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Immune dysregulation in human
subjects with heterozygous germline
mutations in CTLA4

Hye Sun Kuehn,'* Weiming Ouyang,>* Bernice Lo,>** Elissa K. Deenick,”® Julie E. Niemela,
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V. Koneti Rao,>* Helen C. Su,*° David Kleiner,'® Luigi D. Notarangelo,"” Yajesh Rampertaap,'s
Kenneth N. Olivier,'® Joshua McElwee,'® Jason Hughes,' Stefania Pittaluga,'® Joao B. Oliveira,”®
Eric Meffre,” Thomas A. Fleisher,'t Steven M. Holland,*'® Michael J. Lenardo,>*t
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Cytotoxic T lymphocyte antigen—-4 (CTLA-4) is an inhibitory receptor found on immune
cells. The consequences of mutations in CTLA4 in humans are unknown. We identified
germline heterozygous mutations in CTLA4 in subjects with severe immune
dysregulation from four unrelated families. Whereas Ctla4 heterozygous mice have

no obvious phenotype, human CTLA4 haploinsufficiency caused dysregulation of FoxP3*
regulatory T (T.g) cells, hyperactivation of effector T cells, and lymphocytic infiltration

of target organs. Patients also exhibited progressive loss of circulating B cells, associated
with an increase of predominantly autoreactive CD21" B cells and accumulation of B cells
in nonlymphoid organs. Inherited human CTLA4 haploinsufficiency demonstrates a critical
quantitative role for CTLA-4 in governing T and B lymphocyte homeostasis.

mmune tolerance is controlled by multiple

mechanisms (7, 2), including regulatory T (Tieg)

cells (3-5) and inhibitory receptors (6, 7). Tyeg

cells constitutively express the inhibitory re-

ceptor CTLA-4, which confers suppressive
functions (8, 9). CTLA-4, also known as CD152,
is also expressed by activated T cells and, upon
ligation, inhibits their proliferation (10). Homo-
zygous deficiency of Ctla4 in mice causes fatal
multiorgan lymphocytic infiltration and destruc-
tion (11-13); hence, CTLA-4 functions at a key
“checkpoint” in immune tolerance. CTLA-4-
immunoglobulin (Ig) fusion protein and neutralizing
CTLA4 antibody are used to modulate immunity in
autoimmune and cancer patients (I4, I15), respec-
tively. Studies have given conflicting results regard-
ing the association of CTLA4 single-nucleotide
variants (SNVs) with organ-specific autoimmunity
(16). The consequences of genetic CTLA-4 defi-
ciency in humans are unknown.

Our index patient—a 22-year-old female (A.IL.1)—
developed brain, gastrointestinal (GI), and lung
lymphocytic infiltrates, autoimmune thrombo-
cytopenia, and hypogammaglobulinemia in early
childhood (Fig. 1A and table S1). Her 43-year-old
father (A.L1) manifested lung and GI infiltrates,
hypogammaglobulinemia, and clonally expanded
v8-CD8" T cells infiltrating and suppressing the
bone marrow (fig. S1A). Four additional cases
from three unrelated families (families B, C,
and D) (fig. S1 and table S1) were identified
among a cohort of 23 patients with autoimmune
cytopenias, hypogammaglobulinemia, CD4 T cell
Iymphopenia, and lymphocytic infiltration of non-
lymphoid organs. Patient B.L1, previously diag-
nosed with common variable immunodeficiency
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Fig. 1. Clinical phenotype and pedigree of the
patients. (A) Top: Computed tomography images of
lung and brain from patient A.Il.1. Bottom: Histological
section (magnification 20x) from a duodenal biopsy
from a healthy donor (HD) and patient A.ll.1 stained
for CD3 (brown cells), showing an increased number
of transepithelial T cells within the villi. (B) Flow
cytometric analyses of CD4" cells or total lympho-
cytes stained for the indicated surface markers from
a healthy donor and patient A.ll. Data showing
decreased CD45RATCD62L" naive CD4A™ T cells are
representative of three patients (A.l1, A.ll.1, and B.1.1).
Programmed cell death-1 (PD1) expression data
shown are representative of five patients (A.ll, Al
B.l1, ClI1, and D.Il.1) and three healthy donors. Data
showing decreased circulating B cells are representa-
tive of two patients (A.l.1 and A.ll.1). (C) Mutations in
patient alleles displayed on a schematic of the four
exons of CTLA4, pedigrees, and phenotype summary
highlighting organs (gray) with inflammatory infiltrates
and autoimmune cytopenias for affected family mem-
bers. TM, transmembrane domain. (D) Protein and mRNA
expression of CTLA-4 in T cells. Left: Levels of CTLA-4
expression in Treg Cells (CD4"CD25"FoxP3") were as-
sessed by intracellular staining. The numbers in the
upper right corner depict mean fluorescence inten-
sity (MFI) of anti-CD152 (CTLA-4) staining. Dotted
line indicates the peak of CTLA-4 expression in a
healthy donor. Data shown are representative of three
experiments. Right: Levels of CTLA4 mRNA in T cells
(CD4*CD25*CD127°) sorted from seven different healthy
donors and four patients were measured by real-time
PCR using the probe for CTLA4 transcript variant 1 (full
length) and normalized to GAPDH. Data are means of
replicates from six experiments. For relative gene ex-
pression, all data were normalized to the same HD. The
horizontal lines indicate mean values from healthy
donors or patients.

Fig. 2. Abnormal T, cell phenotype and func-
tion in patients. (A) Flow cytometric analysis of
FoxP3 and CD25 in CD4™ T cells from healthy donor
(HD) and patients. (B) Mean fluorescence intensity
of FoxP3 and CD25 in CD4" FoxP3" T cells from
healthy donors and patients. Data are means + SEM
of replicates of indicated patient [A.L1 (N =7), All.l
(N=1),BI1(N=2),Cll.L(N=2),DI.L(N=4)]and
10 healthy donors. The N values represent number of
replicates from each patient. ***P = 0.0007 (Mann-
Whitney test). Bar graph: Percentage of CD25" and
CD25™ cells among CD4*FoxP3* in 10 healthy do-
nors and five patients. (C) Autologous and heterol-
ogous suppressive activities of T cells from five
healthy donors and four patients (A.l1, B.I.1, C.Il.1,
and D.II.1). The horizontal lines indicate the mean
values. Data are from three experiments, with each
indicated patient paired with one or two healthy
donors. *P = 0.0239, **P = 0.0037 (paired t test).
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(CVID), had hepatosplenomegaly, autoimmune
hemolytic anemia (ATHA), autoimmune throm-
bocytopenia, pulmonary nodules, and cerebral
infiltrative lesions. C.IL1, a 19-year-old male, had
childhood-onset EBV* Hodgkin’s lymphoma and
developed diffuse lymphadenopathy, splenomeg-
aly, ATHA, autoimmune thrombocytopenia, and
enteropathy. His mother (C.1.1), asymptomatic and
considered unaffected, consented to genomic
studies only. Patient D.IL1 is a 46-year-old male
with psoriasis, lymphadenopathy, ATHA, and man-
ifested GI and lung lymphocytic infiltrates. His
mother (D.I.1) was unaffected, and his brother
(D.IL.2) was reportedly healthy but not clinically
evaluated; however, his 11-year-old son (D.IIL1)
had lymphadenopathy, severe ATHA, and lym-
phocytic brain infiltration. In most patients, GI
biopsies revealed histopathology similar to that
caused by CTLA-4 blocking antibody treatment
in melanoma patients (17, 18).

Both patients in family A had low CD4" T cells
with depleted CD45RA*CD62L" naive cells, in-
creased expression of the exhaustion marker PD-1,

and a progressive loss of circulating mature B cells
(Fig. 1B and table S1). Similar and overlapping
immune phenotypes were detected in the addi-
tional families (Fig. 1, B to D, and table S1).

‘We performed whole-exome sequencing using
DNA from A.IL1 and identified a heterozygous,
nonsense ¢.151C>T (p.R51X) mutation in CTLA4.
This was confirmed by Sanger sequencing in the
proband and A.L1 (Fig. 1C). cDNA analyses from
A.L1T cells showed that the mutant allele mRNA
was degraded >95%, consistent with nonsense-
mediated decay (table S2). CTLA4 sequencing in
B.I.1 revealed a frameshift deletion (c.75delG;
p.L28Ffs*44) (Fig. 1C) that introduced a stop
codon in exon 2. Families C and D had mutations
in introns 2 and 3 (458-1G>C and 567+5G>C)
(Fig. 1C) disrupting the acceptor and donor sites
of the second or third introns, respectively. These
mutations generated a CTLA4 mRNA lacking the
third exon, putatively encoding a soluble form of
CTLA#4 (fig. S2A). Full-length CTLA4 mRNA, en-
coding the membrane-bound form, was reduced.
Serum-soluble CTLA-4: was comparable in patients

and healthy individuals. In an extended cohort,
de novo mutants were not identified; however,
because B.L.1’s parental genotypes are unknown,
his mutation could be de novo.

Affected patients had reduced CTLA-4 pro-
tein and mRNA expression in sorted Ty cells
relative to healthy donors; this reduction per-
sisted after activation (Fig. 1D and fig. S2, A
and B). Deletion of Ctla4 in mice impairs Ty, cell
suppressive function, causing severe autoim-
mune disease and early lethality despite normal
Foxp3 levels (11, 12). We found that patients had
normal percentages of FoxP3" Ty, cells with a
CD127 CD45RO Helios* phenotype (fig. S3, A and
B), but overall expressed significantly less FoxP3
and CD25 [interleukin-2 (IL-2) receptor o sub-
unit and a marker of Ty cells] than T, cells
from healthy donors, and a large proportion of
their T,eg were CD25™ (Fig. 2, A and B). FOXP3
mRNA was also reduced in patient T, cells (fig.
S3C). Next, we tested the function of healthy
donor or patient T cells and found that patient
Tyegs PoOOIly suppressed proliferation of cocultured
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PBMCs with CTLA4 knockdown. Healthy donor PBMCs were transfected with control (Con) or CTLA4 siRNA. L >

Knockdown efficiency was evaluated using real-time PCR (left). Data are means + SEM from three experiments,

CFSE

each with a different healthy donor. Cells were then assessed for proliferation and CD25 expression. Data shown are representative of three experiments with three
healthy donors tested. (C) Reconstitution of wild-type CTLA-4 in patient cells. Patient D.Il.1 PBMCs were transfected with control vector (pDsRed-N1) or CTLA-4—
DsRed-N1 vector. Proliferation of DsRed* CD4 and CD8 patient T cells. Data shown are representative of three experiments with a total of three patients (B.1.1, C.IL.1,
D.I1.1). (D) Effect of in vitro treatment with CTLA-4—Ig on proliferation of PBMCs. Patient D.IIl.1 PBMCs were stimulated with anti-CD3 in the presence (+) or absence
(=) of CTLA-4~Ig. Data shown are representative of three experiments with a total of three patients (B.I.1, D.Il.1, and D.lIl.1). Percentages of cells having undergone at
least one cellular division are indicated in each histogram. Gray peak shows unstimulated cells.
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activated autologous or allogeneic T responder
cells (Fig. 2C and fig. S3D).

Among the nine subjects harboring CTLA4
mutations, three relatives were reportedly healthy
(C.I.1, D.I1, and D.I1.2). Only one of these un-
affected healthy relatives (D.I.1) could be eval-
uated in detail, and she had no clinical findings
similar to CTLA-4-deficient patients. Her T,
cells showed higher expression of CTLA-4 and
normal levels of FoxP3 and CD25 (fig. S4, A and
B), whereas her effector T cells displayed the
same in vitro hyperproliferation observed in af-
fected patients (fig. S4C); these findings suggest
that T, cell dysfunction might be essential for
the full disease phenotype.

Consistent with the results of studies in mice
(11-13), CTLA-4~deficient patient T cells were hy-
perproliferative, with an increased percentage ex-
pressing CD25 in response to T cell receptor
stimulation (Fig. 3A and fig. S5A). To test whether
patient T cell hyperproliferation resulted from
reduced CTLA4 expression, we used small inter-
fering RNA (siRNA) to inhibit CTLA4 expression
in normal peripheral blood mononuclear cells
(PBMCs). A factor of ~3 reduction in CTLA4
recapitulated the hyperproliferative T cell pheno-
type (Fig. 3B). Moreover, overexpression of wild-
type CTLA-4 in patient T cells suppressed the
hyperproliferation (Fig. 3C and fig. S5, B and C),
indicating that quantitative variations in CTLA-4
controlled the proliferative potential of T cells.
CTLA-4-Ig fusion protein also suppressed patient
T cell proliferation in vitro (Fig. 3D). Despite hy-
perproliferation of patient T cells in culture, the
patients were lymphopenic. This may be explained
by increased FAS (CD95) expression, caspase ac-
tivity, and apoptosis of patient T cells, or by or-
gan sequestration (fig. S6).

CTLA-4 function in B cells has been investi-
gated, but its role remains unclear (8, 12, 19). We
found that CTLA-4: expression was significantly
reduced on activated B cells from patients (fig.
S7A). The reduced frequencies of CD27" class-
switched memory B cells and progressive B cell
lymphopenia (Fig. 4, A and B), together with
known B cell abnormalities in human auto-
immune diseases (20), prompted us to further
investigate B cell maturation and function.

In inflammatory conditions such as systemic
lupus erythematosus, rheumatoid arthritis, Sjogren’s
syndrome, CVID with autoimmunity and lym-
phoproliferation, and certain chronic infections,
a population of B cells expressing reduced lev-
els of CD21 (termed CD21° B cells) has been
identified (21-23). CD21° B cells have been viewed
as anergic or “exhausted” cells on the basis of
observations such as enrichment of self-reactive
B cell receptors (BCRs), an activated phenotype,
reduced responsiveness to BCR engagement, and
increased apoptosis (22-25). We found that the
frequency of CD21'° B cells was greatly elevated
in patients’ peripheral blood (Fig. 4B) (15 to 90%
of B cells in CTLA-4-deficient patients versus
<5% in controls). This subset progressively accu-
mulated in patient A.L1 from 41.5% to >95% of
peripheral blood B cells over 3 years. Consistent
with the anergic/exhausted state of CD21" B cells
(22), we observed heightened apoptosis in patient
B cells (fig. S7, B and C) and poor BCR-induced
proliferation relative to controls (Fig. 4C). The
CD21° B cells in CTLA-4-deficient patients were
CD19™CD20™CD38", distinguishing them from
transitional (CD19*CD20™CD38™) cells. Flow cyto-
metric analysis revealed that these cells were
phenotypically similar to the CD21%° B cell subset
in other immune dysregulation disorders (fig.

S8A) (21, 25). Accordingly, autoreactive IgG may
be produced by the CD21° B cells, as a greater
proportion were IgG*CD27 cells, relative to the
corresponding cells in healthy donors. Func-
tional analysis in vitro indicated that naive B
cells from CTLA-4-deficient patients secreted
IgM and underwent class switching to secrete
IgG and IgA robustly (fig. S8B). However, patient
CD21° B cells secreted less Ig than those of healthy
donors (fig. S8B). The propensity of CD21° B cells
to exhibit more apoptosis ex vivo (fig. S7C) and
their constitutive expression of CD95 (fig. SSA)
could explain peripheral B cell lymphopenia
and hypogammaglobulinemia in most CTLA-
4-deficient patients. Increased frequencies of
autoreactive mature naive B cells have been dem-
onstrated in the blood of patients with immuno-
dysregulation polyendocrinopathy enteropathy
X-linked syndrome (IPEX), which is a primary
Tyeg cell defect (26); this suggests a role for Tyeg
cells in preventing the accumulation of autore-
active B cells in the periphery. Thus, CTLA-4 haplo-
insufficiency decreases B cell tolerance and survival
either intrinsically or extrinsically because of Teg
dysfunction (26).

Our data indicate that germline CTLA4 haplo-
insufficiency causes lymphoproliferation, lym-
phocytic infiltration of nonlymphoid organs,
autoimmune cytopenias, and B cell abnormalities
with an accumulation of CD21°° B cells. These
cells may account for antibody-mediated auto-
immunity in our patients. In contrast, heterozy-
gous Ctla4 deficiency in mice shows no obvious
phenotype (12, 13). Interestingly, patient D.L.1, who
has a CTLA4 splicing mutation with no appar-
ent somatic reversions or leakiness, is clinically
healthy (table S2). This incomplete penetrance in
disease may result from other genetic differences
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Fig. 4. Abnormal B cell phenotype in patients. (A) Percentages of B cells
for patients A.l1, AllL, B.L1, C.I.1, D.I1, and D.IIL1; horizontal lines indicate
means + SD. **P = 0.0047 (Mann-Whitney test). (B) Absolute B cell numbers
3! in blood for the indicated patients. Dotted lines indicate lower limit of normal
'y range from the healthy donors. (C) B cells were labeled with antibodies to
CD19, CD20, CD27, and CD10. Top panel: Proportions of B cells corresponding
to transitional (CD10*CD27"7), naive (CD10~CD277), or memory (CD10"CD27%)
subsets. Middle and bottom panels: Abnormal accumulation of CD19"CD21"°
B cells within the population of CD20*CD10"CD27~ B cells (middle) and
CD20"CD27 B cells (bottom) in CTLA-4—deficient patients compared to
a healthy donor. (D) Enriched CD19* cells (HD1 and A.l.1) or total PBMCs
(HD2, HD3, A.ll.1, C.IL1, and D.IL.1) were stimulated with F(ab’), specific
ional for anti-IgM, IL-4, and CD40 ligand. CD19™ cell proliferation was assessed
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between family members. This is analogous to
that in autoimmune lymphoproliferative syn-
drome, a human genetic immune disorder with
only 60% penetrance among family members
harboring the same heterozygous gene mutation
(27). Contrary to genetic deficiencies in inbred
strains of mice, phenotypic variability is com-
monly observed in human single-gene disorders
(28). This may explain why D.I.1 has a CTLA4
mutation, yet is asymptomatic. C.I.1 and D.IL.2
are apparently healthy because of incomplete
penetrance; however, further immunological test-
ing is required to confirm this assumption. We
did not identify any common genetic modifiers
in this study, as proven by our cohort analysis
(see supplementary text). Also, our analysis of
nonsynonymous SNVs in the CTLA4 coding
region showed that CTLA-4 expression and T
cell function are comparable to those of wild-
type controls (table S3 and figs. SO and S10).
Nonetheless, our findings show that the muta-
tions reported here result in quantitative reduc-
tions in CTLA-4 expression, which contribute to
a severe loss of tolerance and infiltrative auto-
immune disease.

Our results show the spectrum of clinical
complications that can be anticipated from
CTLA-4-blocking drugs. Consistent with these
findings, treatment with the CTLA-4 mimetic,
CTLA-4-1Ig, suppressed patient T cell hyper-
proliferation in vitro (Fig. 3D) and could be a
potential therapeutic intervention for CTLA-4-
deficient patients. Taken together, our results show
that heterozygous CTLA4 mutations in humans

SCIENCE sciencemag.org

are associated with a severe immunoregula-
tory disorder, which we term CTLA-4haploinsuf-
ficiency with autoimmune infiltration (CHAI)
disease.
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