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Rare diseases, common insights
Forward human genetics can teach us translationally relevant basic biology.

New principles/mechanisms enable
• New conceptual frameworks
• Genetic diagnoses that improve patient care
• Novel therapies for rare and common diseases with related underlying 

pathophysiology 2
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Genetic diseases fuel discovery: 500+ disorders

• Germ theory, antibiotics, and mass 
vaccination made it possible to recognize 
‘outlier’ patients with severe infection 
susceptibility.

• First PID and PIRD recognized in 1950s

• Nature does the screening for us: 
• Disease from both loss- and gain-of-

function germline mutations. 
• Many de novo. Emerging somatic 

mutations.
• Sometimes relatively mild phenotypes.

• Collectively not that rare.



Primary immunodeficiencies

• Caused by gene mutations (as opposed to secondary)

• Commonly include recurrent and overwhelming infections but can also 
manifest with associated inflammation.

• The type of recurring infection gives an indication of the immune defect
• Pyogenic (pus-forming) bacteria à antibody, complement, or phagocytes may be defective
• Fungal skin infections or recurrent viral infections à T cells or neutrophils may be defective

• Diagnosis challenges: rare/sporadic, maternal IgG may mask, infections 
in infants are common, genetics/environment interplay

Community Compass



Outline

• PID: Primary immunodeficiency: An IEI that leads to infection 
susceptibility as the primary feature

1. Intrinsic immunity defects
2. Phagocyte defects
3. Antibody defects
4. CD4 T cell defects
5. CD8 T cell defects

• PIRD: Primary immune regulatory disorder: An IEI that leads to aberrant 
immune responses that cause excessive tissue damage

1. Failed lymphocyte homeostasis
2. Cytokinopathies: inflammasome-opathies, type I interferonopathies, frustrated 

cytotoxicity
3. Barrier defects
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PID1: Intrinsic immune defects

• Intrinsic immunity: immune responses by any cell type in the body 
(not just immune cells) that help protect from infection (viral)

7
Lucas CL. Trends in Immunology. 2024.



PID1: IFNAR deficiency
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Live, attenuated viral vaccines (MMR/yellow fever)
Flu/COVID
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PID2: Phagocyte defects

• Phagocytes are critical for clearance of pathogens (bacterial/fungal)

10
Lucas CL. Trends in Immunology. 2024.



CGD: Chronic granulomatous disease
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ROS production impaired because of defective NADPH oxidase (phagocyte oxidase = phox)

Severe, recurrent infections (catalase +)
   Barrier tissues (lung, skin, LN)
   Later liver, bone, spleen, etc.

High risk for IBD (Crohn’s-like)

PID and inflammation often go
hand in hand. 

O’Neill SO, et al. Redox Biology. 2015. 6:135.
Morry J, et al. Redox Biology. 2016; 11:240.

X-linked CGD
70%

CYBB – Xp21.1

<5%
NCF2 – 1q25

1 case
NCF4 – 22q13.1

<5%
CYBA – 16q24

25%
NCF1- 7q11.23
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PID3: Isolated B cell/antibody defects

• Antibodies are critical for opsonization (bacterial/fungal)

14
Lucas CL. Trends in Immunology. 2024.



PID3: Isolated B cell/antibody defects

• Antibodies are critical for neutralization (viral)

15
Lucas CL. Trends in Immunology. 2024.



PID3: Bruton’s tyrosine kinase deficiency: XLA

• X-linked agammaglobulinemia

• Profound lack of circulating B cells and Igs
• Block at pre-B cell stage

• After maternal Ig wanes, recurrent infections 
with encapsulated organisms that need to be 
opsonized by Ab

• Bacterial pharyngitis, sinusitis, otitis media, 
bronchitis, pneumonia

• Haemophilus influenzae, Streptococcus pneumoniae, 
Staphylococcus aureus

• Enteroviral infections (e.g., coxsackievirus)
• Giardia lamblia (parasite) infections

• Atrophic tonsils/adenoids
16

Ig supplementation
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PID4(i): CD4 T cell defects can disrupt B cell 
help: ‘combined immunodeficiencies’

19
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PID4(i): Severe combined immunodeficiency 
(SCID)

(Artemis)

Daniel Wells. 
Al-Herz, et al. Frontiers in Immunology. 2014. 5(62).

Cell-mediated immunity defects:
  Opportunistic infections with
     viruses
     fungi (candida, PJP)
     mycobacteria

Humoral defects:
  Sinopulmonary infections
     encapsulated bacteria
     (e.g., Haemophilus 
     influenzae, pneumococci)



Baylor College of Medicine

David Vetter: 1971-1984
Genetic basis solved (IL2RG) in 1993



Daredevil Production

Question at the time: Why is IL-2Rg required for T cell development and B cell activation?

Loss of IL-2 (mouse in 1991) = T cells still present

…A common gamma chain shared by receptors for: IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21



Defects in T-cell and B-
cell development that 
cause immunodeficiency

23



T cell receptor excision circles to test for SCID

24
Seminars in Perinatology. 39 (2015) 194-205.

Dr. Puck Dr. Buckley

Newborn screening for TRECs



Hematopoietic stem cell transplantation in 
SCID…age matters

26
Pai SY. NEJM. 2014. 371(5):434-46.
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-B cells are present
-Low specific antibody against antigens that require T cell help 
-Severely impaired class switching
      = susceptible to infection with extracellular pathogens
-Gene defects: 
 CD40L, CD40, AID, UNG

Hyper-IgM syndromes from germinal center 
defects

Healthy lymph node 2º follicle Patient lymph node 2º follicle

Ki67 stain



Defects in T-cell and B-cell activation and 
differentiation cause immunodeficiencies

29



PID4 (ii): Other CD4 T cell defects disrupt 
phagocyte help

30
Lucas CL. Trends in Immunology. 2024.



MSMD: Mendelian susceptibility to mycobacterial 
disease
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-Includes pathogens causing tuberculosis (Mycobacterium tuberculosis) and leprosy 
(Mycobacterium leprae) and Buruli ulcer (Mycobacterium ulcerans)

-BCG (bacilli Calmette-Guerin) vaccine made from Mycobacterium bovis (live, 
attenuated)

Ali S and Almoudaris M. Archives of Disease in Childhood. 2004; 89:812.

BCG lymphadenitis
(sometimes suppurative)

Disseminated BCG in PID patient
Papulo-nodular, erythematous rash

Mandal, et al. J Clin Infect Dis Pract. 2016; 1(2): 112.



MSMD (mycobacteria) and CMC (candida)

33



CMC: Chronic mucocutaneous candidiasis 
(defective anti-fungal immunity) 

35Van de Veerdonk FL, et a. NEJM. 2011. 365:54.

Genes:
Dectin-1, CARD9
Th17 biology (IL-17F, IL-17RA, IL-
17RC, ACT1, STAT3, RORgt)

STAT1 hyperactivation

Cytokine autoantibodies

Candida albicans
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-Boils
-Epithelial bacterial and fungal infections
-Recurrent shingles

-Also non-hematopoietic features: face, bone, 
heart, vessels, brain, lungs

Dominant-negative STAT3 mutations



Outline

• PID: Primary immunodeficiency: An IEI that leads to infection 
susceptibility as the primary feature

1. Intrinsic immunity defects
2. Phagocyte defects
3. Antibody defects
4. CD4 T cell defects
5. CD8 T cell defects

• PIRD: Primary immune regulatory disorder: An IEI that leads to aberrant 
immune responses that cause excessive tissue damage

1. Failed lymphocyte homeostasis
2. Cytokinopathies: inflammasome-opathies, type I interferonopathies, frustrated 

cytotoxicity
3. Barrier defects

40



CD8 T cell defects

• CD8A

• MHCI: TAP1, TAP2, TAPBP
• (Perforin, etc. in PIRDs section)

• Recurrent respiratory bacterial infections starting in late childhood
• Chronic necrotizing granulomatous lesions, small-vessel vasculitis 

(NK/gdT cells)
• Notable lack of major viral infection burden

41



Another unexpected finding: 
CD28 deficiency

42



Questions?
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Review of PIDs

• What is widely considered the first solved PID that also pointed to a 
new B cell drug target?
• What new immunology insight was facilitated by the discovery of the 

gene causing X-SCID?

• List two genes that when mutated can cause hyper-IgM.
• How might a newborn be diagnosed early with SCID?

• Which cytokine axis is defective in patients with MSMD?
• Which cytokine axis is defective in patients with CMC?

45
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Disorders of lymphocyte homeostasis
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Failed regulation
Failed apoptosis
Hyperproliferation
Failed peripheral tolerance

Lucas CL. Trends in Immunology. 2024.



Treg-opathies: CTLA4
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https://doi.org/10.1182/blood-2016-04-712612

CHAI: “CTLA-4 haploinsufficiency with 
autoimmune infiltration”

Targeted therapy with CTLA4-Ig

https://doi.org/10.1182/blood-2016-04-712612


Treg-opathies: LRBA
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https://doi.org/10.1126/science.aac7888 

LATAIE: “LRBA deficiency with 
autoantibodies, regulatory T (Treg) cell 
defects, autoimmune infiltration, and 
enteropathy”

New cell biology of CTLA4 cycling

Targeted therapy with CTLA4-Ig

https://doi.org/10.1126/science.aac7888


Failed lymphocyte homeostasis from a variety of 
gene defects such as:

• Monogenic autoimmunity: 
• AIRE, PD-1, etc.
• Treg-opathies: FOXP3, CD25, CTLA4, LRBA

• Autoimmune lymphoproliferative syndrome (ALPS) or ALPS-
like diseases: 
• Failure of immune cell death after expansion

• FAS, FASL, CASP10, etc. 
• Hyperproliferation:

• PI3Kd, CARD11, etc.

• Exciting developments in precision medicine:
• CTLA4 haploinsufficiency and CTLA4-Ig
• Activated PI3K-delta Syndrome (APDS) and PI3K-delta inhibitor

50
https://doi.org/10.1002/pbc.22151 

https://doi.org/10.1002/pbc.22151


Outline

• PID: Primary immunodeficiency: An IEI that leads to infection 
susceptibility as the primary feature

1. Intrinsic immunity defects
2. Phagocyte defects
3. Antibody defects
4. CD4 T cell defects
5. CD8 T cell defects

• PIRD: Primary immune regulatory disorder: An IEI that leads to aberrant 
immune responses that cause excessive tissue damage

1. Failed lymphocyte homeostasis
2. Cytokinopathies: inflammasome-opathies, type I interferonopathies, frustrated 

cytotoxicity
3. Barrier defects

53



Dysregulation of cytokine circuits = cytokinopathy

54

Many converge on inflammasome

Several converge on type I IFN

Frustrated cytotoxicity

Lucas CL. Trends in Immunology. 2024.



Inflammasome-opathy

55
https://doi.org/10.1016/j.cell.2010.03.002

https://doi.org/10.1016/j.cell.2010.03.002


Type I interferon-opathy

56

Autoinflammatory disease from overproduction or 
hyper-responsiveness to type I interferons.

https://doi.org/10.1007/s11926-020-00909-4 

Chilblain lesions (toes, 
fingers, ears, nose)

Brain CT: 
intracranial 
calcifications

Chest CT: interstitial 
lung disease

https://doi.org/10.1007/s11926-020-00909-4


HLH: Hemophagocytic lymphohistiocytosis

57https://doi.org/10.14785/lymphosign-2017-0010 

https://doi.org/10.14785/lymphosign-2017-0010


HLH

58https://doi.org/10.14785/lymphosign-2017-0010 

HLH genes:
• PRF-1
• Munc13-4/UNC13D
• STX11
• Munc18/STXBP2

HLH-like genes:
• RAB27A (Griscelli syndrome 

type 2)
• LYST (Chediak-Higashi 

syndrome)
• SAP/SHD2D1A (XLP1)
• XIAP/BIRC4 (XLP2)
• ITK

https://doi.org/10.14785/lymphosign-2017-0010


Outline

• PID: Primary immunodeficiency: An IEI that leads to infection 
susceptibility as the primary feature

1. Intrinsic immunity defects
2. Phagocyte defects
3. Antibody defects
4. CD4 T cell defects
5. CD8 T cell defects

• PIRD: Primary immune regulatory disorder: An IEI that leads to aberrant 
immune responses that cause excessive tissue damage

1. Failed lymphocyte homeostasis
2. Cytokinopathies: inflammasome-opathies, type I interferonopathies, frustrated 

cytotoxicity
3. Barrier defects

59



Barrier defects disrupt epithelial-microbiota-
immune cell homeostasis
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VEO-IBD: Very early onset inflammatory bowel disease

Lucas CL. Trends in Immunology. 2024.



Recap: PIRDs

• Define ‘primary immune regulatory disorder’ (PIRD).

• Disorders of lymphocyte homeostasis:
• Name a gene defect that disrupts Treg function.
• Name a gene defect that disrupts lymphocyte apoptosis.
• Name a gene defect that disrupts peripheral T cell tolerance.

• Dysregulation of cytokine circuits:
• Describe two categories of cytokines that, when aberrantly elevated, cause 

autoinflammation.
• What biological process is disrupted in HLH?

61



Closing: Human immunology in natura: 
essential immune defenses and regulation
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Defense Key function
IgG Opsonize/neutralize

**Prior exposures 
affect future immune 
outcomes**

Complement Opsonize/lyse

Epithelium Barrier/intrinsic immunity

Neutrophil Phagocytose/degranulate

Macrophage/DC Phagocytose/present antigen

Memory B cell à plasmablast Rapid boost in Ig stored as memory

Memory T cell, gdT, MAIT, 
NKT, (ILC)

Rapid cytokine production to instruct 
phagocytes

Lucas CL. Trends in Immunology. 2024.



Conclusions

• Resources for more on monogenic disorders of the immune system:
• IUIS papers:

 https://pubmed.ncbi.nlm.nih.gov/35748970/ 
https://pubmed.ncbi.nlm.nih.gov/36198931/ 

• https://www.omim.org – searchable human genetics database

• Human genomics databases are critical to assess frequency of variants in the 
general population: https://gnomad.broadinstitute.org 

• Basic science through human studies – inherently translational
• Ideal treatments may often be hard to predict

• Requires changing our thinking
• Rare doesn’t mean unimportant

https://pubmed.ncbi.nlm.nih.gov/35748970/
https://pubmed.ncbi.nlm.nih.gov/36198931/
https://www.omim.org/
https://gnomad.broadinstitute.org/


Questions?
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