Clinical & Experimental Inmunology

The Journal of Translational Immunology

iﬁ*ih:i'ﬁﬁologﬂ

Clinical and Experimental Immunology [EOIRICIIAARAqi[@NS

doi: 10.1111/cei.13375

In-vivo assessment of T cell kinetics in individuals at risk for

type 1 diabetes

W. Hao “*" ,* H. T. Bahnson,*

C. Speake,* K. Cerosaletti” and
C.J. Greenbaum*

*Diabetes Clinical Research Program, and
"Translational Research Program, Benaroya

Research Institute at Virginia Mason, Seattle,
WA, USA

Accepted for publication 23 September 2019
Correspondence: W. Hao, Diabetes Clinical
Research Program, Benaroya Research
Institute at Virginia Mason, 1201 Ninth
Avenue, Seattle, WA 98101-2795, USA.

E-mail: whao@benaroyaresearch.org

Introduction

Summary

We previously assessed the kinetics of T cell turnover in vivo by labeling
cells with ZH-H,O over 42 days in individuals with type 1 diabetes (T1D)
and demonstrated an increased turnover of CD4 memory T cells. We have
now tested T cell turnover in individuals at risk for T1D using a 3-4-day
labeling protocol with 2H-glucose. We studied 30 relatives with T1D with
and without autoantibodies, and 10 healthy controls. Peripheral blood
mononuclear cells (PBMC) were flow-sorted into T cell subsets of interest;
H-DNA enrichment was measured by mass spectrometry and in-vivo
turnover was calculated as maximum fractional enrichment of deuterated
adenosine (F ). Among CD4* cells, F, _was highest in regulatory T cells
(T,,), followed by effector and central memory T cells and lowest in naive
cells. Similarly, CD8" central and effector memory T cells had a higher
turnover than CD8* terminally differentiated effector memory T cells
(TEMRA) and CD8*-naive T cells. Relatives as a group showed significantly
. compared to controls (1-733 + 0-6784%
versus 1.062 = 0-3787%, P = 0-004), suggesting pre-existing immune dys-
function within families with T1D. However, there was no significant dif-
ference in F___between groups according to autoantibody or glucose toler-
ance status. Repeat testing in 20 subjects 1 year later demonstrated relatively
higher within-subject compared to between-subject variability for the

increased T, turnover by F_

measurement of F___in various T cell subsets. The short labeling protocol
with 2H-glucose should be applied in the context of a clinical trial in
which the therapy is expected to have large effects on T cell turnover.

Keywords: Autoantibodies, CD4 T cells, CD8 T cells, Deuterium labeled
glucose (heavy glucose), Isotope labeling, Regulatory T cells, T Cell kinetics,
Type 1 diabetes

status. Using in-vivo metabolic labeling of lymphocyte DNA
with the heavy isotope of deuterated water over 42 days,

T cells are thought to play a key role in the pathogenesis
of type 1 diabetes (T1D) [1,2]. Despite mounting evidence
that T cells probably behave abnormally in individuals with
T1D, consistent patterns have not been reported in terms
of the number, phenotype or frequency of T cells and their
association with disease outcomes [3,4]. One explanation
for this is that the frequency of each T cell type is impacted
by the rate of T cell turnover which, in itself, can differ
between individuals or between groups with differing disease

as first described by Neese et al. [5], we previously reported
that CD4 memory T cells from T1D patients, despite being
present at a normal number, show evidence of increased
proliferation and disappearance rates compared to control
subjects, indicating elevated turnover [6].

In the current study, we evaluated in-vivo T cell kinetics
in individuals at risk for T1D. The Type 1 Diabetes TrialNet
Pathway to Prevention study has identified groups of
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relatives of those with T1D with markedly different risk
for disease. The 5-year risk for those who repeatedly test
negative for all antibodies is almost negligible. Those repeat-
edly found to have just one antibody, normal glucose
tolerance and a diabetes prevention trial-type 1 (DPT)
risk score for T1D < 6-5 [7] have a 5-year risk of < 3%.
Once two antibodies are confirmed in the presence of
normal glucose tolerance the 5-year risk is ~35%, while
the 5-year risk in those with multiple antibodies and
abnormal glucose tolerance exceeds 80%. Importantly, the
risk for developing T1D in those with two antibodies
does not appear to level off over time. It is generally
accepted that almost all these individuals will eventually
develop T1D[8]; however, we cannot yet predict when an
individual will progress to clinical disease. We therefore
aimed to determine if increased turnover of CD4 memory
T cells and/or other subsets of T cells is a phenotype
that precedes disease onset, and if there is any association
with autoantibody status. We tested this hypothesis using
heavy glucose in lieu of heavy water and a shorter pro-
tocol, as previously described [9], which could be feasibly
implemented in the context of future clinical trials.

Research design and methods

Subjects

Subjects were recruited under an approved ancillary study
to the Type 1 Diabetes TrialNet TNO1 Pathway to Prevention
Study. After TrialNet Ancillary Studies Committee and
Benaroya Research Institute (BRI) Institutional Review
Board approval, 30 subjects (10 subjects in each group)
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T cell kinetics in those at risk for T1D

were recruited from TrialNet Pathway to Prevention includ-
ing those with (1) no antibodies (very low risk for T1D),
(2) only one antibody (low risk for T1D), (3) two or
more antibodies (significant risk for T1D) and (4) healthy
controls (n = 10) from the general population without
family history of T1D. All at-risk subjects were first-degree
relatives of those with T1D.

Pulse DNA labeling with oral 2H-glucose and
DNA enrichment monitoring

Subjects were admitted to the Clinical Research Center
for oral 2H-glucose administration over 10 h. Subjects
received a total of 1.0 g/kg of heavy glucose mixed with
240 ml of water to be consumed at 30-min intervals.
During the labeling period, fingerstick (capillary) blood
was sampled periodically to assess glucose enrichment.
In order to measure the enrichment of 2H in the DNA
of proliferating lymphocytes, blood was drawn on days
3 and 4 after the initial *H-glucose consumption visit.

In-vivo T cell turnover measurement

Peripheral blood mononuclear cells (PBMC) were isolated
from heparinized fresh blood samples by Ficoll gradient
centrifugation, surface-stained and flow-sorted into CD4- and
CD8-naive, effector memory and central memory T cells;
CD4 regulatory T (T,,) cells; and CD8 CD45RA. terminally
differentiated effector memory T cells (TEMRA) (Fig. 1).
Antibodies used for sorting were purchased from BD (Franklin
Lakes, NJ, USA) and eBioscience (San Diego, CA, USA).
DNA was immediately isolated from sorted populations after
proteinase K digestion using DNEasy minicolumns (Qiagen
Sciences, Valencia, CA, USA). 2H enrichment in DNA was
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Fig. 1. Overview of sorting strategies for T cell subsets.
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measured by mass spectrometry using an Agilent model
5973/6890 GC (Agilent Technologies/Quantum Analytics,
Foster City, CA, USA) and in-vivo T cell turnover was cal-
culated as fractional enrichment of deuterated adenosine
(F,,) as previously reported [6,9,10]. F represents the frac-
tion of newly synthesized DNA strands or, equivalently, the
fraction of newly divided cells and was calculated by the
following method. First, the *H-adenosine enrichment of
sorted cells is normalized to observed plasma 2H-glucose,
or precursor enrichment (b) using the formula b = trapezoi-
dal area under the curve (AUC)/pulse time and then the
percentage of 2H adenosine (F) is calculated using the formula
F = % 2H adenosine/precursor enrichment (b). The maxi-
mum of F__ between days 3 and 4 was used to represent
T cell turnover rate.

Statistical analyses

The group mean of F,___in T cell subsets among the four
studied groups was compared using the Kruskal-Wallis
test. The group mean of F__between relatives and normal
controls was compared using the Mann-Whitney U-test.
The data were presented as mean + standard deviation
(s.d.). Differences were considered significant at P < 0-05.
The effect size for the Mann-Whitney U-test was calcu-
lated by dividing the Mann-Whitney Z-value by the square
root of the sample size. Intraclass correlation coefficients
(ICC) were used to measure within- and between-subject
variability for repeat testing. The statistical analyses and
graphical displays were performed using sas version 9.4,
jMP Pro version 14 and GraphPad Prism statistical
software.

Table 1. Demographics of the subjects in each group

Results

Study subject characteristics

Demographic and clinical attributes of the study groups
are summarized in Table 1. Participants were age-, sex-
and BMI-matched among the groups, and were Caucasian
non-Hispanic. There were seven subjects with impaired
glucose tolerance (IGT), including one in the single
autoantibody-positive group and six in the two or more
autoantibody-positive group. The islet autoantibody profiles
and HLA risk alleles for T1D in each group are listed
in Table 1.

T cell kinetics in individuals at risk for T1D based
on antibody status

We evaluated the kinetics of peripheral blood CD4" and
CD8* T cell subset turnover in the three groups of sub-
jects at varying risk for T1D and in healthy controls using
in-vivo *H-glucose labeling and mass spectrometry.
Specifically, we determined the in-vivo turnover of flow-
sorted CD4* central memory T cells, CD4" effector memory
T cells, CD4* T, and CD4"-naive T cells; CD8" central
memory T cells, CD8" effector memory T cells, CD8*
TEMRA (CD45RA" effector memory T cells) and CD8*-
naive T cells. The fractional enrichment with deuterium
(F, representing turnover) was the highest in CD4" T,
followed by CD4" effector and memory T cells, and the
lowest in naive CD4* T cells in all subjects (Fig. 2). CD8*
memory T cells had higher turnover than CD8*-naive T
cells and TEMRA. Thus, these results were consistent with

Normal control

Relatives without

Relatives with one Relatives with two or

(n=10) antibody (n = 10) antibody (n = 10) more antibodies (1 = 10)
Age (mean =+ s.d.), years 29-6+7-8 30-3+73 29-1+86 30-5+ 87
BMI (mean + s.d.) 287 +54 289 +83 24.7 + 5.5 26-7 + 3-8
Sex (male/female) 5/5 4/6 5/5 5/5
Race/ethnicity
Non-Hispanic white 10/10 (100) 10/10 (100) 10/10 (100) 10/10 (100)
OGTT
IGT 0/10 (0) 0/10 (0) 1/10 (10) 6/10 (60)
Islet autoantibodies
GAD65 0 0 10/10 (100) 8/10 (80)
ICA 0 0 0 6/10( 60)
ICA512 0 0 0 7/10 (70)
mIAA 0 0 0 1/10 (10)
ZnT8 0 0 0 6/10 (60)
HLA
DR3 or DR4; not DQA1*0102 or DQB1*0602 4/10 (40) 10/10 (100)* 9/10 (90) 9/10 (90)

Values are mean + s.d. or n (%).

*P < 0-05 versus normal controls. BMI = body mass index; s.d. = standard deviation; OGTT = oral glucose tolerance test; GAD65 = glutamate decar-

boxylase; ICA = islet cell antibodies; mIAA = microinsulin autoantibody; ZnT8 = zinc transporter 8; HLA = human leukocyte antigen.
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Fig. 2. Enrichment of deuterated adenosine in various T cell subsets in
all participants.

our previous findings using the longer clinical protocol
and labeling with heavy water [6].

There was no significant difference in F,_between at-
risk groups according to antibody or oral glucose tolerance
test (OGTT) status among the subset of T cells studied
(Fig. 3). Compared with controls, there was heterogeneity
in the turnover of most T cell subsets among relatives
as a group, especially for the T, population. Further, there
was significantly increased T, turnover (as assessed by
F_ ) between relatives regardless of autoantibody or OGTT
status and healthy controls (1.733 *+ 0-6784% versus
1-062 + 0-3787% (mean * s.d.), P = 0-004, effect size = 0-47),
as shown in Figure 4. While there was heterogeneity in
the turnover of most T cell subsets among relatives, par-
ticularly for the T, population, in this small study no
association between Treg turnover and genetic variants at
IL2RA, IL2/IL21 and PTPN2 loci associated with T1D
and T regulatory function was observed (data not shown).
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Fig. 3. Enrichment of maximum fractional enrichment of deuterated adenosine (F,
(T1D) based on antibody status and controls. The y-axis represents the percentage of F,

" BT

T cell kinetics in those at risk for T1D

Repeat measurement of T cell kinetics over 1 year

Five subjects who were available and willing to undergo
additional testing 1 year later in each of the four groups
were studied on a second occasion, under identical condi-
tions with the aim of assessing variability in the measure-
ments over time and associating results with potential
changes in disease. We used ICC to measure the relative
between- and within-subject variability of each T cell
population. Only one marker (F__of CD4 central memory
T cells) had an ICC > 70%, indicating that this popula-
tion was more stable within an individual over 1 year.
As no subject had a change in either glucose tolerance
or antibody status during the year, we were unable to
evaluate relationships between T cell kinetics and disease
progression.

Discussion

We evaluated the kinetics of immune cell subset turnover
in first-degree relatives of individuals with T1D as well
as healthy controls using heavy glucose labeling and focus-
ing on the turnover rates of CD4 effector and central
memory cells, CD4 T, , cells and CD8 effector and memory
cells. We found that relatives of those with T1D as a
group demonstrated significantly enhanced CD4 T,, turno-
ver compared to healthy control individuals, suggesting
pre-existing immune dysfunction in those with a genetic
predisposition for T1D. However, in this small cohort we
did not detect an association of T, turnover rate by F,
with individual genetic variants in the IL2RA, IL2/IL21
and PTPN2 loci that have been associated with risk for
TID. Other studies also find phenotypical differences
between unaffected relatives and controls; one report
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) in various T cell subsets in individuals at risk for type 1 diabetes

max

The subjects were divided into four groups, with

ax*

Ctrl = normal control, 0 = relatives without autoantibody, 1 = relatives with one autoantibody and > 2 = relatives with two or more autoantibodies;

n = 38 (two participants, including one from the 0 antibody group and one from the two or more antibodies group, were excluded from the analysis

due to poor quality of T cell sorting).
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Fig. 4. Enrichment of deuterated adenosine by maximum fractional
enrichment of deuterated adenosine (F_ ) in CD4 regulatory T cells

between controls and relatives of those with type 1 diabetes (T1D). The
regulatory T cell (T,,) turnover by F, __ is significantly increased in
relatives of those with T1D (n = 28) versus controls (n = 10)

(1-733 + 0-6784% versus 1-062 + 0-3787% (mean + standard deviation),

P =0-004, effect size 0-47).

demonstrated that T1D family members have an elevated
inflammatory state [11] and another found small pancreas
volume in family members compared with non-family
members as controls [12].

We previously demonstrated that individuals with clini-
cally overt T1D had increased CD4 memory T cell turnover
[6]; however, we did not find this in autoantibody-positive
relatives of those with T1D, suggesting that increased CD4
proliferation only occurs later in disease progression. It
is important to note, however, that different protocols were
used in these two studies [5,9]. To simplify the study
protocol, making it more practical to use in clinical trials
we modified the T cell labeling procedure, using ?H-glucose
labeling with a 3-4-day labeling time in the current study
versus using “H-H,O labeling with a 42-day labeling time
in the previous study. While we did not conduct a direct
comparison between shorter and longer protocols, both
approaches demonstrated the expected hierarchical order
of greatest to least turnover of T, cells > T memory
cells > T naive cells [6].

Also, we found no relationship between T cell turnover
measures and autoantibody or glucose tolerance status.
Using data from repeat testing on a subset of participants,
an important caveat to interpretation of these results is
the generally low ICC observed for the turnover rate of
most of the T cell subsets evaluated. The limited range
of F_, values for the T cell subsets probably contributes
to the low ICC. Biomarkers with high ICC can be par-
ticularly useful to dissect disease heterogeneity. A biomarker
which is stable (little technical or biological variability)

within a subject when the disease is stable, but which
varies between subjects with different clinical courses,
could then be evaluated in relationship with clinically or
biologically relevant disease measures. In this study, we
were unable to demonstrate such relationships. This may
be due to the low ICC for most subsets, but may also
be due to limitations of our study. There were only a
small number of individuals who underwent repeat test-
ing, and the follow-up period was too short to observe
disease progression in this adult population, whose rate
of progression is known to be slow. Moreover, we did
not include individuals with clinical T1D in this study.

Thus, while this heavy glucose protocol is unlikely to
be informative in understanding natural history, it could
provide useful information in the context of clinical trials.
For example, there are five immune therapies that have
been demonstrated in randomized clinical trials to alter
disease course in individuals with recently diagnosed T1D
[13-17]. However, as in all immune therapy, there is a
range of responses among those treated with active drug.
Poor responders to the B cell depletion therapy rituximab
were found to have an increase in activated T cell gene
transcripts [18], and those who had poor responses to
abatacept had an increase in B cell gene transcripts [19].
Whether or not these transcriptional changes were due
to changes in proliferation could be addressed in subse-
quent clinical trials, with therapies expected to impact
T cell turnover using the short heavy glucose labeling
protocol described here.
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