
	3.6 Comparing immune and infiltrating cells in the DSST from ACL injury and MT

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References


