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ABSTRACT

We explored glucometabolic and renal function after engraftment in all 159 consecutive patients with
type 1 diabetes who received pancreas transplantation alone (PTA, n=80) or simultaneous pancreas
and kidney transplantation (SPK, n=79) in Norway from 2012 until 2017. We report fasting levels of
plasma glucose (FPG), C-peptide, eGFR and the homeostasis model assessment of insulin sensitivity
(HOMA2(%S)) and beta-cell function (HOMA2(%B)) measured one to three times weekly during the first
8 and at 52weeks after transplantation. One year after engraftment, in the PTA and SPK groups 52
and 64 were normoglycaemic without exogenous insulin, and two and zero patients were dead. Data
at the 52-week visit were missing for 5 and 6 patients in the respective groups. During the first 8
weeks, FPG was lower, C-peptide and HOMA2(%S) were higher and eGFR was lower in the SPK group
as compared with the PTA group (all p <.05). 30 out of 157 living patients needed insulin treatment
52 weeks after transplantation, 9/79 in the SPK group and 21/78 in the PTA group (p=.02). In conclu-
sion, patients who underwent SPK showed lower insulin sensitivity, but higher insulin secretory cap-
acity and lower mean blood glucose levels the first 8 weeks after transplantation. Also, a higher
proportion of patients in the SPK group were insulin-free after 1 year, compared with the PTA group.

Abbreviations: SPK: Simultaneous pancreas and kidney transplantation; PTA: Pancreas transplantation
alone; ATG: Anti-thymocyte globulin; MMF: Mycophenolate mofetil; HOMA(%B): Homeostasis model
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Introduction

Simultaneous pancreas and kidney (SPK) transplantation is
an established treatment for patients with type 1 diabetes
(T1D) suffering from end-stage kidney disease [1-3]. When
all conventional treatment options for hyperglycaemia have
failed, some transplant centers, offer pancreas transplant-
ation alone (PTA) to patients with life-threatening brittle
diabetes with preserved kidney function [4,5]. Successful
pancreas transplantation has several advantages both in a
short- and long-term perspective, including restoration of
normal blood glucose levels without the need for insulin
therapy and a reduced risk of developing long-term diabetic
complications like retinopathy, neuropathy and nephropathy
[6]. Advances in surgical technique and immunosuppressive
therapy have improved outcomes after pancreas transplant-
ation during later years, but these procedures still have
more postoperative complications and graft failure than
other solid abdominal organ transplantations [7,8]. Previous

studies have shown that pancreas graft survival is superior
following SPK than after PTA [5,9].

The causes of graft failure following PTA are mainly sur-
gical complications during the first weeks after engraftment,
followed by acute or chronic rejections or circulatory failure
later on [5]. Rejections may be treated by intensified
immunosuppressive therapy, however, often the process has
emerged too far when rejection is detected [10]. To monitor
endocrine graft function for the early detection of failing
insulin secretion, different biomarkers, indices and physio-
logical tests are used. Early signs of beta-cell failure or
advanced insulin resistance may indicate a poor prognosis
for the transplanted endocrine organ.

The aim of the present study was to describe and com-
pare a number of routinely measured biomarkers and
derived indices for insulin secretion and action in patients
after SPK and PTA. Specifically, we compared fasting
plasma glucose (FPG), C-peptide, and the derived measures
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9 Supplemental data for this article can be accessed here.
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C-peptide/glucose x creatinine ratio (CPGCR), Homeostasis
model assessment of beta-cell function HOMA2(%B), or
insulin sensitivity HOMA2(%S) during the first 8 weeks and
after 1 year in all patients that underwent either SPK or PTA
at our center during a 5 year period. While HOMA-indices
are commonly used as indirect measures of insulin secretion
and action in a wide variety of settings [11], CPGCR has
mainly been used to assess beta-cell function after islet trans-
plantation [12]. It is therefore of interest to examine these
parameters in an unselected group of patients that received
pancreas transplantation at our national center.

Subjects and methods

All 159 patients who underwent SPK or PTA at Oslo
University Hospital, Rikshospitalet, Oslo, Norway, from 1
January 2012 until 31 December 2017 were included in this
study. Patients with T1D and measured GFR (mGFR) below
20 mL/min/1.73m” had been listed as SPK candidates while
patients with T1D and ‘brittle-diabetes’ and mGFR >30mL/
min/1.73m” had been listed as candidates for PTA. From
September 2012, all recipients received pancreas transplants
with duodeno-duodenal exocrine drainage and systemic ven-
ous drainage to the inferior cava vein by an iliac allograft
vein as an elongation of the portal vein. Both recipient
groups were given similar anti-thrombotic and immunosup-
pressive therapy, including induction therapy with ATG
(Thymoglobulin®) and standard maintenance tacrolimus
treatment (tacrolimus trough levels of 10-12 tapered to
6-10 ng/L by 8 weeks), mycophenolate mofetil (MMF) 1g
twice daily and steroids (tapered to 10 mg/day by week four
and five mg/day by week 26 [5]. Rejection was suspected
using clinical parameters and diagnosed by pancreas (or if
kidney) biopsy, and treated with i.v. methylprednisolone fol-
lowed by increased doses of oral corticosteroids, or with
ATG as previously described by Nordheim et al. [13].
Patients who lost their pancreas graft, died or were trans-
ferred to another hospital were monitored as long as data
were obtainable. Data were retrieved from patients’ records
and analyses were performed on anonymized data. All
patients provided written informed consent before inclusion
into the study. The study was approved by the hospital’s
Data Protection Officer.

Graft loss was defined as either total (surgical graftec-
tomy or patient death) or partial (insulin treatment with C-
peptide concentrations >300pmol/L at week 52 after
transplantation).

Fasting plasma levels of creatinine (P-creatinine) and glu-
cose (FPG) were measured with routine methods, and
serum levels of C-peptide with an immunometric assay
(Roche Diagnostics), coefficient of variation was 5%. Blood
samples for these analyses were collected one to three times
weekly during the first eight weeks of follow-up and at the
routinely scheduled 1-year follow-up assessment in our
department. The following parameters were calculated based
on these measured biomarkers: Estimated glomerular filtra-
tion rate (eGFR) (CKD-EPI), the quotient of fasting C-pep-
tide/FPG x P-creatinine (CPGCR). CPGCR was calculated

since C-peptide levels are affected by kidney function [12].
Homeostasis model assessment of insulin sensitivity
(HOMA2(%S)) and beta-cell function (HOMA2(%B)) was
calculated by the web-based HOMA 2 calculator [14].
C-peptide was used in these calculations as it is less con-
founded than insulin following the loss of the missing first-
pass effect of the liver in pancreas grafts with caval venous
drainage [10]. We recorded prednisolone dose, tacrolimus
dose, and tacrolimus through concentrations 8 weeks and 1
year after surgery.

Statistical analyses

Data analyses were performed using SPSS (version 25; IBM,
Armonk, NY, USA), Microsoft Excel (version 16.16.5) and
R version 4.0.2. Time-course data were analyzed using
mixed regression with the Ime4 and car R packages. The
models were constructed with a random intercept for sub-
jects and random slope for groups. Model fit was assessed
using the Akajke and Bayesian information criteria (AIC
and BIC). Post-hoc tests were performed using the emmeans
R package with Dunnett’s correction for multiple testing.
Areas under the curve were calculated from weeks 1 to 8
postoperatively using the trapezoid rule. Figures were con-
structed and assembled using the GGplot2 and Patchwork R
packages, and p<.05 were considered statistically
significant.

Results

Baseline characteristics of the two groups are given in
Table 1. Out of 159 patients who received a pancreas trans-
plant during the study period, 79 underwent SPK and 80
PTA. There were more men than women in the SPK group,
while the gender balance was equal in the PTA group. The
mean (SD) age for recipients was 42.4 (7.1) years in the
SPK and 40.2 (9.8) years in the PTA groups, respectively.
The mean BMI (kg/mz) was significantly lower in the SPK
group, 23.7 (3.3) compared with 25.5 (3.3) in the PTA
group, p <.005. Mean donor BMI did not differ between
the two groups, neither did the HLA-mismatch. Only one
patient in the SPK group and two in the PTA group had

Table 1. Mean (SD) or percentage of baseline characteristics in patients who
underwent pancreas and kidney transplantation (SPK) or pancreas transplant-
ation alone (PTA).

SPK (n=79) PTA (n=280)
Age (years) 424 (7.1) 40.2 (9.8)
Females (%) 33 50
BMI recipients (kg/m?) 237 (3.3) 255 (3.3)
BMI donors (kg/m?) 23.8 (3.1) 23.1 (4.5)
HLA-A, -B, DR- mismatch, n (%)
0-2 7 (9%) 8 (10%)
3-4 38 (48%) 47 (59%)
5-6 31 (39%) 20 (25%)
Cold ischemia time (minutes) 543 (160) 512 (164)

SPK: simultaneous pancreas and kidney transplantation; PTA: pancreas trans-
plantation alone; BMI: body mass index.

HLA mismatch: missing data from 3 patients in the SPK and 5 patients in the
PTA group.
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panel-reactive antibodies. The mean cold ischemia time did
not differ between the groups.

Table 2 shows the patients’ clinical status during the first
year after transplantation. Two patients died (after 12 and
30 weeks) and 11 had an acute surgical complication result-
ing in graftectomy, all during the first 5 weeks after trans-
plantation (Supplementary Table 1). Further 19 patients
needed to re-start insulin treatment for glucose control
during the first year. Hence, 116 patients lived with a func-
tioning graft without the need for exogenous insulin at the
1-year follow-up examination. Of the 30 out of 157 living
patients who needed insulin treatment, 9/79 were in the
SPK group and 21/78 were in the PTA group (p =.02).

Table 3 shows metabolic parameters and immunosup-
pressive drugs eight and 52weeks after transplantation in
patients without the need for insulin treatment. The mean
dose of prednisolone and the mean through concentration
of tacrolimus were significantly lower at 52 compared with
8 weeks, reflecting our treatment protocol, and there were
no significant differences between the groups. Insulin sensi-
tivity estimated by HOMA2(%S) improved during the same
period of time in both groups and the apparent compensa-
tory hypersecretion of insulin was reduced, as signified by a
reduction in CPGCR and HOMA2(%B) (not significant in
the PTA group).

The PTA group included five patients that received pan-
creas after a kidney, five that received pancreas after islets,
two that received a new pancreas after previous SPK and
one that received a new pancreas after previous PTA. The
SPK group included three patients that received SPK after a
previous kidney transplant. The results were principally
unchanged when these 16 patients were removed from the
analyses (Supplementary Table 2).

C-peptide levels increased in the PTA group but
decreased in the SPK group through 8 weeks post-trans-
plantation (Figure 1(A)). These time responses were signifi-
cantly different between the groups. Average C-peptide
concentration and area under the curve were higher in the
SPK than in the PTA group (Figure 1(A)). Post-hoc group
comparisons revealed significantly higher C-peptide concen-
tration in the SPK versus the PTA group in weeks 1-3, after
correction for multiple testing.

eGFR decreased in the PTA group and increased in the
SPK group through the 8 weeks post-transplantation (Figure
1(B)). These time responses were significantly different
between the groups. Average eGFR and area under the
curve were lower in the SPK versus the PTA group (Figure
1(B)). Post-hoc group comparisons revealed significantly
lower eGFR in the SPK group compared to the PTA group
in weeks 1-3, after correction for multiple testing.

Blood glucose concentrations tended to decrease in the
PTA group and decreased in the SPK group through the 8
weeks post-transplantation (Figure 1(C)). These time
responses were significantly different between the groups.
Average blood glucose concentration and area under the
curve were lower in the SPK versus the PTA group (Figure
1(C)). Post-hoc group comparisons revealed significantly
lower blood glucose concentration in the SPK group versus
the PTA group in week 7, after correction for multiple test-
ing (Figure 1(C)).

CPGCR decreased in the PTA group and increased in
the SPK group through the 8 weeks post-transplantation
(Figure 2(A)). These time responses were significantly differ-
ent between the groups. Average CPGCR and area under
the curve did not differ between the groups (Figure 2(A)).
Post-hoc group comparisons revealed significantly lower

Table 2. Clinical status in 159 patients 52 weeks after simultaneous pancreas and kidney transplantation (SPK) or pancreas transplantation

alone (PTA).

SPK (n=79) PTA (n=280) Total (n=159)
Death during the first year after transplantation 0 2 2
Insulin dependent after graftectomy due to acute surgical complications 6 5 1
Daily insulin users 3 16 19
Normoglycaemic without insulin treatment 64 52 116
Missing data 6 5 1

Table 3. Mean (SD) of glucometabolic parameters and immunosuppressive therapy eight and 52weeks after transplantation in patients in the SPK and

PTA groups.
SPK PTA
8 weeks post Tx 52 weeks post Tx p 8 weeks post Tx 52 weeks post Tx p

FPG (mmol/L) 5.4 (0.8) 53(1.2) 34 5 (0.8) 5.5 (1.4) 82
C-peptide (pmol/L) 1576 (684) 1057 (288) .001 1421 (671) 1043 (490) 003
HOMA2 (%S) 28.60 (19.3) 426 (32.7) .008 31.1 (20.9) 429 (29.1) .002
HOMA2 (%B) 194 (58) 163 (44 <.001 182 (72) 157 (63) 36
CPGCR 2.7 (1.2) 0 (0.8) <.001 9 (1.6) 2.1 (0.8) <.001
eGFR (mL/min/1.73m?) 67.7 (21.5) 689 (22.0) 53 81 8 (26.4) 78.2 (23.8) .04
Prednisolone dose (mg/day) 11.3 (3.8) 4 (1.6) <.001 12 7 (5.6) 55 (1.7) <.001
Trough tacrolimus concentration (pg/L) 9.3 (2.9) 7 8 (2.3) .006 6 (3.5) 8.0 (2.0) 012

Includes all patients with data at baseline and 52 weeks (n =101-127 for different parameters).
SPK: simultaneous pancreas and kidney transplantation; PTA: pancreas transplantation alone; FPG: fasting plasma glucose; HOMA(%S): Homeostasis Model
Assessment of insulin sensitivity; HOMA(%B): Homeostasis Model Assessment of beta cell function; CPGCR: C-peptide (pmol/l)/FPG (mmol/l) x P-Creatinine

(umol/l) eGFR = estimated glomerular filtration rate (CKD-EPI formula).
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Figure 1. Time courses for (A) C-peptide, (B) eGFR and (C) fasting glucose after
organ transplantation. Time courses within each group (‘PTA’ and ‘SPK’), the
average group difference (‘Group’) and the time by group effect (‘Int’) are anno-
tated on the panels as effect size (Beta =B) with 95% confidence intervals and
a corresponding p-value. The right indents represent areas under the curve
(AUQ) for each group. SPK = Simultaneous pancreas and kidney transplantation,
PTA: pancreas transplantation alone. *p < .05, **p < .01 and p <.001. The box-
and-whiskers depict median, inter quartile range (IQR) and min and max values
(no further than 1.5 x IQR). The thick lines connect the medians. The thin lines
represent data from each individual.

CPGCR in SPK vs. PTA in week 1, after correction for mul-
tiple testing (Figure 2(A)).

HOMA2(%B) increased in the PTA group and decreased
in the SPK group through eight weeks post-transplantation

(A) PTA:B=-0.024[-0.046,-0.001],p=0.039 40
SPK:B=0.058[0.032,0.084],p<0.001 30
Group:B=-0.22[-0.55,0.11],p=0.196 8

751  Int:B=0.082[0.048,0.116],p<0.001 =20
10
*** 0

PTA SPK
-
Q
3 5.0 ’J‘i
&
U l
25 TL‘J L‘JL[J TT _JITI LJK}J L‘—“T
1 2 3 4 5 6 7 8
Wecks
(B)

6001  PTA:B=3.11[2.14,4.07],p<0.001 1500 |77
SPK:B=-3.33[-4.73,-1.92],p<0.001
Group:B=43.31[31.3,55.3],p<0.001 B 1000
Int:B=-6.44[-8.10,-4.77],p<0.001 =

500
& 400 PTA SPK
=
2. *Xx
=
o
Jant
200
1 2 3 4 5 6 7 8
Weeks
(©)
800 * KK
PTA:B=-0.99[-1.45,-0.53],p=0.638
SPK:B=1.24[0.82,1.66],p<0.001 600
Group:B=-11.6[-16.0,-7.17],p<0.001 Q
1501 110:8=2.22[1.59,2.86],p<0.001 & 400
200
0 :
§ PTA SPK
2 100
=
©]
2 J J
50 — L‘J T
1 2 3 4 5 6 7 8
Weeks

Figure 2. Time courses for (A) CPGCR, (B) HOMA2-%B and (C) HOMA2-%S after
organ transplantation. Time courses within each group (‘PTA” and ‘SPK’), the
average group difference (‘Group’) and the time by group effect (‘Int’) are anno-
tated on the panels as effect size (Beta = B) with 95% confidence intervals and
a corresponding p-value. The right indents represents areas under the curve
(AUQ) for each group. SPK = Simultaneous pancreas and kidney transplantation,
PTA: pancreas transplantation alone. *p < .05, **p < .01 and p < .001. The box-
and-whiskers depict median, inter quartile range (IQR) and min and max values
(no further than 1.5 x IQR). The thick lines connect the medians. The thin lines
represent data from each individual.

(Figure 2(B)). These time responses were significantly differ-
ent between the groups. Average HOMA2(%B) and area
under the curve were higher in the SPK vs. the PTA group
(Figure 2(B)). Post-hoc group comparisons revealed
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significantly higher HOMA2(%B) in SPK vs. PTA in all
weeks, except for weeks 5, 6, and 8, after correction for
multiple testing (Figure 2(B)).

HOMA2(%S) remained unaltered in the PTA group
and increased in the SPK group through 8 weeks post-trans-
plantation (Figure 2(C)). These time responses were signifi-
cantly different between the groups. Average HOMA2(%S)
and area under the curve were lower in the SPK vs. the
PTA group (Figure 2(C)). Post-hoc group comparisons
revealed no significant differences after correction for mul-
tiple testing (Figure 2(C)).

Discussion

The present study provides novel data showing the develop-
ment in neurometabolic parameters and eGFR during the
first 8 weeks after pancreas transplantation alone or com-
bined with renal transplantation in patients with type 1 dia-
betes. Furthermore, we show that 80% of the transplanted
patients were normoglycaemic without insulin treatment 1
year after transplantation. The data highlight the important
interplay between renal function and insulin secretion and
action in the early phase after pancreas transplantation.

The transplantation of a whole pancreas aims at restoring
normoglycaemia. However, immunosuppressive-induced
insulin resistance [15], impaired renal function, and denerv-
ation of the transplanted pancreas [16] may negatively affect
beta-cell function after transplantation. SPK patients had, as
expected, poorer renal function in the early period, but of
note also lower average glucose and higher C-peptide levels.
This indicates that they were capable of increasing their
insulin secretion sufficiently to control blood glucose, des-
pite the insulin resistance induced by poor renal function
and immunosuppressant drugs. It is tempting to speculate,
that the reduced renal clearance of insulin and C-peptide
may contribute to the lower blood glucose levels in the
SPK group.

Further, a larger proportion of PTA patients than SPK
patients needed insulin treatment 52 weeks after transplant-
ation. These findings support previous findings indicating
that receiving a kidney together with a pancreas could play
a possible protective role in graft survival and beta-cell func-
tion [5,9].

As expected, eGFR improved rapidly after transplantation
in the SPK group and eGFR showed a small, but significant
reduction during the first 8 weeks in the PTA group.
Successful pancreas transplantation restores blood glucose
and will contribute to reducing the progression of diabetes
nephropathy [17]. Immunosuppression may on the other
hand affect renal function negatively [18]. A decline in renal
function 5 years after PTA has been reported in previous
studies [19]. All patients in our study used a calcineurin
inhibitor as one of three immune suppressant drugs accord-
ing to the protocol after pancreas transplantation. These
drugs may be nephrotoxic, and we propose that the early
declining eGFR in the PTA group could be due to
this effect.

The strength of this study is the inclusion of all patients
in Norway who received a pancreas transplant between 2012
and 2017 and the use of similar procedures for immunosup-
pression and rejection therapy. Another strength is the
rather similar baseline characteristics of the two groups of
patients undergoing SPK or PTA, making comparisons
between the groups of value. The major limitation is that
our data-collection ends at the 1-year follow-up. An
extended follow-up examination of insulin secretion and the
need for exogeneous insulin therapy, and its relation to
insulin secretion during the first weeks after transplantation,
would be of value. Further, we used indirect parameters
derived from simple measurements in peripheral blood to
estimate pancreas and renal function and direct measure-
ments of renal function by GFR and insulin secretion and
action by glucose clamp, may have given different results. It
is well known that the assessment of B-cell secretory cap-
acity in this setting is confounded by the hyperinsulinemia
caused by immunosuppressant-induced insulin resistance
and the systemic venous drainage that bypasses first-pass
hepatic extraction of insulin secreted from the pancreas
graft [20]. In addition, renal clearance of both insulin and
C-peptide are reduced in patients with reduced renal func-
tion compared to healthy controls because of the decreased
functional renal mass present and transient high C-peptide
levels in SPK-recipients in the early phase after transplant-
ation have been reported previously [21]. Use of the HOMA
index to monitor beta-cell function is far from ideal, and
these results should be interpreted with caution [11]. Even
though CPGCR was originally used in islet transplanted
subjects, the combination of C-peptide and glucose levels is
recommended for post-transplant follow-up [22] and as it is
important to take eGFR into account when interpreting C-
peptide levels in transplanted patients; hence the CPGCR
may be of value. Our PTA group included some patients
who previously had received a kidney transplant and a few
patients that previously had received a pancreas or islet
transplant. This may have had an impact on our results. We
have limited information about the patients between weeks
8 and 52 when they were followed at their local hospitals,
for example, we lack information about inter-current virus
infections and weight development that may have influenced
our results. We therefore cannot assess the impact of low
grade or subclinical rejections and other events that may
have had an effect on graft function during this period.

To conclude, patients who underwent SPK showed lower
insulin sensitivity, but higher insulin secretory capacity and
lower mean blood glucose levels the first 8 weeks after
transplantation and a higher proportion were insulin-free
after 1 year, compared with patients that underwent PTA.
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