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Summary

CD4+ memory cell development is dependent upon T cell receptor (TCR)
signal strength, antigen dose and the cytokine milieu, all of which are altered
in type 1 diabetes (T1D). We hypothesized that CD4+ T cell turnover would
be greater in type 1 diabetes subjects compared to controls. In vitro studies of
T cell function are unable to evaluate dynamic aspects of immune cell
homoeostasis. Therefore, we used deuterium oxide (2H2O) to assess in vivo
turnover of CD4+ T cell subsets in T1D (n = 10) and control subjects
(n = 10). Serial samples of naive, memory and regulatory (Treg) CD4+ T cell
subsets were collected and enrichment of deoxyribose was determined by gas
chromatography–mass spectrometry (GC–MS). Quantification of T cell
turnover was performed using mathematical models to estimate fractional
enrichment (f, n = 20), turnover rate (k, n = 20), proliferation (p, n = 10) and
disappearance (d*, n = 10). Although turnover of Tregs was greater than
memory and naive cells in both controls and T1D subjects, no differences
were seen between T1D and controls in Treg or naive kinetics. However,
turnover of CD4+ memory T cells was faster in those with T1D compared to
control subjects. Measurement and modelling of incorporated deuterium is
useful for evaluating the in vivo kinetics of immune cells in T1D and could
be incorporated into studies of the natural history of disease or clinical trials
designed to alter the disease course. The enhanced CD4+ memory T cell
turnover in T1D may be important in understanding the pathophysiology
and potential treatments of autoimmune diabetes.
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Introduction

CD4+ T cells are implicated in the pathogenesis of autoim-
mune diabetes. In murine models islet antigen-specific
CD4+ T cells are required for disease and depletion of CD4+

T cells prevents disease [1]. In human type 1 diabetes
(T1D), CD4+ T cells are among the cells found infiltrating
the pancreatic islets [2] and human leucocyte antigen
(HLA) class II alleles are associated strongly with disease
risk [3]. Because of the importance of T cells in T1D patho-
genesis, several studies have looked for differences in the
numbers of T cells between T1D subjects and healthy con-
trols. There is no consistent pattern of alterations in naive T
cell numbers across studies [4–6]. Similarly, both increased

as well as decreased numbers of memory T cells have been
reported in individuals with T1D compared with controls
[7]. While lack of CD4+forkhead box protein 3 (FoxP3)+

regulatory T cells (Treg) results unambiguously in the early
onset of autoimmune diabetes in both mouse and man [8],
most studies have none the less found no difference in the
number of Treg present in peripheral blood of humans with
and without T1D [9–11].

In contrast to these static measurements of CD4+ T cell
numbers, there are indications of altered stability, prolifera-
tion and death of CD4+ T cells in autoimmune diabetes. We
reported diminished maintenance of FoxP3 expression in
CD4+CD25+ Treg of T1D subjects [12] and we and others
have found evidence of impaired signalling through
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interleukin (IL)-2R, required for both Treg and memory T
cell homeostasis, in T1D [13–16]. Studies in mice suggest
Treg turnover [17,18] may have important implications for
the durability of immune tolerance [19,20]. Signals that
promote proliferation may break anergy in potentially auto-
reactive memory T cells [21], while signals that cause dele-
tion of autoreactive T cells through activation-induced cell
death may be impaired in T1D subjects, as they are in non-
obese diabetic (NOD) mice [22].

There are also indications that assessments of T cell pro-
liferation and survival in vitro may not correlate with in vivo
measures [23], emphasizing the need to study T cell kinetics
in vivo. Advances in stable isotope methodologies have
created the opportunity to measure the kinetics of cell
populations in vivo in humans. DNA labelling with heavy
water (deuterium oxide, 2H2O) has been useful in under-
standing a variety of immunological processes. Others have
used these techniques to study T cell kinetics in HIV
[24–27], chronic lymphocytic leukaemia [28,29] and ageing
[30,31]. To our knowledge, the present study is the first to
evaluate T cell kinetics in subjects with autoimmune disease
in vivo.

Methods and materials

Clinical protocol

All subjects provided written informed consent for the pro-
tocol approved by the Benaroya Research Institute Institu-
tional Review Board. Analysis of T cell kinetics from data
obtained during the initial protocol required that we
assume single exponential disappearance rates of T cell
subsets [26]. After 10 subjects had been studied, we modi-
fied the protocol in order to use models which do not
require such an assumption, but rather allow for quantita-
tion of proliferation and disapperance rates from measure-
ments in samples obtained during the post-labelling period
[32]. The study modifications included measurements of
plasma enrichment at each blood draw, extension of the
labelling period to 63 days, collection of four samples in the
post-labelling period and a minor increase in the amount of
heavy water (60–80 ml) consumed to assure an adequate
precursor pool of deuterium.

For all participants, the stable isotope deuterium (2H),
was administered in the form of deuterium oxide, 70%
(Cambridge Isotopes, Andover, MA, USA), as described
previously [26,33]. Each subject was admitted to the
Benaroya Research Institute Clinical Research Center
(CRD) on day 0 for 24 h to receive a 480 ml priming dose of
heavy water, consumed as 60 ml every 3 h. Participants were
observed for dizziness, a possible effect of transient density
changes in the fluid of the inner ear, and other adverse reac-
tions; none were observed. Upon discharge from the CRC,
subjects were instructed to consume 60 or 80 ml of heavy
water daily for 42 or 63 days. Granulocytes and peripheral

blood mononuclear cells (PBMCs) were collected at regular
intervals during the labelling period in all subjects and after
the labelling period in 10 subjects (Fig. 1a). Two subjects
did not complete the protocol as directed, stopping heavy
water consumption on days 48 and 44 instead of 63 as
instructed. Table 1 lists study subjects according to clinical
characteristics and study procedures.

Cell staining and separation

PBMC were isolated from 50 ml of heparinized fresh blood
by Ficoll-Paque (GE Healthcare, Piscataway, NJ, USA)
density gradient centrifugation. Cells were stained with
either BD (Franklin Lakes, NJ, USA) anti-CD3 allophycocy-
anin (APC)-cyanin 7 (Cy7) and eBioscience (San Diego,
CA, USA) anti-CD45RA fluorescein isothiocyanate (FITC),
CD45RO phycoerythrin (PE), CD4 PE-Cy7 and CD25 APC
before being sorted for naive (CD4+CD45RA+CD45RO–

CD25–) and T memory (CD4+CD45RA–CD45RO+CD25–)
populations, or cells were stained with BD anti-CD127 PE
and eBioscience anti-CD25 FITC, CD4 PE-Cy7, and CD3
APC, then sorted for Treg cells (CD4+CD25+CD127low). All
cells were sorted using a FACS Vantage (BD) with purity
greater than 99% and analysed using Diva software (BD).
Representative density plots of flow-cytometric isolation of
T cell subsets are shown in Fig. 1b. Sorted cells were snap-
frozen for analysis of heavy water incorporation. Available
residual sorted Treg samples (n = 14) were stained addition-
ally for FoxP3 (Appendix Fig. A1).

Measurement of isotopic enrichment in granulocyte
and T cell DNA

DNA enrichment analysis was performed as described pre-
viously [33]. Briefly, DNA was obtained from all T cell and
granulocyte fractions after proteinase K digestion using
DNEasy minicolumns (Qiagen Sciences, Valencia, CA,
USA). Free nucleotides were prepared by enzymatic
hydrolysis with S1 nuclease and acid phosphatase. Deoxyri-
bose from purine nucleotides was derivatized for gas
chromatography–mass spectrometry (GC–MS) analysis
with pentafluorobenzyl hydroxylamine in acetic acid and
acetic anhydride.

GC–MS analysis was performed using an Agilent model
5973/6890 GC (Agilent Technologies/Quantum Analytics,
Foster City, CA, USA) in methane NCI mode, with an
Agilent DB-17 column (30 m ¥ 250 mm ID ¥ 25 mm film
thickness) under selected ion monitoring of m/z 435–437.
The excess M+1 (EM1) mass isotopomer abundance was cal-
culated using enriched DNA standards to correct for abun-
dance sensitivity of mass isotopomer ratios [33]. The EM1
value represents the isotope enrichment above natural
abundance due to incorporation of 2H2O into newly synthe-
sized DNA (as deoxyribose).
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Measurement of plasma deuterium oxide
(2H2O) enrichment

Plasma 2H2O enrichment analysis was performed as
described previously [34]. Briefly, water was distilled from
100 ml aliquots of serum in inverted microvials placed in a
70°C glass bead bath. The distillate was reacted with
calcium carbide chips forming acetylene gas, which was
trapped and further reacted with bromine in carbon tetra-
chloride (0·3 M) forming tetrabromomethane. After a 2-h
incubation period, excess bromine was sequestered using
cyclohexene. A standard curve of % enrichment was pre-
pared from ‘stripped water’ (very low 2H2O content) and
100% enriched 2H2O. GC–MS analysis was performed as
above using methane PCI mode, an Agilent DB-225
column, and SIM ions of m/z 264·7–265·7.

Calculations and mathematical modelling

The kinetics of cell turnover can be characterized by deter-
mination of fractional enrichment (f), replacement rate (k),
average proliferation rate (p) and disappearance rate of
labelled cells (d*).

Fractional enrichment (f) and replacement rate (k)

The fractional enrichment, f, represents the fraction of
newly synthesized DNA strands or, equivalently, the fraction

of newly divided cells [33]. The mean f of the study popula-
tions at each time-point of the labelling period was com-
pared across T cell subsets in all subjects (n = 10 T1D;
n = 10 controls).

To calculate the replacement rate, k, we assumed that our
cell subpopulations were kinetically homogeneous and dis-
appearance of cell subsets from the blood follows a single-

exponential decay equation [24,35], where k
f

t
= − −ln( )

.
1

An average of f measured on days 28–42 was used for this
calculation.

Proliferation (p) and disappearance rates (d*)

Obtaining additional samples after the labelling period and
measuring the plasma or total body water (TBW), 2H
enrichment allowed us to use mathematical models which
do not require assumptions about disappearance kinetics in
10 subjects (n = 4 controls; n = 6 T1D) [32,36–38]. We esti-
mated the average proliferation rate, p, of the subpopula-
tion (including actively proliferating and quiescent
subpopulations) and d*, the disappearance rate of labelled
cells (the recently proliferated population). Proliferation
rates, expressed as doubling time (t2), and disappearance
expressed as half-life (t1/2), were calculated as ln2/p and ln2/
d*, respectively. Model assumptions and parameter esti-
mates are provided Appendix Tables A1–A3.

(a) (b)2H2O Labelling protocol overview

2H2O consumed

Granulocytes,

PBMC and plasma

Priming dose, 480 ml

(CRC)

24 h 42 days
Days

63 days

CD3

C
D

4

0

0

102

102

103

103

104

104

105

105

Daily dose, 60–80 ml; 42–63 days

(home)

CD25

C
D

1
2

7

0

0

102

102

103

103

104

104

105

105

CD4

C
D

2
5

0

0

102

102

103

103

104

104

105

105

CD45RA

C
D

4
5

R
O

0

0

102

102

103

103

104

104

105

105

(c) Naïve

100 Control

T1D
80

60

40

20

0
7 14 21 28

Day

%
 o

f 
C

D
4

+

35 42

Memory

100 Control

T1D
80

60

40

20

0
7 14 21 28

Day

%
 o

f 
C

D
4

+

35 42

Treg

30 Control

T1D

10

20

0
7 14 21 28

Day

%
 o

f 
C

D
4

+

35 42

Fig. 1. (a) Deuterium-labelling protocol overview. (b) Representative density plots from flow-cytometric isolation of T cell subsets. Regulatory T

cells (Treg) were selected as being CD25+127low, CD4+ memory subsets were isolated as CD25-RO+RA− and naive cells as CD25-RO-RA+. (c) T cell

subset fractions over common study period (i.e. first 42 days). Solid lines represent Type 1 diabetes (T1D) subjects (n = 10); dashed lines represent

control subjects (n = 10).
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Statistical analyses

Unless noted otherwise, simple means were compared using
the Mann–Whitney U-test and group means over time were
compared using two-way analysis of variance (anova). Dif-
ferences were considered significant at P � 0·05. These sta-
tistical calculations were performed using GraphPad Prism
5 statistical software.

To quantify the variability in T cell fractions over time,
we used a linear mixed model including a fixed-group effect
(type 1 diabetes versus control) and random effect for each
subject to estimate the intraclass correlation coefficient
(ICC). The ICC is the proportion of the total variance
explained by variability between subjects, while the propor-
tion of variance that is due to within-subject variation is
1-ICC.

Results

Study subject characteristics

As shown in Table 1, study subjects were aged between 18
and 56 years. There were no significant differences between
the T1D and control subjects with respect to mean age (33
years versus 30 years, P = 0·59) or baseline white blood cell
count (6·7 K/mm3 versus 6·4 K/mm3, P = 0·74). The mean

HbA1c in type 1 diabetes subjects was elevated at 7·8% and
the mean duration of diabetes was 18·9 years. Mean T cell
subset fractions (Treg: 7% T1D versus 10% control, memory:
46% T1D versus control 43%, naive: 50% T1D versus 50%
control) were similar between groups.

Composition of CD4+T cell subsets were stable over the
study period

The models that we use assume that there is minimal fluc-
tuation in the pool size of the memory, naive and Treg

subsets over the time-period of the labelling experiment. As
shown in Fig. 1c, the within-subject variation in T cell frac-
tions is small compared to the between-subject variation
(ICCmemory = 0·80, ICCnaive = 0·81 and ICCTreg = 0·64), espe-
cially for the memory and naive cell populations, indicating
that these are reasonably stable cell populations in the
periphery with which to calculate proliferation and disap-
pearance rates.

Granulocyte enrichment

Measures of turnover (f, k, p and d*) have been normalized
by each individual’s granulocyte enrichment to account for
differences in deuterium availability across subjects. All
subjects, regardless of the amount of deuterated water

Table 1. Summary of study participants.

Subject Gender

Age

(years)

WBC

(K/cmm)

Years

with T1D

HbA1c

(%)

Daily dose

of 2H2O (ml)

Labelling

period (days)

Samples collected

after labelling period?

C1 F 19 5·5 – – 60 42 No

C2 M 18 8·3 – – 60 42 No

C3 M 19 5·3 – – 60 42 No

C4 F 27 4·7 – – 60 42 No

C5 M 38 4·4 – – 60 42 No

C6 M 50 6·0 – – 60 42 No

C7 F 56 7·8 – – 80 63 Yes

C8 F 24 9·0 – – 80 63 Yes

C9 M 28 5·5 – – 80 63 Yes

C10 F 24 7·7 – – 80 63 Yes

Mean � s.d. 30 � 13 6·4 � 1·6

DM1 M 24 4·7 21 7·8 60 42 No

DM2 M 32 6·5 15 7·2 60 42 No

DM3 M 33 4·4 27 7·1 60 42 No

DM4 M 30 10·5 3 7·8 60 42 No

DM5 F 24 6·7 15 8·3 80 42 Yes

DM6 F 35 4·7 24 7·7 80 42 Yes

DM7 F 27 6·0 14 – 80 63 Yes

DM8 M 40 8·1 8 7·8 80 48 Yes

DM9 M 34 7·5 18 – 80 44 Yes

DM10 M 49 7·8 43 8·3 80 63 Yes

Mean � s.d. 33 � 8 6·7 � 1·9 19 � 11 7·8 � 0·4

There were no significant differences between type 1 diabetes and control groups with respect to age (P = 0·59) and white blood cell (WBC) count

(P = 0·74). Concurrent medications: C1: oral contraceptive; DM1-10: insulin; DM3: fish oil, aspirin; DM7: fluoxetine, oral contraceptive; DM8: insulin

aspirin, paraxetine, bupropion, gabapentin, lisinopril, simvistatin; DM9: lisinopril, claritin, flonase; DM10: zonasamide; F: female; M: male; s.d.: stand-

ard deviation.
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prescibed by protocol, reached either plasma enrichment
levels > 1·0% or granulocyte enrichment levels > 2·5%
which have been shown previously to be sufficient for lym-
phocyte DNA incorporation analyses [33], and there were
no differences between T1D (n = 10) and healthy control
(n = 10) subjects (two-way anova P = 0·98; data not
shown).

Comparisons of T cell subset within each disease group
(controls and T1D)

As illustrated in Fig. 2a, among the healthy control subjects
(n = 10) the fractional enrichment with deuterium (f) was
greater in Treg cells than CD4+ memory cells and both were
much greater than the naive cell population, indicating an
increased rate of incorporation of deuterium into cellular
DNA, thus a more rapid turnover of this T cell compart-
ment. Similar findings were seen among those with T1D
(n = 10) (Fig. 2b).

Comparisons of T cell kinetics between healthy
controls and those with T1D

Our primary goal was to determine if T cell kinetics were
different between healthy controls and those with T1D.

Replacement rate. Significant differences were seen between
T1D (n = 10) and control (n = 10) subjects with respect to
the calculated replacement rate (k) for CD4+ memory cells,
whereas no differences were found in (k) in the Treg subset
(Fig. 2c). In control subjects (n = 10) CD4+ memory cell
mean k = 0·31% per day, which corresponds to a doubling
time (t2) of 222 days. In the T1D subjects (n = 10) CD4+

memory cell population k = 0·42% per day, or t2 = 164 days,
which is significantly faster than controls (P = 0·03).

Proliferation and disappearance rates. Quantification of
proliferation (p) and disappearance (d*) rates was possible
only in subjects who had plasma and other samples
obtained before and after the labelling period, as indicated
in Table 1. Using the Asquith model described in the
Appendix, these data demonstrate a higher (p) and (d*) in
the CD4+ memory T cells from T1D (n = 6) compared with
control (n = 4) subjects and no difference in (p) and (d*) in
the Treg subset (Fig. 3a,b). The mean CD4+ memory T cell
proliferation rate was p = 0·36% per day, or equivalently
t2 = 195 days in controls versus 0·46% per day or t2 = 153
days in T1D (P = 0·02). The CD4+ memory cell disappear-
ance rate was also greater in T1D subjects (d* = 1·48% per
day in controls, which corresponds to t1/2 = 47 days versus
1·92% in T1D, with t1/2 = 37 days, P = 0·002), suggesting that
CD4+ memory cells were leaving the memory pool more
rapidly in T1D subjects compared to controls.

Discussion

In vivo monitoring of the kinetics of immune cells is a
potentially important tool for understanding the patho-
physiology of autoimmunity and the immune response to
various therapies. In vivo labelling of lymphocytes with
stable isotopes in humans has been performed in the setting
of ageing, infections and cancer but, to our knowledge, has
not been performed in the setting of autoimmune disease.
Here we have validated an in vivo protocol using deuterium
oxide to measure the kinetics of T memory and Treg cell
populations in T1D and healthy control subjects. We found
that turnover of CD4+ memory cells was significantly faster
in T1D subjects compared to control subjects using two dif-
ferent mathematical approaches. Our studies confirmed
other reports, that turnover of Treg is greater than memory
cells in healthy control subjects [23,39,40], and demonstrate
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Fig. 2. Fractional enrichment (f) and calculated replacement rate (k) in all subjects. (a,b) Fractional enrichment, f, of regulatory T cells

(Treg) > memory>>naive in both control subjects (a: n = 10, P < 0·001) and type 1 diabetes (T1D) subjects (b: n = 10, P < 0·001). Group means over

time compared using two-way analysis of variance (anova). (c) Mean replacement rate, k. Control subjects (n = 10) T memory cells k = 0·31%/day,

T1D subjects (n = 10) memory cells k = 0·42%/day (*P < 0·05). Control subjects (n = 10) Treg cells k = 0·52%/day and T1D subjects (n = 10) Treg cells

k = 0·57%/day (P = not significant (n.s.). Control subjects memory < Treg (P < 0·01); T1D subjects T memory < Treg (P < 0·05). Means compared

using Mann–Whitney U-test. *P < 0·05; **P < 0·01.
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that this is also true in individuals with T1D. Incorporation
of deuterium into naive cells was extremely low, although
within the detection limits of our methods, suggesting an
extremely slow turnover rate.

The significance of increased proliferation and disappear-
ance rates of CD4+ memory in T1D subjects is unknown. It
is important to note that increased disappearance of CD4+

memory cells in T1D versus controls reflects the labelled
cells leaving the sampling pool. This could be due to cell
death, transition to other cell types or migration from
peripheral blood into tissues. Using static measurements,
we were unable to demonstrate differences in the frequency
of proliferating (Ki67+, CD38+) or dying (annexin V+)
memory cells between T1D and controls (Appendix
Fig. A3). Previous work by Peakman, Roep and others has
shown alterations in the frequency of CD4+ memory effec-
tor cell populations in peripheral blood of T1D. As CD4+

memory cell development is dependent upon T cell recep-
tor (TCR) signal strength, antigen dose and the cytokine
milieu [41–43], altered TCR signalling, persistent antigen
and aberrant response to cytokines may all contribute to
increased memory T cell turnover in T1D.

While it is possible that metabolic factors including
peripheral hyperinsulinaemia and hyperglycaemia affect T
cell kinetics, such an effect would be unlikely to explain our
findings, which were limited to the CD4+ memory subset.
There was also no correlation between baseline HbA1c and
turnover measures of T cell subsets within the group of
T1D subjects studied. However, additional studies with a
larger number of T1D subjects with a wider range of gly-
caemic control and/or comparison studies with type 2
patients are needed to understand more clearly the impact
of metabolic factors on immune cell kinetics. Our finding of
increased T memory cell turnover in T1D subjects many
years from diagnosis is consistent with the notion suggested
previously by others, that there is an ongoing inflammatory
state in individuals living with T1D [12,19,44].

In our study, although there was a trend towards a greater
turnover of Treg in T1D compared to control subjects, we

were unable to demonstrate significant differences between
groups due potentially to the heterogeneity of our sorted
Treg. Although additional staining of available Treg samples
with FoxP3 yielded a reasonable purity of 83% (Appendix
Fig. A1), Miyara [45], Booth [46] and others reported that
within the Treg population, there are naive quiescent Treg

(CD4+CD25lowCD45RA+) and rapidly dividing, activated Treg

(CD4+CD25highCD45RO+), which we might expect to have
differing kinetic profiles. As both cell types were considered
together in our study, this may have limited our ability to
detect differences in Treg subsets between diabetes and
control subjects. Future studies addressing these specific
populations as well as central memory and effector memory
subtypes may be informative.

The estimated Treg and memory proliferation rates in our
control subjects are lower than those published by
Vukmanovic-Stejic et al. [23] and Macallan et al. [38]. This
is attributable both to differences between studies in how
the cell populations were defined and the isotope labelling
technique chosen. The previous studies included CD25+

cells within the memory pool and 127+ cells within the Treg

pool, thus incorporating blasting population and activated
memory cells with more rapid turnover. The slower turno-
ver of memory cells in our study was due probably to limit-
ing our memory population to CD25– cells which excludes a
‘blasting’ population. Similarly, by limiting our Treg pool to
CD25+127low cells, we excluded activated memory cells
which are known to proliferate and die quickly. Choice of
isotope for DNA labelling and length of labelling protocol
have been shown to impact estimated proliferation and
death rates, with higher values being obtained with labelled
glucose over labelled water and with shorter labelling times
[37]. Assuming a model of ‘kinetic heterogeneity’, as we
have in our estimation of p and d* (i.e. p � d*), a longer
labelling period allows for a greater proportion of cells with
a slow turnover to be labelled, thus disappearance rates of
labelled cells are expected to be higher in labelling experi-
ments of short duration such as those employed by
Vukmanovic-Stejic and Macallan.
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Fig. 3. Measures of T cell turnover in control

and type 1 diabetes (T1D) subjects who had

post-labelling samples collected. (a) Average

proliferation rate, p. Control subjects memory

cells mean p = 0·36%/day, T1D memory cells

p = 0·46%/day (**P < 0·01); control subjects

regulatory T cells (Treg) cells mean p = 0·65%/

day and T1D Treg cells mean p = 0·91%/day

(P = n.s.). (b) Disappearance rate, d*. Control

subjects T memory cells mean d* = 1·48%/day,

T1D memory cells d* = 1·92%/day (*P < 0·05);

control subjects Treg cells mean d* = 2·89%/day

and T1D Treg cells d* = 3·56%/day (P = n.s.).

Means compared using Mann–Whitney U-test.

*P < 0·05; **P < 0·01.
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A major goal in conducting these studies was to validate
the use of heavy isotope labelling in individuals with T1D.
Although our sample size was small, we confirmed the sta-
bility of T cell pool fractions over time in both T1D and
healthy controls. We also confirmed that sufficient enrich-
ment can be achieved in T1D subjects receiving deuterated
water to enable adequate labelling of cells of interest. We
were able to demonstrate increased turnover in CD4+

memory cells using the calculated replacement rate (k)
derived from the fractional enrichment (f), and were able to
confirm these analyses using the Asquith model of prolif-
eration (p) and disappearance (d*) rates which do not
require assumptions about disappearance kinetics. Moreo-
ver, this technique was safe and well-tolerated. Application
of heavy isotope labelling to understand T cell kinetics
during the period prior to clinical disease or after immuno-
therapy is likely to enhance our understanding of T1D and
the mechanisms involved in response to novel therapuetics.
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Appendix

We modelled the measured up- and down-labelling of
plasma 2H2O enrichment, P(t), as a marker of deuterium
availability for incorporation, where:

P t f 1 e *e during the label intake andt t( ) = −( ) + ≤− −δ δβ τ( ),t

P t f 1 e *e e t( ) = −( ) +[ ]− − − −δτ δτ δ τβ ( )

after cessation of label intake (t > t), where t represents time
in days, d represents the turnover rate of body water per
day, p is the fraction of 2H2O in drinking water and t repre-
sents length of labelling period in days. Baseline plasma
2H2O enrichment P(0) = b, that is attained after the boost of
label by the end of day 0, determined the initial conditions.

To model the enrichment of the deoxyribose moiety of
adenosine in the DNA of our subpopulations, we assume
identical reaction kinetics of hydrogen and deuterium and
of labelled and unlabelled adenosines. Because the adenos-
ine deoxyribose (dR) moiety contains seven hydrogen
atoms that may be replaced with deuterium, we expect an
amplification factor, c > 1, in the enrichment of dR in DNA
relative to the plasma enrichment. To estimate c more accu-
rately we measured enrichment of dR in a cell population
that is known to have a rapid turnover with no evidence of
kinetically distinct subpopulations, i.e. granulocytes, such
that p, the average production rate of the cell population is
assumed to equal d, the disappearance rate of labelled cells.
Amplification factor has been characterized previously [26]

1 < c < 7 and is typically between 2·5–4·0 when plasma
enrichment levels are 1·0–1·5%.

Label enrichment of adenosine in the DNA of a popula-
tion of cells was modelled by:

dl

dt
cpP t A dl= ( ) − ,

where l is the total amount of labelled adenosine in DNA
and A is the total amount of adenosine in the DNA of that
population. Normalizing the equation by the total amount
of adenosine in the DNA, L = l/A yields:

L t cpf d*
e e

f
e e

d*

d*t t d t t*

( ) =
−( ) − −( ) + −( )⎡

⎣⎢
⎤
⎦⎥

−

− − − −δ β

δ

δ δ1 1

during the label intake (t � t), and

L t cpf d*
e e e e

f
e ed* t t t t d*t t

( ) =
( ) − − − + −(− − − − − − − −δ βτ δ δ τ δ δ( ) ( )) ))

−δ d*

after labelling stopped (t > t). In this model, the constancy
of pool size has been assumed but no assumption of equal-
ity between p and d* has been made. Estimates for d, p and
b derived from plasma enrichment measures are shown in
Appendix Table A1. Parameter estimates of d* and cp are
shown with confidence intervals for granulocytes in Appen-
dix Table A2 and memory and regulatory T cells (Treg) in
Appendix Table A3. The measured deuterium enrichment
and fitted curves are graphed in Appendix Fig. A2.

Table A1. Plasma parameter estimates with confidence intervals in subjects who had post-labelling samples collected.

Subject t

d P b

Estimate 95% CI Estimate 95% CI Estimate 95% CI

C7 63 0·0675 0·0296–0·1050 0·0156 0·0136–0·0176 0·0081 0·0013–0·0150

C8 63 0·0547 0·0375–0·0712 0·0206 0·0186–0·0227 0·0055 0·0000–0·0112

C9 63 0·0769 0·0416–0·1010 0·0142 0·0134–0·0158 0·0117 0·0070–0·0154

C10 63 0·0768 0·0601–0·0937 0·0170 0·0164–0·0177 0·0110 0·0084–0·0137

DM5 42 0·1980 0·0000–0·5203 0·0142 0·0126–0·0159 0·0078 0·0029–0·0126

DM6 42 0·0971 0·0364–0·1580 0·0109 0·0099–0·0112 0·0071 0·0054–0·0087

DM7 63 0·1047 0·0017–0·2078 0·0125 0·0114–0·0137 0·0133 0·0071–0·0195

DM8 48 0·0682 0·0000–0·1610 0·0115 0·0091–0·0140 0·0098 0·0035–0·0162

DM9 44 0·0344 0·0077–0·0611 0·0116 0·0061–0·0170 0·0124 0·0064–0·0185

DM10 63 0·0866 0·0559–0·1170 0·0139 0·0131–0·0147 0·0063 0·0027–0·0100

Parameters estimated with 95% confidence intervals (CI) using fitted excess M+1 (EM1) data for plasma enrichment. d: turnover rate of body water

per day, p: fraction of 2H2O in drinking water, b: baseline body water enrichment attained after priming dose of label by the end of day 1.
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cell sorter (FACS) plot with forkhead box

protein 3 (FoxP3) staining.

Table A2. Granulocyte parameter estimates for subjects with post-labelling samples.

Subject

cp d* = p

cEstimate 95% CI Estimate 95% CI

C7 0·3169 0·265–0·369 0·0910 0·074–0·108 3·4813

C8 0·3810 0·297–0·465 0·1080 0·080–0·136 2·9227

C9 0·2608 0·168–0·367 0·0746 0·044–0·112 3·4946

C10 0·2112 0·160–0·262 0·0689 0·049–0·089 3·0653

DM5 0·2659 0·209–0·032 0·0682 0·048–0·088 3·8971

DM6 0·3596 0·203–0·517 0·1020 0·047–0·157 3·5255

DM7 0·2838 0·196–0·371 0·0875 0·056–0·120 3·2438

DM8 0·3012 0·176–0·426 0·0741 0·034–0·114 4·0670

DM9 0·2399 0·119–0·361 0·0695 0·026–0·112 3·4538

DM10 0·2882 0·206–0·370 0·0930 0·062–0·124 3·1006

Parameters estimated with 95% confidence intervals (CI) using fitted excess M+1 (EM1) data for granulocyte enrichment. d*: disappearance rate of labelled cells, c: amplification factor or likeli-

hood of deuterium incorporation, p: average turnover rate or rate at which each adenosine residue replicates. cp and d* are estimated in the granulocyte model allowing for calculation of c for each

subject. d* is assumed to equal p for granulocyte population known to have a very rapid turnover rate.

Table A3. CD4+ T memory and regulatory T cells (Treg) parameter estimates for cp and d*.

Subject

CD4+ T memory CD4+ Treg

cp

p

d* cp

p

d*

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

C7 0·0114 0·0079–0·0148 0·0033 0·0155 0·0077–0·0233 0·0268 0·0171–0·0364 0·0077 0·0326 0·0179–0·0473

C8 0·0093 0·0075–0·0111 0·0026 0·0120 0·0075–0·0166 0·0164 0·0111–0·0217 0·0047 0·0301 0·0180–0·0422

C9 0·0137 0·0093–0·0183 0·0039 0·0151 0·0070–0·0241 0·0274 0·0212–0·0339 0·0078 0·0299 0·0215–0·0397

C10 0·0123 0·0114–0·0131 0·0040 0·0168 0·0148–0·0187 0·0147 0·0128–0·0165 0·0048 0·0228 0·0187–0·0267

DM5 0·0189 0·0167–0·0210 0·0048 0·0194 0·0155–0·0234 0·0253 0·0197–0·0309 0·0065 0·0306 0·020–0·0412

DM6 0·0161 0·0117–0·0205 0·0046 0·0158 0·0063–0·0253 0·0412 0·0314–0·0510 0·0117 0·0412 0·0272–0·0574

DM7 0·0109 0·0115–0·0315 0·0034 0·0204 0·0098–0·0311 0·0189 0·0140–0·0275 0·0058 0·0305 0·0125–0·0486

DM8 0·0215 0·0071–0·0148 0·0053 0·0237 0·0094–0·0379 0·0297 0·0166–0·0429 0·0073 0·0328 0·0143–0·0513

DM9 0·0152 0·0072–0·0232 0·0044 0·0188 0·0019–0·0358 0·0495 0·0190–0·0800 0·0143 0·0484 0·0093–0·0874

DM10 0·0128 0·0099–0·0156 0·0041 0·0173 0·0112–0·0233 0·0232 0·0145–0·0318 0·0075 0·0300 0·0158–0·0442

Parameters estimated with 95% confidence intervals (CI) using fitted excess M+1 (EM1) data for CD4+ memory and Treg enrichment. d*: disappearance rate of labelled cells, c: the amplification

factor or likelihood of deuterium incorporation, p: average rate at which each adenosine residue replicates, are estimated together as ‘cp’ in our model. cp is divided by c from Appendix Table A2 to

obtain p, which is plotted in Fig. 3 of the main text.
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Fig. A2. Measured deuterium enrichment [excess M+1 (EM1)] with fitted curves for subjects from whom post-labelling samples were collected.

To correct for the fraction of heavy water available in the body water, we fitted the measured label enrichment of plasma during up- and

down-labelling, as described in the Methods. Measured enrichment (EM1) of plasma, granulocytes, T memory and regulatory T cells (Treg) is plotted

along with fitted curves for each subject. Vertical line represents last day of oral 2H2O consumption.
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Fig. A3. Static measures of CD4 T cell composition and death. Age- and gender-matched peripheral blood mononuclear cells (PBMC) from control

(n = 10) and type 1 diabetes (T1D) (n = 10) subjects were thawed, stained and analysed by flow cytometry for expression of markers of maturation,

activation and death including (a) CD31 and CD45RA for recent thymic emigrants, (b) CD38 and Ki67 for proliferation and (c) annexin V for

apoptosis. Black circles: control subjects; white circles: T1D subjects. Statistical differences were determined using a Student’s t-test.
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