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SUMMARY

Abatacept (cytotoxic T-lymphocyte—associated antigen 4-immunoglobulin fusion
protein [CTLA-4-Ig]) is a costimulatory inhibitor that targets B7-1 (CD80). The pres-
ent report describes five patients who had focal segmental glomerulosclerosis (FSGS)
(four with recurrent FSGS after transplantation and one with primary FSGS) and
proteinuria with B7-1 immunostaining of podocytes in kidney-biopsy specimens.
Abatacept induced partial or complete remissions of proteinuria in these patients,
suggesting that B7-1 may be a useful biomarker for the treatment of some glomeru-
lopathies. Our data indicate that abatacept may stabilize B1-integrin activation in
podocytes and reduce proteinuria in patients with B7-1-positive glomerular disease.

HE RENAL GLOMERULI ARE HIGHLY SPECIALIZED STRUCTURES THAT EN-

sure selective ultrafiltration of plasma, by which most proteins are retained

in the blood.* The glomerular filtration barrier consists of the glomerular
capillary endothelium, the glomerular basement membrane, and specialized cells,
the podocytes, that serve as a final barrier to urinary loss of plasma proteins. Dis-
rupted podocyte function damages the kidney filtration mechanism, resulting in
proteinuria and, in some circumstances, the nephrotic syndrome.* Proteinuria is
common to a heterogeneous group of kidney diseases, including minimal-change
disease, FSGS, membranous nephropathy, and diabetic nephropathy, all of which
affect millions of persons worldwide and often result in end-stage renal disease
(ESRD).! In particular, primary FSGS as well as recurrent FSGS after kidney trans-
plantation remain largely untreatable, leading to ESRD and, after transplantation,
to allograft loss.?

Abatacept (CTLA-4-Ig) is an inhibitor of the T-cell costimulatory molecule B7-1
(CD80).3 B7-1 is induced in podocytes in various animal models of proteinuria.*
Podocyte B7-1 expression is not evident in normal human kidney podocytes but is
found in patients with certain glomerular diseases. Because we observed B7-1 im-
munostaining in 13 of 21 randomly selected biopsy specimens of native kidneys
from patients with proteinuric kidney disease, including primary FSGS, we de-
duced that B7-1 had been induced during the disease. We also observed B7-1 stain-
ing in every biopsy specimen from patients with recurrent FSGS that we examined.
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We treated five patients with abatacept?; ne-
phrotic-range proteinuria resolved in all four
patients with rituximab-resistant recurrent FSGS
and in one patient with glucocorticoid-resistant
primary FSGS.

METHODS

CASES OF FSGS
Clinical features of the cases of FSGS are sum-
marized in Table 1, with details presented in the
Supplementary Appendix, available with the full
text of this article at NEJM.org.

IN VITRO STUDIES
Cell Motility

Increased podocyte migration in vitro is a surro-
gate marker of proteinuria in vivo.> To determine
whether abatacept can act directly on podocytes,
we performed cell-migration assays with podo-
cytes stably expressing B7-1 or a truncated B7-1
construct — that is, a construct lacking the cyto-
plasmic tail (B7-1Atail) (Fig. S4D in the Supple-
mentary Appendix).

B1-Integrin Activation and Cell Spreading

We investigated the effect of B7-1 and its inhibi-
tor, abatacept, on 1-integrin activation in podo-
cytes®” by means of confocal microscopy or flu-
orescence-activated cell sorting, as detailed in the
Supplementary Appendix. We used phorbol my-
ristate acetate—induced spreading of nonadherent
K562 cells® as an independent, functional test of
the effects of B7-1 and abatacept on B1l-integrin
activation.®’”

B7-1 Detection in Kidney-Biopsy Specimens

B7-1 immunostaining was performed on frozen
kidney-biopsy sections with the use of goat anti-
human B7-1 (CD80) antibody (R&D Systems). For
details, see the Supplementary Appendix.

RESULTS

PATIENTS
Four patients with rituximab-resistant recurrent
FSGS after transplantation (Patients 1 through 4)
(Table 1, and Fig. S1 in the Supplementary Ap-
pendix) and one patient with glucocorticoid-re-
sistant primary FSGS (Patient 5) (Table 1, and
Fig. S2 in the Supplementary Appendix), with
B7-1 staining of podocytes in kidney-biopsy spec-
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imens, were treated with abatacept.? Abatacept
treatment for these five patients was consistent
with institutional policies (at the University of
Miami and Massachusetts General Hospital; abata-
cept has been approved by the Food and Drug
Administration for the treatment of rheumatoid
arthritis). The decision to treat patients with
abatacept was based on the results of detailed
mechanistic in vitro studies of podocytes.

IN VITRO STUDIES
Podocyte Migration

The addition of lipopolysaccharide to culture me-
dium induced B7-1 protein expression in podo-
cytes (Fig. 1A). Constitutive B7-1 protein expres-
sion was found in a3 integrin—knockout («37-)
podocytes (Fig. 1B). Abatacept blocked lipopoly-
saccharide-induced or B7-1-induced podocyte mi-
gration (Fig. S3A in the Supplementary Appendix).
B7-1 gene silencing or expression of the truncated
construct (B7-1Atail) also suppressed podocyte
migration (Fig. S3A and S3B in the Supplemen-
tary Appendix). Abatacept treatment or B7-1 gene
silencing reversed a37- podocyte motility to base-
line levels (Fig. S3C in the Supplementary Appen-
dix). Figure 1C shows the quantified effects of
abatacept on podocyte migration.

Biochemical Analysis of B7-1 Binding to B1 Integrin

Because abatacept inhibited migration of a3/~
podocytes, we hypothesized that B7-1 modulates
integrin function. Endogenous coimmunopre-
cipitation studies showed that 81 interacted with
a5 and @V integrins in normal and a3~ podo-
cytes (Fig. S4A in the Supplementary Appendix),
suggesting that a5 and aV are the a-chain part-
ners of B1 in the absence of a3. We observed
colocalization of B7-1 with vinculin in focal con-
tacts (cell-matrix adhesions that contain integ-
rins) of @37~ podocytes (Fig. S4B in the Supple-
mentary Appendix) and observed a specific
interaction between endogenous B7-1 and 1 in-
tegrin in a3~ podocytes (Fig. S4C in the Supple-
mentary Appendix). Domain mapping and pull-
down studies with recombinant purified proteins
(Fig. S4D, S4E, and S4F in the Supplementary
Appendix) revealed a direct interaction between
the cytoplasmic tails of B7-1 and 1, suggesting
that this interaction is central to the effect of
B7-1 on Bl-integrin function. To test whether the
observed interaction was specific for B7-1 and
B1, we conducted a series of coimmunoprecipita-
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tion studies of transfected HEK293 cells. Binding
of talin, which is known to interact with 8 inte-
grins,” to B1 or 3 integrin served as a positive
control. In addition to 81, B7-1 also interacted with
33 integrin (Fig. S5A in the Supplementary Appen-
dix) through direct binding between the two pro-
teins (Fig. S5B in the Supplementary Appendix). In
contrast, B7-2 (CD86),° which is not expressed in
podocytes,* did not interact with 81 or 83 integrin
(Fig. S5A in the Supplementary Appendix).

Analysis of B1-Integrin Activation in Podocytes

The addition of lipopolysaccharide to culture me-
dium or B7-1 overexpression caused a near-com-
plete loss of B1-integrin activation®” without af-
fecting total B1 integrin levels (Fig. S6A in the
Supplementary Appendix). Abatacept restored
Bl-integrin activation in B7-1-expressing podo-
cytes, even in the presence of lipopolysaccharide
(Fig. SGA in the Supplementary Appendix). Over-
expression of the B7-1Atail construct or gene si-
lencing of B7-1 preserved B1l-integrin activation
in the presence of lipopolysaccharide (Fig. S6A
and S6B in the Supplementary Appendix). Like
abatacept treatment, B7-1 gene silencing also re-
stored 1 activation in a3~ podocytes (Fig. S6C
in the Supplementary Appendix). In independent
flow-cytometric experiments, we confirmed that
B7-1 blocks B1l-integrin activation in podocytes
(Fig. S6D in the Supplementary Appendix).

Analysis of Integrin-Dependent Cell Spreading

B7-1 suppressed 581 integrin—mediated spread-
ing of K562 cells, which was restored by abata-
cept (Fig. S7A, S7B, and S7C in the Supplemen-
tary Appendix). In contrast, B7-1 did not affect
B3 integrin—dependent cell spreading (Fig. S7D,
S7E, and S7F in the Supplementary Appendix).

Molecular Basis of B7-1 Effects on B1-Integrin
Activation

We investigated the mechanism of B7-1 disrup-
tion of Bl-integrin activation. The cytoplasmic
protein talin is known to bind to cytoplasmic
B-integrin tails, disrupting the salt bridge be-
tween the o and B subunits'® and resulting in
integrin activation.® Because B7-1 can also bind
to B1 integrin, we hypothesized that B7-1 may
block Bl-integrin activation by competing with
talin for Bl-integrin binding. In endogenous co-
immunoprecipitation studies, we confirmed an
interaction between talin and B1 integrin in
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normal podocytes but not in @37/~ podocytes. We
also performed coimmunoprecipitation studies
of HEK293 cells after they were cotransfected
with various talin, B1-integrin, and B7-1 con-
structs. These experiments revealed that the cy-
toplasmic fragment of B7-1 (B7-1-tail) bound to
the cytoplasmic tail of B1 integrin lacking the
extracellular domain (B1AEC) at the expense of
talin (Fig. 2B). In contrast, B7-1 lacking its cyto-
plasmic tail (B7-1Atail) did not disrupt 81 bind-
ing to talin (Fig. 2B).

As the ultimate test of whether B7-1 competes
with talin for 81 binding, we conducted in vitro
reconstitution studies with purified recombi-
nant proteins (Fig. 2C). In the absence of B7-1
(FLAG-B7-1), talin (FLAG-talin-HN) bound to
purified B1 (GST-B1AEC) but not to the GST
control (Fig. 2C). In contrast, the addition of
B7-1 (FLAG-B7-1AEC) led to the binding of B7-1
to purified B1 integrin (GST-B1AEC) at the ex-
pense of talin (FLAG-talin-HN) in a concentra-
tion-dependent fashion (Fig. 2C). We confirmed
that B7-1 specifically competes with talin for
binding to B1 integrin but not to B3 integrin
(Fig. 2D), in line with our observations in cell-
spreading assays (Fig. S7 in the Supplementary
Appendix). Taken together, these data indicated
that B7-1 mediates podocyte injury and protein-
uria by disrupting the binding of talin to B1
integrin but not to B3 integrin (Fig. S8A in the
Supplementary Appendix) and that this disrup-
tion can be blocked by administering abatacept
(Fig. S8B in the Supplementary Appendix).

B7-1 Immunostaining in Human Kidney-Biopsy
Specimens

To test whether podocyte B7-1 might serve as a
biomarker for some proteinuric kidney diseases,
we examined its expression in biopsy specimens
of native kidneys from patients with various glo-
merular diseases and in biopsy specimens of re-
nal allografts. Immunostaining results accord-
ing to diagnosis, patient sex and age, time since
transplantation (if applicable), and protein level
are shown in Tables S1 and S2 in the Supplemen-
tary Appendix; representative images are shown
in Figure S9 in the Supplementary Appendix. In
biopsy specimens without pathologic glomerular
features (Fig. S9A and Table S1 in the Supple-
mentary Appendix) and in all biopsy specimens
of renal allografts from patients without recur-
rent proteinuria (Fig. S9B and Table S2 in the
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Figure 1. Blockade of Disease-Associated Podocyte Migration by Abatacept.

Panel A shows Western blot analysis of B7-1 protein in podocytes with stable transfection of vector control (pcDNA), B7-1, or B7-1Atail
before the addition of lipopolysaccharide (LPS), which was the control condition, and after the addition of LPS. Panel B shows B7-1 pro-
tein in normal podocytes, non-silencing short hairpin RNA (shRNA)—expressing podocytes (scrambled), B7-1 knockdown podocytes
(B7-1kd), scrambled shRNA-expressing a3/~ podocytes (a37/~/scrambled), and B7-1 knockdown a3/~ podocytes (a37/~/B7-1kd). In the
analyses shown in Panels A and B, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Panel C shows

the results of quantitative analysis of podocyte migration. P values were calculated with the use of Bonferroni’s multiple-comparison
test; see the Supplementary Appendix for details. The T bars indicate standard deviations.

Supplementary Appendix), only weak arteriolar
immunostaining was observed. Three of five bi-
opsy specimens from patients with a diagnosis of
minimal-change disease showed granular stain-
ing for B7-1 along peripheral capillary walls, in-
dicating a podocyte distribution (Fig. S9C and
S9D and Table S1 in the Supplementary Appen-
dix). B7-1 was absent in specimens from four of
five patients with secondary FSGS, while weak
focal podocyte immunostaining was found in a
specimen from one patient (Table S1 in the Sup-
plementary Appendix). In contrast, specimens
from two of the three patients with primary
FSGS in this series had diffuse and strong linear
podocyte B7-1 staining (Fig. S9E and S9F and
Table S1 in the Supplementary Appendix), which
was similar to the staining in the specimen from

N ENGL ) MED

Patient 5 (Fig. S2B in the Supplementary Appen-
dix). In keeping with previous results,* speci-
mens from all three patients with lupus nephritis
had moderate-to-strong granular staining in
podocytes or mesangium (Table S1 in the Supple-
mentary Appendix). Specimens from patients
with IgA nephropathy showed weak mesangial
staining but no podocyte B7-1 staining (Fig. S9G
and Table S1 in the Supplementary Appendix).
The strongest B7-1 staining was seen in speci-
mens from patients with membranous nephrop-
athy, both PLA2R-positive and PLA2R-negative'!
(Fig. S9H and Table S1 in the Supplementary Ap-
pendix). Among allograft-biopsy specimens, B7-1
staining was seen in the specimen from the one
patient with recurrent FSGS in this series (Table
S2 in the Supplementary Appendix), which was
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Figure 2 (facing page). Disruption of the Binding

of Talin to B1 Integrin, but Not to 83 Integrin, by B7-1.
As shown in Panel A, endogenous talin coprecipitated
with activated B1 integrin in normal podocytes but
not in @37/~ podocytes. Immunoprecipitation (IP) with
anti—green fluorescent protein (GFP) antibody served
as a negative control. Input refers to protein extracts
that served as starting material from which endoge-
nous proteins were immunoprecipitated. As shown in
Panel B, FLAG-B7-1 did not bind to talin (GFP-talin-
HN, left lane); HN denotes head N-terminal domain.
GFP-B7-1-tail but not GFP-B7-1A tail blocked the in-
teraction of talin (GFP—talin-HN) with B1 integrin
(FLAG-BLAEC) in cotransfected HEK293 cells. In-
stead, B7-1-tail coprecipitated with B1 integrin. As
shown at the top of Panel C, immobilized B1 integrin
(GST-B1AEC) but not the GST control bound directly
to purified talin (FLAG—talin-HN). In the presence of
increasing amounts of FLAG-B7-1AEC, the binding of
talin-HN to GST-B1AEC was gradually lost, whereas
the binding of B7-1 to B1 integrin could be detected.
As shown at the bottom of Panel C, Coomassie-
stained sodium dodecyl sulfate—polyacrylamide-gel
electrophoresis (SDS-PAGE) analysis showed the puri-
ty of recombinant proteins. As shown in Panel D, co-
expression of GFP—-B7-1-tail did not block the interac-
tion of talin (GFP—talin-HN) with B3 integrin
(FLAG-B3AEC) in triple-transfected HEK293 cells. In-
stead, both GFP—B7-1-tail and GFP-talin-HN coprecip-
itated with FLAG—B3AEC. No binding was found with
the fusion protein GFP—sui (negative control).

similar to the findings in the specimens from
Patients 1 and 3 (Fig. S1E). Eleven allograft-biop-
sy specimens, all obtained from patients who did
not have recurrent FSGS, were negative for B7-1
(Table S2 in the Supplementary Appendix).

DISCUSSION

To date, therapy for FSGS and associated kidney
disorders has been nonspecific, often ineffective,
and fraught with side effects. Abatacept, a co-
stimulatory inhibitor that targets B7-1, is cur-
rently approved for the treatment of rheumatoid
arthritis and has been used to treat other autoim-
mune diseases.>'2** Using abatacept, we suc-
cessfully induced a partial or complete remission
in five patients with primary or recurrent FSGS.
Our clinical and in vitro data, taken together,
indicate that podocyte B7-1 induction in primary
and recurrent FSGS offers a rationale for using
abatacept to treat a subgroup of patients with
proteinuric kidney diseases.

The analysis of a series of 22 randomly se-
lected biopsy specimens of native human kid-
neys identified a subpopulation of patients with
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minimal-change disease or primary FSGS who
had B7-1 immunostaining of podocytes. In con-
trast, immunostaining for B7-1 was negative in
4 of 5 biopsy specimens obtained from patients
with secondary FSGS, despite substantial podo-
cyte injury. Furthermore, B7-1 immunostaining of
podocytes was observed in the allograft specimen
from a patient with recurrent FSGS, whereas the
allograft specimens from all the other patients
were negative. We speculate that B7-1 immuno-
staining of kidney-biopsy specimens might iden-
tify a subgroup of patients with proteinuric kid-
ney diseases who would benefit from treatment
with abatacept.

Mechanistically, B7-1 promotes disease-asso-
ciated podocyte migration through inactivation
of B1 integrin, which is reversed by abatacept.
Whereas in T cells B7-1 acts by binding to CD28,
CTLA-4, or PD-L1 through its extracellular do-
mains,>*> in podocytes the cytoplasmic tail of B7-1
is necessary and sufficient to block B1-integrin
activation, by competing with talin for 81-integrin
binding. Our results thus indicate that protec-
tion of B1-integrin activation in podocytes is the
putative mechanism underlying the antiprotein-
uric action of abatacept.

Patient 5, who had relapsing nephropathy,
received abatacept in conjunction with glucocor-
ticoids alone rather than with a full post-trans-
plantation immunosuppressive regimen. Despite
modest doses of glucocorticoids, abatacept in-
duced a remission of the nephrotic syndrome in
this patient for the first time in more than 1 year.
In this patient (and the others treated), for whom
therapeutic options were limited, abatacept ap-
peared to induce clinical remission.
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