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Abstract

Activated phosphoinositide-3-kinase (PI3K) & syndrome (APDS) is an inborn error of immunity characterised by immune
dysregulation. Since the discovery of genetic mutations resulting in PI3Kd overactivation, treatment of APDS patients has
begun to focus on modulation of the PI3K pathway in addition to supportive therapies. The mTOR inhibitor sirolimus has
been used effectively for some clinical manifestations of this condition, however the arrival of specific PI3K$ inhibitor len-
iolisib has shown promising early results and may provide a more targeted approach. This review summarizes key aspects of
PI3K pathway biology and discusses potential options for nuanced modulation of the PI3K pathway in APDS from a clinical

perspective, highlighting differences from PI3K inhibition in haematological malignancies.
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Introduction

Activated phosphoinositide-3-kinase (PI3K) & syndrome
(APDS) is an inborn error of immunity characterised by
dysregulation of the immune system. Clinical manifesta-
tions vary from lymphoproliferation, enteropathy and cyto-
penias, to recurrent infections, often from a young age, and
an increased risk of lymphoma. A recent European study
described respiratory infections as the most common clinical
manifestation of APDS affecting 92% of individuals, with
bronchiectasis in 50%, benign lymphoproliferation in 86%,
enteropathy in 35%, cytopenias in 19% and other autoim-
mune conditions occurring less frequently [1]. APDS is
biochemically characterised by overactivation of the PI3K-
Akt-mechanistic target of rapamycin (mTOR) pathway. In
APDSI, activating mutations in the PIK3CD gene encoding
the p110d catalytic subunit of PI3K9 lead to intrinsically
increased PI3KJ activity by disrupting inhibitory contacts
between p110d and the p85a regulatory subunit [2, 3]. In
APDS2, heterozygous variants in PIK3RI encoding p85a
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reduce inhibition of PI3K9, again resulting in overactivation
of the PI3K-Akt-mTOR pathway [4, 5]. A third condition,
APDS-Like (APDS-L), arises from heterozygous loss of
function mutations in ubiquitously expressed phosphatase
and tensin homolog (PTEN), leading to the PTEN hamar-
toma tumour syndrome [6]. This condition has a wide range
of clinical manifestations, with immunodeficiency and fea-
tures of immunodysregulation reported in some patients [7].
PTEN converts phosphatidylinositol-3,4,5-trisphosphate
(PIP;) back to phosphatidylinositol-4,5-bisphosphate (PIP,),
terminating the signal triggered by PI3K activation. Hence
loss of PTEN function can also result in PI3K pathway
overactivation [7]. This mini-review discusses key clinical
manifestations of APDS resulting from dysregulated PI3K
pathway hyperactivity and focuses on the specific clinical
management options for patients with APDS1 and APDS2
by considering the effects of modulating the PI3K-Akt-
mTOR pathway.

The PI3K pathway is essential across species for a range
of cellular functions. In immune cells, this pathway regulates
cell growth, differentiation, activation and survival [8]. Class
IA PI3Ks are essential for signalling downstream of the B
and T cell receptors, Toll-like receptors, cytokine receptors,
co-receptors and adhesion molecules in B and T lympho-
cytes and myeloid cells [8]. p1103 is the main catalytic iso-
form in leucocytes [9]. PI3K is activated by phosphoryla-
tion of canonical YxxM motifs in the cytoplasmic domain
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of transmembrane receptors and adaptor proteins, such as
CD19, CD28, ICOS and B cell adaptor protein (BCAP),
which are required for effective signalling downstream of
the B and T cell receptors [10].

The immune dysregulation in APDS is characterised by
an excess of immature B cells and senescent T cells and a
deficiency of functional immune cells [3, 5, 11]. p110d is
required to variable degrees at different stages of lympho-
cyte development [12]. Physiologically, the PI3K pathway
is up- or down-regulated at developmental points to allow
Forkhead Box O (FOXO)-dependent signalling, which is
essential for the regulation of lymphocyte maturation and
homeostasis [12]. Constitutive activation of PI3K signal-
ling in APDS prevents this nuanced response (Fig. 1). The
clinical manifestations of APDS, however, are heterogenous,
with some patients demonstrating a more severe phenotype,
and others being more mildly affected, even within the same
family. This suggests that the PI3K pathway function is vari-
ably altered despite the same genetic variant [13, 14].

In APDS1, PI3K®d hyperactivation results in impaired B
cell maturation with accumulation of pre-BII cells in bone
marrow, increased transitional B cells in peripheral blood
and reduced memory B cells [13, 15]. Immunoglobulin (Ig)
class-switching is also impaired, characterised by elevated
levels of serum IgM, but reduced IgG and IgA, and reduced
IgG* and IgA* memory B cells [13, 15]. Antibody responses
to protein and polysaccharide vaccinations are also reduced
[2, 16]. Similar B cell developmental impairment has been

described in APDS2, with increased transitional and reduced
mature B cell subsets and reduced class-switching to IgG,
however pro-B cells rather than pre-BII cells accumulated in
the bone marrow of two APDS?2 patients [14, 17]. Clinically,
these humoral impairments manifest as recurrent bacterial
sinopulmonary infections from an early age, with Hae-
mophilus influenzae and Streptococcus pneumoniae often
implicated, sometimes culminating in bronchiectasis [13,
14].

T cells are also affected in APDS1, with reduced num-
bers and proportions of circulating CD4™" T cells, particularly
naive CD4% T cells, whereas central and effector memory
CD4* T cells are increased [18]. Circulating T follicular
helper (Tth) cells are also increased, however cytokine secre-
tion by Tth and memory CD4 + T cells is aberrant [18]. This
CD4™" T cell dysregulation leads to impaired provision of help
to B cells, adding to the clinical features of humoral immu-
nodeficiency. Naive CD8* T cells are also reduced, whereas
effector memory CD8* and terminally differentiated CD8" T
cells expressing CD45RA are increased [19, 20]. The CD8”
T cell compartment appears exhausted and senescent [3, 20].
NK cell function is also impaired in APDS1 [21]. Similar
CD4* and CD8* T cell abnormalities have been described
in APDS2 [14, 17]. Clinically, these CD8" T cell and NK
cell abnormalities predispose to persistent, severe or recur-
rent herpesvirus infections, such as Epstein-Barr virus (EBV)
and cytomegalovirus [13]. Lymphadenopathy may result
from an accumulation of proliferating B cells and Tth cells
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Fig.1 Key components of the PI3K-Akt-mTOR signalling pathway. The effects of increased signalling through this pathway in APDS are shown

in red. The sites action of leniolisib and sirolimus are shown in blue
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[13, 14], and an overabundance of effector T cells with an
exaggerated proliferative response to antigen [3]. EBV-driven
lymphoproliferation similar to post-transplant lymphoprolif-
erative disease can occur [13]. EBV and chronic antigenic
stimulation may also contribute to an increased malignant
transformation of B cells [22], leading to an increased risk of
lymphoma, which has been reported in 13% of APDS1 and
28% of APDS2 [13, 14, 23].

The delicate balance of PI3Kd activity under physiologi-
cal conditions is further highlighted by findings from pre-
clinical and clinical studies demonstrating equally profound
immune dysregulation resulting from PI3Kd pathway loss of
function [24]. Genetic mouse models with impaired PI3Kd
function, such as Pik3cd™/~ mice, develop immune dysregu-
lation, poor vaccine responses and enterocolitis, most likely
due to reduced regulatory T cell function [25-27]. These
findings are confirmed in patients with homozygous biallelic
deletion or loss-of-function mutations in PIK3CD, which
demonstrate various forms of immunodeficiency, character-
ized by a profound block in B cell development and a range
of immune dysregulatory manifestations including sinopul-
monary infections, autoimmune enterocolitis, autoimmune
hepatitis and arthritis [28—32]. Biallelic loss of PIK3RI
(p85a) has also been reported and leads to a block in B cell
development [33].

These findings have important implications for any phar-
macological intervention in the PI3Kd pathway.

Therapeutic PI3K Pathway Modulation

Identification of the pathogenic variants in APDS has guided
the therapeutic use of medications which alter PI3K pathway
function in this condition. Haematopoietic stem cell trans-
plantation (HSCT) remains the only curative treatment, but
carries a significant risk of mortality, evidenced by 5 deaths
reported amongst 29 APDS patients receiving HSCT in a
recent study [1]. HSCT in APDS is also frequently compli-
cated by graft failure, graft instability and poor graft func-
tion [34]. Other supportive therapies, such as gammaglobu-
lin replacement and prophylactic antibiotics, reduce bacterial
infections but have less effect on herpesvirus infections, lym-
phoproliferation or lymphoma, and autoimmune manifesta-
tions [35]. Corticosteroids and rituximab can help control
cytopenias, autoimmunity and lymphoproliferation [35], but
also cause adverse effects, including an increased risk of
infection and hypogammaglobulinemia. Use of rituximab
in chronic EBV infection in APDS has also been described
[36]. The hope of novel therapies is that they will provide a
much more precisely targeted intervention in APDS, treating
the whole spectrum of clinical manifestations with limited
and acceptable toxicity.

mTOR Inhibition
Mechanism of Action and Efficacy in APDS

Sirolimus, also known as rapamycin, is an mTOR inhibi-
tor acting downstream of PI3K, including PI3K? but also
other isoforms. The effects of sirolimus on mTOR signal-
ling are complex. Sirolimus forms a gain-of-function com-
plex with the FK506-binding protein (FKBP12), which
binds and inhibits the mTOR complex 1 (mTORC1) [37].
The mTORC1 pathway integrates signals from a wide
range of intracellular and extracellular factors beyond
PI3K input, including growth factors, cellular stress, DNA
damage, energy status, oxygen and amino acids, and down-
stream controls protein and lipid synthesis and autophagy
[37]. Conversely, mTORC2 assembly and signalling is
reduced only in some cell types after long-term siroli-
mus treatment [37]. mTORC?2 activates Akt and serum/
glucocorticoid-regulated kinase 1 (SGK1) and plays a role
in actin cytoskeletal organisation and cell survival [38].

Sirolimus has demonstrated utility in APDS in retro-
spective registry and case series analysis, particularly
in reducing lymphadenopathy and splenomegaly [1, 13,
14, 23, 39]. Decreased requirement for corticosteroids
and improvement in lymphocyte subsets have also been
observed, even at low trough drug levels [39]. Enter-
opathy and cytopenias may respond less well to siroli-
mus, although the mechanism underlying these clinical
improvements has not been defined [23]. The pathogenesis
of cytopenias and enteropathy in APDS has been not yet
been determined, but may depend less on overactive sig-
nalling via mTORC1 than other downstream pathways,
including FOXO. Pharmacokinetic issues may also play a
role in the efficacy of sirolimus in treating these manifesta-
tions, as outlined below. At a cellular level, sirolimus can
partially restore NK cell function in APDS [21]. Improved
T cell senescence pattern with increased naive T cell per-
centages [3, 39], and normalisation of CD8* T cell counts
[3] have also been observed. There are no published data
suggesting either a positive or negative effect of sirolimus
on the frequency or severity of infections. Sirolimus has
also been shown to improve immunological parameters
and gastrointestinal symptoms in a patient with APDS-L
[40].

Pharmacokinetics
Treatment with sirolimus is not always straightforward.
A wide variety of factors influence the pharmacodynamic

and pharmacokinetic response to sirolimus, including
age, weight, hepatic function, and genetic polymorphisms
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influencing expression of cytochrome P450 3A4 (CYP3A4),
cytochrome P450 3A5 (CYP3AS) and p-glycoprotein (PgP)
[41, 42]. Accordingly, therapeutic drug monitoring using
trough sirolimus concentrations is considered standard of
care [43], given the narrow therapeutic window and risks of
toxicity. Oral bioavailability is poor, with extensive first-pass
metabolism, a large volume of distribution and consider-
able distribution amongst red blood cells (94%), lympho-
cytes (1%) and granulocytes (1%) [43]. Although only 3.1%
is distributed within whole blood, sirolimus is 40% bound
to lipoproteins in a concentration-dependent manner, hence
therapeutic drug monitoring of whole blood is preferred
[43]. Sirolimus is metabolised in the liver and small intes-
tinal microsomes by CYP3A4 and CYP3AS5 [44], leading
to potential drug interactions with CYP3A4 inducers and
inhibitors, including antibiotics, azole antifungals, calcium
channel blockers, grapefruit juice and St John’s wort. Circa-
dian and seasonal variations in CYP3A4 activity have also
been reported [45, 46]. Sirolimus is transported by the multi-
drug resistance gene product pump PgP, expressed widely in
enterocytes [41, 44]. It is possible that the pharmacokinetics
of sirolimus, including poor oral bioavailability, dependence
on PgP expression in enterocytes for transport, and metabo-
lism via cytochrome activity in enterocytes as well as the
liver, might reduce the absorption and activity of sirolimus
in the context of enteropathy. Likewise, the extensive seques-
tration of sirolimus in red blood cells might mean that the
pharmacokinetics of sirolimus are altered in the patients with
significant anaemia or other cytopenias. Further study of the
pharmacokinetics of sirolimus in patients with these clinical
manifestations might answer these questions.

Reliance on therapeutic drug monitoring may not be ade-
quate, however, as the correlation between the area under the
curve (AUC) and sirolimus trough concentration is incon-
sistent, particularly in paediatric patients [47, 48]. If such
variability can be demonstrated in children after renal and
stem cell transplantation, it is likely that such variability
also applies in APDS, given the widely differing clinical
phenotypes and degree of PI3K pathway hyperactivation.
Model-informed precision dosing of sirolimus in children
has been suggested [41], and would likely also be of benefit
in APDS. Furthermore, the target trough concentration range
of 10-15 ng/ml recommended for immunosuppression in
solid organ transplantation may be higher than required in
APDS [39], where a more subtle modulation of the PI3K
pathway is the aim. Optimal sirolimus trough concentrations
in APDS have not yet been determined.

Adverse Effects
Adverse effects of sirolimus in general include hyperglycae-

mia, dyslipidaemia, cytopenias, nephrotoxicity, stomatitis
and skin eruptions, poor wound healing and pneumonitis

@ Springer

[38]. The increased risk of new onset diabetes mellitus is
likely due to altered insulin signaling via mTOR inhibition,
insulin resistance and dysfunctional insulin secretion [38].
New onset diabetes has not yet been recorded in APDS
patients treated with sirolimus, although some of the risk of
hyperglycaemia is mediated via mTORC?2 after long-term
sirolimus therapy. Thus, monitoring APDS patients on siroli-
mus for longer periods will be required to assess the long-
term risk of hyperglycaemia in this population. Likewise,
dyslipidaemia occurs in 40-75% of solid organ transplant
recipients receiving sirolimus [49], affecting both triglycer-
ides and cholesterol, and although this complication has not
been recorded in APDS, long-term data are not yet available
in this population.

Sirolimus seems to be tolerated more easily in APDS,
compared to other indications such as solid organ transplan-
tation, where discontinuation rates due to adverse effects
in clinical trials range from 20-40% [38, 50]. Perhaps
improved tolerance arises because the PI3Kd-Akt-mTOR
pathway is already overactive in APDS, hence sirolimus
may not reduce mTORCI signalling below physiological
levels, in leucocytes at least. Sirolimus, however, also targets
mTORC]1 downstream of other PI3K isoforms. In an analy-
sis of 26 patients receiving sirolimus for APDS, 2 patients
required complete cessation of sirolimus due to severe head-
aches, anorexia and/or renal toxicity, and 3 patients paused
sirolimus due to aphthous ulcers, liver toxicity and/or renal
toxicity, but were able to restart [23]. Recurrent and severe
aphthous stomatitis has also been reported after sirolimus
in a single patient with APDS2 [51]. Further data will be
required to determine the long-term safety of sirolimus in
APDS, particularly pertaining to metabolic complications
which may become more relevant with increasing longevity.

In summary, sirolimus is a useful treatment in some
patients with APDS, but is limited by complex pharma-
cokinetics, the need for ongoing trough level monitoring,
and limited capacity to improve cytopenias, enteropathy and
infections.

Newer mTOR Inhibitors

Other rapalogs, such as everolimus and temsirolimus, have
not been studied in APDS. Everolimus has shown effi-
cacy in other inborn errors of immunity causing immu-
nodysregulation, such as CTLA4 haploinsufficiency
[52]. Everolimus, a 40-O-(2-hydroxyethyl) derivative
of sirolimus, also inhibits mTOR signalling, but more
potently inhibits mTORC2, and its pharmacokinet-
ics differ from sirolimus [53]. Thus, the efficacy and/or
side effect profile may vary in APDS, warranting further
study. Second generation mTOR inhibitors have been
developed for oncology trials and include sapanisertib,
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an adenosine-triphosphate-competitive mTOR kinase
inhibitors which suppresses mTORC1 and mTORC?2 [54,
55]. Third generation mTOR inhibitors, such as RapaL-
ink-1, combine sirolimus with a second generation mTOR
kinase inhibitor [55]. Neither second nor third generation
mTOR inhibitors have been described for use in APDS,
and although greater efficacy in killing cancer cells may
be preferable in oncology trials, APDS is likely to require
more subtle degrees of regulation of the mTOR pathway,
specifically downstream of PI3K9, with over inhibition
of the PI3K-Akt-mTOR pathway in general potentially
increasing toxicity, particularly in long-term use.

PI3K Inhibition

The PI3K pathway is dysregulated in a wide range of human
cancers, including breast cancer, colorectal cancer and hae-
matological malignancies [56]. Genetic mutations can affect
many signalling molecules in this pathway, the most common
being PIK3CA, which encodes PI3Ka, and PTEN.[57] The
p1108 subunit of PI3KJ, encoded by PIK3CD and affected in
APDSI, is primarily expressed by haematopoietic cells, and
is therefore most relevant as a potential target in haematologi-
cal malignancies. An extensive number of PI3K inhibitors
have been evaluated for use in oncology, including isoform-
specific inhibitors, pan-PI3K inhibitors, and dual PI3K-
mTOR inhibitors. Due to the ubiquitous and vital expression
of the PI3K pathway in a range of cells, the use of many pan-
PI3K inhibitors has been limited by toxicity, particularly gas-
trointestinal, hepatic and cutaneous, and hyperglycaemia, and
many have also shown limited anticancer efficacy [56]. The
adverse effects of iatrogenic overinhibition of the PI3K path-
way not unexpectedly resemble the clinical manifestations of
deletion or loss-of-function mutations in PIK3CD described
above, specifically enterocolitis and hepatitis [28—32].

These results suggest that pan-PI3K inhibition could
be expected to be excessively toxic for the long-term use
required in APDS. Historically, use of PI3K pathway inhibi-
tors in cancer therapy has applied mainly to patients with
advanced cancers and limited life expectancy, hence strat-
egies to reduce side effects focused more on short-term
rather than long-term complications, with an acceptance
of some degree of toxicity in the short term in the interest
of extending life [58]. As increasing numbers and types of
PI3K pathway inhibitors are approved for cancer therapy,
and as patients survive longer, metabolic complications such
as hyperglycaemia might become more relevant. In contrast,
patients with APDS are likely to require more subtle PI3K
pathway suppression for a prolonged period, and thus both
short- and long-term toxicity are highly relevant.

PI3K&-Specific Inhibition

Leniolisib, an oral small molecule inhibitor of p1109, has
been shown to cause dose-dependent suppression of PI3K
pathway hyperactivation, measured as phosphorylation of
Akt/S6 in cell lines, and improved immune dysregulation in
six patients with APDS1 [59]. These results were confirmed
in a phase 3 randomised, blinded, placebo-controlled study
of 31 patients with APDS 1 and 2, with significant reduction
in lymphadenopathy, spleen size and serum IgM, improved
cytopenias and increased circulating naive B cells and other
lymphocyte subsets in patients receiving leniolisib 70 mg
twice daily for 12 weeks compared to placebo [60]. Practi-
cally, immunoglobulin replacement was reduced and even
ceased in some patients receiving leniolisib, and subjective
improvements in patient wellbeing, activity and energy levels
have also been reported [59, 60]. Leniolisib appeared to be
well tolerated so far, with mild adverse effects including non-
severe, transient neutropenia in the absence of infection, and
transient alopecia in two patients [60]. Late-onset immune-
related adverse effects have not yet been reported, albeit a
relatively new medication. The lack of severe adverse effects
may reflect the fact that the recommended dose of 70 mg
twice daily reduced PI3K/Akt pathway activity to within the
normal range of unstimulated phosphorylated Akt levels in
healthy controls. Although there are no trials directly com-
paring leniolisib to sirolimus, leniolisib seems promising in
APDS, providing more targeted PI3Kd regulation with lim-
ited toxicity [61]. Conceptually, directly targeting PI3KS in
a condition arising from dysregulation of the pathway at that
point seems likely to be a cleaner therapeutic option than
inhibition of a downstream target, such as mTORCI.

Other PI3K$ inhibitors have proven less successful in the
treatment of APDS. In an open-label trial of five patients
over 12 weeks, nemiralisib, an inhaled PI3K3 inhibitor,
did not reduce PIP; in sputum, nor result in any significant
changes in lymphocyte subsets [62]. Seletalisib, an oral
PI3K3 inhibitor, appeared to improve immune dysregulation
but caused serious adverse effects, particularly colitis and
drug-induced liver injury [63]. The PI3K&-specific inhibitor
idelalisib has shown efficacy in B-cell lymphoproliferative
malignancies including chronic lymphocytic leukaemia and
follicular lymphoma [64—66]. Idelalisib has been associated
with colitis, hepatitis and pneumonitis, which can be severe
[67], requiring dose interruption, dose reduction, corticos-
teroids or drug discontinuation [67].

Excessive PI3K9 inhibition may not be without risk
(Fig. 2). PI3K&-specific inhibitors, including idelalisib,
have been shown to increase genomic instability in nor-
mal and neoplastic B cells, through enhanced expression
of activation-induced cytidine deaminase (AID) and subse-
quent increased somatic hypermutation and chromosomal
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translocation frequency [68]. As some of these effects
are off-target (affecting genes other than immunoglobulin
genes), this may increase the risk of oncogenic mutations
or translocations, even in the absence of reduced B-cell pro-
liferation [68]. However, reduced AID expression has been
observed in APDS and contributes to defective class-switch
recombination [15]. Similar findings have been shown in
murine Pik3cd®®F B cells, with normalisation of Aicda
expression with leniolisib in vitro.[15] These results suggest
that leniolisib may normalise, rather than exaggerate, AID
expression in APDS, thus genomic instability may be less of
arisk. Nevertheless, as APDS patients may require decades
of treatment, avoiding iatrogenic over suppression of PI3K8
may be essential to avoid the potential for haematological
malignancy. Preliminary studies of leniolisib regarding
longer term safety appear promising, with no new features
of lymphoproliferation in 37 APDS patients studied for up to
5 years, median 2 years [69]. Furthermore, individuals with
APDS already have an increased risk of lymphoma [13, 14],
so the effects of PI3K$ inhibition on lymphoma risk long
term will need to be carefully assessed.

Akt and PDK-1 Inhibitors

The serine/threonine protein kinase Akt forms a vital part of
the PI3K pathway [8]. As Akt is frequently overactivated in
solid organ cancers and implicated in tumour development
and progression, Akt inhibitors have been developed for
oncology trials [70]. Both allosteric and ATP-competitive
inhibitors have been trialled. Significant toxicity has been
observed and was sometimes treatment limiting, including
diarrhoea, skin rash and hyperglycaemia.
3-phosphoinositide-dependent protein kinase 1 (PDK-1)
is another essential regulator of protein kinases, including
Akt [71]. PDK-1 inhibitors have demonstrated anticancer
efficacy in cell lines but are not in routine clinical use [72].
PDK-1 and Akt inhibitors have not been reported for use in
APDS. Toxicity from the inhibition of such vital components
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of a pathway required for a wide range of cellular processes
is likely to preclude use in APDS. Furthermore, the down-
stream effects of PDK-1 inhibitors and Akt inhibitors on
other kinases, such as SGK-1 [73], may result in metabolic
complications such as hyperglycaemia, making these drugs
inappropriate for long-term use in APDS.

Monitoring Response to Treatment

The PI3K pathway is highly complex, involving feedback loops,
cross-talk and compensatory pathways [56], many of which are
likely to vary between individuals. Thus, measuring the effect
of PI3K pathway inhibition at different points may be essential
in optimising patient outcomes, and requires further study.

Historically our methods of measuring response to treat-
ment in immunodeficiencies have been somewhat blunt. We
record the frequency and severity of infections over time,
measure sizes of lymph nodes and spleens, and monitor
cytopenias. In the laboratory, we measure serum IgG con-
centrations after intravenous or subcutaneous immunoglobu-
lin replacement. Given that the goal of treatment in APDS is
subtle modulation of the PI3K pathway, preserving effective
immune function while reducing lymphoproliferation and
autoimmunity, and avoiding treatment toxicity in both the
short and long term, more precision in assessing the degree
of PI3K pathway inhibition and correlation with clinical
response is required. Measurement of naive T cell propor-
tions and senescence patterns may be one approach, however
detailed T cell phenotyping may be difficult to access in a
routine diagnostic laboratory. It is encouraging that normali-
sation of endogenous serum immunoglobulin concentrations
and lymphocyte counts has been observed after leniolisib
[59, 60]. Sirolimus has also demonstrated clinical utility and
improved immune cell subsets in some APDS patients, and
further assessment and comparison of these responses would
help guide treatment.

Measurement of the phosphorylation status of down-
stream effectors, such as Akt and S6 may be useful in
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determining the degree of PI3K pathway dysregulation, pro-
viding a qualitative rather than quantitative assessment [59].
Although this tool may help demonstrate treatment efficacy
and correlation with clinical response in a research setting,
it may be difficult to access in a therapeutic environment. As
our understanding of APDS and the PI3K pathway expands,
other biomarkers may emerge as relevant.

Discussion

Much is made of the term “personalised medicine”, usually
referring to the provision of tailored treatments to individual
patients, and often involving the identification of a pathogenic
genetic variant and subsequent targeted treatment. Clinical
immunologists, however, practise personalised medicine for
our patients every day. We taper corticosteroid doses according
to an individual patient’s response (symptoms, signs, investi-
gations), we determine choice of immunomodulatory medi-
cations based on comorbidities, lifestyle factors and patient
preference. Sometimes, in consultation with the patient, we
decide not to treat at all. The concept of personalised treat-
ment in the management of autoimmune disease (classically
viewed as immune overactivity) becomes intuitive for clini-
cians. However, historically immunodeficiency was less often
viewed through the same lens, perhaps because until recently,
treatment focused more on replacement of what was missing
rather than downregulating what was overactive, unless overt
autoimmunity was evident. We replenish gammaglobulins, we
replace dysfunctional bone marrow with another, we prescribe
prophylactic antibiotics to prevent infections. However, APDS
is a disease of immune dysregulation, with as many features
of immune overactivity as immunodeficiency, and perhaps our
treatment approach now might have more in common with
autoimmunity. In treating autoimmunity, we have a range of
medications and dosages, and we more frequently tailor dos-
ages to clinical response than to drug concentrations. In ANCA
vasculitis, for example, we often use different medications to
achieve “remission” than in the “maintenance” phase [74].
The identification of the molecular mechanisms underlying
the pathogenesis of APDS has facilitated “personalised” treat-
ment options, such as PI3KS? inhibition rather than reliance on
generic therapies, but even more personalisation of treatment,
guided by assessment of degrees of PI3K pathway regulation,
is likely to improve outcomes further.

Collaborative studies on APDS may help solve some of
these unanswered questions. As mTORC1 integrates signals
from such a wide range of inputs including cellular stress and
DNA damage, do infections themselves drive further activation
of the PI3K pathway in APDS? Furthermore, in APDS, T cells
are skewed towards an effector phenotype, with an enhanced
proliferative burst on exposure to antigen [3]. By extension,
can the dose of a PI3K$ inhibitor or other pathway modulator

be reduced with time, when fewer infections result in reduced
chronic signalling through receptors, and a reduced proportion
of effector lymphocytes? Might treatment for “induction of
remission” be different from “maintenance”, akin to manage-
ment of many autoimmune diseases? Does improving enter-
opathy through other methods enhance the efficacy of siroli-
mus by altering its bioavailability and activation? What are
the long-term risks of PI3K and mTOR inhibition, particularly
in relation to metabolic effects and late onset immune related
adverse effects? The clinical manifestations and immune cell
abnormalities in APDS1 and APDS?2 are similar but not identi-
cal [17]. Further study comparing treatment response in these
patients would help determine whether different therapeutic
strategies are required for these two groups.

In conclusion, management of APDS is likely to require
nuanced modulation of the PI3K pathway as the conse-
quences of overinhibition may be as deleterious as those
associated with overactivity. Specific PI3Kd inhibition has
provided a promising new and targeted treatment option,
however a greater understanding of the effects of PI3K path-
way regulation at different points, more accurate measures of
response, and longer term safety data are likely to improve
our management of patients with this condition.
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