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Learning objectives

e Separate primary CFTR defects from genetic and environmental modifiers.
e Explain the airway-surface fluid defect that permits microbial persistence.
e Trace Pseudomonas colonization through alginate biofilm to tissue destruction.

e Interpret organ-specific genotype—phenotype correlations without genetic
determinism.




Cystic fibrosis 1s monogenic—but its expression 1s variable

e Autosomal recessive CFTR disease has
diverse organ manifestations.

e Severity and age at presentation vary
substantially.

e The causal CFTR defect does not uniquely
determine lung disease.

Biallelic CFTR variation

!

Epithelial ion-transport defect

!

Diverse organ phenotypes




Three axes create phenotypic variation

CFTR variation Tissue specificity Modifiers
Type and residual function Different functions of CFTR Additional genes and
of the primary disease in the airway, pancreas environmental exposures

alleles. and sweat duct. alter expression.




Primary defect and modifier are not interchangeable

Disease-causing CFTR mutations Modifier influences

e Establish the inherited defect in e Alter severity, timing or organ-specific
epithelial ion transport. manifestations.

e Strongly inform selected organ e Do not replace the causal CFTR

phenotypes. genotype.



An organ-specific framework 1s essential

Airway Pancreas Sweat duct

Reduced chloride and
sodium reabsorption; Salty
sweat.

Mucus hydration, infection Ductal obstruction and
and inflammatory damage. exocrine pancreatic failure.




CFTR 1s an epithelial anion channel

CFTR dysfunction

e CFTR transports chloride and bicarbonate 1
at the apical membrane.

e |t also modulates other epithelial ion- Disordered epithelial ion transport
channel activity.

e Organ function depends on the direction 1

of local ion flux.
Abnormal luminal fluid




Airway dysfunction starts at the epithelial surface

Less chloride
secretion

More luminal
sodium uptake

More water
reabsorption

Low-volume surface
fluid

Conceptual mechanism e arrows show causal progression, not time or effect size




Loss of CFTR 1nhibition increases ENaC activity

e |n respiratory epithelium, normal CFTR
restrains the epithelial sodium channel.

e Defective CFTR permits greater apical
sodium uptake.

e \Water follows the altered ion movement
out of the airway surface fluid.

CFTR defect

!

Enhanced ENaC activity

!

Surface liquid depletion




The airway defect 1s mainly reduced liquid volume

Normal airway
Airway lumen
Mobile mucus

Adequate surface liquid

T T

Ciliated airway epithelium

Sufficient liquid supports mucociliary transport

Cystic fibrosis airway

Airway lumen

Concentrated mucus

I .

Ciliated airway epithelium

Surface liquid depletion compromises transport




Low-volume airway fluid impairs ciliary transport

Airway dehydration

o Viscid concentrated

MUCUS

Defective
mucociliary action

Retention of
microorganisms

Conceptual mechanism e arrows show causal progression, not time or effect size




The mucus abnormality creates an infection-permissive niche

Mucus retention

e Secretions accumulate rather than being 1
transported out of airways.

e Bacteria become difficult to clear Reduced bacterial clearance
mechanically.

e Retained pathogens can initiate repeated 1
inflammatory episodes.

Repeated infection




Sweat duct physiology differs from airway physiology

Sweat duct Airway

e CFTR supports luminal chloride

e CFTR facilitates chloride reabsorption. .
secretion.

e Salt reabsorption is impaired in cystic

: . e Surface fluid becomes depleted after
fibrosis.

CFTR loss.



CFTR mutations affect distinct protein functions

Production / processing Gating / conductance Abundance / stability
Class I: Little or no protein; Class lll: Defective channel Class V: Reduced protein
Class Il: Misfolding and opening; Class IV: Reduced production; Class VI:

degradation. conduction. Membrane instability.




Mutation class gives a partial severity framework

Classes I-lil Classes IV-VI
e Generally severe loss of functional e May permit some residual channel
CFTR activity. function.
e Often associated with classic e Often associated with a milder organ

multiorgan disease. phenotype.



Pancreatic phenotype tracks CFTR function more consistently

Residual CFTR function

e Two severe CFTR alleles commonly l
accompany pancreatic insufficiency.

e An allele retaining activity can preserve Ductal secretory function
exocrine pancreatic function.

e This organ-specific correlation is stronger 1

than for the lungs.
Pancreatic phenotype




Pulmonary genotype—phenotype correlation 1s less reliable

e Patients with similar primary genotypes
can have different lung courses.

e Lung disease develops within a changing
host—microbe environment.

e Secondary modifiers complicate
prediction from CFTR class alone.

CFTR defect

!

Genetic / environmental modifiers

!

Observed lung severity




What constitutes a genetic modifier?

e A locus outside the primary disease gene affects phenotypic expression.
e It may modify a specific manifestation rather than the entire syndrome.
e |ts effect can depend on infection and the tissue being studied.

e Association does not by itself establish a direct causal mechanism.




Modifiers shape the response to airway microorganisms

e Candidate loci involved in neutrophil
responses to infection.

e Host reaction to colonizing microbes can
change pulmonary injury.

e The resulting phenotype reflects
interaction with the CFTR defect.

Candidate modifier variation

!

Host inflammatory response

!

Severity of airway injury




Candidate loci named

MBL2 TGFB1
Mannose-binding lectin 2; Transforming growth
Discussed as a pulmonary factor B1; Discussed as a

modifier locus. pulmonary modifier locus.

IFRD1

Interferon-related
developmental regulator
1; Discussed as a
pulmonary modifier locus.




A modifier is a probabilistic influence, not a diagnosis

What the source supports

What it does not establish

e Specific polymorphisms have been
implicated as modifier loci.

e Host responses may influence
infection-related lung injury.

e A deterministic prognosis from any
single polymorphism.

e A quantified effect for each individual
gene.




Genes may modify resistance to exogenous infection

Inherited host-
response variation

- Different resistance to

airway microbes

Altered infectious
burden

= Different lung injury

Conceptual mechanism e arrows show causal progression, not time or effect size



The host—pathogen interface links genes and environment

Host Pathogen Environment

Airway clearance plus Intercurrent and

: : Organisms capable of ) :
genetically variable 5 : : P concurrent infections over
: : persistence in mucus. :
inflammation. time.




Organ-specific modification avoids a common inference error

Pancreatic insufficiency Pulmonary severity
e More consistent association with CFTR o Affected by repeated infection and
allele severity. host inflammation.
e Reflects ductal secretion and tissue e Less predictable from CFTR genotype

injury. alone.



A conceptual causal model separates effect types

CFTR genotype:
Baseline defect

Modifier loci: Host
response

Microbes and viral
infections

Pulmonary damage
over time

Conceptual mechanism e arrows show causal progression, not time or effect size




Genetic and environmental effects need not be additive

CFTR background

e The same microbial exposure can occur in 1
different inherited host contexts.

e A shared genotype can be followed by Host-response + exposure
unequal exposure histories.

e Such interplay rather than a simple 1

numerical risk formula.
Variable clinical course




Why pulmonary severity requires longitudinal interpretation

e Pulmonary damage accumulates through successive episodes of infection.
e Colonization can change from intermittent to persistent.
e Inflammatory reactions can contribute to further structural injury.

e A single genotype cannot encode the entire exposure history.




Environmental modification is clearest in the lung

Viral / bacterial exposures

e Robbins explicitly identifies intercurrent l
and concurrent microorganisms.

e Viral infections can predispose to bacterial Persistent colonization
establishment.

e Bacterial persistence promotes ongoing 1

inflammation and destruction.
Progressive pulmonary injury




A respiratory virus can change bacterial susceptibility

Concurrent viral
illness

Predisposition to
bacterial colonization

® Bacterial persistence

Inflammatory lung
injury

Conceptual mechanism e arrows show causal progression, not time or effect size




Colonization can precede major structural damage

Acquisition
e Impaired clearance permits an organism 1
to remain in the airway.
e |nitial Pseudomonas acquisition may be Intermittent detection

intermittent.

!

Chronic colonization

e With persistence, infection becomes part
of a chronic destructive process.




Pseudomonas aeruginosa is a central pulmonary pathogen

e Lower-respiratory colonization by P. Aeruginosa.
e |ts course may evolve from intermittent to chronic presence.
e Chronic persistence is linked to substantial morbidity and mortality.

e The microenvironment favors a protective mucoid phenotype.




Mucus stasis generates a distinctive microenvironment

Defective mucus
transport

Static retained
secretions

Hypoxic airway-
surface niche

® Bacterial adaptation

Conceptual mechanism e arrows show causal progression, not time or effect size



Why hypoxia matters for Pseudomonas persistence

e Stagnant mucus permits formation of a
hypoxic microenvironment.

e The source links this setting to increased
bacterial alginate production.

e Alginate contributes to the stable
protective matrix around bacteria.

Retained mucus

!

Hypoxic niche

!

Alginate-rich phenotype




Alginate changes the bacterial growth environment

P. Aeruginosa
colonization

Alginate
polysaccharide
production

Mucoid surface
phenotype

Biofilm
establishment

Conceptual mechanism e arrows show causal progression, not time or effect size




Biofilm 1s a collective survival architecture

Protected P. Aeruginosa community

Alginate-rich matrix
a D D N
- -« -

Embedded bacteria

Reduced effective antibody access Reduced antibiotic effectiveness

Schematic — not a photomicrograph or measured structure




Mucoid growth 1s not equivalent to pathogen clearance

Free airway organisms Biofilm-associated organisms
e Exposed to airway clearance and host e Shielded within a protective matrix.
defense.

e Can persist despite immune and
e May be detected intermittently. antibiotic pressure.



Antibody responses may fail to eradicate biofilm infection

e The organism stimulates antibody-
mediated immune responses.

e These responses do not reliably eliminate
protected bacteria.

e The accompanying inflammation can
injure pulmonary tissue.

Persistent organism

!

Antibody response

!

Continued injury without eradication




Cell-mediated responses can amplify tissue injury

e Colonizing bacteria also induce cell-
mediated immune reactions.

e The response contributes to destruction
without clearing the infection.

e Host defense and host tissue injury
therefore coexist.

Persistent colonization

!

Cell-mediated response

!

Additional lung destruction




Why immune activation 1s not proof of microbial control

Immune-system activation Effective microbial control

e Would require elimination or

e Antibody and cellular reactions occur. .
sustained clearance.

e Inflammatory activity can become

oronounced e Protected bacterial communities

remain despite responses.



A destructive feedback loop develops

Mucus retention

I —)

Self-reinforcing

Chronic colonization
pathway

Airway injury

Host inflammation




Pulmonary damage 1s a product of two processes

Microbial persistence Immune-mediated injury

e Ongoing antibody and cellular
e Colonization can become chronic. reactions.

e Biofilm limits organism eradication. e Damage continues even as microbial
control fails.



Airway obstruction results from concentrated mucus

Thick mucus

e \/iscous secretions accumulate in bronchi 1
and bronchioles.

e Small airway lumina become obstructed Luminal plugging
by inspissated mucus.

e Retained secretions facilitate secondary 1
infection.

Airflow obstruction + infection




A pathology correlate: Mucus-secreting cell enlargement

e Bronchioles distended with thick
secretions.

e Mucus-secreting cells show hypertrophy
and hyperplasia.

e These are anatomic consequences within
chronically affected airways.

Chronic mucus dysfunction

!

Secretory-cell enlargement

!

Luminal mucus burden




Chronic bronchitis follows persistent airway infection

e Recurrent infection causes ongoing
bronchial inflammation.

e Repeated inflammatory episodes produce
chronic bronchitic changes.

e This process accompanies continuing
abnormal mucus handling.

Persistent microbes

!

Repeated inflammatory episodes

!

Chronic bronchitis




Bronchiectasis 1s a destructive structural endpoint

Chronic infection

e Sustained infection and inflammation l
damage bronchial walls.

e Airways become permanently dilated: Airway wall destruction
Bronchiectasis.

e This links microbial persistence to 1

irreversible morphology.
Bronchiectasis




Suppurative complications extend beyond bronchiectasis

Mucus plugging

e Robbins documents severe chronic 1
bronchitis and bronchiectasis.

e Lung abscesses may arise in affected Infected airways
patients.

e Different lesion patterns can coexist in the 1
same lung.

Bronchiectasis / abscess




The infectious ecology 1s broader than Pseudomonas

Frequent pathogens

Additional opportunists

Other respiratory threats

S. Aureus, H. Influenzae

and P. Aeruginosa.

Burkholderia cepacia
complex and S.
Maltophilia.

Nontuberculous
mycobacteria; Allergic
bronchopulmonary
aspergillosis.




Burkholderia has distinct clinical significance

e The Burkholderia cepacia complex includes multiple species.
e The source particularly discusses B. Cenocepacia.

e |Infection is associated with severe disease, longer hospitalization and increased
mortality.

e This reinforces that pathogen identity is an environmental determinant.




The organism and the host jointly determine injury

Primary host defect

Secondary host response

Acquired microbial factor

Mucus dehydration and

reduced physical
clearance.

Genetically variable
inflammation and
antimicrobial defense.

Pathogen identity,
persistence and biofilm
formation.




Clinical severity 1s not synonymous with organism detection

Colonization status Pulmonary phenotype
e Describes microbial establishment and e Reflects airway obstruction,
persistence. inflammation and damage.
e May progress from intermittent to e Must be interpreted beyond a single

chronic. microbiologic finding.



High infection burden has major clinical consequences

e Chronic bacterial colonization is an
important disease modifier.

e Severe lung manifestations can include
chronic infection and obstruction.

e Advanced pulmonary injury is a major
driver of cystic fibrosis morbidity.

Chronic colonization

!

Inflammation + structural damage

!

Clinical pulmonary burden




Why pancreatic and pulmonary courses can diverge

Pancreas Lung
e Primary CFTR functional loss strongly e Airway ionic defect initiates
influences exocrine failure. susceptibility.
e Greater genotype—phenotype e Modifier loci and microbes alter

consistency. subsequent damage.



Same CFTR genotype; Different exposure histories

Hypothetical course A

Hypothetical course B

e Early intermittent bacterial
acquisition.

e Less sustained infection in the
observation period.

e Concurrent viral infection and
bacterial persistence.

e Chronic inflammatory airway disease
develops.




Same exposure; Different host-response background

Host background A Host background B

e Different modifier variants may
change response to the same
organism.

e Inherited susceptibility factors may
favor one inflammatory response.

e Clinical severity still cannot be inferred « The source does not quantify

with certainty. o .
y individual effect sizes.



A time-sequence model explains apparent unpredictability

Fixed CFTR genotype
at birth

Variable modifier
background

. Changing infectious

exposures

Cumulative lung
injury

Conceptual mechanism e arrows show causal progression, not time or effect size




Case application: Discordant siblings

Hypothetical teaching case

Two siblings share the same pathogenic CFTR variants. One develops earlier severe
bronchiectasis; The other has substantially less pulmonary damage.

e What additional biological influences should be considered?

e Why is the shared CFTR genotype insufficient to predict both lung courses?




Case interpretation: Discordant siblings

e Inherited modifier loci may differ
between siblings.

e Respiratory infection histories can differ
over time.

e Different host—pathogen interactions can
create divergent injury despite shared
CFTR alleles.

Similar CFTR genotype

!

Different modifiers / infections

!

Different pulmonary phenotype




Case application: Persistent mucoid Pseudomonas

Hypothetical teaching case

A patient with cystic fibrosis has retained airway secretions and chronic mucoid P.
Aeruginosa colonization despite a marked immune response.

e Explain the contributions of hypoxic mucus and alginate.

e Why might antibody and cellular responses fail to terminate infection?




Case interpretation: Biofilm-associated inflammation

1

Inflammatory injury

N\

Static hypoxic mucus

Self-reinforcing
pathway

—

Alginate biofilm

Immune evasion




Distinguish supported mechanisms from unproven inference

Source-supported

Not established by these pages

e Association of MBL2, TGFB1 and IFRD1
polymorphisms with lung phenotype.

e Viral predisposition, Pseudomonas
biofilm and immune-mediated injury.

e Gene-specific effect sizes or individual
prognostic prediction.

e A complete causal pathway for every
listed modifier locus.




Mechanistic synthesis: From genotype to damaged airway

CFTR defect
dehydrates airway
mucus

Modifier genes
affect host response

Microbes persist in
biofilm

Inflammatory
destruction

Conceptual mechanism e arrows show causal progression, not time or effect size




The most defensible clinical interpretation

e CFTR mutations establish the primary disease mechanism.
e Residual CFTR function is useful but not sufficient to predict lung severity.
e Modifier polymorphisms and infections alter the pulmonary course.

e Chronic Pseudomonas biofilm and ineffective inflammation reinforce injury.




Self-assessment: Apply the causal model

Hypothetical teaching case

Which explains discordant lung severity most accurately: CFTR mutation class alone, a
modifier gene alone, a positive culture alone, or their time-dependent interaction?

e |dentify the proximal airway defect.
e Name the critical bacterial persistence mechanism.

e Explain why an active immune response may coexist with progressive injury.




Textbook reference and sections

e Robbins, Cotran & Kumar. Pathologic Basis of Disease. 11th edition (2026).
e Diseases of Infancy and Childhood: cystic fibrosis.
e CFTR transport, mutational spectrum and genotype—phenotype correlations.

e Genetic and Environmental Modifiers; pulmonary morphology and clinical effects.
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