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Abstract

Multiple immune parameters such as frequencies of autoreactive CD4+, CD8+ T-cells and CD4+CD25+Foxp3+ T-cells
have been explored as biomarkers in human T1D. However, intra-individual temporal variation of these parameters
has not been assessed systematically over time. We determined the variation in each of these parameters in a cohort
of T1D and healthy donors (HDs), at monthly intervals for one year. Despite low intra- and inter-assay co-efficient of
variation (CV), mean CVs for each of the immune parameters were 119.1% for CD4+ T-cell-derived IFN-γ, 50.44% for
autoreactive CD8+ T-cells, and 31.24% for CD4+CD25+Foxp3+ T-cells. Further, both HDs and T1D donors had similar
CVs. The variation neither correlated with BMI, age, disease duration or insulin usage, nor were there detectable
cyclical patterns of variation. However, averaging results from multiple visits for an individual provided a better
estimate of the CV between visits. Based on our data we predict that by averaging values from three visits a
treatment effect on these parameters with a 50% effect size could be detected with the same power using 1.8–4-fold
fewer patients within a trial compared to using values from a single visit. Thus, our present data contribute to a more
robust, accurate endpoint design for future clinical trials in T1D and aid in the identification of truly efficacious
therapies.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease in which
autoreactive T-cells destroy insulin-producing beta cells in the
pancreatic islets (reviewed in 1,2). This process results in overt
hyperglycemia and patients ultimately rely on exogenous
insulin to maintain euglycemia. Despite recent successes in
clinical trials with insulin pumps [3], and continuous glucose
monitoring technologies [4], the majority of patients are unable
to reach the American Diabetes Association (ADA)
recommended hemoglobin A1c (HbA1c) glycemic target of 7%
or less [5]. Further, these patients are at a higher risk for
developing microvascular complications [6,7]. Though insulin is
a lifesaving therapy, it does not ameliorate the underlying
autoimmune process, and exogenous insulin use has major
drawbacks including weight gain [8] and risk of hypoglycemia.

Furthermore, while epidemiological studies have shown that
incidence of T1D is rising rapidly [9-11], T1D patients remain
without a therapeutic agent that can alter the underlying
disease process.

Preservation of C-peptide a surrogate marker of beta-cell
preservation is the primary biomarker available for determining
therapeutic efficacy in T1D subjects [12]. However, while C-
peptide provides information about islet function, it does not
provide insight into the underlying immune process. Thus,
immunological biomarkers [13] that could reliably demonstrate
a therapeutic effect on the immune system can help identify
patients that would respond to a therapy, and in doing so,
reduce the time required to run these clinical trials and be more
cost effective. Towards this goal, several immune parameters,
including CD4+CD25+Foxp3+ T-cells [14-16] and autoreactive
CD4+ [17] and CD8+ T-cells [18] have been explored as
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possible biomarkers. Most of these parameters exhibit
significant differences between healthy subjects and patients
with T1D, potentially serving as diagnostic biomarker.
However, the ability of these immune parameters to serve as
biomarkers of clinical efficacy within T1D patients is largely
unknown. Further, the natural (biological, inherent) variability
over time of the proposed immunological biomarkers in a T1D
subject not undergoing immune intervention is undetermined.

Few prior publications have analyzed variation in some of
these parameters separately e.g., changes in
CD4+CD25+Foxp3+ T-cell frequencies were quantified and
found to be variable [19], while variation in cytokine production
by CD4+ T-cells [17] and autoreactive CD8+ T-cells [18] was
analyzed but not quantified. However, no study has precisely
quantified the variation of each of these immunological
parameters in the same subject cohort. The degree of intra-
individual variation must be elucidated to help determine if a
change seen with a given treatment represents a true
therapeutic effect versus normal biological variability. In doing
so, it will also allow us to have enough statistical power in
future trials to observe a true effect.

We therefore set out to investigate, in a longitudinal fashion,
how specific immune parameters varied over time in patients
with T1D in comparison to healthy donors (HD). We followed all
donors over a one-year period with monthly blood draws. At
each visit, we determined CD4+CD25+Foxp3+ T-cell
frequencies, IFN-γ cytokine production by autoreactive CD4+ T-
cells in response to diabetes-associated islet epitopes, and
frequencies of autoreactive CD8+ T-cells against HLA-A2-
restricted antigenic epitopes. Data was then analyzed to
determine overall longitudinal variation in each of these
parameters, the effect of such variation on patient numbers
required to see significant changes, and associations between
immune and clinical parameters.

Research Design and Methods

Ethics Statement
University of California San Diego Institutional Review Board

(UCSD IRB) and La Jolla Institute for Allergy and Immunology
(LIAI) IRB approved the study protocol and informed consent
procedure. Written informed consents were obtained by clinical
investigators.

Subject recruitment, study design and scheduled blood
draws

We enrolled donors clinically defined as having T1D (T1D,
n=33), along with healthy donors (HDs n=10) as controls.
Diabetic donors were recruited at the Veterans Affairs hospital
in San Diego, La Jolla Institute for Allergy and Immunology,
and at Taking Control of Your Diabetes (TCOYD) educational
conferences. Informed consent, study identification numbers,
clinical case histories, and other information were collected and
recorded by clinical investigators. HDs were recruited from a
normal blood donor program, through an umbrella protocol, at
LIAI and did not require separate consent forms. To maintain
the anonymity of HDs, only the age and sex of the donors were
recorded as biometric information. Use of glucocorticoids at the

time of study served as exclusion criteria. Each subject had
~40 mL blood drawn once every month for 12 months. Blood
was drawn once every week on Monday and Tuesday, in the
mornings and afternoons, and both these blood draws were
non-fasting blood collections.

PBMC Isolation
Fresh blood was collected in heparin-coated vacutainer

tubes (BD Biosciences, San Diego, CA) at the two collection
sites. When collected at VA hospital, it was transported
immediately to LIAI for further processing. Peripheral blood
was processed within four hours of collection. Peripheral blood
mononuclear cells (PBMCs) were isolated using a standard
Ficoll-Paque Plus (Sigma) gradient as described previously
[20]. PBMCs were adjusted to a concentration of 8 × 106/mL in
serum-free AIM-V medium (Invitrogen Life Sciences, San
Diego, CA). They were either used fresh for FACS and ELISpot
or cryopreserved in 50% AIM-V media, 40% FCS, 10% DMSO
and stored in liquid nitrogen until analyzed.

HLA-typing
For HLA-A2 typing, donors were first rapidly screened using

an anti-HLA-A2 antibody (eBioscience, San Diego, CA) and
only those who were positive were further typed using genomic
DNA. All enrolled donors had HLA-DR typing performed. HLA-
A2 and HLA-DR typing from genomic DNA was performed
according to standard methods [21].

FACS
Multicolor flow cytometry for the analysis of various cell

populations was performed as described before [22]. Briefly, 2
× 105 - 1 × 106 PBMCs were stained first with antibodies
against CD4, CD8, CD25 and CD127, for 20 minutes on ice in
FACS buffer containing 5% FCS. Intracellular staining for
Foxp3 was performed using the Foxp3 staining kit
(eBioscience, San Diego, CA) according to the manufacturer’s
protocol. All antibodies were obtained from eBioscience.
Sample data was acquired on LSR-II (BD Biosciences, San
Diego, CA) and analyzed using FlowJo software (Tree Star Inc,
Ashland, OR).

ELISpot
The ELISpot assay was performed as previously described

[20] with slight modifications. To reduce non-specific
background spot formation (artifact) caused by components
present in human AB serum, we used serum-free AIM-V [23]
(Invitrogen, Carlsbad, CA) medium throughout the ELISpot
assay. DR4-restricted epitopes IA-2 (752–775) and proinsulin
(C19-A3) as well as the DR3-restricted GAD 65 epitope (335–
352) were used to stimulate PBMCs [20]. A pool of
immunogenic viral peptides from cytomegalovirus, Epstein-Barr
virus, and influenza (CEF) was used as a positive control
(Mabtech Inc, Mariemont, OH). Development of interferon-
gamma (IFN-γ) spots was performed using U-Cytech
antibodies and reagents. High purity peptides (>95%) were
obtained from Genscript and stored in small aliquots at -80 °C.
Briefly, 2 × 106 lymphocytes were incubated with the above
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epitopes (10 μg/mL) in AIM-V medium for 48 hrs. Non-adherent
cells were harvested, adjusted to a concentration of 2 × 105

cells per well, and plated in triplicates on maxisorp ELISA
plates (Nalgene Nunc, Rochester, NY) pre-coated with capture
antibody. Negative controls (cells incubated with only AIM-V
medium) were also included. Cells were lysed with dH2O 24-
hrs later, washed, and the contents were incubated with a
biotinylated detection antibody. Spots were then developed
using the manufacturer's reagents and protocols. Spots above
65-μM in size were counted as cytokine spots using computer-
assisted image analysis [21] (KS-ELISPOT reader; Zeiss,
Munich, Germany). All epitopes were run in triplicate and the
positive results were averaged after subtracting background
responses. Absent responses or responses not above
background were not included in the analysis.

HLA-A2-monomer production
Peptides (>95% purity, Genscript) from HLA-A2-restricted

islet antigens used for loading into HLA-A2 have been
described before [18]; insulin (B-chain, aa 10–18), IA-2 (aa
797–805), IGRP (aa 265–273), PPI (aa 15–23), GAD65 (aa
114–123), and ppIAPP (aa 5–13). Peptide-loaded HLA-A*0201
monomers were produced by the NIH Tetramer Core Facility at
Emory University, Atlanta, GA, according to standard protocols,
http://tetramer.yerkes.emory.edu/client/protocols.

Qdot labeling of peptide-HLA class I monomers
Qdot labeling of HLA-A2-peptide monomers was performed

as described previously [18]. Briefly, multimeric HLA-A2-
peptide complexes were produced by addition of streptavidin-
conjugated quantum-dots (Qdots; Invitrogen, San Diego, CA)
to achieve a 1:20 streptavidin-Qdot:biotinylated pHLA ratio.
The Qdots used were Qdot-585, -605, -655, -705, and -800.
Each HLA-A2-monomer was labeled with two different Qdots
such that each monomer had its own unique Qdot combination
(Table S1).

Cell staining with Qdot-labeled multimeric complexes
Samples from HLA-A2–positive donors were stained with a

mixture containing six diabetes-associated HLA-A2-restricted
epitopes, and a mix of viral antigens (Table S1). For each
donor, samples from all available visits were stained
simultaneously with Qdot-HLA-A2-multimers as described
previously [18]. Briefly, 2 × 106 thawed PBMC were stained
simultaneously with all Qdot-labeled multimers (0.1 μg each
multimer) in 60 μL PBS supplemented with 0.5% BSA and
incubated for 15 min at 37 °C. Subsequently, PBMC were
stained with Alexa Flour-700-conjugated anti-CD8 and FITC-
labeled anti-CD4, -CD14, -CD20, -CD40, and -CD16 antibodies
(eBiosciences, San Diego, CA) for 30 min at 4 °C. After
washing twice, cells were resuspended in PBS with 0.5% BSA
containing 7-AAD (eBioscience, San Diego, CA, USA).

Data acquisition and analysis
Sample data were acquired using an LSRII (BD Biosciences,

San Diego, CA) instrument with the following filter settings for
detection of Qdots. For the 488-nm laser: Qdot 655, 635LP,

and 655/20. For the 405-nm laser: QD800, 770LP, 800/30;
QD705, 685LP, 710/40; QD605, 595LP, 605/20 and QD585,
blank, and 585/22. Approximately 300,000 lymphocytes were
recorded for each sample. To identify antigenic epitope-specific
CD8+ T-cells, the gating strategy used was: (i) selection of live
(AAD-negative) single-cell lymphocytes (FSC-Hlo, SSC-Hlo); (ii)
selection of CD8+ and 'dump-channel' FITC (CD4, CD14,
CD16, CD19, and CD40)-negative cells; and (iii) selection of
CD8+ T-cells positive for two HLA-multimer channels and
negative for all other HLA-multimer channels [18].

Statistical analysis
All data were analyzed using GraphPad Prism 5 software.

Statistical analyses for differences between T1D and healthy
donors were tested using Mann-Whitney test assuming non-
parametric distribution of the data. Correlation analyses were
performed using Spearman’s rho with two-tailed significance
test. All statistical analyses were performed using SPSS
software (PASW Statistics 18). Power analysis and sample
size calculations were performed using PASS v12 software
(NCSS statistical software, Kaysville, UT).

Results

Donor characteristics
We recruited 33 donors with T1D and 10 HDs as controls. A

summary of participant characteristics is shown in Table 1. The
mean age of HDs and T1D subjects differed significantly (31.3
and 46.1 years of age, respectively). A majority of the HD
cohort was female and younger; in contrast, the T1D cohort
contained a similar number of males and females. Additionally,
19 out of 33 (58%) and 11 of 33 (35%) T1D donors were HLA-
DR4+ or HLA-DR3+, respectively. Eight of HLA-DR3+ T1D
donors were also HLA-DR4+. Among HDs, only one subject
was positive for HLA-DR3 and one for HLA-DR4; further, the
DR4 allele was protective (i.e., DRB1*0403). Detailed subject
profiles with age, duration of disease, HLA phenotypes, and
autoantibody status are shown in Table S2.

Intra-Individual Temporal Variation in IFN-γ Production
by CD4+ T-Cells in T1D Donors

Extensive validation of the ELISpot assay using CEF peptide
pool showed the performance of the assay itself was quite
reproducible, with an intra-assay co-efficient of variation (CV)
of 7.3% and inter-assay CV of 13% (Figure S1). We then
determined IFN-γ production in antigen-stimulated CD4+ T-cells
using two DR4-restricted epitopes (Proinsulin, PIC19-A3 &
IA-2752-775) and a DR3-restricted epitope (GAD65335–352), at each
visit using fresh PBMCs. At each visit, we assessed the data
both in terms of total net antigen-specific spot numbers (spots
with antigen stimulation – spots in media only) as well as
stimulation indices (SI, spots with antigen stimulation ÷ spots in
media only).

In Figure 1A, SI data from all available visits for each DR3+

(GAD-65 specific responses) or DR4+ (IA-2 and PI specific
responses) T1D donor is shown as a heat map, with the
minimum, median, and maximum values determined based on
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all donors. For each donor, over all visits, there were
fluctuations noted in SI values on a per antigen basis (Figure
1A) for all three antigens. We also found similar fluctuations in
total net spot numbers determined per each antigen. A side-by-
side analysis of fluctuations in SI values and net spot numbers
against IA-2 antigenic epitope is shown only for DR4+ T1D
donors in Figure 1B (data not shown for other antigens). There
was no detectable cyclical pattern to these fluctuations that
emerged from assessing SIs or net spot numbers for any of the
antigens.

We then quantified the observed variation in either spot
numbers or SIs over all visits, as a standardized measure, i.e.,
co-efficient of variation, CV. We also determined the mean and
95% confidence intervals (CI) of the CV between all donors
assessed for a particular antigen (only DR3+ for GAD-65 or
only DR4+ for IA-2 and PI epitopes). There was significant
variation in both SIs (Figure 1C) and net spot numbers (Figure
1D) regardless of antigen. While there were no apparent
differences in the CV in SIs between the different antigens
(Figure 1C), there were larger CVs in net spots produced in
response to GAD-65 stimulation compared to IA-2 or PI
stimulation (Figure 1D).

Next, we wanted to determine whether these variations are
restricted to T1D donors only or do we observe similar
variations in HDs. However, our HD cohort did not have the
appropriate DR3 or DR4 alleles for presentation of these
antigenic epitopes. Thus, we included all T1D donors and HDs,
and pooled their responses against all three epitopes,
irrespective of their DR3/4-status as we and others have
previously noted some HLA discordant CD4+ T-cell IFN-γ
production [17,20]. Interestingly, both T1D and HD cohorts
exhibited similar mean CV and 95% CI for IFN-γ production
(Figure 1E). This analysis, despite its limitations, suggests that

Table 1. Participant information is shown including male to
female ratio, age, and disease duration.

 HD T1D
Number of Males (%) 1 (10) 18 (55)

Age (Yrs) 31.3 ± 5.27 46.06 ± 15.91

Disease duration (Yrs) N/A 18.55 ± 14.93

BMI N/A 25.39 ± 3.04

Insulin dose N/A 40.48 ± 16.6

TDD Insulin/Kg N/A 0.525 ± 0.22

HbA1c N/A 7.039 ± 1.22

DRB*04:01+ - Number (%) 0 (0) 19 (58)

DRB*03:01+ - Number (%) 1 (14) 11 (36)

Mean ± SD values are shown.
The T1D cohort contained a heterogeneous distribution of male and female donors
and age, but a majority of controls were female and were skewed towards a
younger age. T1D donors had varying disease duration. A majority of T1D donors
were HLA-DR4+ and some T1D donors were DR3+; however, only one donor each
of the HD cohort was DR3+ or DR4+. The DR4 allele in HD was HLA-DRB1* 04:03.
N/A represents not available (BMI and HbA1c for HD) or not applicable (Duration
and Insulin usage (total daily dose of insulin, TDD) for HD).
doi: 10.1371/journal.pone.0079383.t001

the longitudinal variation seen in IFN-γ production is inherent to
the donor.

CD4+CD25+Foxp3+ T-cell frequencies exhibit significant
temporal variation in both T1D and control donors

Tregs are identified by multiple phenotypic definitions, with
the most widely accepted characterization being
CD4+CD25+Foxp3+ and a CD127lo staining profile. The
CD4+CD25+Foxp3+ T-cell population is enriched for Tregs. We
assessed frequencies of circulating CD4+CD25+Foxp3+ T-cells
(Figure 2A), with CD127 co-staining in fresh peripheral blood at
each of the 12 visits. A significant majority of the
CD4+CD25+Foxp3+ cells were also CD127lo (>90%, data not
shown). Sampling of the same patient twice on the same day
showed only minor changes in CD4+CD25+Foxp3+ frequencies
(Figure 2B). However, between visits separated by a month,
we found fluctuations in CD4+CD25+Foxp3+ frequencies, with
some donors showing minor while some others showing major
variations. Representative data of the fluctuations from one
donor each in T1D and control cohort is shown in Figure 2C.
Fluctuations in CD4+CD25+Foxp3+ T-cell frequencies among all
donors in each cohort is shown in Figure 2D. A direct
comparison of the CV for CD4+CD25+Foxp3+ T-cell numbers
between HD and T1D donors revealed no major differences
(Figure 2E); the mean CV and 95% CI between the two cohorts
were comparable. This lack of difference between the two
groups suggests that the longitudinal variation did not
associate with the health status of the subject.

Temporal variations in Ag-specific CD8+ T-cell numbers
We used the novel HLA-A2-Qdot-multimer technology

described earlier [18] to determine the frequencies of CD8+ T-
cells specific for six different antigenic epitopes (Table S1). In
our cohort, ~50% of T1D donors (18/33) and 40% of controls
(4/10) were HLA-A2+ (Table S2). The gating strategy used to
identify antigen-specific CD8+ T-cells with different epitope
specificities and the reproducibility of the assay is shown in
Figure S2.

We found that the frequencies of CD8+ T-cells specific for
each epitope also exhibit fluctuations over time in both T1D
and HDs. A representative analysis of InsB10-18-specific CD8+ T-
cells at each visit for the T1D cohort (Figure 3A, left panel) and
the HD cohort (Figure 3A, right panel) is shown, with other
epitope-specific T-cells exhibiting similar fluctuations (data not
shown). The frequencies of CD8+ T-cells detected in the HD
cohort are lower than T1D donors (note the difference in y-axis
scale between left and right panels of Figure 3A). Next, at each
visit, when the frequencies of epitope-specific T-cells were
above the threshold (0.01% of CD8+ T-cells for all epitopes,
except for IGRP, which was 0.005%), donors were counted as
positive for that visit. Using this criterion of positivity, we
determined the percentage of visits in which the donors had
detectable islet antigen-specific CD8+ T-cells. We did not find
any epitope-specific CD8+ T-cell that was reliably detected in all
visits for a majority of the donors (Figure 3B). Among donors
that had detectable antigen-specific T-cells, different visits were
positive for different antigen specificities. PPI- and GAD65-
specific T-cells were detected with more regularity compared to
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Figure 1.  Longitudinal variation in IFN-γ production in T1D donors.  At each visit, IFN-γ production against DR4-restricted
epitopes of IA-2 (752–775), proinsulin (C19-A3) and a DR3-restricted epitope of GAD65 (335–352), or without stimulation (media
only, no antigen) were determined. Each subject's responses to each of the three epitopes at each visit were determined as net
spots (spots with antigen – spots in media) or as stimulation index (SI, spots with antigen ÷ spots in media). A: Data were analyzed
by restricting to DR3+ T1D donors (GAD-65 specific response) or by restricting to DR4+ donors (PI- and IA-2-specific responses). SI
values observed at each visit were plotted as a heat map showing minimum, median, and maximum values calculated based on
values for all donors and all visits for each antigen. Each individual donor is shown on the Y-axis while each independent visit is
shown on the X-axis. B: Longitudinal variations in net spots per 2 × 105 PBMC (left panel) and SIs are shown for DR4+ donors and
IA-2 antigen-specific responses. Each line represents an individual donor. C: Population mean and 95% CI of longitudinal variation
in SIs assessed as CV (standard deviation ÷ mean) is shown for each antigen, in DR3+ (GAD-65) or DR4+ (IA-2 and PI) donors. D:
Population mean and 95% confidence intervals of longitudinal variation (CV) in net spot numbers are shown for each antigen, in
only DR3+ (GAD-65) or DR4+ (IA-2 and PI) donors. E: All T1D or control (HD) donors, irrespective of DR3- or DR4-status were
included. Net spot numbers per 2 × 105 PBMC for all three antigens (GAD-65, IA-2 and PI) were pooled. Population mean and 95%
CI of longitudinal variation (CV) in net spot numbers are shown for all donors. For statistical analysis, non-parametric Mann-Whitney
test was used to determine significance.
doi: 10.1371/journal.pone.0079383.g001
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insulin- or IGRP-specific T-cells while ppIAPP- or IA-2-specific
T-cells were detectable for the least number of visits (Figure
3B).

Finally, as with the analysis of IFN-γ cytokine production in
Figure 2E, we pooled absolute frequencies of CD8+ T-cells
against all epitopes at each visit (only for HLA-A2+ donors), and
determined the CV over all visits. Interestingly, similar to the
CV for CD4+CD25+Foxp3+ T-cell numbers, frequencies of CD8+

T-cells also exhibited temporal variation in both T1D and HD
cohorts (Figure 3C). Further, there were no significant
differences in the mean or the 95% CI of CV between the HD
and T1D cohorts.

Immunological parameters display significant
longitudinal variation

We observed temporal fluctuations over different visits in all
of the immunological parameters examined (Figures 1–3).
Since the performance of the assays themselves did not show
large variations, we concluded that these fluctuations were
biological variations within a particular subject. Within the T1D
cohort, we observed that production of IFN-γ varied the most
with a mean CV of 119.1 ± 8.5% while circulating
CD4+CD25+Foxp3+ T-cells showed the least variation with a
mean CV of 31.2 ± 2.3%. Finally, detection of antigen-specific
CD8+ T-cell numbers had a mean CV of 50.4 ± 6.8% (Figure 4
and Table 2). The mean CV for each of these parameters

Figure 2.  CD4+CD25+Foxp3+ T-cell frequencies show similar longitudinal variation between HD or T1D donors.  A: Gating
strategy used to identify CD4+CD25+Foxp3+ T-cells, from a representative T1D donor is shown. Frequencies of CD4+CD25+Foxp3+

cells (shown in FACS plots) were determined as a subset of CD4+ cells. B: Frequencies of CD4+CD25+Foxp3+ assessed once in the
morning and once in the afternoon of the same day, in the same T1D subject, shows similar frequencies. C: The frequencies of
CD4+CD25+Foxp3+ T-cell frequencies detected at each visit in one representative subject from each cohort (T1D n=33, HD n = 10)
are shown. D: CD4+CD25+Foxp3+ T-cell frequencies in all donors from each cohort at each visit are shown. Each connected line
represents an individual donor. E: Population mean and 95% CI of longitudinal variation (CV) in frequencies of CD4+CD25+Foxp3+

T-cells are shown for each donor cohort.
doi: 10.1371/journal.pone.0079383.g002
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along with the range and 95% CI within the T1D cohort is
shown in Table 2.

Correlation between immunological variation and
clinical parameters

We then assessed whether the longitudinal variation in T1D
donors for any of these parameters correlates with clinical
characteristics such as age, disease duration, BMI, or
exogenous insulin usage (Figure 5 and data not shown). No
correlation was observed between the CV for IFN-γ production
or CV for antigen specific CD8+ T-cell numbers and any other

parameter examined (data not shown). Interestingly, a higher
variation in CD4+CD25+Foxp3+ T-cells associated with a higher
HbA1c (Figure 5, p= 0.033*) however; the magnitude of the
correlation was small (R=0.372).

Effect of longitudinal variation on cross-sectional
studies

Given the extent of intra-individual temporal variation
observed in each of these immunological parameters,
assigning a biological effect to an investigational drug in a
cross-sectional study with few subjects becomes challenging.

Figure 3.  Longitudinal variation in multiple antigenic epitope specific CD8+ T-cells.  The frequencies of CD8+ T-cells
recognizing the diabetes-associated antigenic epitopes of insulin B10–18, PPI15–24, GAD65114–123, IA-2797–805, IGRP265–273, and ppIAPP5–13

bound to HLA-A2 were determined using flow cytometry in HLA-A2+ T1D (n=18), and controls (n=4). A: Absolute frequencies of
insulin B10–18 epitope-specific CD8+ T-cells detected in each donor, over all available visits, are shown for T1D (left panel) and
control (right panel) donors. Each connected line represents an individual donor. B: At each visit, donors were marked positive if the
frequencies were above the threshold (0.01% for all except IGRP, which was 0.005%). Percentage of total visits for each donor that
were positive for each antigenic epitope is shown. Each dot represents an individual donor. C: Absolute frequencies of all islet
antigen epitope-specific CD8+ T-cells were pooled at each visit for each donor. Population mean and 95% CI of longitudinal variation
(CV) in absolute frequencies are shown for all donors. Statistical analysis performed using the Mann-Whitney test found no
significant differences between the cohorts.
doi: 10.1371/journal.pone.0079383.g003
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Thus, we next determined whether the degree of variation
could be reduced by averaging values from multiple visits for
each of these parameters. We found that by averaging values

from two visits, the CV in these parameters was reduced by
~20%–40% (Table 3). Further, by averaging values from three
visits, the CV was reduced by ~30–50%. Thus, averaging

Figure 4.  Comparative longitudinal variation (CV) between different parameters within the T1D donor cohort.  All antigen-
specific (GAD-65, IA-2 and PI) IFN-γ spot counts were pooled for each visit for each donor for all T1D donors, irrespective of DR3-
or DR4-positivity (n=33). Similarly, individual frequencies of all diabetes antigen epitope-specific CD8+ T-cells were pooled at each
visit for each donor but including only the HLA-A2+ donors (n=18). For analysis of CD4+CD25+Foxp3+ T-cells, all donors were
included in the analysis (n=33). For individual CD4+CD25+Foxp3+ T-cell frequencies or for pooled IFN-γ spot numbers or pooled
CD8+ T-cell frequencies, the longitudinal variation over all visits was determined as CV. Within the T1D cohort, 5–95% percentile
values, the mean, and the 95% CI for CV are shown.
doi: 10.1371/journal.pone.0079383.g004
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values from multiple visits can help offset the measured
biological variation. The reduced variation will, in turn, lead to a
reduction in the number of subjects that need to be recruited
into a particular study to observe a significant effect on an
immunological biomarker. Based on the variation seen in our
cohort, we calculated that by averaging values from two visits,
a treatment effect on these parameters with a 50% effect size
could be detected with same power using 1.5–2.2-fold fewer
subjects as compared to using values from a single visit.
Further, by averaging values from three visits, the number of
subjects required to observe similar effects could be reduced
by 1.8–3.9-fold (Table 3).

Discussion

Temporal variation in each of these immune parameters was
not unexpected [24,25] and could be adversely affected by the
minimal frequencies of autoreactive T-cells detectable in the
peripheral blood. Thus, quantification of this variation can help
us better design future clinical trials. To achieve this goal, here
we quantified the intra-individual temporal variation in multiple
immunological parameters in our T1D cohort with the CVs
ranging from 31% to 119%. Importantly, this variation was not
an artifact of non-reproducibility of the assays themselves as
intra- and inter-assay CV for each of the assays was low.
Rather, it appears that the observed variation witnessed was
biological in nature. This finding is of critical importance for
using immunological parameters as biomarkers for disease
progression and immunological status as well as assessment
of immune-based interventions [13,26,27].

In support of our observations, Lachin et al. recently
quantified the longitudinal variation in C-peptide production
after T1D onset in pediatric patients [28] and determined that

Table 2. Immunological parameters display significant
longitudinal variation in T1D donors.

    

95% Confidence
Interval  

 
Minimum
CV

Maximum
CV

Mean
CV +/-
SEM

Lower
95% CI
of CV

Upper
95% CI
of CV

Relative
variation

CV (%) in IFN-γ 40 244
119.1
±
8.503

101.8 136.5 +++

CV (%) in
CD4+CD25+Foxp3+ 13 71

31.24
±
2.303

26.55 35.93 +

CV (%) in absolute
Qdot numbers

21 143
50.44
± 6.8

36.1 64.79 ++

CV in all parameters was quantified as described in Figure 4 and absolute values
for minimum, maximum, and mean CV along with 5–95% CI are shown within T1D
donors. The number of T1D donors included in each analyses were n=33 for the
IFN-γ ELISpot and CD4+CD25+Foxp3+ T-cell analysis and n=18 for HLA-A2-Qdot-
multimer analysis.
doi: 10.1371/journal.pone.0079383.t002

this variation could affect the sample size in therapeutic trials.
Similarly, Atkinson’s group previously reported [19] longitudinal
variation in CD4+CD25+Foxp3+ T-cell numbers (~16% CV) but
concluded that this was not highly significant. However, the
sample size studied (n = 9) was smaller, and the frequency and
the number of blood draws were fewer than in our study; this
could account for the difference seen in our study. Further,
although not from studies in T1D patients, evidence exists that
clinical biomarkers for Alzheimer’s disease [29] also fluctuate
within donors who were not undergoing any therapy,
supporting our data and the need for evaluation of biological
variation.

Surprisingly, the longitudinal variation seen in our T1D
subjects was not associated with any clinical feature such as
age, duration of disease, BMI, or insulin usage. We did,
however, note that a decreased variation in CD4+CD25+Foxp3+

T-cell frequencies from month to month was associated with a
lower HbA1c (P = 0.033*). Interestingly, HbA1c did not correlate
with variation in either IFN-γ production or in frequencies of
CD8+ T-cells. Thus the significance of association between
HbA1c and variation in CD4+CD25+Foxp3+ T-cell numbers is
difficult to ascertain, and further could result from multiple
statistical comparisons from a false positive finding. Further,
slightly higher but not statistically significant difference in Treg
CV in healthy donors, who would presumably have lower HbA1c

than T1D donors suggests that this correlation should be
interpreted with care.

Our healthy donor cohort had a near absence of HLA-DR4+

and DR3+ subjects. For the analysis of variation in IFN-γ
production, since we used DR4- or DR3-restricted peptides for
antigen stimulation, this could be a potential limitation.
However, our results and analyses (both net spot number and
SI analysis) of IFN-γ production with the inclusion or exclusion
of DR4- or DR3-negative T1D donors did not differ significantly.
Thus, while the inclusion of DR4-negative donors could in
theory affect the magnitude of responses observed, it is
unlikely to significantly change the conclusions drawn from the
analysis of longitudinal variation. Moreover, presence of
significant HLA-discordant antigen specific responses (both as
net spot numbers and SIs) were reported earlier by us as well
as others [17,20] in DR4-negative T1D donors arguing against
the exclusion of these donors from data analysis. Further,
despite the significant differences in ages between the HD and
T1D cohort, none of the parameter variation correlated with
age nor were there any significant differences between the HD
and T1D cohort, providing support to the conclusions drawn
from our observations.

There could be a multitude of factors (sampling time,
sampling interval, medications in addition to insulin, infections
and fevers etc,) that could affect the variation in these immune
parameters; most are as yet unknown and could not be
controlled for currently. However, some known factors that
could potentially have an effect, such as sampling time, and
insulin administration (the mode of delivery, route of delivery
etc.,) in T1D subjects could be standardized in future studies.
Further, plasma glucose concentrations in T1D patients can
change rapidly and could affect the variation. But, it would be
difficult to control for changes in blood glucose, or to ascertain
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its effect on the readout as it is unknown how quickly the T-cell
repertoire would change in relation to fluctuating blood
glucose. We believe that future studies would benefit from
determining the identity of factors that affect the variation and
controlling for these factors during clinical trials. Our study
provides a measure of variation in immune parameters, which
was hitherto widely accepted but undetermined and provides a
platform from which future studies could benefit.

Our study is the first to provide longitudinal assessment of
variation in multiple immunological parameters in the same
cohort of patients with T1D. Though the longitudinal variation in
the assessed immunological biomarkers was significant, it does
not preclude utilizing them as biomarkers in future clinical trials.

Based on our findings, we estimate that by averaging data over
3 visits sample size needed to find a significant treatment effect
could be reduced by 2- to 4-fold depending on the biomarker.
Our results suggest that future trials may require a lead-in
phase with multiple blood draws to establish a clear baseline
and multiple draws after an intervention should be used to
establish an accurate measure of effect. Therefore, a precise
understanding of the biological variation of a given biomarker
will help determine the appropriate sample size and shape
clinical trial design. This will provide a more robust, accurate
endpoint for future clinical trials in T1D and aid in the
identification of truly efficacious therapies.

Figure 5.  Correlation between immunological variation and clinical parameters.  Correlation analysis of variation in
CD4+CD25+Foxp3+ T-cell numbers with HbA1c within all T1D subjects (n=33) is shown. Changes in frequencies of
CD4+CD25+Foxp3+ T-cells detected between visits were quantitated as CV over all visits. Each dot represents an individual donor.
doi: 10.1371/journal.pone.0079383.g005
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Table 3. Power analysis.

 # visits averagedELISPOT FACS Qdot
  CV IFN-γ CV Treg CV CD8+

Coefficient of variation 1 130%* 31% 51%
 2 89% 20% 42%
 3 67% 17% 37%

#donors to detect 50% effect,
90% power

1 194 11 29

 2 89 5 20
 3 50 4 16

Fold reduction in #donors
versus 1 visit

1 N/A N/A N/A

 2 2.2 2.2 1.5
 3 3.9 2.8 1.8

For each parameter (IFN-γ, Treg and CD8+ T-cells), measurements were either
taken from individual visits, or averaged over sets of 2 consecutive visits (1-2, 4-5,
etc.), or 3 consecutive visits (1-3, 4-6, etc.). Coefficients of variation (CV) were
calculated for each donor, and as expected, the mean CV value decreases when
averaging measurements over multiple visits. CV values were used to estimate the
number of donors required to detect a statistically significant result for a treatment
that reduces immune reactivity by 50% with 90% power for each assay. Using
measurements averaged over 3 consecutive visits, the number of donors required
to detect a significant result can be reduced 1.8 - 3.9 fold. Note that, for the IFN-γ
analysis, we included only the 22 donors in the CV calculation for which we had 9
or more datapoints available, to allow comparison with CV values calculated over
averages of three visits. Therefore, the CV values for the IFN-γ is slightly different
(*130% vs. 119% in Table 2, where all donors were included). For Treg and CD8+

T-cell analysis, sufficient datapoints were available for all donors.
doi: 10.1371/journal.pone.0079383.t003
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Supporting Information

Figure S1.  Reproducibility of ELISpot assay. A: 2 × 106

PBMCs from a single HD were stimulated for 48 hrs with CEF
viral peptides (positive control) or without (media, negative
control). Cells were harvested, adjusted to 3.3 × 105 cells per
well and plated in 8-wells of an ELISPOT plate and 16–24 hrs
later, IFN-γ spots were developed, numbers of spot-forming
cells (SFC) were enumerated and CV (standard deviation ÷
mean) was determined (CV = 7.3%). B: ELISPOT assay was
performed as in A: but in 4 wells per stimulation, on three
separate occasions, using PBMC from a control subject and
the CV between the experiments was determined (CV = 13%).
(TIF)

Figure S2.  Reproducibility of Qdot-HLA-A2- multimer
assay. A: Viable CD8+ T cells were analyzed by gating
lymphocytes on FSC-A and SSC-A. Subsequent analysis was
performed on single (FSC-W and SSC-H) CD8-Alexa-700
positive live cells (7-AAD negative) after excluding FITC
(dump-channel)-positive cells. Cells positive in two specific
HLA-A2 multimer channels (e.g., Qdot-585 & -800 for viral
epitopes) are selected and cells that are positive in any other
channels are excluded using Boolean gating. Cells that are
double positive for the two selected Qdots were gated to obtain
the frequency of cells that were specific for that epitope. B:
Frozen PBMCs from a T1D subject from one visit were thawed
and stained on two different days to detect the presence of
antigen-specific CD8+ T-cells against the insulin, IGRP and
ppIAPP epitopes. The numbers in the FACS plots indicate the
percentage of Qdot-HLA-A2-multimer-positive CD8+ T-cells as
a fraction of total CD8+ T-cells.

(TIF)

Table S1.  Different Qdot-HLA-multimer combinations used
to stain PBMCs are shown.
(DOCX)

Table S2.  Participant information.
(DOCX)

Acknowledgements

We would like to thank Ken Coppieters, Johnna D. Wesley
(NNRC, Seattle, WA) and Bart Roep (LUMC, Leiden,
Netherlands) for many helpful discussions and advice in
manuscript preparation; Joana RF Abreu and Bart Roep
(LUMC, Leiden, Netherlands) for assistance with the Qdot-
HLA-multimer assay; Tobias Boettler, Darius Schneider, Renee
Parker and Mark Bouchard (LIAI) and the nurses at UCSD VA
Hospital for their assistance in obtaining blood samples for this
study; Denise Baker and Duy Le (LIAI) for their assistance with
HLA typing. Finally, we would like to thank the NIH tetramer
core facility at Emory University for their help in providing HLA-
A2-peptide monomers.
Parts of the data shown in this manuscript were presented at
the Immunology of Diabetes Society (IDS) conference 2012,
held in Victoria, British Columbia, Canada.

Author Contributions

Conceived and designed the experiments: GS SE MvH.
Performed the experiments: GS JP SS SP JFM LG JC.
Analyzed the data: GS JP RM BP MvH. Contributed reagents/
materials/analysis tools: RM BP SE. Wrote the manuscript: GS
JP BP MvH.

References

1. Roep BO (2003) The role of T-cells in the pathogenesis of Type 1
diabetes: from cause to cure. Diabetologia 46: 305-321. PubMed:
12687328.

2. Roep BO, Peakman M (2011) Diabetogenic T lymphocytes in human
Type 1 diabetes. Curr Opin Immunol 23: 746-753. doi:10.1016/j.coi.
2011.10.001. PubMed: 22051340.

3. Bergenstal RM, Tamborlane WV, Ahmann A, Buse JB, Dailey G et al.
(2010) Effectiveness of sensor-augmented insulin-pump therapy in type
1 diabetes. N Engl J Med 363: 311-320. doi:10.1056/NEJMoa1002853.
PubMed: 20587585.

4. Tamborlane WV, Beck RW, Bode BW, Buckingham B, Chase HP et al.
(2008) Continuous glucose monitoring and intensive treatment of type 1
diabetes. N Engl J Med 359: 1464-1476. doi:10.1056/NEJMoa0805017.
PubMed: 18779236.

5. Wood JR, Miller KM, Maahs DM, Beck RW, Dimeglio LA et al. (2013)
Most Youth With Type 1 Diabetes in the T1D Exchange Clinic Registry
Do Not Meet American Diabetes Association or International Society for
Pediatric and Adolescent Diabetes Clinical Guidelines. Diabetes Care.

6. (1993) The effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-dependent
diabetes mellitus. The Diabetes Control and Complications Trial
Research Group. N Engl J Med 329: 977-986. doi:10.1056/
NEJM199309303291401. PubMed: 8366922.

7. Reichard P, Nilsson BY, Rosenqvist U (1993) The effect of long-term
intensified insulin treatment on the development of microvascular
complications of diabetes mellitus. N Engl J Med 329: 304-309. doi:
10.1056/NEJM199307293290502. PubMed: 8147960.

8. Kilpatrick ES, Rigby AS, Atkin SL (2007) Insulin resistance, the
metabolic syndrome, and complication risk in type 1 diabetes: "double

diabetes" in the Diabetes Control and Complications Trial. Diabetes
Care 30: 707-712. doi:10.2337/dc06-1982. PubMed: 17327345.

9. Gale EA (2002) The rise of childhood type 1 diabetes in the 20th
century. Diabetes 51: 3353-3361. doi:10.2337/diabetes.51.12.3353.
PubMed: 12453886.

10. Patterson CC, Gyürüs E, Rosenbauer J, Cinek O, Neu A et al. (2012)
Trends in childhood type 1 diabetes incidence in Europe during
1989-2008: evidence of non-uniformity over time in rates of increase.
Diabetologia 55: 2142-2147. doi:10.1007/s00125-012-2571-8. PubMed:
22638547.

11. Patterson CC, Dahlquist GG, Gyürüs E, Green A, Soltész G et al.
(2009) Incidence trends for childhood type 1 diabetes in Europe during
1989-2003 and predicted new cases 2005-20: a multicentre
prospective registration study. Lancet 373: 2027-2033. doi:10.1016/
S0140-6736(09)60568-7. PubMed: 19481249.

12. Palmer JP, Fleming GA, Greenbaum CJ, Herold KC, Jansa LD et al.
(2004) C-peptide is the appropriate outcome measure for type 1
diabetes clinical trials to preserve beta-cell function: report of an ADA
workshop, 21-22 October 2001. Diabetes 53: 250-264. doi:10.2337/
diabetes.53.1.250. PubMed: 14693724.

13. Roep BO, Peakman M (2010) Surrogate end points in the design of
immunotherapy trials: emerging lessons from type 1 diabetes. Nat Rev
Immunol 10: 145-152. doi:10.1038/nri2705. PubMed: 20098462.

14. Long SA, Cerosaletti K, Bollyky PL, Tatum M, Shilling H et al. (2010)
Defects in IL-2R signaling contribute to diminished maintenance of
FOXP3 expression in CD4(+)CD25(+) regulatory T-cells of type 1
diabetic subjects. Diabetes 59: 407-415. doi:10.2337/db09-0694.
PubMed: 19875613.

Biomarker Variation and Effect on Clinical Trials

PLOS ONE | www.plosone.org 12 November 2013 | Volume 8 | Issue 11 | e79383

http://www.ncbi.nlm.nih.gov/pubmed/12687328
http://dx.doi.org/10.1016/j.coi.2011.10.001
http://dx.doi.org/10.1016/j.coi.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22051340
http://dx.doi.org/10.1056/NEJMoa1002853
http://www.ncbi.nlm.nih.gov/pubmed/20587585
http://dx.doi.org/10.1056/NEJMoa0805017
http://www.ncbi.nlm.nih.gov/pubmed/18779236
http://dx.doi.org/10.1056/NEJM199309303291401
http://dx.doi.org/10.1056/NEJM199309303291401
http://www.ncbi.nlm.nih.gov/pubmed/8366922
http://dx.doi.org/10.1056/NEJM199307293290502
http://www.ncbi.nlm.nih.gov/pubmed/8147960
http://dx.doi.org/10.2337/dc06-1982
http://www.ncbi.nlm.nih.gov/pubmed/17327345
http://dx.doi.org/10.2337/diabetes.51.12.3353
http://www.ncbi.nlm.nih.gov/pubmed/12453886
http://dx.doi.org/10.1007/s00125-012-2571-8
http://www.ncbi.nlm.nih.gov/pubmed/22638547
http://dx.doi.org/10.1016/S0140-6736(09)60568-7
http://dx.doi.org/10.1016/S0140-6736(09)60568-7
http://www.ncbi.nlm.nih.gov/pubmed/19481249
http://dx.doi.org/10.2337/diabetes.53.1.250
http://dx.doi.org/10.2337/diabetes.53.1.250
http://www.ncbi.nlm.nih.gov/pubmed/14693724
http://dx.doi.org/10.1038/nri2705
http://www.ncbi.nlm.nih.gov/pubmed/20098462
http://dx.doi.org/10.2337/db09-0694
http://www.ncbi.nlm.nih.gov/pubmed/19875613


15. Schneider A, Rieck M, Sanda S, Pihoker C, Greenbaum C et al. (2008)
The effector T cells of diabetic subjects are resistant to regulation via
CD4+ FOXP3+ regulatory T cells. J Immunol 181: 7350-7355. PubMed:
18981158.

16. Penaranda C, Tang Q, Bluestone JA (2011) Anti-CD3 therapy
promotes tolerance by selectively depleting pathogenic cells while
preserving regulatory T cells. J Immunol 187: 2015-2022. doi:10.4049/
jimmunol.1100713. PubMed: 21742976.

17. Arif S, Tree TI, Astill TP, Tremble JM, Bishop AJ et al. (2004)
Autoreactive T cell responses show proinflammatory polarization in
diabetes but a regulatory phenotype in health. J Clin Invest 113:
451-463. doi:10.1172/JCI19585. PubMed: 14755342.

18. Velthuis JH, Unger WW, Abreu JR, Duinkerken G, Franken K et al.
(2010) Simultaneous detection of circulating autoreactive CD8+ T-cells
specific for different islet cell-associated epitopes using combinatorial
MHC multimers. Diabetes 59: 1721-1730. doi:10.2337/db09-1486.
PubMed: 20357361.

19. Brusko T, Wasserfall C, McGrail K, Schatz R, Viener HL et al. (2007)
No alterations in the frequency of FOXP3+ regulatory T-cells in type 1
diabetes. Diabetes 56: 604-612. doi:10.2337/db06-1248. PubMed:
17327427.

20. Sanda S, Roep BO, von Herrath M (2008) Islet antigen specific IL-10+
immune responses but not CD4+CD25+FoxP3+ cells at diagnosis
predict glycemic control in type 1 diabetes. Clin Immunol 127: 138-143.
doi:10.1016/j.clim.2008.03.395. PubMed: 18304876.

21. Oseroff C, Sidney J, Vita R, Tripple V, McKinney DM et al. (2012) T cell
responses to known allergen proteins are differently polarized and
account for a variable fraction of total response to allergen extracts. J
Immunol 189: 1800-1811. doi:10.4049/jimmunol.1200850. PubMed:
22786768.

22. Sarikonda G, Sachithanantham S, Manenkova Y, Kupfer T, Posgai A et
al. (2013) Transient B-Cell Depletion with Anti-CD20 in Combination

with Proinsulin DNA Vaccine or Oral Insulin: Immunologic Effects and
Efficacy in NOD Mice. PLOS ONE 8: e54712. doi:10.1371/journal.pone.
0054712. PubMed: 23405091.

23. Martinuzzi E, Scotto M, Enée E, Brezar V, Ribeil JA et al. (2008)
Serum-free culture medium and IL-7 costimulation increase the
sensitivity of ELISpot detection. J Immunol Methods 333: 61-70. doi:
10.1016/j.jim.2008.01.003. PubMed: 18242633.

24. von Herrath M, Sanda S, Herold K (2007) Type 1 diabetes as a
relapsing-remitting disease? Nat Rev Immunol 7: 988-994. doi:10.1038/
nri2192. PubMed: 17982429.

25. Herold KC, Brooks-Worrell B, Palmer J, Dosch HM, Peakman M et al.
(2009) Validity and reproducibility of measurement of islet autoreactivity
by T-cell assays in subjects with early type 1 diabetes. Diabetes 58:
2588-2595. doi:10.2337/db09-0249. PubMed: 19675135.

26. Huurman VA, van der Meide PE, Duinkerken G, Willemen S, Cohen IR
et al. (2008) Immunological efficacy of heat shock protein 60 peptide
DiaPep277 therapy in clinical type I diabetes. Clin Exp Immunol 152:
488-497. doi:10.1111/j.1365-2249.2008.03656.x. PubMed: 18422727.

27. Lebastchi J, Herold KC (2012) Immunologic and Metabolic Biomarkers
of beta-Cell Destruction in the Diagnosis of Type 1 Diabetes. Cold
Spring Harb Perspect Med 2: a007708. doi:10.1101/
cshperspect.a007708. PubMed: 22675665.

28. Lachin JM, McGee PL, Greenbaum CJ, Palmer J, Pescovitz MD et al.
(2011) Sample size requirements for studies of treatment effects on
beta-cell function in newly diagnosed type 1 diabetes. PLOS ONE 6:
e26471. doi:10.1371/journal.pone.0026471. PubMed: 22102862.

29. Buchhave P, Blennow K, Zetterberg H, Stomrud E, Londos E et al.
(2009) Longitudinal study of CSF biomarkers in patients with
Alzheimer's disease. PLOS ONE 4: e6294. doi:10.1371/journal.pone.
0006294. PubMed: 19609443.

Biomarker Variation and Effect on Clinical Trials

PLOS ONE | www.plosone.org 13 November 2013 | Volume 8 | Issue 11 | e79383

http://www.ncbi.nlm.nih.gov/pubmed/18981158
http://dx.doi.org/10.4049/jimmunol.1100713
http://dx.doi.org/10.4049/jimmunol.1100713
http://www.ncbi.nlm.nih.gov/pubmed/21742976
http://dx.doi.org/10.1172/JCI19585
http://www.ncbi.nlm.nih.gov/pubmed/14755342
http://dx.doi.org/10.2337/db09-1486
http://www.ncbi.nlm.nih.gov/pubmed/20357361
http://dx.doi.org/10.2337/db06-1248
http://www.ncbi.nlm.nih.gov/pubmed/17327427
http://dx.doi.org/10.1016/j.clim.2008.03.395
http://www.ncbi.nlm.nih.gov/pubmed/18304876
http://dx.doi.org/10.4049/jimmunol.1200850
http://www.ncbi.nlm.nih.gov/pubmed/22786768
http://dx.doi.org/10.1371/journal.pone.0054712
http://dx.doi.org/10.1371/journal.pone.0054712
http://www.ncbi.nlm.nih.gov/pubmed/23405091
http://dx.doi.org/10.1016/j.jim.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18242633
http://dx.doi.org/10.1038/nri2192
http://dx.doi.org/10.1038/nri2192
http://www.ncbi.nlm.nih.gov/pubmed/17982429
http://dx.doi.org/10.2337/db09-0249
http://www.ncbi.nlm.nih.gov/pubmed/19675135
http://dx.doi.org/10.1111/j.1365-2249.2008.03656.x
http://www.ncbi.nlm.nih.gov/pubmed/18422727
http://dx.doi.org/10.1101/cshperspect.a007708
http://dx.doi.org/10.1101/cshperspect.a007708
http://www.ncbi.nlm.nih.gov/pubmed/22675665
http://dx.doi.org/10.1371/journal.pone.0026471
http://www.ncbi.nlm.nih.gov/pubmed/22102862
http://dx.doi.org/10.1371/journal.pone.0006294
http://dx.doi.org/10.1371/journal.pone.0006294
http://www.ncbi.nlm.nih.gov/pubmed/19609443

	Temporal Intra-Individual Variation of Immunological Biomarkers in Type 1 Diabetes Patients: Implications for Future Use in Cross-Sectional Assessment
	Introduction
	Research Design and Methods
	Ethics Statement
	Subject recruitment, study design and scheduled blood draws
	PBMC Isolation
	HLA-typing
	FACS
	ELISpot
	HLA-A2-monomer production
	Qdot labeling of peptide-HLA class I monomers
	Cell staining with Qdot-labeled multimeric complexes
	Data acquisition and analysis
	Statistical analysis

	Results
	Donor characteristics
	Intra-Individual Temporal Variation in IFN-γ Production by CD4+ T-Cells in T1D Donors
	CD4+CD25+Foxp3+ T-cell frequencies exhibit significant temporal variation in both T1D and control donors
	Temporal variations in Ag-specific CD8+ T-cell numbers
	Immunological parameters display significant longitudinal variation
	Correlation between immunological variation and clinical parameters
	Effect of longitudinal variation on cross-sectional studies

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


