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Calcineurin inhibitors target Lck activation
in graft-versus-host disease
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Calcineurin inhibitors (CNIs) such as cyclosporin A and FK506 are
widely administered immunosuppressive drugs. Calcineurin relieves

inhibitory phosphorylation from nuclear factor of activated T cells (NFAT)
transcription factors downstream of T cell receptor engagement, resulting
in their nuclear translocation and the production of cytokines, including
IL-2, IFN-y, and TNF-a. It was previously believed that CNIs downregulate
immunity by reducing NFAT activation. However, work from Otsuka et al. in
this issue of the JCI revealed a second mechanism by which CNIs suppress
T cell function. The authors previously reported that calcineurin removes
an inhibitory phosphate from the tyrosine kinase Lck at Ser59 (Lck-S59)

Calcineurin inhibitors

and their toxicity

Calcineurin inhibitors (CNIs), includ-
ing cyclosporin A (CsA) and FK506, are
widely prescribed for the management
of solid organ transplant rejection (1) and
acute graft-versus-host disease (aGVHD),
a severe complication of hematopoietic
stem cell transplantation in which donor
T cells attack recipient tissues (2-4). CNIs
have also been used to treat autoimmune
diseases, including lupus nephritis, auto-
immune membranous nephropathy, and
rheumatoid arthritis (5). Despite the clin-
ical utility of CNIs, their use is not without
drawbacks. For example, CNIs can cause
acute nephrotoxicity, diabetes, electrolyte
disturbances (1), neurotoxicity (6), and
hypertension (7). These side effects possi-
bly occur because the expression of calci-
neurin and one of its major targets, nuclear

and that this dephosphorylation positively regulates T cell activation.

In the present work, the authors showed that inhibition of Lck-S59
dephosphorylation was essential for the CNI-mediated suppression of
acute graft-versus-host disease (aGVHD). These findings have important
implications for future approaches to the management of aGVHD, organ
transplant rejection, and autoimmune disease.

factor of activated T cells (NFAT), extends
beyond immune cells (5, 8). Therefore,
there is substantial interest in developing
targeted alternatives to existing CNIs that
maintain their immunosuppressive func-
tion but with fewer off-target effects.

Calcineurin functions in T cells

Calcineurin is a Ca*-calmodulin-depen-
dent serine-threonine phosphatase that is
activated downstream of T cell receptor
(TCR) engagement. A major target of cal-
cineurin in T cells is the NFAT family of
transcription factors, particularly NFAT1
and NFAT2. NFAT proteins are constitu-
tively phosphorylated at multiple serine
and threonine residues, which maintain
NFAT in the cytoplasm. Removal of these
phosphate residues by activated calci-
neurin allows NFAT to localize to the
nucleus to induce NFAT-dependent gene
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transcription (9). NFAT activation is cru-
cial for the production of cytokines, includ-
ing IL-2, IL-4, IL-10, IFN-y, and TNF-q,
as well as the upregulation of activation
markers CD40L and FasL (9). CNIs form
complexes with cytosolic immunophilins,
which then bind to calcineurin and inhibit
its phosphatase activity, thereby inhibiting
NFAT activation (10).

In addition to NFAT, previous work
from the Ashwell lab recently revealed a
second important target of calcineurin
in T cells (11). Lek is a Src family tyrosine
kinase that is recruited to the TCR and
activated immediately downstream of
TCR engagement. Lck phosphorylates
tyrosine-based activation motifs in the
TCR CD3 chains, resulting in the binding
and activation of the tyrosine kinase ZAP-
70 (12). ZAP-70 then phosphorylates adap-
tors, including LAT and SLP-76, leading
to the recruitment of additional adaptors
and signaling molecules and allowing for
full T cell activation (13). In activated T
cells, ERK phosphorylates Lck at Ser59
(14). Lck phosphorylation at Ser59 inter-
feres with interactions between Lck and its
substrates, although the effect of this phos-
phorylation was, until recently, contro-
versial (12). The Ashwell lab’s prior work
unveiled that downstream of TCR engage-
ment, calcineurin is recruited to the TCR,
where it dephosphorylates Lck-S59 (11). In
human Jurkat T leukemia cells, mutation
of Lck-S59 to Ala, which cannot accept
a phosphate, resulted in increased phos-
phorylation of ZAP-70, LAT, ERK, and p38
and increased production of IL-2, whereas
mutation to Glu, a phosphomimetic, had
the opposite effects (11). Importantly, the
previous study also found that dephos-
phorylation of Lck-S59 by calcineurin pro-
motes adhesions between the T cell integ-
rin LFA-1 and ICAM-1, which is expressed
by endothelial cells and antigen present-
ing cells. Treatment with CsA or FK506
inhibited dephosphorylation of Lck-S59
and resulted in decreased LFA-1-ICAM-1
adhesions (11).
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A second mechanism

of CNI-mediated
immunosuppression

It has long been assumed that the immu-
nomodulatory effect of CNIs is due to
inhibition of NFAT signaling. However,
the discovery that calcineurin also dephos-
phorylates Lck-S59 at the TCR, promot-
ing T cell activation and LFA-1-mediated
adhesions, raises the question of whether
the inhibition of Lck-S59 dephosphoryla-
tion contributes to immunosuppression by
CNIs, and if so, how. In this issue of the JCI,
Otsuka et al. addressed these questions and
found that inhibition of Lck-S59 dephos-
phorylation was critical for the control of
aGVHD by CNIs (15). The authors studied a
mouse model in which Lck-S59 was mutat-
ed to Ala (Lck-S59A; ref. 16). As in Jurkat
T cells, treatment of WT mouse primary
T cells with CsA inhibited TCR-proximal
signaling events, including the phosphor-
ylation of ZAP-70 and LAT, whereas these
events were unaffected by CsA treatment

in Lck-S59A cells. NFAT activation, how-
ever, was similarly affected by CsA treat-
ment for both WT and Lck-S59A primary T
cells. In proliferation assays, WT and Lck-
S59A cells responded similarly to antigen
in the absence of CsA, but Lck-WT cells
were 10-fold more sensitive than Lck-S59A
cells to CsA treatment. This difference in
sensitivity suggests that CsA inhibits T cell
proliferation by altering both NFAT and
TCR-proximal signaling (15).

Otsuka et al. then determined the role
that inhibition of Lck-S59 dephosphory-
lation plays in CNI-mediated suppression
of aGVHD. The authors induced aGVHD
by transplanting T cell-depleted bone
marrow and lymph nodes from WT and
Lck-S59A B6 (H-2°) mice into lethally irra-
diated haploidentical BAF1 (H-2*%) hosts.
Mice receiving WT T cells showed reduced
aGVHD when treated with CsA, where-
as mice receiving Lck-S59A cells, sur-
prisingly, had even more severe aGVHD
when treated with CsA. The authors found
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Figure 1. A secondary NFAT-independent model
by which CNIs suppress pathogenic T cell
activation. TCR-proximal calcineurin dephos-
phorylates Lck-S59, which specifically promotes
the formation of T/DC adhesions and T cell
cytotoxicity via the upregulation of perforin.
CNils, such as CsA and FK506, block Lck dephos-
phorylation, and this action on Lck is essential
for control of aGVHD.

that CsA treatment reduced the num-
ber of liver-infiltrating regulatory T cells
(Tregs) in mice receiving either WT or
Lck-S59A donor cells, and they speculat-
ed that reduced Tregs could explain why
CsA treatment worsened disease in mice
receiving Lck-S59A donor cells. CsA treat-
ment also failed to reduce the number of
donor Lck-S59A CD4* and CD8* T cells
infiltrating the liver, whereas CsA treat-
ment substantially reduced the liver infil-
tration of WT donor T cells. Importantly,
markers of NFAT activation were similar-
ly reduced in WT and Lck-S59A donor T
cells following CsA treatment. These data
indicate that inhibition of TCR-proximal
signaling is an important mechanism by
which CNIs alleviate aGVHD and that
inhibition of NFAT signaling alone is insuf-
ficient to control disease (15).

Finally, Otsuka et al. investigated two
specific T cell functions that are regulated
by dephosphorylation of Lck-S59. Expand-
ing on the previous finding that calcineurin
promotes LFA-1-mediated adhesions (11),
the authors examined the effect of CsA
on adhesions between CD4* or CD8* T
cells and antigen-pulsed dendritic cells
(DCs). CsA reduced T/DC adhesions for
WT CD4*and CD8" T cells but not for Lck-
S59A cells. In vivo, CsA treatment reduced
the number and size of antigen-specific T/
DC clusters in the lymph nodes for WT T
cells but not for Lck-S59A cells, suggest-
ing that calcineurin must dephosphorylate
Lck-S59 for optimal antigen-specific T/
DC clustering to occur. The authors also
examined the effect of CsA treatment on
cytotoxicity and found that CsA inhibited
the expression of perforin, which punc-
tures target cell membranes, in WT but not
Lck-S59A cells. The differential effect on
perforin expression indicates that Lck-S59
dephosphorylation by calcineurin regu-
lates cytotoxicity independently of NFAT
(Figure 1 and ref. 15).
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Implications and potential
future directions

Notably, Otsuka et al. determined that a
widely used class of drugs causes immu-
nosuppression through a previously unap-
preciated mechanism (15). Furthermore,
the fact that inhibition of TCR-proximal
signaling by CNIs was essential for the
control of aGVHD raises the question of
whether inhibition of TCR-proximal sig-
naling is sufficient to control aGVHD or if
NFAT inhibition is also necessary. Many
undesirable side effects of CNIs are due
to calcineurin and NFAT expression in
nonimmune cells as well as the diverse
roles of NFAT in regulating effector T cell
differentiation (5). Therefore, if it were
possible to specifically inhibit TCR-prox-
imal calcineurin, or Lck itself, and if this
inhibition were sufficient to control dis-
ease, the strategy could provide a valuable
alternative to existing CNIs. Interestingly,
one study found that transplantation of
T cells deficient in NFAT1 and/or NFAT2
was protective against aGVHD (17). In
that study, mice receiving NFAT-defi-
cient T cells had expanded Treg popula-
tions compared with mice receiving WT
T cells, which could explain the apparent
discrepancy between those findings and
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the findings of Otsuka et al. (15). It is also
important to note that Otsuka et al. only
determined the importance of inhibiting
Lck-S59 dephosphorylation for CNI-medi-
ated control of aGVHD (15). Future stud-
ies should address whether inhibition of
TCR-proximal calcineurin is essential for
the effectiveness of CNIs in other con-
texts, such as solid organ transplantation
and autoimmune disease.
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