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Background: Type 1 diabetes (T'1D) has long been considered a progressive autoimmune disease resulting
in the failure of pancreatic p-cell function and absolute endogenous insulin deficiency. However, several
studies have demonstrated patients with T1D have detectable C-peptide levels long after diagnosis, which
has remarkable clinical significance. Since this issue has not been systematically explored in non-Caucasian
populations, we aimed to identify the prevalence of residual p-cell function and its related clinical features in
Chinese long-term T1D patients.

Methods: We enrolled 109 patients with T1D for >10 years and administered a mixed-meal tolerance test
(MMTT). Fasting and postprandial C-peptide (FCP/PCP) levels were measured to evaluate the insulin
secretion function of B-cells. Patients whose FCP and PCP levels were both below the lower detection limit
(16.7 pmol/L) were grouped as ‘B-cell function depleted’, while others were thought to have ‘residual p-cell
function’. Demographic data, metabolic status, and diabetic complications were compared between patients
with or without residual B-cell function.

Results: 38.5% of subjects retained residual p-cell function, and among those, 33.3% responded to MMTT
by a two-fold or greater rise of their FCP levels. Clinical features associated with residual p-cell function
were older age of diagnosis [27.5 (interquartile range:11.5-37.0) vs. 17.0 (interquartile range: 8.0-30.0) years,
P=0.037], lower HbAlc (64.6£20.3 vs. 72.4+18.5 mmol/mol, P=0.026), and reduced rate of hypoglycemia
(23.8% ws. 52.2%, P=0.003). Age of diagnosis was positively correlated with detectable FCP level (r=0.393,
P=0.020). Individuals diagnosed after 30 years of age tended to retain residual B-cell function (OR =3.016,
P=0.044). We found no association between residual B-cell function and chronic diabetic complications.
Conclusions: Residual B-cell function can be found in nearly 40% of long-term patients with T1D in
China and is associated with older age at diagnosis and better glucose control. The relationship between

residual B-cell function and chronic diabetic complications remains to be explored.
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Introduction

Type 1 diabetes (T'1D) is characterized by an autoimmune-
mediated progressive destruction of insulin-producing
B-cells, leading to a deficiency in insulin secretion. It was
classically proposed that B-cell function was profoundly
impaired at the time of diagnosis, and the remnants of
functional B-cells would come to a total loss within a short
period of time (1). Patients would then irreversibly enter the
‘brittle diabetes’ stage, accompanied by drastic fluctuations
in blood glucose and various diabetic complications.
However, recent studies have revealed that patients with
long-standing T1D had remaining low levels of C-peptide in
the blood, an indication of functional B-cells. Most well-known
is the work of the Joslin Medalist Study (2) which showed
that patients with T1D had detectable random C-peptide
levels even after a disease duration of >50 years. Studies
also demonstrated that even modest levels of residual B-cell
function were associated with better glycemia control and
fewer diabetic complications (3). These findings reconfirmed
the clinical significance of residual B-cell function which
was often overlooked in long-term patients with T1D, and
contributed to our deeper understanding of its natural history.
Nevertheless, the majority of existing studies are focused
on Caucasian populations, and data from different studies
show significant variation (4-8). This issue has not been
sufficiently investigated in non-Caucasian populations.
China leads the world in the total number of T'1D cases (9),
but due to the lack of a well-established case registration
system, there was a huge gap between the recognition of
T1D in China and western countries. Additionally, Weng
et al. recently reported that most cases of new onset T1D in
China occurred among adults (9), while previous Caucasian-
based studies were largely focused on cases among
adolescents or children. These observations highlight the
necessity of investigations focusing on Chinese long-term
patients with T1D of all ages, which would help reveal
the complex natural history of the disease considering its
heterogeneity among different populations. We present
the following article in accordance with the STROBE
(Strengthening the Reporting of Observational Studies
in Epidemiology) reporting checklist (available at http://
dx.doi.org/10.21037/atm-20-7471).

Methods
Subjects and study design
From October 2016 to April 2019, patients who received
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clinical treatment at the Endocrinology Department of the
Second Xiangya Hospital of Central South University were
recruited if they fulfilled the following criteria: (I) diabetes
diagnosis based on the World Health Organization criteria
of 1999 (10); (II) insulin-dependent from disease onset;
(III) positive for at least one of the diabetes-associated
autoantibodies, including glutamic acid decarboxylase
antibody (GADA), insulinoma-associated 2 molecule
antibody (IA-2A), and zinc transporter 8 antibody (ZnT8A);
and (IV) duration of diabetes >10 years. Patients who
had a history of other types of diabetes caused by specific
reasons (e.g., monogenic diabetes, disease of the exocrine
pancreas, and drug or chemical-induced diabetes) or any
severe disease or malignancy were excluded. This study was
conducted in agreement with the Declaration of Helsinki
(as revised in 2013) and was approved by the local ethics
committees of the Second Xiangya Hospital (No. SCI-028-
2016). Individual consent for this retrospective analysis was
waived.

A total of 1,123 patients fulfilled the inclusion criteria
of T1D, and 947 had a disease duration <10 years. Of the
176 patients diagnosed over 10 years, 57 tested negative
for all the three autoantibodies and 10 had no results
of C-peptide testing. Finally, a total of 109 subjects
were included in this study (Figure I). At the time of
initial inclusion, patients’ clinical information, including
demographic data, disease history, and medication history
was retrospectively collected.

Height, weight, waist and hip circumference, and blood
pressure were measured with a standardized procedure.
Body mass index (BMI) and waist-to-hip ratio (WHR) were
calculated. Levels of serum glucose, triglyceride (TG),
total cholesterol (T'C), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C),
blood urea nitrogen (BUN), uric acid (UA), and creatinine
(Cr) were determined by automatic chemistry system at the
core laboratory of the Second Xiangya Hospital. HbAlc
was measured by high performance automated liquid
chromatography (HLC-723G8, Tosoh, Japan).

Mixed-meal tolerance test

All participants attended the Second Xiangya Hospital for
a standard mixed-meal tolerance test (MMTT) after an
overnight fast. Short-acting insulin was not allowed on the
visit day. The mixed meal was given at a dose of 6 kcal per
kg body weight, with a maximum dose of 360 kcal. Serum
samples were taken for glucose and C-peptide assessment at
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T1D patients hospitalized at the Endocrinology
Department of the Second Xiangya Hospital during
October 2016 to April 2019 (n=1,123)

Autoantibody negative (n=57) <

Y
o

duration <10 years (n=947)

> Lack of C-peptide results (n=10)

All recruited patients (n=109)

Figure 1 Flow diagram of 109 autoimmune type 1 diabetes patients with a disease duration >10 years.

time points before and 120 min post the meal.

Assessment of f-cell function

In order to evaluate B-cell function, patients’ serum
C-peptide was analyzed by a chemiluminescence assay using
the Adiva Centaur System kit (Siemens, Munich, Germany).
The inter-assay and intra-assay variation coefficients were
3.7-4.1% and 1.0-3.3%, respectively. The lower detection
limit of the assay is 16.7 pmol/L.

Patients whose fasting C-peptide (FCP) and postprandial
C-peptide (PCP) were both below the lower detection limit
were classified as ‘B-cell function depleted’, while others
with detectable FCP or PCP levels were thought to have
‘residual B-cell function’. Patients with PCP/FCP ratio >2
were defined as ‘hyperglycemia responders’.

GADA, IA4-2A4 and ZnT8A assays

GADA, TA-2A and ZnT8A were analyzed by radioligand
assay in duplicate. The sensitivity and specificity in our
laboratory were 78.0% and 96.7% for GADA, 74.0%
and 96.7% for IA-2A, and 70.0% and 98.9% for ZnT8A,
respectively. The positive cutoff values for GADA, TA-2A,
and Zn'T8A were an antibody index of 0.05, 0.02, and 0.01,
respectively. The serum samples of patients with positive
antibodies were assayed again within a week to confirm
their positivity and avoid false positives. The assay has
been validated by the Islet Autoantibody Standardization
Program 2012 and sponsored by the Immunology of
Diabetes Society.
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HLA genotyping

Genomic DNA was extracted from anticoagulated
peripheral blood using the phenol-chloroform method.
HLA- DRBI1, DQA1 and DQBI genotypes were defined
by DNA analysis using PCR to amplify exon 2 of the
DRB1, DQAL1 and DQBlgenes, followed by standard
DNA sequencing-based genotyping. The definition of
HLA-susceptible haplotypes in the Chinese population was
designated according to the report in LADA China Study
conducted by Luo ez 4. (11). The Chinese-specific HLA-
susceptible haplotypes were designated as DR3 (HLA-
DRB1*0301-DQA1*0501-DQB1*0201), DR4(HLA-
DRB1*0405-DQA1*0301-DQB1*0302, HLA-DRB1*0405-
DQA1*0301-DQB1*0401), and DR9 (HLA-DRB1*0901-
DQA1%03-DQB1*0303). The Chinese-specific HLA-
susceptible genotypes for T1D were DR3/DR3, DR3/DR9
and DR9/DRO.

Definition of metabolic syndrome (MetS)

MetS was defined using the 2017 Chinese Diabetes
Society’s (CDS) criteria (12), and was diagnosed when three
or more of the following criteria were met: (I) abdominal
obesity: waist circumference >90 cm in men and >85 c¢m in
women; (II) hyperglycemia: FBS >6.1 mmol/L or 2-h BS
>7.8 mmol/L or previously diagnosed diabetes with
treatment; (III) hypertension: blood pressure >130/85 mmHg
or currently under antihypertension therapy; (IV) fasting
TG 21.70 mmol/L; (V) fasting HDL-C <1.04 mmol/L.
All patients in this study were defined to fulfill the criteria
for hyperglycemia. Lipid-lowering therapies were not
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included in the criteria.

Determination of acute and chronic complication status

Assessment of Hypoglycemia: We recorded the frequency
and severity of hypoglycemic episodes during the month
preceding recruitment. Hypoglycemia was defined as blood
glucose <3.9 mmol/L, and was classified as mild, moderate
and severe (13). Patients with mild hypoglycemia can be
aware of their hypoglycemia and are able to deal with it
themselves. Patients with moderate hypoglycemia cannot
cope with their hypoglycemia alone and require assistance
but can be treated orally. Patients with severe hypoglycemia
are semi-awake, unconscious, or in a coma with or without
convulsions, usually requiring medical treatment (glucagon
or intravenous glucose).

Assessment of diabetic ketoacidosis (DKA): DKA was
diagnosed in patients with marked positive blood or urine
ketone, elevated blood glucose or diagnosed diabetes,
decreased serum HCO™ or blood PH <7.3. We recorded
the occurrences of DKA at disease onset and during the past
one year before recruiting.

Assessment of diabetic retinopathy (DR): Diabetic
retinopathy was diagnosed by an ophthalmologist, using a
slit lamp and an ophthalmoscope, and the severity of DR
was classified as (I) no DR; (II) non-proliferative DR; or (III)
proliferative DR.

Assessment of diabetic nephropathy (DN): The diagnosis
of diabetic nephropathy was based on the level of urine
albumin/creatinine ratio (UACR). Patients with UACR
>30 mg/g were considered to have DN. In this study, severe
diabetic nephropathy was defined as exhibiting a glomerular
filtration rate (GFR) <45 mL-min™"-1.73 m™.

Assessment of diabetic peripheral neuropathy (DPN): A
history of diabetes, and neuropathy at or after the diagnosis
of diabetes were necessary for the diagnosis of DPN. It
can be diagnosed if any one of the following examinations
is abnormal: abnormal ankle reflex (or abnormal knee
reflex); abnormal acupuncture pain sensation; abnormal
vibration sensation or abnormal pressure sensation. If the
diagnosis cannot be confirmed via the above symptoms,
an electrophysiological examination should be performed
to assess the nerve conduction (NC). The presence of an
abnormality of NC and a symptom or symptoms, or a sign
or signs of neuropathy confirms DPN. Neuropathy caused
by other defined causes should be excluded.

Assessment of macrovascular complications was based
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on clinical records of coronary artery disease, heart
attack bypass graft surgery or carotid atherosclerosis of
participants.

Statistical analysis

Statistical analysis was performed using SPSS version 20.0
(IBM, Armonk, NY, USA). Normally distributed data
were presented as mean = SD. Variables with a skewed
distribution were reported as median (quartile range: 25th,
75th). Categorical variables were expressed as percentages.
Normally distributed data were compared by ANOVA
analysis, and non-normally distributed data by Wilcoxon
Rank Sum and Spearman correlation test. Categorical
variables were compared using a chi-squared test or Fisher’s
exact test. We performed univariate analyses to compare
clinical features in subjects with or without residual p-cell
function. To further investigate the possible determinants of
B-cell function preservation, multivariate logistic regression
including relevant factors in bivariate analyses were
performed. Two-sided statistical tests were performed, and
a P value <0.05 was considered to be statistically significant.
We used the restricted cubic spline (RCS) analysis nested
in the bivariate logistic regression analysis in univariate and
multivariate analysis to examine the association of age of
onset and B-cell function preservation. Three knots were
used in the RCS analysis since the sample was not large.
The RCS analysis was performed in R version 4.0.2 (The R
Foundation for Statistical Computing, Vienna, Austria).

Results
Characteristics of participants

A total of 109 patients with T1D were included in this study,
and 40.4% (44/109) were male. Their mean age was 35.0
(quartile range: 22.5-49.0) years old, ranging from 12.0 to
75.0 years old; and their mean age of onset was 19.0 (quartile
range: 10.0-34.5) years old, ranging from 2.0 to 60.0 years
old. Their mean disease duration was 13.0 (quartile range:
10.5-15.5) years, and the longest was 43.0 years. Their
average HbAlc level was 69.3£19.5 mmol/mol. The overall
lipid level of participants was well controlled, while 17.4%
(19/109) of subjects combined MetS. The proportion of
participants receiving intensive insulin therapy was up to
99.1% (108/109). No significant differences in sex and age
of onset were found between the included and excluded
patients.
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Hypoglycemia was reported in 41.3% (45/109) of
participants during the past month, and 4.6% (5/109)
reported severe hypoglycemia. DKA occurred in 69.6%
(39/56) of patients at disease onset, and in 10.1% (11/109)
during the year before recruiting. Chronic microvascular
complications were reported in 53.2% (58/109) of
participants, including DR (43.1%), DN (28.4%), and
DPN (38.5%). Diabetic macrovascular complications were
reported in 9.2% (10/109) of the participants. Additionally,
30.3% (33/109) of all the patients combined other
autoimmune disease, including autoimmune thyroid disease
(29.4%) and autoimmune hepatitis (0.9%).

Of all the participants who consented to the genotyping
analysis, 88.2% (45/51) had HLA-susceptible haplotypes, and
31.4% (16/51) had HLA-susceptible genotypes (1able 1).

Prevalence of residual f-cell function

Of all the subjects, 38.5% (42/109) retained residual p-cell
function, and 61.5% (67/109) had depleted B-cell function.
When the detectable C-peptide levels were further
divided into minimal (16.7-200 pmol/L) and preserved
(>200 pmol/L), we found that the FCP levels of 67.9%
(74/109), 29.4% (32/109) and 2.7% (3/109) of patients
fell into the undetectable, minimal, and preserved range,
respectively. And the PCP levels of 66.0% (72/109), 25.7%
(28/109) and 8.3% (9/109) of patients were undetectable,
minimal, or preserved, respectively. There were 9 patients
retained FCP or PCP level >200 pmol/L, accounting for
8.3% (9/109) of the total number.

As for B-cell responsiveness to hyperglycemia, 12.8%
(14/109) of the patients who underwent MM'T'T responded
to the test with their PCP levels at least doubled from their
FCP levels, accounting for 33.3% (14/42) of participants
with residual B-cell function.

Clinical features in patients with or without residual f-cell
function

Patients with residual B-cell function had significantly
older age of onset [27.5 (quartile range: 11.5-37.0) vs. 17.0
(quartile range: 8.0-30.0) years, P=0.037], lower level of
HbAlc (64.6+20.3 vs. 72.4+18.5 mmol/mol, P=0.026), and
a lower rate of hypoglycemia (23.8 vs. 52.2%, P=0.003).
Severe hypoglycemia occurred only in those with depleted
B-cell function.

Interestingly, differences in prevalence or severity of
diabetic chronic complications, including DN, DR, DPN
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or diabetic macrovascular complications were not detected.
Nor did parameters including age, sex, disease duration,
insulin dosage, family history, combination of other
autoimmune diseases or HLA genotypes show significant
differences between groups. Metabolic status of blood
lipids, BUN, UA, Cr, and frequencies of DKA and MetS
were similar between subjects with or without residual p-cell
function (Table 1).

Possible determinants of residual f-cell function

In the multivariate regression analysis, which was adjusted
for sex, BMI, disease duration and status of the three
autoantibodies, age of onset maintained its association
with B-cell function preservation (OR =1.037, 95% CI:
1.003-1.072, P=0.033, Table 2). We then performed linear
correlation analysis and found age of onset positively
correlated with detectable FCP level (r=0.393, P=0.020,
Figure 2). Further RCS analysis showed that age of onset
linearly associated with the possibility of B-cell function
preservation. The slope of the curve flattened out after
the point around age of 30 after adjusting for parameters
including sex, BMI, disease duration and status of the
three autoantibodies (Figure 3), while no significant cutoff
point of age was observed on the curve. We then stratified
our subjects according to different ages of onset and
observed that individuals diagnosed after 30 years old had
significantly higher prevalence of residual B-cell function
(52.8% ws. 31.5%, P=0.038). The OR (95% CI) for age of
onset >30 years was 3.016 (1.030-8.827) after adjusting for
factors including sex, BMI, disease duration and the status
of three autoantibodies (P=0.044).

Due to the relatively large number of missing values,
we failed to include the HLA genotype and the occurrence
of DKA at disease onset into the multivariate analysis.
We can see in subjects carrying double, single, or no
HLA-susceptible haplotypes, residual B-cell function was
detected in 25.0% (7/28), 35.3% (6/17) and 50% (3/6)
of individuals, respectively, which showed an increasing
trend. In patients carrying HLA-susceptible genotypes
or not, the prevalences of residual B-cell function were
31.3% (5/16) and 31.4% (11/35). However, these
differences failed to reach statistical significance whether
the confounding factors were adjusted or not (P>0.05).
The proportion of subjects with residual p-cell function
was slightly lower in those with DKA at disease onset
(28.2% wvs. 41.2%), but this difference also failed to reach
statistical significance (P>0.05).
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Table 1 Clinical features of subjects categorized by residual B-cell function

Subjects with depleted

Subjects with residual

Clinical features All subjects (n=109) B-cell function (n=67) B-cell function (n=42) P value
Male (%) 40.4 [44] 44.8 [30] 33.3[14] 0.236
Age (years) 35.0 (22.5, 49.0) 30.0 (21.0, 47.0) 39.5 (25.5, 53.3) 0.113

Age of onset (years) 19.0 (10.0, 34.5) 17.0 (8.0, 30.0) 27.5(11.5, 37.0) 0.037*
Duration (years) 13.0 (10.5, 15.5) 13.0 (11.0, 16.0) 12.0 (10.0, 14.0) 0.106
BMI (kg/m?) 20.6+2.5 20.6+2.8 20.7+2.4 0.918
WHR 0.87 (0.81, 0.93) 0.88 (0.81, 0.95) 0.84 (0.80, 0.90) 0.579
SBP (mmHg) 120.0 (106.0, 135.0) 119 (102, 139) 120 (110, 132) 0.483
DBP (mmHg) 75.0 (67.8, 82.3) 73 (65, 85) 76 (71, 80) 0.579
FBS (mmol/L) 8.8+4.7 9.0+5.2 8.4+3.8 0.930
PBS (mmol/L) 12.0+£5.1 11.8+5.4 12.3+4.6 0.609

HbA1c (mmol/mol) 69.3+19.5 72.4+18.5 64.6+20.3 0.026*
TG (mmol/L) 0.90 (0.67, 1.25) 0.91 (0.68, 1.36) 0.87 (0.62, 1.14) 0.355
TC (mmol/L) 4.36+1.12 4.39+1.25 4.32+0.90 0.726
HDL-C (mmol/L) 1.34+0.50 1.33+0.50 1.35+0.51 0.801
LDL-C (mmo/L) 2.57+1.02 2.56+1.17 2.58+0.78 0.652
BUN (mmol/L) 7.41 (1.89, 28.44) 7.66 (2.00, 23.94) 7.24 (1.80, 32.01) 0.707
Cr (umol/L) 94.11 (30.70, 704.80) 89.51 (30.70, 570.30) 97.56 (26.40, 923.00) 0.643
UA (umol/L) 299.4+100.1 303.6+100.9 281.5+102.3 0.279
MetS (%) 17.4[19] 17.9[12] 16.7 [7] 0.868
GADA positive (%) 92.7 [101] 92.5 [62] 92.9 [39] 0.950
IA-2A positive (%) 25.0 [25] 25.8 [16] 23.7 [9] 0.812
ZnT8A positive (%) 19.0 [19] 21.0[13] 15.8 [6] 0.522
HLA susceptible haplotypes (%) 88.2 [45] 91.4 [32] 81.3[13] 0.363
Double 54.9 [28] 60.0 [21] 43.8 [7] 0.342
Single 33.3[17] 31.4 [11] 37.5 [6] 0.342
None 11.8 [6] 8.6 [3] 18.7 [3] 0.363
HLA susceptible genotypes (%) 31.4[16] 31.4 [11] 31.3 [5] 0.628
Intensive insulin treatment (%) 99.1 [108] 100.0 [67] 97.6 [41] 0.385
Daily insulin dose (U/kg/day) 0.62+0.29 0.65+0.28 0.57+0.31 0.452
Chronic microvascular complications (%) 53.2 [58] 52.2 [35] 54.8 [23] 0.797
Diabetic retinopathy (%) 43.1 [47] 46.3 [31] 38.1 [16] 0.402
Proliferative retinopathy (%) 8.5 [4] 12.9 [4] 0 [0] 0.133
Diabetic nephropathy (%) 28.4 [31] 28.4 [19] 28.6 [12] 0.981
Sever nephropathy (%) 19.3 [21] 19.4 [13] 19.0 [8] 0.919

Table 1 (continued)
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Table 1 (continued)
Clinical features All subjects (n=109) S;_ zjeeﬁz r\:‘g:i::?:_it%d z?:iic;tjn\gtiitgnr?:i:ddfugl P value
Diabetic peripheral neuropathy (%) 38.5[42] 37.3 [25] 40.5[17] 0.741
Diabetic macrovascular complications (%) 9.2 [10] 6.0 [4] 14.3[6] 0.143
Hypoglycemia (%) 41.3 [45] 52.2 [35] 23.8 [10] 0.003*
Severe hypoglycemia (%) 4.6 [5] 14.3 [5] 0[0] 0.266
DKA at onset (%) 69.6 [39] 61.1[11] 73.7 [28] 0.339
DKA before recruiting (%) 10.1 [11] 13.4 9] 4.8 [2] 0.144
Combination of other autoimmune 30.3 [33] 29.9 [20] 31.0[13] 0.903
disease (%)
ATD (%) 29.4 [32] 28.4 [19] 31.0[13] 0.772
AILD (%) 0.9 [1] 1.5[1] 0 [0] 0.426
Family history (%) 14.7 [16] 14.9[10] 14.3 6] 0.927

Data are presented as mean = SD, median (25th, 75th) or % [n], depending on variable type and distribution. Percentages reflect
calculations done on data available. *P<0.05, the differences between subjects with or without residual p-cell function were considered
statistically significant. BMI, body mass index; WHR, waist-to-hip ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; FBS,
fasting blood sugar; PBS, postprandial blood sugar; TG, total cholesterol; TC, total triglyceride; LDL-C, low density lipoprotein cholesterol;
HDL-C, high density lipoprotein cholesterol; BUN, blood urea nitrogen; UA, urea; CREA, creatinine; MetS, metabolic syndrome; GADA,
glutamic acid decarboxylase antibody; IA-2A, insulinoma-associated 2 molecule antibody; ZnT8A, zinc transporter 8 antibody; DKA,
diabetic ketoacidosis; ATD, autoimmune thyroid disease; AILD, autoimmune liver disease.

Table 2 Possible determinants of residual B-cell function

Parameters OR 95% ClI P value
Sex (male) 0.791 0.303-2.068 0.632
Age of onset (years) 1.037 1.003-1.072 0.033*
Disease duration (years) 0.918 0.816-1.033 0.154
BMI (kg/m?) 0.997 0.820-1.213 0.976
GADA positive 0.533 0.083-3.439 0.508
I1A-2A positive 0.699 0.189-2.591 0.592
ZnT8A positive 1.286 0.372-4.449 0.691

Multivariable logistic regression including all the variables in bivariate analysis was performed. *P<0.05 was considered significant.
BMI, body mass index; GADA, glutamic acid decarboxylase antibody; IA-2A, insulinoma-associated 2 molecule antibody; ZnT8A, zinc

transporter 8 antibody.

Discussion

Our study is the first to show that around 40% of long-
term patients with T1D in China have retained residual
B-cell function, and among those, over 33.0% responded
to MMTT with PCP levels at least a-double of their FCP
levels. Additionally, 8.3% of participants had FCP or PCP
levels greater than 200 pmol/L, which was proposed by
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the Diabetes Control and Complications Trial (DCCT)
to be associated with significant clinical benefits (14). This
result is quite promising for potential immune interventions
aiming at preserving the insulin secretion function of p-cells
in long-term patients with T1D, especially for those with
adult-onset disease, which has long been overlooked.

The proportion of patients with residual B-cell function

Ann Transl Med 2021;9(8):650 | http://dx.doi.org/10.21037/atm-20-7471



Page 8 of 12

in this study was comparable to or higher than a series of
the former studies. Data from the T1D Exchange Clinic
Network (15), the Search for Diabetes in Youth Study (16),
the EDC (Pittsburgh Epidemiology of Diabetes
Complications) Study (17) and the SDRNT1BIO (Scottish
Diabetes Research Network Type 1 Bioresource) Study (18)
revealed that the prevalence of residual p-cell function ranged
from 9.7-35.4% in long-term T'1D cases. Uno S (8) observed
all 71 Japanese T1D cases result in B-cell function failure
after 15 years from diagnosis. While in the well-known Joslin
Medalist Study report in 2010 (2), serum C-peptide could

Age of onset (years)

Figure 2 Association between age of onset and detectable FCP
levels in long-term patients with type 1 diabetes. The curve was
derived from Spearman correlation analysis. Age of onset was
positively and linearly correlated with detectable FCP levels
(r=0.393, P=0.020). FCP, fasting C-peptide.
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be detected in 67.4% of 411 insulin-dependent patients with
T1D at >50 years after onset. Using home post-meal urine
C-peptide-to-creatinine ratio (UCPCR), Oram ez a/. (7)
found 80% of 924 participants with T1D had detectable
endogenous C-peptide after a median duration of 19 years.
Variations in the above data might be attributed
to several factors. First, there were differences in the
selection of subjects. The Joslin Medalist Study recruited
highly selected individuals who lived with T1D for more
than 50 years. As reported in the 3C study of coverage,
cost and care for T1D in China, few patients with T1D
could live with the disease for more than 30 years (19).
Therefore, we suspect that the extremely long course of
disease in Joslin Medalist Study may exclude a proportion
of patients who died with depleted B-cell function, which
resulted in a relatively high proportion of B-cell function
in the survivors. In addition, it was different from all the
former studies that our recruited subjects with at least one
positive autoantibody. The presence of autoantibodies
was reportedly associated with rapid disease progression
in patients with T1D (4,20,21). Therefore, residual p-cell
function level in our autoantibody positive subjects would
be a little lower than the actual level of the whole T1D
group. Thus it can be inferred that residual B-cell function
in Chinese long-term T1D patients is quite considerable.
We found that older age of onset was associated with
increased level of residual B-cell function, which was
consistent with a number of former studies on Caucasians.

Williams GM (22) and Davis AK (15) observed that subjects

4.0
3.0
2.0

101 /———'

0.0

Odds ratio for residual B-cell function

10 20 30 40 50
Age of onset (years)

Figure 3 Association between age of onset and the possibility of B-cell function preservation in long-term patients with type 1 diabetes.
The solid curves and grey areas represent the ORs and their 95% CIs for residual B-cell function preservation, respectively. Figure (A) was

derived from univariate analyses, and (B) from multivariate analyses after adjusting for sex, disease duration, BMI and autoantibody status.

Age of onset was positively and linearly associated with the possibility of B-cell function preservation. Although the slope of the curve

flattened out after the point around age of 30, no significant cut-off point of age was observed on the curve.
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with older age of onset tended to retain persistent B-cell
function long after diagnosis. The Joslin Medalist Study (2)
and Oram er al. (7) reported long-term patients with T1D
who were diagnosed older had higher levels of residual
C-peptide. The reason for this phenomenon could be partly
attributed to higher levels of residual p-cell function in older
patients at the time of diagnosis (23) and partly because
B-cell function depletion occurs faster in subjects with
younger age of onset (8,24,25), since age of onset may be
associated with the strength and intensity of the underlying
autoimmune process (26). In our study, the association
between age of onset and B-cell function preservation still
existed after adjusting for confounding factors including
disease duration, BMI and autoantibody status. This
indicated that age of onset may have its influence on B-cell
function preservation independently from these factors,
which needed to be explored further in future studies.

We were unable to comment definitively on the cutoff
point for age of onset associated with the preservation of
B-cell function. Previous studies reported that adult-onset
patients were more likely to retain residual B-cell function
than juvenile-onset patients (8,15). Williams (22) observed
that those diagnosed before 5 years old were more likely to
develop B-cell function failure. Wang (4) stratified subjects
diagnosed from 1 to 56 years old according to their age
of onset, and found those with an age of onset between
31-40 years retained the highest level of residual B-cell
function. In our study, subjects were diagnosed between 2
to 60 years old. When stratified by different age of onset,
we found that individuals diagnosed after 30 years old were
more likely to retain residual B-cell function. While the
RCS analysis showed that age of onset was positively and
linearly associated with the possibility of B-cell function
preservation, and no obvious cutoff point of age was found,
which indicated larger sample size was needed to make
the potential correlation between residual p-cell function
and age of onset obvious. Therefore, although the above-
mentioned studies established the positive correlation
between age of onset and B-cell function preservation, the
complex relationship between specific age of onset and
retention of B-cell function requires further investigation.

Although other clinical factors, including disease
duration (14,15,26), presence of autoantibodies (22,27),
sex (18), and HLA genotype (18) were reported to be
associated with B-cell function in long-term patients with
T1D, no significant associations were observed in our cases,
suggesting possible ethnic differences.

The beneficial effects of residual B-cell function on
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HbAlc and the risk of hypoglycemia have been well
documented (3,28,29). Furthermore, studies demonstrating
that even marginal C-peptide levels, as low as 10 pmol/L or
even 3.3pmol/L, were associated with improved glycemic
control (18,30), which was consistent with our results.

Unexpectedly, although residual B-cell function was
associated with better glucose control, we did not find
a correlation between persistent C-peptide and diabetic
microvascular complications. Few studies have specifically
focused on the relationship between chronic diabetic
complications and residual B-cell function. The most well-
known report was released by the DCCT group, which
reported that C-peptide levels as low as 30 pmol/L were
associated with reduced incidences of retinopathy and
nephropathy (3) in patients with T1D. It was long believed
that diabetic microvascular complications resulted largely
from the high level and frequent fluctuation of blood sugar.
Therefore, the beneficial effects associated with residual B-cell
function may be partly due to the improvement of glycemia
control, and partly to the direct protective effect of C-peptide
on microvascular structure and function (31). Our negative
results may be attributed to the relatively small difference
of glycemia level in the distinct groups that failed to induce
variation of complication status, considering the HbAlc levels
in the DCCT study were 9.2% vs. 8.4% while they were
8.78% wvs. 8.06% (64.6+20.3 vs. 72.4+18.5 mmol/mol) in our
study. Moreover, the average disease duration in our study
was longer than that in the DCCT study (13.0 vs. 8.2 years),
which may mask the beneficial effect caused by other factors
on the development of complications. Besides, our study
comprised a relatively small number of participants, which
makes the negative results difficult to interpret. Therefore,
a larger sample size and whole-course studies are needed to
further explore this issue.

The strengths of our study are as follows: (I) data from
the present study is the first to provide strong evidence
for the existence of a considerable level of residual B-cell
function in Chinese long-term patients with T'1D. This,
together with the former data of the Caucasian populations,
contributes to a deeper understanding of the natural
history of T1D. The existence of residual pB-cell function
in long-term patients would help to expand the potential
beneficiaries and to find novel intervention targets of the
immune interventions, which aimed at protecting islet B-cells
from autoimmune attacks. (II) We focused on adult-onset
classical T1D. Different from Latent Autoimmune Diabetes
in Adults (LADA), which is a subtype of slow-progressive
autoimmune diabetes, classical T1D progresses more rapidly
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and faces more difficulties in clinical management. It was
generally believed that classical T1D often occurs in children
and adolescents, and LADA was the most common form
of autoimmune diabetes in adults (32). But as was recently
reported by Weng ez 4/. (9), most new cases of classical T1D
in China were adult-onset. This indicated that adult-onset
is not necessarily to be ‘latent’. Classical T1D among adults
also deserves full of our consideration. Previous studies
usually recruited patients from specific cohorts with certain
limitations to their subjects, and the vast majority of studied
patients were children or adolescent onset (2,4,7,14). While
the subjects in our study were from a population-based
cohort with a mean age of onset of 19 years old, this was
thought to be more representative of the T1D in general
populations; (III) Distinct from previous studies, all the
subjects in our study had at least one positive autoantibody,
which robustly ensured the etiology homogeneity of the
enrolled subjects. All the subjects were autoimmune-related,
and idiopathic T1D were well excluded, which allowed this
study to better align with the further exploration of immune
interventions.

There were some limitations to our study. First, this was
a single center study, and the relatively small sample size
reduced the statistical power of the analyses and generate
less precise estimates. Second, this was a retrospective study,
and we were unable to adequately collect data at diagnosis
or during the course of the disease. Third, the sensitivity
of the C-peptide detection method needs to be improved
further. And limited by the condition of the outpatient and
the compliance of the patients, we only conducted a 2-hour
MMTT to evaluate patients’ residual B-cell function. If
possible, an arginine stimulation test should be used, and
the monitored points of C-peptide should be increased to
maximize the detection limit of residual B-cell function.
Besides, it is noteworthy that only three antibodies were
detected in our study, and if conditions permit in the
future, we will test more autoimmune indicators so as to
maximumly include autoimmune T1D patients.
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