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Abstract
The GTPase of immunity-associated proteins (GIMAPs) are a family of genes believed to contribute to lymphocyte development,
signaling, and apoptosis, thus playing an important role in immune system homeostasis. While models of gene derangement have
been described in both mice and immortalized cell lines, human examples of these diseases remain exceptionally rare. In this
manuscript we describe the first documented human cases of a homozygous deleterious GIMAP6 variant in the GIMAP6 gene and
their subsequent clinical and immunological phenotype. In order to interrogate the patients’ immune defect, we performed whole-
exome sequencing, western blot, flow cytometry analysis, lymphocyte activation and proliferation studies, cytokine release assays,
and apoptosis studies. We found two siblings with a predicted deleterious homozygous variant in the GIMAP6 gene with no
expression of GIMAP6 protein on western blot. Patients demonstrated accelerated apoptosis, but largely normal lymphocyte
subpopulations, activation and proliferation and cytokine release. There appears to be a spectrum of clinical features associated
with deficiency of GIMAP6 protein, with one patient suffering lymphopenia and recurrent sinopulmonary infections, and the other
clinically asymptomatic. Biallelic variants in the GIMAP6 gene have now been shown to demonstrate disease in humans. The
absence of GIMAP6 protein is associated with a spectrum of clinical manifestations and much remains to be learnt about the
pathogenic mechanisms underlying this disease. We suggest that biallelic variants in the gene for GIMAP6 should be considered
in children with lymphopenia and recurrent sinopulmonary infections.

Introduction

The introduction of widespread next-generation sequencing
(NGS) into clinical practice has fundamentally altered the
practice of several medical subspecialties, perhaps none
more so than immunology. NGS has enabled the discovery
of new immunological diseases and mechanisms, providing
ever greater understanding of immune system function in
health and disease. This has also brought many challenges,
as variants in genes of unclear significance are found, with a
subsequent need to validate whether these variants are
indeed the cause of a patient’s clinical and immunological
phenotype [1].

The GIMAP (Guanosine triphosphatase (GTPase) of
Immunity-Associated Proteins) proteins are a family of
seven human genes and one possible pseudogene, all
encoded at chromosome 7q36.1. Initially discovered in the
late 1990s and referred to as immune-associated nucleotides
(IANs), they appear to share a similar GTPase-binding
motif and play a role in lymphocyte development and sur-
vival [2–7]. Expression of GIMAP family proteins
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fluctuates with the different stages of lymphocyte devel-
opment, and in response to immune system challenge
[2, 3, 5]. While some members of the GIMAP family (e.g.
GIMAP4) appear to accelerate apoptosis, others (e.g.
GIMAP5) appear to inhibit apoptosis [8]. There is also
evidence to suggest some GIMAP proteins demonstrate
decreased expression in cancerous tissue, particularly the
apoptosis-inhibiting GIMAPs [9, 10].

Despite their potential widespread role, most GIMAP stu-
dies have been performed in mice or immortalized cell lines
[2, 8, 11], and much about their function remains unknown.
Human cases of GIMAP dysfunction are exceptionally rare,
and in this paper we describe the first documented human cases
of a homozygous deleterious GIMAP6 variant.

Materials and methods: patients, genetic
investigations and validation of the variant

We collected data from the medical records of two siblings
(P1 and P2) later diagnosed with homozygous variants in
GIMAP6. The details of all genetic and immunological
investigations can be found in the online repository of this
article (Figs. E1–E4 and Tables E1–E4). All experiments to
elucidate the validity and immunological impact of their
genetic variants were performed after obtaining informed
consent from the patients’ parents, and were approved by
the Helsinki Committee of the Hadassah University Medical
Center Institutional Review Board.

Our experiments were modeled on those of Ho and Tsai
[8] who in 2017 showed that knock out of GIMAP6 in
Jurkat immortalized cell lines lead to increased apoptosis,
and that transfection of GIMAP6 into the Huh-7 cell lines (a
liver cell line which does not express GIMAP6) lead to
protection from apoptosis. When GIMAP6 was subse-
quently knocked out of the transfected Huh-7 cells, their
sensitivity to an apoptosis-inducing agent (okadaic acid)
was restored [8]. We have not repeated this knock in/
knockout aspect of their study but have sought to determine
whether the phenotypic features of GIMAP6-deficient cell
lines are replicated in human beings lacking GIMAP6
protein expression.

The variant in GIMAP6 detected in P1 and P2 has been
submitted to the ClinVar database, and the accession
number is SCV001364378.

Results

Clinical features

P1 is an eight-year-old girl from Gaza, the fourth of five
children born to consanguineous (first cousin) parents

(Fig. E1). She was well until the age of five when she
developed recurrent purulent otitis media and a chronic wet
cough. A recent computer tomography (CT) scan of her
chest demonstrates several small nodules in the right upper
and middle lobe, but no evidence of bronchiectasis. She has
mild hepatosplenomegaly and is lymphopenic, with an
overall lymphocyte count that hovers around 1.2 × 109/L
but has, on occasion, fallen to 0.7 × 109/L. Her older
brother, P2, is asymptomatic.

Genetic findings

Homozygous variants in nine different genes were found in
P1, with the c.257G>A, p.(Trp86Ter) variant in GIMAP6
the only candidate that could potentially explain her clinical
phenotype (Table E1 of the Supplementary Materials). She
was also found to carry two known pathogenic variants in
the MEFV gene; however, these variants were both inher-
ited from the same parent and P1 displays no clinical fea-
tures of FMF.

Sanger sequencing of the GIMAP6 variant was per-
formed for all members of the immediate family, all of
whom were heterozygous for this variant except for P1’s
older brother, P2, who is also homozygous (Fig. E1A of
the Supplementary Materials). As P2 is clinically well, with
no history of immune system disease, we extended his
genetic analysis to WES. Of the nine genes with potentially
disease-causing variants found in P1, segregation of the
siblings was found in the genes for TAF5L, EPAS1, and TG;
none of which were thought to be relevant for reasons
elaborated in the Supplementary Materials linked to this
manuscript.

Immunological phenotype

Both P1 and P2 demonstrated no expression of GIMAP6
protein on western blot analysis (Fig. 1). Lymphocyte
subpopulations were largely in line with age-matched con-
trols (Table E2), and lymphocyte activation, proliferation,
and cytokine release assays were similar to those of healthy

Fig. 1 Immunoblot for GIMAP6 protein expression in PBMCs of
the patients and control subjects. Cell lysates were prepared from P1
and P2 or healthy donor (HD) PBMCs. Cell lysates were separated
through 4–20% gradient SDS-PAGE, and immunoblotted for
GIMAP6 protein expression. α-Tubulin was used as a loading control.
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donors (HD) (Figs. E2–E4). We noted a slight increase in
CD21lo B cells in P1, and both patients displayed elevated
levels of double-negative αβ T cells.

Figure 2 demonstrates the accelerated apoptosis of both
patients’ peripheral blood mononuclear cells (PBMCs),
CD4+, and CD8+ cells. PBMCs of both P1 and P2 dis-
played baseline as well as post-stimulation increase in
caspase-3 activity when compared to HD, indicative of
increased apoptosis, and P1 displayed more apoptosis
activity than P2. In assessing the CD4+ compartment,

unstimulated PBMCs from P1 and P2 demonstrated similar
levels of active caspase-3 cleavage at 0, 3, and 16 h of
incubation, which was increased when compared to HD
CD4+ cells. In response to stimulation with anti-CD3/
CD28, at all time points both P1 and P2 demonstrated
increased caspase-3 activity when compared to HD. Simi-
larly, the CD8+ T cells of P1 and P2 demonstrated
increased caspase-3 activity when compared to HD in media
(unstimulated), anti-CD3/CD28 and PHA, with cells of P1
again demonstrating increased caspase-3 activity when
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Fig. 2 Stimulation-induced apoptosis. PBMC apoptosis in response
to anti-CD3/CD28 and PHA stimulation. PBMCs from healthydonor
(HD, continuous line), P1 (dashed line), and P2 (dotted line) were
analyzed for intracellular activated Caspase-3 expression following

exposure to anti-CD3/CD28 or PHA for 0, 3, 16, and 25 h. PBMCs
(left panels) gated on CD4+ (middle panels) and CD8+ (right panels)
were analyzed for cleaved Caspase-3 expression. Significant values
were indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.005.
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compared to the cells of P2. This was true at all time points
of the assay.

Discussion

GIMAP6 is a member of the “GTPase of Immunity-
Associated Proteins” family of proteins, which consists of
seven human genes and one pseudogene, all encoded at
chromosome 7q36.1 [4]. This is a complicated family of
proteins united by a common GTPase-binding motif and
predominantly expressed in hematopoietic cells, particularly
lymphoid cells [6, 12, 13]. The positioning of the GIMAP
genes relative to one another along chromosome 7 is con-
served among all vertebrates and some higher plants, which
suggests conservation throughout evolution despite species
divergence [3, 6, 8]. Given the centrality of GTP binding to
cellular functioning, this is perhaps not surprising [4, 5].
The role of the GIMAP proteins appears strongly associated
with lymphocyte apoptosis, particularly at key junctures
during lymphocyte development, selection, and survival
[3, 7, 12]. Balanced lymphocyte death and survival is vital
to a healthy immune system and the expression and inter-
action of various GIMAPs is closely linked with pro- and
anti-apoptotic factors in concert with cell survival and death
signals supplied via the T cell receptor (TCR), cytokines,
and various other cell surface receptors [2, 3]. Despite this
seemingly central role, knockout models of GIMAP defi-
ciencies performed in mice have in some instances shown
no impact on lymphocyte development, and much about
their function remains unknown [7].

GIMAP1 appears to be important in early T lymphocyte
development and is highly expressed in double-positive
lymphocytes [2]; it has also been shown in mouse models
that GIMAP1 protein deficiency is associated with a severe
decrease in peripheral T and B lymphocytes [8]. GIMAP2
has no known role in either mice or humans [3] and
GIMAP3 is sometimes referred to as a pseudogene [3, 4, 8],
although there is some suggestion that it is transcribed with
GIMAP5 in a redundant manner during the early stages of
thymocyte development, at least in a mouse model
[2, 3, 11]. GIMAP4 has been found, in mice models, to
accelerate apoptosis [3, 7, 9, 13]. GIMAP7 has no known
functional role [3] and GIMAP8 is reported to be an
apoptosis inhibitor, protecting NIH 3T3 and CHO-K1 cells
from anisomycin-induced apoptosis [8].

GIMAP5 is the best characterized of the GIMAP family,
and the only member with a described human case with
homozygous variants in the GIMAP5 gene. A 2018 paper
by Patterson et al. [12] described GIMAP5 protein as being
localized to multi-vesicular bodies and lysosomes, and
acting to inhibit GSK3β. GSK3β normally acts to phos-
phorylate a range of substrates like c-Myc, Nuclear Factor

of Activated T Cells 1 (NFATc1), Mcl-1, and β-catenin, all
of which are required for lymphocyte differentiation, pro-
liferation, and are involved in apoptosis. In the absence of
GIMAP5 protein, GSK3β is not inhibited and these pro-
cesses are impaired. The patient described in this paper
suffered from splenomegaly, hepatomegaly, and lympho-
penia affecting CD4+, CD8+, and NK cells with impaired
lymphocyte proliferation. Knockout cell lines and the
patient’s own cells were treated with lithium chloride, itself
a GSK3β inhibitor, which rescued the phenotype in vitro. In
vivo treatment with lithium chloride was not reported, but
the potential for treatment with a readily available targeted
therapy is certainly promising [12]. A rat model of GIMAP5
knockout demonstrated increased activation of nuclear
factor kappa B (NFKβ), with a subsequent Th1–Th2
imbalance and the development of autoimmunity [2, 14],
and in another study Jurkat cells were protected from the
effects of okadaic acid and γ-irradiation by the presence of
GIMAP5 protein [8].

While the two patients we have described are the first
documented human cases with homozygous GIMAP6 var-
iants, GIMAP6 deficiency has been studied both in vitro
and in vivo. A 2017 paper by Ho and Tsai [8] used Jurkat
cell lines to demonstrate that GIMAP6 is anti-apoptotic and
predominantly found in T lymphocytes. Knock down of
GIMAP6 by short hairpin-RNA leads to increased, and
more rapid, cell death upon exposure to hydrogen peroxide,
FasL, and okadaic acid. It also lead to more rapid T cell
activation following stimulation by PMA and ionomycin,
and the authors showed for the first time that GIMAP6 can
function as an ATPase (the only member of the GIMAP
family shown to do so) [8]. In 2018, Pascall et al. [15, 16]
established a knockout mouse model of GIMAP6 deficiency
and showed that these mice suffered a 50–70% reduction in
the numbers of circulating CD4+ and CD8+ lymphocytes
as well as reduced autophagy.

The experiments we performed to investigate the lym-
phocyte function of our two patients were largely based
upon those of Ho and Tsai [8], to determine if this cellular
phenotype was replicated in human cases of GIMAP6
protein deficiency. The most impressive finding from our
patients is that both demonstrated an increased suscept-
ibility to apoptosis, with increased caspase-3 activity com-
pared to HD at all time points upon exposure of CD4 and
CD8 lymphocytes to anti-CD3/CD28 (this was also true
upon exposure to PHA for P1, but not for P2). CD4 and
CD8 lymphocytes of both P1 and P2 also demonstrated
increased baseline levels of FAS receptor (CD95) and HLA-
DR expression, but activation in response to anti-CD3/
CD28 and PHA was comparable to control for both
patients, as was proliferative ability and cytokine expres-
sion. The significance of this heightened immune activation
and its correlation to the patients’ clinical findings is
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unclear, particularly given that P2 has no outward features
of immune system dysfunction. Both patients displayed
elevated levels of double-negative αβ T cells and P1
expressed higher levels of CD21lo B lymphocytes, phe-
nomena which are known to be associated with auto-
immunity, particularly in autoimmune lymphoproliferative
disease [17] and common variable immune deficiency [18].

Interestingly, T cell function was only slightly affected in
P1 and P2, and they both demonstrated broadly normal
lymphocyte subpopulations, with only minor deviations
from the normal range for children their age. Given that the
clinical phenotype of P2 is milder than P1, it is not sur-
prising that P1’s cellular phenotype is more severely
affected than that of her older brother. It remains unclear,
however, why a discrepancy exists in both clinical and
cellular phenotype between these two siblings despite both
inheriting the same variants and demonstrating complete
absence of the GIMAP6 protein. Heterozygous variants in
MEFV have been described as disease modifiers in condi-
tions such as systemic lupus erythematosus, however attri-
buting causality in P1’s case would be purely speculative
[19]. It is also unclear exactly how P1’s increased predis-
position to apoptosis explains her clinical phenotype which,
although mild, has resulted in lymphopenia, recurrent acute
otitis media, lung disease, and hepatosplenomegaly; how-
ever, these features are noted in other immune defects
associated with apoptosis [17]. While P1 does not require
replacement of intravenous immunoglobulin, prophylactic
antibiotic therapy, or a hematopoietic stem cell transplant at
this stage, her future clinical course is difficult to predict. In
line with the role of the GIMAP genes in either accelerating
or preventing apoptosis, links have emerged between var-
iants in GIMAP genes and various malignancies, including
leukemia, hepatocellular carcinoma, and lung cancer
[4, 9, 20, 21]. Thus, we have adopted a “watch and wait”
approach with reviews every 3–6 months and standard
immunological blood tests at each review and early intro-
duction of antibiotics to treat any signs of infection.

One weakness of this study is that we have not repeated
the aforementioned experiments in the heterozygous mem-
bers of this family. Unfortunately, we were not able to
obtain blood samples from them due to restricted move-
ments of patients and families over the Gaza–Israeli border,
particularly due to the coronavirus pandemic.

These cases again underscore the utility of WES in
modern clinical immunology. Although P1 displays a
relatively mild clinical phenotype (and P2 is asymptomatic),
a genetic variant has been found that explains her symp-
toms. In addition to ensuring more prompt introduction of
anti-microbial therapy and increased malignancy surveil-
lance, the diagnosis of homozygous GIMAP6 variants has
extended our understanding of the GIMAP family of genes
and the clinical spectrum of disease associated with them.

Much remains to be learnt about the mechanisms linking the
genetic variant with the clinical features. We suspect there
may be some redundancy protecting against excessive
apoptosis, with other genes playing similar roles to
GIMAP6. There may also be gene–gene interactions or
epigenetic changes that explain the differences between the
two siblings, as well as differences in microbial exposure
between them.

Thus, in this manuscript we have described the first
human cases of a deleterious homozygous GIMAP6 variant
and shown that patients exhibit increased apoptosis, but a
relatively mild clinical phenotype in one sibling and no
clinical features in her older brother. GIMAP6 appears to
play only a minor role in lymphocyte activation and pro-
liferation in humans, but we will continue to monitor both
P1 and P2 for development of additional disease. This study
once again emphasizes the utility of next-generation
sequencing in extending our understanding of primary
immune deficiency [22–24].
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