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Abstract
Over the past 20 years, the rapid evolution in the diagnosis and treatment of primary immunodeficiencies (PI) and the recognition 
of immune dysregulation as a feature in some have prompted the use of “inborn errors of immunity” (IEI) as a more encom-
passing term used to describe these disorders  [1, 2] . This article aims to review the future of therapy of PI/IEI (referred to IEI 
throughout this paper). Historically, immune deficiencies have been characterized as monogenic disorders resulting in immune 
deficiencies affecting T cells, B cells, combination of T and B cells, or innate immune disorders. More recently, immunologists 
are also recognizing a variety of phenotypes associated with one genotype or similar phenotypes across genotypes and a role 
for incomplete penetrance or variable expressivity of some genes causing inborn errors of immunity [3]. The IUIS classifica-
tion of immune deficiencies (IEIs) has evolved over time to include 10 categories, with disorders of immune dysregulation 
accounting for a new subset, some treatable with small molecule inhibitors or biologics. [1] Until recently, management options 
were limited to prompt treatment of infections, gammaglobulin replacement, and possibly bone marrow transplant depending 
on the defect. Available therapies have expanded to include small molecule inhibitors, biologics, gene therapy, and the use of 
adoptive transfer of virus-specific T cells to fight viral infections in immunocompromised patients. Several significant contri-
butions to the field of clinical immunology have fueled the rapid advancement of therapies over the past two decades. Among 
these are educational efforts to recruit young immunologists to the field resulting in the growth of a world-wide community of 
clinicians and investigators interested in rare diseases, efforts to increase awareness of IEI globally contributing to international 
collaborations, along with advancements in diagnostic genetic testing, newborn screening, molecular biology techniques, gene 
correction, use of immune modulators, and ex vivo expansion of engineered T cells for therapeutic use. The development and 
widespread use of newborn screening have helped to identify severe combined immune deficiency (SCID) earlier resulting in  
better outcomes  [4]. Continual improvements and accessibility of genetic sequencing have helped to identify new IEI diseases 
at an accelerated pace [5]. Advances in gene therapy and bone marrow transplant have made treatments possible in otherwise 
fatal diseases. Furthermore, the increased awareness of IEI across the world has driven networks of immunologists working  
together to improve the diagnosis and treatment of these rare diseases. These improvements in the diagnosis and treatment 
of IEI  noted over the past 20 years bring hope for a better future for the IEI community. This paper will review future  
directions in a few of the newer therapies emerging for IEI. For easy reference, most of the diseases discussed in this paper are 
briefly described in a summary table, in the order mentioned within the paper (Appendix).
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Targeting Immune Dysregulation

Advancements in the understanding of immune mechanisms 
of rheumatologic diseases have led to the development and 
application of novel therapeutics. Small molecule inhibitors, 

fusion proteins, and biologics are now being “borrowed” 
from other indications and used for the treatment of inborn 
errors of immunity that involve aspects of autoimmunity, 
lymphoproliferation, and malignancy. The term “precision 
medicine” describes the use of therapeutic agents to modu-
late intracellular pathways whose function is increased or 
diminished as a result of genetic defects.  [6] This approach 
is starting to be applied in the treatment of some IEI. How-
ever, rare diseases such as inborn errors of immunity are 
inherently difficult to study in well-controlled clinical trials 
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and therefore need special attention from clinical immu-
nologists to apply these new therapeutics in unique ways to 
improve outcomes in their patients.

Small Molecule Inhibitors

Small molecule inhibitors are low molecular weight-targeted 
therapies that can enter cells easily and modulate other pro-
teins. In the treatment of inborn errors of immunity, small 
molecule inhibitors have been used in the context of STAT1 
and STAT3 GOF mutations and are being studied for APDS 
(activated phosphoinositide 3-kinase syndrome) due to gain 
of function in either PIK3CD or PIK3R1 genes Table 1.

Jak Inhibitors (Jakinibs)

The JAK/STAT pathway transduces signals downstream 
of multiple cytokines  [7]. At least 17 cytokines that bind 
to one of 6 distinct cytokine receptors and transmit sig-
nals through the Jak/Stat pathway modulate many types 
of immune responses including lymphocyte differentia-
tion, innate immunity, erythro- and myelopoiesis, platelet 
production, antitumor and antiviral immunity, and acute 
phase responses. One consequence of dysregulated JAK/
STAT pathways is autoimmunity, since cytokines involved 
in the pathogenesis of autoimmune and inflammatory dis-
eases use JAKs and STATs to transduce intracellular signals. 
Some cytokines signal through specific JAK pathways, for 
example, the common gamma chain associates only with 
JAK3 and mediates signaling of IL-2, 4, 7, 15, and 21, while 
several cytokine receptors associate with JAK1 giving it a 
broader role  [7]. Mutations in JAK/STAT genes cause a 
number of immunodeficiency syndromes, and polymor-
phisms in these genes are associated with autoimmune dis-
eases  [7, 8]. The success of small molecule JAK inhibitors 
(Jakinibs) in the treatment of rheumatologic disease demon-
strated that intracellular signaling pathways can be targeted 
therapeutically to treat autoimmunity. JAK inhibitors have 
proven effective in the treatment of rheumatoid arthritis and 
other immune mediated diseases, and this paved the way for 

their use to treat immune dysregulation in patients with gain 
of function (GOF) mutations in STAT1 and STAT3  [7, 8]. 
A comprehensive review of JAK/STAT signaling is avail-
able and beyond the scope of this article  [7]. However, it 
is important to recognize that mutations or polymorphisms 
in JAK and STAT genes lead to several human diseases, for 
example, loss of function of JAK3 leads to autosomal reces-
sive severe combined immune deficiency similar to com-
mon gamma chain deficiency,autosomal dominant LOF in 
STAT 1 leads to Mendelian predisposition to mycobacte-
rial diseases, while GOF mutations in STAT1 cause chronic 
mucocutaneous candidiasis, susceptibility to viral and fungal 
infections, combined immune deficiency, along with organ-
specific autoimmunity,and dominant negative mutations in 
STAT 3 lead to hyper-IgE syndrome, while GOF mutations 
in STAT3 lead to early-onset lymphoproliferation with mul-
tiorgan autoimmunity  [7, 8].

The first two small molecule Jak inhibitors (ruxolitinib 
and tofacitinib) were FDA-approved for treatment of myelo-
proliferative neoplasm and RA, respectively  [7]. Tofacitinib 
inhibits Jak1 and Jak3, while ruxolitinib preferentially blocks 
Jak1 and Jak2. The use of these Jakinibs in 17 patients with 
STAT1 GOF or STAT3 GOF showed symptomatic improve-
ment in 14 of 17 patients treated. Three of the patients died 
due to complications of severe disease, and tocilizumab 
(monoclonal antibody against the IL-6 receptor) was used 
as an add-on therapy in the patients with STAT3 GOF  
[8]. Adverse events observed included thrombocytopenia, 
hyperbilirubinemia, transaminase elevations, viral respira-
tory infections, and herpes zoster. Nonetheless, remarkable 
improvements in immune dysregulation features of disease 
were observed with long-term treatment  [8].

One challenge in the design of Jakinibs has been concern 
for potential off-target effects, since the current Jakinibs com-
petitively block the adenosine triphosphate-binding site that 
is conserved in other Jaks and is structurally similar to other 
tyrosine kinases.  [7] Future directions for jakinib develop-
ment include (1) development and comparison of selective 
versus broad JAK inhibitors, (2) application to other diseases 
that are characterized by elevations in cytokines that signal 
through JAK/STAT, (3) topical application for psoriasis, 
atopic dermatitis and ocular diseases, (4) identification of 
biomarkers predictive of response in groups of patients, and 
(5) dosing strategies for remission and maintenance. Given 
the central role of JAK/STAT in cytokine signaling, as more 
inborn errors of immunity involving cytokine signaling path-
ways are identified, increased applications of small molecule 
JAK/STAT inhibitors are expected.

PI3Kδ Inhibitors

Activated phosphoinositide 3-kinase δ syndrome (APDS) is 
a combined immune deficiency disorder due to either GOF 

Table 1  Examples of small molecule inhibitors and fusion proteins 
used in the treatment of IEI

Small molecule IEI
Jakinibs:
Tofacitinib (Jak1, Jak3)
ruxolitinib (Jak1, Jak2)

STAT1 and STAT3 GOF

PI3Kδ inhibitors:
leniolisib (under study)
nemiralisib (under study)

APDS1 and APDS2

Fusion protein IEI
Abatacept CTLA-4 and LRBA deficiencies

76 



Clinical Reviews in Allergy & Immunology (2022) 63:75-89 

1 3

mutations in PIK3Cδ [resulting in APDS1] or LOF muta-
tions in PIK3R1 [resulting in APDS2]. PIK3Cδ codes for 
the p110δ catalytic subunit and PIK3R1 codes for the p85α 
regulatory subunit of PI3K, which is involved in downstream 
cellular pathways including mTOR  [6]. The phenotypes of 
APDS1 and APDS2 overlap, with characteristics includ-
ing T cell senescence, lymphoproliferation, autoimmun-
ity, lymphoma, and infections with S.pneumoniae and H. 
influenzae as well as recurrent or persistent viral infections 
(EBV, CMV, HSV, and VZV)  [6]. Until recently, treatment 
of APDS has been gammaglobulin replacement, antibiotic 
prophylaxis and immunosuppressive regimens, and, in some 
cases, HSCT with variable results  [6]. Due to promising 
results in APDS with the use of mTOR inhibitors such as 
rapamycin, the use of selective PI3Kδ inhibitors is being 
studied in clinical trials of leniolisib and nemiralisib [6].

Biologics

Biologics are therapeutics that target cytokines or their 
receptors and include monoclonal antibodies and recombi-
nant proteins. Biologics have been an important advance-
ment in the treatment of autoimmune and inflammatory 
diseases, and new biologics are constantly emerging.

Monoclonal Antibodies and Fusion Receptors

Monoclonal antibodies have revolutionized targeted ther-
apy and decreased the need for broadly immunosuppressive 
agents in the treatment of inflammation and autoimmune 
diseases. The nomenclature of monoclonal antibodies is 
reviewed in Table 2. Likewise, fusion receptors have signifi-
cantly increased the ability to modulate the immune system 
by linking the extracellular domains of different transmem-
brane proteins to another molecule via a linker such as the Fc 
portion of human immune globulin, which itself can be engi-
neered to be functional or not. The Fc domain increases the 
plasma half-life, prolongs therapeutic activity, and enables 
the molecules to interact with Fc receptors on immune cells  
[9]. Fusion proteins usually compete for binding of a ligand 

to its specific counter-receptor and, in most cases, prevent 
downstream effects, although depending on the molecule, 
they could be engineered to potentiate effects in certain situ-
ations  [10].

TNF inhibitors include examples of both monoclonal 
antibodies, such as infliximab, and fusion receptors, such as 
etanercept. TNF inhibitors have been used clinically to treat 
rheumatoid arthritis, ankylosing spondylitis, psoriatic arthri-
tis, Crohn’s disease, juvenile idiopathic arthritis, and psoria-
sis  [10]. Similarly, over the past 20 years, agents inhibiting 
other proinflammatory cytokines including IL-1 and IL-6 
have been developed. Anakinra (a recombinant IL-1rα) and 
rilonacept (a fusion protein composed of the EC domain 
of IL-1 accessory protein and the IL-1 receptor attached to 
the Fc portion of IgG1 that binds IL-1alpha and IL-1beta 
with high affinity) block IL-1 and have been used to treat 
cryopyrin-associated periodic fever syndromes. Tocilizumab 
(a humanized anti-IL-6 receptor mAb) binds to soluble and 
membrane bound IL-6 receptor and has shown promise in 
the treatment of RA. Fusion proteins and monoclonal anti-
bodies have also been designed to inhibit T cells, B cells, 
IgE, and cell adhesion or migration  [10]. Some examples 
(not all inclusive) are: basiliximab (antibody directed at acti-
vated T cell IL-2 receptor alpha chain),abatacept (soluble 
protein comprised of the EC domain of CTLA-4 linked to  
the Fc portion of IgG1) used in RA, but also “borrowed”  
for use in CTLA-4 deficiency and LRBA deficiency, rituxi-
mab (chimeric IgG1 mAb against CD20), used in non-
Hodgkin B cell lymphoma and RA, along with a multitude 
of other off-label uses, including to treat granulomatous 
lymphocytic interstitial lung disease in CVID  [11, 12], and 
omalizumab (targeting IgE) in allergic asthma among others   
[10].

CTLA-4 deficiency and LRBA deficiency are two exam-
ples of how the treatment of inborn errors of immunity has 
benefitted from a better understanding of genes involved in 
immunity, as well as from the development of newer agents 
to modulate immunity. A focus on common variable immu-
nodeficiency phenotypes with autoimmunity as a feature has 
led to the discovery of these disorders, and an observation 

Table 2  Nomenclature of 
monoclonal antibody therapies

Partial name Clinical use or characteristic

Beginning of name Chosen by manufacturer
Middle of name -lim

-cir
-tu

-Immune/inflammatory
-Cardiac disorder
-Tumor or neoplasm

End of name -ximab
-zumab
-umab

Chimeric (murine variable region 
plus human Fc)

Humanized (murine complementarity 
determining region)

Human
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that up to 30–40% of patients with CVID may have a genetic 
defect  [13]. Both CTLA-4 deficiency and LRBA deficiency 
benefit from treatment with abatacept given their closely 
related roles in T cell signaling and immune regulation. 
Abatacept is a soluble fusion protein comprised of the extra-
cellular domain of the human cytotoxic T-lymphocyte-asso-
ciated antigen 4 (CTLA-4) linked to the modified Fc (hinge, 
CH2 and CH3 domains) portion of IgG1 and is produced 
by recombinant DNA technology in a mammalian expres-
sion system. CTLA-4 “puts the brakes on” T cell activa-
tion and prevents autoimmune responses mediated by Treg 
cells. CTLA-4 is expressed on activated T cells and binds 
CD80/86 (the same ligand for CD28 required for “signal 2” 
of T cell activation) on antigen presenting cells with higher 
affinity than CD28. The downstream effect of CTLA-4/
CD80/86 interaction is to limit proliferation and effector 
function. LRBA has a role in recycling CTLA-4 back to 
the cell surface and rescuing it from degradation,therefore, 
mutations leading to loss of LRBA result increase CTLA-4 
degradation and impair T cell function.

Future directions in therapeutics with fusion proteins and 
monoclonal antibodies include (1) additional targets and 
functionalities, (2) safety considerations and balancing effi-
ciency with side effects, (3) improved delivery whether IV 
or SC, and (4) possible enhancements to IVIG and vaccine 
development. Fusion proteins lend themselves to creativ-
ity in the design of molecules with particular specificities. 
Future directions in Fc-fusion proteins also include investi-
gation of polymeric or monomeric versions, effects of differ-
ent Ig class and selective binding to different Fc receptors, 
the role of glycosylation or sialylation in the function of Fc-
fusion proteins, improvements in the expediency of “bench 
to bedside” development of human Fc fusion proteins with 
improved mouse models, and exploration of Fc fusions to 
antigens as vaccines.  [9]

The use of “precision therapy” for inborn errors of 
immunity requires further study and collaboration in areas 

including prediction of the clinical manifestations that will 
respond to the therapy, and specifics such as dose and length 
of treatments required, and whether therapies may prevent 
expected symptoms of the disease over time or induce a sus-
tained remission of a particular IEI.  [6, 13–15] A formida-
ble challenge in the study of these newer therapies for inborn 
errors of immunity is the very rarity of the conditions, mak-
ing controlled studies difficult, and increasing the need for 
a thorough understanding of the underlying immunologic 
etiologies along with sound hypotheses regarding how mod-
ulation of the immune response in these conditions would 
impact the clinical course of disease. The agents used to treat 
IEI would most likely be “off label” unless a new approach is 
taken to approve them in the setting of rare diseases.

Prevention and Treatment of Infections

Innovations in Immune Globulin Replacement 
Therapy

Immune globulin replacement therapy has been the standard 
of care for deficiencies of antibody level and function and 
has been extensively reviewed  [16–23]. Current gamma-
globulin replacement therapies are based on purified IgG, 
but advances in IgA and IgM-enriched immunoglobulin 
replacement therapy are taking shape  [24]. IgA and IgM 
have a multimeric structure, can agglutinate bacteria, and 
are involved in mucosal defense. Products in development 
are summarized in Table 3.

Therapeutic IgA

IgA is the main mediator of mucosal immunity and is 
secreted in the respiratory and gastrointestinal tracts. Func-
tions of IgA include agglutination of bacteria, neutrali-
zation of toxins, and inhibition of bacterial adherence to 

Table 3  IgA and IgM immune globulin products in development  [24, 25]

Product Description Features Use in humans?

Pentaglobin IgA and IgM containing Ig preparation 
from Cohn Fraction III, (72% IgG, 
12% IgM, and 16% IgA) for IV use

-Decreased aggregation
-Effective reduction of endotoxin
-Greater opsonic activity against 

P.aeruginosa, S.aureus, E. coli than 
conventional IVIG

Has been used in the treatment of persistent 
gastroenteric C. jejuni in 2 patients with 
hypogammaglobulinemia

Trimodulin IgA and IgM containing Ig with 23% 
IgM and 21% IgA

-tenfold increase in opsonization of E. 
coli compared to pentaglobin

Phase II trial, which included 160 patients 
with severe community-acquired pneumonia

IgAbulin IgA-enriched IgG preparation -Might provide enhanced bacterial 
clearance and prevention of infection 
at mucosal surfaces

-When administered orally:
-Prevented necrotizing enterocolitis in babies 

with low birth weight
-Successfully treated children with chronic 

diarrhea
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epithelium. IgA exists as monomers in the serum and dimers 
at mucosal surfaces in the form of secretory IgA  [25]. The 
therapeutic potential of IgA was recently reviewed and is 
being explored in different areas including its possible role 
as an anti-infective or anti-inflammatory agent, as replace-
ment therapy, and as an anti-tumor therapy  [25]. Vac-
cines delivered to mucosal surfaces induce protective IgA 
responses. IgA also mediates anti-inflammatory responses 
through FcαR1 binding of monomeric IgA or anti-FcR1 
Fab fragments, with therapeutic potential in diseases such 
as rheumatoid arthritis. Patients with primary antibody defi-
ciency could theoretically benefit from IgA replacement 
given continued sinopulmonary infections, in some patients, 
despite IgG replacement. IgA could also be engineered to 
mediate ADCC by neutrophils through FcαR1 activation to 
have a powerful anti-tumor effect  [25]. Several IgA or IgM 
enriched products have been studied and are summarized in 
Table 4.  [24] Plasma-derived IgA can be bound to recom-
binant secretory component which increases its resistance to 
protease activity and resembles IgA at the mucosal surface. 
Oral preparations of these have prevented systemic dissemi-
nation of S. typhimurium in mice. Further work is needed to 
understand whether IgA enriched immune globulin replace-
ment therapy could prevent infections in patients with IEI.

Viral‑Specific T Cells

A healthy T cell response is important for defense against 
viral infections, and it is well-known that in patients with 
deficient T cell immunity, these infections can be fatal. 
Virus-specific T cells (VST) have been developed for use 
against viral infections including CMV, EBV, and adeno-
virus and used in various clinical trials in stem cell trans-
plant patients. These cell products are derived from stem 
cell donors or third party partially HLA matched donors as 
“off the shelf” therapy. Recent trials show success rates from 
75 to 92%  [26]. VST have a promising role in treatment of 
patients with SCID and other immune deficiencies requir-
ing transplant. Early VST were made from donor-derived 
EBV-transformed lymphoblastoid cell lines stimulated in 
culture. Later, peptide libraries representing multiple viral 
antigens were used to induce rapid expansion of VST target-
ing a wide range of viral targets in less than 2 weeks. Other 

advancements, such as the use of rapid selection technolo-
gies using MHC multimers or immunomagnetic bead sepa-
ration techniques, have allowed for even faster VST produc-
tion. As of 2018, at least 16 publications regarding the use 
of VST in immune deficiency described treating patients 
with viral infections and underlying IEI, including HIGM, 
various forms of SCID, CID, HLH, LAD, GATA2, CGD, 
CTPS1 deficiency, WAS, NK cell defect, SCAEBV, and 
XLP.  [26] The majority of patients had favorable outcomes 
with control of infections, although there were some deaths 
reported.  [26] The development of “third party” VST (rather 
than donor derived) from specialty T cell banks increases the 
availability of this therapy due to less time needed for pro-
duction and requirement for only partial HLA-match. VST  
have been used to combat viral infections in both the pre- 
and post-transplant period. In phase I studies, VST appear 
to be safe, well-tolerated, and rarely induce graft versus host  
disease (GVHD) or cytokine release syndrome [26]. Cytokine  
release syndrome has been rare, but has been observed in 
patients with high viral loads. Alloreactivity is reduced in 
the VST product by using mainly T effector cells. It appears 
from phase I studies that GVHD when present after VST 
infusion is low grade [26]. Questions and challenges for the 
future use of VSTs include the need for randomized con-
trolled studies assessing viral specificity/efficacy and safety, 
improved availability, added viral targets, improvements in 
manufacturing, strategies for the maintenance of antigen- 
specific responses, and cost.

Stem Cell Transplantation and Gene Therapy

Hematopoietic Stem Cell Transplant

Over the past decade, newborn screening for SCID and other 
T cell deficiencies has ushered in a new era of early detec-
tion and treatment with life-saving and curative transplant 
prior to the onset of severe infections  [4]. The success of 
hematopoietic stem cell transplant (HSCT) for SCID greatly 
depends upon the age at diagnosis and the infection status 
of the patient. HSCT is now considered as a curative inter-
vention in primary immune defects beyond SCID Table 4  
[4, 5, 27, 28]. Improved outcomes for transplant may be 

Table 4  Role of HSCT in various primary immune deficiencies (table  [28]) adapted from 

Role of HSCT Immune deficiency

Curative SCID, CID, CGD, DOCK8, DOCK2, IPEX, WAS, WIP, ARPC1B, CD40L, XLP1, XLP2, APDS, MHC class II, AD HIGE, 
CTLA4 haploinsufficiency, LRBA, HLH 1–5, GATA2, RAB27A, LAD1, RD

Partially curative CHH, PGM3, STAT-1 and STAT-3 GOF, SCN, ADA2, C1Q, CD25, IL-10 & IL-10R deficiency, dsDNA break repair 
disorders

Controversial CVID, Agammaglobulinemia, other complement deficiencies, DGS, IKBA deficiency, NEMO

 79 



Clinical Reviews in Allergy & Immunology (2022) 63:75-89 

1 3

attributed to advancements in high-resolution HLA typing, 
donor selection, choice of stem cell source, and refinements 
in reduced intensity conditioning for transplant and cellular 
engineering techniques  [28]. Certain primary immune regu-
latory disorders (PIRD) are also increasingly being treated 
with HSCT, especially when immunosuppressive treatments 
are inadequate.  [27] Of note, a PIDTC survey including 33 
transplant centers, examining HCT between 1982 and 2017 
identified that the majority of patients, who had an unknown 
genetic cause for PIRD at the time, had a CVID phenotype  
[27]. Autoimmune manifestations and immunodeficiency 
were the main indications for HCT. This survey also found 
that the survival rate in patients transplanted for PIRD was 
similar to another published report for transplant of auto-
immune and inflammatory diseases from European centers, 
70% at 5 years. [27, 29].

The approach for HSCT needs to be individualized 
depending on the underlying disease, comorbidities, avail-
ability of donor, and the state of health of the patient. Expe-
rience with transplant for some IEI diseases spans multiple 
decades, and best approaches for these are being refined, 
while in others, including PIRD, experience is less exten-
sive, and approach to transplant is being developed. The 
evidence based on number of published patients regarding 
different approaches to hematopoietic stem cell transplant 
for individual primary immunodeficiencies was recently 
extensively reviewed  [28]. A better understanding of the 
pathophysiology of the underlying disorders and the immune 
components affected has influenced the approach to trans-
plant and improved survival over time. For example, the 
analysis of evidence available supports that conditioning 
is not required for T cell reconstitution in X-linked SCID, 
but functional B and NK cell reconstitution is not usually 
achieved without conditioning in X-linked SCID and JAK3 
deficiency, whereas no or low-dose conditioning is indi-
cated for IL-7R deficiency. For RAG deficiency, the use 
of reduced intensity conditioning is associated with better 
immune reconstitution, while for ADA deficiency, enzyme 
replacement therapy can be used as a bridge to transplant 
or gene therapy, and survival is better after unconditioned 
transplant than myeloablative or reduced intensity condi-
tioning. Myeloablative conditioning regimens are required 
for myeloid engraftment in reticular dysgenesis.  [28] Due 
to variations in the underlying defects, as well as individual 
patient differences even with the same disease, it is diffi-
cult to conform to a universal protocol for transplant of IEI. 
Earlier diagnosis and transplant in general results in bet-
ter survival. The future challenges and directions for HCT 
are many and include analysis of long-term follow-up to 
continue to inform future innovations in HCT, improved 
identification of patients who would benefit from HCT, how 
best to handle transplant related complications, improve-
ments in GVHD prophylaxis for example using potential 

new strategies such as small molecule inhibitors, the use 
of VSTs as mentioned above, and development of clinical 
algorithms regarding treatment of the underlying condition 
with immune modulation, HCT, or gene therapy if available, 
and how these interventions might be used together.

Gene Therapy

Gene therapy describes the use of engineered viral vectors 
to deliver the desired corrected gene into autologous HSC 
which are then transplanted into the patient. The primary 
immune deficiency diseases most studied for gene therapy 
have been X-linked SCID, ADA-SCID, X-linked CGD, and 
WAS.  [30–40] Over the past 25 years, work in the field 
of gene therapy for primary immunodeficiencies has made 
significant progress and also expanded the possibilities to 
include treatments for other diseases. Early gene therapy 
using gammaretroviral vectors was associated with inser-
tional mutagenesis near proto-oncogenes, resulting in 
malignancy in some patients. The use of self-inactivating 
lentiviral vectors has proven to be generally safer and more 
efficient. Recent advances in gene therapy include improve-
ment in vector safety, protocols for manufacturing high 
quality virus, and automated CD34 cell purification among 
others.  [37] Numerous clinical trials have shown promise 
for gene therapy as a viable and possibly more efficient and 
consistent treatment for primary immune deficiencies. Len-
tiviral vectors can accommodate large genes (up to 8 kb) 
and efficiently transduce hematopoietic stem and progeni-
tor cells. [40] Integration profiles of lentiviral vectors are 
safer than retroviral vectors, and no serious adverse events 
have been reported after 12 years from the start of the first 
lentiviral clinical trial.  [40].

The first successful retroviral gene transfer into murine 
hematopoeitic stem cells took place in 1983, and since 
then the field has made significant progress including HSC 
gene therapy in X-SCID and ADA-SCID, but also has suf-
fered setbacks and challenges Table 5.  [31, 32, 41] Over 
the following 37 years, the concept of gene therapy has 
evolved from work with retroviral or lentiviral gene deliv-
ery to actual gene editing to correct disease causing genes 
using techniques including zinc finger nucleases (ZFN), 
transcript activator like effector nucleases (TALEN), or 
clustered regularly interspersed short palindromic repeats 
and CRISPR-associated protein 9 (CRISPR/Cas9). Gene 
editing eliminates the need for viral vector integration and 
expression, and instead is based on creating a site-specific 
double-stranded DNA break by engineered nucleases, 
which then trigger endogenous DNA repair mechanisms  
to edit the genome in a permanent and site-specific manner 
via non-homologous end joining (NHEJ) and homology-
directed repair (HDR) mechanisms  [37]. The combination 
of gene editing with autologous HSC transplantation could  
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potentially provide an ideal therapeutic option for primary 
immune deficiencies and would constitute a major develop-
ment in the field in the future. [37].

Advances in Gene Therapy for ADA Deficiency

Treatment options for ADA deficiency include enzyme 
replacement therapy (ERT), HSCT, or gene therapy. The 
first-line curative therapy for ADA is considered HSCT. 
The use of ERT with PEG-ADA can stabilize patients in the 
short term, but in the long term, it is very expensive and may 
decrease efficacy due to decreased thymic output over time. 
In the earlier trials of gene therapy with retroviral vector, the 
continued PEG replacement may have impaired the selec-
tive growth advantage of gene corrected cells. Later trials 
discontinued enzyme replacement after gene correction and 
used non-myeloablative conditioning to improve engraft-
ment. Strimvelis, the first ex vivo gene therapy product to 
receive regulatory approval in the world, was approved in 
Europe in 2016, based on data from 18 patients with ADA-
SCID who were treated from 2000 to 2011 with a median 

follow-up of 7 years, showing 100% survival and evidence 
of long-term gene correction in T cells and maintenance of 
immune reconstitution  [35, 37–42]. Until recently, there had 
been no reports of insertional oncogenesis or leukemic pro-
liferation observed in greater than 40 ADA patients treated 
with gamma-retroviral vector gene therapy, but it has been 
recently reported that a patient treated with Strimvelis for 
ADA-SCID was diagnosed with T cell leukemia and the 
cause is under investigation.  [35] The most recent trials, 
which are ongoing in the UK and US, are using a safer self-
inactivating lentiviral vector with codon optimized cDNA 
for adenosine deaminase under control of an elongation 
factor (elongation factor 1α) promoter with continuation of 
ERT for one month after gene therapy. For up to 3 years 
of follow-up, the 30 treated patients have shown excellent 
efficacy and no associated genotoxicity. [37].

Other advancements and lessons regarding gene therapy 
for ADA are that the use of low-dose busulfan prior to infu-
sion of gene-modified stem and progenitor cells is required 
for engraftment, that the use of ERT for 1 month after 
gene therapy does not blunt the selective advantage of the 

Table 5  History of viral vector technology for human gene therapy (adapted from [35, 37])

Year Gene therapy landmark or setback Year Gene editing advances

1983 Successful retroviral gene transfer to murine HSCs 1983
1990–1996 First attempted T lymphocyte and HSC gene therapy for 

ADA-SCID
1996 ZFN architecture described

1997 First attempted HSC gene therapy in CGD 1997
1997–2000 Introduction of conditioning regimens to gene therapy 

protocols
1997–2000

2000–2002 Successful HSC gene therapy in SCID-X1 and ADA-
SCID

Mapping of human genome completed

2000–2002

2002–2003 Development of SIN gammaretroviral and lentiviral vector 
systems for applications to PID

2002–2003

2003 First report of LTR-mediated insertional mutagenesis 
leading to leukemia

2003

2006 First retroviral vector trial for WAS started 2009 TALEN code described, first ZFN gene edited T cells 
infused (CCR5/HIV)

2010 Insertional mutagenesis in gammaretroviral trials for WAS 
and CGD reported

2012 CRISPR/Cas9 system described

2013–2015 Successful SIN gammaretroviral and lentiviral gene 
therapy in several PIDs

2013 Cas9-gRNA used in mammalian cells

2014 First report of successful ZFNs-mediated editing in 
HSPCs

2014 ZFN-modified T cell trial reports safety
Preclinical HSC gene correction for X-SCID published

2015 Efficacy of lentiviral gene therapy for WAS published 2015 AAV6 identified as a HDR donor delivery platform
2016 First licensed ex vivo gene therapy Strimvelis™ for ADA-

SCID
2016 CRISPR/Cas9 efficiency increases using RNP delivery

2017 In vivo retinal gene therapy approved in US (Luxturna-
LCA), Kymriah and Yescarta CAR T cell products 
approved in US

2017 First in vivo ZFN administration (Hunters syndrome)

2019 Zynteglo approved in Europe (LV/beta-thal) 2018 First ex vivo CRISPR gene edited HSC trial initiated 
(SCD, beta-thal)

2020 Successful LV gene therapy for CGD reported 2019 First in vivo CRISPR/Cas9 administration (LCA10)
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ADA expressing cells and may improve outcome, and that 
improvements in quality of life for patients with ADA-SCID 
need to be addressed because the presence of neurologic, 
auditory, and behavioral problems may persist after therapy 
(either insufficient restoration of ADA expression or CNS 
damage that has already occurred)  [40].

Advances in Gene Therapy for X‑Linked SCID

The first gene therapy for X-SCID was carried out in Paris 
between 1999 and 2002 in 10 infants using a murine leuke-
mia virus based gamma-retrovirus expressing the common 
gamma chain driven by the viral promoter LTR and without 
preconditioning. A similar trial in London in 10 patients 
used a gibbon ape leukemia virus pseudo-typed gamma-
retroviral vector also without preconditioning. Seventeen 
out of twenty patients had recovery of the functional T cell 
compartment with polyclonal and functioning T cells and 
only partial restoration of humoral immunity. However, there 
were 5 patients who developed acute T cell lymphoblastic 
leukemia due to insertional mutagenesis within a few years, 
and one of these patients died. [37] Later, parallel trials in 
Europe and the USA using a self-inactivating gamma-ret-
roviral vector without conditioning in 9 patients had 7 of 8 
surviving patients (one died of infection prior to immune 
reconstitution) showing recovery of functional T cells with-
out recovery of humoral immune function and had improved 
safety as shown by less clustering of integrations near lym-
phoid proto-oncogenes. The most recent lentiviral vector 
in trials is a self-inactivating lentiviral vector with codon 
optimized cDNA for the common gamma chain, flanked by 
insulators and driven by an EF1α promoter, used with non-
myeloablative busulfan conditioning. So far, patients treated 
have had selective expansion of gene marked T, B, and NK 
cells, restoration of humoral responses to immunization, and 
no vector related adverse events.  [37].

Challenges in Gene Therapy for WAS and CGD

Available treatments for chronic granulomatous disease 
include lifelong prophylactic antibiotics, interferon gamma 
and, when possible, early myeloablative allogeneic HSCT. 
Chronic granulomatous disease lends itself to gene therapy, 
due to the small amount of superoxide production, needed 
that could result in clinical improvement. However, gene 
therapy for chronic granulomatous disease has remaining 
challenges to overcome. Early gene therapy trials demon-
strated that conditioning is important for X-CGD gene ther-
apy and that safer vector design is needed, due to leukemic 
events observed in three patients. A new self-inactivating 
lentiviral gene therapy expressing gp91phox under control 
of a myeloid-specific chimeric promoter showed preferential 
activity during terminal myeloid differentiation, resulting in 

increased expression of gp91phox in differentiated myeloid 
cells, rather than other targets. Ongoing trials using this vec-
tor are underway, and so far, are showing stable persistence 
of oxidase positive neutrophils.  [37] For Wiskott Aldrich 
syndrome (WAS), early gene therapy studies showed that the 
use of gammaretroviral vector for treatment of WAS carried 
a high level of insertional oncogenesis risk. More recently, 
a trial using a lentiviral vector encoding WAS performed in 
Milan, Paris, London, and Boston showed restoration of T 
and B compartment with only partial correction of the plate-
let compartment. Longer term follow-up is needed, and so 
far, most patients treated showed clinical improvement, and 
one died of infectious complications  [37, 40].

Future directions in gene therapy for primary immune 
deficiencies include (1) optimization of safer vector design 
to limit adverse events due to insertional mutagenesis, (2) 
improved transduction processes to increase yield (e.g., 
improving efficacy for transduction of quiescent stem cells), 
(3) development of culture supplements to enhance transduc-
tion while maintaining engraftment potential of stem cells), 
(4) characterization of transduced cells, (5) enrichment of 
stem cells, (6) commercialization and biomanufacturing to 
increase accessibility, (7) development of GMP cryopre-
served cell products for wider distribution, and (8) novel 
approaches such as in vivo gene therapy [37, 40].

Gene Editing

Gene editing has the potential to cure primary immune defi-
ciencies by providing the correct gene in its natural context.  
[39] Gene editing may be a safer alternative for the treat-
ment of some primary immunodeficiencies, since aberrant 
gene expression from viral vectors is avoided. Gene editing 
approaches create a DNA double-strand break, providing 
a substrate for the endogenous DNA repair pathways to 
either knock out genes or insert therapeutic DNA by pro-
viding a suitable donor containing sequence homologous 
to the cleaved ends, thereby conserving the native regula-
tory motifs surrounding the gene. [35] Zinc finger nucleases 
(ZFN), transcript activator-like effector nucleases (TALEN), 
and clustered regularly interspersed short palindromic 
repeats and CRISPR-associated protein 9 (CRISPR/Cas9) 
are the currently available platforms available to accomplish 
gene editing Table 6. The first trial of zinc finger nucleases 
(ZFN) in humans used ZFN to knock out CCR5 in T cells 
for patients with HIV, demonstrating that gene editing can 
be safe in T cells.  [35] TALEN and CRISPR are being used 
in immunotherapy products, such as CAR T cells. X-SCID 
HSC have been corrected using ZFN and non-integrating 
lentiviral vectors in a mouse model, and CRISPR/Cas9 
along with adeno-associated virus type 6 (AAV6) homol-
ogy donors are showing promise with levels as high as 50% 
gene correction in hematopoietic stem cells (HSC)  [35]. 
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Future directions for the optimization of gene editing effi-
ciency in HSC include improving ex vivo expansion of HSC 
while preserving their primitive phenotype, optimizing the 
ex vivo expansion of HSC cells, improving transfection 
techniques including using mRNA encoding the nucleases 
to avoid toxicity from plasmids, improving donor template 
platforms such as CRISPR/Cas9 plus AAV6 donor template 
and assessment of off-target effects, improving sustained lev-
els of corrected cells over time, and conducting preclinical 
safety and tumorgenicity studies. [37].

Hematopoeitic Cell Therapy vs Medical Therapy 
and the Need for Genetic Testing

The management of inborn errors of immunity have been 
discussed in terms of a spectrum from conditions requiring 
exclusive medical therapy to conditions requiring exclusive 
hematopoietic cell therapy and those in between  [43]. These 
conditions are subject to change depending on future treat-
ment advances and summarized in their current categories 
in Table 7  [43]. Alternative treatments to HCT should be 
considered if available and allow a good quality of life. HCT 
should not be considered for conditions such as pure anti-
body deficiencies, including XLA, or for disorders, such as 
thymic dysfunction or complement deficiencies, for which 
the underlying defect is not correctable with HCT. Patients 
with diseases, for which other effective, well-tolerated 
therapies are available, should also not be considered for 
HCT–for example, patients with certain autoinflammatory 
syndromes that are treatable with IL-1 blocking antibodies 

or an rIL-1R antagonist. In patients with CVID plus com-
plications such as immune dysregulation, refractory cyto-
penias, autoimmune hepatitis, and colitis, HCT may be a 
consideration  [43].

Multiple questions must be considered in assessing risk 
of treatment modalities whether medical or transplant-
based, particularly, (1) is the disease state treatable with 
conservative measures or does the condition require trans-
plant for survival, (2) does the genotype and phenotype of 
the underlying disease respond better to either transplant or 
medical therapy and is malignancy a risk if the gene defect 
is treated vs definitively corrected, (3) for conditions needing 
transplant, is a donor available, (4) what are the risks to the 
patient regarding conditioning therapy, (5) what co-morbid-
ities are present that would increase risk of transplant, (6) is 
the transplant center experienced with the particular inborn 
error of immunity, and (7) have economic consequences of 
transplant been considered and is there access to care where 
the patient lives?  [43]. Often the clinical immunologist must 
weigh the benefit of treatment options for patients based 
on published evidence of efficacy and risks of the particu-
lar therapy used in other disease states against the risks of 
leaving the condition untreated. Clinical immunologists rely 
on networks and societies to share clinical expertise and on 
colleagues to publish case series and case reports, which 
may become valuable to others as commonalities in presen-
tation are observed in groups of patients with similar genetic 
findings. Discussions with patients and families regarding 
off-label medical therapies are crucial to shared decision 
making in the management of patients with inborn errors 
of immunity.  [43].

Table 6  Platforms for gene editing (table [37]) adapted from 

Platform Details

Zinc finger nucleases (ZFN) and transcription activator like effector nucleases 
(TALEN)

ZFNs and TALENs are fusions between arrays of zinc 
fingers or TALEN DNA-binding domains and the 
dimerization-dependent FokI nuclease domain

They are directed to site-specific targets of genomic 
DNA and create a dsDNA break at the site

Both require extensive engineering and optimization 
for each new target

Clustered regularly interspersed short palindromic repeats/Crispr-associated protein 9 
(CRISPR/Cas9)

CRISPR/Cas9 is an RNA-guided endonuclease
A 23 nucleotide long RNA linked to the CRISPR-

domain (gRNA), guides the CRISPR-Cas9 to find the 
complementary protospacer DNA target in a genome 
where it cuts the double-stranded DNA precisely 3 
base pairs upstream of a PAM (protospacer adjacent 
motif)

Broken DNA ends generated by these are repaired either by:
Non-homologous end joining (NHEJ) resulting in small insertion/deletions (indels) to disrupt target allele], or by homology directed repair 

(HDR) to precisely replace desired nucleotides with delivery of the homologous DNA template
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Current and Future Challenges

Progress in the field of clinical immunology necessitates 
collaboration among clinicians, geneticists, and laboratory-
based immunologists. The many advancements in targeted 
therapies and increased ease of genetic testing have ushered 
in an era of clinical immunology in which there is a greater 
demand for accurate genetic diagnosis in order to continue 
to improve treatments, provide counseling, and understand 
the prognosis for our patients  [5]. At the same time, new 
challenges in diagnostics, therapeutics, and bioethics have 
emerged and have been recently reviewed  [3, 44, 45]. Some 
of the challenges center around diagnostics–for example, the 
inability to identify multigenic disorders, mosaics, somatic, 
and epigenetic disease-causing variants. Advances in bioin-
formatics are required to keep genomic libraries up to date, 
improve diagnostic accuracy, and help to distinguish dis-
ease causing variants from variants of uncertain significance  
[44, 45]. Specialized in vitro testing beyond the usual com-
mercially available tests is also needed to define observed 
genetic changes as disease causing variants, but is mainly 
available only at academic research institutions. The diagno-
sis and care of patients with inborn errors immunity requires 
an understanding of disease pathogenesis along with per-
sonalized approaches that are not supported by large stud-
ies or evidence-based medicine. Ethical concerns also exist, 

for example, regarding newborn screening for SCID, which 
may detect other diseases without clear benefit from early 
detection.  [3, 44] The clinical approach to inborn errors of 
immunity may optimally involve three components: clini-
cal evaluation, immunologic phenotype, and genetic assess-
ment  [3]. The future of clinical immunology will continue 
to rely on the improved characterization of immune defects 
through genetic testing coupled with scientific observation 
and reporting on cases and collaboration among clinicians 
and researchers in the field.

Appendix Quick reference guide to the IEI mentioned in the text of this review

Disease Gene Clinical findings

STAT-1 GOF STAT-1 • Chronic mucocutaneous candidiasis
• Recurrent respiratory infections
• Organ specific autoimmunity
• Combined immune deficiency

STAT-3 GOF: early-onset lymphoproli- 
feration with multiorgan autoimmunity

STAT-3 • Early-onset recurrent infections
• Lymphadenopathy
• Hepatosplenomegaly
• Autoimmune disorders (hemolytic anemia, thrombocytopenia, neu-

tropenia, enteropathy, type I diabetes, scleroderma, arthritis, atopic 
dermatitis, and inflammatory lung disease)

• Failure to thrive
• Decreased regulatory T cells
• Hypogammaglobulinemia
• Low memory B cells

APDS1 and APDS2
(activated phosphoinositide 3-kinase syndrome)

PIK3CD (GOF)
PIK3R1 (LOF)

• Lymphoproliferation
• Recurrent sinopulmonary infections
• Airway damage
• Chronic herpesvirus viremia
• ± elevated IgM
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Disease Gene Clinical findings

CTLA-4 deficiency CTLA-4 • Autoimmune cytopenias
• Lymphoproliferation
• Hypogammaglobulinemia
• Lymphocytic infiltration of non-lymphoid organs
• Increased risk of lymphoma

LRBA deficiency LRBA • Lymphoproliferation
• Autoimmunity
• Hypogammaglobulinemia
• Recurrent infections
• Increased risk of lymphoma

CVID (common variable immune deficiency) Multifactorial • Hypogammaglobulinemia, low IgA or M
• Poor response to vaccines
• Low memory B cells
• Recurrent sinopulmonary infections, bronchiectasis
• Autoimmunity

HIGM (hyper-IgM syndrome)
CD40L
CD40

• Recurrent sinopulmonary infections
• Susceptibility to opportunistic infections
• Neutropenia
• Autoimmunity

AID
UNG

• Recurrent sinopulmonary infections
• Gastrointestinal infections (Giardia or viruses)
• Splenomegaly
• Lymphadenopathy
• Autoimmune cytopenia
• Hepatitis
• Inflammatory bowel syndrome
• Arthritis

SCID (severe combined immune deficiency) • Severe recurrent infections
• Failure to thrive
• Thrush
• Diarrhea

IL2-Rγc-chain
JAK3

• T-B + NK-

IL7Rα def • T-B + NK + 
RAG1/2 • T-B-NK + 
ADA • T-B-NK-

• Deficiency of adenosine deaminase is toxic to lymphocytes
• Neurodevelopmental deficits
• Sensorineural deafness
• Skeletal abnormalities
• Hepatic abnormalities

HLH (hemophagocytic lympho-histiocytosis) Familial:
1: chromsm-9
2: PRF1
3: UNC13D
4: STX11
5: STXBP2
X-linked (XLP):
SH2D1A
XIAP

• Fever
• Hepatomegaly/splenomegaly
• Rash
• Lymphadenopathy
• Thrombocytopenia
• Kidney abnormalities
• Cardiac
• Increased risk for certain cancers
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Disease Gene Clinical findings

GATA2 deficiency GATA2 • Monocytopenia and Mycobacterial infection syndrome: dendritic cell, 
monocyte, B and NK lymphoid deficiency

• Familial myelodysplastic syndromes (MDS) and acute myeloid leuke-
mia (AML)

• Emberger syndrome: deafness-lymphedema-leukemia syndrome
• NK cell deficiency
• Variable symptoms:
 o Severe infections (viral or nontuberculous mycobacterial infections)
 o Respiratory problems
 o Hearing loss
 o Lymphedema
 o Myelodysplasia, acute myeloid leukemia, or chronic myelomonocytic 

leukemia
CGD (chronic granulomatous disease), (defects 

in genes for subunits of NADPH oxidase)
CYBA
CYBB
NCF1
NCF2
NCF4

• Indolent bacterial and fungal infections
• Granulomas of the gastrointestinal tract and the genitourinary system
• Abscesses of lungs, liver, spleen, bones, or skin
• Lymphadenopathy
• Diarrhea
• [CYBB form is x-linked, others are AR recessive]

CTPS1 deficiency (rare type of SCID) CTPS1 • Early-onset, severe viral infections with EBV and VZV
• Recurrent sinopulmonary bacterial infections
• Defective T and B cell proliferation

WAS (Wiskott Aldrich syndrome) WAS • Thrombocytopenia, bleeding
• Eczema
• Combined immunodeficiency
• opportunistic infections
• Autoimmunity: autoimmune hemolytic anemia, neutropenia, vasculitis, 

inflammatory bowel disease, renal disease, and arthritis
• High risk of B cell lymphomas

NK cell deficiencies FCGR3A • Recurrent infections, (herpes, papillomavirus)
• Lymphoproliferation
• Decreased or normal NK cell number
• Defective NK function in spontaneous cellular cytotoxicity
• Antibody-dependent cellular cytotoxicity unaffected

GATA-binding 
protein 2 gene

• Pulmonary alveolar proteinosis
• Aplastic anemia
• Recurrent infections (viruses and fungi, mycobacteria)
• Cytopenia: monocytes, dendritic cells, neutrophils, and B cells
• Decreased NK cells and NK cell precursors
• Deficient NK cell-mediated and antibody-mediated cytotoxicity
• Susceptibility to myelodysplasia and myeloid leukemia
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