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It has been reported that 2.5%-30% of human peripheral CD27- B cells are autoreactive and
anergic based on unresponsiveness to antigen receptor (BCR) stimulation and autoreactivity of
cloned and expressed BCR. The molecular mechanisms that maintain this unresponsiveness are
unknown. Here, we showed that in humans anergy is maintained by elevated expression of PTEN,
a phosphatidylinositol 3,4,5P-3-phosphatase. Upregulation of PTEN was associated with reduced
expression of microRNAs that control its expression. Pharmacologic inhibition of PTEN lead to
significant restoration of responsiveness. Consistent with a role in conferring risk of autoimmunity,
B cells from type 1diabetics and autoimmune thyroid disease patients expressed reduced PTEN.
Unexpectedly, in healthy individuals PTEN expression was elevated in on average 40% of CD27- B
cells, with levels gradually decreasing as IgM levels increase. Our findings suggest that a much
higher proportion of the peripheral repertoire is autoreactive than previously thought and that

B cells upregulate PTEN in a manner that is proportional to the recognition of autoantigens of
increasing avidity, thus tuning BCR signaling to prevent development of autoimmunity while
providing a reservoir of cells that can be readily activated to respond when needed.

Introduction

Previous studies have shown that in mice and humans as much as 75% of newly produced unvetted B cells
in the bone marrow express B cell receptor (BCR) that is autoreactive (1, 2). While self-reactive cells can
exist in an ignorant state when autoantigen concentration and/or avidity of B cell-antigen interactions is
low, high avidity interactions activate three known tolerance mechanisms: receptor editing, clonal deletion,
or anergy. Particularly hazardous are anergic B cells, as they reach the periphery where they are readily
exposed to locally produced inflammatory mediators that could provoke their participation in immune
responses, leading ultimately to autoimmunity.

Anergy is characterized by unresponsiveness to antigen stimulation despite retention of the ability to
bind antigen. Studies of anergy in mice have shown that 2%-5% of peripheral B cells in the wild-type rep-
ertoire are anergic (3). Anergic B cells are identified based on their appearance as a naive subset that lacks
expression of surface IgM (mIgM). Duty and colleagues first identified anergic B cells in humans, defining
them as CD19*CD27 - mIgM mlIgD*. They termed these B, cells (naive IgD" cells). These cells are hypore-
sponsive to BCR stimulation, and cloning, expression, and analysis of their BCRs revealed that most, if not
all, are autoreactive. B, cells represent approximately 2.5% of peripheral naive B cells (4). Some studies,
including our own previous report, have suggested a similar B cell frequency (5-7). However, others
have shown that anergic cells can also be found in the mIgM", naive-like population, and suggested that
up to 30% of peripheral naive B cells are autoreactive and may be anergic (8, 9). Discrepancies in observed
frequencies are due in part to lack of a discrete population of mIgM~ but mIgD* B cells. Rather, mIgM
expression varies in a continuum over multiple log decades, possibly reflecting a continuum of autoantigen
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reactivity in the stochastically determined repertoire. Finally, in studies that did not resolve relative frequen-
cy of ignorant and anergic cells, Wardemann et al. determined that at least 20% of peripheral naive cells
are autoreactive (1). More studies are needed to resolve the functional relationships of these populations.

The molecular basis of anergic B cell unresponsiveness to BCR stimulation is not well understood.
One group has suggested a role for genetic reprograming in maintaining anergy (10). However, anergy is
rapidly reversed by removal of antigen from receptors, suggesting maintenance by nondurable biochemical
mechanisms rather than genetic reprograming (11, 12). Studies of mouse B cells have implicated the tyro-
sine phosphatase SHP-1 and the inositol lipid phosphatases SHIP-1 and phosphatase and tensin homolog
(PTEN) as mediators of this unresponsiveness (13—-17). PTEN is a dual protein and lipid phosphatase,
functioning as negative regulator of the PI3-kinase pathway. It was first identified as a tumor suppressor
gene that is inactivated in many cancers (18-20). In mice, B cell-targeted deletion of PTEN results in
sustained elevation in PIP3, failed induction of tolerance, and autoantibody production (13, 15, 16, 21).
PTEN has been shown to be increased in anergic MD4/ML5 B cells and is partially responsible for the
hyporesponsiveness of these B cells (15, 22). However, PTEN elevation is not apparent in Ars/Al anti-
DNA anergic B cells whose antigen receptors have lower affinity for autoantigen (14). Thus, relative PTEN
upregulation may be determined by avidity of B cell-autoantigen interaction.

To begin to explore the role of PTEN in human B cell anergy, we analyzed the expression of PTEN in
peripheral blood B cells. Results demonstrate that PTEN is elevated in the previously defined B cell popula-
tion. Unexpectedly, its expression is also increased in many B cells previously thought to be nonautoreactive
along a continuum that is inversely correlated with mIgM expression. Further analysis revealed that, along
this continuum, cell responsiveness to BCR stimulation is inversely correlated with PTEN expression. When
PTEN is inhibited pharmacologically, the responsiveness of anergic B cells is largely restored, demonstrat-
ing a requirement for the phosphatase to maintain unresponsiveness. Moreover, in recent-onset autoimmune
patients, PTEN expression in B cells was found to be decreased irrespective of mIgM expression level. Thus,
we identify PTEN as a mediator of anergic B cell hyporesponsiveness in humans and present evidence that
dysregulation of PTEN expression in these cells may contribute to development of autoimmunity. Finally,
our findings provide the basis for a conceptual change in our thinking about B cell anergy. They suggest that
a much larger than expected proportion of the repertoire has substantial reactivity to self and that responsive-
ness of these B cells is continuously dampened by increasing PTEN expression in proportion to autoreactivi-
ty, thus preventing activation by self-antigens. This mechanism preserves them to serve some as-yet undefined
biological function, possibly redemption for participation in protective responses to pathogens (10, 23).

Results

B, , cells are hyporesponsive to BCR stimulation and express elevated levels of PTEN. Previous studies have shown
that up to 10% of naive-phenotype B cells in peripheral blood of healthy individuals are autoreactive and
anergic (4, 9). To confirm and extend findings that B cells (CD19*CD27 IgD*IgM"") are anergic, we
utilized the gating strategy previously described by these authors (Figure 1A) to identify B, cells and their
mature naive (MN) counterparts and assessed their response to BCR stimulation based Ca?* mobilization
and phosphorylation of B cell signaling intermediaries (Figure 1, B and C). B, cells exhibited elevated
basal [Ca*’], and greatly reduced BCR-mediated Ca** mobilization (Figure 1B). To our knowledge, it has
not been previously shown that B, cells mount significantly reduced phosphorylation of Akt, Btk, PLCy2,
and Syk after BCR stimulation, relative to MN B cells (Figure 1C).

The basis of human anergic B cell hyporesponsiveness is unclear. Previous studies in transgenic mice
have shown that, in one mouse model, the MD4xML5 HEL-anti-HEL model, anergic B cells express elevated
levels of the phosphatase PTEN, a negative regulator of BCR signaling, while, in a second model, the Ars/
Al anti-DNA model, PTEN is not elevated (13-15). To reconcile and extend these findings to naturally occur-
ring anergic human B cells we analyzed expression of PTEN in B cells (Figure 1, D and E). Similar to the
MD4xML5 model, B, cells showed significantly increased expression of PTEN compared with MN cells.

Upregulation of PTEN in anergic cells is associated with reduced expression of microRNAs known to control its
expression. Previous studies in a variety of cellular contexts have shown that PTEN expression can be con-
trolled by microRNAs, including miR7, miR21, miR22, and miR92a (24-29). To begin to explore the role
of these microRNAs in determining PTEN levels in autoreactive cells, we analyzed the relative expression
in B cells versus that of the 20% of MN B cells expressing the highest levels of mIgM. Results demon-
strate that miR-7, miR-21, and miR-92a expression was significantly decreased in B, cells compared with
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that in MN B cells (Figure 2A). There was no significant difference in expression of miR-22 (Figure 2A)
or in our control miR-15, which is not known to regulate PTEN expression (data not shown). These data
provide insights regarding the mechanism operative in BCR-mediated control of PTEN expression.

Pharmacologic inhibition of PTEN restores calcium responses to stimulation in anergic B cells. If PTEN expres-
sion determines the responsiveness of anergic B cells, inhibition of PTEN should restore the response of
B, cells to stimulation. To test this possibility, we incubated peripheral blood mononuclear cells (PBMCs)
from healthy individuals with the selective and reversible PTEN inhibitor SF1670 for 30 minutes before
stimulation with anti-BCR and analysis of intracellular calcium mobilization. SF1670 has previously been
shown to bind the active site of PTEN and increase cellular PIP3 levels in many cell types, including neu-
trophils, adipocytes, and cancer cells (30-32). PTEN inhibition normalized the responses of B, cells and
MN cells (Figure 2B). Interestingly, following treatment with the inhibitor, B, cells displayed elevated
basal calcium, suggesting that PTEN inhibition had allowed their response to the presence of ambient
autoantigen in the system. When the calcium mobilization response was calculated based on the total AUC
after addition of the PTEN inhibitor, we found that it was significantly greater for B, cells compared with
that for MN B cells, consistent with the notion that increased PTEN expression controls the responsive-
ness of anergic B cells (Figure 2C). Equivalent effects were seen when we used a different PTEN inhibitor,
bpV(HOpic) (data not shown). These inhibitors did not affect the BCR-mediated calcium mobilization
induced in B cells in which PTEN was inducibly deleted, demonstrating that their effects in this context are
PTEN specific (data not shown) (13). Taken together, these results demonstrate that elevated PTEN expres-
sion is at least partially responsible for hyporesponsiveness of anergic human B cells to BCR stimulation.

Inhibition of PTEN increases basal phosphorylation of Akt and PLCy2 in anergic B cells. Based on the above
studies, we posited that inhibition of PTEN would restore the responsiveness to stimulation in B cells, as
indicated by enhanced phosphorylation of Akt and PLCy2, whose translocation to the plasma membrane
and phosphorylation following BCR stimulation are PIP3 dependent. Syk phosphorylation is thought to be
independent of the PI3-kinase pathway, yet it is depressed in anergic cells, possibly reflecting the activity of
a second anergy enforcing pathway, such as reduced BCR expression. As shown in Figure 2, D-G, while
elevated basal pAkt and pPLCy2 were found in B, cells treated with PTEN inhibitor, the overall change
in phosphorylation was decreased (Figure 2, E and G). The decreased delta in pAkt and pPLCy2 following
stimulation was due to the elevated basal phosphorylation, with little change in the levels after stimulation
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/
jei.insight.123384DS1). These results indicate that the amount of Akt and PLCy2 phosphorylation that can
be induced in anergic B, cells may have a ceiling, which may be dictated by reduced expression of mIgM or
by other negative regulators of the PI3-kinase pathway, such as SHIP-1. Future studies are needed to explore
this possibility. Nevertheless, the increase in basal pPLCy2 and pAkt indicates that inhibition of PTEN likely
allows the chronic stimulation by self-antigen to activate the cells to some degree. As expected, inhibition of
PTEN did not affect levels of pSyk in B, cells, since phosphorylation of this kinase is independent of the
PI3-kinase pathway (Figure 2, H and I). Hence, the elevation in basal pSyk and subsequent decrease in change
in pSyk after stimulation in B, cells compared with that in MN B cells indicates that signaling upstream of
the PI3-kinase pathway is also impaired in anergic B cells but is independent of PTEN expression.

Elevated B cell PTEN expression indicates greater than expected repertoire autoreactivity. While mIgD expres-
sion by naive (CD27-, mIgD*, mIgM*/") B cells exists in a narrow Gaussian distribution, mIgM expression
is much more broadly distributed, spanning 2—3 decades. The breadth of this distribution may be explained
by observations in mouse immunoglobulin-transgenic models that anergic B cells downregulate surface
mIgM but not mIgD in response to chronic autoantigen exposure (33, 34). If reduced mIgM expression is
a high-fidelity indicator of degree of autoreactivity and encounter with autoantigen, the proportion of the
repertoire that is autoreactive must greatly exceed the proportion (2.5%-10%) that is reported to be anergic.
Indeed, absence of an abrupt change in mIgM expression may indicate the existence of a continuum of
autoreactivity. If varied mIgM expression is indicative of a continuum of autoreactivity, it might be expect-
ed that PTEN would be upregulated in inverse correlation with mIgM. To begin to explore this notion, we
analyzed PTEN expression relative to surface IgM levels by gating on IgM expression in 10% increments
and determining the respective PTEN MFI (Figure 3A). If the lowest 10% of IgM-expressing cells are
composed of anergic B cells in humans, as suggested by Quach et al. (9), then the prediction would be that
PTEN levels are elevated in only the lowest IgM-expressing B cells and then would sharply decrease and
be constant in the remaining naive B cells. However, as shown in Figure 3B, PTEN levels were elevated in

https://doi.org/10.1172/jci.insight.123384 3



. RESEARCH ARTICLE

A

Vaturd B
Naive

10t 4] - BND
_ anti-lg - MN
> T 3
Gated on single lymphocytes "7 G
10% o i .y 2 2
A | Naive B cells B B
1 2 o = i T T T
o’ L ) 100 10 10 0 10 20 30
a8 Time
(&)
10 .:‘ 10*
|-
IgD
c 2000 ** 2000 *okk
E 1500 E 1500 %
= == =
X 100 =< 1000
<. o 3
500 500
< < ﬁ—
0 . . o . .
Bno MN Buo MN
Fkk F ok
800 I 1 __ 6000 f 1
— [T
z.. =+ = i
= oy 2000
5" S
(=% ] o 2000
S e 5" =
[ - . < - .
Bno MN Buo MN
- D 100 4 — BND 29001 dedkek
80 - MN T 2] —QEQ—
* ]e) = 18001
©
5. s =
© a0 E 14004
* O 1200 —aAge—
20 1000 T T
By MN
[ L e =TT
0 10? 10° 10* 10°
PTEN

Figure 1. Anergic B, cells (representing 2.5% of B cells) are hyporesponsive and have elevated expression of PTEN. (A) Gating strategy for B cells
and mature naive (MN) B cells in healthy subjects. (B) B, cells have an elevated basal calcium and decreased calcium flux following stimulation with
10 pg/ml F(ab’), rabbit anti-human IgG H&L. (C) B, cells have decreased pSyk, pPLCy2, pAkt, and pBtk compared with MN cells following stimulation
used as in B. (D) Representative histogram showing PTEN expression is increased in B, cells compared with MN cells and isotype control. (E) PTEN
expression is increased in B cells compared with MN cells. Phosflow samples were run and analyzed in triplicates. Data depict results from triplicate
samples from the same individual; data are representative of n = 12 independent experiments. Statistics were determined using Mann-Whitney
unpaired t test; **P < 0.01, ***P < 0.001.
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Figure 2. PTEN limits signaling in anergic B cells. (A) miRNA-7, -21, and -92a (but not miRNA-22) are decreased in B, cells compared with mature
naive (MN) B cells; the miRNA comparison was compiled from n = 5 healthy individuals. Statistics were determined using unpaired Mann-Whit-
ney t test. (B) Inhibition of PTEN with 325 uM SF1670 restores Ca** mobilization in B cells to similar levels to MN B cells. Representative plot
shown for n = 5 healthy individuals. (C) The change in the AUC in B, and MN B cells following addition of SF1670, ran in triplicates. Data are
representative of n = 5 healthy individuals. (D and F) Inhibition of PTEN with SF1670 causes an elevation in basal pPLCy2 and pAkt in B, cells, (E
and G) without an overall increase in change in pPLCy2 or pAkt following stimulation. (H and 1) Basal and changes in pSyk following stimulation were
unchanged following addition of the PTEN inhibitor in B, cells. Phosflow samples were run and analyzed in triplicates. Data depict results from
triplicate samples from the same individual; data is representative of n = 9 independent experiments. Statistics were determined using 1-way
ANOVA followed by a Bonferroni’s multiple comparison post-test test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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a larger proportion of CD27" B cells than those previously classified as B, cells and gradually decreased
in inverse proportion to IgM expression (Figure 3C). Comparative analysis of 24 healthy individuals indi-
cated that PTEN levels were significantly increased, termed PTEN™, in >40% of mIgD*CD27" peripheral
blood B cells and were greatest in those expressing the lowest levels of mIgM (Figure 3, B and D).

PTEN expression is inversely correlated with responsiveness to BCR stimulation across the continuum of mIghM
expression. If PTEN expression levels limit the responsiveness of human B cells as shown above, B cell
responsiveness to BCR stimulation should be inversely correlated with PTEN levels throughout the con-
tinuum of its expression, rather than being unique to B cells. Consistent with this possibility, stim-
ulation with cross-linking anti-BCR induced phosphorylation of PLCy2 and Akt, two signaling inter-
mediaries whose activation is dependent on the PI3-kinase pathway, in proportion to mIgM expression
(Figure 3, E, F, H, and I) and, thus, in inverse proportion to PTEN expression (Figure 3, G and J),
suggesting that PTEN levels determine the hyporesponsiveness of B cells.

PTEN expression and susceptibility to autoimmunity. Recent studies have demonstrated that PTEN expres-
sion is reduced in B cells from systemic lupus erythematosus (SLE) patients relative to that in healthy
controls (24). To extend these observations, we compared the expression of PTEN in total peripheral B
cells from patients with autoimmune thyroid disease (AITD) and type 1 diabetic (T1D) to healthy controls
(Table 1). Naive B cells (CD19*CD27") from autoimmune subjects exhibited significantly lower PTEN
expression compared with age- and sex-matched healthy controls run concurrently on the same day (Figure
4A). These results extend previous findings in SLE patients to include these additional autoimmune dis-
eases, suggesting decreased PTEN expression is a common phenomenon in autoimmunity and may predis-
pose to development of disease. In order to rule out the possibility that the variations in PTEN expression
observed could simply be due to differences in age, we analyzed the level of PTEN expression in all of our
autoimmune subjects (7 = 12) as well as all of our healthy controls (z = 24). As shown in Figure 4B, the age
of the subject did not affect the expression level of PTEN.

Since autoimmune subjects tend to have decreased levels of PTEN in B cells in general compared with
controls, we thought they may have increased levels of mIgM, since we have shown that they are inversely
correlated in healthy individuals (Figure 3C). Interestingly, when we compared the relative expression lev-
els of mIgM in our autoimmune subjects to those in healthy controls, there was no significant difference in
AITD subjects (Figure 4C). However, naive B cells from T1D subjects had significantly decreased levels of
mlIgM compared with healthy controls, despite having lower levels of PTEN (Figure 4C). These findings
indicate that there is no mechanistic linkage between these parameters.

To explore this further we examined these parameters in TID patients, exploring whether they exhibit vari-
ations in PTEN expression inversely correlated with IgM levels or whether they exhibit an overall decrease in
both PTEN and mIgM expression compared with controls. When we analyzed the pattern of PTEN expres-
sion along the continuum of IgM expression in autoimmune subjects, we found that there was an inverse
correlation of PTEN and mIgM expression in some patients, as seen in healthy controls, despite their B cells
having an overall decrease in PTEN expression (Figure 4, D and E). In other autoimmune patients, PTEN
expression was not inversely correlated with mIgM expression and exhibited a steady low level of PTEN
expression, even as IgM increased (Figure 4, D and E). Hence, while the patterns of PTEN and mIgM expres-
sion varied to some degree among patients, autoimmune patients had an overall decrease in PTEN expression
relative to healthy controls, suggesting that dysregulation of PTEN expression in B cells in these individuals
may contribute to their development of autoimmunity. When we compared the responsiveness to stimulation
of B cells from autoimmune patients to healthy controls, we found that B cells from some patients responded
more strongly than those of healthy controls, consistent with lower expression of PTEN (data not shown).

Discussion

This study is the first to our knowledge to demonstrate that PTEN is elevated in and limits the BCR respon-
siveness of healthy human anergic B cells. As such, levels of PTEN expression may be an effective surro-
gate indicator of autoreactivity. Based on PTEN expression, >40% of CD27" peripheral blood B cells in
healthy individuals possess significant autoreactivity. These findings suggest that a much higher proportion
of the peripheral normal B cell repertoire is autoreactive than previously thought. The disparity in our
reported frequency of autoreactive B cells in peripheral blood of healthy individuals, based on levels of
PTEN (>40%), and the previously reported frequencies (5%—-20%), based on cloned immunoglobulins from
single sorted B cells (1, 4), likely reflects an inherent limitation of the method previously used to establish
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Figure 3. PTEN expression is correlated with hyporesponsiveness of anergic B cells. (A) Gating strategy to determine
the geometric mean fluorescence intensity of PTEN in 10% increments of increasing migM expression from naive
(CD277) IgD* B cells in healthy individuals. (B) Representative pattern of PTEN expression versus mlgM expression

of CD19*CD271gD* cells from 1 healthy control. Cutoff for determination of PTEN" (gray circles) versus PTEN*/® (dark
gray to black circles) is shown and was determined as the point at which PTEN levels begin to decrease steadily as

IgM expression increased. Results depict triplicate samples from the same individual; data are representative of (n =
24) individual experiments. (C) PTEN levels are inversely correlated with IgM expression. A nonlinear regression line is
shown. (D) Percentage of PTEN" B cells (gray circles) versus PTEN*/ B cells (black circles), as determined in B, from 24
healthy controls; the average percentage of PTEN" B cells is approximately 40%. ***P < 0.001 by unpaired Mann-Whit-
ney test. (E) Representative change in pPLCy2 following stimulation (average MFI of unstimulated cells subtracted
from individual stimulated MFI) with 10 ug/ml F(ab’), rabbit anti-human IgG H&L along the continuum of migM
expression. (F) Change in pPLCy2 is correlated with IgM expression. A nonlinear regression line is shown. (G) PTEN
levels are inversely correlated with change in pPLCy2. A linear regression line is shown. (H) Representative change in
pAkt following stimulation, as in F, along the continuum of migM expression. (I) Change in pAkt is correlated with IgM
expression. A nonlinear regression line is shown. (J) PTEN levels are inversely correlated with change in pAkt. A linear
regression line is shown. For E-J, results are representative of at least 5 healthy controls.
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Table 1. Study participant information

Subjects Age (yr): mean (range) Sex: %F, %M

Total healthy controls (n = 24) 31.29 (7, 65) 66% F (n=16),33% M (n = 8)
New-onset T1D (n = 6) 18.67 (6, 28) 50% F (n=3),50% M (n=3)
T1D-matched healthy controls (n = 6) 20.83(7,30) 66% F (n=4),33% M (n=2)
New-onset AITD (n = 6) 40.57 (20, 58) 100% F (n = 6)
AITD-matched healthy controls (n = 6) 32.83 (24, 45) 100% F (n = 6)

F, female; M, male; T1D, type 1diabetes; AITD, autoimmune thyroid disease.

autoreactivity. These conclusions have been based on the reactivity of recombinant bivalent IgG antibodies.
B cells expressing >10° antigen BCRs undergo a much higher avidity interaction with antigen than these
bivalent antibodies, thus the latter measure underestimates autoreactivity.

PTEN expression was found to be inversely correlated with levels of mIgM in healthy subjects. These
results suggest that mIgM expression is also actively and inversely tuned based on the level of self reactivity
in humans, a concept elegantly demonstrated by Zikherman et al. using a NUR77 reporter mouse in which
GFP levels correlated with levels of autoreactivity in mature B cells (35). If PTEN levels are inversely cor-
related with mIgM expression, it raises the “chicken or egg” question regarding causality. We hypothesize
that, in the absence of T cell help, the decreased mIgM expression that follows chronic exposure of naive B
cells to cognate antigen leads to increased expression of PTEN.

Hence, we posit that B cells upregulate PTEN in proportion to recognition of autoantigens of increas-
ing avidity, thus tuning BCR signaling to prevent development of autoimmunity. This mechanism would
preserve autoreactive B cells in a quiescent state, while providing a reservoir of cells that can be called upon
in times of need to mount a response to more avid pathogenic immunogens, a process herein referred to
as redemption. Moreover, consistent with a role in conferring risk of autoimmunity, B cells from T1D and
autoimmune thyroid disease patients were found to express reduced PTEN, despite having lower levels of
IgM in the case of T1D subjects. Thus, dysregulation of controlling miRNAs may be a common risk factor
of autoimmunity, a risk factor that might not be recognized by GWAS. Clearly more studies are required to
define this relationship. In conclusion, findings from this study demonstrate that PTEN limits BCR respon-
siveness of anergic human B cells and may be an effective surrogate indicator of autoreactivity. These
findings are paradigm shifting in terms of our perceptions of repertoire autoreactivity.

Methods

Subject selection and peripheral blood processing. Eligible subjects were male or female, had been diagnosed
with AITD within the last 6 months or T1D within the last 2 weeks. Only subjects that had not begun
treatment or had only had minimal treatment with insulin, thyroid replacement, or antithyroid drugs
were enrolled. The presence of antibodies against Tg, TPO, and TSH-R as well as TSH, free T4, and total
T3 tests were used to confirm a diagnosis of GD or HT. Eligible T1D subjects were males or females who
met the American Diabetes Association criteria for classification of disease. Autoantibodies against insu-
lin, GAD, IA-2, and ZnT8 were assayed using radioimmunoassays, as previously described (36). PBMCs
from 6 new-onset AITD, 6 new-onset T1D, and 24 healthy age/sex matched controls were isolated from
heparinized blood by Ficoll-Hypaque fractionation (Table 1).

Intracellular PTEN, pSyk, pPLCy2, pAkt, and pBtk flow cytometric analysis. Approximately 2 million
PBMCs (107 cells/ml) in triplicates were used for both PTEN and phosphflow staining. For PTEN stain-
ing, cells were resuspended with 500 pl BD Cytofix/Perm and incubated on ice for 30 minutes. Cells were
washed twice with BD Perm/Wash buffer and then stained with anti-CD19-BV510 (BioLegend, HIB19),
anti-CD27-BUV395 (BD; L128), anti-IgM-PE-Cy7 (BioLegend; MHM-88), anti-IgD-BV421 (BD; HIB19),
and anti-PTEN-Alexa 647 (BD; A2B1) or isotype control (BD; MOPC-21) for 1 hour on ice. Cells were
washed twice with BD Perm/Wash and then fixed with 2% paraformaldehyde prior to flow cytometry.

For intracellular phosphorylated proteins, cells were incubated at 37°C for 1 hour in serum-free RPMI
medium in order to decrease basal phosphorylation. For assays in which PTEN inhibitors were used,
either 325 M SF1670 (R&D Systems) or 1440 uM bpV(HOpic) (MilliporeSigma) were added during the
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Figure 4. PTEN expression is decre

ased in autoimmune patients. (A) PTEN is decreased in CD27- B cells from new-onset autoimmune thyroid disease

(AITD) (n = 6) and type 1diabetic (T1D) patients (n = 6) compared with healthy controls (n = 12). (B) PTEN expression is not dependent on the age of the
individual. (C) IgM levels were decreased in CD27- B cells from T1D subjects compared with healthy controls, despite also having less PTEN expression. (D

and E) Representative expression o

f PTEN along the continuum of migM expression in 3 of 6 AITD and 3 of 6 T1D autoimmune and healthy control sam-

ples, run concurrently on the same day. Results are representative of the 12 autoimmune patients. Statistics were determined by unpaired Mann-Whitney

t tests; *P < 0.05, **P < 0.01.
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incubation period. Cells were then resuspended in RPMI + 5% FBS and stimulated with 10 ug/ml F(ab’),
rabbit anti-human IgG (H&L) (Jackson Labs) for 3 minutes, followed by a quick spin (3300 g for 0.5 min-
ute) and immediately resuspended in 500 pl Cytofix/Cytoperm (BD) for 30 minutes on ice. Cells were
washed twice with BD Perm/Wash and then stained with anti-CD19-BV510 (BioLegend; HIB19), anti-
CD27-BUV395 (BD; L128), anti-IgM-PE-Cy7 (BioLegend; MHM-88), anti-IgD-FITC (BD, 1A6-2), and
anti-pAkt-Alexa 647 (BD; pS473), anti-pSyk-PerCPCy5.5 (BD, pY352), anti-pPLCy2-PE (BD; pY759), or
anti-pBtk-BV421 (BD; pY223) for 1 hour on ice. Cells were washed twice with BD Perm/Wash and fixed
with 2% paraformaldehyde prior to flow cytometry.

Flow cytometry was performed on a LSR Fortessa X20 (BD), and data were analyzed with FlowJo software
version 9.9.4. Gates for B cells were drawn based on CD19 T cells, which are negative for IgM and IgD.

B cell calcium flux analysis. Using a strategy similar to that in previous reports (4, 9), PBMCs freshly
isolated from buffy coats were enriched for B cells using a no-touch method (Miltenyi Naive B cell Iso-
lation Kit IT). Cells were suspended in warmed 37°C RPMI, 2% BSA, and 1 uM Indo1-AM (Molecular
Probes). For assays in which PTEN inhibitors were used, either 325 uM SF1670 (R&D Systems) or 1440
uM bpV(HOpic) (MilliporeSigma) was added. Cells were also stained with antibodies, as previously
described (4), for 30 minutes and washed 2 times with warmed RPMI containing 2% BSA. Cells were
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then placed on a LSR Fortessa X20 flow cytometer, and, after 15 seconds of baseline, readings were
stimulated with 10 pg/ml F(ab’), rabbit anti-human IgG (H&L) (Jackson Labs) or 1 pl of 1 mg/ml iono-
mycin as a control. The MN fractions were gated as CD19*CD27 1gG-, while the B cell fractions were
gated as CD19*CD27IgM. Side stains for PTEN and IgD were also used to determine gates. Calcium
mobilization analysis was conducted using FlowJo software.

miRNA analysis. Peripheral B cells from healthy individuals were sorted to obtain the populations
expressing the top 20% of IgM (MN) and the bottom 20% of IgM (B, ) using a BD FACS Aria and
resuspended in TRIzol (Invitrogen) and stored at —80°C. Side stains for PTEN expression were used to
verify gates. Total RNA was extracted using the RNeasy Mini Kit (Qiagen). RNA concentration and purity
were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies). cDNA was obtained using the
miScript IT RT kit (Qiagen), and qPCR was performed using the QuantiTect SYBR Green PCR kit (Qia-
gen) and miScript primers (miR-92a-3p, miR-7-5p, miR-21-2-5p, miR-22-3p, and miR-15-5p) (Qiagen). The
reaction was run on an Applied Biosciences real-time cycler. Expression of each miRNA was normalized
to U6 (Qiagen) and then expression in B, cells was compared with MN B cells.

Statistics. Data were analyzed using Prism software (GraphPad Software Inc.). Mann-Whitney nonparamet-
ric unpaired, 2-tailed # tests were used to determine differences between B, cell and MN cells as well as autoim-
mune subjects and healthy subjects. One-way ANOVA followed by a Bonferroni’s multiple comparison post-test
was used to determine significance of differences among samples of B, cells, B, cells with inhibitor, MN cells,
and MN with plus inhibitor. Significance was defined as P < 0.05. Data represent mean = SEM.

Study approval. Samples from human subjects were obtained with informed consent prior to inclusion
in the study at the University of Colorado Anschutz Medical Center and the Barbara Davis Center for
Childhood Diabetes using protocols approved by the University of Colorado Institutional Review Board.
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