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Abstract
Background: Family screening of a 48‐year‐old male with recently diagnosed IgG4‐
related disease (IgG4‐RD) revealed unanticipated elevations in plasma IgG4 in his 
two healthy teenaged sons.
Methods: We performed gene sequencing, immune cell studies, HLA typing, and 
analyses of circulating cytotoxic CD4+ T lymphocytes and plasmablasts to seek clues 
to pathogenesis. DNA from a separate cohort of 99 patients with known IgG4‐RD 
was also sequenced for the presence of genetic variants in a specific gene, FGFBP2.
Results: The three share a previously unreported heterozygous single base deletion 
in fibroblast growth factor binding protein type 2 (FGFBP2), which causes a 
frameshift in the coding sequence. The FGFBP2 protein is secreted by cytotoxic T‐
lymphocytes and binds fibroblast growth factor. The variant sequence in the FGFBP2 
protein is predicted to form a disordered random coil rather than a helical‐turn‐helix 
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1  |   INTRODUCTION

IgG4‐RD is an emerging multi‐organ inflammatory illness 
for which the pathogenesis is poorly defined (Perugino 
et al., 2017; Stone, Zen, & Deshpande, 2012). Recent work 
on mechanistic aspects of this disease has identified the 
importance of an oligoclonally expanded CD4+ cytotoxic 
T lymphocyte population. CD4+ T cells with a cytolytic 
phenotype (CD4 + CTLs) are clonally expanded in pa-
tients with IgG4‐RD (Mattoo et al., 2016) and are likely to 
be essential to the pathophysiology of the disease. These 
cells secrete pro‐fibrotic cytokines including IL‐1beta, 
transforming growth factor‐beta, and interferon‐gamma, 
and are capable of perforin‐ and granzyme B‐mediated 
cytolysis. They accumulate in tissue lesions, representing 
the dominant T cell population in these affected tissues 
(Maehara et al., 2017; Mattoo et al., 2016). Patients with 
IgG4‐RD also have elevations of circulating plasmablasts 
(Mattoo et al., 2014; Wallace et al., 2015). Because of the 
profound clinical responses and decline in CD4 + CTLs 
observed following B‐cell depleting therapy, it is con-
sidered likely that activated B cells in tissues drive the 
activation of cytotoxic CD4 + T cells in affected tissues 
(Maehara et al., 2017; Mattoo et al., 2016; Perugino et al., 
2017).

We report a family study of a father with IgG4‐RD and 
two sons who also have elevated plasma IgG4 concen-
trations. The three share a newly described gene variant 
in fibroblast growth factor binding protein 2 (FGFBP2), 
OMIM: 607713, and markedly elevated blood plasmab-
lasts and CD4 + cytotoxic T cells. Heritable IgG4‐RD has 
been inferred in prior reports, but no information exists on 
genetic features that may predispose to disease (Comings, 
Skubi, Van Eyes, & Motulsky, 1967; Matzumura, Rubin, & 
Meysami, 2017).

2  |   CLINICAL REPORT

The proband was healthy until age 37 when he noted gradual 
swelling under his mandible and around the eyes. Evaluation 
prior to referral to the UDN included biopsies from subman-
dibular salivary and lacrymal glands that showed follicular 
hyperplasia without evidence of lymphoma. Other medical 
history included chronic sinusitis, mild intermittent asthma, 
type II diabetes mellitus, hypothyroidism, and transient is-
chemic attacks in a middle cerebral artery distribution.

Prior evaluation of the transient ischemic attacks included 
cerebral angiography that showed a narrow left middle ce-
rebral artery (MCA) stenosis. This was dilated by balloon 
angioplasty but subsequently recurred. Extensive evaluation 
for immune vascular disease was negative as was a survey of 
known causes of hypercoagulability. The patient did not have 
hypercholesterolemia or systemic hypertension and had no 
family history of cerebral vascular disease. A second MCA 
stenosis occurred and the patient had watershed ischemic 
zones in the cerebral hemisphere noted on magnetic reso-
nance imaging (MRI). The cerebral circulation developed 
collaterals and a moyamoya appearance was identified on 
angiography (Scott & Smith, 2009). He ultimately underwent 
extra‐cranial MCA bypass from a temporal artery branch and 
has remained stroke‐free thereafter.

The patient was referred through the NIH Undiagnosed 
Disease Network to the Vanderbilt Center for Undiagnosed 
Disease (VCUD) for further evaluation. Family history was 
negative for any unusual diseases or of familial illness. The 
proband's father had resected prostate cancer and his mother 
had died of lymphoma. The proband had no unusual hobbies 
or occupational exposures and did not smoke. His childhood 
and adolescence had been without unusual diseases. The 
brother and wife had none of the proband's disease features. 
The proband's two children were healthy teenage boys who 

structure, unable to adopt a stable conformation. The proband and the two sons had 
5–10‐fold higher numbers of circulating cytotoxic CD4 + T cells and plasmablasts 
compared to matched controls. The three members also share a homozygous mis-
sense common variant in FGFBP2 found in heterozygous form in ~40% of the popu-
lation. This common variant was found in 73% of an independent, well characterized 
IgG4‐RD cohort, showing enrichment in idiopathic IgG4‐RD.
Conclusions: The presence of a shared deleterious variant and homozygous common 
variant in FGFBP2 in the proband and sons strongly implicates this cytotoxic T cell 
product in the pathophysiology of IgG4‐RD. The high prevalence of a common FGFBP2 
variant in sporadic IgG4‐RD supports the likelihood of participation in disease.

K E Y W O R D S
cytotoxic lymphocytes, heritable, IgG4‐RD
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had normal school advancement and participation in sports. 
Plasma IgG4 levels were obtained on all family members and 
were normal except for the two sons having elevated levels at 
125 mg/dl (nl < 89) and 184 mg/dl (nl < 143 for age).

2.1  |  Diagnosis of IgG4‐RD
Review of the proband's prior submandibular biopsy tissue 
showed a dense lymphoplasmacytic infiltrate, storiform fi-
brosis, and obliterative phlebitis. Immunostains of the tissue 
revealed a predominant IgG4‐positive plasma cell infiltrate 
(>100 per high power field), with an IgG4:total IgG ratio 
of > 40%, thereby satisfying the histopathologic criteria for a 
diagnosis of IgG4‐RD (Carruthers et al., 2015). The patient's 
plasma IgG4 level was 260 mg/dl (nl < 89). The patient was 
treated with rituximab with subsequent regression of the or-
bital and submandibular swelling.

The intracranial vascular stenosis in the proband was un-
usual in severity, persistence, and lack of identifiable risk fac-
tors. Although IgG4‐RD can be associated with large‐vessel 
vasculitis, intracranial vascular disease has not been reported 
(Abdelrazek, Venna, & Stone, 2018). Because Moyamoya 
disease is associated with variants in RNF213 in Japanese 
and Korean patients we sought to ascertain if the proband 
also had such variants (Kamada et al., 2011; Scott & Smith, 
2009). The patient has no known Asian ancestry.

2.2  |  Candidate variants from WGS
Ethical considerations: this study was approved by the 
Institutional Review Board of the NIH for the UDN and the 
proband and family gave informed consent for studies, re-
search, and report. Whole genome sequencing (WGS) was 
performed at the UDN sequencing core on the proband, his 
wife, father, brother, and two teenage sons. No clinically 
actionable genes were found. WGS revealed two candidate 
variants that were shared by the proband and his two sons. 
These variants were also shared with the proband's normal 
father, but not the brother or wife.

The first is a previously unreported frameshift variant, 
NM_031950.3:c.602delA p.Lys201ArgfsTer26, in fibroblast 
growth factor binding protein type 2 (FGFBP2), chromo-
some 4, OMIM:614768. FGFBP2 is expressed in cytotoxic 
lymphocytes whose function is unclear. Given the fact that 
CD+CTLS have been implicated by us in this disease, we 
speculate that an alteration in FGFBP2 protein might enhance 
cytotoxic CD4 + T cell function. We have no information on 
FGFBP2 protein and IgG4 class switch.

A second variant was found in FGFBP2 c.268C>Tp.
Pro90Ser (rs758329) OMIM: 607713 that has an allele popu-
lation frequency of 0.40 in the ExAC database. This common 
missense variant was homozygous in the proband, two sons 
and father, and heterozygous in the proband's wife.

We searched for FGFBP2 variants in a large repository 
of 99 known IgG4‐RD patients at the Massachusetts General 
Hospital (MGH). Complete sequencing of the FGFBP2 gene 
was done in 51 subjects with IgG4‐RD and in a validation co-
hort of 48 patients. Although the rare missense variant found 
in our family was not detected in any of the MGH subjects, 
the common FGFBP2 variant, rs758329 was enriched in the 
MGH test IgG4‐RD cohort (76.2%, compared to 40.3% for 
the population at large). The validation cohort of 48 IgG4‐
RD subjects also revealed enrichment of rs758329 (70.8%). 
All other SNPs remained at close to population frequencies 
for large numbers of non‐Finnish European populations. 
Thus, the common variant was not only enriched in nonfamil-
ial IgG4‐RD but also homozygous in our affected patients.

A variant in a gene associated with Moyamoya disease 
was found in the heterozygous state in the proband, his father 
and two sons but not in the brother or wife. Variants in this 
gene, RNF 213, chr 17 are associated with disease in about 
15% of the Moyamoya cases in Japan and Korea (Kamada 
et al., 2011). This missense variant, OMIM:613768, 
N M _ 0 0 1 2 5 6 0 7 1 . 1 ; C 1 3 2 5 0 B > A ; p l A rg 4 4 1 7 H i s , 
rs150148627, is found in 6 in 10,000 in the ExAC data base 
(Kamada et al., 2011), but has not been associated with 
Moyamoya in Asians or in persons of European descent. It 
has no known association with the FGFBP2 protein. Because 
a vascular biopsy was not indicated during the MCA bypass, 
we do not have information on the pathology of the patient's 
cerebral vascular disease and whether it might have features 
of IgG4‐RD. There is no reported association of RNF 213 
variants and IgG4‐RD.

2.3  |  Effect of the frameshift mutation on 
FGFBP2 protein
In order to understand the mechanism by which the rare 
variant would alter the function of FGFBP2, we applied se-
quence analysis and structural modeling to the wild‐type 
(WT) and variant (MUT) protein sequences, Figure 1. The 
frameshift changes the C‐terminal sequence of the protein from 
NEEAKKKAWEHCWKPFQALCAFLISFFRG (residues 
195‐223 in WT) to AKKRPGNIVGNPSRPCAPFSSASSEGDR 
(residues 195‐225 in MUT). The model does not cover the en-
tire protein, because the N‐terminal section is not affected by 
the frameshift. The WT domain is predicted to form a pair of 
14 residue alpha helices held at an angle by a disulfide bond 
linking C‐206 to C‐214. Three functional consequences are 
predicted from this alteration in the variant. First, the original 
function of the C‐terminal domain (e.g., protein‐binding) will 
be lost because the functional structure is no longer present to 
carry it out. Second, the stretch of 25 disordered amino acids 
has an increased probability of aggregation or degradation. 
And, third, the remaining unpaired cysteine residue has the 
potential to make adventitious bonds before or after secretion 
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from the cell. Because the variant is not predicted to undergo 
nonsense‐mediated decay, the presence of the remaining intact 
N‐terminal domain attached to the nonfunction C‐terminal al-
teration might be sufficient to act in a dominant negative man-
ner. These predictions remain to be tested experimentally.

2.4  |  Effect of the missense variant on 
protein in RNF 12
Structural modeling by similar techniques as above was used 
to determine the effects of the missense variant on the RNF 
protein. The protein is a ubiquitin‐protein ligase that may play 
a role in angiogenesis, involved in Wnt signaling. The muta-
tion in our family falls within a structured region that alternates 
helix and loop. A nearby mutation is known to increase the risk 
of Moyamoya disease (Kamada et al., 2011). Modeling of this 
region suggests that these two residues do not face each other. 
Thus, it is not possible to infer that the variant in our family 
is likely to alter protein function. A search in the Vanderbilt 
BioVU and synthetic derivative found 28 subjects with 
rs150148627 variant, but none had intracranial vascular disease 
pointing to a phenotype similar to our patient. Any relationship 
of this RNF variant to the moyamoya and the IgG4‐RD in our 
patient is speculative.

Secondary structure predictions of WT and MUT se-
quences were performed using PSIPRED v3.3 at bioinf.
cs.ucl.ac.uk/psipred/(Jones, 1999). Disorder predictions were 
performed using DISOPRED3 at the same site (Buchan, 
Minneci, Nugent, Bryson, & Jones, 2013). Tertiary structure 
predictions were performed using the PEP‐FOLD3 server 
at bioserv.rpbs.univ‐paris‐diderot.fr/services/PEP‐FOLD3/
(Lamiable et al., 2016). Structural figures of the WT and 
MUT were prepared using PyMOL v1.8.2.

2.5  |  Immune studies
An HLA family study did not reveal a shared haplotype 
among the father (A*68:01, B*35:03, C*04:01, DRB1*07:01 

and A*34:02, B*44:02, C*05:01, DRB1*13:01) and two sons 
(son 1, A*34:02, B*44:02, C*05:01, DRB1*13:01; A*02:01, 
B*57:01, C*06:02, DRB1*11:01; and son 2 A*68:01, 
B*35:03, C*04:01, DRB1*07:01; A*03:01, C*07:02, 
B*07:02, DRB1*15:01).

2.6  |  TCR sequencing of involved 
lymph node from Proband
A formalin‐fixed, paraffin‐embedded lymph node section 
was processed for T cell receptor sequencing by Adaptive 
Biotechnologies. Fifteen thousand eight hundred and eight‐
five total T cells had a productive TCR; of those T cells, 
13,313 had a unique CDR3 region. Analysis of this lymph 
node T cell receptor repertoire revealed a highly diverse T cell 
repertoire, as would be expected of the lymph node. However, 
repertoire motif and permutation analysis using the GLIPH 
algorithm (Glanville et al., 2017) revealed that the most domi-
nant clone (CASSFRRGSVQLNEQFF, using TRBV‐11*02 
and TRBJ‐02*01, contributing 202 T cells for a total of 1.2% 
of the sample) was clonally expanded at 15‐fold above chance 
alone (p < 0.001), suggesting an antigen‐driven expansion. 
This dominant TCR was four times more frequent than the 
next most frequent CDR3. The overwhelming majority of 
TCRs was unique minority species and contributed less than 
T cells each. A similar Next Gen sequencing approach has 
revealed that patients with IgG4‐related disease have clonal 
expansions in the blood of CD4 + CTLs (Carruthers et al., 
2015).

2.7  |  Flow cytometry for circulating 
plasmablasts and CD4 + CTLs
Briefly, PBMCs were thawed and Fc blocked on ice for 
15 minutes using Human TruStain FcX™ (Biolegend). 
Fluorescence labeling was then performed for 30 minutes on 
ice using monoclonal antibodies from Biolegend unless oth-
erwise specified. Plasmablast identification was undertaken 

F I G U R E  1   A structural model for 
FGFBP2The model for FGFBP2 suggests a 
mechanism for the effect of the frameshift 
variant. (a) The C‐terminal domain is 
predicted to form two alpha helices held 
at an angle by a conserved disulfide bond. 
Protein backbone is shown as green ribbons; 
sidechains are shown as sticks; position of 
frameshift is highlighted in red. (b) The 
frameshifted sequence is predicted to form a 
disordered random coil
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using the following antibodies: FITC anti‐human CD3 (clone 
UCHT1), APC/Cy7 anti‐human CD19 (clone SJ25C1), APC 
anti‐human CD79b (Igβ) (clone CB3‐1), PerCP/Cy5.5 anti‐
human CD20 (clone 2H7), Brilliant Violet 510™ anti‐human 
CD27 (clone M‐T271), and PE/Cy7 anti‐human CD38 (clone 
HIT2).

Antigen‐experienced/effector CD4 + T cells and 
CD4 + CTLs were identified using the following antibodies: 
Alexa Fluor® 488 anti‐human CD4 (clone OKT4), Brilliant 
Violet 510™ anti‐human CD27 (clone M‐T271), APC/Cy7 
anti‐human CD45RO (clone UCHL1), and PE anti‐human 
CD319 (SLAMF7) (clone 162.1). All cells were counter 
stained using blue viability dye to exclude apoptotic cells 
(Thermofisher) and analyzed on a BD LSR II cytometer (BD 

Biosciences). Subsequent analyses were carried out using 
FlowJo V10.3.

Flow cytometric enumeration of activated B and T 
cells was undertaken as previously described (Mattoo 
et al., 2014, 2016). The proband and his two sons exhib-
ited marked elevations of circulating plasmablasts and 
CD4 + CTLs, comparable to those seen in patients with ac-
tive IgG4‐related disease (Wallace et al., 2015) (Figure 2). 
What is unusual about the findings is that the two children 
have no disease symptoms but have elevated plasmablasts 
and CD4 + CTLS, suggesting that they may have preclini-
cal disease. We have not done RNA seq but have plans to do 
so in this family with our expanded cohort of IgG4‐RD pa-
tients. One very tight definition of CD+ effectors is to look 

F I G U R E  2   Subjects with the FGFBP2 c.268C>T p.Pro90Ser variant have increased numbers of circulating plasmablasts, effector CD4 + T 
cells, and CD4 + CTLs. Gating strategy for enumeration of circulating plasmablasts (a) and CD45RO+ CD27‐ effector CD4 + T cells and 
CD4 + CTLs (b). The three subjects (father and two sons) presented with evidence for lymphocyte activation in both B and T cell compartments. 
They had relatively high proportions of circulating plasmablasts (a) as well as of antigen‐experienced effector CD4 + T cells and CD4 + CTLs (b) 
when compared with three healthy controls
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at CD45RO+CD62L‐CD27‐cells. This is the definition we 
used and previously published (Mattoo et al., 2016).

2.8  |  Frequency of IgG4 producing single B 
cells in family members
Minimum IgG4‐producing B frequencies of cells were cal-
culated using PBMCs. Minimum IgG4 frequencies were de-
fined as the number of IgG4 containing positive culture wells 
per 1 million PMBCs cultured. This is a minimum frequency 
and likely underestimates the true frequency as it does not 
account for the occurrence of more than one IgG4 express-
ing cell being present in a positive well. IgG4 was detected 
in culture supernatant by ELISA using the commercially 
available murine monoclonal antibody, HP6024. Our B cell 
culturing methods do not use flow cytometry or Miltenyi col-
umn B cell separation. No IgG4‐producing B cells could be 
cultured from the proband, who had previously been treated 
with rituximab. His two asymptomatic sons had minimum 
IgG4‐producing B cell frequencies at least fivefold higher 
(40, 43 per million PBMCs) than the unaffected brother of 
the proband (8 per million PBMCs).

3  |   DISCUSSION

CD4 + T cells with a cytolytic phenotype (CD4 + CTLs) that 
secrete pro‐fibrotic cytokines including IL‐1beta, TGF‐beta, 
and interferon‐gamma are viewed as essential to the patho-
physiology of IgG4‐RD (Maehara et al., 2017; Mattoo et al., 
2016). These cells, which are capable of mediating perforin 
and granzyme B‐mediated cytolysis, are clonally expanded 
in patients with IgG4‐RD (Mattoo et al., 2016)). Moreover, 
they accumulate in tissue lesions and represent the domi-
nant T cell population in these tissues (Maehara et al., 2017; 
Mattoo et al., 2016). Patients with IgG4‐RD also have eleva-
tions of circulating plasmablasts (Wallace et al., 2015) and 
it is hypothesized that activated B cells and plasmablasts in 
tissues promote the reactivation of cytotoxic CD4 + T cells 
in affected tissues. The potential role of activated CD8 + T 
cells in the pathogenesis of this disease remains to be ex-
plored. The mechanism of the elevation of IgG4 in the two 
sons is not known. We have published recently that IL‐4 and 
BATF positive TFH cells reside in lymph nodes and lym-
phoid organs of patient with IgG4‐RD. The numbers show 
a tight correlation with the IgG4 class switch. What triggers 
the development of this disease‐related subset of TFH cells 
is not clear but we speculate that this is the cause of the in-
creased IgG4 in the proband and sons.

In summary, we have analyzed the family of a patient 
with IgG4‐RD. His teenage sons, though healthy, have 
abnormal IgG4 levels and high levels of circulating IgG4 
plasmablasts and CD4 + CTLs. The proband and sons 

share a rare missense variant in a protein that binds fibro-
blast growth factor and is predicted to reduce function. 
This variant was not found in a cohort of 99 cases of idio-
pathic IgG4‐RD, but another common FGFBP2 variant was 
found to be highly enriched in these known cases and was 
found in homozygous form in the affected members of our 
family. The possibility of familial IgG4‐RD seems strong, 
although the likelihood that the sons will develop IgG4‐RD 
is unknown. Further work on the functional properties and 
the possible contribution of the abnormal FGFBP2 protein 
to IgG4‐RD is needed. This is an unusual case of familial 
IgG4‐RD with possible involvement of a dysfunctional T 
cell protein.
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