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Abstract

Background: Osteoarthritis is a degenerative disease of the knee that affects 250 million people worldwide. Due to
the rising incidence of knee replacement and revision surgery, there is a need for a nonsurgical treatment to reduce
pain and improve function in patients with knee osteoarthritis. Placental-derived allografts, such as an amniotic sus-
pension allograft (ASA), provide growth factors and cytokines that could potentially modulate the inflammatory envi-
ronment of osteoarthritis. The purpose of this study was to evaluate the efficacy of ASA in a rat medial meniscal tear
(MMT) induced osteoarthritis model through histology, microCT, synovial fluid biomarkers, and behavioral testing.

Methods: Rats underwent MMT surgery at day — 7; at day 0, rats were injected with either ASA, vehicle control, or
fibroblast growth factor-18 (FGF18). Behavioral testing, including gait analysis, pain threshold, incapacitance, and knee
swelling were evaluated in-life, along with histology, microCT analysis of cartilage, and synovial fluid testing post-sac-
rifice. One MMT cohort was sacrificed at day 10, the other at day 21. A third cohort acted as a safety arm and did not
receive MMT surgery; these rats were injected with either vehicle control or ASA and evaluated at day 3 and day 21.

Results: Behavioral testing showed a significant improvement in pain threshold, incapacitance, and gait following an
injection of ASA. MicroCT showed significant improvements in cartilage thickness and attenuation at day 10 only, and
histology showed no detrimental effects compared to the vehicle control at day 21. Synovial fluid analysis showed

a significant increase in anti-inflammatory 1L-10. The safety cohort showed no significant differences except for an
increase in synovitis at day 21, which could be evidence of a xenogeneic response in this model.

Conclusions: In this study, an injection of ASA was well tolerated with no adverse events. Improvements in pain and
function, along with cartilage properties at day 10, were observed. Increases in anti-inflammatory cytokines was also
seen, along with no significant cartilage degeneration at day 21 compared to the vehicle control. This study provides
evidence for the use of ASA as a nonsurgical treatment for knee OA.
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Background currently have OA [2], with a higher prevalence in
Osteoarthritis (OA) is a degenerative disease that affects  females, older adults, and obese individuals [2, 3]; world-
the synovial joints, including the knees, hips, and hands ~ wide, 250 million people are estimated to be affected [1].
[1]. It is estimated that in the USA, 25.6 million adults Furthermore, the economic burden of OA in the USA is

thought to be $200 billion annually, which includes both
< . . healthcare costs and lost wages [2]. Of patients with knee
i Dz;zsrfriznfgiiesgfxré@éoggslggaoemmlOrganogenesisr 2641 Rocky OA, adults 50years or older have a lifetime risk of knee
Ridge Lane, Birmingham, AL 35216, USA replacement surgery of 10.8% for women and 8.1% for
Full list of author information is available at the end of the article men [4]. In younger patients, the lifetime risk of revision
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is substantially higher and thought to be between 20 and
35%, with half of these revisions occurring during the
first Syears post-surgery [4]. Due to the cost of treating
OA, as well as the increasing volume and risk involved
with revision total knee replacement surgery, there is an
unmet need for new nonsurgical treatments that would
improve pain and function of patients, with the goal of
delaying total knee replacement and thus reducing the
risk of revision.

One potential nonsurgical approach to improve pain
and function in knee OA is the use of placental-derived
tissues. Placental tissues include the amnion (inner
layer), the chorion (outer layer), umbilical cord, and
amniotic fluid [5]. Several combinations of these tissues
have been shown to be effective in orthopedic applica-
tions both pre-clinically and clinically [5—12]. In the cur-
rent study, the use of an amniotic suspension allograft
(ASA), which contains cells from the amniotic fluid and
micronized amniotic membrane, was evaluated in a rat
model of OA. Amniotic tissues have been shown to con-
tain several anti-inflammatory cytokines and growth
factors, along with factors relevant to OA, including
interleukin-1 receptor antagonist (IL-1Ra), tissue inhibi-
tors of matrix metalloproteinases (TIMPs), and interleu-
kin-6 (IL-6) [13].

In this study, we used the rat meniscal tear induced
(MMT) model, a well-characterized model for studying
the rapid progression of cartilage degeneration and oste-
ophyte formation associated with OA [14, 15]. To deter-
mine the efficacy of ASA within this model, we examined
pain and function using behavioral assessments in-
life, cartilage degeneration using histopathology and
microCT imaging ex vivo, and cytokine levels in synovial
fluid ex vivo. We hypothesized that human-derived ASA
would improve pain and function of rats, while modulat-
ing the inflammatory environment associated with OA.

Methods

Animals and husbandry details

All in-life animal procedures were completed at Bolder
BioPATH (Boulder, CO), and protocols were approved
by the Bolder BioPATH Institutional Animal Care and
Use Committee (IACUC) (Protocol #BBP-008). For the
first study (phase I, safety and MMT cohorts), 120 male
Lewis rats (Envigo Harlan, Denver, CO) were obtained
and acclimated for 7 days prior to the start of the study.
Animal weights were between 283 and 340g at the begin-
ning of the first study. An additional 50 male Lewis rats
(Envigo Harlan, Denver, CO) were obtained and accli-
mated for 7days prior to phase II of the study. Animal
weights were between 292 and 324 g at the beginning of
the second study. Rats were housed 2—-5 animals per cage
on a 12h/12h light/dark cycle; Harlan Teklad diet #8640
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was fed ad libitum, and unrestricted access to tap water
was available during the study.

Safety study cohorts

Twenty rats were injected via intra-articular injection
with either 50 L of the vehicle control (all components
of amniotic suspension allograft minus amniotic cells and
membrane; negative control) or 50 uL amniotic suspen-
sion allograft (ASA (ReNu®, Organogenesis, Birming-
ham, AL), no dilution) on day 0, as shown in Fig. 1A. Rats
were sacrificed on day 3 or day 21; analyses of synovial
fluid and joints were conducted to determine safety of
the ASA injection.

Due to disarticulation of the joints for microCT, not
all histological parameters could be assessed during his-
topathological grading. As a result of this finding at the
end of the first study, an additional twenty male Lewis
rats were utilized for the second part of this study; all
procedures were identical as described above. In the
second study, on day O, the rats in the safety study arm
either received 50 uL vehicle control or 50uL ASA (no
dilution). All animals in the second part of the study were
sacrificed 21 days following treatment; synovial fluid and
joints were collected for analysis.

MMT study cohorts

On day —7, the right knees of 100 rats underwent a
medial meniscectomy to induce a medial meniscus tear
(MMT) as shown in Fig. 1B. Full details of the surgical
procedure have been reported previously [16]. On day 0,
rats received a 50 pL injection in the right (operated) knee
of one of the following: vehicle control (negative control),
25uL amniotic suspension allograft (ASA) (1:1 dilution
25ul. ASA (ReNu®; Organogenesis, Birmingham, AL)
+ 25uL sterile saline), 50 uL. ASA (no dilution), or 5pug
fibroblast growth factor-18 (FGF18) in 50 uL saline [17]
(R&D Systems, Minneapolis, MN). Due to the short half-
life of FGF18, it was dosed every 7 days; all other injec-
tions were given once on day 0.

Behavioral testing was carried out at baseline and dur-
ing the in-life period following treatment; this schedule
can be found in Table 1. Ten days after treatment, 40 rats
were sacrificed; the remaining 60 rats were sacrificed
21days post-treatment. At sacrifice, synovial fluid and
knee joints were collected for analysis.

Due to disarticulation of the joints for microCT, all
histological parameters were not able to be assessed dur-
ing histopathological grading. Because of the increases
in synovitis and fibrosis seen in a prior monosodium
iodoacetate (MIA) model following injection with ASA
[8], complete histological scoring in this study was a key
outcome. As a result, an additional thirty male Lewis rats
were used; all procedures were identical as described
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Safety Cohort

Phase |

Vehicle Control (n=10), ASA 50uL (n=10)
Sacrifice Day 32b: n=5 from all groups
Sacrifice Day 212?: n=5 from all groups

Phase 1l
Vehicle Control (n=10), ASA 50uL (n=10)
Sacrifice Day 21°<: n=10 from all groups

MMT C

ohort

nts: Days 10 &21 | Phase |

Vehicle Control (n=25), ASA 50uL

Outcome Measures:
MicroCT®
synovial fluid assessmentP
histopathology*®

(n=25), ASA 25uL (n=25), FGF18 (n=25)
Sacrifice Day 10%%: n=10 from all groups
Sacrifice Day 212b: n=15 from all groups

A
Day 0
Endpoints: Days 3 &21
Outcome Measures:
MicroCT?
synovial fluid assessment®
histopathology®
Treatment:
Vehicle Control
ASA 50uL
B
Day -7 Day 0
Induction of .
e s"?\ disease Endpoi
> - —
-l y "
MMT surgery
Treatment:
Vehicle Control
ASA 25uL
ASA 50pL
FGF18

medial; 1, cranial meniscotibial ligament; 2, medial meniscus; FGF18, fib

Fig. 1 Study design for A safety cohort and B MMT surgery cohort. ASA, amniotic suspension allograft; MMT, medial meniscal tear; L, lateral; M,

Phase Il

Vehicle Control (n=10), ASA 50uL
(n=10), FGF18 (n=10)

Sacrifice Day 21°<: n=10 from all groups

roblast growth factor-18; microCT, micro-computed tomography

Table 1 Behavioral testing schedule for MMT cohort

above. On day —7, 30 rats underwent MMT surgery, and
on day 0, rats in the MMT arm received 50 uL injection
in the right (operated) knee of one of the following: vehi-
cle control (negative control), 50pL ASA (no dilution),
or 5ug FGF18 (R&D Systems, Minneapolis, MN). Due to

the short half-life of FGF18, it was dosed every 7 days; all

Day0 Day7 Day9 Day14 Day21

Behavioral tests

Incapacitance testing X X X

Von Frey analysis X X X

Gait analysis X
Other testing

Body weight® X X X X

Knee caliper X X X

other injections were given once on day 0. Rats were all
sacrificed 21 days following treatment; synovial fluid and
joints were collected for analysis.

Behavioral testing
Rats underwent behavioral testing (day O to day 21),
including gait analysis, incapacitance testing, Von Frey

2 Body weight was measured for all animals on days — 7 to 0, then weekly
afterwards

analysis, and body weight and caliper measurements
of the knee throughout the study (Table 1). Detailed
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methods for testing are described elsewhere [8]. Briefly,
gait testing was done by scoring inked footprint pairs;
0 represents a normal gait, while 6 represents hopping/
carrying of the limb. Incapacitance testing measures the
weight bearing difference between limbs, with smaller
differences indicating less sensitivity to the operated
limb. Von Frey analysis measures the pain threshold
using filaments ranging from 3.16 to 5.18 grams abso-
lute threshold for rats to the animals’ paw; larger pain
threshold scores are representative of less sensitivity with
increasing filament size. Digital knee calipers were used
to measure swelling of the operated and treated knee.
Body weight measurements were taken weekly beginning
at day —7. For all other testing, baseline measurements
were taken on day O (pre-treatment) and at intervals out-
lined in Table 1.

MicroCT analysis of cartilage

At sacrifice, hind limbs were removed, carefully disartic-
ulated (femur/tibia), and fixed with 10% neutral buffered
formalin (NBF) for 48h. Following fixation, limbs were
transferred to 70% ethanol and sent to Covance Labora-
tories Inc. (Greenfield, IN) for micro computed tomogra-
phy (microCT) analysis of cartilage. Joints were removed
from ethanol and stained using 2% phosphotungstic acid
(PTA) to enhance the contrast of the articular cartilage.
Due to discontinuation of the previously used contrast
that is negatively charged and binds to proteoglycans, we
used PTA as the contrast agent, which is also negatively
charged, has a low pH, and binds to collagen [18]. As a
result of using PTA for our study, lower cartilage attenu-
ation correlates with more collagen degeneration, so an
increase in cartilage attenuation shows reduced collagen
degeneration and reduced cartilage damage. Specimens
were placed individually into separate polypropylene
tubes for imaging, and then placed back into 70% ethanol
upon completion of scanning.

Scanning was done using a SkyScan 1176 (Bruker Bio-
Spin, Billerica, MA), with reconstruction and analysis
using the scanner-specific software. X-ray source was
90kV/25W, and the detector was 4000 x 2672 pixels. For
imaging, the x-ray source was set on 65kV/25W with
a resolution of 18 pum. Region of interests (ROIs) were
divided into either lateral or medial compartments for
each sample. Parameters measured included cartilage
grayscale, cartilage attenuation, cartilage thickness, and
cartilage volume.

Histopathology analysis of joints

For histopathologic analysis, hind limbs were removed
and fixed with 10% neutral buffered formalin (NBF) for
48h. Following fixation, limbs were transferred to 70%
ethanol and sent to HistoTox Labs (Boulder, CO) for
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histological preparation. Joints were cut in half in the
frontal plane and embedded in the same paraffin block
for histological assessment. Sections were stained with
toluidine blue using standard histological techniques for
histopathological grading. The Osteoarthritis Research
Society International (OARSI) scoring system was
used [19], with minor modifications/additions made to
enhance detection of treatment-related changes. Total
joint scores and component categories were scored from
0 (normal joint) to 5 (severe degeneration) unless stated
otherwise [20].

Synovial fluid analysis

At sacrifice, synovial fluid was collected via lavage with
100 uL phosphate buffered saline (PBS) containing 1.5%
potassium ethylenediaminetetraacetic acid (K,EDTA)
injected into each knee. Flexion and extension were
repeated on each knee, followed by removal of the fluid.
Tubes were spun down, and the supernatant was col-
lected and kept at —80°C until testing. A Rat Cytokine
Array (QAR-CYT-1, RayBiotech, Norcross, GA) and a
Rat Inflammation Array (QAR-INEF-1, RayBiotech, Nor-
cross, GA) were used to analyze the presence of factors in
the synovial fluid. The Rat Cytokine Array panel includes
10 targets (CINC-2, CINC-3, CNTE, Fractalkine, GM-
CSE, IL-1a, IL-4, LIX, beta-NGF, and VEGF-A), while
the Rat Inflammation Array includes 10 targets (IFN-y,
IL-1a, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-13, MCP-1, and
TNEF-a); both arrays were run according to manufactur-
er’s instructions.

Statistical analysis

All statistics were run using GraphPad Prism 6 (Graph-
Pad Software, La Jolla, CA). For animal behavioral test-
ing, histological data, microCT data, and synovial fluid
data, a one-way analysis of variance (ANOVA) was run
for each time point, with a Dunnett’s multiple compari-
sons test to assess statistical significance between groups
with the vehicle group as the control. For the safety study
cohort, Student’s ¢-test was used to determine signifi-
cance between the two groups. For synovial fluid assess-
ment, outliers were removed using the interquartile

range (IQR) method.

Results

Safety cohort

Body weight

In the safety cohort, we evaluated the effects of an injec-
tion of either vehicle control or amniotic suspension
allograft (ASA) at both 3 and 21days. There were no
significant changes in body weight between the vehicle
control and the 50 pL ASA group at 3 or 21 days (p >0.05;
Fig. 2A). Because there was no disease induction, there
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microCT cartilage thickness at day 3 and day 21, D representative microCT images of the medial side for day 3 and day 21, and E representative
histopathology images of the medial side at day 21 imaged with a x 50 objective. Contra, contralateral; ASA, amniotic suspension allograft

50uL ASA (day 3)

were no behavioral tests performed as part of this safety

cohort.

MicroCT analysis of cartilage

Following sacrifice, we examined the cartilage proper-
ties using microCT with phosphotungstic acid (PTA) as a

contrast agent. There was an incidental finding showing a
significant decrease in cartilage volume in the contralat-
eral control compared to the vehicle control on the lateral
side at day 3 post-injection (p <0.0001; Fig. 2B); however,
there were no other significant differences in the lateral
or medial compartment in cartilage volume at day 3 or
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day 21. Similarly, for cartilage thickness, there was a sig-
nificant decrease in cartilage thickness in the contralat-
eral control compared to the vehicle control on the lateral
side at day 3 post-injection (p <0.05; Fig. 2C); however,
there were no other significant differences at either time
post-injection compared to the vehicle control. Repre-
sentative images for each group are shown in Fig. 2D.

Histopathology analysis of joints

Histopathology was also completed on the safety cohort;
representative images of Toluidine blue staining from
each group at 21days are shown in Fig. 2E. There were no
significant differences in the total joint score or the total
joint score minus the femur (tibial joint score) between
the vehicle control and the 50puL ASA group (p >0.05;
Table 2). Additionally, there was no significant differ-
ence between groups for the substantial tibial cartilage
degeneration width, bone damage score, bone sclerosis
score, osteophyte score, or osteophyte measurement.
The synovitis score for the 50 uL ASA group was signifi-
cantly higher compared to the vehicle control (p <0.01).
In ASA-treated joints with synovitis, fragments of ASA
were seen around pannus areas, which may be indica-
tive of an inflammatory xenogeneic reaction between the
human tissue and rat model. Whole joint views of the
images in Fig. 2E can be found in Supplementary Fig. 1A.

Synovial fluid analysis

For synovial fluid evaluation at day 3, the 50uL ASA
group had significantly higher levels of IL-1a and beta-
nerve growth factor (bNGF) compared to the vehicle
control (p <0.05 for both; Table 3). Both levels were not
significant by day 21 post-injection. Small but signifi-
cantly greater levels of interferon gamma (IFN-y) were
seen in the 50puL ASA group compared to the vehicle
control (p <0.001) at day 21 post-injection. Additionally,

Table 2 Safety cohort histopathological scoring for each group

at day 21

Vehicle control 50 uL ASA
Total joint score 03540.11 0404+0.10
Total joint score minus femur 035+0.11 040+0.10
Cartilage degeneration width (um)? 10.00+10.00 6.00+6.00
Bone damage score 0.0040.00 0.00£0.00
Bone sclerosis score 020+£0.13 020+£0.13
Osteophyte score 0.00+0.00 0.00+0.00
Osteophyte measurement (um) 0.0040.00 0.0040.00
Synovitis 0.20£0.08 1.154£0.21%

Average + standard error reported; n =10 per group. ** denotes p <0.01 by
Mann Whitney test to vehicle control

2 Defined as substantial tibial cartilage degeneration
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Table 3 Safety cohort biomarkers for each group at days 3 and 21

Target Concentration (pg/mL)
Day 3 Day 21
Vehicle 50pL ASA Vehicle 50pL ASA
control control
IFN-y NT NT 0.83+0.25 2584 1.101n
IL-1a 1.194+1.19 4132+1488* 742541937 13630+34.77
MCP-1  NT NT 21.76+1.99 4621 £7911
bNGF  456+41.25 222946.70% 7724347 4264271

Average =+ standard error reported; n =5-10 per group. *p <0.05, Ap <0.001
by Dunnett’s multiple comparisons test to vehicle control. Targets not included
in the table were not significant compared to vehicle control. ASA amniotic
suspension allograft, NT not tested

significantly higher levels of monocyte chemoattractant
protein-1 (MCP-1) were found in the 50uL ASA group
compared to the vehicle control (p <0.001).

MMT cohort

Behavioral testing

In the meniscal tear-induced (MMT) OA cohort, we
evaluated the effects of an injection of either vehicle
control, ASA, or fibroblast growth factor-18 (FGF18) at
10- and 21-days post-treatment. Behavioral testing was
done from prior to treatment (baseline, day 0) to sacri-
fice (day 21). When assessing the effect of injections on
swelling, there was a significant increase in knee swell-
ing measured using calipers in the FGF18 group at day 7
(p <0.0001) and day 21 (p <0.0001) post-injection com-
pared to the vehicle control (Fig. 3A). When evaluating
swelling measurements as area under the curve (AUC),
the only significant increase was seen in the FGF18 group
only compared to the vehicle control (p <0.0001; Fig. 3B).

Evaluation of pain threshold using the Von Frey abso-
lute threshold showed that at day 7 post-injection, the
25uL ASA group had a significantly higher (better) pain
threshold compared to the vehicle control (p <0.05;
Fig. 3C), and at day 21, the 50 uL. ASA group had a sig-
nificantly higher pain threshold compared to the vehicle
control (p <0.05). Looking at the Von Frey AUC to assess
the overall response throughout the study, both the 25puL
and 50uL ASA groups had a significantly higher pain
threshold compared to the vehicle control (p <0.05 for
both; Fig. 3D).

Weight-bearing difference between the treated and
untreated leg, measured by incapacitance, showed that at
day 7 post-injection, FGF18, 25uL. ASA, and 50puL ASA
all had significantly lower differences between limbs com-
pared to the vehicle control (p <0.0001 for all; Fig. 3E). At
day 21 post-injection, only the 25uL ASA and 50 uL ASA
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groups had a significant reduction in weight bearing dif-
ferences compared to the vehicle control (p <0.0001 for
both). When examining the AUC for incapacitance, all
treatment groups had significantly lower weight bearing
differences compared to the vehicle control (p <0.0001
for all; Fig. 3F).

Gait analysis was completed by evaluating footprints
made by inking the back paws. While for all groups the
average measurements of gait were relatively low (<1,
normal =0), this was expected due to the mild nature of
the MMT model compared to others [21]. The 50 uL ASA
group had a significantly lower gait score compared to
the vehicle control at 9days (p <0.05; Fig. 3G).

When examining average body weight over the
course of the study, there were no significant differ-
ences between the ASA groups and the vehicle control
(p >0.05; Fig. 3H). However, when looking at the change
from baseline in body weight at day 21, there was a signif-
icant decrease in body weight in the FGF18 group com-
pared to the vehicle control (p <0.01).

MicroCT analysis of cartilage
After sacrifice at 10 or 21days, microCT analysis of the
cartilage was completed. At day 10, cartilage attenua-
tion on the lateral side showed a significant increase in
the 25uL and 50pL ASA groups (p <0.0001 for 25uL
ASA, p <0.05 for 50puL. ASA; Fig. 4A), along with FGF18
(p <0.05) and contralateral control (p <0.0001). Medial
side cartilage attenuation was significantly increased in
all groups compared to the vehicle control (p <0.0001
for all). At 21days, cartilage attenuation was significantly
increased in the contralateral control group (p <0.0001;
Fig. 4B) on the lateral side, and significantly decreased
in the 25uL ASA group (p <0.001), 50pL ASA group
(p <0.0001), and FGF18 group (p <0.0001) on the lateral
side compared to the vehicle control. Medial side cartilage
attenuation was significantly increased in the contralateral
control group (p <0.0001) and significantly decreased in
the 25 uL and 50 uL. ASA groups (p <0.05 for both).
Cartilage volume was significantly increased in the
contralateral control compared to the vehicle control on
both the lateral and medial sides at day 10 (p <0.0001
and p <0.001, respectively; Fig. 4C). At day 21, there was
a significant increase in lateral cartilage volume in the
FGF18 group compared to the vehicle control (p <0.05;
Fig. 4D). There were no other significant changes in carti-
lage volume in the ASA or FGF18 groups.
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Cartilage thickness measurements at day 10 showed
a significant increase on the lateral side in the 25puL
ASA (p <0.0001), 50 uL. ASA (p <0.001), and the FGF18
(p <0.001) groups compared to the vehicle control group
(Fig. 4E), along with the contralateral control (p <0.0001).
Medial cartilage thickness was also significantly
increased in all treatment groups compared to the vehi-
cle control (25puL ASA, 50 uL ASA, and FGF18; p <0.01),
along with the contralateral control (p <0.0001). At day
21 post-injection, cartilage thickness was significantly
decreased on the lateral side in the 25uL ASA group
(p <0.001; Fig. 4F), 50uL ASA group (p <0.001), and the
FGF18 group (p <0.001). On the medial side, cartilage
thickness was significantly increased in the contralateral
control group only (p <0.05). Representative microCT
images at day 10 and day 21 post-injection for each group
are shown in Fig. 5A and B, respectively.

Histopathology analysis of joints

Histopathology was completed on this MMT cohort at day
21; representative images of joints stained with Toluidine
blue are shown in Fig. 5C. Total joint scores in the 50 uL
ASA and FGF18 groups were not significant compared
to the vehicle control (p >0.05; Table 4); however, when
subtracting the femur scores from the total joint score,
the FGF18 group was significantly lower than the vehicle
control (p <0.05). Substantial tibial cartilage degeneration
width was significantly lower in the FGF18 group com-
pared to the vehicle control (p <0.0001), while the bone
damage score in the FGF18 group was significantly higher
compared to the vehicle control (p <0.001). There were no
significant differences in bone sclerosis scores between the
three groups. Osteophyte score and osteophyte measure-
ments were significantly increased in the FGF18 group
compared to the vehicle control (p <0.001 and p <0.0001,
respectively). Finally, synovitis was significantly increased
in the FGF18 group (p <0.0001) compared to the vehicle
control. Histopathological scoring for each rat is shown in
Supplementary Table 1. Whole joint views of the images in
Fig. 2E can be found in Supplementary Fig. 1B.

Synovial fluid analysis

In the MMT cohort, synovial fluid was analyzed for the
presence of inflammation-related growth factors and
cytokines. Granulocyte-macrophage colony-stimulating
factor (GM-CSF) was significantly elevated at day 10
post-injection in the 50 uL. ASA group (p <0.05; Table 5);

(See figure on next page.)

Fig. 3 Behavioral testing outcomes for MMT cohort, including A knee caliper (swelling) measurement over time, B knee caliper measurement area
under the curve (AUC), CVon Frey absolute threshold (pain) over time, D Von Frey AUC, E weight bearing difference (incapacitance) over time, F
incapacitance AUC, G gait analysis at day 9, and H change in body weight. For all outcomes, average = standard error reported; n =15 per group.
*p <0.05, **p <0.01, ****p <0.0001 by Dunnett’s multiple comparisons test to vehicle control
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however, by day 21, GM-CSF levels were significantly
reduced in the 25puL ASA and FGF18 groups (p <0.01
and p <0.05, respectively). At day 10, levels of LIX, beta-
nerve growth factor (bNGF), and vascular endothelial
growth factor-A (VEGF-A) were significantly increased
in the FGF18 group compared to the vehicle (p <0.01,
p <0.001, and p <0.0001, respectively). At day 21,
CINC-2 (p <0.01), fractalkine (p <0.05), IL-4 (p <0.05),
IL-6 (p <0.01), LIX (p <0.0001), monocyte chemoattract-
ant protein-1 (MCP-1) (p <0.0001), bNGF (p <0.0001),
and VEGF (p <0.0001) levels were significantly elevated
in the FGF18 group, while IL-1p levels were signifi-
cantly reduced (p <0.05). At day 21, levels of IL-2 and
IL-10 were significantly elevated in the 50 pL ASA group
(p <0.001, p <0.05, and p <0.05, respectively).

Discussion

In the safety cohort, there were no significant differences
between the ASA and vehicle control group in microCT
parameters at 3 days or 21 days. There was an increase in
synovitis 21 days post-treatment; in the histopathologic
grading, the test article was shown to be present in pan-
nus areas in the synovium. Additionally, there were no
observed adverse events in any rats in the current study
(safety or MMT).

In the MMT cohort, rats treated with amniotic sus-
pension allograft (ASA) following medial meniscal tear
induced (MMT) surgery showed results that were sig-
nificantly better than vehicle control for pain threshold,
weight bearing, and gait. Additionally, 10days post-OA
induction, treatment with ASA resulted in significantly
better cartilage thickness and attenuation. Synovial fluid
levels of IL-2 and IL-10 were significantly increased at
day 21, while GM-CSF levels were significantly increased
at day 10 and subsequently decreased by day 21. No sig-
nificant differences in histopathology scores were found
following treatment with ASA.

In a preclinical model of rat MIA, the use of ASA
showed significant improvements in pain threshold and
weight bearing differences [8], and the results from the
present MMT model were consistent with these find-
ings. A clinical pilot safety study demonstrated similar
responses in six human patients; a single injection of ASA
showed trends towards improved pain and activities of
daily living (ADL) subscores of the Knee Injury and Oste-
oarthritis Outcome Score (KOOS) for up to 1year [11].
Another single-center clinical study using 1-2 injections
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of amniotic membrane/umbilical cord (AM/UC) showed
a reduction in the Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) pain and physi-
cal function sub-scores up to 24weeks post-injection
[22]. Lastly, a 200-patient randomized controlled clinical
trial of a single injection of ASA was recently published
[6, 23]; patients receiving ASA had significantly improved
pain and patient-reported outcome scores compared
to patients receiving hyaluronic acid or saline for up to
12 months post-injection [6, 23].

When looking at cartilage thickness and attenuation
from microCT, an injection of ASA showed improve-
ments in cartilage thickness 10days post-injection after
staining with phosphotungstic acid (PTA), along with
improvements in cartilage attenuation. Two previous
studies, which used micronized amnion and chorion
matrix (i-dHACM) [12] or a particulated AM/UC [9],
also showed improvements in cartilage thickness and
attenuation compared to controls [9, 12]. Furthermore,
early results (day 10) showed significant increases in car-
tilage thickness and attenuation following treatment with
ASA compared to the vehicle control; these changes were
not seen at the later time point (day 21). One hypothe-
sis for this observation is that over time, rats experience
resolution of pain, leading to increased use of their hind
limbs and subsequent cartilage damage. This hypoth-
esis is supported by a previous study by LaBranche
et al. who reported that increased weight bearing corre-
lated with increased cartilage damage [24]. In our study,
weight bearing difference was significantly lower at day
7; although it remained significantly lower than the vehi-
cle control at day 21, the mean difference had increased,
which may explain the cartilage damage observed in the
microCT analysis.

Histologically, rats in the safety cohort treated with
ASA showed increased synovitis compared to the vehi-
cle control group, with small, non-significant changes in
the MMT cohort. These findings are in line with others,
where following p-dHACM injection in the naive rats
and the MMT model, Willett et al. showed the presence
of test article in the synovium surrounded by inflamma-
tory infiltrate [12], although they did not perform his-
topathologic grading of the joints. Raines et al. showed
a significant reduction in cartilage degeneration at both
7 and 28 days post-injection with AM/UC compared to
saline and a significant reduction of synovitis at 28 days
post-injection compared to 7days post-injection with

(See figure on next page.)

Fig. 4 MicroCT outcomes for MMT cohort. Results from A cartilage attenuation at day 10, B cartilage attenuation at day 21, C cartilage volume
atday 10, D cartilage volume at day 21, E cartilage thickness at day 10, and F cartilage thickness at day 21. For A, C, E:n =10 per group; for B, D,
F:n =15 per group. For all graphs, average =+ standard error reported; *p <0.05, **p <0.01, ***p <0.001, and ****p < 0.0001 by Dunnett’s multiple
comparisons test to vehicle control. ASA, amniotic suspension allograft; FGF 18, fibroblast growth factor-18
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Vehicle Control

Contra Control

Vehicle Control

Contra Control

ASA 25pL

Vehicle Control

FGF18

ASA 50pL

FGF18

suspension allograft; FGF18, fibroblast growth factor-18

Fig. 5 A Representative microCT images of the medial side at day 10, B representative microCT images of the medial side at day 21, and C
representative histopathology images for the medial side for each group shown at day 21; x 50 objective. Contra, contralateral; ASA, amniotic

the lower dose of AM/UC only using the Osteoarthritis
Research Society International (OARSI) grading scale
[9]. In a chemically induced OA rabbit model, treatment
with lyophilized human amniotic membrane showed a
significant improvement in Mankin score, which assesses
cartilage structure, cellularity, tidemarks, and Safranin-
O staining, both 3 and 6 weeks post-injection compared
to an injury control [25]. Differences in histological

outcomes may be due to the time between MMT surgery
and treatment dosing; Raines et al. delayed treatment
for 14 days after surgery, Marino-Martinez et al. treated
“once the OA model was established,” while the current
study delayed treatment by 7 days [9, 25].

Finally, our study utilized biomarkers to determine
immune modulating factors within the synovial fluid.
In the MMT cohort, IL-2 levels were significantly
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Table 4 MMT cohort histopathological scoring for each group at day 21

Contra control Vehicle control 50uL ASA FGF18
Total joint score 020£0.12% 11.50£0.82 10.07£0.48 9.87+0.26
Total joint score minus femur 0.20+0.12+ 9.93+0.68 8.85+0.33 8.10+£0.23*
Cartilage degeneration width (um)? 0.0040.00% 670.00£60.18 590.00+36.28 245.00+34.88%
Bone damage score 0.0040.00+ 1.73£0.13 1.87+0.28 28340241
Bone sclerosis score 0.20£0.20+ 240+£0.16 247 +0.09 233+£0.22
Osteophyte score 0.0040.00+ 4.00£0.25 357+£034 5.00£0.00n
Osteophyte measurement (um) 0.0040.00+ 525.004+24.50 483.33+30.83 988.33+47.27+
Synovitis 0.00£0.00% 0.53+£0.05 092+0.14 380+£0.13%

Average =+ standard error reported; n =10 per group. *p <0.05, Ap <0.001, $p <0.0001 by Dunnett’s multiple comparisons test to vehicle control. ASA amniotic

suspension allograft, FGF18 fibroblast growth factor-18

2 Defined as substantial tibial cartilage degeneration

Table 5 MMT cohort biomarkers for each group at days 10 and 21

Target Concentration (pg/mL)

Day 10 Day 21

Vehicle control 25pL ASA 50pL ASA FGF18 Vehicle control 25pL ASA 50pL ASA FGF18
CINC-2 0.00+£0.00 0.00+0.00 0.00£0.00 0.00£0.00 0.00£0.00 0.00+£0.00 0.00£0.00 1.124+£048**
Fractalkine 0.0040.00 0.00£0.00 0004000  0.0040.00 0.00+0.00 0.0040.00 0.0040.00 76.99 £39.24%
GM-CSF 218+£133 2.80£1.64 20.68+£6.79% 1.46=+0.69 27.50£833 424151 1791+£3.86 737 £147%
IL-13 NT NT NT NT 730+3.25 NT 035+£0.35 0.00+0.00%
IL-2 NT NT NT NT 5434£1852 NT 2346045351 1.844+1.84
IL-4 026+£0.12 025+0.16 045+0.18 0.00£0.00 0.17+£0.04 0.06£0.02 0.20£0.06 1.64 £0.53**
IL-6 NT NT NT NT 371145 NT 4.2442.00 2772£727%
IL-10 NT NT NT NT 20.10£7.99 NT 7867 £2387% 4791+17.14
LIX 438+£1.71 2.08+£1.08 868+1.73 34904+£12.71%% 9154203 437+096 589+£1.16 152.00+27.36%
MCP-1 NT NT NT NT 79.82+£11.36 NT 79.82+£12.25 759.90+34.11%
bNGF 12854253 17.69+4.46 1461£341 5644+£13.26N 11.094£1.80 16.02£1.38 17.174£1.85 129.70+£16.95%
VEGF 151404£27.06  22420+£36.66 162.1+£17.76 91880£131.30% 119801007 13620£17.09 17340+£11.36 123400+70.32%

Average + standard error reported; n = 10-15 per group except for IL-4 (n =25). *p <0.05, **p <0.01, Ap <0.001, p <0.0001 by Dunnett’s multiple comparisons test
to vehicle control. Targets not included in the table were not significant compared to vehicle control. ASA amniotic suspension allograft, FGF18 fibroblast growth

factor-18, NT not tested

upregulated 21days following ASA injection; previously,
IL-2 levels have been shown to correlate with advanced
OA, as determined by the International Cartilage Repair
Society (ICRS) cartilage scale [26]. The lack of improve-
ment in cartilage degeneration at 21days, along with
the increase in IL-2, is evidence for the rapid cartilage
degeneration progression in the MMT model. GM-CSF
levels were significantly elevated in the 50 uL. ASA group
10days after treatment; these levels were reduced by
day 21 and were significantly reduced in the 25uL ASA
group compared to the vehicle control. GM-CSF can act
as a pro-inflammatory cytokine and has been linked to
IL-1 and TNF-a [27]; due to this finding, anti-GM-CSF
treatments have been studied and have shown promising
results with a reduction of pain and disease development

in a collagenase-induced OA model [28]. Amniotic tis-
sues are known to contain growth factors and cytokines,
such as IL-1Ra and soluble TNF receptors, which can
modulate the effects of IL-1 and TNF-q, respectively [13,
29]. In this study, levels of anti-inflammatory IL-10 were
significantly elevated 21days post-injection with ASA,
similar to results seen from treating MIA-induced rats
with ASA [8].

The current study aimed to further characterize the
effect of ASA on OA by utilizing the MMT model to
examine changes to pain and function as well as car-
tilage degeneration following ASA treatment. Anal-
ysis of cartilage via microCT and histopathology
indicated significant improvements in cartilage prop-
erties 10 days post-injection, along with the presence of
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synovitis in the healthy treated joints at 21 days post-
ASA injection. Biomarker analysis indicated the pres-
ence of some pro-inflammatory cytokines, which was
correlated by time to observed histological changes,
along with increases in anti-inflammatory cytokines
known to modulate the OA environment. Behavioral
testing results in the MIA study [8] have been con-
firmed in this study; additionally, clinical studies with
ASA have demonstrated that ASA is a potential clini-
cal treatment for OA with significant improvements
seen in pain and function subscores [6].

One limitation of this study was that only male rats
were used; previous studies have shown that sex and hor-
mones can affect OA disease severity [30, 31]. To ensure
reproducibility between animals in both MMT study
phases and therefore limit the total number of animals
used overall, only male rats were used within this study.
Additionally, the use of human amniotic suspension allo-
graft in a rat model could potentially result in a xenoge-
neic reaction, as seen in the safety cohort histopathology
results. Finally, due to disarticulation of the joints, part of
the study had to be repeated in order to be able to con-
duct full histopathological grading. All efforts were taken
to assure uniformity between the original study and addi-
tional study cohorts.

Future directions include examining the role of ASA
on macrophages in vitro and in vivo, along with further
mechanistic exploration into how the immune modulat-
ing growth factors and cytokines present in ASA may
attenuate the pro-inflammatory environment observed in
OA. Furthermore, additional clinical studies evaluating
ASA for the treatment of OA are planned.

Conclusions

Treatment with ASA resulted in improvements in carti-
lage properties at 10days post-OA induction; however,
these improvements in cartilage were lost by day 21.
Additionally, treatment with ASA resulted in increases
in anti-inflammatory cytokines in the synovial fluid that
potentially suggests modulation of the pro-inflammatory
environment associated with OA; pain and function were
improved following ASA injection as seen in behavioral
testing, which is supported both in a previous animal
study and in clinical studies. In sum, these results provide
further data supporting the role of ASA as a nonsurgical
treatment for knee OA.
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