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Abstract
Regulation of the ERK pathway is intimately involved in determining whether TCR stimulation is
productive or induces anergy. T cells from patients with rheumatoid arthritis (RA) have increased
ERK responsiveness which may be relevant for disease pathogenesis. Inflammatory cytokines
such as TNF-α did not reproduce the TCR hypersensitivity typical for RA in T cells from healthy
individuals. In contrast, priming with the homeostatic cytokines IL-7 and IL-15 amplified ERK
phosphorylation to TCR stimulation twofold to threefold. The underlying mechanism involved a
priming of the SOS-dependent amplification loop of RAS activation. The sensitization of the TCR
signaling pathway has downstream consequences, such as increased proliferation and preferential
Th1 differentiation. Importantly, priming with IL-7 or IL-15 enabled T cell responses to
autoantigens associated with RA. Production of homeostatic cytokines is induced in lymphopenic
conditions, which have been shown to predispose for autoimmunity and which appear to be
present in the preclinical stages of RA. We propose that homeostatic cytokines, possibly induced
by lymphopenia, decrease the signaling threshold for TCR activation and are thereby partly
responsible for autoimmunity in RA.

INTRODUCTION
Despite the unquestionable success of anti-TNF-α therapy to treat rheumatoid arthritis (RA)
(1), control of disease activity requires continuous treatment and induction of lasting
remission is not accomplished. The current cytokine neutralization therapies, targeting TNF-
α and more recently IL-6, function by blocking the effector stage of the disease and thereby
predispose for more severe bacterial infections and tuberculosis reactivation (2, 3). Insights
into pathogenetic mechanisms upstream of the effector pathways will be necessary to
prevent or cure disease.

Characteristic autoimmune phenomena in RA are the production of rheumatoid factor and
antibodies against citrullinated epitopes predominantly present on matrix proteins.
Autoantibody production is largely dependent on the disease-associated HLA-DRB1*04
alleles and citrullinated T cell epitopes have been identified that are presented in the context
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of HLA-DR4 molecules (4). However, the pathogenesis of the disease and the role of the
adaptive immune response have remained enigmatic (5). We have shown recently that T
cells from RA patients exhibit an increased responsiveness of the ERK pathway and that this
results in increased sensitivity to TCR stimulation which may permit responses to
autoantigens (6). Increased responsiveness was seen for all T cell subsets including naïve
and memory CD4 and CD8 T cells raising the possibility of a common exogenous factor
conditioning the ERK pathway in RA T cells. The altered signal processing was largely
independent of disease activity or treatment with anti-TNF-α agents suggesting that
inflammatory cytokines were less likely to be the cause of ERK hyperactivity. Indeed, TNF-
α has been shown to impair T cell responses by directly targeting the TCR signaling
pathways and by downregulating CD28 expression (7, 8).

In addition to the production of inflammatory cytokines such as TNF-α, IL-6 and IL-1, RA
is characterized by an increase in a number of other cytokines both in the inflamed joint and
in the periphery, many of which can act on T cells. Of particular interest are homeostatic
cytokines (HC) given that T cell homeostasis is profoundly abnormal in RA (9). Production
can also be a consequence of inflammation (10). Prototypical HC are IL-7 and IL-15, the
functions of which include enhancing T cell survival and proliferation (11, 12). Both
cytokines bind to receptors that utilize the common γ chain to signal through JAK3, JAK1
and STAT proteins to induce gene expression and, as such, are sensitive to JAK inhibition.
The potential role of HC in the initiation and progression of RA (and other inflammatory
diseases) has come to light following the observation of elevated HC levels in patients (13,
14) and further studies showing that IL-7 and IL-15 are able to influence T cell activation
and can exacerbate inflammation (14–16). IL-7 can increase Th1 cytokine production by
both CD4 and CD8 T cells, particularly in systems utilizing suboptimal antigenic stimulation
(17, 18). Recent successes in trials involving the JAK inhibitor Tofacitinib emphasize the
relevance of common γ chain cytokines for RA although it cannot be excluded that
Tofacitinib functions in RA by inhibiting other JAK STAT pathways (19, 20).

To establish whether chronic or intermittent exposures to increased cytokine concentrations
can induce changes in T cell responsiveness, as observed in RA, we examined whether
cytokines can condition T cells to respond to subsequent T cell activation with increased
ERK phosphorylation and decreased TCR activation thresholds. We show that prior
incubation with inflammatory cytokines (TNF-α or IL-6) had little effect on basal or anti-
CD3/CD28-induced pERK levels in T cells from healthy individuals. In contrast, the
homeostatic cytokines IL-7 and IL-15 conditioned T cells such that they became more
responsive to TCR stimulation with low affinity antigen, mimicking the elevated levels of
pERK previously observed in T cells from RA patients. This hyperresponsiveness enabled T
cell responses to citrullinated autoantigens. We propose that IL-7 or IL-15 priming of the
RasGRP/SOS pathway contributes to the increased ERK responsiveness and reduces the
threshold above which signaling cascades are initiated, thereby predisposing for
autoimmunity.

MATERIALS AND METHODS
Study Population and Cells

T cells were isolated by negative selection using RosetteSep® human T-cell enrichment
cocktail (StemCell Technologies, Vancouver, BC) from the peripheral blood of healthy
individuals. The protocol was approved by the Emory and Stanford University Institutional
Review Boards, and all donors gave written, informed consent.
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Antibodies
The following antibodies were used for cell surface or intracellular stains: CD3 APC-Cy7
and V450; CD4 PerCP-Cy5.5 and V500; CD8 PE-Cy7, Alexa Fluor 700 and Qdot605;
CD45RA FITC and APC; CD28 PE and APC; CD25 APC; CD69 PE-Cy7; phospho-
ERK1/2 Alexa Fluor 647, IL-2 FITC, IL-17 V450, IFN-γ PerCP-Cy5.5 and TNF-α PE-Cy7
(all BD Biosciences, San Jose, CA).

Cytokine conditioning
T cells (2 × 106/ml) were incubated with 10 ng/ml of either IL-1β, TNF-α, IL-7 or IL-15 for
24 h. The cells were washed twice with complete RPMI before TCR stimulation. For dose-
response experiments, T cells were incubated with different concentrations of HC starting
from 0.0625 pg/ml to 10 ng/ml. For inhibition experiments, 10 μM of LY294002, a PI3K
Inhibitor (Invitrogen, Grand Island, NY) and 10 nM of Insolution JAK inhibitor I, a pan
JAK inhibitor (EMD Chemicals, Gibbstown, NJ) were added during the conditioning period.

PhosFlow
T cells (0.5 × 106) were stimulated or not with anti-CD3 (1 μg/ml) and subsequent
crosslinking (rabbit anti-mouse Ig); fixed in BD Cytofix buffer; permeabilized by BD Perm
Buffer II; and stained for CD3, CD4, CD8 and the indicated signaling molecules. Data were
acquired on an LSR II or Fortessa flow cytometer and analyzed with FACS DIVA (BD
Biosciences) and/or FlowJo (Treestar, Ashland, OR) software.

Western Blot
T cells (3 × 106) were stimulated or not with anti-CD3 (1 μg/ml) and subsequent
crosslinking (rabbit anti-mouse Ig); lysed in cell lysis buffer (Cell Signaling, Beverly, MA)
adding 1:100 protease inhibitor cocktail (Sigma Aldrich, St Louis, MO) and 1 mM PMSF.
The lysates (20 μg) were subjected to SDS-PAGE and immunoblot analysis with a mAb
specific for the phosphorylated form of Erk1/2 (Cell Signaling). Membranes were stripped
with Restore Western Blot Stripping Buffer (Thermo Scientific, Rockford, IL) before
reblotting with an antibody recognizing total Erk1/2 protein (Cell Signaling).

T cell activation and differentiation assays
T cells (1 × 106 cells/ml) purified from blood by RosetteSep® negative selection were
conditioned with HC, washed and cultured for another 24 h in a 96-well flat-bottomed plates
coated with 1 μg/ml of anti-CD3 and anti-CD28 antibodies in the absence of cytokines.
CD25 and CD69 expression was assessed by FACS. For differentiation assays, naïve T cells
were purified by FACS sorting based on CD45RA and CD27 expression. Cells were then
conditioned with cytokines, washed and stimulated by TCR crosslinking in the absence of
cytokines as described above. After seven days of culture, cells were restimulated with 50
ng/ml of PMA and 1 μg/ml of Ionomycin in the presence of Brefeldin A for 5 h and stained
for intracellular cytokines per manufacturer’s suggestion (BD Biosciences).

Proliferative assays
CD4 T cells (2.5 × 106/ml) from healthy HLA-DR4+ or HLA-DR4− donors were stimulated
for seven days with 1 × 106/ml autologous adherent cells and 25 μg/ml vimentin 65–77
peptide (SAVRARSSVPGVR), VimR70Cit, SAVRACitSSVPGVR) (4) or 20 ug/ml the
melanocyte lineage specific glycoprotein gp100 44–59 peptide (WNRQLYPEWTEAQRLD)
(21) in the presence of 2.5 μg/ml anti-CD28 and anti-CD49d antibodies. Control cultures
were with medium only or 1 ug/ml IE63 overlapping peptide pool of varicella zoster virus
(VZV, JPT Peptide Technologies, Berlin, Germany). Proliferative responses were quantified
by 3H-thymidine incorporation.
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Transfection
T cells were transfected with control siRNA (AllStars Negative Control siRNA from
Qiagen, Valencia, CA) or siRNA for SOS-1 and SOS-2 (4 μg each, Santa Cruz
Biotechnology, Santa Cruz, CA) using the Amaxa Nucleofector system and the Human T
cell Nucleofector kit (Lonza AG, Cologne, Germany). Seventy-two hours following
transfection, cell numbers were adjusted, and T cells were stimulated as described.

Active RAS ELISA
Cytokine-conditioned T cells were washed and cell lysates were prepared by adding 1X
Mg2+ lysis/wash buffer included in the Ras GTPase Activation ELISA Kit from Millipore
(Billerica, MA). Lysates were transferred to a 1.5 ml tube and incubated on ice for 15 min
and resuspended thoroughly. After centrifugation at 14000 rpm for 10 min, supernatants
were collected and assayed for protein concentration using the Bradford assay. Ras GTPase
activity was measured by ELISA using the protocol recommended by the manufacturer
(Millipore).

Statistical analysis
Results were compared with one-way ANOVA. A level of p <0.05 was considered
significant.

RESULTS
Homeostatic but not inflammatory cytokines prime T cells to respond with increased ERK
signaling to TCR stimulation

We have recently reported that CD4 and CD8 T cells from rheumatoid arthritis (RA)
patients have hyperresponsive ERK activity upon T cell receptor stimulation (6). The
overactive ERK cascade was found in all T cell subsets including naïve, memory and
effector cells, raising the possibility of an underlying common factor, such as exposure to a
cytokine that is elevated in RA and may reset the rheostat controlling ERK activation.
Homeostatic cytokines (HC) such as IL-7 and IL-15 are critical for T cell survival, and
receptors are expressed on all human T cell subsets. Both cytokines are elevated in RA
patients, reflected by increased baseline phosphorylation of STAT5 in RA T cells. In
contrast, IL-6, also increased in RA, induces STAT3 preferentially in naïve CD4 T cells
suggesting a more restricted expression of the IL-6R (data not shown). T cells also express
receptors for inflammatory cytokines such as IL-1β and TNF-α; TNF-α has been implicated
in attenuating TCR signals and downregulating CD28 expression in RA T cells (7, 8). To
explore whether chronic exposure to one of these cytokines accounts for the recalibration of
the ERK pathway in RA, we compared their ability to modify the ERK response to TCR
stimulation. T cells from healthy donors were incubated with 10 ng/ml cytokine for 24 h,
washed and stimulated by crosslinking the CD3 complex. Activation of the ERK pathway
was assessed by PhosFlow or Western blotting. Conditioning T cells with TNF-α and IL-1β
had no significant impact on ERK phosphorylation (Fig. 1a). In contrast, conditioning T
cells with HC prior to TCR ligation sensitized the ERK pathway (Fig. 1b and c). Sensitizing
effects of IL-7 and IL-15 were seen in all T cell subsets. Homeostatic cytokines did not
directly induce ERK phosphorylation; short-term incubation with IL-7 or IL-15 did not
upregulate pERK (data not shown). Furthermore, basal pERK levels in T cells conditioned
with cytokines for 24 h were not significantly altered prior to TCR ligation.

Homeostatic cytokines render T cells hyperresponsive to TCR ligation
To examine whether the increased ERK response had functional consequences, T cells from
healthy donors were exposed to IL-7 and IL-15 and then stimulated by suboptimal
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crosslinking of CD3 and CD28 in the absence of cytokines. Induction of the activation
markers CD25 and CD69 was assessed by flow cytometry. Preincubation with either
cytokine enhanced induction of both activation markers to subsequent TCR triggering (Fig.
2a). A similar effect of HC pre-exposure was seen on T cell expansion. CFSE-loaded T cells
were cultured in anti-CD3/CD28 coated 96 well plates under suboptimal conditions that
were not sufficient for most T cells to enter the cell cycle (Fig. 2b). After priming with HC,
a subset of CD4 T cells and even a larger fraction of CD8 T cells proliferated suggesting that
pre-exposure to IL-7 or IL-15 increases signaling strength to TCR stimulation.

Since high TCR signaling strength is known to bias for Th1 polarization, we determined the
impact of HC cytokine priming on subsequent T cell differentiation. Naïve
CD27+CD45RA+ T cells were primed with HC for 24 h, washed and cultured in a 96-well
plate coated with antibodies against CD3/CD28 for seven days under non-polarizing
conditions. The expression of intracellular cytokines IL-2, IL-4, IFN-γ, IL-17 and TNF-α
was assessed after 5 h restimulation with PMA and ionomycin. Representative contour plots
are shown in Fig. 2c. Pretreatment with IL-7 or IL-15 favored differentiation into TNF-α–
and to a lesser extent IFN-γ–producing cells and disfavored production of IL-4. Production
of IL-17 was minimal under either condition (data not shown). The cytokine secretion
profile suggests that pre-exposure to HC enhances the development of multifunctional T
cells defined by IL-2+TNF-α+ phenotype (Fig. 2c, right hand column). As a consequence,
ratios of IL-4– to IFN-γ– and IL-4– to TNF-α–producing cells declined (Fig. 2d).

HC primed T cells overcome tolerance against auto-antigens
TCR threshold calibration by ERK is instrumental in the discrimination of self from foreign
antigens. Thymocytes lose their ability to respond to self-antigen, in part due to the
increased expression of DUSP5 and DUSP6 which dephosphorylate ERK (22). An ERK-
mediated feedback loop is also important for the distinction between agonistic and
antagonistic peptide-induced responses (23). To assess whether conditioning with HC and
the associated sensitization of the ERK pathway overcomes the normal non-responsiveness
to self-antigens, we examined CD4 T cell responses to citrullinated vimentin and
melanocyte gp100. Autoantibody responses against citrullinated proteins, including
vimentin and fibrinogen, are serological hallmarks of rheumatoid arthritis and correlated
with the disease-associated PTPN22 and HLA-DRB1*04 alleles (24). The glycoprotein
gp100 is a differentiation antigen shared between melanoma cells and normal melanocytes
(25). Peptides of these self-antigens that bind to HLA-DR4 have been mapped (26). PBMCs
from HLA-DRB1*04+ healthy subjects were stimulated with the native and the citrullinated
vimentin or the gp100 peptide. An overlapping peptide pool of the VZV IE63 protein to
which >99% of the US population has immunity was included as a control. Proliferative
responses were assessed by 3H-thymidine incorporation. Unconditioned T cells exhibited
low background proliferation to the native vimentin peptide and only slightly higher
responses to the citrullinated peptide. In contrast, priming with HC enabled autoreactive T
cell responses; preincubation with IL-7 and IL-15 facilitated a strong response to
citrullinated vimentin (Fig. 3a). Proliferative responses to the gp100 peptide paralleled those
to the native vimentin peptide. Stimulation with the VZV IE63 peptide pool elicited a
proliferative response without prior cytokine conditioning consistent with pre-existent
memory to these antigens. Of note, peptide concentrations used to examine the VZV
response were 2 logs lower than for the self-antigen peptides. Even for these memory
responses, priming with IL-7 or IL-15 prior to stimulation tended to increase the response
consistent with our observation in Fig. 1 that HC conditioning increases TCR-induced
signaling in all T cell subsets including memory T cells. Proliferative responses of PBMC
from HLA-DR4− individuals stimulated with native or citrullinated vimentin peptides did
not differ from the control cultures with medium alone (Fig. 3b) supporting the notion that
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the increased responses induced by IL-7 or IL-15 pre-incubation seen in HLA-DR4+

individuals (Fig. 3a) were antigen-specific.

HC priming is transient and involves PI3K pathway activation
IL-7 and IL-15 mainly function as transcriptional activators through the STAT5 pathway. To
gain insights into the mechanisms of TCR pathway sensitization by HC, we first addressed
the possibility that HC act by inducing the transcription of a molecule involved in regulating
ERK activity. In initial studies, transcriptional inhibitors such as actinomycin D were not
able to block the HC effect. Kinetic studies also provided evidence that the HC-mediated
effect on TCR signaling did not include transcriptional activation. T cells were incubated
with HC for 24 h, cytokines were washed off and T cells were incubated in the absence of
cytokines for various time intervals before being assayed for TCR-induced ERK
phosphorylation. HC-mediated upregulation of TCR signaling was transient and failed to
persist beyond 3 h (Fig. 4a) therefore suggesting that the effect does not involve
transcriptional activation by STAT5. Also in support of this interpretation, the common γ
chain homeostatic cytokine IL-21, which signals through STAT3 and not STAT5, had the
same effect as IL-7 and IL-15. Conditioning with IL-21 sensitized TCR signaling to respond
with increased ERK phosphorylation (Supp. Fig. 1)

To identify crosstalk between chronic IL-7/IL-15 stimulation and TCR-induced signaling
pathways, we analyzed the effect of pharmacological kinase inhibitors on HC priming. Cells
were cultured with HC in the absence and presence of inhibitors for 24 h, then washed and
stimulated by crosslinking of their CD3 complex for 5 min, at which point pERK was
quantified. The pan JAK inhibitor and the PI3K inhibitor LY294002 ablated the effects of
HC on ERK phosphorylation (Fig. 4b). These results suggest that HC priming involves
JAK-mediated PI3K activation.

HC priming amplifies TCR-induced ERK phosphorylation by activating a SOS-mediated
feedback loop

PI3K activation interfaces with the ERK pathway in the activation of RAS through RasGRP.
Indeed, chronic HC stimulation resulted in the accumulation of active RAS; an approximate
doubling was seen with chronic IL-7 as well as IL-15 exposure as determined with the
Millipore active RAS assay (Fig. 5a). TCR-induced ERK phosphorylation is initiated
through the activation of RAS by two guanine nucleotide exchange factors (GEFs), Ras-
GRP and SOS. While Ras-GRP provides an analog signal resulting in a linear increase in
pERK, SOS activates a positive feedback loop on becoming primed through the allosteric
binding of active RAS and therefore causes a digital increase of ERK phosphorylation (27).
Increased concentrations of active RAS may therefore activate the feedback loop, providing
the basis for heteroclitic memory as postulated by Chakraborty and colleagues (28). To
examine whether chronic stimulation with IL-7 or IL-15 provides an analog or digital signal
in increasing ERK phosphorylation, we examined the relationship between cytokine doses
and ERK responses to subsequent TCR stimulation. The results shown in Fig. 5b are
consistent with a digital signal. TCR stimulation of cells that were not pretreated with
cytokines yielded an increase in pERK in an approximately unimodal distribution.
Pretreatment with cytokines in increasing concentrations did not linearly shift this peak, but
caused a switch to a status of high ERK phosphorylation. These data are consistent with the
model of HC-induced RAS activation priming SOS. To confirm a role of SOS in HC
priming, we performed knockdown experiments using siRNA specific for SOS1 and SOS2.
T cells were transfected with siRNA, maintained for 72 h under nonproliferating conditions
to await the natural degradation of SOS, then stimulated with cytokines for 24 h and
subsequently stimulated with anti-CD3 antibodies. Although an effect of HC priming on
subsequent TCR-induced ERK responses was seen by PhosFlow for both control siRNA and
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SOS-specific siRNA transfected cells, it was lower in the T cells with reduced SOS
expression (Fig. 5c). Also, Western blot studies showed that SOS-silencing greatly reduced
the ERK phosphorylation signal in IL-15–primed cells while only minor differences were
seen for the unprimed cells (Fig. 5d).

DISCUSSION
We have previously shown that RA T cells have heightened TCR sensitivity due to
hyperactivity of the ERK pathway, and have proposed that the lowered TCR activation
threshold contributes to breach of tolerance and autoimmunity (6). The objective of the
current study was to determine whether cytokines known to be elevated in RA are able to
calibrate TCR activation threshold settings by modulating ERK responses in T cells from
healthy individuals, thus providing a mechanistic model for the signaling changes seen in
RA T cells. We found that the homeostatic cytokines IL-7 and IL-15, but not the
proinflammatory cytokines IL-1β and TNF-α are able to prime T cells to respond to
subsequent TCR engagement with increased ERK activation. As a consequence of cytokine
conditioning, T cell responses to weak activation signals are improved and responses to self-
antigens such as citrullinated peptides are enabled. Moreover, the increased TCR signal
strength skews T cell differentiation.

The negative results with TNF-α were to be expected. TNF-α is known to impair TCR
signaling through several mechanisms. It lowers expression of the TCR/CD3 complex, in
part due to selective targeting of the TCRζ chain. The TCRζ chain, which contains three
immunoreceptor tyrosine based activation motifs (ITAM), serves as an amplification module
by coupling signals from the TCR complex to downstream pathways (29). TNF-α also
attenuates tyrosine phosphorylation of the protein tyrosine kinase ZAP-70, the
transmembrane adaptor protein LAT and PLCγ, likely through the production of reactive
oxygen intermediates (29, 30). Chronic TNF-α exposure also acts as a potent downregulator
of CD28 expression thereby affecting costimulation and, preferentially, IL-2 production and
T cell proliferation (8, 31). In contrast, common γ chain cytokines are able to provide
costimulatory function; IL-2 produced in response to TCR and CD28 stimulation provides a
critical amplification of the PI3K/Akt signaling module and has been considered as a third
signal (32, 33). Costimulatory activity has also been ascribed to IL-7 and IL-15 (34–36). In a
normal T cell response, these cytokine-induced signals are not necessary for activation and
proliferation, but only for cell survival. However, under limiting costimulatory conditions
they provide an essential signal (37) which provides one conceptual framework for the use
of a JAK 3 inhibitor in the treatment of RA (19). These cytokine-mediated signals mostly
regulate the expansion of effector T cells and the acquisition of effector functions, but they
do not appear to contribute to the early stages of T cell activation and they do not enhance
memory induction (38).

In contrast to their action on T cell expansion and differentiation, where they deliver a signal
subsequent to TCR ligation, we addressed whether HC are able to prime T cell responses as
found in vivo under settings of IL-7– or IL-15–mediated T cell stimulation. Increased levels
of homeostatic cytokines have been observed in several conditions. Elevated amounts of
IL-15 are produced in numerous chronic inflammatory diseases including RA (39). IL-7,
induced under conditions of lymphopenia, is likely to elicit homeostatic proliferation in a
feedback loop (40–42). In our design, T cells were exposed to cytokines, washed and then
subsequently activated through TCR stimulation before they had either proliferated or
differentiated. The model, therefore, is different from what is observed with homeostatic
proliferation in murine models of extreme lymphopenia. Here, homeostatic proliferation
induced by recognition of self-antigens, concomitant with exposure to common γ chain
cytokines, drives naïve T cells to differentiate into memory-like cells that have a diminished
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requirement for CD28 costimulation and display effector functions such as rapid cytokine
production upon restimulation (40, 43, 44). The sensitization of T cell responsiveness
observed in our study was not dependent on IL-7– or IL-15–induced transcription. Based on
our findings, we propose that homeostatic cytokine-derived signals lower the TCR threshold
and facilitate the activation and expansion of autoreactive T cells leading to a peripheral
selection of repertoire in favor of T cells with TCR that have a higher affinity for self (45,
46). In addition, the increased signal strength favors inflammatory pathway commitments
rather than differentiation to regulatory or Th2 lineages.

Our interpretation is consistent with several animal models, where lymphopenia has been
shown to be a risk factor for autoimmunity. Lymphopenia is important for the pathogenesis
of autoimmune diabetes mellitus in the NOD mouse, as well as the biobreeding rat (47, 48).
Disease development in the NOD mouse is dependent on IL-21–mediated homeostatic
expansion of islet-specific T cells (47), a common γ chain cytokine that had a similar effect
in our studies as IL-7 and IL-15 (Supp. Fig. 1). IL-7 has been implicated in another model
by Calzascia et al who demonstrated that β-islet cell self-reactive CD4 T cells required IL-7
to induce overt diabetes mellitus (41).

The model of lymphopenia-associated autoimmunity is relevant for human disease (49). In
the immune reconstitution inflammatory syndrome [IRIS], the reconstitution of a functional
T cell compartment in HIV patients upon institution of highly active antiretroviral therapy
[HAART] causes a systemic inflammatory disease (50). Several lines of indirect evidence
also suggest that lymphopenia plays a role in the pathogenesis of rheumatoid arthritis (51). T
cells from RA patients have an increased susceptibility to undergo apoptosis that can be
attributed to defects in DNA repair mechanisms including telomerase and ATM deficiencies
(52). Augmented cell death puts the system under increased homeostatic stress, which could
explain why telomeres are age-inappropriately eroded, the T cell repertoire is contracted and
T cell receptor excision circles are diminished (53). Our data suggest a possible mechanism
for how lymphopenia-induced homeostatic stress might induce autoimmunity and synovial
inflammation. One major tolerance defect in RA patients involves the immune response to
neoantigens such as the citrullinated matrix proteins vimentin and fibrinogen (54, 55).
Autoantibodies to citrullinated peptides frequently emerge long before the onset of clinical
disease (56–58). In addition, elevations of serum IL-15 can precede disease onset by many
years, possibly due to subclinical lymphopenia (59). In our studies, T cell priming by
stimulation with IL-7 or IL-15 was sufficient to enable CD4 T cells from healthy HLA-DR4
individuals to respond to the citrullinated vimentin peptide that has been mapped as an
autoantigenic epitope in RA.

The mechanisms of homeostatic cytokine sensitization has some resemblance to the model
proposed for the recognition of agonistic versus antagonistic peptides as developed by
Stefanova, Germain and colleagues (60). In this model, ERK activity functions as an
important feedback loop to calibrate TCR activation thresholds. Agonistic peptides induce
sufficient ERK activity to phosphorylate Lck at Ser59 and thereby interfere with the
recruitment of SHP-1. In contrast, antagonistic peptides provide an initial activation signal
that is insufficient to activate this positive feedback loop. The ensuing SHP-1 recruitment
renders the T cells unresponsive to subsequent antigenic encounters (60). In analogy, IL-7 or
IL-15 stimulation for 16 h or longer sensitized the activation of the ERK module upon TCR
triggering and increased ERK phosphorylation enough to bypass the TCR signaling
threshold and enable the response to citrullinated vimentin (Fig. 6). In support of this model,
SHP-1 recruitment to the TCR signaling complex in RA T cells is reduced (6), as one would
expect from the studies by Stefanova and colleagues (60). Of particular interest, HC priming
as described here appears to be not the only pathway; several mechanisms exist in RA
patients that all converge on upregulating the ERK pathway. We have recently found
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increased transcription of B-RAF and K-RAS in RA T cells, which heightened the ERK
response and enabled autoreactive T cell proliferation (61).

Our initial studies showed that the cytokine effect was short-lived and did not include
transcriptional activation suggesting that IL-7– or IL-15–induced STAT5 phosphorylation
was not involved. In cytokine titration experiments, increasing cytokine concentrations had a
digital effect on ERK phosphorylation, i.e., at a stipulated cytokine dose ERK
phosphorylation switched from an intermediate to a high-level state implicating a positive
feedback loop. Such a feedback loop in ERK signaling has been postulated by Roose and
colleagues (28, 62). TCR stimulation initiates ERK activation through the RasGRP to
activate RAS. Allosteric binding of active RAS then primes SOS to generate additional
RAS-GTP molecules. Based on computer simulation, Roose proposed an interesting model
that this hysteresis in RAS production is a mechanism to confer short-term memory in T
cells, in that T cells remember very recent receptor engagements and that serial triggering of
the TCR culminates in suprathreshold signaling. Our data suggest that a similar effect is
accomplished by conditioning with homeostatic cytokines, which are able to activate
RasGRP through the PI3K – PLCγ axis. Indeed, the cytokine effect on subsequent ERK
activation was associated with accumulation of active RAS that is able to bind to RAF, and
was abrogated by PI3K inhibition. Moreover, the digital effect on ERK phosphorylation
induced by preincubation with IL-7 or IL-15 was sensitive to SOS silencing.

Based on our studies, we propose that transient TCR receptor calibration conferred by
increased concentrations of homeostatic cytokines contributes to a greater susceptibility to
autoimmunity in lymphopenic hosts. The mechanism may not only be important in the
initiation of the disease but also in its maintenance and perpetuation, since ongoing disease
activity and progression is dependent on the continuous activation of autoreactive T cells.
Interfering with this pathway may, therefore, prevent as well as treat disease consistent with
the recently observed therapeutic efficacy of the JAK inhibitor Tofacitinib in rheumatoid
arthritis (63). Tofacitinib preferentially inhibits JAK3 and therefore blocks STAT5 as well
as PI3K signals downstream of IL-7 and IL-15 stimulation. Our model may not be limited to
RA, where there is already evidence for defective T cell homeostasis and for
hyperresponsiveness of the ERK pathway; similar mechanisms are likely to be found in
other autoimmune diseases.
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Figure 1. Cytokine-mediated priming of TCR-induced ERK signaling
T cells were conditioned for 24 h with TNF-α, IL-1β (a), IL-7 or IL-15 (b and c). Cells
were washed and stimulated by anti-CD3 crosslinking. Phosphorylation of ERK was
analyzed for gated CD28+CD45RA+ CD4 and CD8 naïve and CD28+CD45RA− CD4 and
CD8 memory T cells without and 5 min after TCR stimulation. Mean fluorescence
intensities of pERK (MFI) are shown as mean ± SD of three to four experiments (b).
Phosphorylation of ERK was confirmed using Western blot (c). The experiment shown is
representative of three.
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Figure 2. Functional consequences of cytokine priming
(a) T cells conditioned with IL-7 or IL-15 were stimulated by crosslinking with anti-CD3/
CD28 and assessed for activation markers CD25 and CD69 after 24 h. Representative
histograms (left panel) are shown for negative FMO control (gray line), unconditioned
(dotted line), IL-7 (dashed line) and IL-15 conditioned T cells (solid line). Results from
three experiments are shown as mean ± SD (right panel). (b) T cells loaded with CFSE were
conditioned with IL-7 or IL-15. After 24 h, cytokines were washed off and the cells
transferred to anti-CD3/anti-CD28 coated plates. On day 7, cells were assessed for CFSE
dilution in CD4 and CD8 subsets. Histograms representative of four independent
experiments are shown. (c) FACS-sorted naïve T cells (CD27+CD45RA+) conditioned with
cytokines for 24 h were washed, transferred to anti-CD3/anti-CD28-coated plates and
cultured for 7d under non-polarizing conditions. On day 7, cells were restimulated with
ionomycin/PMA, and the frequency of cytokine-producing cells in CD4 and CD8 subsets
was assessed. Representative contour density plots (left panel) and ratios of IL-4/IFN-γ and
IL-4/TNF-α cytokine producing cells (right panel) are shown as mean ± SD from three
donors.
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Figure 3. Priming with IL-7 or IL-15 lowers tolerance against self-antigens
(a) PBMCs from HLA-DR4+ donors were cultured for seven days with native or
citrullinated vimentin peptides, melanocyte glycoprotein gp100 peptides or VZV IE63
peptide pool following conditioning with IL-7 or IL-15 for 24 h. 3H-thymidine was added at
day 6. (b) PBMCs from non-HLA-DR4+ donor were cultured for seven days with native or
citrullinated vimentin peptidesfollowing conditioning with cytokines. Data are shown as
mean ± SD counts per minute (cpm) of triplicates wells and are representative of four
experiments with PBMC from HLA-DR4+ and one experiment with PBMC from HLA-
DR4− individual.
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Figure 4. Cytokine-induced activation is mediated via the PI3K pathway and is short-lived
(a) T cells conditioned with IL-7 or IL-15 for 24 h were washed and rested for 0–3 h prior to
stimulation by crosslinking of CD3. Activation-induced ERK phosphorylation was
measured after 5 min using PhosFlow. Results are shown as mean fluorescence intensities
(MFIs) of pERK in T cells without (gray diamonds) or with prior cytokine exposure (black
squares). (b) T cells were conditioned with IL-7 or IL-15 for 24 h in the presence or absence
of 10 μM of the PI3K inhibitor LY294002 or 10 nM of pan JAK inhibitor. Cells were
washed, stimulated by crosslinking CD3 and assessed for pERK. Results are shown as mean
fluorescence intensities (MFIs) of pERK in T cells without (white bars) and with cytokine
exposure (black bars). Data are shown as mean ± SD of T cells from three individuals.
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Figure 5. IL-7 and IL-15 regulate T cell responsiveness by augmenting a positive feedback loop
involving SOS
(a) T cells conditioned with increasing concentrations of IL-7 or IL-15 for 24 h were tested
for TCR-induced ERK phosphorylation. Increased cytokine concentrations induced a
heteroclitic pERK response consistent with the activation of a feedback loop. (b) Active
RAS after cytokine priming was assessed using the Millipore active RAS ELISA kit. Results
are shown as mean ± SD of triplicate wells. (c and d) T cells were transfected with siRNA
specific for SOS-1 and SOS-2 or control siRNA. Seventy-two hours after transfection, T
cells were exposed to IL-15 for 24 h, washed and activated by CD3 crosslinking.
Phosphorylation of ERK was measured using PhosFlow (c) and Western blot (d). Each data
set is representative of three independent experiments.
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Figure 6. IL-7– or IL-15–mediated sensitization of TCR thresholds
The diagram illustrates proposed mechanisms how IL-7 and IL-15 priming enhance positive
feedback loops in TCR signaling resulting in a heightened T cell response that may
overcome non-responsiveness to autoantigens.
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