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Th17 cells are involved in the pathogenesis of many autoimmune diseases, but it is not clear whether they play
a pathogenic role in type 1 diabetes. Here we investigated whether mouse Th17 cells with specificity for an islet
antigen can induce diabetes upon transfer into NOD/SCID recipient mice. Induction of diabetes in NOD/
SCID mice via adoptive transfer of Th1 cells from BDC2.5 transgenic mice was prevented by treatment of the
recipient mice with a neutralizing IFN-y-specific antibody. This result suggested a major role of Th1 cells in the
induction of disease in this model of type 1 diabetes. Nevertheless, transfer of highly purified Th17 cells from
BDC2.5 transgenic mice caused diabetes in NOD/SCID recipients with similar rates of onset as in transfer of
Th1 cells. However, treatment with neutralizing IL-17-specific antibodies did not prevent disease. Instead, the
transferred Th17 cells, completely devoid of IFN-y at the time of transfer, rapidly converted to secrete IFN-y in
the NOD/SCID recipients. Purified Th17 cells also upregulated Tbet and secreted IFN-y upon exposure to IL-12
in vitro and in vivo in NOD/SCID recipients. These results indicate substantial plasticity of Th17 commitment

toward a Thl-like profile.

Introduction

Th17 cells have achieved prominence for their causative role in
many autoimmune diseases such as EAE, rheumatoid arthritis,
and myocarditis. Nevertheless, Th17 are clearly not responsible
for all autoimmune syndromes. Mice with T cell-specific unre-
sponsiveness to TGF-f} are unable to generate Th17 cells (1), yet
they die of autoimmunity at the age of 2 weeks, following mas-
sive infiltration of lung, liver, stomach, pancreatic islets, and
thyroid glands (2).

There are data suggesting that Th1 cells play a major role in
diabetes, driving the development of disease via IFN-y (3). This
includes the observations that blockade of IFN-y (4) or absence of
STAT4 (S, 6) prevent disease, whereas IL-12 promotes accelerated
diabetes (7). However, the exact role of IFN-y in disease patho-
genesis has been difficult to resolve, as discrepant observations
have been found using NOD mice expressing targeted muta-
tions in either IFN-y or its receptor (3, 8, 9). Differences between
observations using antibody blockade versus targeted mutation
could be ascribed to redundancy, while the differing findings
in receptor targeted mutants have been attributed to linkage
disequilibrium of the receptor a chain with an insulin depen-
dent diabetes resistance allele (9, 10). Diabetes develops slowly
in female NOD mice with an onset at around 12 weeks of age,
but the kinetics are accelerated in an adoptive transfer system, in
which CD4 T cells from BDC2.5 mice, expressing transgenic TCR
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with specificity for an islet antigen (11), are injected into NOD/
SCID recipients (12). It is known that TGF-§ (13, 14) as well as
IL-10 (13) are regulatory countermeasures that delay the onset of
diabetes. In fact, current immunotherapeutic approaches using
anti-CD3 application are thought to confer protection through
mechanisms involving TGF-f production, possibly by regula-
tory T cells (14). Given the close link of TGF-f with Th17 T cells
that differentiate in the presence of TGF-f3 and IL-6, cytokines
that are frequently found in inflammatory conditions, the ques-
tion arises as to whether Th17 cells would be pathogenic in the
NOD environment or whether they might in fact be protective.
A recent publication (15) has suggested that Th17 cells play a
pathological role in the development of type 1 diabetes. In this
study, it was shown that transfer of BDC2.5 T cells polarized to
Th17 appeared to transfer diabetes, but as these cells contained
some IFN-y-secreting cells, the possibility that diabetes was in
fact due to contaminating Th1 cells expanding within a lympho-
penic environment could not be excluded. In order to definitively
address this question of the role of Th17 cells in diabetes devel-
opment, we made use of the well-established adoptive transfer
system of T cells from BDC2.5 mice into NOD/SCID recipients.
Our results indicate that Th17 cells, even when 99% pure and
devoid of any IFN-y-secreting cells, upregulate T-box expressed
in T cells (Tbet) and IFN-y under the influence of IL-12 in vitro
and likewise upregulate Tbet and convert to secrete IFN-y in the
NOD environment, causing diabetes with only a minor delay
compared with Th1 BDC2.5 cells. Thus, although Th17 cells
appear to be pathogenic in causing diabetes, our study clearly
shows that it is the conversion to a Th1-like profile that under-
lies disease development, not the Th17 profile in itself. Our data
indicate that there is substantial plasticity in the Th17 profile,
which can be influenced by the local cytokine milieu in which
inflammatory immune responses are taking place.
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Figure 1

Th17 cells cause diabetes in NOD/SCID mice. (A) Intracellular staining for IL-17 and IFN-y of polarized Th17 or Th1 BDC2.5 cells was performed
on day 4 of culture. Cells were transferred into NOD/SCID recipients and incidence of diabetes for Th1 (n = 5) (filled symbols) and Th17 (n = 5)
(open symbols) transfer is shown. (B) Intracellular staining of CD4+V34+ T cells in the PLNs on day 8 after transfer is shown. (C) Intracellular stain-
ing was performed as in A, followed by transfer into antibody-treated NOD/SCID recipients. Th17 were transferred into isotype control-treated
(n = 4) (open diamonds) or anti—IFN-y—treated (n = 5) (filled squares) hosts. Th1 were transferred into isotype-treated (n = 4) (open triangles) or
anti—IFN-y—treated (n = 5) (filled diamonds) hosts. (D) Representative FACS plots of CD4+Vp4+ T cells in PLNs and pancreata of isotype—treated
(left panels) or anti-IFN-y—treated (right panels) hosts 10 days after transfer. Numbers indicate the percentage of cells in each quadrant.

Results
Th17 BDC2.5 cells transfer diabetes with a similar kinetic to Th1 cells. In
order to test whether Th17 cells are pathogenic in the context of
diabetes, naive T cells from BDC2.5 mice were polarized under Th1
or Th17 conditions in vitro (Figure 1A, left panels) and then adop-
tively transferred into NOD/SCID hosts. Surprisingly, mice that
received polarized BDC2.5 Th17 cells developed diabetes similarly
to those transferred with Th1 cells, albeit with a minor but consis-
tent delay (Figure 1A, middle panel). Although, under Th17 culture
conditions, the majority of BDC2.5 cells expressed IL-17 (see Fig-
ure 1A, left panel), analysis of their cytokine profile by intracellular
staining, when recovered 8 days later from pancreatic lymph nodes
(PLNs), showed a substantial proportion of IFN-y-secreting cells
(Figure 1B, left panel). In contrast, transfer of Th1 cells did not
result in the emergence of Th17 cells (Figure 1B, right panel).
Diabetes transfer is prevented by anti—IEN-y but not by anti-IL-17. As
some studies have suggested that IFN-y may play a role in 3 cell
destruction, we injected the adoptive hosts at the time of transfer
with neutralizing antibody to IFN-y (Figure 1C). This treatment pre-
vented the onset of diabetes, whether the hosts had received Th1- or
Th17-polarized cells (Figure 1C, middle panel). Cytokine analysis of
PLNs and pancreata showed that while in the presence of anti-IFN-y
a somewhat higher proportion of IL-17 production was maintained
in hosts of the Th17 cells, there was nevertheless a sizeable fraction
of these cells with intracellular staining for IFN-y (Figure 1D). Thus,
neutralizing IFN-y, while preventing the onset of disease, did not
prevent the induction of IFN-y in the Th17-polarized cells. Blockade
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of TFN-y, however, had a striking effect on the profile of host CD11b-
expressing antigen presenting cells, which failed to upregulate MHC
class IT (Figure 2A) and did not express iNOS or programmed death
ligand 1 (PD-L1) (Figure 2B). IFN-y-mediated activation of mac-
rophages and their production of reactive oxygen intermediates is
thought to be causally involved in the destruction of  islets (16).
In contrast to the effect of neutralizing IFN-y on the transfer of dia-
betes by Th17 cells, anti-IL-17 treatment did not inhibit their abil-
ity to transfer disease (Figure 2C); this puts into question whether
Th17 cells themselves can be pathogenic in this model.

Diabetes transfer by Th17 is not due to contaminating Th1. Despite the
fact that the transferred Th17 cells were highly polarized (on aver-
age 40%-60%), there was still a sizeable fraction of cells that had
not committed to IL-17 production. Furthermore, a small number
of the IL-17 producers coproduced IFN-y. It was therefore conceiv-
able that either the double producers or the uncommitted fraction
of the transferred cells could have selectively expanded and caused
the IFN-y-mediated effects. In order to assess whether a small
proportion of IFN-y producers could selectively expand in the
NOD environment, we “spiked” a Th17 inoculum with a 1% Th1
contaminant of Thl-polarized BDC2.5 cells. These cells could be
identified in vivo, because they were derived from a BDC2.5NOD
strain, expressing GFP on its T cells (17). Nevertheless, although
we could detect the GFP Th1 cells in PLNs and pancreata of these
mice, they had not expanded significantly beyond the ratio in
which they had been transferred and were unable to induce diabe-
tes if transferred in these low numbers on their own (Figure 3).
Volume 119

Number3  March 2009



research article

A —— P=00159 —
100 A 400 [}
g T
° £ 80 E 300 .
g 2 o] @ .
TS @ 200
o X ® .
o8, ©
s EY &) e
as I 100
207 s []
100 10" 102 100 10 Th17 + Th17 +
isotype anti—IFN-y
iNOS PD-L1
B 150 - 700 - c
600 100
(0]

— o | —
-%7’3100- =g 500 0 80
= 82 400 4 29
<= ez 3¢ 6o
ZT 50 4 %% 0 232
T g5 w0 °%

E = =
100 20
. 0
Th17+Th1?+ Th17 + Th17 + 0 2 4 6 8 10 12 14 16
isotype anti— isotype anti— Days after transfer
IFN-y IFN-y

Figure 2

Anti—-IFN-y treatment inhibits activation of CD11b* cells but not the effect on diabetes by anti—IL-17A administration. (A) Histogram of MHC class Il
expression (left panel) on CD11b-expressing cells isolated from the pancreata of isotype- (thick line) or anti—IFN-y—treated (thin line) NOD/SCID
recipients, and MFI of MHC class Il on individual samples (right panel). Horizontal bars represent mean MHC class Il MFI, and individual points
represent MHC class || MFI of CD11b-infiltrating cells from individual mice. (B) mRNA expression of iNOS and programmed death ligand 1
(PD-L1) is shown. Mean + SEM. (C) Th17 and Th1 BDC2.5 T cells were adoptively transferred into antibody-treated NOD/SCID recipients.
Th1 was transferred into isotype control-treated (open triangles) or anti—IL-17A—treated (filled diamonds) hosts. Th17 was transferred into
isotype-treated (open diamonds) or anti—IL-17A-treated (filled squares) hosts. Mice were injected with 2 mg of isotype (OX-1) or anti—IL-17A

(MM17-F3) ondays 0,2,4,and 6. n =5.

Highly purified Th17 cells transfer diabetes and convert to IEN-y production.
Although the emergence of IFN-y producers in the Th17 inocu-
lum is unlikely to be due to selective expansion of contaminants,
the possibility remained that the sizeable fraction of uncommitted
cells contaminating the transfer inoculum could have differentiated
into Th1 cells in vivo. Thus, in order to ascertain whether Th17 cells
are capable of converting to a Th1 profile, we proceeded to further
purify the Th17 population prior to transfer, taking advantage of
a recently described IL-17 capture assay (18). At the same time as
positively selecting IL-17 producers, we negatively selected any IFN-y
producers by incubating the cells with capture constructs for IL-17
and IFN-y and sorted the pure IL-17-producing populations by
FACS. The purities obtained were routinely more than 98%, and a
representative experiment in Figure 4 shows the complete absence of
IEN-y producers or cells expressing forkhead box P3 (Foxp3) follow-
ing purification. Despite the high purity of the transferred Th17 cells
(Figure 4A, left panel), the adoptive hosts developed diabetes with
the same kinetics as seen previously (Figure 4A, far-right panel), and
again, cytokine analysis of PLNs and pancreata showed a substantial
proportion of the cells had converted to secrete IFN-y, whereas in the
mesenteric lymph nodes (MLNG), the IL-17 profile were better pre-
served (Figure 4, B and C). Thus, it seems that Th17 cells are indeed
able to change their effector profile in the NOD environment.

Th17 cells produce IFN-y following culture with IL-12. We next deter-
mined the expression of transcription factors, receptors, and
cytokines typical for either Th17 or Th1 cells by quantitative PCR,
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starting with cells that were highly purified by the capture assay.
Pure Th17 cells expressed RAR-related orphan receptor y t (RORyt
also known as Rorc) and aryl hydrocarbon receptor (AhR) but not
GATA binding protein 3 (GATA-3) or Foxp3. Their expression of
Tbet was minimal compared with pure Th1 cells, but it was not
completely absent. There was no trace of IFN-y in pure Th17 cells,
and they expressed IL-17A and IL-17F as well as the IL-23 recep-
tor as expected for this population. Interestingly, these Th17 cells
also highly expressed the IL-12RB2 chain, which is part of the
IL-12 receptor, whereas both IL-23 and IL-12 receptors shared the
IL-12RP1 chain (Figure 5A). This suggests that Th17 cells could
respond to IL-12 in the microenvironment, and this could be
responsible for their conversion to secrete IFN-y. In order to directly
assess this, purified Th17 cells were further cultured in vitro in the
presence of IL-23 to sustain their survival and with the addition of
either IL-12 or IFN-y or both factors. Analysis after 3 days of cul-
ture under these conditions clearly showed the emergence of IFN-y
double and single producers derived from the Th17 inoculum after
culture in the presence of IL-12 (Figure 5B), and quantitative PCR
for transcription factors showed that Th17 cells cultured with IL-12
substantially upregulated Tbet and Ifng and downregulated Rore,
Il17a,and Il17f, whereas expression of Abr, 1123r, and I112rb2 was pre-
served (Figure 5C). Such conversion was not restricted to Th17 cells
from NOD mice, as comparable results were obtained using high-
ly purified cells from C57BL/6 mice (see Supplemental Figure 1;
available online with this article; doi:10.1172/JCI37865DS1).
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Spiked Th1 cells do not outgrow Th17. (A) Day 4 intracellular staining of Th17 (upper-left panel) or GFP+ Th1 (upper-right panel) cells. Cells
were transferred as Th17 (n = 5) (filled diamonds), Th17 plus 1% GFP+ Th1 (n = 5) (open squares), or 1% GFP+ Th1 alone (n = 5) (x symbols),
and diabetes development is shown (bottom panels). (B) Percentage of GFP*+ Vp4+ T cells in tissues on day 9 after transfer. Top panels show
representative FACS plots of CD4 versus GFP gated on all V34 T cells recovered from pancreas (left panel) and PLNs (right panel) from a Th17
plus 1% GFP Th1 recipient mouse. Horizontal bars represent mean percentage of GFP+ of total V4+ T cells from 5 samples, and individual points
represent percentage of GFP+ of total VB4+ T cells of individual mice. Numbers indicate the percentage of cells in each quadrant.

Adoptively transferred Th17 cells acquire transcriptional markers for
Th1 program in vivo. Having shown that highly pure Th17 cells
can convert to IFN-y production in vitro and that this is accom-
panied by upregulation of Thet and downregulation of Rorc,
Il17a, and Il17f, we examined whether such changes could be
observed over time in vivo when purified Th17 cells are trans-
ferred into NOD/SCID recipients. As can be seen from Figure 6,
the transferred highly purified Th17 population of cells
expressed Rorc and a minimal amount of Thet. Analysis of the
PLNs on day 3 after transfer revealed a downregulation of Rorc
and an upregulated expression of Thet. There was also a loss of
Il17a and 1117f expression and upregulation of Ifng at this time
point. Analysis of the PLNs at day 6 showed an even greater
increase in expression of Ifng and Tbhet. The transferred cells were
not present in the pancreata in sufficient numbers at day 3 to
permit analysis but by day 6 changes seen in the PLNs were mir-
rored in the pancreata.

Discussion

Th17 cells have been implicated in a range of autoimmune con-
ditions, including EAE and rheumatoid arthritis (19-21). The
development of type 1 diabetes has usually been ascribed to a Th1
response with disease transfer in animal models being mediated by
Th1 clones or lines (22, 23). TGF-f is an essential cofactor in the
differentiation of Th17 and has been shown to ameliorate diabetes
pathology. TGF-§ and IFN-y appear to counterregulate Th1 and
Th17 development, respectively, at least under in vitro conditions
(24, 25). While IFN-y promotes diabetes pathology, TGF-f plays a
role in limiting it (26, 27).
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We have used the BDC2.5TCR transgenic mouse to investigate
the role of Th17 cells in type 1 diabetes and found, using highly
purified populations of cells, that although Th17 cells appear to
transfer disease to NOD/SCID recipients, this is in fact due to a
conversion of these cells to Th1. Analysis of the pancreata and
PLNSs of recipients showed a rapid conversion of the transferred
Th17 cells to IFN-y production, whereas transferred Th1 cells did
not convert to Th17 cells. Indeed the ability of Th17-polarized T
cells to transfer disease was inhibited by anti-IFN-y treatment of
recipients. Blockade of IFN-y had a major effect on the functional
maturation of antigen presenting cells expressing CD11b, prevent-
ing upregulation of MHC class II and iNOS as well as the expres-
sion of programmed death ligand 1.

Since the early days of Th17 T cell discovery, IL-17 secretion was
suggested to be unstable and shown to default to a Th1 cytokine
response following prolonged culture (28), although in many cases,
technical difficulties in generating and maintaining these cells
may have contributed to this notion. Nevertheless, the reported
coexpression of IL-17 and IFN-y under inflammatory conditions
in vivo (29, 30) was remarkable, considering the strong inhibitory
effect IFN-y has on the initial differentiation of Th17 cells (25,
31). Double producers of IL-17 and IFN-y were also found in the
gut of patients with Crohn disease and coexpressed transcriptional
markers for Th17 cells, such as RORyt, as well as Th1 traits, such
as Tbet and IL-12Rf2 (32).

However, definitive proof for conversion from Th17 to Th1 pro-
file remained elusive due to the problems of purifying Th17 T
cells on the basis of their cytokine profile. These limitations were
overcome with the development of cytokine reporter mice, which
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Number3  March 2009



research article

A Before purification After purification After purification
? 0.49] “bog 0.04 “bo.g 0.08 —
] < 100
NOD/SCID 8q 80
28 e
5 © © 40
Ik —_’/\,&ll —>353 20
£ 0
0 0.02 0
~ pr T e | P 1o e o 1o 0246 810121416
| 2 Days after transfer
Foxp3
B ) PLNs . Pancreata MLNs
i " 1.64) 6.67
N~ fo_ 3_..,.....,_._..,,.....,_.._..,,....,_._. : 249 é = r .972 é 4 4,' T ‘101
A\ 100 10" 10? 100 10* 10° 10" 102 10° 10 10° 10' 10? 100 10*
=
IFN-y
C PLNs Pancreata MLNs
* %
QR . 9351 k% L T *x
& 304 v & 301 & 30 am
254 " v B asq x* ' T 254 mg
(8] - (8] o v
02,) 20 1 1™ AA v g 20 1 v qZ,) 20 1 [ v,
£ 151 . — £ 15 4 v = 154 K .
14 ™ 4 Q 10 - —— Q 10+ Al
2 o] 2 s N
u v
O o T T T O ol-tng=i } T O o T T .
IL-17+ IL-17+ IFN-y* IL-17+ IL-17+ IFN-y* IL-17+ IL-17+ IFN-y*
IFN-y* IFN-y* IFN-y*
Figure 4

Purified Th17 T cells convert in vivo. (A) FACS plots of tetramer staining for IL-17 versus IFN-y before (left dot plot) or after (middle dot plot) puri-
fication. IL-17 versus Foxp3 profile of purified cells (right dot plot). Diabetes onset in NOD/SCID recipients of highly purified Th17 cells (filled dia-
monds) (right panel). Numbers indicate the percentage of cells in each quadrant. (B) Representative FACS plots gated on CD4+Vf34+ T cells from
PLNs, pancreata, and mesenteric lymph nodes (MLNs) 8 days after transfer of highly purified Th17 cells, showing IL-17 versus IFN-y intracellular
staining. Numbers indicate the percentage of cells in each quadrant (A and B). (C) Summary graphs showing the percentage of cells producing
IL-17, IL-17 plus IFN-y, or IFN-y alone. Horizontal bars represent mean percentage of CD4+ cells positive for stated cytokines from 6 samples, and
individual symbols represent percentage of CD4+ cells positive for stated cytokines for individual mice. **P < 0.01, Mann-Whitney U test (n = 6).

These data are representative of 3 independent experiments.

should allow rigorous purification based on the expression of a
cytokine reporter construct, although such mice are not available
on a NOD background and the use of a single reporter construct
does not obviate the problem of cells producing both IL-17 and
IFN-y. We therefore made use of a tetramer cytokine capture assay
developed by Streeck et al. (18) to carefully isolate Th17 cells that
were devoid of any IFN-y signal assessed both by intracellular
staining and RT-PCR analysis. Similar cytokine capture assays
were used previously to demonstrate that cytokine-secreting
effector T cells can differentiate to memory cells (33). The data
we obtained indeed suggest that even highly pure Th17 cells
easily convert to a Th1 profile, expressing increased amounts of
Tbet and IFN-y and reduced RORyt and IL-17 upon transfer into
NOD/SCID mice. We could rule out that the emergence of a Th1
response in the PLNs and the pancreata is due to expansion of a
contaminating Th1 population, as a 99% pure population of Th17
cells converts in vivo to a Th1 cytokine profile, and, furthermore,
deliberate spiking of our Th17 populations with GFP-express-
ing Th1 cells did not reveal their outgrowth. Our data, therefore,

The Journal of Clinical Investigation

http://www.jci.org

suggest that these polarized Th17 cells are surprisingly plastic.
Interestingly, however, there was no conversion of pure Th17 cells
into a regulatory phenotype (data not shown), although induc-
ible Tregs (iTregs) and Th17 cells develop in reciprocal fashion in
vitro (34), depending on the cytokine regulated balance of RORyt
and Foxp3 (35, 36). This suggests either that the cytokine micro-
environment was not conducive or that the pathways leading to
Th17 or iTreg effector differentiation are not malleable anymore
once the cells have differentiated. Lexburg and colleagues, who
obtained a comparable purity of Th17 cells, also demonstrated
such conversion in vitro (37) but suggested that Th17 cells that
develop in vivo are not converting to the same degree. It is cur-
rently unclear up to what stage of differentiation this apparent
malleability of Th17 cells is applicable. Thus, it could be argued
that in vitro generated Th17 cells resemble effector cells, whereas
Th17 cells isolated from nonimmunized mice are more likely to
be memory cells. Nevertheless, recent discoveries relating to plas-
ticity of effector T cell fates indicate that some subsets may be
more malleable than others, e.g., Th2 cells that will not divert to a
Volume 119 569
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Figure 5

In vitro conversion of highly purified Th17 cells. (A) mMRNA expression relative to Hprt for stated transcription factors, cytokines, and receptors,
comparing highly purified Th17 cells and Th1 cells. (B) Representative FACS plot showing intracellular staining of highly purified Th17 cells,
cultured in the presence of IL-23 and the cytokines indicated, on day 3 following purification. Numbers indicate the percentage of cells in each
quadrant. (C) mRNA expression relative to Hprt, comparing highly purified Th17 cells cultured with IL-23, with (+) or without (=) IL-12, for stated

transcription factors, cytokines, and receptors. Mean + SEM.

Th1 fate anymore can nevertheless switch off their Th2 program
upon exposure to TGF-f and activate a distinct program charac-
terized by production of IL-9 (38).

As our highly purified polarized Th17 cells could be shown to
express the IL-12RB2 chain in addition to the IL-23R and had
small but detectable Tbet but no IFN-y expression, we explored the
possibility that IL-12 could provide a means for deviating the cells
from Th17 to Thl. Our in vitro studies showed that in the pres-
ence of IL-23 and absence of IL-12, the Th17 cells retained Th17
polarization, whereas inclusion of IL-12 permitted the emergence
of cells expressing both IL-17 and IFN-y or IFN-y alone. Kinetic
analysis of cytokine and transcription factor expression in the
PLNs and pancreata following Th17 transfer revealed a compara-
ble conversion in vivo. This plasticity of Th17 cells in vivo suggests
that caution should be used in the interpretation of data based on
polarized T cell transfer and provides an alternative explanation
for the recent publication, suggesting that Th17 cells may play a
role in the development of type 1 diabetes (15). The data also high-
light the need for rigorous purification in order to draw conclu-
sions about precursor-product relationships.

NOD mice and other autoimmune prone mice such as New
Zealand Black (NZB) and New Zealand White (NZW) have a poly-
morphism in their IL-12p40 chain (39), which has been associated
with IL-12 overproduction and attributed to the insulin depen-
dent diabetes susceptibility locus, Idd4 (40). Since the IL-12p40
chain is shared with IL-23 (41), it is conceivable that this poly-
morphism affects the expression of IL-23 as well, but potential
changes in IL-23 expression in NOD mice have not been analyzed
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to date. Our data suggest that Th17 cells have the potential to
convert toward a Th1 profile and, as seen by the differential main-
tenance of IL-17 versus IFN-y expression in the pancreata and
mesenteric lymph nodes, that the cytokine microenvironment in
vivo may play a role in determining the outcome of such T cell
differentiation. It is therefore possible that effector cell differen-
tiation and lineage commitment in vivo are more malleable for
some effector T cell subsets than originally thought on the basis
of the more stringent commitment of Th1 and Th2 cells (42) and
irreversible commitment may be less common during exposure of
cells to different environmental stimuli in vivo. This could be of
substantial relevance for the development of immune therapies
targeted to individual cytokines.

Methods
Mice. NOD/SCID, BDC2.5NOD, and C57BL/6 mice and GFP.BDC2.5NOD
(17) mice were maintained under barrier conditions in the Biological Ser-
vices facility of the Department of Pathology at the University of Cam-
bridge. All animal experiments were done with the approval of the Univer-
sity of Cambridge and according to institutional guidelines and United
Kingdom Home Office regulations.

Antibodies and flow cytometry. Anti-IFN-y antibody (XMG1.2), anti-CD3
(145.2C11), anti-IL-4 (11B11), and rat IgG1 isotype control (MAC221) were
grown from hybridomas in our own laboratory. Biotinylated anti-IL-17A
(MM-17F3) (19), for use in tetramers, was obtained from Jacques Van Snick
(Ludwig Institute for Cancer Research). The endotoxin levels were less than
1 EU/mg protein, and the preparations were stored at -20°C until use.
Commercially available antibodies used were anti-CD28 (no azide, low
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Kinetic analysis of transcriptional markers for Th1 program, following adoptive transfer of purified Th17 cells. Purified Th17 cells were transferred
into NOD/SCID recipients, and 5 mice were sacrificed on both day 3 and 6 after transfer. PLNs and pancreata were harvested, and CD4+Vp4+
T cells were pooled and then isolated by MoFlo cell sorting followed by RNA extraction. Whole transcriptome amplification (QIAGEN) was then
performed to create a cDNA template for real-time PCR. Depicted are mRNA expression levels relative to Hprt for stated transcription factors,
cytokines, and receptors, comparing starting Th17 population (Start Th17) and (upper row) PLNs residing T cells and (bottom row) pancreata

infiltrating T cells on day 3 and 6 after transfer. ND, none detected.

endotoxin) (clone 37.51); APC- or PerCP-conjugated anti-CD4 (RM4-5);
PE-conjugated anti-CD25 (PC61); FITC-conjugated anti-CD44 (IM7);
FITC- or PE-conjugated anti-Vp4 (KT4); PerCP-Cy5.5-conjugated CD11b
(M1/70); PE-, PE-Cy7-, or FITC-conjugated anti-IFN-y (XMG1.2); bioti-
nylated anti-IFN-y (R46A2); PE-conjugated anti-IL-17A (TC11-18H10);
and PE-, FITC-, or PE-Cy7-conjugated IgG1 isotype controls and all were
obtained from BD Pharmingen. Anti-IL-17A FITC (eBIO17B7), anti-Foxp3
FITC (FJK-16s), and anti-CD45.2 (clone 104) were obtained from eBiosci-
ence. FITC-conjugated anti-MHC Class IT (OX-6) was obtained from Sero-
tec. Intracellular staining was done as described previously (43).

In vitro T cell differentiation. Naive CD4 T cells, sorted by flow cytometry
(CD4*CD25-CD44l°), were cultured in Iscove’s modified Dulbecco medi-
um (IMDM) supplemented with 10% heat-inactivated FCS, 2 x 10 M
L-glutamine, 100 U/ml penicillin, 100 ug/ml streptomycin, and 5 x 105 M
mercaptoethanol (all Sigma-Aldrich). For generation of Th17- and Th1-
polarized cells, naive BDC2.5NOD T cells were cultured on anti-CD3
(2 ug/ml) and anti-CD28 (10 ug/ml) coated 24-well plates in the presence
of either 25 ng/ml IL-6 (Peprotech), 10 ng/ml IL-1f (Invitrogen), 2 ng/ml
human TGF-f} (R&D Systems), 50 ug/mlanti-IFN-y (XMG1.2),and 10 ug/ml
anti-IL-4 (1B11) blocking antibodies for the Th17 condition or 10 ng/ml
IL-12 (Peprotech) for the Th1 condition.

Cells were cultured for 4 days and then transferred to fresh plates
without stimulus and rested for 4 days. Thereafter, cells were harvested
and restimulated on anti-CD3 and anti-CD28 coated plates in the pres-
ence of 20 ng/ml IL-23 (R&D Systems) for 2 days before purification by
the cytokine capture assay.

For in vitro conversion of highly purified Th17 cells, the cells were
placed on anti-CD3 and anti-CD28 coated 96-well plates in the pres-
ence of 20 ng/ml IL-23 (R&D Systems), with or without 10 ng/ml IL-12
(Peprotech) and 100 U/ml IFN-y (R&D Systems) for 3 days before har-
vesting for FACS or RT-PCR.

The Journal of Clinical Investigation

http://www.jci.org

Isolation of pure T cell subsets by cytokine capture assay. The method for
tetramer formation and IL-17 capture was adapted from Streeck et al.
(18). To make IL-17 and IFN-y tetramers, either biotinylated anti-IL-17A
(MM-17) or biotinylated anti-IFN-y (R46A2; BD Pharmingen) antibodies
were mixed with biotinylated anti-CD45.2 in a 3:1 molar ratio. Avidin-
neutravidin (5 ug) (Invitrogen) was added to the biotinylated antibodies
and then vortexed and incubated at 4°C for 10 minutes. A further 5 ug of
avidin-neutravidin was added for a further 10 minutes, and the aliquots
were stored at 4°C until use. To obrtain purified Th17 cells, naive T cells
were differentiated, rested, and restimulated as previously described.
Cells were harvested and washed 3 times in 2% FCS PBS, and 4 x 10°
cells were incubated on ice for 2 minutes with 1 aliquot of IL-17 tetra-
mer, before further incubation for 15 minutes with 1 aliquot of IFN-y
tetramer. Ten milliliters of culture medium was added to each tube and
the tubes then slowly rotated for 1 hour and 30 minutes at 37°C to allow
cytokine capture, followed by washing and staining with PE-conjugated
anti-IL-17A and FITC-conjugated anti-IFN-y (both BD Pharmingen) for
15 minutes at 4°C. PE-positive, FITC-negative cells were sorted using a
MoFlo Cell Sorter (Beckman Coulter) to achieve a purity of 95%. Further
purification to more than 99.5% was achieved by performing a second
sort for PE-positive, FITC-negative cells.

Adoptive transfer experiments and in vivo antibody treatment. Polarized or
highly purified cells were harvested and washed twice before resuspen-
sion in sterile PBS, and 5 x 10* cells were adoptively transferred i.p. into
NOD/SCID recipients.

For GFP spiking experiments, 2 x 105 Th17 cells were seeded with
2 % 103 Th1 GFP cells and transferred in sterile PBS i.p. into NOD/SCID
recipients. In vivo treatment with neutralizing antibody was done with
either 2 mg/mouse of anti-IFN-y (XMG1.2) or control IgG1 isotype
(MAC221) or 2 mg/mouse of anti-IL-17A (MM17-F3) or control mouse
IgG1 (OX-1) administered i.p. on days 0, 2, 4, and 6, following transfer
Volume 119 571
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of Th17 cells. All recipients were tested daily, as early as day 5 onward,
for glucose in urine using Diastix (Bayer Diagnostics).

Purification of mRNA and quantitative PCR analysis. RNA was extracted
using RNeasy Mini Kit (QIAGEN) following standard manufacturer’s pro-
tocol. Using a QuantiTect Reverse Transcription Kit with real-time SYBR
green PCR (QIAGEN), cDNA was used as a template for the amplification
of genes of interest and the housekeeping gene (Hprt). Where indicated,
Whole Transcriptome Amplification (QIAGEN) of small RNA samples
was performed according to manufacturer’s instructions to yield cDNA
for real-time PCR. The following primers (all from QIAGEN) for transcrip-
tion factors, cytokines, and receptors were tested: Tbet, Rorc, Foxp3, Gata3,
Abr, I117a, 1117, Ifng, 1112rb2, and 1123r. Amplification plots and dissociation
stages were analyzed using a 7500 Fast Real-Time PCR Detector System
with 7500 Fast Software System version 1.4.6 (both from Applied Biosys-
tems). Gene expression was calculated using the comparative method for
relative quantification upon normalization to Hprt gene expression.

Statistics. Statistical analysis was performed with GraphPad Prism soft-

ware, using a Kaplan-Meier survival curve and log-rank test. For analysis

of nonparametric data sets, a Mann-Whitney U test was performed. Results
were deemed significant if P values were less than 0.05.
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