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Abstract
Immunodeficiencies reveal the crucial role of the immune system in defending
the body against microbial pathogens. Given advances in genomics and other
technologies, this is currently best studied in humans who have inherited
monogenic diseases. Such investigations have provided insights into how gene
products normally function in the natural environment and have opened the
door to new, exciting treatments for these diseases.
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Introduction
The immune system impacts human health in many ways. 
Some obvious ways are causing autoimmune disease or allergic  
disease, contributing to immune surveillance against or killing 
off certain cancers, and determining whether transplanted organs 
will be accepted or rejected. More recently, the immune sys-
tem has been recognized as influencing seemingly non-immune  
conditions. These include the obesity-related metabolic syndrome 
secondary to chronic low-level inflammation1 as well as possi-
bly even schizophrenia2. However, the immune system mainly  
evolved to defend against microbial pathogens encountered in early 
life. Thus, understanding how the human immune system is funda-
mentally regulated requires understanding how humans respond to 
infections. This is most directly accomplished by studying immu-
nodeficient patients.

In this brief review, I will define immunodeficiencies and argue 
that with newer genomics and other technologies, human studies 
of immunodeficiencies can offer insights equal to or surpassing 
those previously obtained from mice. In step with the expectation 
that basic research should lead to improvements in diagnosis and 
treatment, the ability to study these diseases in humans offers a 
concrete step towards the development of new immunomodulatory 
therapies.

What are immunodeficiencies and why study them?
Inherited human immunodeficiencies are experiments of nature 
in which gene defects compromise immune function and thereby 
illuminate how the human immune system works in vivo. In 
the past, immunodeficiencies were recognized by a pattern of 
recurrent, persistent, or severe infections. Often these included  
infections caused by unusual microbes: for example, opportunis-
tic infection with Pneumocystis jirovecii, which is a hallmark of 
severe combined immunodeficiency. However, with advances in 
medical care (antimicrobials, vaccination, etc.) and improvements 
in hygiene and other societal factors that are keeping patients  
alive longer, patterns of infection susceptibility in individual 
patients can be better characterized. This has led to increased  
recognition of functional redundancy in the immune system that 
results in some immunodeficiencies presenting with a much nar-
rower infection susceptibility. An example is a group of inherited 
diseases that primarily present with an isolated susceptibility to 
Epstein-Barr virus (EBV), manifesting either with a fulminant 
course including hemophagocytic lymphohistiocytosis or with 
severe complications such as lymphoma. As this example illus-
trates, counterintuitively, immunodeficiencies can be accompa-
nied by apparently hyperactive forms of immunodysregulation,  
including autoimmunity, allergy, lymphoproliferation, and autoin-
flammation, because of the regulatory complexity of the immune 
system.

Traditionally, immunodeficiencies have been divided into primary 
immunodeficiencies, which reflect defects intrinsic to the immune 
system, or secondary immunodeficiencies, which reflect defects 
extrinsic to the immune system. Although some secondary immu-
nodeficiencies can be caused by environmental factors such as 
drugs or irradiation, others can be indirectly caused by non-immune 
conditions. An example of the latter, primary ciliary dyskinesia, is 

caused by one of a number of autosomal recessive mutations that 
affect the structure of cilia on respiratory epithelial cells; by com-
promising ciliary function, mucus clearance is impaired, leading to 
bacterial stasis and recurrent sinopulmonary infections.

As shown by the above example, the distinction between primary 
and secondary immunodeficiencies caused not by environmen-
tal factors but by non-immune conditions has increasingly been 
breaking down with the recognition that non-immune cells can  
participate in innate immune processes or that global effects more 
obvious in non-immune cells can occur in parallel in the immune 
system. The latter is exemplified by many congenital disorders of 
glycosylation3. Because altered glycosylation patterns can affect 
protein structure and function, this class of disorders typically 
causes widespread abnormalities in multiple organ systems, includ-
ing the nervous system and the immune system. One recently dis-
covered example is caused by autosomal recessive hypomorphic 
mutations in the phosphoglucomutase-3 (PGM3) gene4–6. PGM3 
encodes an enzyme required for the generation of UDP-Glc-NAc, 
a building block for O- and N-linked glycosylation as well as  
O-Glc-NAc modification involved in signaling. PGM3 deficiency 
causes a combined immunodeficiency, with neutropenia, autoim-
munity, and atopy, although the specific molecules targeted to cause 
this phenotype have yet to be identified.

Overall, these and other examples have broadened our definition 
of what constitutes an immunodeficiency and have also rendered 
fuzzier the distinction between primary and secondary causes of 
inherited immunodeficiencies due to non-immune conditions.

Humans: a new, preferred model organism for 
studying immunity
Immunodeficiencies have often been studied using genetically 
mutant mice that have arisen spontaneously, after ENU mutagene-
sis, or after targeted induced mutagenesis (knockouts and knockins). 
The forward genetics approach has been very successful in uncov-
ering the role of individual gene products in regulating immunity 
in intact animals. However, laboratory mice are inbred and pheno-
types can differ markedly depending upon the genetic background. 
For example, lpr mutation in mice causes exuberant autoimmunity 
on the MRL but not the C57BL/6 genetic background. Despite this 
knowledge, typically only one strain is tested by mouse researchers 
for any given study, mainly for cost reasons, thus limiting the gen-
eralizability of findings to humans, who have diverse genetic back-
grounds. Furthermore, it is a concern whether mouse phenotypes 
tested under highly controlled environments accurately reflect what 
happens in the natural environment in which people are constantly 
exposed to different microbes.

For these reasons, humans can be considered a more relevant  
model for understanding how the immune system is regulated  
in vivo. This trend has been led by advances in genomics. In  
particular, whole exome sequencing of patients with monogenic 
disorders has facilitated the unbiased identification of their under-
lying responsible rare genetic variants. Furthermore, immune cells 
are easily isolated and tractable to manipulation using genome  
editing (CRISPR, TALEN), gene silencing (siRNA, shRNA), or  
lentiviral transduction. In the case of transient progenitors of 
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immune cells or non-immune cells that are not easily accessible, 
induced pluripotent stem cells from patients can be generated and 
differentiated into relevant cell types for further study7,8. These 
experimental technologies can be used to establish a causal link 
between the genetic defect and in vitro cellular phenotype, even in 
single-patient studies9. This functional validation of any given can-
didate disease-causative mutation is an important step required for 
these types of studies, given that each human is estimated to carry 
76 to 190 rare non-synonymous and as many as 20 loss-of-function 
genetic variants that are potentially deleterious10.

In the past three years, the pace of discovery has accelerated,  
especially in patients with combined immunodeficiencies or com-
mon variable immunodeficiency. Examples of these discoveries 
are those caused by autosomal or hemizygous recessive muta-
tions in BCL1011, CD7012,13, CTPS114, DOCK215, MSN16, NIK17,  
RASGRP118, RLTPR19, and TRFC20; haploinsufficient mutations in 
IKAROS21 or NFKB122; as well as a heterozygous dominant nega-
tive mutation in BCL11B8. Other examples include humoral immu-
nodeficiency accompanying multi-organ autoimmunity caused 
by haploinsufficient mutations in CTLA423,24 or gain-of-function  
mutations in STAT325; as well as neutrophil dysfunction caused 
by autosomal recessive mutations in JAGN126 or WDR127. For 
the most part, these discoveries have dovetailed with findings 
previously made in mice but have revealed important aspects 
of the infectious context in which humans manifest disease. For 
example, human genetic diseases revealed that the CD27–CD70 
co-stimulatory pathway has a non-redundant role for EBV con-
trol but required identification of patients with corresponding 
loss-of-function mutations because mice cannot be infected with  
EBV12,13,28. Because of similar experimental limitations, defects 
in antiviral immunity that confer selective susceptibility to  
influenza virus or measles/mumps/rubella (caused by autosomal 
recessive mutations in IRF77 or IFNAR229, respectively) or defects 
in cytokine production that confer simultaneous susceptibility 
to Mycobacterial and Candida infections (caused by autosomal 
recessive mutations in RORC30) were first unveiled from stud-
ies in humans. In some cases, the work from human patients has 
also extended work in mice: for example, showing that RASGRP1 
regulates cytoskeletal dynamics in immune cells18 or that BCL11B 
regulates the migration of prethymic hematopoietic progenitors 
during T cell development8. Finally, with the accumulated dis-
covery of patients having many different gene mutations, larger  
studies examining the relative roles of these genes involved in sig-
naling for the development of T cell subsets in humans have also 
been made possible31,32.

In contrast to monogenic immunodeficiencies, which typically 
present in early childhood with severe and often lethal outcomes, 
the genetic contributions to immune responses in older indi-
viduals may be less influential, as these would have already been 
selected out in the general population. Indeed, recent twin studies 
have established that genetic variations in healthy populations are 
a minor contributor to immune differences as compared to non- 
inheritable environmental factors33,34. This trend was more  
prominent in older adults, reflecting changes in the adaptive 
immune system in response to cumulative prior infection history. 

Systems biology and genomics approaches have made these stud-
ies in humans possible, providing new insights into the “healthy” 
human immune system in the natural environment that could not  
be obtained from traditional mouse studies. Whether common 
genetic variants having smaller individual effects together can con-
tribute to milder differences in infection susceptibility in the general 
population is unknown. If so, increased susceptibility to infection  
in some situations could be viewed as a complex genetic disease.

Human studies can drive the discovery of fundamental 
concepts in basic science
The unbiased discovery approach to human disease genes has  
led to exciting investigations of the important physiological  
functions of previously uncharacterized genes that turn out to 
have major roles in immunity. One recent example is the discov-
ery of autosomal recessive mutations in the tripeptidyl peptidase-2  
(TPP2) gene, which causes a combined immunodeficiency,  
autoimmunity, and neurodevelopmental delay35,36. Although TPP2 
had been previously recognized as an enzyme involved in protein 
degradation and antigen processing and presentation, the initial 
genetic discovery and immunophenotyping experiments in the 
patients led to biochemical studies showing a broader principle 
governing the immune system (and perhaps analogously in the  
nervous system): that intracellular amino acid homeostasis is inex-
tricably linked, through aerobic glycolysis, to immune effector 
functions35.

A second example comes from the clinical observation that  
patients with autosomal recessive DOCK8 mutations have a pre-
dilection for infections and other pathologies targeting the skin, 
especially from viruses such as herpes simplex virus that do not 
cause disease in other tissues37. This observation led to studies 
that revealed a new concept crucial for anti-viral skin immunity 
and possibly skin immunity in general: that lymphocytes, through 
a process controlled by DOCK8, must maintain their shape integ-
rity to survive and exert their functions as they migrate through the  
highly confined spaces that are unique to skin tissues37.

Finally, a third example of a new discovery coming from studying 
humans with immunodeficiencies was that of X-linked recessive 
mutations in MAGT1, which causes EBV susceptibility and predis-
position to lymphoma by impairing NKG2D expression for anti-
viral natural killer (NK) cell activity against EBV-infected cells and 
immunodeficiency by impairing magnesium-dependent calcium 
signaling in T cells38,39. With regard to the latter point, that magne-
sium can more broadly function as a second messenger for signal 
transduction was revealed only by delving deeply into understand-
ing these patients. Thus, these three examples demonstrate that 
studying the immune system through genetic studies in humans 
yields conceptual scientific advances that go beyond the specific 
disease being studied.

Therapeutic interventions as proof-of-principle are 
becoming a new scientific standard
One of the ways to establish a proposed mechanism of disease 
involves not only observation but also therapeutic intervention. 
This is done routinely in mouse studies of the immune system. A 
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good example of this is from a recently reported autoinflammatory 
disease resulting from autosomal recessive mutations in OTULIN, 
a methionine-1-specific deubiquitinase that normally limits NF-
κB activation and hence TNF-associated systemic inflammation40. 
Using mouse models of the human disease, the authors established 
the central pathogenic role of dysregulated TNF production when 
they were able to improve disease by treating with anti-TNF neu-
tralizing antibodies. Importantly, similar effects were obtained 
when the OTULIN-deficient patients were treated with the TNF 
antagonist infliximab.

In contrast to hyperactive immune disorders, immunodeficiencies 
are traditionally cured by hematopoietic stem cell transplantation 
or gene therapy to restore the missing function, although these  
modalities can sometimes be associated with mortality and  
long-term sequelae such as chronic graft-versus-host disease.  
However, specific knowledge of the pathway affected can also  
suggest alternative and potentially less risky treatment approaches, 
even if unlikely to be curative.

A fine example is PASLI (for “p110 delta activating mutation  
causing senescent T cells, lymphadenopathy, and immunodefi-
ciency” or, alternatively, APDS [for “activated PI3K delta syn-
drome”]) disease41–44. This disease is caused by heterozygous 
gain-of-function mutations in either PIK3CD or PIK3R1, which  
encode catalytic or regulatory phosphatidylinositol 3-kinase (PI3K) 
subunits that are highly expressed in lymphocytes. The muta-
tions hyperactivate mTOR signaling, causing increased senescent  
CD8+ T cells at the expense of T cell and B cell memory genera-
tion, concurrent lymphoproliferation and hypogammaglobuline-
mia, and increased infections including poor control of EBV and  
cytomegalovirus infections. With the knowledge of the signaling 
pathway affected, the mTOR inhibitor sirolimus has been used in 
these patients and clinical improvement observed. Fortuitously, 
targeted therapy using small molecular inhibitors of PI3Kδ are 
being developed for the treatment of cancers, in which somatic  
gain-of-function mutations of PIK3CD are sometimes found. Thus, 
PASLI as an orphan disease provides the perfect opportunity to 
demonstrate precision medicine in action by using the same drugs 
designed for another purpose. Clinical trials are ongoing to test 
their efficacy in this disease.

A second example comes from recent work elucidating the  
molecular mechanism by which LATAIE disease (for “LRBA defi-
ciency with autoantibodies, regulatory T [Treg] cell defects, autoim-
mune infiltration, and enteropathy”), due to genetic deficiency of 
the LRBA adaptor protein, causes a mixed picture of autoimmu-
nity and humoral immunodeficiency and responds to CTLA4-Ig 
(abatacept) treatment45. This therapeutic intervention helped to 
establish the mechanism by which LRBA deficiency phenocopies 
CHAI disease (for “CTLA4 haploinsufficiency with autoimmune  
infiltration”)23,24. Both molecules are interconnected in the same 
pathway whereby LRBA normally regulates the intracellular  

vesicle trafficking of, and is required for, cell surface expression 
of CTLA4. CTLA4 expression, especially on Treg cells, in turn 
restrains lymphocyte responses and indirectly regulates B cell 
responses. Furthermore, by defining that LRBA normally helps pre-
vent CTLA4 deposition and degradation in lysosomes, treatment 
with hydroxychloroquine, a lysosome blocker that is already clini-
cally used for the treatment of lupus, could also be helpful in the 
treatment of LRBA deficiency.

Together, these two examples illustrate that the unbiased iden-
tification of causative gene mutations in human patients leads to 
knowledge of potential mechanistic targets with immediate clinical 
implications. Translation of this knowledge has sped up because of 
the increased development of new biological immunomodulators 
and repurposing of previously approved medications for new uses. 
Additionally, knowing what infections result from particular gene 
mutations can give clues to potential adverse effects in healthy peo-
ple that might be associated if a new immunomodulatory therapy 
directed at that molecular target were to be developed.

Conclusions
Research into immunodeficiencies in humans is now generating 
exciting new knowledge that is directly relevant for understanding 
the healthy and diseased immune system and, in some cases, has 
led to new treatment approaches. Whole exome sequencing tech-
nologies are currently driving this trend but have not been able to 
solve a subset of patients with inherited immunodeficiencies. In this 
unsolved group of patients, the use of whole genome sequencing 
in conjunction with transcriptome profiling in relevant cell types 
could reveal how mutations in non-coding regions such as promot-
ers, enhancers, or other regulatory sequence domains can contrib-
ute to human disease. As these could involve temporal as well as  
tissue-dependent expression during development, functional vali-
dation will increasingly require the use of induced pluripotent  
stem cells or be secondarily complemented by mouse, zebrafish, 
or other animal models. Finally, because of their immediate rele-
vance to the sick patient, these types of studies are likely to become  
more closely integrated with clinical interventions that directly 
demonstrate in vivo the central importance of the proposed  
pathogenic mechanisms.
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