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Calciphylaxis is a rare disease characterized histologically by microvessel calcification and microthrombosis, with high mortality
and no proven therapy. Here, we reported a severe uremic calciphylaxis patient with progressive skin ischemia, large areas of
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painful malodorous ulcers, and mummified legs. Because of the worsening symptoms and signs refractory to conventional therapies,
treatment with human amnion-derived mesenchymal stem cells (hAMSCs) was approved. Preclinical release inspections of hAMSCs,
efficacy, and safety assessment, including cytokine secretory ability,immunocompetence, tumorigenicity, and genetics analysis in
vitro, were introduced. We further performed acute and long-term hAMSC toxicity evaluations in C57BL/6 mice and rats, abnormal
immune response tests in C57BL/6 mice, and tumorigenicity tests in neonatal Balbc-nu nude mice. After the preclinical research,
the patient was treated with hAMSCs by intravenous and local intramuscular injection and external supernatant application to
the ulcers. When followed up to 15 months, the blood-based markers of bone and mineral metabolism improved, with skin soft
tissue regeneration and a more favorable profile of peripheral blood mononuclear cells. Skin biopsy after 1-month treatment
showed vascular regeneration with mature noncalcified vessels within the dermis, and 20 months later, the re-epithelialization
restored the integrity of the damaged site. No infusion or local treatment-related adverse events occurred. Thus, this novel long-term
intravenous combined with local treatment with hAMSCs warrants further investigation as a potential regenerative treatment for
uremic calciphylaxis due to effects of inhibiting vascular calcification, stimulating angiogenesis and myogenesis, anti-inflammatory
and immune modulation, multidifferentiation, re-epithelialization, and restoration of integrity.

Keywords: calciphylaxis, chronic kidney disease, vascular calcification, multidisciplinary rescue, human amnion-derived

mesenchymal stem cells, preclinical research, regenerative medicine

Introduction

Calciphylaxis is a rare, devastating disorder causing excru-
ciatingly painful ischemic skin lesions due to microvascular
calcification, microthrombosis, and endothelial injury, which
results in infarction of tissues (Nigwekar et al., 2018). The an-
nual incidence among patients with end-stage kidney disease
reaches 0.04% (Brandenburg et al., 2017), and sepsis due to
the infection of ulcerated wounds is a common cause of death
(Seethapathy and Nigwekar, 2019). There is currently no ap-
proved therapy related to its rare incidence and poorly under-
stood pathogenesis. In calciphylaxis patients receiving dialysis,
1-year mortality may reach 80% (McCarthy et al., 2016).

Stem cells are reported to be involved in angiogenesis, myo-
genesis, proliferation, and re-epithelialization of wound heal-
ing and play an important role in immune modulation, tissue
remodeling, and extracellular matrix deposition (Hassanshabhi
et al., 2019). Human amnion-derived mesenchymal stem cells
(hAMSCs) are abundant and compatible for use in allogeneic
transplants, present a more ‘youthful’ phenotype, and have
greater cell yields at harvest and enhanced immunomodulatory
properties compared with human adipose-derived stem cells
(hADSCs) and human bone marrow-derived stem cells (nBMSCs)
(Topoluk et al., 2017). Importantly, hAMSCs have enhanced
wound-healing properties through differentiation and stimula-
tion of neoangiogenesis (Ertl et al., 2018).

Here, we reported a female uremic calciphylaxis patient in
her 30s with large areas of painful malodorous ulcers and
legs with a mummified appearance. This patient had been on
peritoneal dialysis (PD) for 5 years and was admitted to The
First Affiliated Hospital of Nanjing Medical University, Jiangsu
Province Hospital, with multiple skin lesions accompanied by
pain for >1 month. The patient had been switched to hemodial-
ysis because of peritonitis and had progressive skin lesions with
induration, plaques, purpura, livedo reticularis, and ecchymosis

on her back, thighs, lower limbs, and buttocks. The multiple, bi-
lateral painful malodorous necrotic ulcerations were surrounded
by leather-like skin.

The multiple medical problems included chronic kidney
disease (CKD) G5D, which is defined as estimated glomerular
filtration rate <15 ml/min/1.73 m? or requiring dialysis,
calciphylaxis, skin and soft tissue infections, malnutrition,
secondary hyperparathyroidism, PD-related tunnel infection,
and hypertension. Treatments included nutritional support,
antibiotic administration and infection control, low-calcium
hemodialysis and continuous kidney replacement therapy, man-
agement of anemia and CKD—mineral and bone disorder (CKD—
MBD), intravenous injection of sodium thiosulfate, wound care,
pain management, anticoagulation, thrombosis prevention, car-
dioprotective and gastrointestinal protective therapy, and ther-
apy for neurotrophic issues (Seethapathy and Nigwekar, 2019).

Because of the rapid progression of calciphylaxis refractory
to conventional therapies, the patient began to receive hAMSC
treatment as approved by the Ethics Committee of The First Af-
filiated Hospital of Nanjing Medical University, Jiangsu Province
Hospital. Complete remission of calciphylaxis of the patient
suggested that hAMSC therapy deserves further exploration as
a regenerative treatment. To the best of our knowledge, this
is the first report of the long-term intravenous combined with
local treatment with hAMSCs, which is innovative for the uremic
calciphylaxis patient.

Results
Preclinical research of hRAMSCs

Quality control and preclinical research indexes of
hAMSCs are listed in Table 1. The preparation and quality
control of hAMSCs are described in detail in Materials and
methods (Figure 7).
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Table 1 Quality control and preclinical research of cell line HAMSC10.
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Measurement indicators Testing items Quality standards Results
(1) Cell identity
Cell morphology (QCP3—QCP6) Cell shape Fusiform Up to standard
Genetic characteristics (QCP5) Chromosome karyotype 46, XY/46, XX 46, XY
STR map Single origin Up to standard

Cell surface antigens (QCP3—QCP6)

(2) General biosafety
Common microorganism contamination
(QCP2—-QCPé)

(3) Endogenous and exogenous pathogenic factors
Detection of virus infection by molecular
analysis (QCP3 and QCP5)
Detection of virus infection by cell culture
(QCP5)

Detection of virus infection by animal

CD73, CD90, CD105, CD44
CD45, CD34, CD11b, CD19, HLA-DR

Fungus, bacteria, mycoplasma,
Treponema pallidum
Endotoxin

HIV-1, HBV, HCV, EBV, HCMV,
HHV6/7, HPV, retrovirus

Stem cell culture test

Hemadsorption/hemagglutination
test

Guinea pig inoculation test?

Positive cells > 95%
Positive cells < 2%

Negative
<0.5 EU/ml
Negative

Normal morphology
Negative

Up to standard
Up to standard

Up to standard
Up to standard
Up to standard

Up to standard
Up to standard

inoculation (QCP5)
(4) Cell viability and growth characteristics
Cell viability (QCP2—QCP6)
Growth curve analysis (QCP6)
Cell cycle analysis (QCP5)
(5) Tumorigenicity
In vitro tumorigenicity (QCP5)

Living cell counting

Cells in S-stage

Cell population doubling time

Colon formation test, animal

hypodermic inoculation test

In vivo tumorigenicity (QCP5)
(6) Biological potency

Pluripotency (QCP5) Adipogenic differentiation,

osteogenic differentiation,

Subcutaneous test in nude mice

Negative Up to standard
>95% Up to standard
Report result 32.8h

Report result 12.8%

Negative Up to standard
Negative Up to standard
Positive Up to standard

chondrogenic differentiation

Cytokine secretory function (QCP5) HGF
BDNF
Nerve growth factor
Immunological effect (QCP5,
AMSCs:PBMCs = 1:10) test

Special lymphocyte subpopulation

proliferation test
(Th1/Th17/Treg)

Lymphocyte proliferation inhibition

Report result >1000 pg/ml

Report result >100 pg/ml

Report result >10 pg/ml

Report result Lymphocyte proliferation
inhibited

Report result Treg increased, Th1 and

Th17 decreased

@Test methods were according to the Pharmacopoeia of People’s Republic of China (2015 version, part Il) except for that specially described in the Materials and methods section.
QCP, quality control point; STR, short tandem repeat; HIV-1, human immunodeficiency virus-1; HBV, hepatitis B virus; HCV, hepatitis C virus; EBV, Epstein—Barr virus; HCMV, human cytomegalovirus;
HHV6/7, human herpes virus 6/7; HPV, human papillomavirus; PBMCs, peripheral blood mononuclear cells.

Preclinical release inspections of hAMSCs

Release inspections consisted of general biosafety, viability,
and growth characteristics were up to standard (Figure 1A).
Cells positive for the surface antigens, including CD44, CD73,
CD90, and CD105, were >95%, while cells positive for CD11b,
CD19, CD34, CD45, and human leucocyte antigen class Il
(HLA-I) were <2%, which were up to quality standard
(Figure 1B).

hAMSC effective potency of cytokine secretory and
immunocompetence function

hAMSC  supernatants  contained high levels of
hepatocyte growth factor (HGF, 7166.2 + 1425.6 pg/ml),
angiogenic  factors including angiopoietin-1  (Ang-1,
10337.5 + 172.3 pg/ml), brain-derived neurotrophic factor
(BDNF, 1658.8 + 144.9 pg/ml), and interleukin-6 (IL-6,
9655.5 + 1588.3 pg/ml) and moderate levels of vascular
endothelial growth factor (VEGF, 167.6 + 89.2 pg/ml),
fibroblast growth factor-7 (FGF-7, 654.7 + 188.2 pg/ml), and

interleukin-12 (IL-12, 256.4 4 158.7 pg/ml) (Figure 1C). The
hAMSCs had regulatory functions in immune cells, especially T
cells, which could slightly inhibit the proliferation rate of total
lymphocytes (-5.2% =+ 0.4%), strongly inhibit the proliferation
rate of Thelper1 (Th1) (-45.5% + 2.0%), Th2 (-39.8% =+ 8.1%),
andTh17 (-32.6% % 22.7%) cells, and promote the proliferation
rate of regulatory T (Treg) cells (20.0% = 6.3%) (Figure 1D).

hAMSC safety assessment on tumorigenicity in vitro and in vivo

A soft agar colony formation experiment was performed. After
3 weeks, no colony was observed in the negative control group
of human normal embryo lung fibroblasts (MRC-5, Figure 2A)
and the hAMSC group (Figure 2B). In contrast, the positive
control group of human cervical cancer cells (Hela) had evident
colony formation, with the colony number of 232.7 + 20.4
and the colony formation rate of 7.76% + 0.68% (Figure 2C).
Furthermore, subcutaneous tests in nude mice (Balbc-nu) were
performed. During the observation period for 16 weeks, there
was no tumor formation in the negative control group (HEF5.2
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Figure 1 Preclinical release inspections and efficacy assessment. (A) General biosafety and cell viability of hAMSCs were up to quality
standard. (B) Release inspections on hAMSC surface antigens. (C) Analysis for cytokine secretions from hAMSC culture supernatants.
(D) hAMSCs showed immunocompetence in vitro when cocultured with lymphocytes from healthy persons.

cells, Figure 2D) and the hAMSC group (Figure 2E), while large
tumors were observed in the positive control group (NCI-H460,
Figure 2F-H). Our data demonstrated that the tumorigenic po-
tential of hAMSCs was negligible both in vitro and in vivo.

hAMSC safety assessment on genetics

G-banding analysis showed that the karyotype was normal
(46, XY) and STR analysis suggested that the cells were a single
source population (Supplementary Figure S1).
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Figure 2 Preclinical hAMSC tumorigenicity assessments in vitro and in vivo. (A—C) The soft agar colony experiment was performed to
investigate the tumorigenicity of hAMSCs cultured for 21 days in vitro (magnification, 40x). (A) Human normal embryo lung fibroblasts
(MRC-5, 3.0 x 103 cells/well) were negative controls. (B) hAMSCs (6.0 x 10> cells/well) showed no tumorigenic effect. (C) Human cervical
cancer cells (Hela, 3.0 x 103 cells/well) were used as positive controls. (D—H) Subcutaneous tests in nude mice (Balbc-nu) were performed to
investigate the tumorigenicity of hAMSCs in vivo. The negative control group (D) and hAMSC group (E) did not show tumor formation after 16
weeks. In the positive control group (NCI-H460), the mice were sacrificed when tumor arose and grew to 3000 mm? at Day 26 (F), Day 30 (G),
and Day 33 (H), respectively.
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Acute toxicity

Maximum tolerated dosage Equivalent dosage in humans(60 kg)
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Figure 3 Animal tests for maximum tolerated dosages and immune toxicity of hAMSCs. (A and B) Maximum tolerated hAMSC dosages in
C57BL/6 mice and SD rats were investigated with acute (A) and long-term (B) toxicity tests. (C) Immune toxicity of hAMSCs in C57BL/6 mice
was investigated in control, low-dosage, medium-dosage, and high-dosage groups. The estimated equivalent dosages in humans are listed.
Created with BioRender.com. (D-F) Serum IgG (D), IgE (E), and IgM (F) levels were detected in immune toxicity tests. *P < 0.05 vs. control
group; *P < 0.05 vs. medium-dosage group; P < 0.05 and *#P < 0.01 vs. low-dosage group.

Maximum tolerated dosages in mice/rats and the estimated
equivalent dosages in humans

The dosage conversion between mice/rats and humans was
not only based on the body mass as functional biochemical
systems vary among different species (Nair and Jacob, 2016).
For a man whose body weight is 60 kg and body surface area is
1.53 m?, the intravenous administration dosage of hAMSCs is
1.0 x 10° cells/kg. Here, we used the Mech formula to deter-
mine surface area, a classical approach to estimate equivalent
dosages between humans and mice/rats (Nair et al., 2018). The
formula is expressed as S = KW?/3, in which S is the surface area
in square centimeters, W is the weight in kilograms, and K is a
constant (Meeh, 1879).

The maximum tolerated dosage in C57BL/6 mice was
7.50 x 107 cells/kg (~6 times forthe clinical intravenous admin-
istration dosage, equivalent to 6.0 x 10° cells/kg in humans).
The maximum tolerated dosage in Sprague—Dawley (SD) rats
was 1.20 x 108 cells/kg (~20 times for the clinical intravenous
administration dosage, equivalent to 20.0 x 10° cells/kg in
humans) (Figure 3A).

High-dosage hAMSCs can cause pulmonary vascular em-
bolism and death in mice. There was no significant toxicity in

C57BL/6 mice within a hAMSC dosage of 5.0 x 107 cells/kg
(equivalent to 4.0 x 108 cells/kg in humans). No significant
toxicity was observed in SD rats within a hAMSC dosage of
1.5 x 107 cells/kg (equivalent to 3.0 x 10° cells/kg in humans)
(Figure 3B). These C57BL/6 mice and SD rats were normal
in body weight, organ coefficients, histopathological analysis,
bone marrow smear, blood routine and biochemical tests, and
blood interferon-gamma (IFN-y) levels (data not shown).

Immune toxicity tests in mice with hAMSC intravenous
administration

Three dosages of hAMSCs were injected intravenously to as-
sess immune toxicity in C57BL/6 mice (Figure 3C). After the first
hAMSCintravenous administration, one male mouse in the high-
dosage group (1.0 x 108 cells/kg) died because of pulmonary
embolism. The appearance and behavior of surviving mice in
each group were normal.

Among the control, low-dosage, medium-dosage, and high-
dosage hAMSC groups, serum immunoglobulin G (IgG) levels
were not significantly different (Figure 3D). Serum immunoglob-
ulin E (IgE) levels increased in a dosage-dependent man-
ner, especially in the medium-dosage and high-dosage groups
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i.v. HAMSCs

i.m. HAMSCs

Cell culture supernatant
for external application
in wound surface

Day of the illness 17 21 24 26 1 8 19

26 1 16 19 9 25 27 26 10 6
) L [ I R N O |

Month of the illness Sep. Oct.

Dec. Jan. Mar. Jul. Sep. Dec.
] L J

L
Year of the illness 2018

2019

The patient was not hospitalized from January 28, 2019 to March 12, 2019.

Figure 4 Clinical hAMSC treatment for the uremic calciphylaxis patient. (A) An overview of the hAMSC therapeutic schedule for the patient.
(B) Wounds on the lower limbs before hAMSC treatment. (C) After 14 days of intravenous infusion plus local intramuscular injection, the
surface of wounds began to recover. (D) The left thigh with local intramuscular hAAMSC injection for 1 month recovered better than the right
thigh without localintramuscularinjection. (E) Wounds of lower limbs before treatment. (F) Skin lesions were healed after treated with hAMSCs
for 1 year. (G) The patient could walk after 15 months of hAMSC treatment.

(Figure 3E). Serum immunoglobulin M (IgM) levels showed a
dosage-dependent increasing trend after hAMSC intravenous
administration, especially in the high-dosage group (Figure 3F).
Our results demonstrated that there was no significant immune
toxicity in C57BL/6 mice within the dosage of 5.0 x 107 cells/kg
(equivalent to 4.0 x 10° cells/kg in humans).

Treatment course and dosages of hAMSCs for the uremic
calciphylaxis patient

Prior to clinical hAMSC treatment, the patient’s hAMSC-lysate
skin test showed negative. Then, hAMSCs were administered
intravenously to the patient at a dosage of 1.0 x 10° cells/kg
body weight, combined with local intramuscular injection along

the wound edge (2.0 x 10* cells/cm?) and external application
of the cell culture supernatants on wound surface. The patient’s
hAMSC treatment course is outlined in Figure 4A.

Healing progress of skin lesions treated with hAMSCs

Before treatment, the wounds showed multi-necrotizing ul-
cers with escharand infection (Figure 4B). After intravenous plus
localintramuscularhAMSCinjection for 14 days, the skin lesions
had substantially improved (Figure 4C). During the early stage
of calciphylaxis, the patient was in great pain, not fully relieved
by analgesics, and had evident difficulty when it was necessary
to change body position. Hence, we first gave intramuscular
hAMSC injection in the left thigh alone. After 1 month, when
reduced eschar and regenerative tissue were observed, it was
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clear that the left thigh was healed better than the right one
(Figure 4D), indicating that local injection could accelerate the
wound recovery. Compared with pre-therapy (Figure 4E), the
lower limbs were successfully cured after 1 year (Figure 4F), and
the general condition of the patient was visually improved after
15 months (Figure 4G).

Adverse events
No infusion or local treatment-related adverse events oc-
curred.

Measurements of blood parameters

After hAMSC treatment, hemoglobin and serum albumin lev-
els gradually increased. The levels of leukocytes, platelets,
and high-sensitivity C-reactive protein decreased substantially,
suggesting improvement of inflammation status. A moderate
rebound in serum phosphorus and alkaline phosphatase lev-
els was observed because of poor control on the diet. How-
ever, serum calcium and intact parathyroid hormone (iPTH)
levels remained in the normal range of the treatment target
(Figure 5A-I). Furthermore, serum tumor markers were sta-
ble in normal range after hAMSC treatment for 15 months
(Figure 5)-M).

Subpopulations of PBMCs after hAMSC treatment

The patient had elevated Th1/Th2/Th17 baseline levels, a
higher Th1/Th2 ratio (6.25:1), and a lower Treg level. After
the first month of hAMSC treatment, Th1 and Treg cells in-
creased (22.71% and 303.06%, respectively), while Th2 and
Th17 cells decreased (-45.76% and —32.52%, respectively).
After 15 months of hAMSC treatment, Th1/Th2/Th17 cells were
repressed (-52.41%, —33.47%, and -99.19%, respectively)
and the proliferation of Treg cells was enhanced (93.33%). Im-
portantly, the patient had an improved Th1/Th2 ratio (4.47:1),
which was closer to the normal value (2:1), after 15 months of
hAMSC treatment (Figure 5N—Q).

Hematoxylin and eosin staining of skin biopsy from the
calciphylaxis patient during the course of hAMSC treatment

Hematoxylin and eosin (H&E) staining of skin biopsy obtained
from the margin of an ulcer on the thigh before hAAMSC treatment
revealed exfoliation of the epidermis, necrosis, inflammation,
and vascular calcification (Figure 6A-D). After 1 month of hRAMSC
treatment, skin biopsy from the thigh displayed nascent granula-
tion tissue, regeneration of noncalcified blood vessels, reduced
inflammatory response, and no epidermal tissue (Figure 6E—G).
After 20 months of hAMSC treatment, skin histological charac-
teristics displayed regeneration of epidermal and dermal layers,
mature vessels without calcification, collagen remodeling, and
mild inflammation. This process, termed re-epithelialization,
restored the integrity of the damaged site (Figure 6H—1).

Skin biopsy statistical analysis of inflammatory cells and
blood vessels during hAMSC treatment by light microscopy is
shown in Supplementary Table S1.

Discussion

In this study, the uremic patient was diagnosed with calciphy-
laxis based on typical clinical manifestations such as severely
painful skin lesions and skin histopathological findings. This pa-
tient was refractory to a session of medical management strate-
gies, includingintravenous administration of sodium thiosulfate
(Pengetal., 2018), wound care, pain management, anticoagula-
tion, thrombosis prevention, co-interventions of lower dialysate
calcium concentration and increased length or frequency of dial-
ysis sessions, etc. (Nigwekar et al., 2018).

Arteriolar calcification due to vascular smooth muscle cell
(VSMQ) phenotype transdifferentiation plays a crucial role in
the pathogenesis of calciphylaxis (Nigwekar et al., 2018). Intra-
venous ADSC treatment has been reported to suppress thoracic
arterial medial calcification in CKD rats (Yokote et al., 2017).
BMSC-derived exosomes could inhibit high phosphate-induced
aortic calcification by decreasing the high mobility group
box 1 (HMGB1) level via the sirtuin 6-HMGB1 deacetylation
pathway (Wei et al., 2021). BMSC-derived exosomes inhibited
high phosphorus-induced VSMC calcification in vitro by modi-
fying miRNA profiles involved in the Wnt, mammalian target of
rapamycin, or mitogen-activated protein kinase signaling path-
way (Guo et al., 2019) and regulating the nuclear factor kappa-B
(NF-kB) axis (Liu et al., 2021a).

In addition to treatment of vascular calcification, stem
cells can promote neovascularization by multi-differentiation
into keratinocytes, endothelial cells, or VSMCs and act as
perivascular cells. Paracrine secretions of cytokines, growth
factors, microvesicles/exosomes, and chemokines can
modulate angiogenesis, apoptosis, and immune responses
and facilitate the regeneration of damaged tissue (Zhao et al.,
2017; Hassanshahi et al., 2019).

Our research indicated that hAMSC supernatants contained
high levels of cytokines. As an upstream-indirect proangiogenic
growth factor, HGF stimulates endothelial cells to proliferate and
migrate while inhibiting cell apoptosis and tissue reconstruction
(Pang et al., 2018), inducing VEGF and blood vessel formation
(Jiao et al., 2016a). HGFis also a potent immunomodulatory and
anti-inflammatory factor (Maraldi etal., 2015; Pangetal., 2018).
Ang-1 is reported to accumulate in the extracellular matrix,
enhancing the recruitment of pericytes and SMCs, promoting
endothelial cell survival, proliferation, migration, and angiogen-
esis (Wang et al., 2019).

BDNF stimulates new vessel formation by increasing VEGF,
regulates the primary proinflammatory transcription factors
such as NF-«xB, and restricts the magnitude of the inflam-
matory response (Halade et al., 2013). Muscle-derived BDNF
plays a role in muscle repair, regeneration, and differentiation
(Pedersen, 2013). IL-6 has mitogenic and proliferative effects on
keratinocytes and is chemoattractive to neutrophils (Barrientos
et al., 2008; Canedo-Dorantes and Canedo-Ayala, 2019). As a
pro-angiogenic factor, IL-6 can regulate endothelial progenitor
cell migration (Fan et al., 2008), activate quiescent microvas-
cular endothelial cells, and induce the formation of tubular
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Figure 5 The laboratory data of the uremic calciphylaxis patient before and after hAAMSC treatment. (A-M) After applying hAMSC treatment,
the levels of hemoglobin (A), leukocytes (B), platelet (C), hypersensitive C-reactive protein (D), serum albumin (E), serum calcium (F), serum
phosphorus (G), serum alkaline phosphatase (H), serum intact parathyroid hormone (I), serum alpha fetoprotein (J), serum carcinoembryonic
antigen (K), serum carbohydrate antigen 125 (L), and serum carbohydrate antigen 19-9 (M) were monitored. Shaded area shows the reference
range of each indicator. The hemoglobin, calcium, phosphorus, and intact parathyroid hormone levels are based on the recommended ranges
(KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease, 2012; Kidney Disease: Improving Global Outcomes (KDIGO) CKD-
MBD Update Work Group, 2017), and others are based on the normal reference values of laboratory tests. (N-Q) PBMC subpopulations of
the patient during the course of hRAMSC treatment, including Th1 (N), Th2 (0), Th17 (P), and Treg (Q), were detected.
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Figure 6 H&E staining of skin biopsy from the calciphylaxis patient during hAMSC treatment. (A-D) Specimens of biopsy obtained
from the margin of an ulcer on the thigh before hAMSC treatment. (A) Pathological characteristics contain exfoliation of epidermis,
necrosis, inflammation, and vascular calcification (magnification, 40x). (B) Exfoliation of epidermis (#), necrosis (*), and marked
inflammatory response (magnification, 100x). (C) Extensive infiltration of inflammatory cells mainly presented as plasmacytes (A)
and neutrophils (4) (magnification, 200x). (D) Sheet-like calcium deposits on the wall of small vessels (I) characterized as gran-
ular basophilic plague (400x). (E—G) Skin biopsy from the thigh of the calciphylaxis patient after hAMSC treatment for 1 month.
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structures (Potente et al., 2011; Wang et al., 2012). IL-6 is
essential formaturation, proliferation, differentiation, and main-
tenance of B cells/plasma cells and proinflammatory Th17 and
Th2 cells (Tvedt et al., 2017). Furthermore, IL-6 is linked with
muscle stem cells and has myogenesis effects (Pedersen, 2013).

VEGF affects most downstream activities of angiogenesis, in-
cluding endothelial cell proliferation, migration, invasion, and
survival, and promotes vascular permeability (Waldner et al.,
2010; Hu et al., 2019). VEGF also induces extravascular leak-
age of plasma proteins, modulates extracellular matrix proteol-
ysis (Bien et al., 2015), regulates local immune response, and
helps recover from inflammation (Cafiedo-Dorantes and Cafiedo-
Ayala, 2019). FGF-7 can contribute to synthesizing various pro-
angiogenic molecules, including VEGF, to promote angiogene-
sis (Qu et al., 2018). As a keratinocyte growth factor, FGF-7 is
upregulated after skin injury, stimulates the proliferation (Kao
et al., 2011) and migration (Qu et al., 2018) of keratinocytes,
and accelerates wound healing by re-epithelialization (Iwamoto
etal., 2015). FGF-7 is important for the formation of hair follicles
(Qu et al., 2018). IL-12 induces ThO to Th1 cells to enhance
cellular immunity (Zhou et al., 2019), promotes the cytotoxic
activity of natural killer (NK) and T lymphocytes, and increases
the secretion of cytokines, including IFN-y and tumor necrosis
factor-a (Zhao et al., 2020).

MSCs can regulate both innate immunity and adaptive
immunity by modulating activation, maturation, proliferation,
or cytolytic activity of multiple immune cells, including T, B, and
NK lymphocytes, dendritic cells, monocytes, and macrophages
(Shietal., 2018). In this calciphylaxis patient, an increase in the
Th1/Th2 ratio at baseline indicated that inflammation reactions
were triggered and Th1/Th2 balance was broken (Chi et al.,
2019). After 15 months of hAMSC treatment, a gradual decrease
in the Th1/Th2 ratio revealed inflammation suppression and
improved health. The anti-inflammatory properties of MSCs
have been linked to their immunoregulation potential (Mishra
et al., 2020). Consistent with previous studies (Shi et al., 2018;
Harrell et al., 2020), our research suggested that hAMSCs could
suppress the proliferation and differentiation of Th1/Th17 cells,
induce functional Treg cells, and promote cell regeneration.

The use of hAMSCs in animal models of various diseases has
been documented previously. Long-term effects of intravenous
hAMSC administration for amyotrophic lateral sclerosis were
investigated in superoxide dismutase (SOD1%3*) mice. After
being treated with hAMSCs (1 x 10° cells) at the 12th, 14th,
and 16th week, the mice displayed retarded disease progression
and extended survival (Sun et al., 2014). hAMSCs (1 x 10° cells)
administrated intravenously can ameliorate spatial learning and
memory function in C57BL/6J-amyloid precursor protein (APP)

transgenic mice with Alzheimer’s disease after 3-week treatment
(Jiao et al., 2016b).

hAMSCs are also reported to treat skin lesions with local injec-
tion. C57BL/6 mice with a deep second-degree burn on the skin
were injected with hAMSCs subcutaneously (2 x 108) near the
wound. hAMSCs and conditional medium could cure skin injury
by inhibiting apoptosis and promoting proliferation (Li et al.,
2019). In C57BL/6 mice with full-thickness skin wound, 100 pl
of cell suspension containing 1 x 107 hAMSCs/mlin phosphate-
buffered saline (PBS) was subcutaneously injected along the
wound edge, which could contribute to the macrophages’ trans-
formation from M1 type to M2 type, inducing upregulation of
anti-inflammatory and anti-fibrotic factors and downregulation
of inflammation-mediated factors (Shi et al., 2020). In SD rats
with full-thickness skin defect wounds, hAMSCs injected at the
dosages of 0.5 x 10%, 0.5 x 10%, and 0.5 x 10° cells were
reported to promote wound healing and epithelialization after
15 days (Gao et al., 2020). In SD rats defecting in the middle
of tibialis anterior muscle, gelatin methacryloyl hydrogel with
hAMSCs (5 x 10°/ml) was implanted into the defect area, which
displayed agglomeration of cells after 2 weeks (Zhang et al.,
2019).

Based on the above references about intravenous/local
hAMSCinjection and ouranimal experiments for maximum toler-
ated dosages, we designed an hAMSC therapeutic schedule for
this uremic calciphylaxis patient with the approval of the Ethics
Committee of The First Affiliated Hospital of Nanjing Medical
University, Jiangsu Province Hospital. The patient was treated
with hAMSCs by intravenous and local intramuscular injection
within safe dosages. Furthermore, hAMSC supernatant was
applied to her ulcers. The patient could tolerate well with skin
regeneration. Skin biopsy from herthigh showed viable skin with
revascularization without calcification after hAMSC treatment
for 1 month and integrated skin tissue after hAMSC treatment for
20 months. However, the patient died due to cerebral
hemorrhage in May 2020. We speculated that the death was not
directly related to stem cell treatment because intravenous and
intramuscular injections had been stopped for 8 months at her
death.

In conclusion, hAMSC treatment for this patient appeared
to promote skin and soft tissue repair, which we speculate
may have resulted from the inhibition of vascular calcifica-
tion, the stimulation of neovascularization and myogenesis,
as well as enhanced anti-inflammatory activity, immunoreg-
ulatory actions, and re-epithelialization (Figure 8). This case
provides evidence and rationale for using hAMSCs as a novel
candidate for regenerative treatment in uremic calciphylaxis
patients.

Figure 6 (Continued) (E) Pathological characteristics contain nascent granulation tissue, reduced inflammatory response, and no epidermal
tissue (magnification, 100 x). (F) Proliferation of myofibroblasts (1) and regeneration of blood vessels M (magnification, 200x). (G) Reduced
plasmacytes (A), neutrophils (4), and lymphocytes (/\) in the subcutaneous tissue (magnification, 200x). (H and I) Skin biopsy from the
thigh of the calciphylaxis patient after hAMSC treatment for 20 months. (H) Pathological characteristics contain regeneration of epidermal
and dermal layers, mature vessels without calcification, collagen remodeling, and mild inflammation (magnification, 100x). (I) Intact cuticle
(), restoration of damaged epidermis integrity (#), collagen fiber (o), and fewer inflammatory cells (magnification, 200x).

Page 11 of 16



Qin et al., J. Mol. Cell Biol. (2022), 14(2), mjac010

QcP2

»

/ Fragments \
Amniotic membrane -

Placenta

Donor

P5 '\QCPS

%

Infusion/injection fluid (P5)

o
vy

Qcp3 =R
Single‘::ells Cell culture Primary cell bank (P0)

qcrs =
g -

‘:___ﬂ-/

Cell culture Secondary cell bank (P4)

>
[ T

Cell culture

Figure 7 The flowchart of manufacture and preclinical quality control for hAMSCs. At QCP1, virus infection by viruses such as HIV-1, HBV,
HCV, EBV, HCMV, HHV6/7, HPV, and retrovirus was tested, medical history was inquired (excluding donors with contraindication), and fetus
health and body weight were assessed. At QCP2, microbial contaminations (fungus, bacteria, mycoplasma, and Treponema pallidum) were
tested. At QCP3 and QCP4, microbial contamination and levels of surface markers were analyzed. At QCP5, karyotype and STR were confirmed,
microbial contamination, cell viability, and levels of surface markers were tested, and oncogenicity in vitro, cytokine secretory ability, and
immunocompetence of hAMSCs were analyzed. At QCP6, microbial contamination, cell shape, cell viability, cell growth, and levels of surface

markers were analyzed. Created with BioRender.com.

Materials and methods
Preparation and quality control of produced hAMSCs

hAMSCs were prepared in the State Key Laboratory of Repro-
ductive Medicine, The First Affiliated Hospital of Nanjing Medical
University, Jiangsu Province Hospital (Liu et al., 2021b), a Good
Manufacturing Practice (GMP)-compliant laboratory according
to the national principle (‘Guiding Principle for Cell Therapy
Products Research and Assessment Technique’, 2017).

Human amniotic membranes were donated by healthy
pregnant women (Figure 7, QCP1). Amniotic membranes
screened negative for microbial contamination were cultured
(Figure 7, QCP2). Primary hAMSCs (PO) were cryopreserved
as primary cells in our cell bank if negative for microbial and
virus contamination (Figure 7, QCP3). PO cells were passaged
three times and cryopreserved as the secondary cell bank after
confirmed negative microbial contamination (Figure 7, QCP4).
Safety and efficacy assessments (Figure 7, QCP5) included
microbiology, virology, viability, cell surface antigen, morphol-
ogy, tumorigenicity, secretory ability, and immunocompetence
analysis, as well as genetics analysis of karyotype and STR
(‘Guiding Principle for Stem Cell-based Medicinal Products
Quality Control and Pre-clinical Research’, 2015; ‘Guiding
Principle for Cell Therapy Products Research and Assessment
Technique’, 2017). The hAMSCs passed the quality verification
from the National Institutes for Food and Drug Control of China
(reports of SH201905141 and SH201905142). The secondary
cellbank produced fresh hAMSCs after going through the release

inspections (Figure 7, QCP6). Establishment and quality control
of hAMSC lines are introduced in the following sections (Alviano
et al., 2007; ‘Guiding Principle for Stem Cell-based Medicinal
Products Quality Control and Pre-clinical Research’, 2015).

Establishment of hAMSC lines

Human amniotic membranes were digested by cTs™ TrprETM
Select Enzyme (Gibco) and Collagenase NB 6 GMP Grade (Serva
GmbH). Digested cells were plated in 15-cm dishes and cultured
ina 37°C, 5% CO, incubator for 4—5 days. The complete culture
medium was composed of 5% UltraGRO-hPL (Helios Bioscience),
MEM-alpha (Gibco), 1% L-glutamine (Gibco), and 2 U/ml heparin
sodium. Cells that reached 80%—90% confluence were digested
by CTS™ TrypLE™ Select Enzyme. The harvested cells were cryop-
reserved or passaged further to perform the quality test.

Release inspections on hAMSCs

hAMSC-specific surface markers were detected by flow
cytometry. Fungal and bacterial contamination was tested by
culture methods according to the national principle (‘Guiding
Principle for Cell Therapy Products Research and Assessment
Technique’, 2017), and bacterial contamination was further as-
sessed by an endotoxin detection kit (Zhanjiang Bokang Marine
Biological Co., Ltd). Mycoplasma infection was assessed by
real-time fluorescence quantitative polymerase chain reaction
(PCR) with specific primers (forward: GGGAGCAAACAGGATTA
GATACCCT; reverse: TGCACCATCTGTCACTCTGTTAACCTC) on
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Figure 8 Preclinical research of hAMSCs and regenerative treatment for the uremic calciphylaxis patient. Created with BioRender.com.

the QuantStudio™ 7 Flex Real-Time PCR System (Applied
Biosystem®). Cell viability was assessed by living cell counting.
Cell population doubling time was calculated based on living
cell counting and the equation Tp=(t x log2)/(logN; — log No)
(t: cell culturing time; No: cell number at the time of planting;
N;: cell number after t-h growing).

Analysis for surface markers of hRAMSCs

Cells that reached 80%-90% confluence were digested
with TrypLE" (Gibco), washed with PBS, and divided into
1 x 10°/10 pl/tube. The target antibodies (Supplementary
Table S2) were added, placed at room temperature for 20 min,
and protected from light. The cells were washed with Dulbecco’s
PBS (GIBCO), resuspended, transferred to a flow tube, and
tested on the machine (Gallios, Beckman Coulter).

Analysis for cytokine secretions from hAMSC supernatants

When hAMSCs reached 80%-90% confluence in vitro,
the culture supernatants were analyzed by enzyme-linked
immunosorbent assay (ELISA). Kits from Fcmacs Biotech Co.,
Ltd, were applied to detect the levels of HGF, BDNF, IL-6, and
IFN-y. VEGF, Ang-1, FGF-7, and IL-12 were measured with kits
from Multisciences Biotech Co., Ltd.

Analysis of RAMSC immunocompetence in vitro

PBMCs were isolated from whole blood of a healthy con-
trol/patient and cocultured with hAMSCs at 10:1 for 72 h. Then,
brefeldin A (BioLegend) was added and cells were collected
after 5 h. Total lymphocytes were labelled with anti-human CD3
and CD8 antibodies (BioLegend), and Th1, Th2, and Th17 cells
were labelled with anti-human CD3, CDS8, IL-4, IFN-y, and IL-17A
antibodies, respectively (BioLegend). Treg cells were labelled
with anti-human CD4, CD25, and forkhead box 03 (FOXP3) anti-
bodies (BioLegend). All cells were detected by flow cytometry.

hAMSC tumorigenicity assessed by soft agar experiment in vitro

hAMSCs (AMSC10.2.2, P5) were inoculated into soft agar
(6-well plates) at low (1.5 x 103/well), medium (3 x 10> /well),
and high (6 x 10%/well) concentrations (n = 3 in each
group). Human normal embryo lung fibroblasts (MRC-5, negative
control) and human cervical cancer cells (Hela, positive control)
were inoculated into soft agar at 3 x 103/well. Cells were cul-
tured in a 37°C, 5% CO, incubator for 3 weeks, the number of
colonies was counted with >20 cells in each group, and the
colony formation rate was calculated.

Tumorigenicity tests of hRAMSCs in Balbc-nu mice
Balbc-nu mice at 5-6 weeks old were subjected to tu-
morigenicity tests by subcutaneous inoculation of hAMSCs

Page 13 of 16



Qin et al., /. Mol. Cell Biol. (2022), 14(2), mjac010

(1 x 107 cells) at one scapula area (n = 10). The HPF5.2 cell line
(prepuce fibroblasts) was established from donated prepuce
tissue of a 6-year-old boy who underwent the excision of prepuce
surgery, which was approved by the Ethics Committee of The
First Affiliated Hospital of Nanjing Medical University, Jiangsu
Province Hospital (2012-SR-128). In Balbc-nu mice, HPF5.2 cells
were injected as negative control (n = 10) and human lung
cancer cells (NCI-H460 cell line) were injected as positive control
(n = 10). The mice were observed for 16 weeks and sacrificed
when the tumor volume reached 3000 mm?.

The karyotype and STR analysis

Chromosomes were visualized by Giemsa staining. A mini-
mum of 50 metaphase hAMSCs per sample were selected to
perform a full karyotype analysis (Catalina et al., 2007, 2008).
Chromosome DNAs were extracted from hAMSCs, and multiplex
PCR was performed for STR regions of interest (Baine and Hui,
2019). Twenty loci and amelogenin for sex determination were
tested.

Acute toxicity tests of single hAMSC intravenous administration
in mice and rats

C57BL/6 mice (6—8 weeks old, n = 10 in each group) were
injected with hAMSCs via tail vein. A total of eight dosages
(equivalent to 2-32 times the clinical dosage with 2 x 10°
to 32 x 10° cells/kg in humans) were tested. SD rats (6-12
weeks old, n = 4 in each group) were injected with a total of
nine dosages (equivalent to 7-53 times the clinical dosage with
7 x 10°to 53 x 10° cells/kg in humans). The survival time was
observed for 14 days.

Long-term toxicity tests of multiple hAMSC intravenous
administration in mice and rats

C57BL/6 mice (7—8 weeks old, n = 10 in each group) and SD
rats (9—10 weeks old, n = 12 in each group) were injected with
hAMSCs via tail vein every 5 days for 6 times. They had a 4-week
recovery period after the final hRAMSC administration.

Immune toxicity tests in mice with hAMSC intravenous
administration

C57BL/6 mice (7-8 weeks old, 16-20 g for females and
18-21 g for males) were randomly divided into the control
group (1% human serum albumin), hAMSC low-dosage group
(2.5 x 107 cells/kg), hAMSC medium-dosage group (5.0 x 107
cells/kg), and hAMSC high-dosage group (1.0 x 108 cells/kg).
There were 10 mice in each group, with equal numbers of
female and male. The hAMSCs were administered by tail vein
and repeated every 5 days for a total of three times. After 4-week
recovery following the last administration, serum IgG, IgE, and
IgM levels were detected by ELISA (Fcmacs Biotech Co., Ltd).

Measurement of blood parameters for the uremic calciphylaxis
patient

Venous whole blood samples were drawn in the morning from
the patient after overnight fasting. Routine blood tests were

performed using an LH-750 Hematology Analyzer (Beckman
Coulter). Biochemical indices were measured using an auto-
matic biochemical analyzer (AU5400; Olympus). Serum iPTH lev-
els were measured with the second-generation iPTH assay kits by
UniCel DxI800 Access Immunoassay System (Beckman Coulter).
Serum tumor parameters were measured with the Cobas €602
electrochemiluminescent immunoassay instrument (Roche).

Skin histopathological analysis for the calciphylaxis patient
during hAMSC treatment

H&E sections of the patient’s thigh skin at different time
points (before, 1 month after, and 20 months after hAMSC
treatment) were investigated by light microscopy. The blood
vessels were recorded at low magnification (100x), while
inflammatory cells, including neutrophils, lymphocytes, and
plasmocytes, were counted at high magnification (400x). Each
value was determined as the mean of three microscopic vision
fields selected by three experienced medical practitioners.

The ethical issues of the study

Human amniotic membranes were donated by healthy preg-
nant women in their 20s or 30s who underwent C-sections for
full-term pregnancies and provided written informed consent,
which was approved by the Ethics Committee of The First Affil-
iated Hospital of Nanjing Medical University, Jiangsu Province
Hospital (2012-SR-128). The animal experiments were approved
by the Ethics Committee of Nanjing Medical University (IACUC-
1808004). Because of the rapid progression of calciphylaxis
refractory to conventional therapies, the patient received hAMSC
treatment, which was approved by the Ethics Committee of The
First Affiliated Hospital of Nanjing Medical University, Jiangsu
Province Hospital (2018-QT-001), and written informed consent
was signed prior to treatment.

Statistical analysis

Continuous variables were expressed as mean + standard
deviation. The Mech formula (expressed as S = KW?/3) was used
for the dosage conversion between mice/rats and humans. The
Kruskal-Wallis test and Fisher’s exact test were used to analyze
the relationships among control, low-dosage, medium-dosage,
and high-dosage groups. A paired-sample t-test was used to
compare blood parameters before and after hAMSC treatment.

The data were analyzed by SPSS 25.0 (SPSS Company). A two-
sided P-value < 0.05 was considered statistically significant.
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Supplementary material is
Molecular Cell Biology online.
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