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a special exception to the general rule that 
target selection by developing axons is inde- 
pendent of neural activity. 
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A Viral Mechanism for 
Inhibition of the Cellular 
Phosphatase Calcineurin 

James E. Miskin, Charles C. Abrams, Lynnette C. Goatley, 
Linda K. Dixon* 

The transcription factor NFAT (nuclear factor of activated T cells) controls the 
expression of many immunomodulatory proteins. African swine fever virus 
inhibits proinflammatory cytokine expression in infected macrophages, and a 
viral protein A238L was found to  display the activity of the immunosuppressive 
drug cyclosporin A by inhibiting NFAT-regulated gene transcription in vivo. This 
it does by binding the catalytic subunit of calcineurin and inhibiting calcineurin 
phosphatase activity. 

Viruses encode many proteins that interfere tains three ankyrin-like repeats. The NH,- 
with host defense systems ( I ) .  Nucleotide and COOH-terminal regions of A238L are 
sequence analysis of the African swine fever unlike those of the cellular IKB proteins (4), 
virus (ASFV) genome (2) identified genes indicating that A238L may function by 
encoding proteins that are potentially able to means of a lllechanism different from that of 
interfere with the host response to viral infec- IKB. 
tion. These include A238L. which has se- To identify host proteins with which 

many other aspects of development proceed normal- quence similarity with IKB, and prevents ac- A238L interacts: we used the yeast two-hy- 
ly: Cell migration and cell division within the cortex 
are unimpaired, the brain grows t o  normal size during 

tivation of nuclear factor kappa B PTF-KB)  brid system (5, 6 )  to screen a cDNA library 
the treatment period and its gross histological orga- dependent gene transcription (3). The simi- from pig alveolar macrophages. Nine clones 
nization is indistinguishable from normal ( 2 3  and larity between A238L and IKB is limited to specifically interacted with A238L, including 
the somatic and dendritic development of retinal 
ganglion cells and LCN neurons is normal [(22); M. 

the central region of the protein, which con- four containing cDNA encoding the entire 
Dalva, A. Chosh, C. j .  Shatz, J. Neurosci. 14, 3588 porcine cyclophilin A (CypA) gene. Another 
(1994)l. Moreover, the development of  cortical pyra- institute for ~ ~ i ~ ~ l  ~ ~ ~ l ~ h ,  pirbright ~ ~ b ~ ~ ~ ~ ~ ~ ~ ,  pir- four clones contained cDNAs encoding all 
midal radial glial and the overall bright, Surrey, CU24 ONF, UK. E-mail: linda.dixon@ but the first 30 to 40 NH2-terminal amino 
appearance and thickness of the cortical plate is bbsrc,ac,uk 
indistinguishable from normal (12). acid residues of the catalytic (A) subunit of the 

10. TTX infusions were begun at E42, after large numbers *To w h o m  correspondence should be addressed. Ca2+-calmodulin-regulated cellular phospha- 
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tase calcineurin (CaN). The A238L homolog 
from the virulent Malawi (LIL2011) ASFV iso- 
late also interacted with CaN and CypA. CaN 
and CypA interacted with A238L specifically, 
with no binding to the unrelated Gal4 DNA 
binding domain fusions SNFl (5) and CDK2 
(7). The CaN-A238L interaction was also de- 
tected when the genes were iised to the alter- 
native domains of Ga14. The irnmunosuppres- 
sive drug cyclosporin A (CsA) binds to CypA, 
and this complex binds to and inhibits the ac- 
tivity of CaN (8). We postulate that A238L 
might function as a protein analog of CsA and 
inhibit the activity of CaN, either alone or as an 
A238L-CypA complex. 

To confirm the interaction between 
A238L and CaN, we tested for in vitro bind- 
ing of these proteins (9) (Fig. 1). In vitro- 
translated A238L, IKB, or an irrelevant 
ASFV protein (114L) was immunoprecipi- 
tated with antibodies to epitope tags [SV5 or 
hemagglutinin (HA)] fused to these genes. 
Purified CaN added before immunoprecipita- 
tion was coprecipitated with A238L but not 

:aN (A) 61 k0 

- CaN (0) 18 kD 

D 
0 --I.* :aN (0)  1 8 k~ 

1 1  4 5 6  

Fig. 1. Direct binding of A238L to  CaN in vitro 
(9). In vitro-translated HA-A238L (lanes 2 
through 5) or HA-114L (lane 6) was mixed with 
CaN (2 pg lanes 2, 3, 4, 6), CypA (2 pg lanes 
2,3,6), and CsA (10 pM; lane 2). Mixtures were 
incubated with 2 p g  of HA-specific rnonoclonal 
antibody, and the immune complexes were col- 
lected on protein A-Sepharose beads before 
separation by SDS-polyacrylamide gel electro- 
phoresis (PACE). Purified CaN (100 ng, lane 1) 
was run in parallel. lmmunoprecipitated pro- 
teins were detected by autoradiography (A) or 
by protein immunoblot analysis with polyclonal 
anti-CaN (B). In vitro-translated SV5-A238L 
(lanes 2 through 5) and SVS-IKB (lane 6) were 
mixed with CaN (2 pg; lanes 2,3,4,6), CypA (2 
pg; lanes 2, 3, 6), and CsA (10 kM; lane 2). 
Purified CaN (50 ng, lane 1) was run in parallel. 
Mixtures were incubated with 5 p g  of SV5- 
specific antibody, and the immune complexes 
were collected and analyzed by autoradiogra- 
phy (C) or by protein immunoblot analysis with 
monoclonal antibody to  CaN(B) (D). 

with the other proteins; it was detected by an 
antiserum that recognizes both the CaN A 
and B subunits (Fig. 1B) or by antiserum to 
the B subunit [anti-CaN(B)] (Fig. ID). With 
the anti-CaN(B) we detected binding of en- 
dogenous CaN to SV5-A238L (Fig. ID). CaN 
coprecipitated with A238L in the absence of 
added CypA, but we cannot exclude a require- 
ment for CypA in the reaction, given that small 
amounts of CypA are present in the in vitro 
translation mixes (10). The A238L-CaN inter- 

action was unaffected by a high concentration 
of CsA (10 ~ h 4 )  (Fig. lB), implying that 
A238L either interacts with CaN at a different 
site from the CsA-CypA complex or can dis- 
place CsA-CypA complexes. 

We tested for the interaction between 
A238L and CaN under physiological condi- 
tions by analyzing proteins from extracts of 
ASFV-infected cells that coimmunoprecipi- 
tated with A238L (11). A recombinant ASFV 
was constructed (SV5-A238L) in which the 

Fig. 2. Coprecipitation of CaN and A238L from ASFV M V A - ~ 7  

cells (77). Vero cells were uninfected (lane I), S V S - I ~ B  

infected with wild-type BA71V ASFV for 4 (lane -In &:?L -Z$i& -- 
2) or 10 hours (lane 3), or infected with SV5- A %-'.-='-- 
A238L ASFV for 4 (lane 4) or 10 hours (lane 5). 
BSC1 cells were infected with MVA-T7 and - -SV5-lh8 37 kD 

transfected with vector alone (lane 6), pT7- - s v ~ - ~ 2 3 8 ~  30 k~ 

SV5-A238L (lane 7), or pT7-Sv5-i~B (lane 8). 
Purified CaN (50 ng) was run in parallel (lane 9). 
Radiolabeled cell extracts were immunoprecipi- B 
tated with monoclonal anti-SV5, immune com- 0- ) -CaN (0 )  18 k~ 

plexes were separated by SDS-PACE, and immu- 
noprecipitated proteins were detected by auto- 1 2 3 4 5 6 7 8  9 
radiography (A) or by protein immunoblot anal- 
ysis with monoclonal antibody t o  CaN(B) (B). 

Fig. 3. Construction of re- A 
50 100 150 

6 i 2 

combinant viruses and % I 
CaN, PP1, and PP2A phos- 

~ ~ P I ' I I I I I I I I ~ I I I I ~  

kbp S r  S 2  phatase assays of cell ex- 
tracts (72, 74). (A) Ce- BA71V ' ' ' I' ' 1 111 1 1  

SEA ,,' --.. 5 0- 
norne map of wild-type 4 0- 

(wt) and AA238L ASFV wt ,' 4 8 k b  "- 
+ I 

DNA, showing location of sat1 ,1238~ sat1 
3 0- 

Sal I sites. (0) Southern blot 
analysis of wt and AA238L A A Z ~ L  

L 

ASFV genornic DNA di- 9 4  Sar I)-GAL SEA p l k b n ~  n r m L  
gested with Sal I and 
probed with [32P]deoxade- c 
nosine triphosphatda- 
beled plKCAL or the A238L 1 

. < 3 , [ gene fragment CaN phos- 
phatase assays of cell ex- 5 4w 
tracts prepared from por- 
cine alveolar macrophages 2m 100 

(C) or Vero cells (D). Cells 
were either uninfected or ,,, - , . , - + C s A - +  - +  - +  
infected with wt or U n ~ n f e c  wt ~A238L untnfec wt 1 ~ 2 % ~  

AA238L ASFV and were E , 
treated with CsA where in- 
dicated. (E) PP1 and PP2A 
assays of Vero cell extracts 
treated with GA. Cells 

infected with wt or 
AA238L ASFV and were 

were either uninfected or imo 

treated with okadaic acid O A - +  - +  - +  C S A - +  - +  - +  
(OA) where indicated. (F) Un~nfec w 3 ~ 2 3 8 ~  Unmnfec ACNPV ~A.238~-Bac 

CaN phosphatase assays of 
SF21 insect cell extracts infected with wild-type ACNPV baculovirus or G 
A238L-Bac, with or without GA. Results show mean t SEM of 32P d 
released from a labeled peptide substrate. (G) Protein imrnunoblot 2 

m 3 
analysis of wt or A238L-Bac-infected SF21 insect cell extracts deter- s Z 
mined with anti-A238L kD , 

66- 
46- 
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A238L open reading frame (OW) was 
tagged at the NH,-terminus with the SV5 
epitope (12). Synthesis of the SV5-A238L 
protein was detected 4 hours after infectioil 
(Fig. 2A). as previously reported (13). CaN 
was coprecipitated with SV5-tagged A238L 
in SV5-A238L ASFV-infected cell extracts 
but not in the controls (Fig. 2B). Radiola- 
beled; SV5-tagged A238L or IKB was tran- 
siently expressed in BSCl cells (Fig. 2A); 
CaN coprecipitated with SV5-A238L but not 
with SVS-IKB (Fig. 2B); showing that the 
A238L-CaN interaction is specific. 

To study the effect of A238L on CaN 
phosphatase activity, we constiucted a re- 
combinant ASFV (AA238L) in which the 
A238L-coding region was deleted (Fig. 3A) 
(12). Renloval of the A238L gene was con- 
firmed by Southem (DNA) blot analysis (Fig. 
3B) (12). The growth characteristics of 
AA238L and wild-type ASFV BA71V in 
Vero cells were the same (10). 

CaN phosphatase activity was assayed in 
extracts from primaly porcine alveolar mac- 
rophages (Fig. 3C) and Vero cells (Fig. 3D) 
that were either uniilfected or infected with 
wild-type or AA238L ASFV (14). The assays 
were specific for CaN; CsA reduced the 
phosphatase activity (Fig. 3, C and D). Mac- 
rophages and Vero cells infected with wild- 
type ASFV contained about half as much 
CaN activity as the uniilfected cells. In mac- 
rophages; ASFV infection reduced CaN ac- 
tivity to the background level obsewed in the 
presence of CsA (Fig. 3C). In AA238L-in- 
fected cells, CaN activity was two to three 
times that of wild-type-infected cells, dem- 
onstrating that expression of A238L inhibits 
CaN activity. CaN activity was higher in 

Fig, 4. Sequence comparison o f  por- 
cine NFAT-like sequences and the 
effect o f  A238L on  the expression o f  
an NFAT-dependent luciferase re- 
porter gene (77, 78). (A) Amino acid 
sequence comparison between hu- 
man NFATc (amino acids 437  t o  
556; U08015), a porcine macro- 
phage NFAT gene fragment (NFAT 
Mac; AF069996), and a porcine RS-2 
cell NFAT gene fragment (NFAT RS- 
2; AF069995); only residues that  dif- 
fer f rom the NFATc sequence are 
shown. Abbreviations for the amino 
acid residues are as follows: A, Ala; 
C, Cys; D, Asp; E, Clu; F, Phe; C, Cly; 
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, 
Asn; P, Pro; Q, Cln; R, Arg; S, Ser; T, 
Thr; V, Val; W, Trp; and Y, Tyr. (B) An 
NFAT-luc reporter plasmid was co- 
transfected w i t h  pCDNA3 or 
pCDNA3-A238L into RS-2 cells 
treated w i th  the indicated com- 
pounds. By 2 4  hours after transfec- 
t ion, the  cells were harvested and 

A 

N F A T  R S - 2  
N F A T  M a c  
N F A T c  

N F A T  R S - 2  
N F A T  M a c  
N F A T c  

N F A T  R S - 2  
N F A T  M a c  
N F A T c  

B 

0,21 

AA238L-infected cells than in uninfected 
cells, which suggests that, although ASFV 
infection may increase CaN activity, A238L 
counteracts this effect. The amount of CaN in 
both cell extracts was the same (10). The 
activity of the other major Ser-Thr protein 
phosphatases (PP1 and PP2A) was similar in 
uninfected cells and in cells infected with 
wild-type ASFV or AA238L; indicating that 
A238L inhibits CaN specifically (Fig. 3E). 
CaN activity was also reduced about one-half 
(Fig. 3F) by A238L in insect cells that had 
been infected with a recoinbinant baculovirus 
expressing A238L (A238L-Bac) (I2, 14) 
(Fig. 3G). 

CaN is a ubiquitously expressed phospha- 
tase with diverse functions. One substrate is 
the NFAT (nuclear factor of activated T cells) 
family of transcription factors, to which CaN 
directly binds (1.5). Inhibition of CaN activity 
by the CsA-CypA complex (or by the 
FK506-FKBP12 complex) prevents NFAT 
activation by inhibiting CaN-dependent de- 
phosphosylation of the cytoplasmically locat- 
ed subunit of NFAT ( I @ .  This prevents its 
nuclear translocation as well as the transcrip- 
tion of NFAT-dependent genes, which in- 
clude immunomodulatory cytokines. 

CaN inhibition by A238L in ASFV-in- 
fected macrophages might prevent activation 
of an NFAT factor; thus preventing transcrip- 
tion of the immunomod~~latoiy genes that 
depend on NFAT. Using a porciile macro- 
phage cDNA library, we identified by poly- 
merase chain reaction (PCR) and nucleotide 
sequence analysis an amplified fragment sim- 
ilar to NFATc (GenBank U08015), which 
displayed 86.1% ilucleotide identity and 
94.2% amino acid identity (Fig. 4A) ( I  7). 

P T  V  M K G l  
S  V S  T  

HHRAHYETEG SRGAVKASAG G H P I V Q L H G Y  L E N E P L M L O L  

E l  K  T  Y K V G  
v 

F I G T A D D R L L  R P H A F Y Q V H R  I T G K T V S T T S  H E A I L S N T K V  

E K N  T  A  
N  I 

L E I P L L P E N S  M R A V l D C A G l  L K L R N S D I E L  R K G E T D I G R K  

pCDNA3 + - + - + - + - + - 
A238L - +  - +  - +  - +  - +  

CsA - - - - - - - - + + 
l o n o r n y c i n  - - + + - - + + + + 

PMA - - - - + +  + +  + +  

luciferase activi ty was assayed. (C) An AP-1 luc reporter plasmid was cotransfected w i th  pCDNA3 
or pCDNA3-A238L into RS-2 cells. Al l  cells were treated w i th  ionomycin and phorbol 12-myristate 
13-acetate (PMA), and some were treated w i th  CsA (as indicated). Cells were harvested and 
assayed for luciferase activity. Data represent mean ? SEM. 

We also identified (by reverse transcriptase- 
PCR and nucleotide sequence analysis) an 
amplified fragment from porcine RS-2 cells 
similar to NFAT1 (Genbank U43341), dis- 
playing 9 1.1 % nucleotide identity and 100% 
amino acid identity (Fig. 4A) (1 7). 

Cotransfection of a vector expressing 
A238L with an NFAT-dependent reporter 
gene cassette in RS-2 cells consistently ( n  
= 5) reduced reporter gene expression to 50 
to 60% of that of the vector only (pCDNA3) 
controls (Fig. 4B) (18). The A238L homolog 
from the LIL20il ASFV isolate also reduced 
NFAT-dependent leportei gene expiession, 
\T hereas the T ectoi expressing an inelek ant 
ASFV gene (114L) had no effect (10) Repoi-ter 
gene explession &as undetected using a con- 
struct 111 whlch the NFAT-bmdmg sltes had 
beell mutated (10, 18) Reduction of NFAT- 
driven gene transci-iption by A238L was spe- 
cific; reporter gene expression from a co~lstruct 
containing AP-1-binding sites was unaffected 
by either expression of A238L or tseatment 
with CsA (Fig. 4C) (18). 

A238L also inhibits NF-KB-dependent 
gene trallscription (3). However, inhibition of 
CaN activity cannot explain the reduction of 
NF-KB activation by A238L in cells treated 
with PMA alone (3). PMA-stimulated activa- 
tion of NF-KB is not inhibited by CsA, which 
shows that this pathway is not CaN-depen- 
dent (10, 19). Therefore, A238L seems to 
have two functions: first, to bind to CaN and 
inhibit its phosphatase activity and thus CaN- 
dependent pathways; second, to inhibit NF- 
~BAependent  transcription by an unknown 
mechanism. 

A238L nlay provide a versatile mecha- 
nism that enables ASFV to evade host de- 
fense systems by preventing transcription of 
immunomod~~latoiy proteins. which is depen- 
dent on NFAT or NF-KB. V i n ~ s  genes are 
thought to be captured from the host and to 
mimic the function of host genes; the impli- 
cation is that cellular hon~ologs of A238L 
exist. 
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Avirulent strains of Salmonella typhimurium are being considered as antigen 
delivery vectors. During i ts intracellular stage in  the host, 5. typhimurium resides 
within a membrane-bound compartment and is not an efficient inducer of class 
I-restricted immune responses. Viral epitopes were successfully delivered t o  the 
host-cell cytosol by using the type I l l  protein secretion system of 5. typhi- 
murium. This resulted in  class I-restricted immune responses that protected 
vaccinated animals against lethal infection. This approach may allow the ef- 
ficient use of 5. typhimurium as an antigen delivery system t o  control infections 
by pathogens that require this type of immune response for protection. 

The success of global vaccination programs 
requires efficacious vaccines that are stable 
and easy to administer (1). Viable carrier 
systems offer the greatest potential for inno- 
vative approaches to develop polyvalent vac- 
cines. Efficient protection against infectious 
agents often requires the action of both hu- 
moral and cellular immune mechanisms. 
Therefore, an ideal polyvalent antigen deliv- 
ery system should be capable of stimulating 
all desired effector cell populations of the 
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immune system. Live replicating bacteria and 
viruses that stimulate complex immune re- 
sponses have been rendered avirulent and 
endowed with the ability to express foreign 
proteins derived from pathogenic microor- 
ganisms (2). Avirulent strains of Salmonella 
typhiinuriuin are being widely considered as 
delivery systems for heterologous antigens 
because of their ability to induce complex 
mucosal and systemic immune responses af- 
ter oral administration (3). A characteristic 
feature of these bacteria is their ability to 
invade nonphagocytic cells such as those of 
the intestinal epithelium (4). After internal- 
ization, S. typhimurium remains confined to a 
membrane-bound compartment insulated 
from the cytosolic environment of the host 
cell (5). Localization within the "intemaliza- 
tion" vacuole prevents delivery of expressed 
foreign antigens to the major class I antigen 
presentation pathway, thereby hampering the 
use of Salmonella vaccine carriers when this 
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type of response is crucial for protection (for 
example, viral infections) (6). An attempt to 
circumvent this problem has been the use of 
Salinonella to deliver plasmid DNA to ex- 
press antigens within the host-cell cytosol 
(7).  

Contact of S. typhimurium with host cells 
results in activation of a specialized protein 
secretion system (type 111) that is encoded in 
a island at centisome 63 of its 
chromosome (4). This protein secretion sys- 
tem delivers a set of bacterial effector pro- 
teins into the host-cell cytosol, which leads to 
stimulation of signal transduction pathways 
that result in a variety of responses such as 
actin cytoskeleton reorganization and activa- 
tion of transcription factors (4). In an effort to 
improve the ability of Salmonella to elicit 
class I-restricted immune responses to those 
epitopes, we investigated the potential of this 
system to deliver heterologous epitopes into 
the host-cell cytosol. To this end, we chose 
SptP; a S. typhimurium effector protein that is 
delivered into the host cell through the cen- 
tisome 63 type 111 secretion system but is not 
required for efficient bacterial entry into 
nonphagocytic cells (8). We constructed a 
chimeric form of SptP that carries a class-I 
restricted epitope consisting of residues 366 
to 374 from the influenza virus nucleoprotein 
(IVNP,,,-,,,) found to be immunodominant 
in mice of the H-Zb haplotype (9). The epi- 
tope was introduced at a permissive site of 
SptP (10) located between the two predicted 
independent domains of this protein (Fig. 1) 
(8). The chimeric SptP-IVNP,,,-,,, protein 
was secreted into the culture supernatant of 
both wild-type S. ~phimurium and the isogenic 
avirulent aroA sptP mutant strain SB824 at 
concentrations indistinguishable from those of 
wild-type SptP (Fig. 1). Both strains efficiently 
delivered SptP-IVNP,,,-,,, into the cytosol of 
infected cultured epithelial cells (Fig. 1). In 
contrast, and as expected, the isogenic S. 
typhimurium sipD mutant strain SB221 did 
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