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Integration of non-vascularized bone grafting and bone marrow aspirate infusion

in transplantation may provide clinical benefit. Here we have incorporated bone

fragment co-transplantation and bone marrow aspirate infusion (BF-BM) into living

kidney transplantation (LKT). Twenty LKT recipients receiving bone fragments and

bone marrow aspirates donated from their corresponding donors were enrolled into

a retrospective study. A contemporaneous control group was formed of 38 out of

128 conventional LKT recipients, selected using propensity score matching by a 1:2

Greedy algorithm. Ultrasonography, contrast-enhanced ultrasonography (US/CEUS) and

SPECT/CT showed that the co-transplanted bone fragments remained viable for 6

months, subsequently shrank, and finally degenerated 10 months post-transplantation.

BF-BM resulted in earlier kidney recovery and more robust long-term kidney function.

Throughout 5 years of follow-up, BF-BM had regulatory effects on dendritic cells (DCs), T

helper (Th1/Th2) cells and regulatory T cells (Tregs). Both alloantigen-specific lymphocyte

proliferation and panel reactive antibody levels were negative in all recipients with or

without BF-BM. In addition, the BF-BM group experienced few complications during

the 5-year follow-up (as did the donors)—this was not different from the controls. In

conclusion, BF-BM is safe and benefits recipients by protecting the kidney and regulating

the immune response.

Keywords: living kidney transplantation (LKT), bone fragment co-transplantation, bone marrow aspirate infusion,
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INTRODUCTION

Transplantation, the preferred treatment for end-stage
organ failure, has been facilitated by the development of
immunosuppressive agents that greatly reduce the incidence of
rejection (1, 2). However, prolonged acceptance of transplanted
organs requires the lifelong use of immunosuppressants.
These can put the recipients and the grafts at risk of
adverse effects, such as infection and acute/chronic injury
that can become inexorable, limiting the lifespan of the
transplanted organs and recipients (3–5). Therefore, discovery
of new methods for graft protection and immunomodulation
is essential.

A key lesson arises from the practice of composite
allotransplantation (CAT), in which the predicted severe
acute rejection does not occur (6–8). This identifies donor-
derived bone co-transplantation as a new therapeutic option
to protect the allograft (9–11). However, the vascularized bone
transplants used in CAT are of limited feasibility in other settings
such as kidney transplantation. First, procurement of intact
vascular bone grafts remains challenging, especially in living
donors. Second, the surgical site selected for a kidney transplant
is commonly the iliac fossa, where there is no additional
space for an intact bone. Finally, it can increase the risk of
surgical complications. To date, no vascularized intact bone
transplantations are performed.

One option, based on current clinical approaches used in
orthotopics to cure bone defects, is to use non-vascularized
bone fragment transplantation (12, 13). In living kidney
transplantation (LKT), the classic flank approach of open donor
nephrectomy with division of the ribs, provides a piece of bone
currently seen as waste and discarded. Although laparoscopic
techniques are currently popular in LKT, this approach via a
mini-incision is still used in Europe, US, Asia and developing
countries (14–19) and has similar benefits to a laparoscopic
approach. An innovative approach would be to use fragments of
the resected rib and implant them into an environment with an
abundant blood supply as a non-vascularized bone co-transplant.
To further mimic CAT, bone marrow is needed in addition
to the bone grafts. Conveniently, bone marrow aspirate can
be harvested via a biopsy technique currently in wide use by
hematologists. Therefore, bone fragment co-transplantation with
bone marrow aspirate infusion demonstrates feasibility in the
current clinical environment.

Here we retrospectively studied a cohort of 20 LKT patients
who received avascular bone fragment co-transplantation
alongside bone marrow aspirate infusion, derived from their
corresponding donors. These recipients were followed for 5 years.
The dynamic evolution of the non-vascularized bone fragments
after transplantation was tracked by review of imaging results
and metabolic function evaluations. The data, including the
status and complications of the donors and recipients, kidney
function, chimerism and immune status readouts of recipients,
were collected during a 5-year follow-up to assess clinical efficacy.
Our work supports bone fragment co-transplantation alongside
bone marrow aspirate infusion as a beneficial clinical option in
kidney transplantation.

MATERIALS AND METHODS

Patients
From May 2011 to May 2013, 149 LKTs were performed in
our institution. The selection criteria for donor and recipient
complied with the Regulations of Organ Transplantation of
the People’s Republic of China, as previously described (20).
Among the 149 pairs, 21 recruited pairs were fully informed
of the procedure and possible related complications/advantages
for both donor (kidney procurement, 11th rib resection, bone
marrow harvesting) and recipient (kidney transplantation, bone
fragments implantation, bone marrow aspirate infusion). After
giving written informed consent, the 21 pairs underwent LKT
and bone fragment co-transplantation plus bonemarrow aspirate
infusion (BF-BM), with approval from the institutional review
board at Tongji Hospital, Tongji Medical College, Huazhong
University of Science and Technology (ethical approval no.
201302009). All 149 pairs were followed beyond 5 years. To
evaluate the impacts of BF-BM on the donors and recipients,
the 128 pairs not receiving BF-BM were treated as controls. A
retrospective chart review was performed, and a propensity score
matching method was used to select subjects from the 21 BF-BM
pairs and 129 control pairs for further analysis, in order to reduce
confounding effects of baseline age, HLA-mismatches in MHC-I
and MHC-II, donated kidney glomerular filtration rate (GFR),
warm ischemia time and cold ischemia time. Finally, 20 pairs
were selected as the BF-BM group and 38 pairs as the control
group, using a 1:2 Greedy algorithm. This retrospective study
was approved by the institutional review board at the National
Ministry of Health.

Bone Fragment Co-transplantation and
Bone Marrow Aspirate Infusion
A 10 cm-length trans-11th rib flank incision was used for donor
surgery. From the donor, the 11th rib was harvested, cut into 10–
15 small fragments, and preserved in 4◦C histidine-tryptophan-
ketoglutarate solution. After kidney procurement, bone marrow
puncture was performed under anesthesia at the bilateral iliac
crests, and 100ml bone marrow was harvested, filtered and
prepared as a bonemarrow aspirate suspension, which was stored
in blood storage solution until infusion.

The recipient underwent a standard kidney transplantation
procedure. After grafting, the abdominal muscle near the kidney
surface was bluntly dissected to form a compartment that
provided an environment with a blood supply and space where
the bone fragments were implanted. After surgery, the recipient
was given the bone marrow aspirate infusion through the
peripheral vein, which proceeded for 2 h under stable vital signs.

Management and Follow-Up of Donors and
Recipients
No induction therapy was given to all the recipients. After
transplantation, all the recipients received maintenance
immunosuppressive therapy with the protocol as tacrolimus
(Tac)+mycophenolic acid (MPA)+prednisone.

Any complications related to the surgery and bone marrow
harvest in the living donors were documented.
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TABLE 1 | Recipient and Donor Demographics.

Control (n = 38) BF-BM (n = 20) P-value

Recipient age (years) 26.1 ± 5.3 26.0 ± 6.3 0.75

Gender 0.54

Male (n) 27 13

Female (n) 11 7

Pretransplant dialysis type 0.32

Hemodialysis 38 19

eritoneal dialysis 0 1

Prior dialysis time (mon) 16.5 ± 18.0 14.9 ± 16.8 0.49

Panel reactive antibody (%)

MHC-I 3.1 ± 2.7 3.1 ± 3.4 0.98

MHC-II 2.2 ± 2.2 2.2 ± 2.9 0.87

Mismatch of six HLA antigens 1.3 ± 0.9 1.4 ± 0.9 0.26

Warm ischemia time (minutes) 1.4 ± 1.0 1.7 ± 0.7 0.25

Cold ischemia time (minutes) 165.7 ± 38.9 163.4 ± 29.2 0.80

Donor age (years) 48.5 ± 7.2 48.9 ± 8.0 0.65

Donor gender 0.54

Male (n) 11 6

Female (n) 27 14

Kidney GFR before donation 45.5 ± 5.5 45.8 ± 6.1 0.81

MHC, major histocompatibility complex; GFR, glomerular filtration rate (detected

before donation).

The recipients were monitored daily during the 1st week
and every 2–3 days during the 2nd week. Delayed graft
function (DGF), defined as the need for dialysis at least once
within the 1st week post-transplantation (21), and primary
non-function (PNF) were recorded as key kidney damage
parameters to evaluate recovery of kidney function. Post
discharge follow-ups were conducted weekly for the first
trimester, fortnightly for the next 3 months and monthly
thereafter and complications were documented. The 5-year
follow-up data were collected retrospectively.

Kidney allografts and bone fragments were scanned by
ultrasonography, contrast-enhanced ultrasonography and hybrid
SPECT-CT at different stages, including 1 month (ranging from
10 days to 4 weeks), 3 months (ranging from 2 to 4 months),
6 months (ranging from 5 to 7 months), 10 months (ranging
from 8 to 12 months), and 15 months (ranging from 13 to 18
months) post-transplantation.

Renal function was tested at each follow-up time-point.
The serum creatinine level and eGFR, calculated from the
adaptedModification of Diet in Renal Disease (MDRD) equation
(22), were documented. At 6 months and 1, 3, and 5 years
post-transplantation, PBMCs and sera of the recipients were
collected to detect their immune reactivity. Tac trough levels
were examined at each follow-up and were adjusted based on the
clinical status.

Ultrasonography and Contrast-Enhanced
Ultrasonography (US/CEUS)
US/CEUS was performed using a scanner (GE LOGIQ19)
equipped with TIC software with use of the superficial

TABLE 2 | Complications of the Donors.

Control (n = 38) BF-BM (n = 20) P-value

Operation time (minutes) 154 ± 8.4 155 ± 8 0.26

Pleural entry 1 1 1

Blood transfusion 0 0 –

Postoperative

Average narcotic use (hr) 33.6 ± 2.4 33.2 ± 1.8 0.37

Wound infection 0 0 –

Chest infection 0 0 –

Incisional hernia 0 0 –

Mortality 0 0 –

Chronic wound pain (1 y

post-surgery)

3 1 1

Puncture point painful 2 1 1

White blood cells (10∧9)

Pre-operation 6.1 ± 0.6 6.2 ± 0.8 0.19

POD 5 6.0 ± 0.6 6.2 ± 1.0 0.17

Hemoglobin (g/L)

Pre-operation 122.6 ± 6.8 122.3 ± 6.4 0.10

POD 5 118.7 ± 5.5 117.3 ± 6.0 0.14

Albumin (g/L)

Pre-operation 45.8 ± 2.0 46.1 ± 2.5 0.45

POD 5 43.8 ± 2.6 43.7 ± 2.8 0.11

POD, post operation day.

transducers (9L). First, bone fragments were assessed for their
presence or absence by acoustic shadowing and hyperechoic
values around the kidney graft. Then dynamic real-time CEUS
was performed in conformity, with a 10ml syringe containing
5ml of saline solution and 1ml of microbubble, of which
2.4ml was bolus-administered. If the peri-fragment showed
enhancement, the following parameters were then recorded: time
to enhancement (TTE), time to peak (TTP) and the maximum
blood flow of the peri-bone area (MBF).

Bone Hybrid SPECT-CT Scanning
SPECT-CT images of bone fragments were performed 3 h
after intravenous administration of 740 MBq (20 mCi) of
99mTc-methylene diphosphonate (MDP). SPECT-CT scans were
obtained using a dual head variable angle SPECT equipped with
a 16-slice helical CT scanner (Discovery 670 SPECT/CT, GE
Healthcare Technologies, USA). Tracer uptake in the allogeneic
bone fragments (B) and normal soft tissue on the contra-lateral
side (N) were assessed by semi-quantifying volumes of interest
(VOI) of B and N, manually delineated in transversal SPECT-
CT images using CT as the anatomical map. The radioactivity
ratio was calculated between the Max VOI counts of B to
N (BMax/NMax).

Recipients’ Immune Status
Peripheral blood mononuclear cells (PBMCs) were obtained
from recipients by density gradient centrifugation using LTS-
1077 (density = 1.077 g/ml; TBD, Tianjin Haoyang Biological
Manufacture Co. Ltd., Tianjin, China), and preserved at −80◦C
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FIGURE 1 | Persistence of bone grafts post-transplantation. (A) Bone grafts were detected by ultrasound at 1, 3, 6, and 10 months post-transplantation. The orange

circles indicate the ranges for each bone graft. (B) Bone grafts were detected by CT scan at 1, 3, 6, and 10 months post-transplantation. (C) Bone graft CT values

were detected by CT scan. (D) Bone graft volumes were detected by CT scan. *p < 0.05; **p < 0.01.

using CELLSAVING (New Cell & Molecular Biotech, Suzhou,
China). The recipients’ PBMCs were thawed and washed in
PBS once and incubated with anti-human CD3, CD4, CD8,
CD11c, CD16, CD25, CD56, CD68, CD80, CD86, CD206, and
HLA-DR antibodies (Biolegend; San Diego, CA, USA) in the
dark at 4◦C for 30min. For intracellular staining, cells were
fixed and permeabilized with Fixation & Permeabilization Buffer
(eBiosciences; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) for 30min, then stained with anti-human Foxp3, IFN-γ,
IL-4, IL-17A antibodies (Biolegend; San Diego, CA, USA) in 1ml
PBS. The proportions of DC (CD11c+, HLA-DR+), Th1 (CD4+,
IFN-γ+), Th2 (CD4+, IL-4+), CTL (CD3+, CD4+, CD8+),
Th17 (CD4+, IL-17A+), Treg (CD4+, CD25+, Foxp3+), MΦ

(CD68+), NK (CD3-, CD16+, CD56+), and NKT (CD3+,
CD56+) in recipient PBMC were analyzed in duplicate.

Recipient sera were thawed and assessed for levels of serum
cytokines including IL-2, TNF-α, IFN-γ, IL-17F, IL-4, IL-6, IL-
9, IL-10, and IL-13 by flow cytometry using the LEGENDplexTM

Multi-Analyte Flow Assay Kit (Biolegend; San Diego, CA, USA).
The assays were repeated in all samples in duplicate.

The recipients’ PBMCs were stained with CFSE (Biolegend)
using the manufacturer’s protocol and co-cultured with
donor PBMC at a ratio of 5:1 in a 96-well round-bottomed
plate, in triplicate. Proliferation was determined using
flow cytometric analysis of CFSE dilution. Recipient
PBMC in the absence of donor PBMC were used as
the negative control. Recipient PBMC stimulated with
anti-CD3 and CD28 antibodies (eBioscience/Thermo
Fisher Scientific; San Diego, CA, USA) were used as the
positive control.
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FIGURE 2 | Blood supply analysis of bone grafts. (A) CEUS photography of the bone grafts at 1, 3, 6, and 10 months post-transplantation. (B) Blood supply of bone

grafts represented by MBF values at 1, 3, 6, and 10 months post-transplantation.
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FIGURE 3 | Metabolic activity of bone grafts. (A) Hybrid SPECT/CT photography of the bone grafts at 1, 3, 6, 10, and 15 months post-transplantation. (B) Metabolic

viability of the bone grafts, represented by BMax/NMax values, showing alterations according to the time-point post-transplantation.
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To detect levels of humoral immunity, panel reactive
antibodies (PRA) were detected by LABScanTM 100 flow
cytometry using the LABScreen-PRA Kit (One Lambda, Inc.,
Canoga Park, CA, USA). PRA<10% was considered negative.

Statistics
The control group was used as comparator for evaluating
the safety and efficacy of the procedure. Continuous variables
were reported as means and standard deviations. The mean,
median, range, and frequency were used as descriptive statistics.
Continuous variables, including renal function, eGFR, immune
responses and cytokines between the two groups were compared
using the Student’s t-test or the Mann–Whitney U-test as
appropriate. Categorical variables were compared by means of
Fisher’s exact test. All analyses were conducted using SAS 9.4
software (SAS Institute Inc., Cary, NC, USA).

RESULTS

Demographics
The baseline characteristics of the 58 renal allograft recipients
and their donors are presented inTable 1. The recipient age, HLA
compatibility, warm ischemia time, gender, basal panel reactive
antibody, time undergoing dialysis, cold ischemia time and donor
eGFR were all comparable between the two groups.

Complications in Donors After Rib
Resection and Bone Marrow Harvest
The perioperative and long-term complications, including
operation time, pleural entry, postoperative average narcotic use,
wound infection, chest infection, incisional hernia, mortality,
chronic wound pain up to 1 year post-surgery, painful puncture
points, and changes in leukocytes and hemoglobin from pre-
operation to POD 5, are documented in Table 2. No significant
differences were found between controls and the BF-BM group.

Detection of Co-transplanted Bone Grafts
Up to 10 Months
The transplanted bone fragments were observed for bone-
specific acoustic shadowing and hyperechoic values around
the kidney allograft using gray-scale ultrasonography. During
the 6 months post-transplantation, the acoustic shadowing
maintained high hyperechoic values. However, the shadow
and hyperechoic values subsequently decreased and the
bone allografts became faintly distinguishable beyond 1 year,
compared to the adjacent mesenchymal tissue (Figure 1A).
Bone fragments were also monitored by CT scanning
(Figure 1B). CT values at each follow-up were quantified
as 313 ± 39, 348 ± 90, 323 ± 103, and 331 ± 61 HU at 1,
3, 6, and 10 months, respectively (Figure 1C). The volumes
of the bone grafts measured by CT scan at each follow-up
were quantified as 11,545 ± 3,991, 5,839 ± 4,780, 2,004 ±

2,481, and 2,027 ± 1,960 mm3 at 1, 3, 6, and 10 months,
respectively (Figure 1D).

FIGURE 4 | Kidney function post-transplantation. (A) Creatinine levels of the

recipients throughout the 5-year follow-up. (B) eGFR throughout the 5-year

follow-up. **, p < 0.01.

Reconstructed Blood Supply and
Persistence for 10 Months of
Co-transplanted Bone Grafts
CEUS describes blood flow by time to enhancement (TTE), time
to peak (TTP) and maximum blood flow in the peri-bone area
(MBF). A total of 31 examinations were performed in recipients
at different time-points (1, 3, 6, and 10 months). The bone grafts
exhibited specific features based on the parameters TTE, TTP,
andMBF, which we compared with the kidney and nearbymuscle
(Supplementary Figures 1A–C). The blood supply of the bone
grafts was found to fluent soon after transplantation (10 days)
and the MBF values were maintained for 6 months. However,
MBF values decreased from 6 months post-transplantation and
became faint 10 months post-transplantation (Figures 2A,B).

Co-Transplanted Bone Grafts Maintain
Metabolic Activity for 1 Year
Bone hybrid SPECT-CT imaging with 99mTc-MDP detected
the distribution of osteoblastic activity to evaluate the function
of bone grafts. Recipients received 41 ECT examinations at
different time-points (1, 3, 6, 10, and 15 months). The radiotracer
uptake of the bone allografts is shown in Figure 3A, and was
stronger than normal in soft tissue on the contra-lateral side,
but lower than the recipients’ own iliac crest. The Max VOI
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FIGURE 5 | Recipient immune status after transplantation. (A) Proportions of DC, Th1, Th2, CTL, Th17, Treg, MΦ, NK, and NKT in PBMCs at day 0, 6 months, 1

year, 3 years, and 5 years post-transplantation. (B) Serum levels of IL-2, IL-6, TNF-α, IFN-γ, IL-17F, IL-4, IL-6, IL-9, IL-10, and IL-13 at the same time points. Assays

were performed in duplicate and each dot represents one replicate. (C) Tacrolimus trough levels at 1, 3, and 5 years post-transplantation. *, p < 0.05; **, p < 0.01.

Frontiers in Immunology | www.frontiersin.org 8 February 2021 | Volume 12 | Article 630710

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Luo et al. BF-BM in LKT

TABLE 3 | Complications of the recipients post-transplantation.

Control (n = 38) BF-BM (n = 20)

DGF 0 0

Acute rejection 2 1

Biopsy-confirmed 1 0

Corticosteroid-resistant 0 0

Infections 14 5

Pneumonia 9 2

Upper respiratory tract infection 2 3

Herpes zoster 1 0

Urinary tract infection 1 0

Tuberculosis 1 0

count of bone to normal soft tissue (BMax/NMax) was used to
evaluate metabolic function. BMax/NMax values at each follow-
up are plotted in Figure 3B. Metabolic function was maintained
during the first 6 months; subsequently it gradually decreased
but still maintained a residual level at 10 months. Interestingly,
though still decreasing, metabolic activity remained detectable at
15 months.

BF-BM Promotes Early Kidney Recovery
and Long-Term Kidney Function in
Recipients
All recipients achieved immediate kidney function with no
occurrence of DGF/PNF. No graft/recipient losses occurred
during the whole follow-up period. Throughout the 5-year
follow-up, absolute serum creatinine levels in the BF-BM group
appeared lower than in the control group, especially during
the first 4 weeks, although the difference was not statistically
significant (Figure 4A). The eGFR, which incorporates factors
including age and sex to further evaluate kidney function
using the MDRD equation, was higher in the BF-BM group
than that in controls post-transplantation, with statistically
significant differences at timepoints of 6, 12, and 36 months
post-transplantation (Figure 4B).

BF-BM Has No Impact on Chimerism
One year post-transplantation, all the BF-BM recipients
underwent STR detection of CD3+ cells in peripheral blood. All
the CD3+ cells belonged to the recipient. Therefore, there was
no evidence of T cell chimerism.

BF-BM Exerts Regulatory Effects on
Immune Reactivity
Recipient immune status was evaluated by assessment of PBMC
profile, serum cytokines (Figures 5A,B), alloantigen-specific
lymphocyte proliferation against the corresponding donor, and
PRA levels. PBMC profiles showed no differences between the
BF-BM and control groups prior to transplantation. However, the
proportions of DCs, Th1 and Th2 were significantly decreased in
the BF-BM group compared to controls, although no differences
were identified for CTL or Th17. Although not statistically
significant, there was a slight trend toward higher Tregs in the

BF-BM group throughout the 5-year follow-up period. With
regards to innate immune cells, trends of higher MΦ , lower NKT
and variable NK cell levels were observed. The data suggest that
a beneficial regulatory effect on acquired immunity was induced
in the BF-BM group compared to no intervention. Regarding
cytokine profiles in serum, significant changes were identified in
the BF-BM group throughout the follow-up. For Th1 cytokines,
TNF-α was not different but INF-γ was higher from 3-year in the
BF-BM group. IL-17F was lower in the BF-BM group throughout
the follow-up. Th2 cytokines, including IL-4, IL-9 and IL-13,
were lower in the BF-BM group. These findings suggest that bone
fragment co-transplantation with bone marrow aspirate infusion
induces regulatory effects in the recipients.

At 1, 3, and 5 years post-transplantation, co-culture of
recipient PBMCs with donor mitomycin-treated PBMCs resulted
in very low proliferation in both groups, indicating no
alloantigen-specific T cell activation. In addition, PRA levels were
negative in both groups, suggesting there was no alloantigen-
specific B cell activation.

Based on the stable kidney function and clinical status of
the recipients, use of tacrolimus was individually tailored for
trough levels. Tacrolimus exposure maintained relatively low
trough levels and the value in the BF-BM group was lower
than that in the control group (Figure 5C). Meanwhile, 3
episodes of rejection were clinically diagnosed, of which one
was in the BF-BM group and two in the control group. All the
rejections were rapidly reversed by methylprednisolone bolus
treatment. Interestingly, using less immunosuppressant benefited
the recipients since there was a lower rate of opportunistic
infection (Table 3).

Recipient Safety and Survival
All patients’ postoperative course was uneventful. All recipients
survived, and no surgical complications, life-threatening
complications or GVHD occurred during the 5-year follow-up.

DISCUSSION

Although laparoscopic donor nephrectomy has been adopted
as the prevailing method (23), open surgery is still undertaken
worldwide due to considerations that include its lower operative
and warm ischemia times, lower risk of intra-abdominal
insufflation and reduced cost. Using a flank incision with 11th rib
resection, which provides better dissection of the renal pedicles
(especially for high-residing kidneys) (14–19), donor ribs could
be re-used in this study. Careful monitoring of donors showed
that combined kidney and bone marrow donation resulted in no
more complications than currently reported, demonstrating the
acceptability and safety of the procedure.

We observed the evolution of the co-transplanted bone
fragments by ultrasound and radiology. After transplantation,
ultrasound confirmed the survival of bone grafts beside the
kidney grafts and CT scans accurately identified their positions
and quantified CT values and volumes of each bone graft. Both
ultrasound and CT revealed that bone grafts maintained for
6 months post-transplantation. Subsequently, co-transplanted
bone tissue shrank.
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FIGURE 6 | Bone fragment co-transplantation alongside bone marrow aspirate infusion protects kidney transplant recipients.

The blood supply of the avascular bone grafts was further
assessed by CEUS, a well-established technique that provides
highly accurate information about the vasculature with
enhancement pattern (24, 25) and evaluates the viability of
osteocutaneous free flaps after transplantation (26–28). In our
case series, the blood supply of the bone grafts was reconstituted
rapidly and was maintained for 6 months. However, blood
supply decreased from 6 months post-transplantation and was
faint 10 months post-transplantation. These findings suggest
that bone grafts survive for 10 months post-transplantation.
Notably, although the bone grafts had lower peak blood flow and
later TTP than soft tissue (27, 28), they had higher peak flow and
earlier TTP than nearby muscle at the early post-operative stage.
This may be partly because the free bone microenvironment had
a wider contact area to the soft tissue, and accordingly the blood
supply was altered in comparison to an intact bone.

The functional metabolic activity of the avascular bone grafts
was then examined. Radionuclide bone scanning has been
widely accepted for such assessment of bone grafts (12, 29–31).
Hybrid SPECT-CT allows for fusion of the functional SPECT
frames with the CT anatomical images and thus can provide
a precise anatomical location for any abnormal uptake (30) -
this is superior to planar bone scintigraphy (32). We found
that the bone grafts had adequate metabolic function during
the first 6 months, which decreased thereafter. Interestingly, in
contrast to the findings from CEUS, 99mTc-labeled MDP uptake
remained detectable even beyond a year post-transplantation,
although the volume of the bone grafts had become minimal.
The degeneration of bone grafts could be partly explained by
allo-immune reactivity and the heterotopic environment which
might cause bone fibrosis. We also found that radiotracer uptake
of the bone allograft was lower than in the recipients’ own iliac
crest, indicating that the function of the bone allografts was
reconstituted but did not fully recover.

Overall, the dynamic evolution of the co-transplanted
bone fragments can be summarized as 1: fragments regain
a blood supply soon after transplantation; 2: the structure
and function of the bone grafts remain satisfactory for 6
months and decrease thereafter; 3: bone grafts degenerate 10
months post-transplantation.

Clearly it is important to evaluate the outcome of the
donor bone marrow cell transplants in recipients. One
week after transplantation, there was no change in the
proportion of CD34+ cells in PBMC (data not shown),
which may be explained by the low numbers of stem
cells within bone marrow cells. The mechanism behind
the benefits of bone marrow may be related to stem cells.
One year after transplantation, chimerism detection by
STR failed to show evidence for donor-derived cells in the
recipient circulation.

The follow-up of recipients’ kidney function throughout the
5-year period showed that all the recipients gained immediate
kidney function without DGF/PNF. The sCr levels in the BF-
BM group remained lower than those in controls, especially
during the first 4 weeks. The eGFR was consistently higher in
the BF-BM group than in controls. These findings suggest that
BF-BM protects the kidneys, enabling early kidney recovery and
long-term kidney function.

Although basic research has shown that free
bone co-transplantation combined with conventional
immunosuppression can induce immunologic tolerance
and extend allograft survival (33–37), in this study tolerance
was not achieved and was not the target of therapy. However,
regulatory effects of BF-BM on the immune system could still
be identified. Prior to transplantation, there was no difference
in PBMC profile between BF-BM and control group. After
BF-BM, decreased proportions of DCs, Th1 and Th2, but not
CTL or Th17, were observed throughout the 5-year follow-up.
Intriguingly, the proportion of Treg showed a modest trend
toward an increase in BF-BM, without reaching statistical
significance. BF-BM had very subtle effects on innate immunity,
reflected by divergent trends including higher MΦ , lower
NKT and variable NK proportions. Cytokine profiles in serum
indicated that IL-2, IL-17F, and Th2 cytokine (IL-4, IL-9, and
IL-13) levels were decreased by BF-BM throughout follow-
up, and were generally consistent with the PBMC profiling
results. Allo-antigen specific T cell proliferation, assessed by
the co-culture of recipient PBMC with donor mitomycin-
treated PBMC, and B cell activity (reflected by PRA levels)
were all negative, suggesting low immunological reactivity post
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LKT. Taken together, our data suggest regulatory effects of
BF-BM on DCs, Th1/Th2 cells and Tregs which were benefit
to the immune-protection on the transplanted kidney and
bone fragments.

The kidney protection and immune regulatory effects are
based on the features of the transplanted bone fragments
and infused bone marrow aspirate. After transplantation, the
donor kidney and its nearby bone fragments, as damaged
tissues, may secrete chemokines such as SDF-1α (38–40)
to induce the mesenchymal stromal cells (MSCs) in the
donor’s bone marrow migrating into the donor kidneys (41)
to exert immunomodulatory properties (42). On the other
hand, the hematopoietic stem cells (HSCs) in donors’ bone
marrow may home to the bone fragments/recipients’ bone-
marrow guided by adhesion molecules (VLA4, VLA5, LFA1,
selectins, et al.) and lodge in the niche by SCF, CXCL12,
osteopontin (43–46) resulting in deletion or anergy of donor-
reactive T cells (42, 47–51). To date, the comprehensive
cellular and molecular mechanisms remain unclear and await
further investigation.

Direct clinical evidence for low immunological reactivity
status was provided by the relatively low tacrolimus
exposure in individually tailored regimens and rare and
mild rejection episodes. Less immunosuppressant exposure
is beneficial, by decreasing the rate of opportunistic
infection and tacrolimus nephrotoxicity and results in
good safety without additional complications (for both
the kidney grafts and recipients). Thus, taken together,
BF-BM has the advantages of modulating immune
reactivity, decreasing adverse effects and decreasing
economic burden.

Our reported study has some limitations, including its
retrospective exploratory nature, the relatively small number
of cases, lack of bone fragment biopsy data and the fact
that US/CEUS and SPECT/CT were not performed at every
time-point. However, it demonstrated clear effects of BF-BM
on kidney protection and immune regulation, providing a
novel and feasible therapeutic option for LKT recipients (as
illustrated in Figure 6). This approach could be easily extended
to deceased-donor transplantation, which would benefit more
transplant patients. Further development of this strategy is
warranted and a prospective randomized controlled clinical trial
is required.
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resection for live-donor nephrectomy. Int Urol Nephrol. (2005) 37:675–

9. doi: 10.1007/s11255-005-0250-0

18. Nicholson ML, Kaushik M, Lewis GR, Brook NR, Bagul A, Kay MD, et al.

Randomized clinical trial of laparoscopic versus open donor nephrectomy. Br

J Surg. (2010) 97:21–8. doi: 10.1002/bjs.6803

19. Telha KA, Al Kataa MA, Al-Kohlany KM, Al Badany TH, Alnono IH. Surgical

complications of open nephrectomy in living related donors in Yemen: a

prospective study. Turk J Urol. (2017) 43:549–52. doi: 10.5152/tud.2017.25738

20. Gong NQ, Ming CS, Zeng FJ, Zhang WJ, Lin ZB, Zhou P, et al.

Renal function of donors and recipients after living donor kidney

transplantation in a Chinese cohort. Chin Med J. (2011) 124:1290–

5. doi: 10.1097/00007890-201007272-01689

21. Yarlagadda SG, Coca SG, Garg AX, Doshi M, Poggio E, Marcus RJ,

et al. Marked variation in the definition and diagnosis of delayed graft

function: a systematic review. Nephrol Dial Transplant. (2008) 23:2995–

3003. doi: 10.1093/ndt/gfn158

22. Ma YC, Zuo L, Chen JH, Luo Q, Yu XQ, Li Y, et al. Modified glomerular

filtration rate estimating equation for Chinese patients with chronic kidney

disease. J Am Soc Nephrol. (2006) 17:2937–44. doi: 10.1681/asn.2006040368

23. Lentine KL, Lam NN, Axelrod D, Schnitzler MA, Garg AX, Xiao H, et al.

Perioperative complications after living kidney donation: a national study.Am

J Transplant. (2016) 16:1848–57. doi: 10.1111/ajt.13687

24. Janica J, Ustymowicz A, Lukasiewicz A, Panasiuk A, Niemcunowicz-

Janica A, Turecka-Kulesza E, et al. Comparison of contrast-enhanced

ultrasonography with grey-scale ultrasonography and contrast-enhanced

computed tomography in diagnosing focal fatty liver infiltrations and focal

fatty sparing. Adv Med Sci. (2013) 58:408–18. doi: 10.2478/ams-2013-0027

25. Sartori S, Postorivo S, Vece FD, Ermili F, Tassinari D, Tombesi P. Contrast-

enhanced ultrasonography in peripheral lung consolidations: what’s its actual

role?World J Radiol. (2013) 5:372–80. doi: 10.4329/wjr.v5.i10.372

26. Müller S, Gosau M, Strobel D, Gehmert S, Moralis A, Reichert TE,

et al. Assessment of bone microcirculation by contrast-enhanced

ultrasound (CEUS) and [18F]-positron emission tomography/computed

tomography in free osseous and osseocutaneus flaps for mandibular

reconstruction: preliminary results. Clin Hemorheol Microcirc. (2011)

49:115–28. doi: 10.3233/ch-2011-1462

27. Prantl L, Pfeifer C, Geis S, Gosau M, Jung EM. Osteocutaneous free flaps:

a critical analysis of quantitative evaluation of bone microcirculation with

contrast-enhanced high resolution ultrasound (hrCEUS) and TIC analysis.

Clin Hemorheol Microcirc. (2011) 49:251–9. doi: 10.3233/ch-2011-1475

28. Geis S, Prantl L, Mueller S, Gosau M, Lamby P, Jung EM. Quantitative

assessment of bone microvascularization after osteocutaneous flap

transplantation using contrast-enhanced ultrasound (CEUS). Ultraschall

Med. (2013) 34:272–9. doi: 10.1055/s-0033-1335133

29. Ramsay SC, YeatesMG,Ho LC. Bone scanning in the early assessment of nasal

bone graft viability. J Nucl Med. (1991) 32:33–6.

30. Roca I, Barber I, Fontecha CG, Soldado F. Evaluation of bone viability. Pediatr

Radiol. (2013) 43:393–405. doi: 10.1007/s00247-012-2610-0

31. Aydogan F, Akbay E, Cevik C, Kalender E. Blood-pool SPECT in addition to

bone SPECT in the viability assessment inmandibular reconstruction. Eur Rev

Med Pharmacol Sci. (2014) 18:587–92. doi: 10.1016/j.jep.2013.12.015

32. Berding G, Bothe K, Gratz KF, Schmelzeisen R, Neukam FW, Hundeshagen

H. Bone scintigraphy in the evaluation of bone grafts used for mandibular

reconstruction. Eur J Nucl Med. (1994) 21:113–7. doi: 10.1007/bf00

175757

33. Yin D, Ma L, Varghese A, Shen J, Chong AS. Intact active bone transplantation

synergizes with anti-CD40 ligand therapy to induce B cell tolerance. J

Immunol. (2002) 168:5352–8. doi: 10.4049/jimmunol.168.10.5352

34. Yin D, Ma L, Zeng H, Shen J, Chong AS. Allograft tolerance induced by intact

active bone co-transplantation and anti-CD40Lmonoclonal antibody therapy.

Transplantation. (2002) 74:345–54. doi: 10.1097/00007890-200208150-

00009

35. Yin D, Dujovny N, Ma L, Varghese A, Shen J, Bishop DK, et al. IFN-

gamma production is specifically regulated by IL-10 in mice made tolerant

with anti-CD40 ligand antibody and intact active bone. J Immunol. (2003)

170:853–60. doi: 10.4049/jimmunol.170.2.853

36. Kubitskiy A, Li J, Lanzetta M, Owen E, McCaughan GW, Bishop

GA. Simultaneous vascularized bone marrow transplantation

to promote acceptance of hind limb allografts and its effects

on central and peripheral chimerism. Transplantation. (2007)

83:1273–6. doi: 10.1097/01.tp.0000260437.47031.88

37. Wang H, Ge W, Arp J, Zassoko R, Liu W, Ichim TE, et al. Free bone

graft attenuates acute rejection and in combination with cyclosporin a

leads to indefinite cardiac allograft survival. J Immunol. (2009) 182:5970–

81. doi: 10.4049/jimmunol.0801037

38. Chen FM, Lu H, Wu LA, Gao LN, An Y, Zhang JJB. Surface-

engineering of glycidyl methacrylated dextran/gelatin microcapsules with

thermo-responsive poly(N-isopropylacrylamide) gates for controlled

delivery of stromal cell-derived factor-1α. Biomaterials. (2013)

34:6515–27. doi: 10.1016/j.biomaterials.2013.05.014

39. He Y, Zhang D, Zeng Y, Ma J, Wang J, Guo H, et al. Bone marrow-derived

mesenchymal stem cells protect islet grafts against endoplasmic reticulum

stress-induced apoptosis during the early stage after transplantation. Stem

Cells. (2018) 36:1045–61. doi: 10.1002/stem.2823

40. Zhang H, Yu S, Zhao X, Mao Z, Gao C. Stromal cell-derived factor-1α-

encapsulated albumin/heparin nanoparticles for induced stem cell migration

and intervertebral disc regeneration in vivo. Acta Biomater. (2018) 72:217–

27. doi: 10.1016/j.actbio.2018.03.032

41. Levato R, Planell JA, Mateos-Timoneda MA, Engel E. Role of

ECM/peptide coatings on SDF-1α triggered mesenchymal stromal cell

migration from microcarriers for cell therapy. Acta Biomater. (2015)

18:59–67. doi: 10.1016/j.actbio.2015.02.008

42. Hara Y, Stolk M, Ringe J, Dehne T, Ladhoff J, Kotsch K, et al. In vivo

effect of bone marrow-derived mesenchymal stem cells in a rat kidney

transplantation model with prolonged cold ischemia. Transpl Int. (2011)

24:1112–23. doi: 10.1111/j.1432-2277.2011.01328.x

43. Rafii S, Mohle R, Shapiro F, Frey BM, Moore MA. Regulation of

hematopoiesis by microvascular endothelium. Leuk Lymphoma. (1997)

27:375–86. doi: 10.3109/10428199709058305

44. Avecilla ST, Hattori K, Heissig B, Tejada R, Liao F, Shido K, et al. Chemokine-

mediated interaction of hematopoietic progenitors with the bone marrow

vascular niche is required for thrombopoiesis. Nat Med. (2004) 10:64–

71. doi: 10.1038/nm973

45. Sipkins DA, Wei X, Wu JW, Runnels JM, Côté D, Means TK, et al. In vivo

imaging of specialized bone marrow endothelial microdomains for tumour

engraftment. Nature. (2005) 435:969–73. doi: 10.1038/nature03703

Frontiers in Immunology | www.frontiersin.org 12 February 2021 | Volume 12 | Article 630710

https://doi.org/10.1097/TP.0b013e3181ff1472
https://doi.org/10.1055/s-2007-1013772
https://doi.org/10.1007/s002640050134
https://doi.org/10.1097/PRS.0b013e318191be13
https://doi.org/10.1016/j.anl.2013.07.002
https://doi.org/10.1007/s00590-016-1868-6
https://doi.org/10.1016/s0022-5347(17)50044-0
https://doi.org/10.1016/s0090-4295(02)01516-9
https://doi.org/10.1046/j.0902-0063.2003.00076.x
https://doi.org/10.1007/s11255-005-0250-0
https://doi.org/10.1002/bjs.6803
https://doi.org/10.5152/tud.2017.25738
https://doi.org/10.1097/00007890-201007272-01689
https://doi.org/10.1093/ndt/gfn158
https://doi.org/10.1681/asn.2006040368
https://doi.org/10.1111/ajt.13687
https://doi.org/10.2478/ams-2013-0027
https://doi.org/10.4329/wjr.v5.i10.372
https://doi.org/10.3233/ch-2011-1462
https://doi.org/10.3233/ch-2011-1475
https://doi.org/10.1055/s-0033-1335133
https://doi.org/10.1007/s00247-012-2610-0
https://doi.org/10.1016/j.jep.2013.12.015
https://doi.org/10.1007/bf00175757
https://doi.org/10.4049/jimmunol.168.10.5352
https://doi.org/10.1097/00007890-200208150-00009
https://doi.org/10.4049/jimmunol.170.2.853
https://doi.org/10.1097/01.tp.0000260437.47031.88
https://doi.org/10.4049/jimmunol.0801037
https://doi.org/10.1016/j.biomaterials.2013.05.014
https://doi.org/10.1002/stem.2823
https://doi.org/10.1016/j.actbio.2018.03.032
https://doi.org/10.1016/j.actbio.2015.02.008
https://doi.org/10.1111/j.1432-2277.2011.01328.x
https://doi.org/10.3109/10428199709058305
https://doi.org/10.1038/nm973
https://doi.org/10.1038/nature03703
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Luo et al. BF-BM in LKT

46. WilsonA, TrumppA. Bone-marrow haematopoietic-stem-cell niches.Nat Rev

Immunol. (2006) 6:93–106. doi: 10.1038/nri1779

47. Andreola G, Chittenden M, Shaffer J, Cosimi A, Kawai T, Cotter P, et

al. Mechanisms of donor-specific tolerance in recipients of haploidentical

combined bone marrow/kidney transplantation. Am J Transplant. (2011)

11:1236–47. doi: 10.1111/j.1600-6143.2011.03566.x

48. Spitzer TR, Sykes M, Tolkoff-Rubin N, Kawai T, McAfee SL, Dey

BR, et al. Long-term follow-up of recipients of combined human

leukocyte antigen-matched bone marrow and kidney transplantation for

multiple myeloma with end-stage renal disease. Transplantation. (2011)

91:672. doi: 10.1097/TP.0b013e31820a3068

49. Lee H, Park JB, Lee S, Baek S, Kim H, Kim SJJJ, et al. Intra-osseous injection

of donor mesenchymal stem cell (MSC) into the bone marrow in living

donor kidney transplantation; a pilot study. J Transl Med. (2013) 11:1–

8. doi: 10.1186/1479-5876-11-96

50. Kawai T, Sachs D, Sprangers B, Spitzer T, Saidman S, Zorn E, et al. Long-term

results in recipients of combined HLA-mismatched kidney and bone marrow

transplantation without maintenance immunosuppression. Am J Transplant.

(2014) 14:1599–611. doi: 10.1111/ajt.12731

51. Chen Y-B, Kawai T, Spitzer TR. Combined bone marrow and kidney

transplantation for the induction of specific tolerance. Adv Hematol. (2016)

2016:6471901. doi: 10.1155/2016/6471901

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Luo, Zhang, Zou, Wang, Chen, Li, Li, Wang, Chen, Ming, Zhu

and Gong. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13 February 2021 | Volume 12 | Article 630710

https://doi.org/10.1038/nri1779
https://doi.org/10.1111/j.1600-6143.2011.03566.x
https://doi.org/10.1097/TP.0b013e31820a3068
https://doi.org/10.1186/1479-5876-11-96
https://doi.org/10.1111/ajt.12731
https://doi.org/10.1155/2016/6471901
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Bone Fragment Co-transplantation Alongside Bone Marrow Aspirate Infusion Protects Kidney Transplant Recipients
	Introduction
	Materials and Methods
	Patients
	Bone Fragment Co-transplantation and Bone Marrow Aspirate Infusion
	Management and Follow-Up of Donors and Recipients
	Ultrasonography and Contrast-Enhanced Ultrasonography (US/CEUS)
	Bone Hybrid SPECT-CT Scanning
	Recipients' Immune Status
	Statistics

	Results
	Demographics
	Complications in Donors After Rib Resection and Bone Marrow Harvest
	Detection of Co-transplanted Bone Grafts Up to 10 Months
	Reconstructed Blood Supply and Persistence for 10 Months of Co-transplanted Bone Grafts
	Co-Transplanted Bone Grafts Maintain Metabolic Activity for 1 Year
	BF-BM Promotes Early Kidney Recovery and Long-Term Kidney Function in Recipients
	BF-BM Has No Impact on Chimerism
	BF-BM Exerts Regulatory Effects on Immune Reactivity
	Recipient Safety and Survival

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


