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Abstract

Inhibitors of calcineurin phosphatase activity (CNIs) such as cyclosporin A (CsA) are widely
used to treat tissue transplant rejection and acute graft-versus-host disease (aGVHD), for which
inhibition of NFAT-dependent gene expression is the mechanistic paradigm. We recently
reported that CNIs inhibit TCR-proximal signaling by preventing calcineurin-mediated
dephosphorylation of LckS59, an inhibitory modification, raising the possibility of another
mechanism by which CNIs suppress immune responses. Here we utilized T cells from mice that
express LckS59A, which cannot accept a phosphate at residue 59, to initiate aGVHD. Although
CsA inhibited NFAT-dependent gene upregulation in allo-aggressive T cells expressing either
LckWT or LckS59A, it was ineffective in treating disease when the T cells expressed LckS59A. Two
important NFAT-independent T cell functions were found to be CsA-resistant in LckS59A T cells:
upregulation of the cytolytic protein perforin in tissue-infiltrating CD8+ T cells and antigenspecific T:DC (dendritic cell) adhesion and clustering in lymph nodes. These results demonstrate
that effective treatment of aGVHD by CsA requires NFAT-independent inhibition of TCR
signaling. Given that NFATs are widely expressed and off-target effects are a major limitation in
CNI use, it is possible that targeting TCR-associated calcineurin directly may provide effective
therapies with less toxicity.
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Introduction

The suppression of immune responses is one of the pillars of therapeutic strategies to treat
autoimmunity, immune-mediated inflammatory diseases, and rejection of transplanted tissue (1–
3). Activated T cells play a central pathological role in these situations by a variety of
mechanisms, including the production of pro-inflammatory cytokines, expression of death
receptor ligands, and anti-self cytotoxicity. The major classes of immunosuppressive drugs
include (1) glucocorticoids, (2) mTOR inhibitors, (3) antiproliferative compounds, and (4)
calcineurin inhibitors (CNIs) (4). The last group is composed of cyclosporin A (CsA) and FK506
(Tacrolimus), therapeutic mainstays that have been used for more than 30 years (5). Whereas the
first three classes have wide-ranging effects on many cells types, the efficiency of CNIs is
thought to be primarily via their effect on the expansion and function of T cells, in particular by
inhibiting the production of IL-2 as well as effector cytokines such as TNFα, INFγ, and others
(6–8).
T cells are activated when their T cell antigen receptor (TCR) encounters its cognate antigen
presented by major histocompatibility complex (MHC)-encoded molecules on antigen-presenting
cells (APCs). Upon productive TCR engagement the Src family tyrosine kinase Lck is recruited
to the ligand-bound TCR and initiates a cascade of phosphorylation events that include tyrosine
phosphorylation of PLCg1. Activated PLC-γ1 hydrolyzes phosphatidylinositol 4,5-bisphosphate
(PIP2) to yield inositol 1,4,5-triphosphate (IP3), which binds its receptor on the endoplasmic
reticulum leading to the opening of Ca2+ channels and an increase in cytosolic Ca2+. The
resulting rise in intracellular calcium levels triggers the activation of Ca2+/calmodulin (CaM)dependent phosphatase calcineurin. Elevated cytosolic Ca2+ leads to the occupancy of all
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calcium-binding sites in CaM, which undergoes a significant conformational change and binds to
and activates calcineurin. The major target of activated calcineurin is the NFAT family of
transcription factors. NFATs are constitutively phosphorylated on many serine/threonine
residues, which causes them to reside in the cytoplasm. When dephosphorylated by
Ca2+/calmodulin-activated calcineurin, nuclear localization sequences are exposed and NFATs
translocate to the nucleus and upregulate the expression of target genes, which include many
important cytokines such as IL-2, IFNg, and TNFa, as well as cell surface molecules such as
CD40L, CD95 and CD25 (IL-2Ra) necessary for regulation of T cell-mediated immune
responses (9).
CNIs target calcineurin indirectly by forming complexes with cytosolic proteins known as
immunophilins: CsA-cyclophilin A and FK506-FKBP12. The complexes bind calcineurin and
prevent interaction with Ca2+/calmodulin, resulting in decreased catalytic activity (8, 10). It is a
generally accepted that CNIs prevent T cell proliferation and pro-inflammatory cytokine
production by inhibiting the calcineurin-NFAT pathway and thus NFAT-dependent gene
expression (11). However, another possible target has emerged from the recent finding that
calcineurin has a second major function in T cells, promoting early TCR-initiated signaling
pathways (12). Calcineurin is rapidly recruited to the TCR signaling complex, where it
dephosphorylates LckS59, a site that is phosphorylated as the result of a negative feedback loop
possibly involving ERKs (12, 13). Treatment with CsA or FK506 resulted in an increase in
phospho-LckS59 and diminished phosphorylation of important signaling intermediates such as
ZAP-70Y493, LATY171, and SLP-76. Experiments with transfected Jurkat T leukemic cells
expressing LckS59A (which cannot accept a phosphate at residue 59) found increased
phosphorylation and activation of signaling molecules such as LckY394, ZAP70Y493, ZAP70Y319
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and p38T180/Y182, confirming that phosphorylation of LckS59 is an inhibitory modification (12).
Importantly, CsA was shown to inhibit activation-induced LFA-1-ICAM1-dependent T cell:APC
adhesion, a necessary step in T priming and activation. This adhesion, which occurs within
minutes of activation, was independent of NFAT-mediated gene transcription. Moreover, Jurkat
T cells expressing LckS59A were resistant to CsA (12), which identified proximal TCR signaling
and upregulation of LFA-1 affinity as a new target for CNIs. The findings raise the question of
how CNIs actually mediate clinical immunosuppression. Is it by the present paradigm (inhibition
of NFAT-dependent gene transcription), inhibition of LckS59 dephosphorylation, or a
combination of the two? Here we addressed this by comparing the therapeutic efficacy of CsA
for acute graft-vs-host disease (aGVHD), in which the pathology is largely due to inflammatory
mediators and perforin/granzyme B or Fas/FasL-mediated cytotoxicity, in mice expressing WT
Lck or LckS59A. Although treatment with CsA reduced expression of the NFAT-dependent genes
IL-2 and IFNγ to the same degree in T cells of both genotypes, LckS59A responded much less
well to the therapeutic effect of CsA than WT mice, which correlated with increased T cell
infiltration in target organs and greater immunopathology as well as failure to inhibit several
important T cell effector functions. Thus, the therapeutic effect of CsA in aGVHD requires its
inhibition of LckS59 dephosphorylation by calcineurin.
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Results

Characterization of LckS59A-expressing primary T cells
We previously reported that calcineurin enzymatic activity was required for the normal
propagation of signals initiated by TCR ligation, and used human Jurkat leukemia cells
expressing mutated forms of Lck to identify dephosphorylation of Ser 59 (LckS59) as the
mechanism (12). To study the consequences of calcineurin inhibition in physiologic settings we
obtained knock-in mice in which Ser 59 has been replaced with Ala, precluding phosphorylation
at this site (LckS59A). These mice are healthy, have a normal distribution and number of αβ
thymocytes and mature T cells, and have normal expression of activation and memory markers
(14). To investigate proximal TCR signaling, T cells purified from lymph nodes were activated
by crosslinking of antibodies to CD3. This results in the phosphorylation of LckY394 and a
subsequent cascade of tyrosine phosphorylation events leading to initiation of T cell functions.
As shown in Fig. 1, TCR crosslinking of WT T cells resulted in rapid phosphorylation of LckY394
(detected by a cross-reactive antibody against murine SrcY416), ZAP70Y493, ZAP70Y319, LATY171,
PLCg1Y783 and p38T180/Y182. As observed with Jurkat cells expressing LckS59A (12), these
signaling events were enhanced in LckS59A-expressing primary mouse T cells. Phosphorylation
of a subset of these events, ZAP70Y493, LAT Y171, and p38T180/Y182 was shown to be inhibited by
CsA. Notably, whereas CsA reduced phosphorylation of these signaling molecules in WT T
cells, LckS59A T cells were insensitive (Figure 1). Thus, just as in Jurkat T leukemia cells
calcineurin-mediated dephosphorylation of LckS59 occurs early in the primary T cell activation
pathway.
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NFAT activation is normal and CsA-sensitive in LckS59A T cells
To unambiguously interpret functional results obtained with LckS59A T cells, one must be
certain that this mutation does not affect activation of the best-characterized target of calcineurin,
NFAT. NFAT1 is constitutively expressed in T cells and, once dephosphorylated by calcineurin,
translocates into the nucleus and regulates transcription of target genes (15, 16). This was
assessed in primary T cells using imaging flow cytometry, in which the intracellular localization
of proteins of interest can be detected at a single cell level. Purified T cells from WT and LckS59A
mice were stimulated with anti-CD3 and NFAT1 distribution was imaged at 30 min. At 30 min
NFAT1 was found to be translocated to the nucleus in approximately 30% of CD4+ WT and
LckS59A T cells (Figure 2, A and B). This was, as expected, prevented by inhibiting calcineurin.
The degree of NFAT1 translocation in LckS59A T cells was similar to WT and was also blocked
by CsA (Figure 2B). Similar results were obtained in both CD8+ T cells (Figure 2C). A perhaps
more relevant way to assess the effect of calcineurin on NFAT is to quantitate the expression of
NFAT-dependent gene products such as CD69 (17), CD25 (IL-2Ra) (18) , IL-2 (19, 20), and
IFNg (21, 22) . CD69 and CD25, two early T cell activation markers, were equally upregulated
upon stimulation in both WT Lck and LckS59A T cells. Consistent with NFAT1 nuclear
translocation, in the presence of CsA both decreased in a CsA-dose dependent manner (Figure
2D). The production of IL-2 and IFNγ, two critical effector cytokines, was similarly inhibited by
CsA in both WT and LckS59A T cells under the stimulation with plate-coated anti-CD3 (Figure
2E). To assess this in a more physiological context we crossed LckS59A mice with P14 mice,
which express an αβ TCR specific for the lymphocytic choriomeningitis virus (LCMV)-derived
peptide, gp33 (residues 33–41), presented in the context of H-2Db (P14-LckWT and P14-LckS59A
mice). When stimulated with gp33 both P14-LckWT and P14-LckS59A CD8+ T cells expressed
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similar levels of CD69 and CD25, and these activation markers were suppressed in a CsA-dose
dependent manner (Figure 2F). Furthermore, both P14-LckWT and P14-LckS59A CD8+ T cells
produced equivalent amounts of IL-2 and IFNg in the absence of CsA, which was inhibited to the
same degree by CsA (Figure 2G). These results demonstrate that expression of LckS59A has no
apparent effect on TCR-signaled upregulation of NFAT activity and susceptibility to inhibition
by CsA.

Differential sensitivity of activated WT and LckS59A T cells to CsA
As shown in Figure 2, activation responses that directly affect NFAT (such as nuclear
translocation) and that are downstream targets of NFAT (such as IL-2 and IFNγ production)
were affected equally in WT and LckS59A T cells. To investigate a critical and more complex
response we determined the sensitivity of cell proliferation, which relies on the coordinated
regulation of cell cycle progression factors, cell division, and the influence of growth and cell
survival factors, to CsA. Purified CD8+ P14-LckWT and P14-LckS59A T cells were labeled with
CellTrace Violet and stimulated with dendritic cells (DCs) pulsed with gp33 (Figure 3A).
Antigen-induced proliferation of T cells of both genotypes was similar in the absence of CsA.
However, there was a marked difference in their sensitivities to CsA. The division of WT Lck T
cells was largely prevented by 1 ng/ml CsA whereas a similar degree of inhibition for P14LckS59A T cells was only achieved at 30 ng/ml CsA (upper panel). Comparing the percent
divided (how many cells committed to division, Figure 3B) and the expansion index (the foldexpansion of the overall culture, Figure 3C) in multiple experiments showed that the T cells
expressing LckS59A were approximately 10-fold less sensitive to CsA than those with LckWT.
This result indicates that although T cell proliferation is inhibited by CsA when Lck is not a
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calcineurin target, it is far less effective than when calcineurin can act at the level of TCR
proximal signaling.

Inhibition of TCR signaling is an important mechanism of CsA-mediated immunosuppression
The observation that CsA targets T cell signaling raised the possibility that
immunosuppression by CsA might be mediated at least in part by its effects on TCR-mediated
but NFAT-independent transcriptional events. One of CsA's main clinical applications is
treatment of aGVHD in patients receiving allogeneic stem-cell transplants (23–25). We
determined the effect of CsA in murine parent-into-F1 induced aGVHD. Lethally irradiated
BAF1 (H-2a/b) mice were transplanted with T cell depleted-bone marrow (TCD-BM) cells and
lymph node cells from WT or LckS59A MHC-haploidentical B6 (H-2b) donors. Negative controls
were BAF1 mice transplanted with TCD-BM without mature lymph node cells from WT B6
donors. CsA was administered from the time of transfer (day 0). The degree of clinical aGVHD
was assessed by a scoring system that sums changes in 5 clinical parameters such as weight loss,
hunched posture, diarrhea, fur texture and skin integrity. BAF1 mice receiving either WT or
LckS59A B6 T cells developed signs of aGVHD by 7 days, and thereafter their scores followed a
biphasic course, initially diminishing and then increasing, a pattern that has been observed before
in semi-allogenic transplantation (26). This represented aGVHD, because mice receiving just
TCD-BM remained disease-free. As expected, CsA substantially reduced aGVHD in mice
receiving LckWT T cells, and after 4 weeks the animals remained almost disease-free as judged
by clinical score (Figure 4A). In mice receiving LckS59A donor cells, on the other hand, more
severe clinical scores were observed than in mice receiving WT donor cells (Figure 4B).
Surprisingly, CsA actually aggravated aGVHD, as shown by the clinical score and mortality
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(Figure 4C). We also evaluated aGVHD pathology of liver at 30 days after donor cell transfer.
Consistent with clinical scores, liver pathology in mice receiving WT cells was substantially
prevented by CsA whereas mice receiving LckS59A donor cells had severe liver damage in both
untreated and CsA-treated mice (Figure 4, D and E).
Infiltrating cells from liver, one of the tissues affect in aGVHD mice, were isolated at the
early time point of aGVHD (at day 7 after cell transfer) and analyzed. Although there was a
considerable range, large numbers of infiltrating donor T cells were found in the livers of most
WT mice, and their numbers were markedly reduced by treatment with CsA (Figure 4F).
Although there were similar numbers of infiltrating LckS59A donor T cells, their numbers were
unaffected by CsA treatment (Figure 4F). This was true for both CD4+ and CD8+ T cells. Similar
results were obtained in the spleen (Supplemental Figure 1A). The inhibition of NFATdependent cytokine productions is a generally accepted mechanism of CsA immunosuppression.
To determine if NFAT-dependent functions were unequally affected by CsA in WT and LckS59A
donor T cells, the expression of the activation marker CD69 and the cytokines IL-2 and IFNg
were assessed in liver-infiltrating T cells (Figure 4, G and H). Each of these NFAT-regulated
gene products was suppressed by treatment with CsA in liver infiltrating WT and LckS59A donor
T cells. Similar results were found with donor T cells in the spleen (Supplemental Figure 1, B
and C). We also evaluated the liver infiltrating cells at the end of observation periods (day 30
after donor cell transfer), which was found to be increasing clinical signs of aGVHD. Consistent
with clinical scores, we observed similar number of liver infiltrating WT and LckS59A donor T
cells from CsA-untreated aGVHD mice, and treatment with CsA inhibited WT donor T cell
infiltration but not LckS59A donor (Supplemental Figure 2A). IL-2 and IFNg production by
intrahepatic WT and LckS59A donor T cells at 30 days was lower even in untreated aGVHD mice
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as compared to day 7, and there were no differences between CsA-untreated and treated aGVHD
mice (Supplemental Figure 2B). This early peak (within 1-2 weeks) of cytokine production in
aGVHD mice has been observed before (27, 28). Together, these data indicate that CsAmediated immunosuppression highly relies on inhibition TCR proximal signaling and not NFAT
activation.
CsA exacerbated rather than reduced aGVHD in mice receiving LckS59A donor cells (Figure
4, A-C). This might be due to CsA-induced reductions in the number of Foxp3+ Tregs (29),
which is probably due to suppression of NFAT-dependent IL-2 production (20, 30) and/or direct
inhibition of NFAT-regulated Foxp3 expression (31). We found that CsA suppressed the
percentage of liver-infiltrating CD4+Foxp3+ Tregs in aGVHD regardless of whether the
recipients had received WT or LckS59A donor cells (Supplemental Figure 2C). Thus, it seems
likely that the loss of Treg immunomodulation coupled with the failure of CsA to inhibit T cell
infiltration (Figure 4F) accounts for increased aGVHD in LckS59 cell recipients treated with CsA.

CsA reduced perforin expression via the suppression of TCR signaling
Organ damage in aGVHD is mediated by inflammatory mediators and cytotoxic cellular
effectors such as Fas/Fas ligand (FasL) and perforin/granzyme cytolytic pathways (32–34).
Because Fas/FasL expression is known to be NFAT-dependent (35, 36), we focused on the
expression of perforin and granzyme B, whose expression are known to be inhibited by CsA in
vitro (37, 38) and in vivo (39). Interactions of CD8+ cytotoxic T cells (CTLs) with target cells
results in the release of perforins and granzymes leading to target cell lysis (40). Cytotoxic
granule membranes contain the transmembrane protein CD107a, and its expression on the cell
surface is a marker of degranulation (i.e., the delivery of cytotoxic mediators to the extracellular
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space). As shown in Figure 5A, expression of CD107a was elevated similarly on both WT and
LckS59A intrahepatic donor CD8+ T cells, regardless of whether the mice received CsA or not.
Granzyme B was also upregulated in aGVHD. Its expression was modestly reduced by CsA in
mice receiving both WT and LckS59A cells (Figure 5B). Finally, expression of perforin, which is
required to create holes in the target cell membrane, was strongly inhibited by CsA in WT but
not LckS59A CD8+ T cells (Figure 5C). Similar results were found in the spleen (Supplemental
Figure 3). We conclude that in aGVHD whereas cytotoxic cell degranulation was calcineurinindependent, perforin expression was sensitive to CsA-mediated inhibition of TCR proximal
signaling. This was supported by the in vitro finding that perforin expression in WT but not
LckS59A CD8+ T cells was sensitive to 10 ng/ml CsA (Figure 5D). Thus, perforin expression, like
upregulation of LFA-1 affinity for ICAM1, is CsA-sensitive due to inhibition of calcineurin
activity in the TCR signaling complex.

CsA inhibition of activation-induced LFA-1/ICAM1 adhesion is due to its effects on T cell
signaling
LFA-1-ICAM1-dependent T cell adhesion is a transcription-independent biological function
(12). Previously, we found that Jurkat cell adhesion to ICAM1-coated plates following anti-CD3
mediated activation was inhibited by pre-treatment with CsA, but LckS59A-expressing Jurkat cells
were partially resistant (12). To determine the mechanism for CsA inhibition of integrinmediated adhesion in a physiologic setting we used CD4+ T cells from WT and LckS59A mice that
were crossed to mice bearing the AND transgenic TCR specific for cytochrome c presented by
the MHC class II molecule I-Ek (AND-LckWT and AND-LckS59A mice). Adherent fibroblastderived DCEK cells that stably express I-Ek and ICAM1 pulsed with nothing or moth
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cytochrome c (MCC) peptide were used as antigen-presenting cells (APC). The addition of MCC
peptide caused AND-LckWT cells to adhere to the ICAM1-expressing DCEK cells, which was
largely prevented by pre-incubation with CsA (Figure 6A). Notably, AND T cells heterozygous
for LckS59A had partially resistant to CsA, T cells homozygous for LckS59A mouse T cells were
completely insensitive (Figure 6A). This was not specific to CD4+ T cells, because the same
pattern was observed with MHCI-restricted CD8+ P14-Lck T cells using DCEK-Db cells, which
express H-2Db (Figure 6B). These results show that with primary T cells TCR-induced integrinmediated adhesion is completely dependent on dephosphorylation of LckS59 by calcineurin, and it
is at this level that CsA exerts its effects.
In clinical settings calcineurin inhibitors, such as CsA are typically used to inhibit an
ongoing immune response. We asked if CsA can reverse existing T cell:APC interactions. AND
T cells were co-cultured with MCC p-pulsed DCEK cells for 30 min to allow adhesion to occur.
CsA was then added and the numbers of adherent T cells was measured over time (Supplemental
Figure 4A). A large decrease in the number of adherent T cells was observed as early as 10 min
after calcineurin inhibition. As seen with pre-treatment, AND-LckS59A T cell adhesion was not
reversed by CsA (Supplemental Figure 4A). The same results were obtained by the same
experiments using CD8+ P14-LckWT and P14- LckS59A T cells (Supplemental Figure 4B).
Furthermore, the rapid reversal of established T:APC interactions was not species-specific in that
it was observed with primary human T cells (Supplemental Figure 4C). Activation following
TCR engagement leads to inside-out signaling, in which the Thr-758 in the intracellular domain
of LFA-1 is phosphorylated, which rapidly results in conformational changes in the extracellular
portion of the molecule that enhance its affinity for ICAM1 (41, 42). Consistent with the
functional observations, the increased phosphorylation of LFA-1T758 which rapidly decreased
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within minutes after the treatment of CsA in primary human T cells (Supplemental Figure 4D).
Together, these results indicate ongoing TCR signaling is necessary to maintain high affinity
LFA-1/ICAM1 interactions, and dampening of this by inhibiting calcineurin-mediated
dephosphorylation of LckS59 results in rapid reversal of T:APC adhesion.

CsA inhibits stable antigen-driven T:DC interactions in vivo via its effects on TCR signaling
The upregulation of LFA-1 affinity for ICAM1 is required for the formation of stable T:DC
conjugates and initiation of effective T cell activation (41). The finding that CsA inhibits this in
vitro by preventing LckS59 dephosphorylation (Dutta et al. and Figure 6) raised the possibility
that such a mechanism could contribute to its immunosuppressive activity in vivo. To visualize
physiologic T:DC interactions we labeled naïve T cells from antigen-specific TCR transgenic
mice with CellTracker Green CMFDA dye and peptide-pulsed bone marrow-derived DCs with
CellTracker Deep Red dye. The labeled DCs were injected s.c. into footpads and allowed to
migrate to the draining popliteal lymph nodes (LN). Eighteen to twenty hr later labeled T cells
were injected i.v., and after an interval to allow the T cells to migrate and interact with DC the
draining popliteal LNs were removed and imaged using two photon microscopy. Two hr after
injecting P14 CD8+ T cells we observed large numbers of both DC and T cells in the popliteal
LN (Figure 7A and Supplemental Figure 5), and approximately 10% of T:DC clusters were
observed when the DC had been pulsed with gp33, but few T:DC clusters when the DC had been
pulsed with the irrelevant antigen, OVA-p. At 3 hr more gp33-pulsed DCs, approximately 20%,
interact with three or more P14 CD8+ T cells, which are indicated with white arrowheads (Figure
7, A and B). Similar percentages of T:DC clusters were observed at 4 and 6 hr (Figure 7B). As
with the percentage, the size of the clusters grew from 2 to 3 hr and then remained stable,
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indicating that T:DC cluster formation matured by 3 hr and thereafter was maintained for at least
3 more hours (Figure 7C). To study the effect of calcineurin inhibition, mice were injected with
CsA the day before and again at the time of T cell transfer. Treatment with CsA reduced the
number of clusters by 64% (3 hr) and 60% (6 hr) (Figure 7, E and H), as well as T:DC cluster
sizes (Figure 7, F and I). The effect of CsA on antigen-specific CD4+ T cell:DC clusters was
addressed with MHCII-restricted CD4+ AND T cells. We found that at 6 hr after T cell injection
AND CD4+ T cells formed fewer and smaller clusters with antigen-pulsed DC than P14 CD8+ T
cells. Nonetheless, CsA reduced the percentage of antigen-pulsed DC in T cell clusters and the
size of the clusters that did form (Supplemental Figure 6, A-C).
Because the in vitro experiments concluded that CsA rapidly exerts its effects on adhesion,
we evaluated the effect of treating the mice with CsA just one hour before removing the draining
LNs, which would minimize the possibility that any effects could be mediated by inhibition of
NFAT and new gene expression. Injection of CsA at 2 hr, at a time before T:DC clusters had
matured (Figure 7, B and C), inhibited the percentage of P14 CD8+ T:DC clusters and reduced
their size one hour later (Figure 7, J-L). To determine if the CsA effect was due to inhibition of
calcineurin-mediated LckS59 dephosphorylation, we utilized P14-LckS59A T cells. P14-LckS59A T
cells formed clusters with ~25% of gp33-pulsed DC at 3 hr, similar to what was observed with
P14-LckWT T cells. Notably, however, P14-LckS59A T cell:DC clusters was unaffected by
treatment with CsA (Figure 7, K and L). We conclude that antigen-specific LN T:DC adhesion
and clustering requires that calcineurin dephosphorylate of LckS59 in the TCR signaling complex,
which is prevented by CsA.
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Discussion

A series of studies in the early 1990's provided a molecular basis for the immunosuppressive
activity of CsA: (1) CsA inhibits NFAT nuclear translocation (7), (2) Ca2+/CaM-regulated
calcineurin dephosphorylates and allows NFAT nuclear translocation (43, 44), and (3)
calcineurin catalytic activity is inhibited by CsA (8). These are the basis of the paradigm that
CsA and other CNIs exert their immunosuppressive effects by inhibiting the upregulation of
NFAT-dependent genes (45). The recent finding that calcineurin, as a component of the TCR
signaling complex, positively regulates T cell activation by preventing the inhibitory
phosphorylation of LckS59 provides another potential mechanism by which CNIs might
immunosuppress (12). In the present study mice expressing LckS59A (non-phosphorylatable at
serine 59 and thus not a calcineurin target) were used to ask which T cell effector pathways were
CsA-sensitive (presumably NFAT-dependent) and which were resistant (TCR-dependent and
NFAT-independent). As expected, CsA inhibited production of cytokines known to be
transcriptionally upregulated by NFATs in activated LckS59A T cells. However, two events
critical for induction of T cell effector function, activation-induced LFA1-dependent T:DC
adhesion and upregulation of the cytotoxic pore-forming molecule perforin, were either entirely
or partially insensitive to CsA. Furthermore, and contrary to the current view of CsA's primary
mechanism of action, despite inhibiting NFAT-dependent targets CsA was ineffective in treating
aGVHD in mice receiving LckS59A allo-reactive T cells. These results paint a more complex
picture of how CNIs affect immune response with a focus on their ability to disrupt early TCR
signaling.
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aGVHD is a major complication of allogeneic hematopoietic stem cell transplantation
(HSCT), a well-established therapy for malignant and nonmalignant hematologic diseases (46).
aGVHD is a T-cell mediated disease with damage to organs such as liver, skin, and the
gastrointestinal tract, and CNIs are among the standard therapies because of their potent
inhibition of T cell functions. The activation of antigen-specific T cells requires that they form
stable interactions with antigen-bearing APCs via binding of T cell LFA-1 to APC cell-surface
ICAM1 (41, 47). LFA-1 is a constitutively-expressed heterodimeric adhesion molecule
composed of two chains, CD11a (aL) and CD18 (b2), which upon T cell rapidly undergo
conformational changes that increase the affinity for ICAM1 (41). Antibody blockade of LFA-1
or knockout of CD18 inhibits antigen-induced T proliferation, cytokine production, and
differentiation into Th1 cells (47, 48). Consistent with in vitro observations, blockade of LFA-1
ameliorated disease in in vivo disease models such as acute and chronic GVHD(49, 50),
collagen-induced arthritis (51), and EAE (52). In the case of aGVHD, mice receiving CD11a-/- or
CD18-/- donor T cells had significantly less morbidity and mortality compared with recipients of
WT T cells (53, 54), and treatment with anti-ICAM1 or anti-LFA-1 antibodies also reduced
aGVHD severity and enhanced survival (49, 50). We previously reported that CNIs inhibited
phosphorylation of CD18T758 and Jurkat and primary T cell adhesion to ICAM1-coated wells or
ICAM1-expressing APCs. Although suggestive, the question of whether CNIs prevent one of the
very earliest and NFAT-independent (12) steps in T cell activation in vivo has not been
addressed. Using 2-photon lymph node imaging we were able to directly demonstrate timedependent increases in antigen-specific T cell clustering around antigen-bearing DC and found
that it was indeed sensitive to CsA, even when given only one hr before measurement.
Importantly, CsA was unable to inhibit antigen-specific LckS59A T:DC clustering, which
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correlated with its relative inability to control aGVHD. Given that central importance of T:DC
adhesion in both normal and pathological immune responses, it seems highly likely that much of
the effectiveness of CNIs in treating aGVHD is via their ability to hinder TCRdependent/NFAT-independent LFA-1-mediated T:APC interactions.
One of the cellular mechanisms leading to tissue damage in aGVHD is T cell cytotoxicity
(32). The major mechanism by which CD8+ T cells kill is directed release of granules containing
cytotoxic molecules such as perforin and granzymes. Perforin creates a pore-like structure in the
plasma membrane of target cells and is indispensable for the delivery of granzymes and other
lethal granule products (55). CD8+ T cells from perforin-deficient mice have significantly
reduced cytotoxic activity and the animals are unable to clear viral infections (56). CNIs are
known to inhibit the expression of perforin and cytotoxic granule-mediated killing (37). Because
the Prf1 promoter contains an NFAT binding site, inhibition of NFAT signaling has been
thought to be the molecular explanation for its CsA sensitivity (57). However, we found that
expression of perforin in LckS59A CD8+ T cells, both in vitro and in the tissue of mice undergoing
aGVHD, was relatively insensitive to CsA. This result is in agreement with another study in
which activated NFAT1-deficient CD8+ T cells had cytolytic activity comparable to activated
WT CD8+ T cells (58). Furthermore, although a marked decrease in killing ability was observed
in activated NFAT2-deficient T cells, transcript levels of Prf1 genes encoding the most
prominent perforins in CTLs were unaffected (58). The question then arises of how does CsA
inhibit perforin expression. RNA-seq analysis of Runx3-/- P14 CD8+ effector T cells purified
from mice infected with LCMV-Armstrong suggested that Runx3 controls genes related to
cytotoxic machinery including Prf1 and Gzm (59). Furthermore, using Runx3-/- CD8+ T cells it
was shown that Runx3 cooperates with Eomes to bind the Prf1 locus following stimulation,

18

resulting in perforin upregulation (60). Runx3 is highly expressed in resting peripheral CD8+ T
cells whereas Eomes is induced by TCR stimulation. Thus, it is possible that inhibitory LckS59
phosphorylation disrupts NFAT-independent signaling pathways that upregulate Eomes, which
would account for the insensitivity of LckS59A T cells and mice to CsA.
Because of their importance in regulating many activation-induced T cell genes, NFATs have
been targeted by several different approaches. Although indirect inhibition by CNIs is most
common, agents that directly target NFATs have been developed and have met with some
success in animal models. The NFAT inhibitory peptide VIVIT contains a region mimicking the
major calcineurin-docking site on NFATs, and prevents calcineurin binding without impairing its
catalytic activity (19). Cell-permeable VIVIT-based peptides reduced rejection of allogeneic islet
transplants in mice (61), alleviated allergic airway inflammation and hyper-responsiveness in
ovalbumin-induced asthma (62), and ameliorated experimental autoimmune encephalomyelitis
(EAE) (63). Although these results demonstrate that inhibitors of NFAT can immunosuppress in
vivo, a direct comparison with CNIs such as CsA and FK506 was not made and so relative
efficacies could not be assessed. We found that despite equivalent NFAT inhibition in WT and
LckS59A T cells, aGVHD in mice receiving the latter was resistant to CsA, demonstrating that the
beneficial effect of calcineurin inhibition was largely due to inhibition of TCR signaling events.
The differences between this and the earlier reports may be explained in part by differences in
disease pathophysiology. Perforin-dependent cytotoxicity is a major factor in aGVHD survival
and pathophysiology (64–66). One of the notable findings in the present study was that CsA
reduced perforin expression in tissue-infiltrating WT but not LckS59A CD8+ T cells even though
NFAT-dependent cytokines such as IFNg and IL-2 were equally inhibited. The response of
perforin expression but not cytokine production to CsA correlated with the immunopathology
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scores. In contrast, CD8+ T cells and their perforin-dependent cytotoxicity appear to have a less
important role in EAE (67) and asthma (68), where the pathology of these diseases is highly
dependent on cytokines. The ability of CNIs to inhibit TCR signaling and thus perforin
expression might be especially important in diseases in which cytotoxicity is a major component.
Our data indicate calcineurin contributes to distinct molecular pathways depending on
whether it acts at the level of the TCR (T cell proliferation, LFA-1 activation, perforin
production) or NFATs (cytokine production, such as that of IL-2 and IFNg). Previous reports
have demonstrated that TCR signaling pathways initiating cytokine production and T cell
proliferation are separable, with a TCR/Vav/Notch-driven pathway leading to c-Myc expression
and cell proliferation but not cytokine production (69). Given that Notch has also been shown to
interact with Lck (70), it possible that the effect of calcineurin in the TCR is a part of the
TCR/Vav/Notch pathway. Previous data using the NFAT-specific inhibitor VIVIT are also
consistent with the possibility that some CsA-sensitive events are driven by NFAT-independent
mechanisms. For example, CsA-sensitive cytokines such as IL-2, IL-13, IL-3, TNF-a, and GMCSF are inhibited by VIVIT, whereas TNF-b and LT-b are not (19). Furthermore, whereas CsA
inhibited Th1, Th2, and Th17 differentiation and generation of induced Tregs (iTreg), VIVIT
inhibited only Th1 and Th17 differentiation without affecting Th2 and iTregs (63). Further
studies with LckS59A T cells should allow a better appreciation of which calcineurin targets
regulate different CsA-sensitive signaling pathways.
The results in this report demonstrated that the effective therapeutic effect of CsA in aGVHD
is largely independent of NFAT inhibition but rather due to inhibition of proximal T cell
signaling and its downstream sequelae. In particular, two TCR-dependent and NFATindependent mechanisms of CsA’s immunosuppression were observed, inhibition of LFA-1-
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dependent T:DC adhesion and perforin expression. NFAT expression is not restricted to T cells,
and a major limitation of CNI treatment is off-target toxicity, in particular kidney damage but
also including hypertension, dyslipidemias, and neurological abnormalities (71, 72). It is
conceivable that approaches that inhibit calcineurin in the TCR complex, for example by
disrupting its recruitment to the signaled receptor, without globally affecting NFAT activation
might be an effective intervention with fewer side effects in autoimmune diseases.
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Methods
Mice
C57BL/6 (B6, H-2b), B10.A (H-2a), and Rag2-/- AND TCRab-transgenic mice used for the
studies were bred in our facility. P14 TCR-transgenic mice were obtained from The Jackson
Laboratory and LckS59A knock-in mice (international strain designation C57BL/6-Lcktm3Mal) (14)
were from the European Mouse Mutant Archive (EMMA). P14-LckS59A, AND-LckS59A, and
(B6xB10.A)F1 (termed BAF1) mice were obtained by breeding in our facility. Experiments used
both male and female mice between 6 and 12 weeks of age. For aGVHD, donors and recipients
were sex-matched.

Antibodies and reagents
For immunoblot analysis, rabbit antibodies purchased from Cell Signaling Technologies were
used: anti-phosphorylated ZAP-70Y319 (2701), anti-phosphorylated PLC-γ1Y783 (2821), antiphosphorylated LATY171 (3581), anti-phosphorylated ZAP-70Y493 (2704), anti-ZAP-70 (clone
99F2; 2705), anti-phosphorylated SRCY416 (2101), anti-phosphorylated p38T180/Y182 (9211), and
anti-p38 MAPK (9212); anti-phosphorylated CD18T758 (63388) was purchased from Abcam.
These antibodies were used at a dilution of 1:1000. The following antibodies were used for flow
cytometric analysis at a concentration of 1:100: FITC-conjugated anti-CD8α (53-6.7, 11-008185), PE-conjugated anti-IFNg (XMG1.2, 12-7311-41), anti-granzyme B (NGZB, 12-8898-82),
PE-Cy7-conjugated anti-CD69 (H1.2F3, 25-0691-82), APC-conjugated anti-H-2Kb (AF688.5.5.3, 17-5958-80), anti-IL-2 (JES6-5H4, 17-7021-81), anti-perforin (eBioOMAK-D, 179392-80), anti-Foxp3 (FJK-16s, 17-5773-82), and eFluor 450-conjugated anti-CD4 (GK1.5, 480041-82) from eBioscience; FITC-conjugated anti-CD107a (1D4B, 553793) and anti-CD4
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(RM4-5, 553047), PE-conjugated anti-CD25 (PC61, 553866), PE-Cy7-conjugated anti-CD4
(RM4-5, 552775), APC-conjugated anti-CD8α (53-6.7, 553035), AF700-conjugated anti-TCRb
(H57-597, 560705), PerCP-Cy5.5-conjugated anti-CD4 (RM4-5, 550954), BV510-conjugated
anti-CD8α (53-6.7, 563068), and anti-FcγRII/III receptor (2.4G2) from BD Biosciences; PECy7-conjugated anti-H-2Db (KH95, 111516) from BioLegend; PE-conjugated anti-NFAT1
(D43B, 14335) from Cell Signaling Technology. The following antibodies were used for the
activation of human or mouse T cells: anti-human CD3 functional grade purified (OKT3, 160037-85) from eBioscience; anti-mouse CD3e (145-2C11, 100302) and anti-mouse CD28
(37.51, 102102) from BioLegend; goat anti-armenian hamster IgG (H+L) (127-005-160) and
donkey anti-mouse IgG (H+L) (715-005-150) from Jackson Immunoresearch. The following
reagents were used for intracellular staining: Fixation/Permeabilization Solution Kit (BD
Cytofix/Cytoperm, 554714) and Protein Transport Inhibitor containing Monensin (554724) were
purchased from BD Biosciences; Foxp3/Transcription Factor Staining Buffer Set (00-5523-00)
from eBioscience. Moth cytochrome c (MCC) peptide 88-103 (ANERADLIAYLKQATK), gp33
peptide 33-41 (KAVYNFATM), and OVA peptide 257-264 (SIINFEKL, OVA-p) were
purchased from Peptide 2.0. Recombinant human ICAM1-CD54-Fc chimera (720-IC-050) was
purchased from R&D Systems. CsA for in vitro experiments was obtained from Sigma (C3662)
and CsA (Sandimmune Injection) for in vivo experiments was purchased from Novartis. Murine
GM-CSF (mGM-CSF, 315-03) was obtained from Peprotech. EasySep Mouse T Cell Isolation
Kits (19851) were purchased from STEMCELL Technologies. Enhanced Human T Cell
Immunocolumns (CL100) and Lympholyte-M were from Cedarlane. Mouse IL-2 ELISA ReadySET-Go Kit was obtained from eBioscience. IFNγ Mouse Uncoated ELISA Kit (88-7314-86),
Lipofectamine 2000 Transfection Reagent (11668019), CellTracker Green CMFDA Dye
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(C7025), CellTracker Deep Red Dye (C34565), CellTrace Violet cell proliferation kit (C34557)
and LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, for UV excitation (L23105) were from
Invitrogen. SuperSignal West Femto Maximum Sensitivity Substrate (34096) and SuperSigna1
West Dura Extended Duration Substrate (34076) were purchased from Thermo Scientific. 0.25%
Trypsin-EDTA (25200056) and HBSS (14175103) were from Gibco. The following reagents
were used for tissue clearing for imaging studies: FocusClear solution (FC-101) and MountClear
solution (MC-301) from CelExplorer Lab.

T cell isolation
Mouse T cells were purified from lymph nodes of WT and LckS59A knock-in mice with EasySep
Mouse T Cell Isolation Kit. Human T cells were isolated from buffy coats of healthy volunteers
(NIH Blood Bank) using Enhanced Human T Cell Immunocolumns according to the
manufacturer’s instructions.

Immunoblot analysis
Purified T cells were pre-treated with CsA (100 ng/ml) for 30 min at 37°C followed by
incubation with soluble anti-CD3 (145-2C11) on ice. Anti-CD3 was then cross-linked with antihamster-IgG for the indicated times, and the cells were lysed in 1% Triton-X 100 lysis buffer
supplemented with protease and phosphatase inhibitors (Roche) for 30 min on ice and
centrifuged for 20 min at 12,000 rpm. The supernatant was boiled in SDS sample buffer for 10
min. Samples were subjected to SDS-PAGE and transferred to nitrocellulose membranes (TransBlot Turbo, Bio-Rad). The membranes were incubated for 60 min in 2% skim milk powder in
Tris buffered saline (TBS) with 0.1% Tween (TBS-T) and then incubated overnight at 4°C with
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the indicated primary antibodies. Membranes were then washed with TBS-T and incubated with
the appropriate HRP-conjugated anti-rabbit Ig secondary antibodies for 1 hr at room temperature.
Immunodetection was performed by enhanced chemiluminescence (SuperSignal West Femto and
SuperSignal West Dura).

Flow Cytometry
Cells were washed once in cold PBS containing 0.5% BSA and 0.1% NaN3 (FACS buffer) and
incubated with anti-FcγRII/III receptor (2.4G2) to prevent nonspecific antibody binding. Surface
staining was performed with the indicated antibodies for 30 min at 4°C in FACS buffer using the
reagents listed in the Key Resources Tables. For intercellular staining, cells were surface-stained
prior to being treated with BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit or
eBioscience™ Foxp3/Transcription Factor Staining Buffer Set. Fixation/permeabilization was
performed according to manufacturers’ recommendations. Cells were acquired with a LSRII (BD
Biosciences) and analyzed with FlowJo software. For image flow cytometry, T cells were
stimulated with anti-CD3 cross-linked with anti-hamster IgG in the presence or absence of CsA
(100 ng/ml) for 30 min and surface-stained, then permeabilized and fixed with the
Foxp3/Transcription Factor Staining Buffer Set. DAPI was added before cell acquisition. Cells
were acquired with an ImageStreamX Mark II. Quantitative analysis of nuclear translocation of
NFAT1 was performed with IDEAS image-analysis software (ImageStream/Amnis). NFAT
nuclear translocation is expressed as the precent of cells that exhibit a >1 similarity morphology
score. Amnis IDEAS software calculates the similarity feature as a pixel-by-pixel correlation
between the channel containing the NFAT image and the DAPI channel with the nuclear image
and is expressed as the log-transformed Parson’s Correlation Coefficient.

25

Cytokine measurements in vitro
Purified T cells were stimulated with plate-coated anti-CD3 (10 µg/ml) and soluble anti-CD28 (2
µg/ml) for 18 hr in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, 100
mg/ml gentamicin, 4 mM L-glutamine, and 50 μM 2-mercaptoethanol (complete medium). IL-2
and IFNγ levels in the supernatant were measured by ELISA, according to manufacture's
recommendations.

Preparation of bone marrow-derived dendritic cells (BMDCs)
BM cells from B6 or B10.A mice were harvested from bilateral femurs and tibias and red cells
were lysed with ammonium chloride. BM cells were initially cultured in 6 well plates with 2.5
ml of complete medium containing 100 ng/ml mGM-CSF. At day 3, 2.5 ml of complete medium
containing 100 ng/ml mGM-CSF was added, and half the medium in each culture was changed
every 3 days until the cells were used for experiments. Loosely adherent cells were collected as
BMDCs; 65% or more of the nonadherent cells expressed CD11c at day 8-12. To activate and
upregulate expression of MHC and costimulatory molecules, BMDCs were stimulated with 1
µg/ml LPS for 4 hr and then washed twice with complete medium before in vivo and in vitro
experiments.

Quantitating cell division
Purified P14 T cells were washed twice with PBS and CellTrace Violet (CTV) in PBS was added
to a cell suspension at a 1:1 volume at a final dilution of CTV of 5 µM. Samples were incubated
for 20 min at 37°C in the dark and then washed with PBS. The labeled T cells were cultured at a
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density of 2×105 cells/well with 2×104 LPS-stimulated BMDCs and 10 nM gp33 in 200 µl
complete medium in 96-well plates. After 48 hr cells were washed with FACS buffer and
analyzed by flow cytometry. Data were analyzed using FlowJo software.

Induction of acute GVHD
(B6xB10.A)F1 recipient mice (H-2a/b) received 8-10 Gy total body irradiation and were
maintained on drinking water containing antibiotics (Sulfamethoxazole-trimethoprim, 0.25-0.75
mg/mouse/day). Eight h after irradiation they received 107 T cell-depleted BM cells from B6 WT
and 5x106 lymph node cells from B6 or LckS59A mice by retro-orbital injection. BM cells were
depleted of T cells by biotin anti-CD90.2 (Thy1.2) antibody and EasySep™ Streptavidin
RapidSpheres according to manufacture's recommendations. Some BAF1 mice were given 107
B6 T cell-depleted BM cells after irradiation to be used as controls. CsA (20 mg/kg/mouse in
PBS) was administered from the time of transfer (day 0) by i.p. injection. The recipients were
monitored daily to assess survival and signs of aGVHD as adapted(26). The five following
parameters were assessed, and scored 0 if absent or 1 if present: weight loss >10% of initial
weight, hunched posture, diarrhea, abnormal fur texture, and loss of skin integrity. Mice that
received a score of 4 or whose weight loss exceeded 30% were euthanized. Mice that died
received a score of 5 until the end of the experiment.

Preparation and analysis of infiltrating cells in the liver
Livers harvested from recipient mice were minced, passed through a 40 µm mesh, and suspended
in complete medium. Cells were washed once in complete medium. To remove erythrocytes,
dead cells, and debris the liver cell suspension was layered over Lympholyte-M and centrifuged
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for 20 min at 1500 rpm at room temperature. The interface layer containing lymphocytes was
transferred to new tubes and washed twice in compete medium. Cells were counted by trypan
blue exclusion using light microscopy and a hemocytometer, and the analyzed by flow
cytometry. The donor cell population was determined by the high level expression of H-2Kb.
After cell-surface staining freshly isolated cells were fixed and permeabilized with BD
Fixation/Permeabilization solution for 10 min at room temperature and then washed in
Perm/Wash solution. These permeabilized cells were incubated overnight at 4°C with antibodies
against perforin and granzyme B. Intracellular Foxp3 was detected using the
Foxp3/Transcription Factor Staining Buffer Set. For intracellular cytokine staining, cells were
stimulated PMA (phorbol 12-myristate 13-acetate, 10 ng/ml) and ionomycin (1 µg/ml) in the
presence of the GolgiStop protein transport inhibitor containing monensin (1/1000 dilution) for 3
hr at 37°C and then washed in FACS buffer. After cell-surface staining intracellular IL-2 and
IFNγ staining was performed as described above. Data were analyzed with FlowJo software.

Histopathology
Livers were harvested from recipients 30 day after transfer, cut into pieces, and placed in 10%
formalin solution. The fixed liver pieces were embedded in paraffin and blocks of 4 µm sections
were stained with hematoxylin and eosin (H&E). A previously described scoring system (73)
was used with minor modifications. In brief, seven parameters were used to scored aGVHD in
the liver: bile duct epithelial changes, bile duct lymphocyte infiltration, endothelialitis, portal
inflammation, lobular inflammation, apoptosis (0- to 3-point scale), and periductal lymphoid
aggregates (0- to 2-point scale).
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Generation of DCEK cells expressing H-2Db
A pcDNA3.1 vector containing full length H2-D1 was provided by David H. Margulies (NIAID,
Bethesda). Fibroblastic DCEK cells that stably express I-Ek and mouse ICAM1
(DCEK.ICAM.Hi7, a gift from Ron Germain (NIAID, Bethesda)) were maintained in complete
medium and transfected with the DNA plasmid using Lipofectamine-2000 transfection reagent
according to the manufacturer’s protocol. Cells were selected in complete medium containing
400 µg/ml Zeocin for two weeks and then cell sorted for H-2Db positive cells (DCEK-Db).

T cell adhesion assay
For antigen-induced adhesion, monolayers of fibroblastic DCEK or DCEK-Db cells in 24-well
plates were pulsed with medium or either MCC p (1 μM) or gp33 (1 μM) for 2 hr. Purified T
cells from the lymph nodes of AND or P14 TCR-transgenic mice were added to the wells in
complete medium with or without CsA (100 ng/ml), centrifuged at 1500 rpm for 1 min, and
incubated for 30 min at 37°C. Wells were washed five-six times with PBS and the adherent cells
removed with 0.25% trypsin-EDTA and counted by trypan blue exclusion and light microscopy.
For anti-TCR-induced adhesion, primary human T cells were stimulated with soluble anti-CD3
(OKT3) and cross-linked with anti-mouse-IgG, then incubated in 24-well plates coated with 2
μg/ml recombinant human ICAM1-Fc fragment at 37°C. After thirty min CsA was added and
wells were washed three-four times with PBS 10 or 20 min later. Adherent cells were removed
and counted as above.

Imaging by 2-photon microscopy
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BMDCs were cultured with 5 µM cognate peptide (MCC p or gp33) or control peptide (OVA-p)
plus 1 µg/ml LPS for 4 hr at 37°C. After the incubation, BMDCs were washed by HBSS twice
and labeled for 15 min at 37°C with 0.5 µM Deep Red dye. Labeled cells were washed once with
complete medium and then resuspend cells in HBSS. BMDCs (2.5x105 cells/20 µL HBSS) were
injected via footpad of recipient mice (B6 or BAF1) 16-18 hr before T cell injection. Purified
AND or P14 T cells were labeled for 15 min at 37°C with 4 µM CMFDA. Labeled T cells were
washed as described above and resuspended in HBSS. 2x106 labeled T cells were injected into
recipient mice via retro-orbital sinus. Popliteal LNs (pLNs) were harvested at the indicated time.
CsA (1 mg/mouse) were injected by two different ways depending on the experiment: 1) twice
i.p. at the same time as DC and T cell injection, 2) once i.v. one hr before harvesting lymph
nodes. To image deep into pLNs, tissue clearing was performed. Harvested LNs were quickly
fixed with 4% paraformaldehyde for 30 min at room temperature and then rinsed 3-5 times with
PBS. For lipid removal, pLNs were then incubated overnight in 1% Triton X-100 at 4°C. After
rinsing with PBS, pLNs were cleared in FocusClear solution for more than 6 hr at 4°C and
mounted on glass bottom dishes (MATSUNAMI) using MountClear solution. Images were
acquired using an inverted laser-scanning two-photon microscope (MPE-RS, Olympus) equipped
with a tunable laser (Insight DS+, Spectra Physics). Images were acquired using a 25x water
immersion objective NA 1.05 (XLPLN25XWMP2, Olympus), and excitation was performed at
810 nm and the emitted light was collected on 2 detectors (bandpass filters: Green = 495–540 nm
and Red = 575–645 nm).

Analysis of imaging data
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Images of were analyzed using semi-automated analysis software (Imaris/Bitplane). For
visualized T cells, spots were created with the built-in spot detection function in Imaris. The
estimated T cell spot size was set to 7 µm. The Imaris surface function was used to create a
digital surface corresponding to the surface of DCs. A T cell interaction with a DC was scored
when the distance between the DC surface and T cell surface was ≤ 5 µm. Three dimensional
distances were calculated using the Imaris Distance Transform MATLAB XTension. Clustering
of T cells interacting with DCs were detected with the Split Spots function in the MATLAB
XTension interfaced with Imaris. T cell clusters were scored when there was a minimum of 3 T
cells within 5 µm of a DC and within 20 µm of each other. The percentage of T:DC clusters was
calculated as follow: (the number of DC interacting with more than 3 T cells/total number of
DCs in imaged pLNs) x 100%. To visualize T:DC interactions, the images shown represent a 20
µm thick virtual slice.

Statistical analysis
All values are presented as mean ± SEM or SD, as indicated. Statistical analysis was performed
with GraphPad Prism 7 software. Statistical significance was determined with 1-way ANOVA
with Tukey’s multiple-comparison post hoc test unless otherwise indicated. P < 0.05 was
considered to be statistically significant.

Study approval
Animal housing, care, and research were in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23. Revised 1985), and all procedures on animals
performed in this study were approved by the National Cancer Institute Animal Care

31

and Use Committee.
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Figure legends

Figure 1. T cells expressing LckS59A are insensitive to CsA effects on TCR proximal
signaling.
WT and LckS59A T cells were stimulated with soluble anti-CD3 and crosslinked with anti-hamster
IgG at 37℃ at the indicated times in the presence or absence of CsA (100 ng/ml). Cell lysates
were immunoblotted with phosphorylated SrcY416, ZAP70Y493, ZAP70Y319, LATY171, PLCg1Y783,
p38T180/Y182, ZAP70 and p38. Data are representative of three independent experiments.

Figure 2. CsA inhibits NFAT activation in both WT and LckS59A T cells.
(A) Representative images of unstimulated, anti-CD3 stimulated, and anti-CD3 plus CsA
stimulated WT and LckS59A CD4+ T cells stained with anti-CD4 (green), anti-NFAT1 (yellow),
and DAPI (blue). (B and C) The percentage of cells with nuclear NFAT1 in CD4+ and CD8+ T
cells. *P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.00001 by 2-way ANOVA with Tukey’s
multiple-comparison post hoc test. (D) CD69 and CD25 expression of anti-CD3/CD28
stimulated WT and LckS59A T cells with or without CsA for 6 hr analyzed by flow cytometry. (E)
IL-2 and IFNg secretion by anti-CD3/CD28-stimulated WT and LckS59A T cells with or without
CsA for 18 hr in the supernatant by ELISA. (F) CD69 and CD25 expression on P14-WT or P14LckS59A T cells stimulated with gp33-pulsed DCs with or without CsA for 6 hr. (G) IL-2 and
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IFNg secretion by P14-WT or P14-LckS59A T cells stimulated with gp33-pulsed DCs with or
without CsA for 18 hr in the supernatant as measured by ELISA. The graphs show the mean ±
SEM of at least three independent experiments.
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Figure 3. Inhibition of antigen-induced proliferation is more sensitive to CsA in WT than
LckS59A T cells.
(A-C) Purified T cells were labeled with CellTrace Violet dye and stimulated with gp33-pulsed
BMDCs for 48 hr. Samples were analyzed by flow cytometry. The percent division (B) and
expansion index (C) were calculated by FlowJo software. The graphs show the mean ± SD of
two independent experiments.
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Figure 4. CsA-mediated immunosuppression in aGVHD requires inhibition of TCR
signaling.
For aGVHD induction, a combination of donor T cell-depleted BM cells and lymph node cells
from B6 WT or B6 LckS59A mice were injected into irradiated BAF1 mice. CsA was given daily.
WT BM cells were given alone as a negative control. (A and B) Mice receiving allogenic WT
(n=7), WT+CsA (n=8), LckS59A (n=11), LckS59A+CsA (n=10), and control WT BM (n=6) were
scored for aGVHD. (C) The mortality during the course of aGVHD. (D) Samples of liver at 30 d
post-transplant were stained with H&E. Livers of recipient mice receiving WT and LckS59A cells
showed aGVHD signs with a) portal inflammation, b) bile duct lymphocytes and bile duct
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epithelium, and c) endothelialitis. CsA-treated recipient mice receiving WT donor cells had no
significant aGVHD signs in the liver, whereas aGVHD signs such as a) portal inflammation, b )
focal bile duct lymphocytes, and c) focal endothelialitis were observed in mice receiving LckS59A
cells. Magnification is x100. Bar, 500 µm. (E) Histopathology scores of mice receiving WT
alone (n=6), WT+CsA (n=7), LckS59A alone (n=8), or LckS59A+CsA (n=8) BM+lymph node cells
or control BM alone (n=4) at day 30. (F) Liver-infiltrating cells were collected from recipient
mice receiving WT alone (n=10), WT+CsA (n=8), LckS59A alone (n=11), or LckS59A+CsA (n=11)
BM+lymph node cells or control BM alone (n=5) at day 7-8. The graphs show the mean ± SEM.
*P < 0.05, **P < 0.01, Student's t-test. (G) Representative histograms of CD69 expression on
freshly-isolated intrahepatic CD4+ and CD8+ T cells from recipient mice at day 7. The graphs
show the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.0001, Student's t-test. (H) IL-2 and
IFNg expression by restimulated liver-infiltrating cells from day 7 recipients that had received
WT (n=9), WT+CsA (n=8), LckS59A (n=10), or LckS59A+CsA (n=11). Representative contour
plots of cytokine expression in CD4+ and CD8+ T cells are shown. The graphs show the mean ±
SEM. *P < 0.05, **P < 0.01, ***P < 0.0001, Student's t-test.
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Figure 5. CsA inhibits perforin expression more potently in LckS59A T cells.
(A-C) Freshly-isolated liver-infiltrating cells from recipients receiving B6 WT (n=6), WT + CsA
(n=5), LckS59A (n=5), or LckS59A + CsA (n=5) donors were stained for CD107a (A), granzyme B
(B), and perforin (C) expression. The cells were and analyzed by flow cytometry and gated on
CD8+. Because of limiting cell numbers, the negative control is TCRβ+-gated splenocytes from
mice that received BM only, and is included with the histograms of both WT and LckS59A CD8+
cells. The error bars represent the mean ± SEM. (D) Flow cytometric analysis of perforin
staining is shown for CD8+-gated P14-T cells stimulated on anti-CD3 coated plates and soluble
anti-CD28 for 48 hr. The graphs show the relative MFIs of perforin expression compared to
activated and CsA-untreated CD8+ T cells. The graphs show the mean ± SEM of three
independent experiments. *P < 0.05, **P < 0.01, NS = not significant, Student's t-test.
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Figure 6. CsA inhibits antigen-induced LFA-1/ICAM1-mediated T:DC adhesion via its
affect on TCR signaling.
AND or P14 T cells of the indicated genotypes were cultured with antigen-pulsed DCEK or
DCEK-Db cells, respectively, in the presence or absence of CsA for 30 min. The binding of WT
T cells was considered to be 100%, and the relative number of AND (A) or P14 (B) T cells
bound to APCs is shown. Data are shown as the mean ± SEM of three or four independent
experiments. *P < 0.05, ***P < 0.0001, NS = not significant.
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Figure 7. T:DC interactions are inhibited by CsA via suppression of TCR proximal
signaling.
Mice were injected in the footpad with gp33 or OVA-p pulsed DCs labeled with Deep Red Dye.
After 18-20 hr, recipients were injected i.v. with green CMFDA-labeled P14 WT or LckS59A T
cells. pLNs were collected at the indicated times, cleared, and imaged by a 2-photon microscopy.
(A) Example images (20 µm-thick) at the indicated times are shown (DCs are red, P14 T cells
are green). Arrows (white) indicate T:DC clusters. (B) The percentage of T:DC clusters as
analyzed by Imaris software. Data were pooled from three or four experiments. (C) The
proportion of small (3-4 cells), medium (5-9 cells), and large (10 or more cells) clusters in the
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total number of T cell clusters. The number of T cells per cluster as analyzed by Imaris software.
Data were pooled from two to four independent experiments. (D-I) Mice were injected i.p. with
CsA or PBS at the time of DC transfer and again the time of T cell transfer. pLNs were removed
at 3 (D-F) or 6 (G-I) hr after T cell injection and imaged. Representative images are shown in
(D) and (G). The percentage of T:DC clusters (E and H) and the number of T cells per cluster (F
and I) were analyzed by Imaris software. Data were pooled from three to four independent
experiments (E and H) or three independent experiments (F and I). (J-L) CsA was injected one
hr before collecting pLNs. Representative images are shown in J. The percentage of T:DC
clusters (K) and the number of T cells per cluster (L) were determined with Imaris software.
Data were pooled from three or four independent experiments (K) or three independent
experiments (L). The graphs show the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.0001 by 2way ANOVA with Tukey’s multiple-comparison post hoc test.
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