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Macrophage tracking with USPIO
Imaging and T2 mapping predicts
Immune rejection of transplanted
stem cells

Wenhui Wang¥?%7, Zhenyu Liu%’, Jiahong Zhu3’, Haocheng Zhen*, Meiling Qi?, Jing Luo® &
Junping Zhen®5*¢

To develop a clinical imaging method for monitoring macrophage migration to the defect site after
implantation of various stem cells and evaluating immune responses in the context of knee arthritis, T2
mapping was correlated with CD68-positive cell densities in defects and the bone marrow. This study,
which was approved by the Institutional Animal Care and Use Committee, used 32 New Zealand white
rabbits preloaded with ultrasmall superparamagnetic iron oxide particles (USPIOs). They were divided
into groups that received different stem cell implants after osteochondral defect induction. T2 imaging
was performed using a 3.0 T MR scanner, and the data were analysed via one-way ANOVA, with CD68
expression assessed via immunohistochemistry. After implantation, the T2 signal intensity increased
across groups, with subgroup D1 (implantation of rat bone marrow stem cells (BMSCs)) showing the
lowest T2 value early and the steepest increase in T2 values. Notable differences in CD68-positive cell
density were found between Subgroup D1 and the other groups and between Subgroups Al and C1
post-surgery. A moderate negative correlation was observed between T2 signals and CD68-positive cell
density in defects (r=-0.468, p=0.001), whereas a weak correlation was detected in the bone marrow
(r=0.096, p=0.313). A significant link was identified between CD68-positive cell density in the bone
marrow and in defects (r=-0.255, p=0.001). This study revealed significant differences in immune
responses to stem cells from different origin tissues in the context of cartilage repair. Adipose-derived
stem cells (ADSCs) were found to be more likely to provoke immune rejection than were BMSCs in

the repair of femoral condyle cartilage defects. Compared with allogeneic transplants, xenogeneic
mesenchymal stem cell transplants were associated with prolonged immune rejection. T2 mapping
technology was effective in predicting the density of CD68-positive cells, providing a valuable tool for
immune monitoring in stem cell therapy.
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Degenerative arthritis, inflammatory arthritis, and trauma-induced osteochondral defects are the main causes of
chronic joint pain and related disabilities. Owing to the limited self-regeneration capacity of cartilage, effective
joint repair methods are needed'. Mesenchymal stem cells (MSCs) are important materials in the field of cell
therapy and are commonly used in regenerative medicine. In animal models and human clinical trials, MSCs
have been shown to effectively promote the repair of damaged tissues in various degenerative diseases. In
contrast to past proposals regarding the mechanisms by which transplanted MSCs promote tissue regeneration,
such as transdifferentiation- or cell fusion-based mechanisms, it is now believed that MSCs efliciently release
chemokines, cytokines, and growth factors that facilitate tissue regeneration through paracrine effects®. The
therapeutic effect of MSCs depends on their homing ability and survival time after transplantation®.
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Currently, treatment based on MSC transplantation faces various challenges, such as hypoxic conditions,
an inflammatory local environment, and adverse effects including immune rejection®. In cases of transplant
rejection, specific stem cell immune phenotypes attract various cell types, such as macrophages, T cells, and
granulocytes, which recognize, kill, and eliminate the transplanted cells®.

Allogeneic and human leukocyte antigen (HLA)-mismatched stem cell transplantation can trigger cytotoxic
T-cell activation and macrophage responses, leading to acute or chronic allograft rejection’. In contrast to
allogeneic stem cell transplantation, xenogeneic stem cell transplantation is associated with rejection mediated
primarily by macrophages®. Monocytes and macrophages recognize “foreign” transplanted cells and release
proinflammatory cytokines, leading to a vicious cycle of tissue inflammation, cell damage, and eventual death of
the transplanted cells’. Recently developed immunomodulatory treatments can inhibit macrophage infiltration
into allogeneic grafts!. To enhance the understanding of the processes involved in successful tissue regeneration,
identify complications in the transplantation process, and monitor the response of transplanted cells to
immunomodulatory treatments, it is necessary to develop imaging techniques that can be used to monitor the
abovementioned interactions between stem cells and macrophages!!. Although blood and serum analyses can
detect markers of proinflammatory or anti-inflammatory responses in the body, they provide only indirect and
nonspecific information about innate immune responses during stem cell transplantation.

Researchers have explored the use of preclinical imaging tools to detect immune responses to stem
cell transplantation, track the long-term fate of labelled stem cells, and monitor the migration of T cells or
macrophages to the graft'>~!4, Ultrasmall superparamagnetic iron oxide (USPIO) particles, which are composed
of small iron oxide particles coated with carbohydrates, can increase the relaxation rate of hydrogen spins in
water molecules in the surrounding tissue, thereby significantly enhancing the contrast between the targeted
area and the tissue background and providing measurable signal changes'®. Specifically, when USPIOs are
phagocytosed by macrophages or stem cells, a decrease in the MR signal can be detected on T2-weighted MR
images!®. This allows tracking of the fate of USPIO-labelled stem cells or direct monitoring of the degree of
macrophage infiltration into the target tissue'!.

In recent years, T2 mapping technology, which sets multiple TE values to more accurately measure T2 values
in different regions, has emerged as a way to track changes in cellular infiltration!”. This technology can effectively
quantify the degree of immune rejection, facilitating early intervention to promote tissue repair. Therefore, this
study aims to explore whether the immune rejection reactions and related inflammatory responses caused by
the implantation of different types of matrix-associated stem cell implants (MASIs) can be dynamically observed
and quantitatively analysed in vivo via T2 mapping and validated via pathology.

Methods

Cell culture

The protocol for the experiment involving rabbits was approved by the Experimental Ethics Committee of the
Second Hospital of Shanxi Medical University, under approval reference number DW2023063. One-month-old
rats and 2-week-old rabbits were obtained from the Animal Center of Shanxi Medical University. All methods in
this study were conducted with the permission of the Animal Ethics Committee and reported in accordance with
the ARRIVE guidelines. Rabbit bone marrow stem cells (BMSCs), rabbit adipose-derived stem cells (ADSCs),
and rat BMSCs were extracted and cultured in complete growth medium. The culture medium was enriched
with 10% foetal bovine serum, 100 mg/mL streptomycin, and 100 U/mL penicillin, all of which were sourced
from the Procell Company in Wuhan, China. The cells were maintained under standard cell culture conditions
in a humidified incubator at 37 °C with an atmospheric CO, concentration of 5% (Fig. 1 and Supplementary
Figs. 1-5).

Development of a rabbit knee joint osteochondral defect model

The study included 32 New Zealand white rabbits, three months of age, which were obtained from the Shanxi
Medical University Animal Center. These rabbits were randomly assigned to four groups, each comprising
eight animals, and were labelled Groups A to D. Following induction of anaesthesia via intramuscular injection
of ketamine at a dose of 0.1-0.2 mL/kg, USPIOs (uncoated, core particle size: 10+£5 nm) (Cat: SN-M-Ul1,
SunLipo NanoTech, Shanghai, China) were administered intravenously through the marginal ear vein at a dose
of 8.375 mg Fe/kg. Osteochondral defects with a diameter of 3 mm and a depth of 2 mm were carefully generated
in the femoral intercondylar notch using a microdrill (Supplementary Figs. 6 and 7).

The experimental design for Groups A to D involved distinct implantation strategies: Group A underwent
single-hole implantation of rabbit BMSCs; Group B was subjected to double-hole implantation of rabbit BMSCs
in both the superior and inferior cavities; Group C underwent double-hole implantation of rabbit ADSCs in
the superior cavity and rabbit BMSCs in the inferior cavity; and Group D was subjected to implantation of
rat BMSCs in the superior cavity and rabbit BMSCs in the inferior cavity. All the groups received stem cell-
alginate microspheres, with the superior cavity labelled as number 1, the inferior cavity labelled as number 2,
and the single cavity labelled as number 1, resulting in the formation of seven distinct subgroups (A1, BI, B2,
C2, and D2: rabbit BMSC transplantation subgroups; C1: rabbit ADSC transplantation subgroup; D1: rat BMSC
transplantation subgroup). The methodology for modelling is depicted in Supplementary Fig. 7, which illustrates
the single-hole model. Groups B to D featured double holes with a 2 mm interhole distance. Postoperatively,
prophylactic penicillin was administered weekly via intramuscular injection at a dose of 200,000 U per injection.

Magnetic resonance imaging (MRI) acquisition

Images were obtained via scanning with a 3.0 T MR device (GE Discovery Silent 750W) using a clinical
16-channel wrist coil (WK426, Wankang). In a rigorously controlled experimental design, the rabbits stratified
into Groups A through D underwent serial MRI scans at defined postoperative time points: 2 days, 1 week,
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Fig. 1. Flow chart of the study design, from the isolation and purification of cells to the implantation of
scaffolds into osteochondral defects.

2 weeks, and 4 weeks. At each designated time point, a cohort of two rabbits per group was subjected to MRI
assessment of all four knee articulations, followed by euthanasia.

The animals were induced to enter a state of surgical anaesthesia via an intramuscular injection of ketamine
at a dose of 0.1-0.2 mL/kg. Subsequently, the animals were placed in the prone position within a wrist coil,
with careful attention given to aligning the knee joints centrally within the magnetic field of the MRI coil. The
knee joints were maximally extended to ensure parallel alignment of the tibial longitudinal axis with the MRI
imaging platform, optimizing the acquisition of transverse knee joint sections orthogonal to the tibial axis. This
approach facilitated anatomical fidelity across serial imaging studies and maximized correlation with histological
sectioning data (Supplementary Fig. 8).

The T2 mapping sequence was executed with the following technical specifications: a repetition time (TR)
of 1700.0 ms, echo times (TEs) ranging from 14.4 to 115.4 ms in systematic increments, slice thickness set
at 1.5 mm with an interslice gap of 0.2 mm, field of view (FOV) configured to 80.0 mm x 80.0 mm, matrix
dimensions of 256.0 mm x 256.0 mm, and the number of excitations (NEX) set to 2.0.

Consistency in anatomical referencing was maintained by utilizing the same sagittal plane level in the T2
mapping sequence, such as a sagittal plane level at the maximal diameter of the patella or the central region of
the femoral trochlea. Two trained radiologists delineated a 1 mm? region of interest (ROI) on the T2 mapping
pseudocolour map, performing quintuplicate measurements of T2 mapping signal intensities within the
femoral intercondylar notch defect area, with the mean value being recorded for statistical analysis. Imaging
at each postoperative interval was standardized to the same anatomical landmark to ensure comparability. The
radiological assessment was conducted in a double-blinded fashion by two independent radiologists, thereby
ensuring the integrity and precision of the measurements.

Histological assessment
After MRI at each specified postoperative time point was complete, the animals were killed via air embolization
following intravenous ketamine overdose. The trochlea of each femur was carefully excised and fixed at 37 °C
for 36 h by immersion in 4% paraformaldehyde solution (Cat: P1110, Solarbio, Beijing, China). Following
fixation, the samples were subjected to thorough rinsing under running water for one hour, after which they
were immersed in a 10% EDTA decalcifying solution (Cat: E-IR-R112, Elabscience, Wuhan, China) for a
duration of 60 days, with periodic solution replenishment every four days to ensure progressive decalcification.
Once the decalcification process was complete, the specimens were sectioned at the periphery or centre of the
osteochondral defect, ensuring comprehensive decalcification. The softened bone was then rinsed overnight
to eliminate any residual decalcifying agents. The pH was subsequently carefully adjusted to neutral, and the
samples were subjected to a systematic gradient alcohol dehydration protocol.

After dehydration, the samples were embedded in paraffin and sectioned to a thickness of 4 um for subsequent
staining procedures. The sections were stained with haematoxylin and eosin (HE) (catalogue number: G1120;
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Solarbio, Beijing, China) to visualize the cellular structures. For immunohistochemical staining of CD68, a
primary antibody specific for mouse CD68 was used at a dilution of 1:50 (catalogue number: ab955; Abcam,
Cambridge, UK), and detection was performed with a peroxidase/HRP-conjugated goat anti-mouse IgG (H+L)
secondary antibody at a dilution of 1:1000 (catalogue number: E-AB-1001; Elabscience, Wuhan, China). HE
staining was employed postoperatively to delineate the osteochondral defect area and the 1.5 cm region adjacent
to the bone marrow cavity. An experienced pathologist carefully examined the CD68-stained tissue sections.
To ensure the objectivity of the assessment and minimize bias, the evaluation was conducted under a blinded
protocol. Specifically, the pathologist was blinded to the specific group assignments of the sections, including
implant allocations and any data that could have influenced the evaluation. At 80x magnification, the pathologist
randomly selected and assessed four osteochondral defect areas within a 1.5 cm radius, along with four adjacent
regions on each section. To ensure the accuracy of the analysis and to prevent bias, areas containing bone
trabeculae, osteoid, woven bone, and cartilage were carefully excluded from the assessment. This exclusionary
criterion was implemented to prevent any distortion in the proportions of granulocytic and monocytic cells, thus
avoiding potential false-positive or false-negative interpretations. An ImageJ image analysis system was used for
detailed analysis of the images, the number of cd68-positive cells was calculated three times, and the average
percentage was used as the final quantitative index for evaluation. The interpretation of the CD68 staining results
is shown in Supplementary Figs. 9-13.

Statistical methodology

The experimental datasets were rigorously analysed utilizing the statistical software packages SPSS (26.0 version,
2019, IBM, Armonk, New York, USA) and Origin (2021 version, OriginLab Corporation, Northampton,
Massachusetts, USA) and the digital image processing program ImageJ (2021 version, National Institutes of
Health, Bethesda, Maryland, USA). Quantitative data with a normal distribution are expressed as the arithmetic
mean *standard deviation. One-way repeated measures analysis of variance (ANOVA) was used to assess
differences across multiple groups. In instances where no interaction was detected between time points and
group categorizations, the least significant difference (LSD) t test was applied for post hoc pairwise comparisons.
Conversely, when interactions were observed between the time points and group categorizations, a simple effects
analysis employing the least significant difference (LSD) method was conducted for pairwise comparisons of
the interaction terms (time points x groups). Qualitative data are presented as relative frequencies, and group
comparisons were performed via the chi-square test. For data adhering to a normal distribution, Pearson’s
correlation coefficient was calculated to assess the strength and direction of the linear relationship. The threshold
for statistical significance was set at a=0.05, with P values less than 0.05 indicating statistically significant
differences.

Results
T2 Mapping to Assess Inmune Rejection Following Matrix-Associated Stem Cell Implantation in Rabbit Knee
Joint Osteochondral Defects.

The raw postoperative T2 mapping images captured at TE=14.4 ms in Groups A-D revealed one or two
localized defects in the femoral trochlea of the rabbit knee joints, each accompanied by an internal circular or
oval-shaped implant. These implants presented signal intensities slightly higher than those of the surrounding
bone tissue, with occasional punctate mixed signal shadows and articular cartilage fracture layers at the
periphery. Over the period from two days to four weeks postsurgery, the defects in Groups A-D were gradually
filled with reparative tissue, the fracture planes became increasingly smooth, and the signal exhibited varying
degrees of change, with particularly significant differences observed between the two-day postoperative time
point and subsequent time points.

In postprocessed T2 mapping images, some vascular or fluid-filled areas exhibited an absence of pseudocolour
signals. The femoral trochlea showed circular or oval-shaped osteochondral defects, each containing spherical
or oval-shaped implants with signal intensities markedly different from those of the adjacent tissue, and clear
demarcations from the surrounding cartilage and bone. Multiple regions of interest (ROIs) were selected for
measurement, and the average values were determined. These postprocessed images were then superimposed on
the original images to create composite images (Supplementary Figs. 14 and 15).

The pseudocolour signal intensity range in the composite T2 mapping images at TE = 14.4 ms was set between
25 and 75 ms. From two days to one week postsurgery, there was a variable increase in signal intensity across
Groups A-D, with the most notable increase observed in Group D. From two days to four weeks postsurgery,
the defects gradually diminished in size and became flatter. Differences of varying magnitude were observed
between the two holes in Groups B-D, with the most significant differences noted in Group D. At the two-day
postoperative time point, the signal intensity of the murine BMSC composite implant in Subgroup D1 was
lower, with an orange-red colour, and significantly different from the signal intensities of the other subgroups;
the signal intensities in Subgroups D2 and C1 also showed some differences compared with those of the other
subgroups (Fig. 2).

The statistical analysis of the T2 mapping signal values of the osteochondral defects following MASI surgery
in the seven subgroups confirmed that the data adhered to a normal distribution with uniform variance. One-
way repeated-measures ANOVA revealed a significant difference in the T2 mapping signal values among the
subgroups at two days after surgery (F=5.418, P=0.002 <0.05). Beyond this early stage, no significant disparities
were noted at the one-week, two-week, and four-week time points (P >0.05) (Fig. 3; Supplementary Figs. 16 and
19).

The intergroup effect analysis substantiated this significant variation (F intergroup =17.542, P=0.001 <0.05),
highlighting the differential impact of MASI implantation on T2 mapping signal values across the subgroups.
The intragroup effect analysis revealed a significant temporal trend in the T2 mapping signal values (F
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Fig. 2. Superimposed T2 mapping images show the signal values at different time points after MASI surgery.
Group A received a single hole, groups B-D received a double hole, with the upper hole designated hole 1 and
the lower hole designated hole 2. Al, B1, B2, C2, and D2: rabbit BMSC transplantation subgroups; C1: rabbit
ADSC transplantation subgroup; D1: rat BMSC transplantation subgroup.

intragroup =5.860, P=0.001<0.05). However, the interaction effect between the temporal trend and the
influence of MASI implantation across the subgroups was not statistically significant (F interaction=0.105,
P=1.000>0.05).

When the least significant difference (LSD) test for post hoc multiple comparisons was used, a significant
difference in signal values at the two-day postoperative time point was observed between Subgroup D1 and the
remaining subgroups (P <0.05). Subgroup Al also exhibited significant differences compared with Subgroups
C1 and D2 (P <0.05). At the one-week postoperative time point, Subgroup D1 exhibited significant differences
in signal values relative to those of Subgroups Al, B1, B2, and C2 (P <0.05). At the two-week postoperative
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Fig. 3.. 3D colour map surface diagram of T2 mapping signal values; Al, B1, B2, C2, and D2: rabbit BMSC
transplantation subgroups; C1: rabbit ADSC transplantation subgroup; D1: rat BMSC transplantation
subgroup.

time point, Subgroup D1 presented significant differences in signal values compared with those of Subgroup Al
(P <0.05). Similarly, at the four-week postoperative time point, Subgroup D1 presented significant differences in
signal values compared with those of Subgroup Al (P <0.05).

Intragroup comparisons within Subgroups Al, B1, B2, Cl1, C2, D1, and D2 across the two-day, one-week,
two-week, and four-week postoperative intervals failed to reveal any statistically significant differences (P >0.05).

Histological evaluation

Proportion of CD68-positive cells in the defect after MASI implantation in the seven subgroups at different time
points

The proportions of CD68-positive cells in the osteochondral defects post-MASI implantation in the seven
subgroups adhered to a normal distribution and exhibited homogeneity of variance. One-way repeated-
measures ANOVA revealed statistically significant differences in the proportions of CD68-positive cells among
the subgroups at the two-day, one-week, two-week, and four-week postoperative time points (P <0.05) (Fig. 4
and Supplementary Figs. 17 and 20).

Intragroup effect analysis revealed a pronounced time-dependent trend in CD68-positive cell proportions
(F intragroup=47.148, P<0.001). Intergroup effect analysis revealed significant variability in the impact of
MASI implantation on CD68-positive cell proportions across the subgroups (F intergroup =638.273, P <0.001).
The interaction between temporal trends and the effects of MASI implantation was statistically significant (F
interaction=36.315, P <0.001), warranting the use of simple effects analysis.

When the LSD method for simple effects analysis was used, significant differences in CD68-positive cell
proportions were observed at the two-day postoperative timepoint between Subgroup D1 and the other
subgroups, as well as between Subgroup Al and Subgroup C1 (P <0.05). At the one-week postoperative time
point, subgroup D1 presented significant differences in CD68-positive cell proportions compared with those of
all other subgroups, with subgroup Al showing significant differences compared with subgroup C1 (P <0.05).
At the two-week postoperative time point, subgroup D1 presented significant differences in CD68-positive cell
proportions compared with those of subgroups A1, B1, B2, C2, and D2, and subgroup Al presented significant
differences compared with subgroup C1 (P <0.05). At the four-week postoperative time point, subgroup D1
presented significant differences in CD68-positive cell proportions compared with those of subgroups Al and
B1, and subgroup A1 presented significant differences compared with subgroups B2 and C1 (P <0.05).

Within each subgroup (A1, B1, B2, C1, C2, D1, and D2), the intragroup comparisons across the postoperative
time points consistently revealed statistically significant differences in CD68-positive cell proportions (P <0.05),
with a clear overall decreasing trend.
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Fig. 4. CD68 immunohistochemical staining results for osteochondral defect areas in seven different
subgroups at various time points following MASI implantation. The specific groups are as follows: A1, B1,
B2, C2, and D2 are subgroups subjected to rabbit bone marrow mesenchymal stem cell transplantation;

C1 is a subgroup subjected to rabbit ADSC transplantation; and D1 is a subgroup subjected to rat BMSC
transplantation. The figure shows the distribution of CD68-positive cells in the osteochondral defect areas.
These CD68-positive cells appear brown after DAB staining, which contrasts sharply with the blue colour of
haematoxylin-stained nuclei.

Proportion of CD68-positive cells near the bone marrow cavity after MASI Implantation in seven subgroups at
different time points

The proportion of CD68-positive cells in the bone marrow cavity adjacent to the osteochondral defects across
the seven subgroups conformed to a normal distribution with a homogeneous variance. One-way repeated-
measures ANOVA revealed no statistically significant differences in CD68-positive cell proportions among
the subgroups at the two-day, one-week, two-week, and four-week postoperative time points following MASI
implantation (P>0.05) (Fig. 5 and Supplementary Figs. 18 and 21 and Supplementary Table 3).

Intragroup effect analysis revealed a significant temporal trend in the proportion of CD68-positive cells
adjacent to the surgical site (F intragroup =3.981, P=0.012 < 0.05). Conversely, intergroup effect analysis did not
reveal any statistically significant differences (F intergroup =0.873, P=0.531>0.05), implying uniformity in the
influence of MASI implantation on CD68-positive cell proportions in the adjacent bone marrow cavity among
the subgroups. The interaction effect between temporal trends and the impact of MASI implantation was also
not statistically significant (F interaction=0.071, P=1.000>0.05).

When the LSD method was employed for pairwise comparisons at the specified postoperative time points,
no statistically significant differences were detected among Subgroups A1, B1, B2, C1, C2, D1, and D2 (P> 0.05).
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Fig. 5. CD68 immunohistochemical staining results of the adjacent bone marrow lumen in seven different
subgroups at various time points following MASI implantation. The specific groups are as follows: A1, B1,
B2, C2, and D2 are subgroups subjected to rabbit bone marrow mesenchymal stem cell transplantation;

C1 is a subgroup subjected to rabbit ADSC transplantation; and D1 is a subgroup subjected to rat BMSC
transplantation. The figure shows the distribution of CD68-positive cells in the adjacent bone marrow lumen.
These CD68-positive cells appear brown after DAB staining, which contrasts sharply with the blue colour of
haematoxylin-stained nuclei.

Similarly, intragroup comparisons within each subgroup (A1, B1, B2, C1, C2, D1, and D2) across the two-
day, one-week, two-week, and four-week postoperative time points failed to reveal any statistically significant
differences (P >0.05).

Relationship between T2 mapping signal values and the proportion of CD68-positive cells in the defect and bone
marrow cavity
An overlapping scatter plot was generated to visualize the relationship between the T2 mapping signal values
post-MASI implantation in the seven subgroups and the proportions of CD68-positive cells in the adjacent bone
marrow cavity and at the defect site. The plots essentially exhibited a linear correlation pattern. The correlation
coefficient for the relationship between T2 mapping signal values and the proportion of CD68-positive cells at
the defect site was calculated to be -0.468, with a significant Sig value of 0.001, indicating a statistically significant
low negative correlation. Conversely, the correlation coeflicient for the relationship between T2 mapping signal
values and the proportion of CD68-positive cells in the bone marrow cavity was negligible at 0.096, with a Sig
value of 0.313, suggesting that there was no significant association (Fig. 6; Supplementary Table 4).
Furthermore, a significant weak negative correlation was observed between the proportions of CD68-positive
cells in the bone marrow cavity and at the defect site, with a correlation coeflicient of -0.255 and a Sig value
of 0.001, indicating a pronounced yet weak inverse relationship between these two variables. These findings
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Fig. 6. Overlapping scatter plots of T2 mapping signal values with the proportion of CD68-positive cells in the
defect and the proportion of CD68-positive cells in the bone marrow cavity. The red and blue lines are the total
fitting lines.

Variables Al B1 B2 C1 Cc2 D1 D2 Fvalue | P value
Two days 42.83+5.754% | 39.15+3.99f. | 38.27+5.60f. | 34.60+6.92* | 38.05+3.41f. | 28.82+1.86*°¢ | 35.45+0.78" | 5418 | 0.002
One week 47.90+7.48f | 44.12+4.64f | 43.82+4.28f | 39.82+4.41 |43.15+5.58f | 359545480 [41.42+528 [1.930 |0.123
Two weeks 46.58+5.98f. |43.12+2.35 | 44554432 |39.104£6.07 |42.90+5.87 |37.37+591° 40.70+7.62 |1.271 | 0313
Four weeks 4535+4.33f. | 42.35+7.20 |4322+5.53 |37.52+3.82 |41.42+5.08 |3530+4.89° 39.67+£591 |1.407 |0.258

F value 0.595 0.720 1.103 0.557 0.461 1.922 3.038

P value 0.634 0.565 0.397 0.657 0.546 0.197 0.180

Intergroup effect F=9.999 P<0.001

In-group effect F=6.240 P<0.001

Intergroup x in-group F=0.078 P=1.000

Table 1. T2 mapping signal values of seven subgroups after MASI implantation at different time points (n=4).
Abbreviations: Al, B1, B2, C2, D2: rabbit BMSC transplantation subgroup; C1: rabbit ADSC transplantation
subgroup; D1: rat BMSC transplantation subgroup. Table 1 at the same time point: *“Compared with Subgroup
Al, P<0.05. "Compared with Subgroup B1, P <0.05. “Compared with Subgroup B2, P <0.05. 4Compared

with Subgroup C1, P<0.05. *Compared with Subgroup C2, P <0.05. {Compared with Subgroup D1, P<0.05.
8Compared with Subgroup D2, P <0.05. Within the group, there was no statistically significant difference when
different time points were compared vertically (P >0.05).

underscore the potential of T2 mapping as an imaging biomarker for predicting the immune response in the
context of stem cell implantation therapies.

Discussion

Evaluation of the experimental results

Intravenous injection of MSCs is a commonly used technique for stem cell transplantation. Postinfusion,
however, a significant portion of MSCs are likely to be carried to the lungs via the bloodstream and are
subsequently cleared by resident macrophages in peripheral tissues within a short time frame'®. In addition to
intravenous injection, alternative and widely adopted methods for MSC transplantation include intra-articular
injection, subchondral bone injection, and the use of MSC-seeded scaffolds for implantation!®. Throughout
the implantation phase, the paracrine and autocrine mechanisms of MSCs are instrumental in preventing cell
apoptosis and tissue fibrosis while also stimulating angiogenesis and driving cell mitosis through the release
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Variables Al B1 B2 Cl1 C2 D1 D2 Fvalue | P value
Two days 4.77+0.84% | 5.68+£0.68f. | 5.80+0.98f. | 8.23+0.97* | 6.3320.70f. | 12.23+2.06°48 | 7.15+0.45f. | 25.632 | <0.001
One week 2.78+0.27% | 3.63+0.30f. | 3.90+0.62f. | 4.42+0.45 | 3.83+0.76f. | 5.93+£1.08%<d¢ | 4.08+0.44f. | 7.627 | <0.001
Two weeks 17340384 | 1.93+0.14f. | 2.1340.41f. | 2.55+0.14* | 2.15+0.19f. | 3.18+0.46%>8 | 2.15+0.46f. | 7.833 | <0.001
Four weeks 1.00+0.13¢4 | 1,03+£0.71f. | 1.23+0.09* | 1.40+0.33* | 1.08+0.14 | 1.48+0.24% 1.05+0.12 | 4.485 |0.004

F value 53.407 121.764 43.004 159.973 63.596 57.708 179.509

P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Intergroup effect F=638.273 | P<0.001

In-group effect F=47.148 | P<0.001

Intergroup x In-group F=36.315 | P<0.001

Table 2. Percentage of CD68-positive cells in the defect after MASI implantation in seven subgroups at
different time points (n=4). Abbreviations: A1, B1, B2, C2, and D2: rabbit BMSC transplantation subgroups;
C1: rabbit ADSC transplantation subgroup; D1: rat BMSC transplantation subgroup. Table 2 at the same

time point: *Compared with subgroup A1, P <0.05. *Compared with subgroup B1, P <0.05. “‘Compared

with subgroup B2, P <0.05. 4Compared with subgroup C1, P <0.05. *Compared with subgroup C2, P <0.05.
fCompared with subgroup D1, P <0.05. 8Compared with subgroup D2, P <0.05. In the same group, there were
statistically significant differences at different time points (P <0.05).

of growth factors. These effects collectively promote tissue repair, sustain tissue vitality, potentially arrest the
progression of osteoarthritis, and improve associated clinical parameters and clinical manifestations®.

In the context of allogeneic transplantation, disparities in HLA antigens between the donor and recipient
have been identified as the principal causes of immune rejection, which may lead to severe complications such
as implant failure, late-stage rejection reactions, and graft-versus-host disease (GVHD)?!. Immune rejection in
the context of allogeneic transplantation is predominantly mediated by cytotoxic T lymphocytes, which activate
monocytes in the bloodstream and differentiate into inflammatory macrophages within the inflammatory local
environment, thereby initiating an inflammatory response in the allogeneic graft?2.

Xenogeneic transplantation faces the challenge of immune rejection, primarily due to the mismatch of a-Gal
antigens between the donor and recipient, culminating in transplant failure?>. Histopathological research has
shown that the mechanisms underlying xenogeneic transplant rejection markedly differ from those underlying
allogeneic rejection, with the former predominantly involving the infiltration of NK cells and macrophages, in
contrast to the cytotoxic T lymphocyte-driven rejection observed in allogeneic scenarios?!. Macrophages are
recognized for their crucial role in the oxidative stress and inflammatory responses initiated by xenogeneic
transplantation?®”. This study revealed that at early postoperative time points, there was notable variation in the
proportion of CD68-positive cells within the postoperative defect area when comparing the implantation of rat
BMSC:s to that of rabbit BMSCs or ADSCs. Similarly, at later postoperative time points, a significant difference
was observed between the implantation of rat BMSCs and that of rabbit BMSCs in terms of the proportion of
CD68-positive cells within the defect area. These findings suggest that the degree of macrophage infiltration
associated with the xenogeneic transplantation of rat BMSCs into the osteochondral defect area in the rabbit
knee joint surpasses that associated with allogeneic transplantation and that the immune rejection response
elicited by xenogeneic cell transplantation may persist for an extended period.

At an early postoperative time point, variations in the proportions of CD68-positive cells within the
postoperative defect area were noted after implantation of different stem cell types, underscoring the potential
for diverse immune responses even within the same species and across stem cells derived from different tissues.
These observations corroborate previous findings that highlighted the varying immunogenicity of ADSCs and
BMSCs at the osteochondral defect site?.

In summary, the capacity of allogeneic grafts to prevent immune rejection is a subject of ongoing debate?!.
USPIOs, which are utilized as a T2 contrast agent in MRI, are instrumental in the acceleration of T1 and T2/
T2* relaxation processes. Once introduced into the body via intravenous injection, USPIOs are taken up by
phagocytic cells, including monocytes, macrophages, and oligodendrocytes, making their presence detectable
via MRI scans?’. Notably, not only are macrophages, which are known for their strong phagocytic activity and
are suitable for labelling, but also T cells and neutrophils can be marked for cell tracking and tumour-specific
imaging studies?®. This allows researchers to trace the migration of these cells or to employ these labels for
enhanced precision in imaging and localization in the context of cancer diagnosis and treatment®®. Empirical
evidence from some experiments has confirmed that quantitative imaging based on T2 mapping is an indirect
method for quantifying iron concentrations, thereby allowing the estimation of macrophage counts and
proportions®’. These methodological breakthroughs in imaging have paved the way for noninvasive surveillance
of the immune responses that may arise following MSC treatment.

In this study, we selected an intravenous dose of 8.375 mg Fe/kg, which is equivalent to approximately
500 micromolar USPIOs/kg, to strike a balance between ensuring ample macrophage uptake of USPIOs and
achieving the most favourable imaging results. This dose was chosen after considering a multitude of factors
that can affect the performance of USPIOs in imaging, including the type of coating on the USPIOs, their
distribution and clearance rates postinjection, pharmacokinetic properties, the efficacy of cellular phagocytosis,
and potential issues such as particle aggregation or cellular compartmentalization®'~*. This approach is designed
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to optimize the visualization of macrophages via MRI, providing clearer and more detailed images for diagnostic
and research purposes.

Different MRI sequences exhibit varying sensitivity to USPIOs, with prior research indicating that T2 mapping
sequences are particularly sensitive in detecting iron-related signal changes®*3>. Moreover, T2 mapping sequences
have shown good repeatability and stability when utilized in the musculoskeletal region®*3>. Consequently, in
this study, we employed quantitative imaging based on T2 mapping to scrutinize the relationship between signal
intensity and macrophage activity, with the aim of noninvasively investigating the interactions between various
stem cell types, inflammatory microenvironments, and macrophages. The observed data revealed a statistically
significant strong negative correlation between T2 mapping signal values and the proportion of CD68-positive
cells at the site of the defect, with a correlation coefficient of -0.468 and a significant p value. This correlation
underscores the utility of T2 mapping in predicting and quantifying the initial macrophage migration induced
by the implantation of rat BMSCs into an osteochondral defect in the rabbit knee joint, offering insights into the
inflammatory status of the wound and the associated immune responses, whether allogeneic or xenogeneic, that
can be induced by stem cell transplantation.

Within the confines of this study, the variation in CD68-positive cell proportions between single-hole
osteochondral defects and double-hole osteochondral defects in the experimental animals did not reach statistical
significance. Nonetheless, an increased proportion of CD68-positive cells was noted in the postoperative
defect areas of the double-hole subgroup compared with those of the single-hole subgroup. This correlation
may indicate a direct relationship between the severity of trauma and the extent of macrophage infiltration.
The discrepancies in wound dimensions and inflammatory responses could marginally affect the macrophage
population responsible for modulating the immunological milieu. These findings are in line with existing
research, which holds that there is an interaction between MSCs and the inflammatory microenvironment,
with the characteristics of the inflammatory microenvironment influencing the immunosuppressive and
immunomodulatory functions of MSCs*.

At the two-week and four-week postoperative time points, significant differences in T2 mapping signal values
were observed between the D1 subgroup that received rat BMSCs and the Al subgroup that received rabbit
BMSCs. Furthermore, differences in the proportions of CD68-positive cells at the defect site were noted between
the D1 subgroup and other subgroups (non-C1 subgroups). We believe that the lack of consistency in the T2
mapping signal values and the proportions of CD68-positive cells may be due to the influence of granulation
tissue and fibrous repair at the defect site on the quantification of immune rejection by T2 mapping.

In a study by Daldrup-Link and Nejadnik!?, viable and apoptotic ADSCs were implanted into bone and
cartilage defects. All MASI types resulted in a gradual decline in the T2 signal within 4 weeks post-implantation,
with the SNR values of the apoptotic implants significantly decreasing over time. This was confirmed to
correspond to the differential migration of iron-loaded macrophages towards the MASI'!.

Daldrup later employed ADSCs that were matched and mismatched with respect to sex and species,
implanting them into calvarial defects in rats, and demonstrated that the immunologically mismatched MASIs
resulted in notably diminished signal intensity at the four-week postoperative time point compared with that
of the matched MASIs*. This observation stands in contrast to the outcomes of our experiments, and we
believe that several factors may be related to this discrepancy. Initially, we used rabbits with normal immune
function, whereas Daldrup selected athymic nude rats, which may account for the absence of T-cell-mediated
immunological processes such as macrophage activation in T-cell-deficient nude rats. Subsequently, the SNR
value, which is calculated on the basis of the conventional T2-weighted imaging (T2WI) sequence formula,
might differ from the methodology employed for T2 mapping signal values in our study'!. Finally, Daldrup opted
for the administration of 0.5 mmol/kg ferumoxytol (30 nm, Cambridge, Massachusetts) two days preoperatively,
with MRI conducted on the day of surgery. Conversely, our experimental protocol involved the intraoperative
injection of USPIOs (uncoated, core particle size of 10+5 nm) (Cat: SN-M-U11, SunLipo NanoTech, Shanghai,
China), followed by an initial MR scan two days postoperatively. Given that USPIOs of varying particle sizes
circulate to distinct regions via the bloodstream and are phagocytosed by different types of phagocytic cells
at different rates, the disparities in experimental materials and procedures could result in divergent nanoiron
burdens within macrophages that migrate to inflammatory or immune rejection environments, leading to
variations in the T2 mapping signals detected at different time points, which could explain the divergence of our
experimental findings from those of Daldrup!"¥’.

The proportion of CD68-positive cells in the bone marrow adjacent to the defect site significantly increased
over time within the same cohort, suggesting that the bone marrow cavity persistently releases inflammatory
mediators throughout the four-week postoperative period, drawing in principal inflammatory cells such as
neutrophils and macrophages to engulf necrotic tissues and cellular debris.

Limitations and shortcomings

The findings of this study suggest that T2 mapping values may be associated with the inflammatory environment
adjacent to the wound, the degree of immune rejection, and the presence of macrophages. However, its limitations
include the influence of postoperative bleeding, residual metal debris from drilling, granulation tissue repair,
and fibrous repair on T2 values.

While the relaxivity or signal value of USPIOs in solution is linearly related to the concentration of
USPIOs, the relaxivity may change when the particles are internalized by cells due to aggregation or cellular
compartmentalization®**8, This makes direct quantification of the local iron concentration in tissues difficult.
Although USPIOs are associated primarily with macrophages, the local iron concentration is not a direct
measure of the number of macrophages. Instead, it is influenced by various factors, including the content,
subtype, and activity of macrophages; the inflammatory environment caused by wounds of different sizes; the
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immune environment established by different types of MSCs; and the effects of the pharmacokinetics of the
contrast agent.

CD68, a marker for macrophages, may not be highly specific and could produce some false positives, thereby
affecting the ability to accurately assess the proportion of macrophages. In this study, we did not choose more
specific M1- or M2-type macrophage markers to explore the relationship between the proportions of different
types of macrophages at different time points.

In addition, the small sample size may mean that the results do not accurately reflect the significance of
differences among groups.

These issues all need to be considered and addressed in future studies to increase the accuracy and credibility
of our findings.

Prospects and future plans

In the future, the baseline levels of monocytes and macrophages attracted to each type of wound should be
explored more comprehensively, and increasing the sample size can improve the precision of T2 mapping in
quantifying the degree of immune rejection, thereby enabling the prediction of bone and cartilage repair.

Furthermore, investigating the immunoregulatory function of MSCs in different inflammatory environments
is also important. For example, the decision of whether to select athymic animals for the experiment was related
to T cell functions. Crosstalk between mesenchymal stem cells and macrophages in the context of different levels
of inflammation was observed to involve inflammatory factors such as IL-6 and TNF-a.

The use of more specific antibodies, such as antibodies specific for CD206 and F4/80, to explore the
relationships between the proportions of different types of macrophages at different time points and immune
rejection, immune tolerance, immune regulation, and bone and cartilage repair will help to elucidate the
mechanism of action of macrophages in this process.

Conclusion

This study revealed the differential immune responses elicited by stem cells from various tissue sources in
cartilage repair. These findings indicate that ADSCs are more prone to induce macrophage-mediated immune
rejection than are BMSCs in the repair of femoral condyle cartilage defects. Moreover, xenogeneic mesenchymal
stem cell transplantation elicits stronger immune rejection responses than allogeneic cell transplantation does,
and these responses may persist for several weeks. These insights underscore the need to assess potential immune
responses prior to stem cell transplantation.

T2 mapping technology has been demonstrated to have high accuracy in predicting the proportion of CD68-
positive cells, offering an effective tool for monitoring microenvironmental changes during wound healing. This
research provides new perspectives for optimizing stem cell therapy strategies and introduces novel approaches
for immune monitoring.

Data availability
Due to the shared protocol of this research group, the data sets generated and/or analyzed during the current
study are not publicly available, but may be available from the corresponding author upon reasonable request.
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