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Murine LRBA deﬁciency causes CTLA-4 deﬁciency in
Tregs without progression to immune dysregulation
Deborah L Burnett1, Ian A Parish2, Etienne Masle-Farquhar1, Robert Brink1 and Christopher C Goodnow1
Inherited mutations in lipopolysaccharide-responsive beige-like anchor (LRBA) cause a recessive human immune dysregulation
syndrome with memory B-cell and antibody deﬁciency (common variable immunodeﬁciency), inﬂammatory bowel disease,
enlarged spleen and lymph nodes, accumulation of activated T cells and multiple autoimmune diseases. To understand the
pathogenesis of the syndrome, C57BL/6 mice carrying a homozygous truncating mutation in Lrba were produced using CRISPR/
Cas9-mediated gene targeting. These mice revealed that LRBA has a critical, cell-autonomous role in promoting cytotoxic
T-lymphocyte antigen-4 (CTLA-4) accumulation within CD4 effector T cells and FOXP3+ T-regulatory cells (Tregs). In young
mice, or in chimeric mice where only half of the T cells are LRBA deﬁcient, low CTLA-4 was the only detectable abnormality in
Tregs, whereas in old mice FOXP3 was also decreased. Low CTLA-4 did not translate into increased CD86 on B cells unless the
LRBA-deﬁcient mice were immunised, and neither immunisation nor chronic lymphocytic choriomeningitis virus infection
precipitated immune dysregulation. LRBA deﬁciency did not alter antigen-speciﬁc B-cell activation, germinal centre (GC)
formation, isotype switching or afﬁnity maturation. Paradoxically, CD86 was decreased on GC B cells in LRBA-deﬁcient mice,
pointing to compensatory mechanisms for controlling CD86 in the face of low CTLA-4. These results add to the experimental
rationale for treating LRBA deﬁciency with the CTLA4-Ig fusion protein, Abatacept, and pose questions about the limitations of
laboratory experiments in mice to reproduce human disease in natura.
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Lipopolysaccharide-responsive beige-like anchor (LRBA) belongs to
the BEACH (beige and Chediak-Higashi syndrome) family of cytoplasmic proteins that regulate intracellular vesicle trafﬁcking and
exocytosis.1 LRBA was originally identiﬁed as the product of a human
gene with homology to yeast CDC4,2 and of an LPS-induced gene in
mouse pre-B cells.3 Homozygous loss-of-function Lrba mutations
were discovered in 2012 as the cause of a new human immunodeﬁciency disorder characterised by recurrent infections and defects in
B-lymphocyte activation, low numbers of isotype-switched memory B
cells and diminished IgG and IgA antibody formation4 and by chronic
diarrhoea.5 Subsequently, homozygous or compound heterozygous
LRBA-inactivating mutations have been found to cause a pleiotropic
immune dysregulation syndrome with recessive Mendelian
inheritance.4–17 In two studies comparing 316 and 2218 LRBAdeﬁcient patients, the most common clinical features were autoimmune disease, particularly haemolytic anaemia (12/31 and 12/21
patients) and immune thrombocytopenic purpura (9/31 and 11/21
patients), splenomegaly or lymphadenopathy (19/31 and 18/21
patients), enteropathy or chronic diarrhoea (19/31 and 13/21 patients)
that was mostly idiopathic, and recurrent upper and lower respiratory
tract infections (19/31 and 10/19).6,18 Immune dysregulation caused
by LRBA deﬁciency has a broad range of other autoimmune
manifestations, but in one form or another appears to have high
1

clinical penetrance in the ﬁrst decade of life with only two recorded
clinical cases of homozygous Lrba mutations without clinical disease,
although this may relate to difﬁculty in detecting asymptomatic
individuals.6,12 The pathogenesis of immunodeﬁciency and autoimmunity caused by LRBA deﬁciency is not understood.
Laboratory ﬁndings from children with LRBA deﬁciency are also
variable in presentation and raise many questions about
pathogenesis.6,18 Hypogammaglobulinemia is found in 57–58% of
patients.6,18 Total B-lymphocyte counts are often normal or sometimes reduced, but isotype-switched memory B cells are decreased in
480% of patients6,18 and plasmablasts are reduced in 92% of
patients.18 Natural killer (NK) cells are normal or decreased in LRBA
deﬁcient patients.6,18 Counts of CD4+ and CD8+ T cells are generally
normal; however, individual patients have presented with either
increases or decreases in their numbers,6,18 and the percentage of
CD45RO+ RA−-activated/memory T cells and CXCR5+ PD-1+
follicular helper T cells is increased.8 FOXP3+ CD4+ T-regulatory
(Treg) cells are decreased as a percentage of CD4+ cells in the majority
of LRBA-deﬁcient patients6,8,18 and the Tregs that are present have
decreased levels per cell of FOXP3, HELIOS, CD25 and CTLA-4.8,11
These pleiotropic lymphocyte abnormalities, together with the broad
expression of Lrba mRNA across leucocyte subsets and other tissues,
make it unclear if LRBA deﬁciency causes intrinsic deﬁcits in B-cell
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Figure 1 LRBA deﬁciency decreases CTLA-4 on CD4 effector/memory and Tregs. Flow cytometric analysis of spleen cells from age- and sex-matched Lrba − / −
(blue) or WT (red) mice at 6 (n = 6) or 26 weeks (n = 4) of age. (a–c) CTLA-4 expression on CD4 memory/effector T cells. (a) Representative ﬂow cytometry
plots of permeabilised CD4+ FOXP3 − cells from 6-week-old mice showing % CTLA-4+ CD44hi cells and histograms of CTLA-4 in the CD4+ CD44hi CTLA-4+
population in 6- and 26-week- old mice. Lrba+/ − are indicated in pale blue. Graphs show (b) the number of CTLA-4+ CD4+ CD44hi FOXP3 − cells and (c)
CTLA-4 mean ﬂuorescence intensity (MFI) in individual mice and arithmetic mean for each genotype and age group. (d–g) CTLA-4 expression on CD4+ Treg
cells. (d) Representative plots of permeabilised CD4+ cells showing the % FOXP3+ Treg cells in 6-week-old mice. Representative Treg histograms and MFI
for: (e) CTLA-4; (f) FOXP3; (g) CD25. Statistical analysis was carried out using t-test: *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001. Data are
representative of one experiment.

isotype switching and memory formation,4 a primary, generalised
deﬁcit in FOXP3 Treg cells,8 or a problem in nonlymphoid organs
such as the gut.
An important insight into the pathogenesis of LRBA-deﬁciency
syndrome came from the ﬁnding in 2015 that the immune dysregulation responds exceptionally well to treatment with soluble CTLA4-Ig
Immunology and Cell Biology

fusion protein, Abatacept.11 Experimental analysis of cells in culture
revealed that CTLA-4 and LRBA interact through speciﬁc sequences in
the CTLA-4 cytoplasmic tail, colocalise at recycling endosomes and the
trans-Golgi network, and that LRBA protects CTLA-4 from being
sorted to and degraded in lysosomes.11 Hence, an attractive hypothesis
is that low CTLA-4 expression on activated T cells or FOXP3+ Treg
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Figure 2 Absence of immune dysregulation disease in LRBA-deﬁcient mice. (a–f) Analysis of sex-matched WT (red) and Lrba− / − (blue) mice at 6 weeks of
age, showing individual results and means for each group. (a–c) Flow cytometric analysis of spleen, showing the numbers of: (a) CD4+ or CD8+ T-cell subsets
of central memory (CD62L+ CD44+), effector memory (CD62L− CD44+), naïve (CD62L+ CD44−) or Tregs (CD4+ FOXP3+). (b) B cells (B220+) and subsets of
transitional 1 (T1, B220+ CD93+ CD23−), transitional 2 and 3 (B220+ CD93+ CD23+), marginal zone (B220+ CD21+ CD23−), mature follicular (B220+
CD93− CD23+) and B-1 (B220− CD19+) B cells per spleen. (c) neutrophils (B220− MHC II− Ly6G+ CD11b+) and NK lymphocytes (B220− CD8−MHC II−
NK1.1+). (d) CD86 mean ﬂuorescence intensity (MFI) on marginal zone and follicular B cells. (e) Flow cytometric analysis of bone marrow, showing % of
lymphocytes that are pro-B cells (B220+ CD43int), pre-B cells (B220+ CD43 − IgM−), immature B cells (B220int CD43− IgM+ IgD −), transitional B cells
(B220hi CD43 − IgM+ CD24+ IgDlo) and mature B cells (B220hi CD43− IgM+ CD24− IgD+). (f) Flow cytometric analysis of thymus, showing number of CD8 −
CD4− double-negative (DN), double-positive (DP), CD8+ or CD4+ single-positive, or CD4+ FoxP3+ Treg cells. N = 6 per group. Data are representative of one
experiment. (g) Titres of IgG2b, IgA, IgG1, IgM, IgG3 Ig2Ga(b) and IgE antibodies in the serum of unimmunised mice, determined by enzyme-linked
immunosorbent assay (ELISA). N = 10 per group. Representative of two comparable experiments. Statistical analysis was carried out using t-test: **Po0.01.

cells is responsible for some or all of the immune dysregulation in
LRBA deﬁciency. CTLA-4 on T cells removes CD86 from antigenpresenting cells,19 and exaggerated expression of CD86 on anergic selfreactive B cells switches the outcome of their interaction with T cells
from FAS-mediated deletion to plasma cell differentiation and
autoantibody secretion,20 providing a plausible mechanism for the
pathogenesis of autoimmune haemolytic anaemia and thrombocytopenia and its correction with Abatacept therapy. However, it is unclear

how this mechanism would explain the humoral immunodeﬁciency
and low numbers of switched memory B cells, which appear less
responsive to Abatacept.11
To resolve the many questions summarised above, we generated
and analysed an LRBA-deﬁcient mouse strain. The results reveal no
evidence for an intrinsic requirement for LRBA in B-cell activation,
germinal centre (GC) formation, isotype switching and afﬁnity
maturation. LRBA deﬁciency greatly decreased CTLA-4 on activated
Immunology and Cell Biology
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CD4+ T cells and FOXP3+ Tregs in a cell-autonomous manner, but
other Treg markers and Treg frequency were unaffected in young
mice. We conclude that partial CTLA-4 deﬁciency is a primary
component of the immune dysregulation that occurs in LRBA
deﬁciency, but is compensated to prevent progression to autoimmunity and immunodeﬁciency under standard mouse housing
conditions.
RESULTS
CTLA-4 deﬁciency in T cells of LRBA-deﬁcient mice
LRBA-deﬁcient mice were generated on the C57BL/6 background
using CRISPR/Cas9-mediated gene targeting to produce an 8 bp
deletion in exon 37 of Lrba. The resulting frame-shift mutation
truncates the normal protein sequence starting at His1949 within the
DUF domain, eliminating the C-terminal PH, BEACH and WD40
domains as occurs in many patients with LRBA deﬁciency, including
individuals with good response to Abatacept.6,11,18 Multiple homozygous founders were obtained, and these appeared healthy, fertile and
were outcrossed to C57BL/6 mice and progeny intercrossed to
establish a propagating strain.
Flow cytometric analysis of permeabilised T cells in the blood (not
shown) or spleen (Figure 1) of homozygous LRBA-deﬁcient mice
revealed a loss of CTLA-4hi cells in CD4+ CD44+ T cells (Figures 1a–c)
and in FOXP3+ Tregs (Figures 1d and e), regardless of the age of the
mice analysed. In Tregs, the CTLA-4 mean ﬂuorescence intensity was
decreased in homozygous mutants to ~ 60% of wild-type (WT) levels
in the spleen (Figure 1e) and thymus (Supplementary Figure 1).
FOXP3 and CD25 were expressed normally in Tregs from young
LRBA-deﬁcient mice, but FOXP3 was decreased in both the spleen
(Figure 1f) and thymus of 6-month-old mice (Supplementary
Figure 1). Thus, Tregs exhibited a selective CTLA-4 deﬁciency in
young LRBA-deﬁcient mice, whereas older mice displayed a broader
decrease in CTLA-4 and FOXP3 as observed in human LRBA
deﬁciency.8,11
No spontaneous immune dysregulation disease in LRBA-deﬁcient
mice
In contrast to the morbid immune dysregulation in human LRBA
deﬁciency, LRBA-deﬁcient mice developed at normal frequencies with
no obvious morphological abnormalities, normal body weight, normal
erythrocyte and platelet counts, and no splenomegaly, whether
analysed at 6 weeks of age or at 6 months of age (Figure 2 and
Supplementary Figure 2). There was also no lymphadenopathy (not
shown). Flow cytometric analysis of the spleen revealed normal
numbers of neutrophils, NK cells, B-cell subsets or T-lymphocyte
subsets, with no increase in effector/memory T cells or decrease in
Tregs as has been observed in LRBA-deﬁcient patients. Based on the
low levels of CTLA-4 on Treg and effector T cells, we tested for
increased CD86 on the surface of B cells, but found it to be
comparable in young mice with or without LRBA (Figure 2d). We
also investigated the expression of BTLA, a homologue of CTLA-4, on
total B cells and GC B cells. However unlike CTLA-4, BTLA
expression was not decreased on lymphocytes from LRBA-deﬁcient
mice (Supplementary Figure 2E). Developing subsets of B and T cells
in the bone marrow and thymus were present in normal numbers
(Figures 2e and f), despite the low expression of CTLA-4 on
thymic Tregs.
To investigate potential disease progression over time, mice were
also analysed at 6 months of age (Supplementary Figure 2). Older
LRBA-deﬁcient mice appeared normal in regards to their total body
weight and frequencies of red blood cells, platelets, neutrophils, NK
Immunology and Cell Biology

cells and B- and T-cell subsets and development. Interestingly, we did
notice a slight but signiﬁcant decrease in B220lo CD19+ B-1 cells
within the spleen that was not evident in the younger mice
(Supplementary Figures 2L and M).
LRBA mice show altered frequencies in the serum of antibody
isotypes
Given hypogammaglobulinemia is a frequent clinical feature of human
Lrba deﬁciency, we measured basal Ig levels in the serum of Lrba−/−
and WT mice. This revealed the serum of unimmunised Lrba−/− mice
to contain signiﬁcantly higher levels of IgG2b than age- and sexmatched WT mice (Figure 2g). There was also a trend towards an
increase in IgM levels, although this was not signiﬁcant (P = 0.056).
Peritoneal B-1 cells are reduced in Lrba− / − mice
Given the ﬁnding that LRBA-deﬁcient mice aged 46 months of age
have a reduced frequency of splenic B-1 cells and in light of the
chronic diarrhoea and IBD occurring in 60% of LRBA-deﬁcient
patients, we tested for cellular abnormalities in the peritoneal ﬂuid of
LRBA-deﬁcient mice. This revealed a signiﬁcant relative decrease in
B-1 cells (CD19+ B220lo IgM+ CD23−) with no corresponding
decrease in B-2 cells (CD19− B220hi) in both 6-week-old and
6-month-old LRBA-deﬁcient mice (Figure 3). This decrease was
largely due to decreased B-1a cells (CD19+ B220lo IgM+ CD23−
CD5+). Interestingly, T cells were increased relative to other cell types
within the peritoneal compartment in young and aged LRBA-deﬁcient
mice, although this could have been secondary to decreased B-1 cells.
Primary effects of LRBA deﬁciency within different subsets of
lymphocytes after bone marrow transplantation
To investigate the possibility that homeostatic compensation mechanisms mask cell-autonomous deﬁcits in LRBA-deﬁcient T or B cells,
mixtures of Lrba−/− and WT bone marrow distinguished by CD45.2
and CD45.1 congenic markers were transplanted to lymphocytedeﬁcient Rag1−/− mice. The marrow transplant competitively reconstituted the immune system with a mixture of cells with and without
Lrba expression. A control group of recipients were transplanted with
marrow mixtures where both CD45.2 and CD45.1 cells had normal
Lrba expression. A third group of recipients were reconstituted with
100% CD45.2 marrow that was either Lrba−/− or Lrba+/+. The resulting
chimeric animals were immunised repeatedly with sheep red blood
cells (SRBCs), and blood lymphocytes were analysed by ﬂow cytometry.
Despite competing with CD45.1 WT cells, Lrba−/− CD45.2+ cells
accounted for a high percentage of B cells, CD4+ T cells, CD8+ T cells,
effector CD4+ T cells, effector CD8+ T cells and Treg cells (Figure 4a).
The contribution of LRBA-deﬁcient CD45.2+ cells to each subset was
equivalent to the contribution of WT CD45.2+ cells in control mixed
chimera animals analysed at the same time (Figure 4a), and this was
true for blood samples collected at multiple timepoints before and after
repeated SRBC immunisation (Supplementary Figures 3 and 4).
Despite normal contribution of LRBA-deﬁcient CD45.2+ cells to the
CD4+ memory/effector and Treg cell populations, they exhibited a
selective and marked decrease in the total (intracellular and surface)
cellular pool of CTLA-4. Within FOXP3− CD4+ cells, CTLA-4 was
highly expressed in a subset of CD44hi effector/memory cells in
Lrba+/+ T-cell populations, but CTLA-4+ cells were 80% less frequent
among CD45.2+ Lrba−/− T cells (Figures 4b and c). Furthermore, in
the CTLA-4+ CD44hi cells that were present, these expressed CTLA-4
at mean intensities that were only 40% of CD45.1+ internal control
cells and of WT CD45.2+ cells in control mixed chimeras (Figures 4d
and e). Among FOXP3+ CD4+ Treg cells, CD45.2+ Lrba−/− Tregs
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Figure 3 Decreased peritoneal B-1 B cells in LRBA-deﬁcient mice. Flow cytometric analysis of peritoneal cavity lymphocytes from sex-matched WT (red) and
Lrba− / − (blue) mice at 6 (n = 6) or 26 (n = 4) weeks of age, showing individual results and means for each group. (a and b) Percentage of lymphocytes that
are T cells (B220− IgM− CD23− CD5+), B-2 cells (CD19−B220hi), B-1 cells (CD19+ B220lo IgM+ CD23−), B-1a cells (CD19+ B220lo IgM+ CD23− CD5+) and
B-1b cells (CD19+ B220lo IgM+ CD23− CD5−). (c and d) Representative ﬂow cytometric plots showing gating IgM, CD23, B220 and CD19 staining for B-1
and B-2 cells and representative CD5 histograms of B-1 cells showing gates on CD5+ B-1a and CD5- B-1b cells from mice at 6 (c) and 26 (d) weeks of age.
Statistical analysis was carried out using t-test: *Po0.05; **Po0.01. Data are representative of one experiment.

expressed CTLA-4 at mean intensities that were only 10% of CD45.1+
internal control cells or of WT CD45.2+ cells in control mixed
chimeras (Figures 4g and h). By contrast, there was no decrease in
FOXP3 or CD25 in CD45.2+ Lrba−/− Tregs (Figures 4i and j). These
results demonstrate that the loss of CTLA-4 protein caused by LRBA
deﬁciency is cell autonomous within Treg and helper T cells. The loss
of CTLA-4 was similar in chimeras where only half the Tregs were
LRBA deﬁcient and in chimeric mice where all cells were defective
(Figures 4e and h).

Potent immune activation by xenoantigens or virus infection fails
to precipitate immune dysregulation in LRBA-deﬁcient mice
The experiments above showed loss of normal CTLA-4 protein caused
by LRBA deﬁciency, but it was surprisingly not accompanied by the
morbid immune dysregulation observed in CTLA-4-knockout
mice.21,22 We hypothesised that the residual CTLA-4 in LRBAdeﬁcient Tregs might become insufﬁcient in the face of potent
inducers of CD80 and CD86 on dendritic cells and B cells. We ﬁrst
tested this possibility by repeatedly injecting SRBCs, which induces
Immunology and Cell Biology
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potent dendritic cell activation, CD86 induction, follicular helper
T-cell and GC B-cell proliferation because they carry numerous
xenoantigens and sheep CD47 does not bind mouse SIRPα and fails
to deliver the inhibitory signal carried by healthy self-erythrocytes.23 In
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the experiments above, a parallel set of Rag1−/− recipients were
transplanted with 100% Lrba−/− or Lrba+/+ CD45.2 bone marrow,
so that all T cells were LRBA deﬁcient or sufﬁcient. CTLA-4 was
decreased on the Lrba−/− Tregs to 30% of the levels on Lrba+/+ Tregs.
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Despite the loss of normal CTLA-4 on 100% of the Tregs, there was
no evidence of immune dysregulation syndrome and no increased
formation of CD44hi CD4 or CD8 effector/memory T cells either
before or following three sequential immunisations with SRBCs
(Supplementary Figure 4B).
To test if a systemic viral infection would precipitate immune
dysregulation, Lrba−/− mice and age- and sex-matched WT control
mice were infected with lymphocytic choriomeningitis virus (LCMV)
clone 13, which multiplies to high viral titres throughout the body
peaking within 7 days, establishes a chronic viral infection and induces
powerful innate and adaptive immune activation during the acute and
chronic phase of the infection. Following infection, Lrba−/− mice
exhibited no visible evidence of morbidity and were indistinguishable
from their WT counterparts. Measured by ﬂow cytometry, the immune
response to LCMV infection 20 days after infection was remarkably
normal, with no signiﬁcant difference in the percentage of CD4+ T cells
that were effector/memory cells (Figure 5a) nor in the percentage of
CD4+ or CD8+ T cells that bound major histocompatibility complex
(MHC) tetramers containing the dominant viral peptides (Figures 5b
and c). Rather than developing autoimmunity or exaggerated formation
of effector T cells, we found that Lrba−/− mice actually showed subtle
signs of increased T-cell exhaustion compared with their WT counterparts. This included a slight but signiﬁcant decrease in effector CD8+
T cells, and changes in markers of T-cell exhaustion24 on viral peptide/
MHC tetramer-binding T cells including increased TIM3 and decreased
Ly6C (Figures 5b and c), slightly decreased mean interferon-γ per cell
and decreased the proportion of tumour necrosis factor-α-positive cells
(Figures 5d and e). Nevertheless, the key ﬁnding from these experiments is that LRBA-deﬁcient mice mount a remarkably normal
immune response to a chronic, systemic viral infection.
LRBA-deﬁcient B cells undergo normal afﬁnity maturation
Given the decreased frequency of switched memory B cells in the
majority of LRBA-deﬁcient patients, we investigated whether or not
LRBA-deﬁcient B cells would respond normally to antigenic stimulation in vivo. To do this, Lrba−/− C57BL/6 mice were crossed to SWHEL
IgH knock-in transgenic mice where many B cells express the Hy10
antibody against hen egg lysozyme (HEL).25,26 CD45.1 congenic mice
with normal LRBA were injected intravenously with 30 000 HELbinding spleen cells from CD45.2 SWHEL donor mice, where the
donors were either Lrba−/− or Lrba+/+. On days 0 and 4 after receiving
the donor SWHEL B cells, the recipient mice were immunised with
SRBCs that had been covalently decorated with HEL3X, a triply mutant
HEL protein that binds with low afﬁnity to HyHEL10 on the SWHEL B

cells.25,26 Flow cytometric analysis of the spleen on day 15 revealed
total GC B-cell numbers to be equivalent in recipients of LRBAdeﬁcient or WT SWHEL B cells (Figure 6a). Unexpectedly, given the
human phenotype of defective B-cell responses, we found a slight but
signiﬁcant increase in the total number of donor-derived, antigenspeciﬁc SWHEL GC B cells when these cells lacked LRBA (Figure 6b).
In other respects, there was no signiﬁcant difference between WT and
LRBA-deﬁcient SWHEL GC B cells in the fraction that bound low
concentrations of HEL3X antigen (Figure 6c), had switched to IgG1
(Figure 6d) or exhibited a CD86+ CXCR4− light-zone phenotype
(Figure 6e). The mean CD86 on the donor-derived SWHEL GC B cells
was also equivalent in the two groups (Figure 6f).
To investigate afﬁnity maturation of LRBA-deﬁcient cells in more
detail, donor-derived SWHEL GC B cells from both groups of mice
were individually sorted and the Hy10 VDJH exon sequenced. There
was a slight but signiﬁcant increase in the mean number of amino-acid
substitutions per cell in LRBA-deﬁcient GC cells with no corresponding increase in silent nucleotide changes (Figure 6g). The pattern of
amino-acid substitutions was equivalent between the two groups,
including comparable percentages of cells that had acquired known
HEL3X afﬁnity-increasing mutations27 (Figures 6h–j). Thus, LRBAdeﬁcient B cells have no discernable deﬁcit in T-cell-dependent
activation, GC accumulation, isotype switching or afﬁnity maturation
when transplanted into mice with normal LRBA.
Recruitment and maintenance within the GC is normally controlled
in LRBA-deﬁcient mice despite abnormalities in CD86 expression
We extended the GC studies by performing reciprocal experiments
where small numbers of Lrba+/+ SWHEL B cells were injected into
LRBA-deﬁcient recipient mice so that the cooperating T cells would
lack LRBA and have low CTLA-4. The 30 000 CD45.1-marked Rag1−/−
SWHEL B cells were injected into Lrba−/− or Lrba+/+ C57BL6 mice, the
mice were immunised with HEL3X-SRBC on days 0 and 4, and spleen
cells were analysed by ﬂow cytometry on day 15. LRBA-deﬁcient
recipients exhibited no signiﬁcant difference in the number of total
GC B cells (Figure 7a), donor-derived SWHEL GC B cells (Figure 7b),
recipient-derived GC B cells (Supplementary Figure 5A), nor in the
proportion of donor or recipient-derived GC B cells that had switched
to IgG1 (Figure 7c and Supplementary Fig 5B).
While LRBA-deﬁcient recipients had normal GC B-cell numbers, cell
surface CD86 was signiﬁcantly increased on their total, non-GC (FASlo
CD38hi) B-cell population (Figure 7d). By contrast, CD86 was signiﬁcantly decreased on donor- or recipient-derived GC B cells in LRBAdeﬁcient mice (Figure 7e and Supplementary Figure 5C). CD86 was

Figure 4 Cell-autonomous loss of CTLA-4 on LRBA-deﬁcient T cells in bone marrow chimeras. Irradiated Rag1− / − recipient mice were transplanted with a
bone marrow mixture comprising 50% CD45.1+ Lrba+/+ cells and 50% CD45.2+ cells that were either Lrba−/− or Lrba+/+ (WT). One hundred percent CD45.2+
Lrba−/− or Lrba+/+ (WT) marrow was transplanted into a parallel group of Rag1− / − recipients. At 8 weeks after transplantation, the chimeric mice were
immunised with SRBCs three times 3 days apart and blood was analysed by ﬂow cytometry 62 days after the ﬁrst immunisation. Lines connect paired values
for CD45.1 and CD45.2 cells in individual chimeric mice. (a) Percentage of CD45.2+ Lrba−/− (blue) or Lrba+/+ (WT, red) cells among the indicated
lymphocyte subsets in individual mixed chimeric mice and arithmetic means: B cells (B220+), T cells (CD3+), CD4+ T cells, effector CD4+ T cells (CD25+,
CD44hi), CD8+ T cells, effector CD8+ T cells (CD25+, CD44hi) and Tregs (CD4+FOXP3+). (b–e) Analysis of CD4+ FOXP3− cells. (b) Representative plots of
intracellular CTLA-4 and CD44 gated on CD45.1+ (WT) or CD45.2+ (WT or Lrba−/−) CD4+ FOXP3− cells. (c–e) Analysis of CTLA4+ CD44+ CD4+ FOXP3− cells,
showing: (c) percentage among the CD45.1+ or CD45.2+ subsets of total T cells; (d) representative CTLA-4 histograms; (e) CTLA-4 MFI values. Dotted lines
represent CD45.2+ (Lrba+/+ or Lrba− / −) cells in mixed chimeras; solid lines represent equivalent cells in 100% Lrba+/+ or Lrba− / − chimeras. (f–j) Analysis of
CD4+ FOXP3+ cells. (f) Representative ﬂow cytometric plots of CD45.2+ CD4+ cells, showing % Tregs. (g) CTLA-4 MFI values for each chimeric mouse.
(h) Representative intracellular CTLA-4 histograms. (i) Representative intracellular FOXP3 histograms. (j) Representative CD25 histograms. Statistical
analysis was carried out using t-test between mice or paired t-test when cells were from the same chimeric mouse: *Po0.05; **Po0.01; ***Po0.001;
****Po0.0001. N = 5 per group. Data are representative of one experiment.
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Figure 5 Response of LRBA-deﬁcient mice to chronic systemic viral infection. C57BL/6 Lrba+/+ (WT) (red) or Lrba−/− mice (blue) were infected intravenously
with 2 × 106 plaque-forming unit (PFU) LCMV clone 13 to induce chronic viral infection. At 20 days after infection, spleen cells were analysed by ﬂow
cytometry. (a) Analysis plots of spleens, showing % of lymphocytes that are CD44hi effector/memory cells in individual mice with arithmetic means. (b and c)
Representative ﬂow cytometric plots (b) and anlaysis plots (c) showing % of CD8+ T cells binding MHC I tetramers loaded with LCMV peptides GP33–41 or
NP396–404, or the % of CD4+ cells binding MHC II tetramers fused with LCMV peptide GP66–77 in individual mice with arithmetic means. (d) Representative
histograms showing TIM3 staining on NP396–404 MHC I tetramer-binding CD8+ T cells in WT and Lrba−/− mice, and MFIs in individual animals for TIM3,
CD160 and PD-1. Similar trends were seen with the GP33–41 tetramer. (e) Representative LY6C staining on GP66–77 MHC II tetramer-binding CD4+ T cells,
and MFI’s in individual animals for LY6C, PSGL1 and PD-1. (f) IFNγ+ MFI of the IFNγ+ T cells (top) and % TNFα+ within the IFNγ+ cells. Representative
IFNγ and TNFα histograms are shown for the NP396 peptide-stimulated cells. Statistical analysis was carried out using t-test: *Po0.05; **Po0.01. N = 5
per group. Data are representative of one experiment. IFNγ, interferon-γ.

equally decreased when measured selectively on the light-zone subset of
GC B cells (Figures 7f and g and Supplementary Figures 5D and E).
Lower CD86 on SWHEL GC B cells in Lrba−/− recipients nevertheless did
not translate into any discernable change in afﬁnity maturation. When
these GC B cells were individually sorted and their VDJH exon sequenced,
there were comparable frequencies of total and afﬁnity-increasing
mutations in Lrba−/− or Lrba+/+ recipient mice (Figures 7i–l).
DISCUSSION
The experiments here add to the experimental evidence base for
treating LRBA deﬁciency with CTLA4-Ig (Abatacept), and pose
questions about the limitations of laboratory experiments in mice to
reproduce human disease in natura. We show that LRBA has a critical,
cell-autonomous role promoting CTLA-4 accumulation within CD4
effector T cells and Tregs in otherwise healthy mice. Despite the lower
CTLA-4, acute experimental challenge of LRBA-deﬁcient mice failed
to reproduce the severe immune dysregulation that develops in LRBAImmunology and Cell Biology

deﬁcient children. In young mice, or in chimeric mice where only half
of the T cells are LRBA-deﬁcient, low CTLA-4 was the only detectable
abnormality in Tregs. Other abnormalities described in Tregs from
LRBA-deﬁcient patients, notably low FOXP3 and CD25, were only
observed in 6-month-old LRBA-deﬁcient mice and were not apparent
in mixed chimeras, raising the possibility that they arise by gradual
Treg 'exhaustion' as a secondary consequence of insufﬁcient CTLA-4.
Evidence that low Treg expression of FOXP3 and CD25 arises as a
secondary consequence of insufﬁcient CTLA-4 comes from patients
with heterozygous CTLA-4 loss-of-function mutations, who display
these Treg abnormalities when they are ill with morbid immune
dysregulation but not in healthy relatives carrying the same CTLA-4
mutation.28,29 The lower frequencies of Tregs in LRBA-deﬁcient
patients may also result from Treg exhaustion after chronic overstimulation by successive infections in natura. We observed no
signiﬁcant decrease in Treg numbers in 6-month-old LRBA-deﬁcient
mice housed in a speciﬁc pathogen-free environment, and no
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Figure 6 Normal GC formation and afﬁnity maturation by LRBA-deﬁcient B cells. CD45.1 congenic C57BL/6 recipient mice, with WT LRBA, were injected
intravenously with 30 000 HyHEL10+ SWHEL spleen B cells from Lrba−/− or Lrba+/+ C57BL/6 donor mice. The recipient mice were immunised two times on
days 0 and 4 after B-cell transfer with HEL3X-SRBC, or unconjugated SRBC for a control group of recipients, and spleen cells were analysed by ﬂow
cytometry, sorting and single-cell Igh sequencing on day 15. (a) Total Fashi CD38− B220+ GC B cells per spleen of individual mice, and arithmetic mean for
each group. (b) Donor-derived HyHEL10+ CD45.2+ CD45.1− GC B cells per spleen. (c) Afﬁnity-matured cells, measured as % donor-derived GC B cells
stained brightly with 200 ng/ml HEL3X. (d) IgG1-switched cells, measured as % of donor-derived GC B cells. (e) Light-zone CD86+ CXCR4− GC B cells,
measured as % of donor-derived GC B cells. (f) CD86 MFI on donor-derived GC B cells. (g) Number of VDJH amino-acid changing or silent nucleotide
substitutions per donor-derived GC B cell. (h) Percentage of donor-derived GC B cells with afﬁnity-increasing VDJH mutations S31R, Y53D or Y58F.
(i) Percentage of donor-derived GC B cells with substitutions at each VDJH amino-acid position. (j) Co-occurrence of S31R, Y53D and Y58F mutations (rows)
in individual cells (columns) sorted from separate recipient mice (boxes). Data are pooled from two independent experiments with comparable results. N = 9
mice per HEL3X-immunised group and four unconjugated controls. Statistical analysis was carried out using t-test: *Po0.05.
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competitive disadvantage for accumulation of LRBA-deﬁcient Tregs in
mixed chimeras. Future studies will need to determine if the
limitations of the mouse model stem from subtle differences in
species sensitivity to partial CTLA-4 deﬁciency, different functions of
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LRBA in humans and mice, the need for an autoimmune-predisposed
genetic background or the need for particular environmental triggers.
While the CTLA-4 results are consistent in mice and humans,11 the
experiments here provide no evidence that LRBA is required within
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B cells. In contrast to the hypogammaglobulinemia that characterises
human LRBA deﬁciency, especially affecting IgA, LRBA-deﬁcient mice
had normal serum IgG1 and IgM, signiﬁcantly increased levels of
serum IgG2b and a trend towards increased IgA. Since the latter two
isotypes are induced by transforming growth factor-β,30 it will be
interesting in future studies to explore the possibility that the low
CTLA4 on helper T cells or Tregs results in higher expression of
transforming growth factor-β.
By transferring small numbers of LRBA-deﬁcient or WT SWHEL B
cells into WT recipients, we observed the deﬁcient B cells accumulated
to slightly higher GC numbers and had no deﬁcit in isotype switching
or afﬁnity maturation. A theoretical limitation of this model is that the
antigen-speciﬁc B cells start at a frequency of ~ 1 in 10 000 B cells,
which may be higher than some antigen-speciﬁc precursors in the
normal response. Nevertheless, the same assay reveals a profound
deﬁcit caused by DOCK8 deﬁciency, which also causes common
variable immunodeﬁciency in humans.31 The normal GC B-cell
responses by LRBA-deﬁcient B cells may either represent a human–
mouse difference, or the deﬁciency of switched memory B cells in
LRBA-deﬁcient patients may be secondary to their severe immune
dysregulation brought about by CTLA-4 deﬁciency. Support for the
latter conclusion comes from patients with heterozygous CTLA4 lossof-function mutations: despite CTLA4 mRNA being exclusively
expressed in T cells and not B cells, these patients have a progressive
decrease in B cells and switched memory B cells, hypogammaglobulinemia and recurrent respiratory infections as part of a similar
immune dysregulation syndrome.28,29
The one B-cell abnormality observed in LRBA-deﬁcient mice was a
relative decrease in the B-1 B-cell subset in the peritoneal cavity of
young and aged mice. B-1 cells express a BCR repertoire that is
polyspeciﬁc and crossreactive for both self and microbial antigens.32 In
this way, these cells have an important role in maintaining tissue
homeostasis, and innate-like immune defence against mucosal
pathogens.32,33 In addition, B-1 cells produce interleukin-10 and have
important roles in the maintenance of self-tolerance by the uptake and
presentation of endogenous antigens.34,35 B-1 cells have also been
linked to autoimmunity in both human patients and murine models
of disease.36 We found that the T-cell compartment of the peritoneal
ﬂuid was also increased relatively to the other cell types in the sample
in LRBA-deﬁcient mice. These peritoneal cell abnormalities are
peculiar given that, to our knowledge, there is no reported link
between CTLA-4 and B-1 cell production. Future experiments will be
needed to resolve whether the peritoneal cavity abnormalities reﬂect a
primary role for LRBA within the B-1 or T cells in that site, or a

secondary reaction to primary abnormalities in the LRBA-deﬁcient
gut, as Lrba mRNA is particularly abundant in the intestine.
The key question arising from our ﬁndings is why low CTLA-4 in
LRBA-deﬁcient mice does not result in morbid immune dysregulation
with accumulation of effector T cells and splenomegaly/lymphadenopathy, as observed in the majority of humans with LRBA deﬁciency
where it responds to CTLA4-Ig therapy.4–17 In patients, the clinical
syndrome can take up to 10 years to present,6,18 raising the possibility
that it requires an environmental trigger. However, when we challenged
LRBA-deﬁcient mice with two short-term interventions that are powerful triggers of innate and adaptive immunity, repeated SRBC injections
or chronic systemic LCMV infection, neither triggered discernable
immune dysregulation. It is conceivable that dysregulation might
develop following immune stimulation over a much longer time frame
or potentially require a genetic background more prone to autoimmunity than C57BL/6 mice, and this could be explored in the future.
A similar discordance between humans and mice exists for the
clinical manifestations of heterozygous CTLA-4 deﬁciency. Humans
with heterozygous mutations that decrease CTLA4 mRNA by 50% or
decrease CTLA-4 protein by a similar amount develop an immune
dysregulation syndrome with common variable immunodeﬁciency and
autoimmunity that resembles LRBA deﬁciency, albeit also after a
variable latent phase and with clear evidence of incomplete
penetrance.28,29 CTLA-4 has a similar role in humans and mice, because
homozygous null CTLA4 mutations in mice result in fatal lymphoproliferative disease within weeks after birth,21,22 and complete deletion of
CTLA4 in adult mice results in lymphoproliferation, especially of the
Treg compartment, expanded GCs, hypergammaglobulinemia and
organ-speciﬁc autoantibodies.21,37,38 However, laboratory mice with
heterozygous null Ctla4 mutations are phenotypically normal.21,28
Our analysis together with published ﬁndings suggests that several
mechanisms may allow LRBA-deﬁcient or CTLA4 heterozygous mice to
compensate for decreased CTLA-4 in Treg and effector T cells. CD86 is
normally removed from the surface of B cells and other antigenpresenting cells by CTLA-4 on Tregs and effector T cells.19 The ﬁnding
here that CD86 was not increased on marginal zone and follicular B
cells of unimmunised LRBA-deﬁcient mice despite lower CTLA-4 on
Tregs and effector T cells may simply reﬂect mass action: the low rate
of CD86 production on unstimulated B cells may result in sufﬁcient
CTLA-4 even when decreased to 30% of normal. In immunised mice,
increased CD86 on total (non-GC) B cells was previously observed
when CTLA-4 deﬁciency was induced acutely in Tregs.38,39 Interestingly, CD86 levels were not elevated on GC B cells in the same mice in
one study.39 Here, we also found that immunised LRBA-deﬁcient mice
displayed increased CD86 on non-GC B cells, but decreased CD86 on

Figure 7 Normal GC formation and afﬁnity maturation by LRBA WT B cells in LRBA-deﬁcient recipients. The 30 000 HyHEL10+ SWHEL B cells from Rag1−/−
CD45.1 congenic mice, with WT LRBA, were injected into the circulation of Lrba−/− (n = 13, blue symbols) or Lrba+/+ (n = 13, red symbols) C57BL/6
recipient mice, so that all T- and B-cell speciﬁcities other than the HyHEL10+ B cells were derived from the recipient mice. The recipient mice were
immunised two times with HEL3X-SRBC on days 0 and 4 after B-cell transfer, or unconjugated SRBC for a control group of recipients, and spleen cells
analysed by ﬂow cytometry, sorting and single-cell Igh sequencing on day 15. (a) Total Fashi CD38− B220+ GC B cells per spleen of individual mice, and
arithmetic mean for each group. (b) Donor-derived HyHEL10+ CD45.2− CD45.1+ GC B cells per spleen. (c) IgG1-switched cells, measured as % of donorderived GC B cells. (d and e) Relative cell surface of CD86 MFI on (d) all B220+ B cells or (e) donor-derived GC B cells, normalised to mean of Lrba+/+
recipient group in each experiment. (f) Representative plots of donor-derived GC B cells, and gates on light-zone (LZ, CD86hi CXCR4lo) and dark-zone
(CD86lo CXCR4hi) GC cells. (g) Relative cell surface CD86 MFI on LZ donor-derived GC B cells, normalised to mean of Lrba+/+ recipient group in each
experiment. (h) Number of VDJH amino-acid changing or silent nucleotide substitutions per donor-derived GC B cell. (i) Percentage of donor-derived GC B
cells with substitutions at each VDJH amino-acid position. (j) Percentage of donor-derived GC B cells with afﬁnity-increasing VDJH mutations S31R, Y53D or
Y58F. (k) Co-occurrence of S31R, Y53D and Y58F mutations (rows) in individual cells (columns) sorted from separate recipient mice (boxes). Data are
pooled from two independent experiments with comparable results. Statistical analysis was carried out using t-test: **Po0.01; ***Po0.001.
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GC B cells. Collectively, the results here and in Sage et al.39 imply that
compensatory mechanisms can attenuate CD86 selectively on GC B
cells when there is insufﬁcient CTLA-4 to regulate CD86 on B cells
outside the GC. Compensation could arise from the higher concentration of Tregs in the GC, and the ability of LRBA-deﬁcient Tregs to
increase CTLA-4 upon stimulation.40 As a complementary pathway,
CTLA-4-deﬁcient Tregs increase interleukin-10 production,41 a cytokine that induces March1 in GC B cells to ubiquitinate and degrade
CD86.42–44 The ﬁnding of elevated TIM3 on virus-reactive CD8 cells
raises the possibility of other compensating inhibitory feedback
mechanisms in effector T cells, as TIM3 along with TIGIT is a parallel
T-cell inhibitory receptor to CTLA-4. These hypothetical compensating
mechanisms for controlling CD86 and T-cell costimulation are beyond
the scope of this study and will require investigation in the future.
In summary, we have shown that LRBA deﬁciency in mice results in
biochemical defects of low CTLA-4 in activated CD4+ T cells and Tregs
that are comparable to those seen in patients, yet decreased CTLA-4
alone is sufﬁcient only to induce subclinical abnormalities in laboratory
mice. This primary, selective CTLA-4 deﬁciency adds to the experimental rationale for treating LRBA-deﬁcient patients with CTLA4-Ig as a
replacement therapy. Aged LRBA-deﬁcient mice showed downregulation of other proteins in Tregs including FOXP3 and CD25, mimicking
that seen in patients. Progression from these subclinical abnormalities to
clinical immune dysregulation may reﬂect a broadening of Treg
abnormalities to disrupt other compensatory mechanisms for dampening CD86 expression on B cells and other antigen-presenting cells.
METHODS
Mice
All mice used in the experiments were bred at Australian BioResources (Moss
Vale, NSW, Australia) and held at the Garvan Institute of Medical Research in
speciﬁc pathogen-free environments. The Garvan Animal Ethics Committee
approved all mice protocols and procedures.
C57BL/6 (WT) mice were purchased from the Australian BioResources. To
generate Lrba− / − mice, an single-guide RNA with the sequence
5′-TTAACTGAGTTGCGGTCACATGG-3′ (PAM underlined) was microinjected together with Cas9 mRNA into C57BL/6 zygotes. Four of the resulting
founder mice were homozygous for an 8 bp deletion eliminating
Chr3:86445 392–86 445 399 (Build GRCm38) in exon 37 of the LRBA allele.
HyHEL10-transgenic (SWHEL) mice have been described previously.45 These
mice carry a single-copy VH10 anti-HEL heavy-chain variable region coding
exon targeted to the endogenous IgH allele plus multiple copies of VH10-κ antiHEL light-chain transgene. SWHEL mice were maintained on a CD45.1
congenic (Ptprca/a) C57BL6 background. For experiments where SWHEL cells
were transferred into LRBA-deﬁcient mice, SWHEL mice were crossed with
Rag1-knockout mice46 to prevent endogenous Igh or Igk gene rearrangement,
so that all the developing B cells expressed HyHEL10. This ensured that no
lrba+/+ T cells were transferred into LRBA-deﬁcient mice for these experiments.
In addition, SWHEL mice were crossed with lrba−/− mice to generate
HyHEL10-transgenic B cells lacking Lrba.
For all experimental interventions animals of both sexes were used in each
experimental group and matched for numbers of males and females in test and
control groups. Animals were excluded if before recruitment they showed any
clinical abnormalities on routine physical examination.

Bone marrow chimeras and SRBC immunisation

Recipient C57BL/6 Rag1−/− mice 8–12 weeks old were irradiated with 425 cGy
using an X-RAD 320 Biological Irradiator (Precision X-Ray, North Branford,
CT, USA). Donor bone marrow was aspirated from femurs, humeri and tibia
into B-cell medium comprising RPMI (Gibco, Carlsbad, CA, USA) with 10%
heat-inactivated foetal calf serum (Gibco), 2 mM L-glutamine and 100 U/ml
penicillin RPMI media (Gibco). At 15 h after irradiation, recipient mice were
transplanted with an intravenous injection of 5–10 × 106 bone marrow cells,
Immunology and Cell Biology

comprising a mixture of 50% from CD45.1 congenic C57BL/6 mice and 50%
from C57BL6 (CD45.2) mice that were either Lrba−/− or Lrba+/+.
Unmanipulated mice 8 weeks old, and bone marrow chimeras 8 weeks
after marrow transplantation, were immunised with 2 × 108 SRBCs given
intravenously.

Recombinant HEL proteins
Recombinant HEL3X were made as secreted proteins in Pichia pastoris yeast
(Invitrogen, Carlsbad, CA, USA) and puriﬁed from culture supernatants by ion
exchange chromatography as described previously.26,27,45 Proteins were stored
in phosphate-buffered saline at 1–2.5 mg ml− 1 at − 80 °C. Before use samples
were thawed and stored at 4 °C for a maximum of 8 months. Upon thawing,
protein concentrations were determined by spectrophotometry at 280 nm.

SRBC conjugation and transfer
HEL proteins were desalted into Conjugation buffer (distilled water with 0.35 M
(Sigma, St Louis, MO, USA) and 0.01 M sodium chloride (Sigma)).
For this process, PD-10 columns (Amersham, Piscataway, NJ, USA) were
equilibrated with 30 ml Conjugation buffer. One hundred micrograms of
protein was loaded onto each column and pushed through the column using
2.5 ml Conjugation buffer. For elution of the protein 3.5 ml Conjugation buffer
was added and the HEL protein was collected as fractions in the following
volumes: 250, 1000, 250, 250 and 250 μl. Protein concentrations of each
fraction were determined by spectrophotometry.
For conjugation, SRBCs were washed in 30 ml of phosphate-buffered saline
per 6–8 × 109 cells and then once in the Conjugation buffer. SRBCs were then
resuspended in a ﬁnal volume of 1000 μl conjugation buffer in a 50 ml Falcon
tube containing 10 μg ml − 1 of HEL3X. The solution was mixed on a platform
rocker on ice for 10 min. One hundred microliters of 100 mg ml − 1 N-(3dimethylaminopropyl)-N-ethylcarbodimide hydrochloride (Sigma) was then
added and the solution was mixed for a further 30 min on ice. Conﬁrmation of
successful conjugation was performed by ﬂow cytometric analysis of SRBC
using AlexaFluor 647-conjugated HyHEL9 antibody (generated in-house).
Intravenous transfers of 3 × 104 SWHEL B cells per recipient mouse together
with 2 × 108 HEL3X SRBC as described previously.26

D-mannitol

Haematology and ﬂow cytometry
Red blood cells and platelet numbers were determined in blood collected from
the tail-vein into EDTA (Sarstedt, North Rhine-Westphalia, Nümbrecht,
Germany) tubes and analysed on a Sysmex XT-2000iV automated haematology
analyser, Kobe, Hyōgo Prefecture, Japan.
On the day of harvest organs were collected into B-cell medium, cell
suspensions passed through a 70 μm cell strainer (Falcon, Corning, NY, USA).
Fc receptors were blocked with unlabelled anti-CD16/32 (eBioscience, San Diego,
CA, USA) before staining. To detect HEL3X-binding cells, cells were stained with
200 ng ml − 1 HEL3X, followed by AlexaFluor 647-conjugated HyHEL9.
Anti-IgG1-FITC (BD Pharminigen, San Diego, CA, USA) stains were followed
by 5% mouse serum before staining for other surface molecules. CD4-BV786 (BD
Pharminigen), CD8-APCCy7 (BD Pharminigen), CD62L-PerCPCy5.5 (BD Pharminigen) CD44-FITC (BD Pharminigen) and CD25-PE (BD Pharminigen) were
used as surface stains. For the intracellular stains, CTLA-4-APC (eBioscience) and
FOXP3-EF450 (eBioscience) cells were ﬁrst permeabilised using FOXP3 Staining
Permeabilisation Kit (eBioscience) according to the manufacturer's instructions.
Cells were ﬁltered using 35 μm ﬁlter round-bottom FACS tubes (BD Pharminigen) immediately before data acquisition on an LSR II analyser (BD Pharminigen).
Cytometer ﬁles were analysed with the FlowJo Software (FlowJo LLC,
Ashland, OR, USA).

Single-cell FACS sorting
Cell suspensions were prepared and GC B cells were identiﬁed using ﬂow
cytometry. Single-cell sorting into 96-well plates (Thermo Fisher Scientiﬁc,
Boston, MA, USA) was performed on the FACSAria or FACSAriaIII (BD
Pharminigen). B cells from each mouse were analysed individually to ensure
that over-representation of one particular clone did not affect the mutation
analysis. The VDJH exon of the Hy10 heavy-chain gene was ampliﬁed from
genomic DNA by PCR, sequenced and analysed as described previously.27
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Enzyme-linked immunosorbent assay
High-binding plates (Corning, NY, USA) were coated with the indicated Ig
isotypes at 5 μg ml − 1 (IgG2b (BD Pharminigen), clone: R9-91; IgA
(BD Pharminigen), clone: C10-3; IgG1 (BD Pharminigen), clone: A85-1; IgM
(BD Pharminigen), clone: 11/41; IgG3 (BD Pharminigen), clone: R2-38; IgG2a
(b) (BD Pharminigen), clone: R11-89; IgE (BD Pharminigen), clone: R35-72).
Bound serum antibody was quantiﬁed using Igκ (BD Pharminigen). Antibody
levels were quantiﬁed against isotype-speciﬁc standards (IgG2b BD, IgA BD,
IgG1 BD, IgM BD, IgG3 BD, IgG2a(b) (Southern Biotech, Birmingham, AL,
USA) and IgE (BioLegend, San Diego, CA, USA)).

Viral infection
Mice were infected intravenously with 2 × 106 plaque-forming units of LCMV
clone 13. T-cell stimulation with LCMV peptide, tetramer staining, surface
staining and intracellular cytokine staining were performed as described
previously.47–49 MHC I LCMV tetramers were purchased from the Biomolecular Resource Facility, JCSMR, ANU, ACT, Australia, while the MHC II
LCMV GP66–77 tetramer was obtained from the NIH Tetramer Core Facility
(Emory University, Atlanta, GA, USA).

Statistical analysis
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA) was used for
data analysis. When the data were normally distributed, two-tailed Student’s
t-test was performed for analysis. Welch’s correction was used if variances were
not equal. For all tests Po0.05 was considered as being statistically signiﬁcant.
In all graphs presented error bars indicate mean and standard distribution.
*Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001.
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