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Abstract
Osteoarthritis (OA) is a common chronic skeletal disease in the elderly. There is no effective therapy to reverse disease 
severity and knee OA (KOA) progression, particularly at the late stage. This study aims to examine the effect of peripheral 
blood-derived mononuclear cells (PBMNCs) on pain and motor function rescue in patients with Kellgren–Lawrence (KL) 
grade II to IV KOA. Participants received one intra-articular (IA) injection of autologous PBMNCs. The mononuclear cells 
were isolated from peripheral blood, enriched by a specialized medium (MoFi medium), and separated by Ficoll-Paque 
solution. The isolated and enriched PBMNCs could differentiate into M1 and M2 macrophages in vitro. The in vivo anti-
inflammatory effect of the PBMNCs was similar to that of bone marrow mesenchymal stem cells, evaluated by complete 
Freund’s adjuvant-induced arthritis in rodents. A single-arm and open-label pilot study showed that patients’ knee pain and 
motor dysfunction were significantly attenuated after the cell transplantation, assessed by visual analogue scale (VAS) and 
Knee injury and Osteoarthritis Outcome Score (KOOS) at 6 and 12 months post-treatment. Notably, the therapeutic effect 
of the PBMNCs treatment can be stably maintained for 24 months, as revealed by the KOOS scores. These preclinical and 
pilot clinical data suggest that IA injection of MoFi-PBMNCs might serve as a novel medical technology to control the pain 
and the progress of KOA.
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Introduction

Osteoarthritis (OA) is the most common motor dysfunction 
disease in the elderly, characterized by gradual and irrevers-
ible damage to articular cartilage and joint tissues. Non-
surgical treatments for knee OA (KOA) are limited as there 
is no effective therapy to reverse the disease severity or delay 
the progression of KOA, particularly at the late stage1,2. 
People with late-stage KOA suffer from persistent pain and 
have difficulty performing daily activities, leading to substan-
tial physical and psychological problems. It is urgent to find a 
practical solution to manage symptoms and disease progres-
sion for OA patients before receiving surgical arthroplasty.

For patients with KOA, intra-articular (IA) hyaluronic 
acid (HA) injection provides pain relief up to 6 months post-
treatment. Nevertheless, IA-HA shows no benefit over con-
trols in the late OA subgroup3. Several trials also delivered a 
weaker response to HA therapy when KOA was severe4–6. 
Moreover, these results also indicate that severe OA patients 
experienced more treatment-related adverse effects3. These 
data suggest that HA injections should only be considered for 
patients at the early KOA stage.

Bone marrow aspirate concentrate (BMAC) is an opera-
tive approach to provide a viable and sufficient autologous 
stem cell source with minimal cellular manipulation. CD34+ 
hematopoietic stem cells (HSCs) and mesenchymal stem 
cells (MSCs) in the BMAC may contribute to the anti-inflam-
mation and tissue remodeling in KOA patients7–9. In addition, 
monocytes in the BMAC are competent to differentiate into 
anti-inflammatory M2 macrophages after the migration and 
invasion into the destructive tissues10,11. Especially, a previ-
ous study demonstrated that the administration of autologous 
M2 cells from peripheral blood is safe and beneficial for neu-
rological outcomes in stroke patients, suggesting that mono-
cyte/M2 macrophages could be an alternative therapeutic cell 
source to control inflammatory diseases12,13.

Here, we investigate the potential of monocyte-enriched 
peripheral blood-derived mononuclear cells (PBMNCs) as a 
novel cell therapy for controlling pain and motor dysfunction 
in KL-II to IV KOA patients. Before the practices of clinical 
trials, we also conducted the preclinical in vitro examinations 
of the isolated PBMNCs, the enriched ratios of monocytes 
and CD34+ cells population, the competency of M2 polar-
ization, and in vivo anti-inflammatory activities in rodents.

Materials and Methods

Clinical Trials

The pilot clinical trials were conducted between Mar 2020 
and August 2022 in three hospitals in Taiwan. The protocols 
were approved by the Institutional Review Board and Ethic 
Committee of China Medical University (CMUH 109-REC 
1-012), Show Chwan Memorial Hospital (1090803), and 
Taichung Tzu Chi Hospital (REC 109-45). These trials were 

single-arm, open-labeled pilot studies. Patients with knee 
pain on most days for at least 6 months and KL grade II to 
IV were enrolled. All pain medications were discontinued 
except the approved rescue analgesic drugs. The exclusion 
criteria for the participants are notifiable infectious diseases, 
tumor history, and severe anemia. This study did not include 
patients with rheumatoid arthritis, psoriatic arthritis, gout 
arthritis, and severe valgus knee deformity.

Participants with informed consent were aware of the off-
label use of the medical devices and the risks of medical 
treatment. They were followed up at 6, 12, and 24 months for 
efficacy and safety evaluations after a single IA injection. 
Pain Visual Analog Scale (pain-VAS) and Knee injury and 
Osteoarthritis Outcome Scores (KOOS) were applied to 
assess pain relief and functional motor recovery. The KOOS 
covers pain, symptoms, activities in daily living (ADL), 
function in sport and recreation (Sport/Rec), and knee-related 
quality of life (QOL). Each subscale was converted to a score 
ranging from 0 to 10. A lower score indicates more severe 
pain and physical function impairment.

Radiographs of the knee were obtained at the pre-treat-
ment stage, assessed by a standing semiflexed anteroposte-
rior radiograph of the affected knee, and scored by KL grade 
0–4 standard.

Adverse events of the IA-PBMNCs treatment were 
closely monitored at each follow-up visit during the study. 
Any serious adverse event was recorded on a separate form 
and was notified within 24 h.

The Blood Sampling and the Preparation of the 
Mononuclear Cells

Peripheral blood samples were collected from donors’ periph-
eral veins and stored in blood bags with CPDA (citrate phos-
phate dextrose adenine), carried out in the Asia University 
Hospital (CMUH 109-REC 1-012), Show Chwan Memorial 
Hospital (1090803), and Taichung Tzu Chi Hospital (REC 
109-45). A 100 ml peripheral blood sample was mixed with 
80 ml normal saline (Nang Kuang Pharmaceutical, Tainan, 
Taiwan) or good manufacturing practice (GMP)-grade MoFi 
medium (comprising a chemical-defined medium for ex 
vivo human cells; classified as a medical device; Duogenic 
StemCells Corporation, Taichung, Taiwan) for 30 min. The 
mixed blood was then carefully loaded in a set of cell isolation 
(CS. 900.2, Cytiva, Marlborough, MA, USA) with the Sepax 
II machine (Cytiva). PBMNCs were separated by density-
gradient centrifugation with Ficoll-Paque premium (Cytiva). 
The isolated PBMNCs were automatically washed with nor-
mal saline three times to remove the residue of the MoFi 
medium and Ficoll-Paque before the cell transplantation. The 
final concentration of the PBMNCs was adjusted to be 3.5 to 
4 ml for one knee/person, containing 7–12 × 107 PBMNCs 
from 100 ml blood. The cell numbers of engrafted cells were 
estimated by manual counting using a hemocytometer.
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The Characterization of the PBMNCs

The percentage of monocytes in the PBMNCs was measured 
by flow cytometry (Accuri, Becton-Dickinson, USA) using 
FSC/SSC dot plot or anti-CD14 FITC conjugated antibody 
(BioLegend, USA). The isolated PBMNCs (about 2 × 106 
cells) were incubated in 3 ml of Iscove’s Modified Dulbecco’s 
Medium (IMDM) containing 1% autologous plasma for  
1 and 3 days culture at 37°C under a 5% CO2 environment. 
The ratios of M1 or M2 macrophages were examined by 
measuring their specific surface markers with flow cytome-
try, including anti-CD14 FITC (a pan-monocyte and macro-
phage marker, BioLegend, clone M5E2, mouse IgG2a), 
anti-CD206 PE (an M2 marker, BD Pharmingen, clone 19.2, 
mouse IgG1), anti-CD86 APC (an M1 marker, BioLegend, 
clone BU63, mouse IgG1), and anti-HLA-DR PerCP (an M1 
marker, BioLegend, clone L243, mouse IgG2a) antibodies 
(Abs)14,15. The immunocytostaining protocols followed the 
manufacturer’s suggestions.

The Indoleamine 2,3-Dioxygenase (IDO-1) 
Assessment in the BM-MSCs and  
MoFi-Monocytes

We maintained both 5 × 105 BM-MSCs (on CellBind-coating 
plate; Corning, Glendale, AZ, USA) and MoFi-PBMNCs 
(in α-Plus low-binding dishes; Alpha Plus Scientific Corp, 
Taoyuan, Taiwan) with IMDM and 1.0% auto-plasma. The 
cells were treated with interferon-γ (IFN-γ; PeproTech, Rocky 
Hill, NJ, USA) at 0, 10, or 50 ng/ml for 72 h. Total cells were 
harvested for CD14 and IDO-1 staining and quantification. 
The monocytes in the PBMNC population were gated from 
the CD14 positive (BioLegend, M5E2 Ab, FITC conjugated) 
population. Total cells were fixed (BioLegend fixation buffer, 
420801), permeabilized (BioLegend permeabilization buffer, 
421002), and then stained by anti-IDO-1 Alexa 647 Abs 
(BioLegend, 2E2/IDO1 clone). The working protocols for 
both surface CD14 staining and intracellular IDO-1 staining 
followed the manufacturer’s recommendations. The repre-
sentative IDO-1 expression level was shown as the mean 
fluorescence intensity (MFI) of bound anti-IDO-1 Ab in the 
IFN-γ treated or non-treated cells.

Animal Experiments

The therapeutic evaluation of the isolated PBMNCs in arthri-
tis rodents was approved by the Institutional Animal Care 
and Use Committee (IACUC) of National Chung Hsing 
University (NCHU) (NCHU 109-093) in Taichung, Taiwan, 
and carried out in the Department of Life Sciences NCHU, 
Taichung, Taiwan.

Adult male Sprague-Dawley (SD) rats weighing 200 to 
250 g were housed in a room with constant temperature 
(24°C –26°C) and humidity (40%–60%) and had free access 
to food and water under a typical light cycle environment.  

A 0.25 ml of complete Freund’s adjuvant (CFA, Sigma-
Aldrich, USA) was injected into the hind footpad of each rat 
to induce inflammatory arthritis. On day 6, the inflammation 
was boosted by injecting an additional 0.05 ml of CFA into 
the same sites. On day 7, when the arthritis was established, 
the footpads were treated with 0.2 ml of phosphate-buffered 
saline (PBS, control), 0.2 ml human platelet-rich lysates 
(hPL), 0.2 ml PBS containing 2 × 105 PBMNCs or 2 × 105 
bone marrow-derived mesenchymal stem cells (BM-MSC) 
(PCS-500-012, ATCC, USA). Ingredients in the medium 
were cleared from collected cells by PBS-wash twice. The 
swelling footpads were measured using a vernier every 2 to 
3 days for 2 weeks.

Statistic Analysis

We used one-way or two-way analysis of variance 
(ANOVA) with Tukey post hoc to determine the signifi-
cance of differences between the experimental groups. This 
study’s graphic creation and statistical analysis were con-
ducted using Microsoft Excel (version 2019) or GraphPad 
Prism 9 (GraphPad, La Jolla, CA, USA).

Results

Enriched Monocytes and CD34+ Cells in 
Peripheral Blood

We developed a method for preparing mononuclear cells 
(MNCs)-enriched concentrate from peripheral blood using a 
GMP-grade MoFi medium and a density-gradient separation 
solution. A 100 ml of peripheral blood was collected from  
the patients and mixed with MoFi medium for 30 min. A clin-
ically authorized machine (Sepax II, Cytiva) was used to 
separate the peripheral blood mononuclear cells (PBMNCs) 
automatically with a single-use disposable centrifugation 
device. The sterility of this peripheral blood cell purification 
(PCP) method for PBMNCs was ensured by the closed tubing 
system, clinical-grade solutions, and sophisticated software 
control approved by the IRB at three medical institutes.

We first examined the subpopulation ratio of the pro-
cessed PBMNCs. The populations of monocytes (CD14+) 
and HSC (CD34+) were analyzed by flow cytometry, and a 
representative result was shown (Fig. 1A) after the purifica-
tion of PBMNCs from peripheral blood with normal saline 
(control) or with MoFi medium (MoFi). Compared with the 
control, the MoFi process consistently increased the ratio of 
monocytes from 10.43 ± 0.91% to 19.86 ± 1.42% (n = 20, 
P < 0.01) (Fig. 1B). The fold induction was 2.02 ± 0.13  
(P < 0.01) (Fig. 1C). Because the cell density of monocytes 
and HSCs was similar, and both cells were harvested from 
the same fraction after Ficoll purification. We next explored 
whether the MoFi treatment could enrich the HSCs subpopu-
lation. Interestingly, we found that the ratio of CD34+ cells 
in isolated PBMNCs also increased from 0.095 ± 0.01% 
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(control) to 0.21 ± 0.02% (MoFi) (n = 20, P < 0.01) (Fig. 1D). 
The fold induction was 2.37 ± 0.22 (P < 0.01) (Fig. 1E).

The Cell Properties of MoFi-Treated Monocytes

To examine the differentiation potency of the isolated mono-
cytes, we cultured the PBMNCs in IMDM with 1.0% auto-
plasma for 3 days. We cultured the cells in low-binding 

culture dishes and determined the M1/M2 macrophage 
polarization by flow cytometry. CD206, a specific mature 
M2 macrophage marker, was barely detected in freshly  
harvested PBMNCs in both groups (less than 3% on day 0)  
(Fig. 2A). We showed that the monocytes (CD14+ cells) in 
control and MoFi-processed PBMNCs could be polarized 
efficiently toward CD206+ M2 macrophages at a ratio  
of 66.22 ± 13.53% and 68.73 ± 15.00% on day 1 (n = 6,  

Figure 1. MoFi-enriched monocytes and HSCs in collected PBMNCs. (A) After the cytostaining with CD14 (X-axis) and CD34 
(Y-axis), the normal saline (control)-treated and MoFi-treated PBMNCs were analyzed by flow cytometry to show the ratios of CD14+ 
monocytes and CD34+ HSC cells, respectively. The monocytes (B, C) and HSCs (D, E) percentages (B, D) in PBMNCs and the fold 
induction (C, E) for the cells were shown in control and MoFi-treated groups. The data were statistically analyzed with one-way 
ANOVA (n = 20). HSC: hematopoietic stem cells; PBMNC: peripheral blood-derived mononuclear cells; ANOVA: analysis of variance.
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P > 0.05), and 93.37 ± 2.33% and 90.38 ± 4.45% on day 3 
(n = 6, P > 0.05), respectively (Fig. 2A, B).

We also evaluated the potency of M1 macrophage differ-
entiation, determined by the CD86 and HLA-DR expres-
sions. We detected 43.36 ± 8.82% and 43.25 ± 5.80% 
CD86+ cells in control and MoFi-treated monocytes on day 3,  

respectively (n = 6, P>0.05) (Fig. 2C, D). The ratios  
of HLA-DR expressions were 17.76 ± 7.05% and 20.93  
± 9.01% in control and MoFi-treated monocytes on day 3, 
respectively (n = 6, P>0.05) (Fig. 2C, E). These results 
demonstrated that MoFi treatment might not alter the intrin-
sic property of monocyte differentiation when the harvested 

Figure 2. M1/M2 macrophage differentiation of the MoFi-treated PBMNCs. (A) Representative flow cytometry data showed the ratio 
of differentiating M2 macrophages (X-axis, CD14; Y-axis, CD206) on day 0 (D0), 1 (D1), and 3 (D3) in collected PBS (control) or MoFi-
treated (MoFi) PBMNCs, cultured in IMDM with 1% auto-plasma. (B) The statistical ratios of M2/monocytes (CD206+/CD14+ cells) in 
control and MoFi-treated PBMNCs on indicated days were presented (n = 6) (ns, P>0.05). (C-E) The representative ratios of CD86+ 
(X-axis) and HLA-DR+ (Y-axis) M1 macrophages (C) in control and MoFi-treated PBMNCs were analyzed by flow cytometry. The 
statistical results of CD86 (D) and HLA-DR (E) positive cells in the monocytes were analyzed by one-way ANOVA (n = 6) (ns, P>0.05). 
ns: non-significant; PBMNC: peripheral blood-derived mononuclear cells; PBS: phosphate-buffered saline; IMDM: Iscove’s Modified 
Dulbecco’s Medium; ANOVA: analysis of variance.
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PBMNCs were cultured in the IMDM with auto-plasma cul-
ture condition.

The Anti-Inflammatory Activities of MoFi-Treated 
Monocytes In Vitro and In Vivo

Due to the enriched CD34+ cells and the differentiation 
potency of M2 macrophage, we next explored the anti-
inflammatory activity of the MoFi-processed PBMNCs, 
especially the CD14+ monocytes, in vitro and in vivo16,17. 
The in vitro immuno-modulation activity of the cells was 
evaluated by the IDO-1 expression18,19. We used BM-MSC 
as a positive control. We treated the cells with 10 and 50 ng/ml 
IFN-γ and analyzed the IDO-1 expression by flow cytometry, 
a reliable quantitative method for IDO-1 detection20. After  

3 days of treatment, the mean fluorescence intensity (MFI) 
was induced from 22,066 ± 5,478 (PBS, mock) to 61,433 ± 
6,361 (10 ng/ml IFN-γ) (P < 0.01) and 61,333 ± 6,658  
(50 ng/ml IFN-γ) (P < 0.01) (Fig. 3A, B). We next demon-
strated that as the BM-MSC, the MoFi-treated CD14+ mono-
cytes also strongly expressed IDO-1 protein after the 10 and 
50 ng/ml IFN-γ on day 3 (Fig. 3C). The MFI of IDO-1 was 
elevated from 15,666 ± 2,516 (mock) to 31,133 ± 3,202  
(10 ng/ml IFN-γ) (P < 0.01) and 31,466 ± 4,717 (50 ng/ml 
IFN-γ) (P < 0.01) (Fig. 3D). These results highlight the 
intrinsic anti-inflammatory ability of the MoFi-treated 
mono cytes. The lower IDO-1 expression in MoFi-monocytes 
than that of BM-MSCs might cause by the suspension 
culture and immature differentiation, which might contri-
bute to the weaker expression profiles of IFN-γ receptor 

Figure 3. MoFi-treated monocytes expressed IDO-1 by IFN-γ induction. The BM-MSC (A, B) and CD14+ monocytes (C, D) were 
treated with PBS (mock), 10 ng/ml IFN-γ and 50 ng/ml IFN-γ for 3 days, and the intracellular IDO-1 protein expressions were analyzed 
by anti-IDO-1 antibody staining and flow cytometry. The mean fluorescent intensity (MFI) of the IDO-1 expression was determined by 
two-way ANOVA in mock, IFN-treated BM-MSCs (B) (n = 3) and MoFi-monocytes (D) (n = 3). IDO-1: indoleamine 2,3-dioxygenase; 
BM-MSC: bone marrow-derived mesenchymal stem cells; PBS: phosphate-buffered saline; IFN-γ: interferon-γ. **P < 0.01.
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and downstream signal molecules in the monocytes on day 
3 culture.

An inflammatory arthritis model in rats was established 
by injecting complete Freund’s adjuvant (CFA) into the hind 
footpad. Acute inflammation in the footpad was observed  
on day 3, and CFA was boosted again on day 6. We injected 
2 × 105 cells PBMNCs or the MoFi-PBMNCs into the 
lesion on day 7. Interestingly, we found that only the MoFi-
treated PBMNCs can significantly attenuate the inflamma-
tion and swelling, rather than the PBS (mock) or the normal 
saline-treated PBMNCs (control) (P < 0.01), after 5 days of 
engraftment (Fig. 4A).

We next injected the CFA-induced lesion with PBS, 
human platelet-rich plasma (hPL), 2 × 105 cells BM-MSCs 
or 2 × 105 cells MoFi-PBMNCs. We demonstrated that pro-
viding BM-MSCs attenuated the tissue swelling after 12 
days post-transplantation but not the PBS negative control, 
validating the anti-inflammatory activity of the BM-MSCs 
(P < 0.01) (Fig. 4B). Notably, we discovered that adminis-
trating MoFi-treated PBMNCs, but not platelet-rich plasma 
(PRP), showed competitive potency as BM-MSCs to control 
the inflammatory progress after 12 days post-transplantation 
(P < 0.01) (Fig. 4B). In sum, these results support the anti-
inflammatory activity of MoFi-PBMNCs in vitro and in vivo.

A Human Pilot Study of MoFi-Treated PBMNCs 
for Controlling KOA

Based on the immuno-modulation potency of the MoFi-
processed PBMNCs, we organized investigator-initiated 

trials (IITs) in three medical institutes to evaluate the safety 
and efficacy of the cells in controlling KOA patients with 
KL II-IV.

The baseline profile of the recruited patients is summa-
rized in Table 1. All recruited patients suffered knee pain for 
at least 6 months and were unsatisfied with the hyaluronic 
acid treatment. They have no plan for knee replacement or 
arthroscopy for 12 months before enrollment.

Figure 4. MoFi-treated PBMNCs attenuated acute inflammatory arthritis in rats. (A) MoFi-treated PBMNCs, but not mock (PBS) and 
control (normal saline-treated PBMNCs), attenuated the footpad swelling of CFA-induced arthritis in SD rats. MoFi vs control, P < 
0.01 (**). (B) The tissue swelling degrees of the CFA-induced arthritis were attenuated by BM-MSCs and MoFi-treated PBMNCs, rather 
than mock (PBS) and PRP treatment. N = 6 for each treatment condition. MoFi vs PRP, P < 0.01 (**). Arrow indicates the day of cell 
engraftment. PBMNC: peripheral blood-derived mononuclear cells; PBS: phosphate-buffered saline; CFA: complete Freund’s adjuvant; 
BM-MSC: bone marrow-derived mesenchymal stem cells; PRP: platelet-rich lysates.

Table 1. Baseline Characteristics of the Patients.

Characteristic Total (n = 20)

Age (y)   68.2 ± 12.4
Male sex, n (%) 10 (50)
Weight (kg)   66.0 ± 15.2
Height (cm) 157.9 ± 9.6
BMI (kg/m2)  26.4 ± 5.4
Kellgren–Lawrence grade, n (%)
 II 5 (25)
 III 9 (45)
 IV 6 (30)
VAS (cm)   4.99 ± 2.54
KOOS Pain (%)   50 ± 25
KOOS Symptoms (%)   51 ± 17
KOOS ADL (%)   55 ± 24
KOOS Sports (%)   29 ± 22
KOOS QOL (%)   39 ± 20

BMI: body mass index; VAS: visual analogue scale; KOOS: Knee injury 
and Osteoarthritis Outcome Score; ADL: activities of daily living; QOL: 
quality of life.
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Twenty patients were treated once with autologous 
PBMNCs (about 8 × 107 cells in 4 ml for one knee joint per 
person) from 100 ml peripheral blood and followed for 2 
years. Compared with the baseline, the treated patients 
reported significant improvement in their knee pain and daily 
motor activities at 6 months, 1 year, and 2 years post-treat-
ment (Fig. 5 and Table 2). Statistically, significant improve-
ments in pain-VAS and KOOS scores were continuously 
observed for 2 years after the treatment (P < 0.01 for VAS 
and all KOOS subscores at year 0.5, 1.0, and 2.0). No patient 
took knee replacement or arthroscopy after enrollment. No 
severe adverse effect was observed during the trial period. 
The minor adverse effects were joint pain and swelling, last-
ing for 1 to 3 days after IA injection (n = 15, 75%). Persistent 
pain/swelling over 1 week, burning sensation, skin redden-
ing, infection, or extra-care of hospitalization caused by the 
cell transplantation were not observed.

Discussion

Accumulative evidence demonstrates that CD34+ HSCs and 
M2 macrophages are anti-inflammatory and may facilitate 
tissue regeneration after cell engraftment16,17. Both cells 
inhibited the production of T cells-triggered inflammatory 
cytokines, such as IL-6, IL-13, IFN-γ, and TNF-α21,22. Our 
animal studies have demonstrated that IA injection of the 
M2 macrophages effectively controlled the adjuvant-and 
collagen-induced arthritis (under revision). Here, we further 

Figure 5. The pain-relief and the motor activities in treated KOA patients with MoFi-PBMNCs IA injection. KOA patients (n = 20) were 
IA injected with MoFi-treated PBMNCs once. The pain-VAS (A) and KOOS scores (B) were recorded at baseline, year 0.5, year 1.0, and year 
2.0. Baseline vs treatments, **P < 0.01. KOA: knee Osteoarthritis; PBMNC: peripheral blood-derived mononuclear cells; IA: intra-articular; 
VAS: visual analogue scale; KOOS: Knee injury and Osteoarthritis Outcome Score; ADL: activities of daily living; QOL: quality of life.

Table 2. Outcome Measures at Baseline and Years 0.5, 1, and 2.

Parameter (time) Mean ± SD 95% CI

VAS, baseline 4.99 ± 2.54 3.87–6.10
 VAS, year 0.5 1.90 ± 1.36 1.19–2.62
 VAS, year 1 1.82 ± 1.43 1.19–2.45
 VAS, year 2 1.70 ± 1.07 1.18–2.22
KOOS Pain, baseline 50 ± 25 39–61
 KOOS Pain, year 0.5 81 ± 14 74–88
 KOOS Pain, year 1 82 ± 14 76–88
 KOOS Pain, year 2 83 ± 11 78–88
KOOS Symptoms, baseline 51 ± 17 43–58
 KOOS Symptoms, year 0.5 75 ± 13 68–82
 KOOS Symptoms, year 1 73 ± 17 66–80
 KOOS Symptoms, year 2 72 ± 11 66–77
KOOS ADL, baseline 55 ± 24 45–65
 KOOS ADL, year 0.5 79 ± 15 71–87
 KOOS ADL, year 1 82 ± 18 74–90
 KOOS ADL, year 2 82 ± 13 76–88
KOOS Sports, baseline 29 ± 22 19–38
 KOOS Sports, year 0.5 52 ± 31 35–68
 KOOS Sports, year 1 58 ± 23 48–68
 KOOS Sports, year 2 54 ± 19 44–63
KOOS QOL, baseline 39 ± 20 30–48
 KOOS QOL, year 0.5 63 ± 24 50–75
 KOOS QOL, year 1 65 ± 20 56–74
 KOOS QOL, year 2 70 ± 15 62–77

VAS: visual analogue scale; KOOS: Knee injury and Osteoarthritis 
Outcome Score; CI: confidence interval.
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illustrate that the MoFi-processed PBMNCs showed anti-
inflammatory activities as BM-MSCs in the IDO-1 expres-
sion and the potency for attenuating inflammatory arthritis.

In the pilot human clinical trial, we demonstrated that 
MoFi-processed PBMNCs effectively ameliorated pain and 
stiffness in OA patients. The administration of the PBMNCs 
might prohibit the inflammatory response of synovial tissues 
by suppressing IL-1, TNF-α, and C-reactive protein (CRP) 
expression and decreasing bone marrow lesions or edema 
(BML/BME) and synovitis even at the late stage of KOA23,24. 
The validation of the anti-inflammatory effects of PBMNCs 
injection in humans requires further magnetic resonance 
imaging (MRI) to examine the reduced knee synovitis and 
BML at 1 year and 2 years post-treatment25,26. Similar to the 
high tolerance of MSC injection, treating KOA with PBMNCs 
was safe and did not cause severe adverse effects after 2 years 
following. We will further examine whether multiple injections 
rather than single injection steer higher risks of side effects and 
measure MRI changes at baseline and follow-up visiting.

BMAC is an alternative approach for controlling the 
symptoms of KOA7,27. The containing HSCs and MSCs  
are supposed to be critical therapeutic factors9,28. However, 
surgical procedures are required for BMAC and could bring 
some high-risk surgical complications. In addition, the 
granulocytes are not effectively removed from the BMAC, 
and their pro-inflammatory activity may compensate for the 
HSC- and MSC-mediated immunosuppression. Moreover, 
the preparation of the BMAC is usually done in an open 
operating room. Both surgical and cell processings of BMAC 
require careful manipulation to prevent potential risks of 
microbial infections.

Peripheral blood stem cells (PBSCs) have also shown the 
safety and potential for controlling KOA progress and ame-
liorating KOA-related pain and syndromes.29–34 Admini-
strating multiple doses of PBSCs promotes tissue repair on 
cartilage defects and bone marrow lesions30,31,34. The con-
centrated PBSCs are generally isolated from granulocyte 
colony-stimulating factor (G-CSF) -stimulated patients by 
leukapheresis29,32. Compared with the PBSC processing, the 
advantages of the PCP are fast and easy preparations, point-
of-care, and free of concerns of G-CSF adverse effects, such 
as fever, fatigue, and unsustainable pain in bones and mus-
cles29,32. Moreover, in contrast to the apheresis of PBSCs, the 
Ficoll gradient centrifugation effectively separates the RBCs 
and granulocytes from harvested PBMNCs. This clearance 
of granulocytes might consequently potentiate the anti-
inflammatory and regenerative effects of the grafted cells.

Tissue injury at an early stage triggers an inflammatory 
response to attract the first line of immune cells against 
microbial infection, such as neutrophils and natural killer 
cells. The neutrophil-released cytokines, such as G-CSF, 
polarize tissue-invading mononuclear cells into M1 macro-
phages to exaggerate the tissue destruction22. After clearing 
the invading pathogens at a later stage, circulating monocytes 

will be recruited and polarized into M2 macrophages for anti-
inflammation and tissue reconstruction. Recent evidence also 
shows that the M1/M2 ratio in synovial fluid is critical for 
arthritis progress and could be a valuable biomarker in arthri-
tis management15,35,36.

The ratios of HSCs and monocytes in MoFi-treated 
PBMNCs were about two-fold than that of normal saline-
treated PBMNCs after the density-gradient purification, 
respectively. We demonstrated that the monocytes collected 
from MoFi plus Ficoll separation are competent to differenti-
ate into M2 macrophage lineages. It is interesting to find that 
the MoFi-treated PBMNCs significantly attenuated the foot-
pad swelling of CFA-induced arthritis. The human pilot 
study further showed that intra-articular injection of MoFi-
processed PBMNCs relieved pain symptoms and motor 
activities in KOA patients. It still requires a randomized con-
trolled trial (RCT) at multi-centers and larger sample size to 
consolidate the conclusion. We will assess structural changes 
using MRI or arthroscopic examination for the treated KOA 
patients. It is also informative to determine the duration for 
waiving or delaying knee replacement surgery in patients 
with severe KOA after the PCP treatment.

Acknowledgments

We are grateful to Professor Hong-Lin Su’s lab members for their 
technical support in this study. We thank the staff of the animal 
center of NCHU and the study nurses of the Department of 
Neurosurgery, Asia University Hospital, Taichung, Taiwan, for 
assisting with the experiments.

Author Contributions

Conceptualization: CHC, HLS, and CLL. In vitro and in vivo 
experiments and analysis: CHC, CCK, YFC, FHW, CYH, WSF, 
HLS, and CLL. Resources: CHC, CCK, YFC, PYL, JIS, YHC, 
KDL, HLS, and CLL. Writing the original draft: HLS and CLL. 
Writing, review & editing: CCK, HLS, and CLL.

Ethical Approval

Ethical issues of the study were approved by the Research Ethics 
Committee of China Medical University (CMUH 109-REC 1-012), 
Show Chwan Memorial Hospital (1090803), and Taichung Tzu Chi 
Hospital (REC 109-45).

Statement of Human and Animal Rights

All procedures involving human subjects were conducted in accor-
dance with the clinical trials act and the tenets set down in the 
Declaration of Helsinki, and with the ethical guidelines for medical 
and health research involving human subjects of Taiwan policies, 
adopted by the Research Ethics Committee of China Medical 
University (CMUH 109-REC 1-012), Show Chwan Memorial 
Hospital (1090803), and Taichung Tzu Chi Hospital (REC 109-45). 
All procedures involving animal subjects were conducted in accor-
dance with the animal protection policies of Taiwan, adopted by the 
Institutional Animal Care and Use Committee (IACUC) of National 
Chung Hsing University (NCHU) (NCHU 109-093).



10 Cell Transplantation

Statement of Informed Consent

Written informed consent was obtained from a legally authorized 
representative(s) for anonymized patient information in accordance 
with the Declaration of Helsinki.

Declaration of Conflicting Interest

The author(s) declared the following potential conflicts of interest 
with respect to the research, authorship, and/or publication of this 
article: The authors have the following competing interests. The 
technology transfer office of National Chung Hsing University has 
received consultancy, speaker fees, and research grants on behalf 
of HLS from Duogenic StemCells Corporation and Hualien Tzu 
Chi Medical Center. FHW, CYH, WSF, and JIS are employees  
of Duogenic StemCells Corporation. FHW, CYH, JIS, CHC,  
CCK, WSF, and CLL are shareholders of Duogenic StemCells 
Corporation. YFC, PYL, YHC, and KDL have no conflict of inter-
est with respect to the research, authorship, and publication of this 
article. There are patents, products in development, and marketed 
products associated with this research.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: This 
work was supported by Duogenic StemCells Corporation, Taiwan. 
This work was also supported by the Industry-Academic coopera-
tion project (108-D-595, 109-D-525) between the Duogenic 
StemCells Corporation and National Chung Hsing University.

ORCID iD

Hong-Lin Su  https://orcid.org/0000-0001-7734-3499

References

 1. Maqbool M, Fekadu G, Jiang X, Bekele F, Tolossa T, Turi E, 
Fetensa G, Fanta K. An up to date on clinical prospects and 
management of osteoarthritis. Ann Med Surg. 2021;72:103077.

 2. Grassel S, Muschter D. Recent advances in the treatment of 
osteoarthritis. F1000Res. 2020;9(F1000 Faculty Rev):325.

 3. Nicholls M, Shaw P, Niazi F, Bhandari M, Bedi A. The impact 
of excluding patients with end-stage knee disease in intra-
articular hyaluronic acid trials: a systematic review and meta-
analysis. Adv Ther. 2019;36(1):147–61.

 4. Conrozier T, Eymard F, Chouk M, Chevalier X. Impact of obe-
sity, structural severity and their combination on the efficacy 
of viscosupplementation in patients with knee osteoarthritis. 
BMC Musculoskelet Disord. 2019;20(1):376.

 5. Eymard F, Chevalier X, Conrozier T. Obesity and radiologi-
cal severity are associated with viscosupplementation failure 
in patients with knee osteoarthritis. J Orthop Res. 2017;35(10): 
2269–74.

 6. Cooper C, Rannou F, Richette P, Bruyere O, Al-Daghri N, 
Altman RD, Brandi ML, Collaud Basset S, Herrero-Beaumont 
G, Migliore A, Pavelka K, et al. Use of intraarticular hyal-
uronic acid in the management of knee osteoarthritis in clinical 
practice. Arthritis Care Res. 2017;69(9):1287–96.

 7. Themistocleous GS, Chloros GD, Kyrantzoulis IM, 
Georgokostas IA, Themistocleous MS, Papagelopoulos PJ, 

Savvidou OD. Effectiveness of a single intra-articular bone 
marrow aspirate concentrate (BMAC) injection in patients with 
grade 3 and 4 knee osteoarthritis. Heliyon. 2018;4(10):e00871.

 8. Keeling LE, Belk JW, Kraeutler MJ, Kallner AC, Lindsay A, 
McCarty EC, Postma WF. Bone marrow aspirate concentrate 
for the treatment of knee osteoarthritis: a systematic review. 
Am J Sports Med. 2022;50(8):2315–23.

 9. Kim GB, Seo MS, Park WT, Lee GW. Bone marrow aspirate 
concentrate: its uses in osteoarthritis. Int J Mol Sci. 2020; 
21(9):3224.

 10. Oliveira da Silva C, Monte-Alto-Costa A, Renovato-Martins M, 
Viana Nascimento FJ, Dos Santos Valenca S, Lagente V, Porto 
LC, Victoni T. Time course of the phenotype of blood and bone 
marrow monocytes and macrophages in the lung after cigarette 
smoke exposure in vivo. Int J Mol Sci. 2017;18(9):1940.

 11. Lin SL, Castano AP, Nowlin BT, Lupher ML Jr, Duffield JS. 
Bone marrow Ly6chigh monocytes are selectively recruited to 
injured kidney and differentiate into functionally distinct popu-
lations. J Immunol. 2009;183(10):6733–43.

 12. Kanazawa M, Ninomiya I, Hatakeyama M, Takahashi T, 
Shimohata T. Microglia and monocytes/macrophages polariza-
tion reveal novel therapeutic mechanism against stroke. Int J 
Mol Sci. 2017;18(10):2135.

 13. Chernykh ER, Shevela EY, Starostina NM, Morozov SA, 
Davydova MN, Menyaeva EV, Ostanin AA. Safety and thera-
peutic potential of M2 macrophages in stroke treatment. Cell 
Transplant. 2016;25(8):1461–71.

 14. Cutolo M, Campitiello R, Gotelli E, Soldano S. The role of M1/
M2 macrophage polarization in rheumatoid arthritis synovitis. 
Front Immunol. 2022;13:867260.

 15. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 
polarization. Eur J Pharmacol. 2020;877:173090.

 16. Abdelmawgoud H, Saleh A. Anti-inflammatory and anti-
oxidant effects of mesenchymal and hematopoietic stem cells 
in a rheumatoid arthritis rat model. Adv Clin Exp Med. 2018; 
27(7):873–80.

 17. Shalaby RH, Rashed LA, Ismaail AE, Madkour NK, Elwakeel 
SH. Hematopoietic stem cells derived from human umbilical 
cord ameliorate cisplatin-induced acute renal failure in rats. 
Am J Stem Cells. 2014;3(2):83–96.

 18. Jie Z, Huan Y, Mengyun W, Yasha L, Huafeng P, Ke Y. Nrf2 
modulates immunosuppressive ability and cellular senescence 
of human umbilical cord mesenchymal stem cells. Biochem 
Biophys Res Commun. 2020;526(4):1021–27.

 19. Behm C, Blufstein A, Gahn J, Nemec M, Moritz A, Rausch-
Fan X, Andrukhov O. Cytokines differently define the immu-
nomodulation of mesenchymal stem cells from the periodontal 
ligament. Cells. 2020;9(5):1222.

 20. Chen HH, Chen YC, Yu SN, Lai WL, Shen YS, Shen PC, Lin 
SH, Chang CH, Lee SM. Infrapatellar fat pad-derived mes-
enchymal stromal cell product for treatment of knee osteoar-
thritis: a first-in-human study with evaluation of the potency 
marker. Cytotherapy. 2022;24(1):72–85.

 21. Lubschinski TL, Pollo LAE, Mohr ETB, da Rosa JS, Nardino 
LA, Sandjo LP, Biavatti MW, Dalmarco EM. Effect of aryl-
cyclohexanones and their derivatives on macrophage polariza-
tion in vitro. Inflammation. 2022;45(4):1612–30.

 22. Shapouri-Moghaddam A, Mohammadian S, Vazini H, 
Taghadosi M, Esmaeili SA, Mardani F, Seifi B, Mohammadi 

https://orcid.org/0000-0001-7734-3499


Chuang et al 11

A, Afshari JT, Sahebkar A. Macrophage plasticity, polariza-
tion, and function in health and disease. J Cell Physiol. 2018; 
233(9):6425–40.

 23. Fernandes BV, Brancher JA, Michels AC, Nagashima S, 
Johann ACBR, Boia Ferreira M, da Costa DJ, Rebellato NLB, 
Kluppel LE, Scariot R, Zielak JC. Immunohistochemical panel 
of degenerated articular discs from patients with temporoman-
dibular joint osteoarthritis. J Oral Rehabil. 2020;47(9):1084–94.

 24. Ortega E, Gálvez I, Hinchado MD, Guerrero J, Martín-Cordero 
L, Torres-Piles S. Anti-inflammatory effect as a mechanism of 
effectiveness underlying the clinical benefits of pelotherapy in 
osteoarthritis patients: regulation of the altered inflammatory 
and stress feedback response. Int J Biometeorol. 2017;61(10): 
1777–85.

 25. Kosta PE, Voulgari PV, Zikou AK, Tsampoulas K, Drosos AA, 
Argyropoulou MI. Effect of very early treatment in rheumatoid 
arthritis on bone oedema and synovitis, using magnetic reso-
nance imaging. Scand J Rheumatol. 2012;41(5):339–44.

 26. Kosta PE, Voulgari PV, Zikou AK, Drosos AA, Argyropoulou 
MI. The usefulness of magnetic resonance imaging of the hand 
and wrist in very early rheumatoid arthritis. Arthritis Res Ther. 
2011;13(3):R84.

 27. Kim JD, Lee GW, Jung GH, Kim CK, Kim T, Park JH, Cha SS, 
You YB. Clinical outcome of autologous bone marrow aspi-
rates concentrate (BMAC) injection in degenerative arthritis of 
the knee. Eur J Orthop Surg Traumatol. 2014;24(8):1505–11.

 28. Chahla J, Alland JA, Verma NN. Bone marrow aspirate con-
centrate for orthopaedic use. Orthop Nurs. 2018;37(6):379–81.

 29. Zhu Y, Fu W. Peripheral blood-derived stem cells for the treat-
ment of cartilage injuries: a systematic review. Front Bioeng 
Biotechnol. 2022;10:956614.

 30. Saw KY, Anz AW, Ng RC, Jee CS, Low SF, Dorvault C, 
Johnson KB. Arthroscopic subchondral drilling followed by 
injection of peripheral blood stem cells and hyaluronic acid 
showed improved outcome compared to hyaluronic acid and 
physiotherapy for massive knee chondral defects: a random-
ized controlled trial. Arthroscopy. 2021;37(8):2502–17.

 31. Papadopoulos KI, Paisan M, Sutheesophon W, Turajane T. 
Novel use of intraarticular granulocyte colony stimulating fac-
tor (hG-CSF) combined with activated autologous peripheral 
blood stem cells mobilized with systemic hG-CSF: safe and 
efficient in early osteoarthritis. Cartilage. 2021;13(Suppl 1): 
1671S–1674S.

 32. Chen YR, Yan X, Yuan FZ, Ye J, Xu BB, Zhou ZX, Mao ZM, 
Guan J, Song YF, Sun ZW, Wang XJ, et al. The use of periph-
eral blood-derived stem cells for cartilage repair and regenera-
tion in vivo: a review. Front Pharmacol. 2020;11:404.

 33. Monckeberg JE, Rafols C, Apablaza F, Gerhard P, Rosales J. 
Intra-articular administration of peripheral blood stem cells 
with platelet-rich plasma regenerated articular cartilage and 
improved clinical outcomes for knee chondral lesions. Knee. 
2019;26(4):824–31.

 34. Saw KY, Anz A, Siew-Yoke Jee C, Merican S, Ching-Soong 
Ng R, Roohi SA, Ragavanaidu K. Articular cartilage regen-
eration with autologous peripheral blood stem cells versus 
hyaluronic acid: a randomized controlled trial. Arthroscopy. 
2013;29(4):684–94.

 35. Zhang H, Cai D, Bai X. Macrophages regulate the progression 
of osteoarthritis. Osteoarthritis Cartilage. 2020;28(5):555–61.

 36. Wu CL, Harasymowicz NS, Klimak MA, Collins KH, Guilak 
F. The role of macrophages in osteoarthritis and cartilage 
repair. Osteoarthritis Cartilage. 2020;28(5):544–54.


