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CD4+ T-cell subsets play a major role in the host response to infection, and a healthy
immune system requires a fine balance between reactivity and tolerance. This balance
is in part maintained by regulatory T cells (Treg), which promote tolerance, and loss of
immune tolerance contributes to autoimmunity. As the T cells which drive immunity
are diverse, identifying and understanding how these subsets function requires specific
biomarkers. From a human CD4 Tconv/Treg cell genome wide analysis we identified pep-
tidase inhibitor 16 (PI16) as a CD4 subset biomarker and we now show detailed analysis of
its distribution, phenotype and links to Treg function in type 1 diabetes. To determine the
clinical relevance of Pi16 Treg, we analysed PI16+ Treg cells from type 1 diabetes patient
samples. We observed that FOXP3 expression levels declined with disease progression,
suggesting loss of functional fitness in these Treg cells in Type 1 diabetes, and in partic-
ular the rate of loss of FOXP3 expression was greatest in the PI16+ve Treg. We propose
that PI16 has utility as a biomarker of functional human Treg subsets and may be useful
for tracking loss of immune function in vivo. The ability to stratify at risk patients so that
tailored interventions can be applied would open the door to personalised medicine for
Type 1 diabetes.
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Introduction

Regulatory T cells (Treg) are defined by the expression of the tran-
scription factor FOXP3 [1] and the importance of FOXP3+ Treg
for health has been revealed by the human autoimmune disorder
IPEX (immune dysregulation, polyendocrinopathy enteropathy, X-
linked syndrome) and in scurfy mice [2, 3], where complete loss
of expression of FOXP3 results in absence of Treg cells. Muta-
tions in FOXP3 itself are not common in Treg from autoimmune
diseases, however reductions in Treg numbers or function have
been implicated in numerous autoimmune conditions. Currently,
human CD4 regulatory T cells can be isolated based on high levels
of CD25 and low levels of CD127 expression [4, 5], and identity is
confirmed by intracellular FOXP3 staining. However, FOXP3 has
limitations as a Treg specific biomarker because the intracellu-
lar labelling protocol for FOXP3 renders the Treg cells unusable
for functional assays or therapies, and because activated T cells
can transiently express FOXP3 without necessarily acquiring sta-
ble suppressive function [6–11]. This transient FOXP3 expression
following activation makes defining human Treg populations ex
vivo problematic, especially when sampling from sites of disease or
inflammation [6]. In humans there are no clear surface biomarkers
to segregate these from thymic origin CD25+ nTreg (natural Treg),
as both populations express FOXP3 and CD25 but not CD127.

Since the description of Th1/Th2 lineages by Mosmann and
Coffman in 1986, many additional helper T-cell subsets have been
described (including iTreg, Th17, Th1/17, Th9, Tfh and Th22).
These subsets are now being characterised based on expression of
specific transcription factors, signalling molecules and cytokines
[12–16] and in some cases, a signature surface marker profile.
Given that these cells are required to home to and function in a
complex tissue microenvironment e.g. at a site of infection, and are
exposed to multiple signalling networks involving surface recep-
tors and cytokines, which may skew their function, functional
fitness is a key part of immune homeostasis. It is increasingly clear
that effector populations do not act in isolation, and are poten-
tially restrained by T reg cells [17], which must respond to similar
cues such as activation and homing, in order to tightly regulate
the T effector response in a given location in response to a spe-
cific antigen. This has revealed the need for new biomarkers to
segregate functional effector and regulatory T-cell subsets.

Using genome wide gene expression analysis of donor matched
human CD4 T cells we recently identified a novel expression
profile for PI16 (peptidase inhibitor 16) on T cells [18], and in
this study we now characterise PI16 expression on human Treg
and Tconv subsets. Although the biological role of the peptidase
inhibitor PI16 is still unclear, it was originally identified as a can-
cer biomarker with an inverse correlation with prostate cancer
prognosis [19, 20]. PI16 has also been implicated in heart dis-
ease [21, 22]. We have further investigated PI16 expression on
human CD4 regulatory T-cell subsets, (nTreg, iTreg), and identi-
fied different functional characteristics of PI16 expressing popula-
tions. Human PI16+ Treg display a memory phenotype and higher
levels of FOXP3 expression, greater de-methylation of the FOXP3
TSDR locus compared with other Treg populations. PI16 surface

expression was not observed on in vitro derived iTreg, indicating
that PI16 may be a useful biomarker for identifying thymic origin
nTreg ex vivo. In addition, comparative analysis of PI16+ versus
PI16− Treg populations revealed a strong enrichment for a FOXP3
controlled gene signature, suggesting the PI16+ Treg may have
a programmed enhanced functional fitness. We demonstrate that
PI16 expression tracks with central memory characteristics based
on expression of markers such as CD45RO, CD95 and CCR6, which
were originally characterised for their ability to determine mem-
ory subsets by Lanzavecchia and colleagues [23–26]. While all
Thelper lineages tested can be split by expression of PI16, in par-
ticular PI16 expression tracks the most strongly with the Th22
lineage on both Treg and Tconv.

To investigate the clinical utility of PI16+ as a marker of
Treg cell subsets in the peripheral blood we analysed children
with Type 1 diabetes. We examined a cohort of 30 type 1 dia-
betes (T1D) patients at 3, 9 and 12 months post clinical onset
of type 1 diabetes using peripheral blood mononuclear cell sam-
ples. By counting PI16+ and PI16− Treg numbers and determin-
ing FOXP3 expression during disease progression, we were able
to demonstrate that FOXP3 expression levels decrease with time
post diagnosis, suggesting that the functional fitness of the Treg is
compromised during disease progression, rather than simply that
Treg numbers decline. We therefore propose that PI16 identifies
functionally distinct Treg cell subsets which contribute to nor-
mal immune homeostasis, and which are altered in autoimmune
disease.

Results

PI16 identifies a subset of CD4± CD25± Treg cells

Using our previously validated monoclonal antibody to PI16
([27]), PI16 expression was investigated on expanded cord
blood and freshly isolated or expanded adult peripheral blood
Tregs. Since the adult peripheral blood CD4+CD25hi population
is expected to contain a mixture of FOXP3 positive cells of both
thymic and peripheral origin, we speculated that PI16 may be able
to distinguish these cell types ex vivo. As seen in Fig. 1A, while a
subset of in vitro expanded peripheral blood CD4+ CD25+ Treg
express PI16, little or no PI16 is observed on the surface of in
vitro generated iTregs. A similar expression profile was observed
on in vitro expanded cord blood cells, where PI16 expression
was observed post expansion on CD4+CD25hi cells, but not on
iTregs generated from CD4+CD25− cells (Fig. 1B). The propor-
tion of freshly isolated peripheral blood Treg expressing PI16 was
assessed from multiple random donors, and a broad distribution
of % PI16+ Treg was observed, ranging from 10 to 50% of CD25+

Treg, (Fig. 1C) (n = 16 donors). Given the observation by us and
others that ex vivo expansion of Treg in the presence of rapamycin
enhances the purity of FOXP3+ cells in culture, we tested the
impact of this on the PI16+ Treg population. As shown in Fig. 1D,
the addition of 2nM rapamycin to Treg expansion resulted in a
2.5 fold enrichment of PI16+ cells when compared with a parallel
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Figure 1. Analysis of PI16 expression in CD4+ T-cell subsets. (A) Flow cytometry plots from in vitro expanded adult blood Treg and donor matched
iTreg analysed using anti-human PI16 and anti-human FOXP3 staining (representative flow cytometry plots left, cumulative data n = 4 independent
experiments right, *p > 0.05). B) Flow cytometry plots from in vitro expanded cord blood Treg and donor matched iTreg analysed using anti-human
PI16 and anti-human FOXP3 staining (representative flow cytometry plots left, cumulative data n = 4 independent experiments right, Student’s
t-test, *p > 0.05). C) Proportions of PI16+ Treg cells in CD4+ CD25+ CD127lo Treg from 16 independent experiments using unrelated adult blood
donors. (D) Expansion of donor matched CD4+ cells in the presence of rapamycin, showing enrichment for CD4+ CD25++ cells (upper right)
compared with media alone control (upper left) and the increased expression of FOXP3 in rapamycin cultures (Blue line, lower left), and a higher
proportion of PI16 expression on rapamycin selected Treg (Blue line, lower right) compared with media controls (Green lines (representative data
from 1 donor).

donor matched culture of Treg without rapamycin (46.6% PI16+

vs. 18%PI16+, respectively). We find that the purity based on CD4,
CD25, and FOXP3 expression in the rapamycin treated culture is
significantly enhanced (81% FOXP3+ versus 48% FOXP3+, respec-

tively). In the absence of rapamycin there is significant growth of
non FOXP3+ cells, as they are not completely suppressed by the
mammalian Target of Rapamycin (mTOR) inhibitor activity of
rapamycin (Fig. 1D).
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Figure 2. Analysis of adult blood CD25−+Treg PI16 subsets (A) Analysis of PI16+ Treg FOXP3 expression potential by methylation analysis of the
TSDR region of the FOXP3 promoter from PI16+ and PI16− Tregs, showing a more fully de methylated TSDR in PI16+ Treg (NA extracted from 3
unrelated donors). (B) Analysis of FOXP3 protein expression in cells isolated by CD4+ CD25++ PI16 selection, showing higher mean fluorescent
expression levels in PI16+ Treg (n = 5 unrelated donors from 5 independent experiments, ***p = 0.0002, **p = 0.0011, *p = 0.0145). (C) Suppression
assay comparing PI16− CD25+ treg versus PI16+ CD25+ Treg (n = 4, two-way ANOVA p = 0.0028 4 experiments).

PI16± Treg have increased expression of FOXP3 and
epigenetic modification of the TSDR

To investigate whether PI16+ Treg have unique functional prop-
erties, we purified PI16+ CD25+ Treg and PI16− CD25+ Treg from
healthy adult donors and performed in vitro assays of Treg phe-
notype. As there is a correlation between the demethylation of the
TSDR region of the FOXP3 promoter and FOXP3 expression, we
first performed a methylation assay on 3 donor matched samples
of purified PI16+ and PI16− Treg cells. We observed that the TSDR
locus of the FOXP3 promoter was more fully demethylated in the
PI16+ subset than in the PI16− subset (Fig. 2A; n = 3, p = 0.002,
and Supporting Information Fig. 2; n = 3, p = 0.0012). Using
a two-way ANOVA the average methylation signal for the locus
in PI16+ve cells is 13.20 and in PI16-ve cells is 31.6, suggest-

ing that the increased expression of FOXP3 in these cells may be
transcriptionally controlled by the methylation state of the locus.
Consistent with this, as can be seen in Fig. 2B, the PI16+ Treg
cells consistently express higher levels of FOXP3 protein compared
with donor matched PI16− Treg cells and CD25− Tconv compara-
tors. When compared for suppressive function in vitro using an
unmatched MLR, PI16+ Treg are approximately two-fold more
potent compared with their CD25+PI16- donor matched popula-
tion (Fig. 2C).

Analysis of PI16 status across classical memory T-cell
populations

As PI16+ Treg and Tconv were highly enriched for CD45RO,
but PI16− cells were a mixture of CD45RA+ and CD45RO+, to
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Figure 3. Analysis of PI16 populations using memory subset profiling. (A) PI16 and FOXP3 expression in CD25+ CD127− Treg and (C) CD25− Tconv
was analysed by flow cytometry. (B) Differential expression of CD62L and CD45RA on CD25+ CD127− FOXP3+ Treg pool (left panel), sorted PI16−

CD25+ CD127− FOXP3+ population (centre panel) and sorted PI16+ CD25+ CD127−FOXP3+ population (right panel). (D) Differential expression of
CD62L and CD45RA on CD25− CD127+ Tconv, sorted PI16− CD25- CD127+ population (centre panel) and a sorted PI16+ CD25+ CD127+ population
(left panel). (E) tSNE analysis of FOXP3 distribution in all samples. (F) tSNE analysis of PI16 distribution in all samples. (G) Staining criteria for
naı̈ve, central memory, effector memory and CD45RA+ve effector memory T cells. (H) Data from CD45/CD62L analysis of 4 donors combined (mean
values plotted) to show the proportions of each memory phenotype in each PI16 subset. (I) The proportion of PI16+ or PI16−Treg in each of the
naı̈ve (CD45RA+) or memory (CD45RA−) pools. (J) The proportion of PI16+ or PI16−Tconv in each of the naı̈ve (CD45RA+) or memory (CD45RA−)
pools (In panels A-J 5 unrelated donors were used in 5 separate paired experiments (Treg vs. Tconv), *p<0.05, **p = 0.0026, ***p = 0.003, ****p<0.0001).

accurately define the memory effector status of the PI16+ Treg
and Tconv, we performed a deeper analysis of these populations
using CD62L and CD45RA staining of CD4+ CD25 + or CD4+
CD25- populations from adult PBMC. The overall cell gating strat-
egy is shown in Supporting Information Fig. 1. As can be seen
in Fig. 3A, CD4+ CD25+ CD127− FOXP3+ Treg show hetero-
geneity in PI16 status, however when stained for CD45RA and
CD62L the PI16+ FOXP3+ Treg are highly enriched for the central
memory phenotype (CD45RA−, CD62L+). PI16– FOXP3+ Treg are
split between näıve and central memory based on CD45RA status
(Fig. 3B). CD4+ CD25− CD127+ Tconv populations are FOXP3
negative (Fig. 3C), and have a higher degree of phenotype het-
erogeneity, being a mixture of näıve (CD45RA+, CD62L+), effec-
tor memory (CD45RA−, CD62L−), central memory (CD45RA−,
CD62L+) and reactivated effector memory (TEMRA, CD45RA+,
CD62L−) (Fig. 3D). More than 85% of the PI16+ CD25+ FOXP3+
Treg and PI16+ CD25- Tconv cells are Central Memory pheno-
type. As shown in Fig. 3E tSNE analysis of all data acquired for the
FACS profiling with all antibodies, annotated for the FOXP3+ve
cells reveals 3 major FOXP3 positive clusters in red. As shown in
Fig. 3F, the same tSNE data sets annotated for PI16 staining reveals
a discreet PI16+ Treg population and a broad Tconv PI16 dis-
tribution. The classification of effector memory phenotype using

CD45RA and CD62L combinations is defined in Fig. 3G. Pooled
data from 4 donors show the composition for each of the Treg
and Tconv PI16 combinations (Fig. 3H). The proportion of PI16+

/ PI16−Treg (Fig. 3I) and Tconv (Fig. 3J) in each of the näıve
(CD45RA+) or memory (CD45RA) pools reveals significant differ-
ences in proportion of PI16+ vs- cells in both Treg and Tconv,
and that there are almost no näıve PI16+ve Treg or Tconv in
circulating PBMC. The annotation of the tSNE maturation sub-
set clusters is based on co-expression of the additional markers
CD45RA, CD62L, CD25 and CD127, and annotation of each in the
tSNE is illustrated in Supporting Information Fig. 3.

Defining the PI16± gene signature

In order to identify the gene signatures of PI16 expressing T cells
we performed a microarray analysis on four cell types from four
donors, derived from adult blood and sorted on CD25 and PI16
status. This analysis revealed relative expression of genes between:
(i) PI16+ and PI16− Treg, (ii) PI16+ and PI16− Tconv (iii) PI16+

Treg and PI16+ Tconv, and (iv) PI16− Treg and PI16− Tconv.
Five distinct behavioural groups of genes were defined from this
analysis (described in Supporting Information Table 1), with a
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Figure 4. Differential gene expression in purified CD4 T cells expressing PI16. (A) Heatmap and grouping of all significantly differentially expressed
genes from the four way comparison of PI16 subsets of treg and Tconv. Genes found to be FOXP3 targets [18] are also indicated using the grey
bar at the left. Group membership is indicated using the coloured ribbon at the left (composition of the behavioural groups defined using the
Venn diagram in C). (B) Principal component analysis of the microarray dataset showing all samples from the 4 cell populations (PI16+ Treg, PI16−

Treg, PI16+ Tconv and PI16− Tconv) used in the differential expression analysis. (C) Venn diagram showing the overlapping sets of significantly
differentially expressed genes from the four comparisons (PI16+ Treg Vs PI16+ Tconv; PI16− Treg Vs PI16− Tconv; PI16+ Treg Vs PI16− Treg; PI16+

Tconv Vs PI16− Tconv). The behavioural groups defined using these overlapping gene sets are colour coded (4 unrelated donors were used to
generate the RNA for each of the 4 populations analysed. The array experiments were performed as a single batch).

heatmap summary of the differential gene expression patterns
shown in Fig. 4A. Principal component analysis using expression
levels across the whole data set revealed four clear groups amongst
the set of arrays. Importantly the biological replicates of each sam-
ple all clustered together. Furthermore, segregation of the groups
suggest that PI16+Treg (blue triangles) are indeed a unique sub-

set when compared with all other groups, whilst PI16−Treg (red
triangles) appear to more closely resemble PI16− Tconv than
PI16+Treg. PI16+Tconv also separate from both PI16- populations
(Fig. 4B). The number of genes in the differential expression pat-
tern cluster analysis used to define the 5 groups are presented as
a Venn diagram in Fig. 4C. Of particular note, the inclusion of the
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Figure 5. Differential expression of key Treg genes. (A) Subset of the heatmap showing genes from group T0 which comprise the common Treg
signature, including FOXP3. (B) Subset of the heatmap showing differential expression and cluster analysis of known CD and cell surface molecules.
Genes detected as putative FOXP3 targets are indicated in grey on the left of each plot. (4 unrelated donors were used to generate the RNA for each
of the 4 populations analysed. The array experiments were performed as a single batch).

comparison between PI16+ Treg and PI16− Treg highlighted that
some genes including CTLA4, FOXP3, CD25 and LRRC32 (GARP),
which are found in the well-established core CD25hiTreg signature
(group T0), show enhanced up-regulation in PI16+ Treg compared
with PI16− Treg, marking these as a key set of Treg genes which
are enhanced in correlation with PI16 expression. Whilst this core
treg group (detailed in Fig. 5A) contains many well characterised
Treg genes, such as TIGIT and IKZF2, an additional group of Treg
genes was defined in PI16+ Treg (group P1), including IL7, IL7R
(CD127), IL6, IL12a, CD70 and CD74. These are the differen-
tially expressed genes which are specific to PI16+ Treg, and for
which no differential expression was observed in PI16− Treg in
comparison with PI16− Tconv, effectively defining the PI16+ Treg
signature. Group P0 defines the common PI16 signature and group
P2 defines the PI16+ Tconv signature. Group P3 is a more complex
grouping where the genes in PI16+ Treg also have an additional

differential expression pattern in PI16+ Tconv. Whilst the other
groups were defined as a result of a change in expression within
only one or two of the cell types, this group effectively shows dif-
ferential expression across all cell types, and contains many key
genes of interest in Treg biology such as PI16, ITGA4 and IL17RB.
An analysis of differential expression and FOXP3 target status of
all known cell surface CD molecules in the dataset is shown in
Fig. 5B, and transcription factors, cytokines and chemokines are
shown in Supporting Information Fig. 4A–C.

PI16± T-cell subset analysis using chemokine receptor
profiling

We next investigated PI16 expression across CD45RA− T conv
and Treg lineage committed subsets by segregating lineages based
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on chemokine receptor expression [28]. The cell gating strategy
is shown in Supporting Information Fig. 5. As shown in Fig. 6,
Treg (Fig. 6A) and Tconv (Fig. 6B) can be segregated into lineage
subsets which also express PI16. The cumulative data are plot-
ted in Fig. 6C: (Th1-Treg: 33.3±1.9; Th2-Treg: 52.2±2.1; Th17-
Treg: 36.3±3.0; Th1/Th17- Treg: 58.2± 7.3; Th22-Treg: 93.5±
3.2).Th1-Tconv: 13.2±4.2; Th2-Tconv: 33.5 ±2.1; Th17-Tconv:
53±2.6; Th1/Th17- Tconv: 21.3± 4.1; Th22-Tconv: 93.1± 2.5).
The proportion of PI16+ cells in some Treg subsets was signifi-
cantly higher compared with the same subsets in Tconv (Th1-Like
(p = 0.0018); Th2-Like (p = 0.0023); Th17-Like (p = 0.015)
and Th1/Th17- Like (p = 0.021)). Interestingly, a high propor-
tion of both Th22-like Treg cells and Th22-like Tconv cells express
PI16 (mean; 93.5 and 93.1%, respectively (Fig. 6C). Using this
chemokine receptor profiling data from 5 random donors, the
Tconv and Treg subset proportion within each PI16 group was
analysed (Fig. 6D). Analysis of the proportions of each lineage
subset as a percentage of all cells in each PI16 population revealed
that Th22 cells were present predominantly in PI16+ CD45RO+

Treg and Tconv subsets, with a greater proportion of the Treg
staining for the Th22 like profile. The proportions of Th1, Th2
and Th17 subsets were significantly different (p < 0.05) between
PI16+ Treg and PI16+ Tconv cells. There were fewer PI16+ Th1
Treg than Pi16+Th1 T conv cells (mean 9.3 vs. 15.6%), and fewer
of the PI16+ cells of either Treg or T conv were Th1 like com-
pared with both PI16- subsets, with PI16−Tconv having the high-
est proportion of Th1 (mean 25.8%). The PI16+ Treg pool had the
lowest proportion of Th2 than any other PI16 populations (mean
14.1%), but in the Th 2 lineages the proportional relationship
between PI16+ and PI16− was reversed in Treg vs Tconv. Also
there were more Th17 Treg cells than Tconv Th17 cells (mean;
19.6 vs. 11.1%).

PI16± CD25± Treg have reduced FOXP3 expression in
type 1 diabetes

Given the importance of regulatory T cells in immune tolerance,
and the observation that autoimmunity results in part from a
breakdown of tolerance, we tested the predictive capacity of PI16
in type 1 diabetes. Patient demographics and clinical parameters
are described in Tables 1 and 2. Using collected PBMC we analysed
the CD4+ fractions for CD25, PI16 and FOXP3 expression in order
to determine whether PI16 staining tracked with altered num-
bers of Tconv or Treg cells. We found no difference in numbers
of total CD4+ CD25++ CD127low cell numbers, and staining with
PI16 and FOXP3 also revealed no significant differences in total
cell numbers between groups (Fig. 7A). Using a standard FOXP3
gating strategy we observed significant differences in total FOXP3
expression between preclinical samples and controls and 9 month
post diagnosis, as well as between 3 and 9 months post diagnosis
(Fig. 7B). Analysis of the relative loss of FOXP3 over the 3, 6 and
9 months matched samples for each donor revealed a significant
difference in the rate of FOXP3 expression decline in the PI16+
Treg when compared with their donor matched PI16- counter-

part. This loss of FOXP3 expression at the protein level increased
longitudinally with disease progression, and the loss of FOXP3
occurred in both the PI16+ and PI16− Treg clusters, but was
more profound in the PI16+ Treg (Fig. 7C). We next applied tSNE
analysis to the whole dataset incorporating CD4, CD25, PI16 and
FOXP3, and this revealed 3 clusters of FOXP3 positive cells (Fig. 7D
and Supporting Information Fig. 6), and when PI16 expression
was broadcast, we observed that cluster 1 was the PI16 +ve Treg
subset. When we tracked the proportion of each cluster in the
controls, preclinical patients and the patients sampled 3, 6 and 9
months post diagnosis, we observed significant differences in the
proportion of cluster 1 and cluster 2 in all clinical groups, but no
significant differences in each cluster proportion between groups.
(Fig. 7F). When we then interrogated these clusters for FOXP3
expression levels, we observed a significant reduction in FOXP3
protein as disease progressed. FOXP3 MFI was 1.6 fold reduced
versus control in pre-clinical T1D (p = 0.017); FOXP3 MFI was
1.9 fold reduced in T1D at 9 months versus control (p = 0.0003);
and 1.5 fold reduced versus 3 months (p = 0.005). In addition,
we confirmed that in the control group the PI16+ cluster had the
highest FOXP3 expression (Fig. 7G).

Discussion

As autoimmune disease and chronic inflammatory disorders are on
the increase worldwide, biomarkers that can act as surrogates of
the functional activity of the immune system are needed. Defining
the functional identity of stable human regulatory T-cell subsets
using biomarkers has received much attention in the last 5–10
years, and the potential for Treg to provide therapeutic benefit in
man is well established. One of the key characteristics of stable
Treg is robust and durable expression of FOXP3 [29]. There is
significant clinical relevance to biomarkers of Treg subsets, either
for diagnostic use or for cell therapy [30–33], However, some
doubt about the post expansion or in vivo stability of Treg subsets
remains a concern for clinical trials in man [29]. We sought to
identify novel biomarkers which may identify and isolate the most
robust FOXP3 positive cells without interfering with their func-
tion. We previously reported the differential expression of a novel
T-cell surface protein Peptidase Inhibitor 16, and based on detailed
comparison of PI16+ Treg with PI16- Treg and their parent CD25+

Treg pool, we propose PI16 as a marker which selectively identifies
those Treg with high FOXP3 levels, and a strong, stable Treg gene
signature. PI16 is not expressed on in vitro generated induced Treg
and as such has potential as a tool for the positive isolation of stable
and still functional nTreg or negative selection to eliminate iTreg.

The functional implications of elevated stable expression of
FOXP3 are well characterised, and epigenetic modification at
the FOXP3 locus is known to correlate with protein expression
[34–37]. Hence, the reinforcement of a functional phenotype and
potency in the PI16+ treg is likely to be a direct consequence of the
elevated FOXP3 expression. It is now clear that FOXP3 expression
can be induced in peripheral conventional T cells, creating iTreg,
which may have more plasticity than nTreg, but these cells cannot
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Figure 6. Lineage distribution of PI16+ and PI16– cells. (A) CD4+ CD45RO+ CD127+CD25− (representative flow cytometry plots from a single donor)
and (B) CD4+ CD45RO+ CD127− CD25+ cell populations based on co staining for CXCR3, CCR4, CCR6 and CCR10 (representative flow cytometry
plots from a single donor). (C) Summary of the proportion of PI16+ cells in each lineage of both Treg and Tconv cells (n = 3 donors, 3 experiments),
and (D) lineage composition of each of the PI16+ or- T-cell subsets (n = 3 donors, 3 experiments).
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Table 1. Biometric information on all participants

All participants Controls Pre-clinical T1D p-value

Number 10 13 35
Gender F/M (% female) 6/4 (60%) 5/8 (38%) 17/18 (49%) 0.591*

Median (range)
Age (years) 13.1 (6.7–16.5) 11.9 (6.3–22.1) 12.2 (4.6–16.5) 0.614
Height (cm) 160 (126–179) 152 (116–180) 157 (102–180) 0.884
Weight (kg) 48 (33–67) 51 (21–88) 44 (16–70) 0.214

Waist circumference (cm) 71 (61–85) 67 (63–92) 63 (50–96) 0.350
Body mass index (kg/m2) 21 (17–22) 20 (15–28) 18 (13–26) 0
HbA1c (mmols/L) 5.1 (4.9–5.5) 5.2 (4.7–5.8) 7.4 (5.6–11.6)# p<0.001
C-peptide (pg/mL) 1108 (506–2430) 1930 (682–3906) 134 (99–665) p<0.001
Vitamin D (IU/mL) 103 (57–146) 72 (44–127) 62 (16–109) p<0.001

* = Chi-Sqaured Test, # = 6 months from baseline

be resolved from thymic Treg on the basis of either CD25 or FOXP3
expression. We and others have performed robust gene expres-
sion analysis in human Treg subsets, and a core Treg gene signa-
ture is now accepted, including independent validation of PI16 by
Hua and colleagues [38]. The enrichment of surface molecules on
PI16+ Treg as observed in our analysis in Fig. 5 reinforces the con-
cept that a key part of Treg function is via cell–cell interactions.
This is in keeping with a contact dependant component to suppres-
sor function, and for the Treg to be able to sense the tissue envi-
ronment in which it has to control an immune response. In addi-
tion, the genes enriched in PI16+ Treg show larger fold change in
expression when compared with PI16− CD25+Tregs. The inverse
was also observed, with genes down-regulated in PI16− CD25+

Treg cells showing greater down-regulation in PI16+CD25+ Treg.
The resolution of PI16+ Treg as a separate principal component
(Fig. 3B) when comparing all CD4 cell subset gene expression data
supports the concept that these are a unique Treg population, and
also suggests that the PI16− Treg are more similar to Tconv than
to PI16+ Treg. It is hence possible that they are a more plastic cell
population than the PI16+ Treg.

It is evident from the differential expression analysis that some
of both PI16+ and PI16− Treg are TIGIT+, and this suggests
that PI16 is not a direct surrogate of TIGIT [39, 40]. In addi-
tion, LRRC32/GARP [41–43] does not segregate solely with PI16.
Both TIGIT and LRRC32 cluster into the general Treg signature,
rather than the PI16 specific Treg signature. If long term sta-
ble suppressive function is clinically required, PI16+ nTreg may
be the most suitable population for therapeutic use. Their strong
FOXP3 expression and enrichment of FOXP3 gene signature gives
transcriptional evidence for their robustness, and their increased
functional potency suggest that either a more durable suppres-
sive phenotype is established or that the cells may be functional at
lower doses. Our finding that ex vivo expansion in rapamycin, such
as is now being tested on a cGMP scale for cell therapy, selectively
enriches for the PI16+ Treg population, provides further evidence
of the therapeutic potential of this Treg subset. It is interesting to
note that the recent identification of a link between autophagy and
Treg function, and in particular the correlation between a func-
tioning autophagy pathway and stable FOXP3 expression, suggests
that the PI16+ Treg may also be enriched for the autophagy gene

Table 2. Biometric information on longitudinal cohort post diagnosis

T1D cohort 3 months 6 months 9 months

Numbers 35 28 21
Median (range)

Height (cm) 157 (102–180) 157 (105–184) 162 (116–178)
Weight (kg) 44 (16–70) 49 (19–75) 52 (25–73)

Waist circumference (cm) 63 (50–96) 70 (52–85) 71 (64–85)
Body mass index (Kg/m2) 18 (13–26) 19 (15–27) 20 (16–26)
HbA1c (mmols/L) – 7.4 (5.6–11.6) 8.8 (6–12)
C-peptide (pg/mL) 134 (99–665) 308 (99–1546) 113 (99–573)
TDD of insulin (u/kg/day) 0.8 (0.5–1.03) 0.45 (0.02 –1) 0.8 (0.1–1.5)
GAD antibodies (n detectable) 8.1 (0.1–81) 4.5 (0–84) 3.4 (0–66)
IA2 antibodies (n detectable) 32 (0–115) 26 (0–105) 9 (0–102)
TTG (n detectable) 1 (0.9–55) – –
Total IgA 1.5 (0.3–5) – –
Vitamin D (IU/mL) 62 (55–109) 65 (55–128) 58 (48–100)
TSH (mIU/L) 2.1 (0.6–6.6) – –
Free T4 (pmol/L) 16 (1–22) – –
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Figure 7. Analysis of Treg in type 1 diabetes patients. (A) Quantitation of Treg numbers in each group based on FOXP3+ staining. (B) Total FOXP3
expression in controls versus patient samples (*p < 0.022). C) Linear regression of FOXP3 expression levels in PI16+ and PI16- cells over time post
diagnosis in the T1D group *p < 0.05. (D) tSNE analysis of FACS data from all T1D cohort samples, revealing 3 discrete FOXP3 positive populations
(cluster 1, 2 and 3). (E) tSNE analysis of FACS data from all T1D cohort samples, revealing 1 discrete Pi16+ve FOXP3 positive populations (cluster
1) and a PI16+ FOXP3-ve T conv cluster. (F) Proportions of each FOXP3 cluster in control and patient samples with time post diagnosis (*p < 0.01,
**p < 0.006, ***p < 0.001, ****p = 0.0001). G) FOXP3 expression levels in CD4+, CD25+, CD127− Treg in controls and cohort samples with time since
diagnosis (*p = 0.035, **p = 0.0021, ***p<0.0004, ****p = 0.0001). For panels A–C the data were analysed using standard 2D FACS gating of CD25, CD127
and FOXP3 acquired in multiple independent experiment. For panels D and E the tSNE plot is the concatenation of all points in 101 FCS files from
all of the viable PBMC in the clinical cohort samples described in Table 1 i.e: n = 10 unrelated controls, 10 preclinical samples, 35 T1D 3 months, 27
T1D 6 months and 19 T1D 9 months. These data were acquired in 8 separate batch experiments. For panels F-G the entire tSNE dataset (101 FCS
files from all of the clinical cohort samples described in Table 1 i.e.: n = 10 unrelated controls, 10 preclinical samples, 35 T1D 3 months, 27 T1D 6
months and 19 T1D 9 months) was analysed.
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signature which includes myc [44, 45], and given that myc is
repressed in PI16+ cells relative to PI16− cells, and is a direct
target of FOXP3, it is possible that PI16 is also a biomarker of
autophagy in human T cells. The functional and clinical signifi-
cance of PI16+ Treg needs to be further confirmed by adoptive
transfer into hu SCID in vivo models such as bone marrow or
organ graft transplant.

PI16 has now been designated CD364 [46] validating that it
is expressed on a subset of human Tcells, however, the functional
implications of display of a peptidase inhibitor on Treg remain
to be determined. It is interesting to speculate that many effec-
tor molecules secreted by activated Tconv cells, including IL1 and
IL18, are processed by peptidases. Also, the cytotoxic targeting
by T cells uses peptidases including Granzyme A/B, suggesting
that there is a physiological role for a peptidase inhibitor. While a
binding partner for PI16, named PSP94 [20, 47], has been identi-
fied outside the immune system, there is no published evidence to
date that this molecule is involved in Treg suppression. When we
tested the ability of our PI16 antibodies to interfere in suppression
assays or to activate Treg, we found no effect (data not shown). We
believe that this monoclonal antibody does not recognise either an
antagonist or agonist epitope on PI16.

By using a 9-colour immunophenotyping panel based on
chemokine receptor expression which stratifies human CD4 T cells
into 5 subsets, we observed that the proportion of T conventional
helper lineages in each group is different, and this suggest that
while there are paired Tconv and Treg populations in PI16+ and
PI16− cell pools, the proportions of PI16+ and PI16– cells is diver-
gent between Treg and Tconv, and also between the Tconv lineage
groups. The observation that, based on the chemokine receptor
stratification, almost all Th22 Tconv and Treg cells are PI16+,
whereas all other lineages are a mixture of PI16+ and PI16– has
yet to be explored, but suggests that PI16 may in some way be
linked to epithelial or skin homing characteristics, or tissue home-
ostasis functions in both Treg and Tconv. We speculate that this
could also mean that there are no Th22 Treg or Tconv derived
from peripherally induced pTreg.

Using tSNE we show for the first time that Treg can be split in
to 3 clusters by the combination of FOXP3 and all other antibody
staining data, and one of these co-stains with PI16. This was fur-
ther validated in a tSNE analysis of the t1D cohort samples, where
3 FOXP3 clusters were resolved, and one was also PI16+ve (Fig. 7
and Supporting Information Fig. 5). The functional implications
of each of these FOXP3 clusters have yet to be determined, but
they can all be tracked across disease progression and changes
in each cluster are observed. Finally, our study of a group of 13
preclinical and 35 type 1 diabetes patients longitudinally over 3,
6 and 9 months revealed a statistically significant reduction in
FOXP3 expression in both the PI16+ treg and PI16- Treg with
progression, but the rate of loss was greatest in the PI16+ Treg,
suggesting that this may have the most impact on Treg function.
We note that level of FOXP3 in Treg from pre-clinical samples
(2+ auto antibody +ve) was lower than those at 3 months post
diagnosis, perhaps reflecting a partial recovery of tolerance in the
honeymoon phase immediately after diagnosis, but this does not

persist, as by 9 months post diagnosis the levels of FOXP3 are at
their lowest. Given that PI16+ Treg from healthy donors show
suppressor function approx. 2 fold more potent than the PI16-ve
Treg, it is plausible that in T1D over time, with loss of FOXP3,
their Treg will be less suppressive. Interestingly, we also observed
a reduction in vitamin D status in the cohort with disease progres-
sion, and the impact of Vitamin D and its metabolites on type 1
diabetes has been previously reported [48, 49], including a link
to the transcriptional regulation of FOXP3 expression [50]. It is
interesting to speculate that the proportion of cells in cluster 1
(PI16+ve Treg) is inverse to the FOXP3 MFI, and increases in pro-
portion of PI16+ Treg in the 3–9 month post diagnosis samples
suggest a possible cellular compensation for loss of tolerance, but
the FOXP3 levels in these Treg are perhaps too low for functional
fitness.

The observed reduction of FOXP3 in the Treg as disease pro-
gresses is consistent with a loss of functional fitness, which may
explain the loss of tolerance to islet autoantigens. Given that PI16+
Treg from healthy donors show suppressor function approx. 2 fold
more potent than the PI16-ve Treg, it is plausible that in T1D over
time, with loss of FOXP3, their Treg will be less suppressive. How-
ever, a much larger clinical study is required to determine a causal
link. The hypothesis that PI16 is a powerful biomarker of loss of
immune tolerance in type 1 disease requires further investigation.
However, PI16 as a Treg biomarker in combination with CD25 and
CD127 shows promise not only in diagnostic settings, but also as
a cell therapy, as PI16 may be useful for isolation of Treg for cell
therapy that are resistant to the acquisition of effector function in
vivo, or that are not a mixed population of n and iTreg.

Materials and methods

Isolation of human T-cell subsets

CD4 T cells were first enriched from Buffy coats by negative selec-
tion using Rosette SepTM CD4 enrichment kit (Stem Cell Technolo-
gies). CD4+ T cells were labelled with unconjugated mouse anti
humanPI-16 antibody (detected with biotinylated anti mouse IgG
and streptavidin PE), prior to CD4 and CD25 labelling, as pre-
viously described ([18, 27]). CD4+ CD25bright PI16+ and CD4+

CD25bright PI16− cells or CD4+ CD25− PI16+ and CD4+ CD25−

PI16− cells were isolated using a FACS Aria II cell sorter (Becton
Dickenson). CD4+ CD25+ and CD4+ CD25− T cells were extracted
and purified from fresh cord blood using the Invitrogen Dynal Bead
Regulatory T-cell kit (cat # 113.63D). In some experiments CD4+

CD25− cells were isolated by negative selection from whole blood
using RosetteSepTM Human CD4+ T-cell Enrichment Cocktail and
CD25 MicroBeads II.

Expansion of human T-cell subsets

Isolated CD4+ CD25+ Regulatory T cells were incubated for 7 days
with Dynal Human T Expander CD3/CD28 beads at a 3:1 ratio
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(cat # 111.41D) and 500 U/mL IL-2 in complete X-vivo 15 media
(Lonza cat # 04–418Q). CD4+ CD25− T cells were expanded
under the same conditions as the CD25+Treg group. iTregs were
generated by incubating CD4+ CD25− T cells with CD3/CD28
beads (3:1 beads to cells ratio), 500 U/mL IL-2 and either 5
ng/mL TGF-β,TGF-β + 10 μM all-trans-retinoic acid (ATRA) or
ATRA alone (Sigma). All Treg subsets were expanded for 5 days.
At day 7, CD3/CD28 beads were removed and cells were allowed
to rest for a further 2–7 days in complete X-vivo media with 100
U/mL IL-2. For analysis of the impact of Rapamycin on expression
of PI16 on expanded Treg, donor matched purified CD25+ Treg
were split and cultured as described above, with or without 2 nM
Rapamycin for 14 days.

Analysis of cell surface protein expression

Monoclonal antibodies to CD4, CD25, CD45RO, CD45RA, CD27,
CD29, CD35, CD38, CD62L, CD95, CD27CCR4, CCR5, CCR6,
CCR7, CXCR3 and CCR10 were obtained from Beckton Dickenson
Biosciences (San Jose, CA) and CXCR5 (R&D Systems, Minneapo-
lis, MN). Anti- human PI16 antibody was generated in-house as
previously described [27]. Surface molecules were stained using
standard flow cytometry protocols and analysed using a Beck-
ton Dickenson FACS Canto or Beckton Dickenson LSR Fortessa
TM X-20. Tregs were labelled using a three step labelling proce-
dure. After labelling for cell surface complexes, FOXP3 intracellu-
lar staining was carried out using the eBiosciences FOXP3 fix/perm
kit and FOXP3 (259D/c7, #560045) antibody. Expression of PI16
on T conv and Treg subsets were determined by segregating T conv
subsets by chemokine receptor profile as reported by Duhen et
al [28]. CD4+ cells were stained for CD45RA, PI16, CXCR3, CCR4,
CCR6 and CCR10. Using the Duhen gating strategy, Th1, Th2,
Th17, Th1/Th17 and Th22 subsets present in PI16+ and PI16−

CD45RO+ CD4+ cells were analysed. The FACS gating strategy
and purity parameters used in this study are in accordance with
the guidelines in Cossarizza et al 2017 [51], and demonstrated in
Supporting Information Figs. 1 and 5. The tSNE analysis process
for CD45 and CD62L data was analysed as described below, with
the down sampling set at 30 000 and the perplexity 30.

Mixed lymphocyte suppressor assay

The suppressive capacity of Treg subsets and susceptibility to sup-
pression of Tconv subsets was assayed using a mixed lymphocyte
reaction as previously described [52] and analysed by enumera-
tion of cell division of stimulated unmatched Carboxyfluorescein
Succinimidyl Ester (CFSE, Invitrogen, Carlsbad, CA) labelled effec-
tor cells. For Treg potency experiments, effector CD4+ CD25− cells
were isolated as described above, and labelled with 1mM CFSE in
PBS for 10 minutes at 37°C. The reaction was quenched by addi-
tion of an equal volume of heat inactivated FBS. CFSE labelled
effector cells (2×104 per well) were incubated with 1×105 irra-
diated (30 Gy) unmatched PBMCs. Treg were either FACS sorted
CD4+ CD25++ cells, as previously described [52] or FACS puri-

fied PI16+ CD25++ CD4+ Cells. Treg cells at were added at T
effector/Treg ratios of 1:1, 2:1, 4:1, 8:1, 16:1, in the presence of
100 ng/mL anti-CD3 (OKT3) monoclonal antibody (eBioscience)
in a final volume of 200 μL RPMI per well in a 96-well U-bottom
plate. Co-cultures were harvested after 5 days of incubation and
the proliferation of the CFSE labelled responder population was
visualised by the dilution of CFSE fluorescence with cell division
on a BD FACS Aria II flow cytometer.

Methylation Analysis of the FOXP3 TSDR

Genomic DNA was isolated from fresh adult Tregs labelled with
PI16 and sorted into CD4+ CD25hi PI16+ and CD4+ CD25hi

PI16− populations, as described above. DNA from both pop-
ulations were extracted using the QIAamp DNA Blood Mini
kit (Qiagen), followed by the conversion and clean-up of DNA
for methylation analysis using the EpiTect Bisulfite kit (Qia-
gen). PCR for Treg-specific demethylated region (TSDR) was
performed as described in [37]. PCR primers were as follows;
Forward -5′-TGTTTGGGGGTAGAGGATTT-3′ and Reverse -5′-
TATCACCCCACCTAAACCAA-3′. PCR products were gel extracted,
and cleaned up using Qiaquick Gel Extraction Kit (Qiagen). PCR
fragments were then cloned into pCR4-TOPO using TOPO TA
Cloning Kit for Sequencing (Invitrogen), and transformed into
One Shot Top10 Chemically competent E.Coli and plated onto to
ampicillin agar plates. Colonies were picked grown overnight in
Luria Broth containing ampicillin, followed by DNA isolation using
QuickLyse Mini-prep Kit (Qiagen). Plasmid DNA were sequenced
applying the M13 universal forward and reverse primers, Forward
-5′-GTAAAACGACGGCCAG-3′- and Reverse -5′-GTTTTCCCAGTC
ACGAC-3′-, followed by ABI Big Dye Terminator labelling (Applied
Biosystems) and capillary separation on AB 3730xl. Sequence files
were then analysed for G to A changes at CpG motifs.

Microarray based differential expression analysis

RNA was isolated from FACS purified PI16+ and donor matched
PI16– Tregs and T conv cells from 4 independent donors as
described above. Samples were prepared and hybridised to
Affymetrix Human Gene 2.0 ST Arrays by the Adelaide Microar-
ray Centre. All subsequent analysis was performed in R (R
Development Core Team), using v16.0.0 of an Ensembl centric
gene-level CDF (http://brainarray.mbni.med.umich.edu/) which
targeted 37217 unique ENSG identifiers. The aroma.affymetrix
framework [53] was used in conjunction with the package limma
[54], as described in the Supporting Information methods. Statis-
tical significance was obtained by analysis on and between model
coefficients, using the R packages nlme [55] and multcomp [56],
then globally adjusting p-values using Holm’s method.

Statistical analysis

For FACS based surface marker analysis and Tconv/Treg sub-
set distribution analysis the multiple T-test method and ANOVA
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multiple comparison were used to determine statistical signifi-
cance. For gene expression, signalling molecules, proliferation
assay and suppression assay ratio, paired T-tests were used. Graph-
Pad Prism 6 (San Diego, CA) was used to perform all other statis-
tical tests.

Type 1 diabetes cohort sample collection

A cohort of patients attending the Women’s and Children’s Hos-
pital SA Diabetes clinic were recruited to an immunophenotyping
study with informed consent, as approved by the WCHN HREC
(REC2264/3/14). The cohort included 35 type 1 diabetes (T1D)
patients, 13 preclinical patients, defined as positive tests for at
least 2 islet autoantibodies (insulin, GAD, IA2, or ZnT8), but with
normal oral glucose tolerance, and 10 healthy age and gender
matched controls. The pre-clinical and normal control recruits pro-
vided a single blood sample, and the 35 type 1 diabetes patients
provided a peripheral blood sample at 3, 6 and 9 months post
diagnosis. Biochemical, cell based and biometric analysis were per-
formed, including measurement of vitamin D status, BMI, age and
gender. Peripheral blood mononuclear fractions were prepared by
ficoll density gradient separation and T-cell subsets enumerated
by flow cytometry after staining for CD4, CD25, PI16 and FOXP3
as described above. Samples were analysed on a BD FACSCanto
and additional analysis performed using Flow Jo software. Com-
pensated .fcs files were exported from BD FACS Diva software
(New Jersey, USA) as FCS files v3.0. Individual data files were
gated to exclude dead cells, debris and cells that did not con-
form to the manually doublet gating using physical parameters
(FSC-H,-W,-A and SSC-H,-W,-A) and gated to include events that
were CD4 T-cell lineage marker positive, using FCS Express v6.06
(De Novo Software, CA, USA). Files were concatenated as per
treatment group with an electronic unique file identifier for each
file and another unique identifier for treatment group to form a
file ID matrix. Once concatenated, off-scale (0.5% high and low
fluorescence) was gated out for the dimensional reduction. The
bi-exponential data were subjected to down-sampling to 60,000
events before being transformed using 1000 iterations of the tSNE
algorithm utilising the parameters of interest (FOXP3, CD25, and
PI16) with a perplexity of 70, and a Barns-Hut approximation
value of 0.5. The tSNE approximation was applied to unsampled
data and manually clustered with the aid of density and contour
plots, the proportion and median fluorescence intensity (MFI) of
each cluster were derived from FCS Express software and further
analysed in GraphPad Prism v8.0.0 (CA, USA).
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