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Summary

The mRNA levels of a set of immune-related genes were analysed with periph-
eral blood samples from at-risk, new-onset and long-term type 1 diabetes
(T1D) patients, in comparison to those from healthy controls. The selected set
includes T lymphocyte genes [CD3G and cytotoxic T lymphocyte-associated
antigen 4 (CTLA4)], B lymphocyte genes (CD19 and CD20) and myeloid
cell-related genes [CD11b, Toll-like receptor (TLR)-9, arginase (ARG1)]. Also
included is a subset of the S100 family members that has been documented
recently as regulatory elements of innate immunity. Samples from patients
with long-term T1D had a reduced level of mRNA for most of selected innate
and adaptive immune genes. No such reduction was detected in samples
collected from at-risk or new-onset T1D patients. Analyses of regulatory gene
expression ratios revealed a dynamic disproportion of CTLA4 versus CD3G
expression in samples from at-risk, new-onset and long-term T1D patients.
These changes could serve as immunological biomarkers for the status of the
immune system during T1D progression and therapeutic interventions.
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Introduction

T1D develops as a result of breakdown in immunological
tolerance induction mechanisms. However, the pathogenesis
of T1D has proved difficult to study in humans because
of ethical and practical concerns that limit access to app-
ropriate samples, such as pancreatic tissues. Studies using
peripheral blood samples have advantageous accessibility
and minimum body invasion compared to tissue samples.
Although the gene expression profiles in peripheral blood
may not reflect an active disease process taking place in
the pancreas, such analyses performed with samples from
patients at different stages of T1D may yield valuable biom-
arker information for the stage and progression of the
disease. Indeed, our previous study [1] with peripheral blood
samples from T1D patients has identified dynamic profiles of
mRNA expression levels for a number of inflammatory
cytokines and cytotoxic effector molecules.

In this study, we examined the mRNA levels for a set of
immune genes including some essential elements of immune
cells as well as newly emerging regulatory components.
Quantitative reverse transcription–polymerase chain reac-
tion (qRT–PCR) assays were used to generate robust expres-
sion data with a small volume of sample collection.
Commercially tested primer and probe sets were utilized for

the qPCR assays, purporting to facilitate repetition of the
gene expression analyses in independent studies.

We reasoned that the expression level of a gene associated
characteristically with an immune-cell subset may mark the
abundance and/or activity of the cells. In this regard the
expression of CD3G, which encodes for the gamma chain of
the CD3–T cell receptor (TCR) complex, was taken to rep-
resent T lymphocytes, a major mediator of autoimmune
damage in T1D. The expression of CTLA4 was analysed to
assess T cell regulation during T1D progression. CTLA4 was
selected because its allelic variations have been attributed to
T1D risks. Another major subset in the adaptive immune
system, B lymphocytes, also plays an important role in
human T1D pathogenesis [2]. The expression of CD20
(MS4A1) and CD19 was analysed to assess the abundance
and/or activity levels in the B cell compartment.

The response of the adaptive immune system is initiated
and co-ordinated by the innate immune system, in which
myeloid cells expressing CD11b are a major constituent.
A cornerstone premise of immunology is the capacity of
the immune system to distinguish ‘self ’, the body’s own
tissue, and ‘non-self ’, exemplified by infectious agents. One
mechanism to achieve this is thought to be by an innate
system recognizing pathogen-associated molecular patterns
(PAMPs) of microbial pathogens [3], mediated by Toll-like
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receptors (TLRs). Some members in the TLR family, includ-
ing TLR-9 [4], have also been demonstrated as initiators of
autoimmunity. In lieu of PAMPs, it has been proposed that
tissue damage releases endogenous damage-associated
molecular patterns (DAMPs), a collective of innate immune
signals that trigger adaptive immune responses [5,6]. Among
the DAMP molecules is the S100 family of proteins [7]. Some
members of S100 genes, most notably S100A8 and S100A9,
were shown recently to play an important role in immuno-
logical tolerance by regulating myeloid-derived suppressor
cells (MDSCs). MDSCs depend on arginase (ARG1) for their
regulatory function [8]. Overall, for most of the S100 family
members, their immunological functions remain to be
identified. The S100 genes constitute a large family with
approximately 20 members. They are absent in invertebrates
and highly conserved in mammalian genomes [9]. The
appearance of S100 genes at the vertebrate branching point
of evolution coincides with specific adaptive immunity, sug-
gesting a role in participating and/or co-ordinating innate
and adaptive immune responses.

Therefore, we studied gene expression levels of CD3G,
CTLA4, CD20, CD19, CD11b, ARG1, TLR9 and members of
the S100 family to identify potential biomarkers during T1D
progression.

Materials and methods

Subjects

The sample source and subject profiles are similar to what
have been described in detail in a previous report [1],
with minor differences. Briefly, peripheral blood samples
were collected from four groups of subjects [n, mean
age � standard deviation (s.d.) in years, male : female
ratio]: at-risk (n = 19, 15·0 � 12·0, 10:9), new-onset (n = 33,
15·4 � 7·6, 16:17) and long-term (n = 59, 38·9 � 13·6,
31:28) T1D patients and healthy controls (n = 70,
39·7 � 10·0, 35:35). The long-term diabetic patients and the
healthy control group have a similar distribution of age and
gender. Subjects in the at-risk group have autoantibodies
against at least one of the following specificities: insulin
(IAA), glutamic acid decarboxylase-65 (GAD65), islet cell
autoantigen (ICA)512/IA2 (IA2) and/or ICA. Risk status of
the at-risk patients was stratified based on the protocol for
the Type 1 Diabetes TrialNet Natural History Study [10].
Low risk (n = 2) was defined as having one positive autoan-
tibody with a normal oral glucose tolerance test (OGTT).
Moderate risk (n = 10) was defined as having two positive
autoantibodies with a normal OGTT test. High risk (n = 6)
was defined as having three or more positive autoantibodies
with a normal OGTT test or one to four positive autoanti-
bodies with an abnormal OGTT test. The small sample size
in each subgroup of the at-risk patients precluded us from
analysing potential gene expression difference between
low-, medium- and high-risk patients. All patients in the

new-onset T1D group were diagnosed within a year of
sample collection with the mean disease duration of 78 � 74
days. Long-term T1D patients had a diabetes duration of
more than 5 years (22·4 � 11·0 years) with average haemo-
globin A1c (HbA1c) (%) = 7·9 � 1·3. Control blood samples
were obtained from local healthy volunteers negative for any
of the islet autoantibodies. Blood samples were collected
from participants who were well (afebrile and off antibiotic
treatment for at least 2 weeks prior to the visit) and not on
steroids or other immunomodulatory therapies for at least 1
month prior to blood sample collection.

RNA isolation, cDNA synthesis, qRT–PCR for
assessment of gene expression levels

Peripheral blood was collected into a Paxgene Blood RNA
tube (Qiagen, Valencia, CA, USA) and stored at -80°C. We
expected that whole blood collected in the Paxgene Blood
RNA tube had an advantage of preserving optimal mRNA
integrity and facilitating longitudinal comparison of
archived samples, in comparison to methods that entail cell
purification, such as flow cytometry, which may compromise
the cellular viability (and thus mRNA intergrity), even
though the latter would be advantageous to pinpoint poten-
tial changes to cellular subsets. Total RNA was isolated
within 3 months of sample collection using a Paxgene Blood
RNA kit (Qiagen); RNA preparation was treated with DNase
I (Invitrogen, Carlsbad, CA, USA) to remove genomic DNA
contamination. The levels of mRNA expression were deter-
mined using qRT–PCR, as described previously [1].

Statistical analyses

Outlier detection. Before computational analyses, log2 trans-
formation was applied to the value of gene expression. The
sas robustreg procedure was applied to identify outliers.

Analysis of variance (anova), Student’s t-test and regression
analysis of gene expressions. anova tests were carried out for
each gene. In order to identify genes that are expressed dif-
ferentially between two groups, a Student’s t-test was per-
formed for each gene comparing healthy controls with each
T1D group. Before a conclusion about gene expression dif-
ference was drawn, potential impact of age and gender dif-
ference between groups was considered. Potential effect of
age was adjusted statistically. A difference of gene expression
or gene-expression ratio between groups was considered sta-
tistically significant only if both Student’s t-test without age
adjustment and the regression analysis with age adjustment
indicated thus at a false discovery rate (FDR) < 0·05. In this
study the t-test between a T1D group and the healthy group
was not regarded as post-anova analysis. anova, t-tests and
linear regression with adjustment of age were used in parallel
to ensure that consistent results were obtained from different
types of analysis. Indeed, for those genes that anova did not
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identify differential expression, the t-test and linear regres-
sion did not identify differential expression either.

Results

Reduced gene expression in both innate and adaptive
immune branches in long-term T1D groups but not in
at-risk or new-onset T1D patients

Relative mRNA expression levels were determined with trip-
licate, qRT–PCR for the selected set of 13 innate and adaptive
immune genes, with peripheral blood samples from 59 long-
term (LT) T1D patients and 33 new-onset (NO) T1D
patients, 19 subjects at risk (AT) for T1D and 70 healthy
(HT) controls. Log2 transformation was applied to the
expression values of all genes before further computational
analyses. Four statistical outliers, out of the 2353 expression
values for all 13 genes determined for all samples, were
excluded from further analyses. These four outliers included
one ARG1 value in the HT group, one ARG1 value in the NO
group, one S100A10 value in the AT group and one S100A13
in the HT group,

The relative expression levels of the 13 innate and adaptive
genes in healthy control samples were compared with those
of at-risk, new-onset and long-term diabetic groups. Com-
pared to healthy controls, the AT and NO T1D groups did
not exhibit any decrease of expression in any of the 13 genes.

Conversely, the LT T1D group showed a significantly
decreased expression for most (10 of 13) of the selected
genes. As shown in Fig. 1, affected genes include basic indi-
cators for lymphocytes and myeloid cells, CD3G, CD20,
CD11b and TLR9. Among the six S100 genes tested (Fig. 2),
the LT T1D patient samples had reduced expression level for
S100A6, S100A10, S100A11 and S100A13, with the most sig-
nificant difference seen in S100A13 expression. No signifi-
cant difference was detected for expression of S100A8 and
S100A9. Taken together with the previous findings that
cytokine mRNA levels were reduced in the LT T1D samples,
but not in the AT and NO patients [1], the results suggest
that there could be a mild immune gene expression insuffi-
ciency across innate and adaptive immune branches in the
LT T1D group. However, such an insufficiency did not occur
before or at the onset of diabetes. This pattern of gene
expression in different stages of T1D is summarized in
Table 1.

Altered ratios of cytotoxic T lymphocyte-associated
antigen 4 (CTLA4) versus CD3G expression in T1D

The development of T1D is influenced strongly by genetic
factors. One of the genetic determinants of T1D risk is the
polymorphisms of the CTLA4 locus, associated with T1D in
various ethnic populations by studies from many groups.
Genetic studies indicate that it is not the qualitative change
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Fig. 1. Innate and adaptive gene expression insufficiencies in long-term (LT), but not new-onset (NO) and at-risk (AT), type 1 diabetes (T1D)

patients, compared to healthy (HT) controls. Relative mRNA expression levels are calculated as fold change against a common control and plotted

in a log2 scale. The line indicates the average value in a group. The P-value from analysis of variance (anova) for each gene is indicated after the

title of each plot. The P-value for comparison between a T1D group and healthy controls is presented on top of the gene expression value plots

if it was less than 0·05 in both regression analyses with age adjustment, and Student’s t-test without age adjustment. Shown is the higher (more

nullifying) P-value from the regression analyses or Student’s t-tests. Cut-off P-values for the t-test and regression analysis are 0·026 and 0·029,

respectively, determined with the Benjamini–Hochberg procedure at a false discovery rate (FDR) <0·05 for a family of 13 hypothesis tests (13

genes). However, P-values less than 0·05 but above 0·026 or 0·029 are still presented to shown potential marginal significance.
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of mature CTLA4 protein, but subtle quantitative variations
of CTLA4 expression that are attributable to T1D risk [11].
The association is consistent with the function of CTLA4 as
a master regulator of T lymphocytes [12,13].

We analysed CTLA4 mRNA levels in peripheral blood
samples from the AT, NO and LT T1D patients in compari-
son to HT controls. No difference was detected between the
HT controls and AT subjects or NO patients, but CTLA4
mRNA levels were decreased significantly in the LT diabetic
patients compared to HT controls (Fig. 3a). However, a

different pattern emerged when CTLA4 expression was
examined in reference to the CD3G expression level in the
same samples. The ratios of CTLA4 : CD3G expression were
decreased substantially in both the AT and NO groups, but
increased significantly in the LT diabetic group (Fig. 3b,
Table 1).

Unlike the long-term T1D group, the age distribution of
the AT and NO patients is different from that of HT controls.
The variations of CTLA4 : CD3G ratios among the groups
could be contributed by gender and age. A commonly
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Fig. 2. S100 gene expression insufficiencies in long-term (LT), but not new-onset (NO) and at-risk (AT), type 1 diabetes (T1D) patients, compared

to healthy (HT) controls. Relative gene expression levels were calculated as fold change against a common control and plotted in the log2 scale. The

line indicates the average value in a group. The P-value from analysis of variance (anova) for each gene is indicated after the title of each plot.

The P-value for comparison between a T1D group and healthy control is presented on top of the gene expression value plots if it is less than 0·05.

Shown is the higher (more nullifying) P-value from two different statistical tests: regression analysis with age adjustment or Student’s t-test without

age adjustment. Cut-off P-values for the t-test and regression analysis are 0·026 and 0·029, respectively, determined with the Benjamini–Hochberg

procedure at a false discovery rate (FDR) <0·05 for a family of 13 hypothesis tests (13 genes). However, P-values less than 0·05 but above 0·026 or

0·029 are still presented to show potential marginal significance.

Table 1. Relative gene expression pattern in at-risk, new-onset and long-term type 1 diabetes (T1D) patients compared to healthy controls (HT).

Gene At-risk (AT) New-onset (NO) Long-term (LT)

CD3G ↑ versus HT ↑ versus HT ↓ versus HT

S100A10 ↓ versus HT

S100A13 ↑ versus HT ↑ versus HT ↓ versus HT

CD11b ↑ versus HT ↓ versus HT

TLR-9 ↑ versus HT ↓ versus HT

CD20 ↓ versus HT

S100A6 ↓ versus HT

S100A11 ↓ versus HT

CTLA4 ↓ versus HT

CTLA4/CD3G ↓ versus HT ↓ versus HT ↑ versus HT

Increase and decrease, in gene expression or gene expression ratio relative to controls. CTLA4: cytotoxic T lymphocyte-associated antigen 4;

HT: healthy; TLR: Toll-like receptor.
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encountered difficulty in T1D studies is the lack of samples
from gender- and age-matched healthy children. Given this
obstacle, we could not rule out experimentally the possibility
that the gender- and age-difference between groups may
contribute to the altered CTLA4 : CD3G ratios in the T1D
groups. We conducted regression analyses of gene expression
in each group with respect to age and examined the potential
effect of gender by Student’s t-test. We did not detect depen-
dence of CTLA4 : CD3G ratio on gender. Regression analy-
ses indicated that CTLA4 : CD3G ratios was significantly
(P = 0·0002) dependent on age in the AT group, but not in
the NO or LT T1D group or in healthy individuals. With
adjustment for age difference between the groups, regression
analyses detected a significant difference in CTLA4 : CD3G
ratios between healthy and each T1D group (Fig. 3b). Using
a different method, Student’s t-test, without adjusting for
age, the ratios of CTLA4 : CD3G expression between the
healthy and each T1D group were also found to be statisti-
cally significant. CTLA4 critically mediates the suppressive
function of forkhead box protein 3 (FoxP3+) regulatory T
cells [14]. However, no significant difference was detected for
FoxP3 : CD3G ratios between healthy controls and any one
of the T1D subject groups (Fig. 3c). It should be noted that
whereas a number of genetic studies have associated T1D
with genetic variations of the CTLA4 locus that affect CTLA4
expression [11], polymorphisms of the FOXP3 gene were not
associated with common T1D cases [15].

Marginal correlation of gene expression changes with
glycaemic controls in T1D patients

To examine the potential impact of glycaemic control on the
immune gene expression, fasting glucose, fasting c-peptide
or HbA1c measurements were tested for correlation with
gene expression levels at a significance level of 0·05. The
analysis was conducted for the expression values of 25
genes, including 12 genes reported in a previous study [1]
(not shown) and 13 genes in this study, as well as the
CTLA4 : CD3G ratio. In the AT group, no significant corre-
lation was detected for HbA1c or fasting glucose with expres-
sion values of any of the selected genes. However, the
expression of ARG1 correlated with fasting c-peptide [cor-
relation (r) = 0·47; P = 0·043]. In the NO group, no signifi-
cant correlation was detected between fasting glucose or
c-peptide and the expression level of any of the selected
genes. However, the HbA1c values correlated with expression
of ARG1 (r = -0·77; P = 0·004) and S100A8 (r = -0·59;
P = 0·041). In the LT group, correlation was detected
between HbA1c values and CD3G (r = 0·31; P = 0·003),
CD19 (r = 0·31, P = 0·018), CD20 (r = 0·39; P = 0·003) and
ARG1 (r = 0·29; P = 0·028), interferon (IFN)-g (r = 0·27,
P = 0·042) and granzyme B (r = -0·36, P = 0·006).

In the AT group, no correlation was detected between
the CTLA4 : CD3G ratio and fasting glucose, fasting
c-peptide or HbA1c measurements. In the NO group, the
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CTLA4 : CD3G ratio was not correlated with fasting glucose
or fasting c-peptide values, but a correlation between HbA1c
values and CTLA4 : CD3G ratios was detected (r = 0·71;
P = 0·01). In the LT group, HbA1c values were correlated
weakly with the CTLA4 : CD3G ratio (r = -0·31; P = 0·021).

However, if we applied the Benjamini–Hochberg proce-
dure to control the FDR at a level <0·05 for each family of 26
hypothesis tests (for the 25 genes and one ratio), none of the
correlations was significant. Hence, the correlations detected
at a significance level of 0·05 described above should be
regarded as only marginally significant.

Stable ratios of some innate and adaptive regulatory
genes throughout different stages of T1D

The dynamic change of CTLA4 : CD3G ratios at different
stages of T1D prompted us to examine the expression rela-
tionship of another two genes that play key roles in T cell
regulation, transforming growth factor (TGF)-b and FoxP3.
TGF-b is essential for generation of induced FoxP3+ regula-
tory T (Treg) cells [16]. Evidence gathered from a recent study
indicated that a defect in TGF-b-induced Treg cells may con-
tribute to the development of autoimmune diabetes in the
non-obese diabetic (NOD) mouse model of T1D [17]. Inter-
estingly, although the mRNA expression levels of both TGF-b
and FoxP3 were reduced substantially in peripheral blood
samples from the LT T1D patients [1], the average ratios of
FoxP3 : TGF-b mRNA were maintained at a virtually identi-
cal level among all four groups (Fig. 3d) (mean � s.d.,
HT 1·03 � 0·47, AT 1·06 � 0·39, NO 1·03 � 0·42, LT
1·10 � 0·51).

S100A8, S100A9 and ARG1 are thought to be important
regulatory genes for myeloid cell function [8]. Those regula-
tory mechanisms was identified originally in tumour-
induced immune suppression, but has been implicated
in non-malignant inflammatory pathology including
autoimmune damage [8]. No significant variation of
S100A8 : CD11b or S100A9 : CD11b expression ratios was
identified between healthy controls and any of the T1D
groups (Fig. 3e,f).

Discussion

The overall immunological status during human T1D initia-
tion and progression remains a challenge to characterize.
This study, with peripheral blood samples from T1D patients
at different stages of diabetes, examined levels and ratios of
innate and adaptive immune gene expression. The study
revealed reduction of mRNA levels in long-term T1D patient
samples for most of the selected genes in both the innate and
adaptive branches. However, this type of reduction was not
detected in at-risk or new-onset T1D groups. Therefore, such
evidence does not suggest any causal role for immune insuf-
ficiencies in autoimmunity. Whereas it remains unknown
what causes the reduction of mRNA levels in the samples

from long-term T1D patients, reduced mRNA levels for
common immune genes might serve as a biomarker of
immune changes in the process of diabetes progression. It
should be noted, however, that the reduction of immune
gene expression in long-term T1D patients was subtle, and
its effect remains unknown. Conversely, subtle deficiencies in
expression of some immune genes, including TLRs, have
been documented to affect human immune defence to
infections [18].

Aside from the gene-expression level changes, this study
uncovered a dynamic profile for CTLA4 : CD3G expression
ratios in samples from different stages of T1D. CTLA4, a
master regulator in T cell tolerance [12], was expressed at a
higher proportion relative to CD3G in the long-term T1D
population. In contrast to long-term diabetic patients,
at-risk and new-onset T1D cohorts had a lower ratio of
CTLA4 : CD3G mRNA expression in peripheral blood. It
should be emphasized that the results remain not fully con-
clusive, due to lack of control samples from age-matched
healthy children, and that we had to resort to a statistical
adjustment for age-difference. However, the observed differ-
ence is consistent with the CTLA4 genetic predisposition
associated with human T1D pathogenesis. Besides the MHC
locus, the CTLA4 gene is shown to be one of the loci carrying
a strong association with T1D. The linkage disequilibrium of
T1D risk with the single nucleotide polymorphisms (SNPs)
at the CTLA4 locus has been established by independent
studies from several different groups. The exact attribution
of each CTLA4 SNP to CTLA4 expression level, as well as
T1D association, remains a debate. For example, a well-
known report showed that unstimulated CD4 T cells from 14
healthy subjects had about two- to threefold lower levels of
soluble (s) CTLA4 splice variants associated with the T1D-
risk +6230G allele [19]. However, a later study with 11 non-
diabetic subjects, most of whom were parents of T1D
children, found that neither sCTLA4 nor the full-length (f)
CTLA4 splice variant levels were linked to the +6230G>A
SNP if the subjects had the same –318C SNP in the promoter
region, but the –318C T1D-risk allele was associated with
lower levels of both fCTLA4 and sCTLA4 transcripts [20].

What might cause a distinct change of CTLA4 : CD3G
ratios in different stages of T1D remains to be determined.
Whereas the decreased ratios in the AT and NO groups could
be consistent with genetic predisposition, the higher ratio of
CTLA4 : CD3G in the LT group probably reflects an immu-
nological process that is associated with diabetes but has no
causative role in diabetes per se. It remains to be identified
whether such changes reflect altered CD4 or CD8 T cell
lineages, or effector T (Teff) cell or Treg cell subsets. There
seems to be a marginal correlation between HbA1c measure-
ments and CTLA4 : CD3G gene expression ratios but,
intriguingly, the weak correlation appears positive in the
new-onset group but negative in the long-term T1D group.
Further studies are needed to examine this observation, but
it by no means excludes the potential impact of imperfect

D. Han et al.

136 © 2012 The Authors
Clinical and Experimental Immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 170: 131–138



glycaemic controls on immune gene expression. None the
less, those changes might be useful as immune biomarkers
during T1D progression. The variations were subtle, but
could have an immunological impact. In animal models, a
modest reduction of CTLA4 through transgenic shRNA pro-
voked autoimmune diabetes, not only in the standard NOD
mouse model but also in mice with a mixed genetic back-
ground that were otherwise free from autoimmune damage
of pancreatic islets [21]. However, whether and how a change
in CTLA4 levels relative to CD3G expression affects immune
function needs to be determined experimentally. In mouse
models of anti-tumour immunity, subtle reduction of
CTLA4 promoted Teff cell activity without compromising Treg

cell function, indicating an exquisite sensitivity of Teff cells to
CTLA4 changes [22].

Despite the essential role of CTLA4 for the function of
FoxP3+ Treg cells [14], unlike the substantial disproportion of
CTLA4 : CD3G expression, FoxP3 : CD3G expression ratios
did not differ significantly comparing healthy controls and
any of the T1D groups. FoxP3+ Treg cells can be generated
naturally in the thymus, or induced in the periphery through
a mechanism dependent on TGF-b. The defect of TGF-b-
induced Treg cells has been implicated in the pathogenesis of
autoimmune diabetes in the NOD mouse model [17]. Inter-
estingly, the ratios of TGF-b : FoxP3 were stably maintained
to such an extent that the average ratios were virtually iden-
tical in all groups of T1D patients and healthy controls.
Therefore, the balance of these two key regulatory elements
of adaptive immune tolerance was not apparently perturbed
even in the condition of long-term diabetes. In the same
vein, for innate immune regulation, no significant change of
S100A9 : CD11b ratios was detected between healthy con-
trols and any of the T1D or at-risk groups. Thus, the expres-
sion relationships of those key immunoregulatory genes
were maintained throughout T1D progression, whereas
CTLA4 : CD3G expression ratios exhibited a dynamic
variation.

Gene expression analyses using whole blood samples,
instead of purified cell populations, were conducted in this
study. Whole blood assays require less manipulation, and
contain cell populations that may be lost in the cell isolation
process. In addition, the whole blood samples used in this
study were collected into a Paxgene Blood RNA tube, which
contains RNA-stabilizing reagents to protect RNA molecules
from degradation and minimize induction of gene expres-
sion changes after blood collection. However, this approach
could not differentiate if the changes in gene expression were
caused by altered cellular activation and/or subset composi-
tion, which requires further studies using cell-based analyses.
Conversely, this approach could circumvent potential artifi-
cial variability introduced by extensive in-vitro handling that
would be required for cell sorting by flow cytometry or mag-
netic beads. qRT–PCR has the advantages of high sensitivity
and flexibility over flow cytometry assay, as for this assay
blood samples do not need to be processed immediately, but

instead can be frozen in the Paxgene tube for a few months
before processing, which enables examination of a large
numbers of samples, including samples collected longitudi-
nally from the same patients in the same experiment.

Overall, the profiles of immune gene expression ratios,
together with gene expression levels, could be useful as
biomarkers to assess immune status during progression of
T1D, and assist monitoring of immune intervention. These
parameters might provide some practical and reproducible
biomarker indicators for whether a substantial change might
have occurred in the patient’s immune system, especially if a
longitudinal analysis is conducted to compare samples col-
lected at different stages of T1D development. The informa-
tion could be important for T1D patients given the key role
of the immune system in maintaining a patient’s health.
Further studies are needed to identify biomarker patterns
that could precisely stage T1D pathogenesis, and predict dia-
betes development and progression, or lack thereof, in
at-risk and new-onset individuals.
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