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Why is Pseudomonas the Colonizer and Why Does It Persist?

Summary: Pseudomonas aeruginosa is currently the
major cause of morbidity and mortality in cystic fibro-
sis. Studies to understand why this particular organism
is a problem and why host defenses fail to clear it, are
beginning to provide some answers. Implicit in any
working hypothesis are the prerequisites that: (i)
P. aeruginosa should have a tropism for the respirato-
1y tract; (ii) there should be a physical clearance de-
fect; and (iii} there should be an acquired immune
clearance defect. Studies from many laboratories sup-
port these contentions. This organism exhibits its trop-
ism by adhering to tracheal cells and to tracheobronchi-
al mucins by means of pili or the mucoid exopolysac-
charide of mucoid strains. The receptors on both cells

Zusammenfassung: Ursachen fiir die Besiedelung
durch Pseudomonas und seine Persistenz. Pseudomo-
nas aeruginosa ist zur Zeit die wichtigste Krankheits-
und Todesursache bei Patienten mit zystischer Fibro-
se. Studien, die sich mit den Problemen befassen, die
dieser spezielle Erreger verursacht, und mit der Frage,
warum er durch Abwehrmechanismen des Wirtes nicht
eliminiert wird, geben die ersten Antworten zu diesem
Thema. Die Arbeitshypothesen gehen davon aus, daB
1. P. aeruginosa eine besondere Neigung hat, sich im
Respirationstrakt anzusiedeln; 2. ein Defekt in der
physikalischen Klarfunktion besteht und es 3. einen er-
worbenen Defekt in der immunologischen Komponen-
te der Erregeradikation gibt. Diese Annahmen werden
durch Laboruntersuchungen gestiitzt. Die Adhérenz
des Erregers an Trachealzellen und an tracheo-
bronchialen Muzinen mittels Pili oder dem mukoiden
Exopolysaccharid mukoider Stimme ist die Grundlage
fitr seinen Tropismus zum Tracheobronchialbaum. Die
Rezeptoren beider Zellen und Muzine enthalten Sia-

and mucins contain sialic acid as the dominant sugar
moiety. Many factors contribute to its persistence,
chief among which is the failure of phagocytic defenses
caused by microbial or host enzymes and even by mu-
cins which inhibit the opsonophagocytosis of P. aerugi-
nosa. Injury to the mucociliary system, again caused
by microbial or host factors, is also a prominent factor
in the persistence of P. aeruginosa. We hypothesize
that this organism is the dominant pathogen because of
the existence of receptors in the respiratory tract for it
and that it persists because bacteria in stagnant mucus
cannot be cleared physically or immunologically. We
are doubtful that conventional vaccination approaches
will yield a solution to this problem.

linsdure als dominierende Zuckerverbindung. Zahlrei-
che Faktoren begiinstigen die Persistenz des Erregers;
am bedeutsamsten ist das Versagen der phagozytiren
Abwehr unter dem Einflufl von Enzymen, die vom Mi-
kroorganismus oder dem Wirt selbst sezerniert wer-
den, und sogar auch der Muzine, die die Opsonopha-
gozytose von P. aeruginosa hemmen. Eine Schiadigung
des mukoziliaren Systems, die wiederum durch mikro-
bielle oder Wirtsfaktoren verursacht sein kann, ist
ebenfalls fiir die Erregerpersistenz von Bedeutung.
Wir stellen die Hypothese auf, daB3 dieser Mikroorga-
nismus deshalb der dominierende Erreger ist, weil der
Respirationstrakt Rezeptoren fiir ihn besitzt; die Ursa-
che fiir seine Persistenz liegt darin, daB die Bakterien
im stagnierenden Schleim weder physikalisch noch im-
munologisch beseitigt werden kdénnen. Wir bezwei-
feln, daf3 sich mit konventionellen Versuchen einer
Vakzination eine Losung fiir dieses Problem finden
1a8t.

Introduction

Pulmonary infection is the major determinant of mortali-
ty in cystic fibrosis (CF). The predominant pathogen in-
volved is Pseudomonas aeruginosa. Two unanswered
questions concerning this infection have been: (i) why is
P. aeruginosa the dominant colonizer; and (ii) why is the
host unable to get rid of it? These questions can be best
answered by considering three implications of this
phenomenon: (i) P. aeruginosa must have a tropism for
the respiratory tract; (ii) there must be a defect in physical
clearance and (iii) there must be a defect in immune clear-
ance. The following perspective on these questions is bas-
ed on work done principally in our laboratory. Some
events are without a doubt multifactorial and our hypoth-
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eses will complement those postulated by others, par-
ticularly in regard to persistence.

Early Colonization

Historically, Staphylococcus aureus has been the early
colonizer in this disease (1). This is not surprising, since
this organism is one of the most common pathogens that
infect children. There is nothing unique or unexpected
about staphylococcal infections in the early years of life,
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however, the persistence of this organism in the lower re-
spiratory tract after acute infection is unique to CF chil-
dren. A priori, we interpret this to mean that there is a
primary clearance defect in the CF respiratory tract early
in childhood, since S. aureus does not persist in the respi-
ratory tract in non CF children. Some reports indicate
that the CF respiratory tract is normal at birth (2), howev-
er, by four months of age profound anatomic changes
have occurred (3) thus one wonders whether it was really
“normal’’, Regardless of the final truth in anatomical
terms, the persistence of this organism implies a function-
al clearance defect in these children, either physical or
immunological, or both. As these children grow older,
S. aureus disappears and is replaced by nonmucoid
P. aeruginosa which eventually become mucoid in pheno-
type (4). There is no wholly satisfactory explanation for
the disappearance of S. aureus but once the switch has oc-
curred P. aeruginosa becomes the major organism. It has
been suggested, in view of the fact that P. aeruginosa has
become the predominant pathogen in the antibiotic era,
that antibiotic pressure is responsible for this switch in pa-
thogens (5). Critically speaking, this contention is unprov-
en cince the majority of children probably did not live
long enough in the preantibiotic era for us to be certain
that the switch would not have occurred with age. In addi-
tion, there are now cases reported where P. geruginosa
was the first documented pathogen to be isolated from pa-
tients who had not received antistaphylococcal treatment
(6). It may therefore be fruitful to look for other reasons
to explain the switch to P. aeruginosa. Some reasons that
have not been explored include (a) whether antistaphylo-
coccal immunity does indeed develop and functions effec-
tively to clear this organism later in life and (b) whether
the respiratory tract changes chemically with maturation,
such that receptors for staphylococci become relatively
fewer in number and thus colonization is diminished.

Pseudomonas Colonization

There have been several suggestions to explain the evolu-
tion of P. aeruginosa as the predominating pathogen. The
earliest one was the postulation that antibiotic therapy is
responsible for the selection of this relatively antibiotic-
resistant organism (6). As pointed out earlier, there are
objections to this explanation, although it may play a role
in hastening colonization. Another factor that has not
been explored is the role of maternal immunity. Since
P. aeruginosa appears at the age when H. influenzae is a
problem in children, one cannot help but speculate
whether loss of maternal immunity with the concomitant
clearance defect may play a role. We, however, beliecve
that recent work from our laboratory may provide the
best explanation of why P. aeruginosa is the most success-
ful colonizer.

Pseudomonas and Respiratory Tract Compromise

Pseudomonas infection of the respiratory tree is seen only
when the bronchial mucosa is diseased or injured e.g. en-
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dotracheal intubation (7), bronchiectasis (8) and recently
in the ciliary dyskinesia syndromes (9), situations where
there is some abnormality of the mucosal surface. There-
fore, we poStulate that in CF there must also be a mucosal
or other clearance defect. However, this cannot be the
whole story, since one could reason that if a clearance de-
fect alone were present then any organism inhaled or as-
pirated from the environment would colonize the airways.
There must therefore be a selective tropism exhibited by
P. aeruginosa for the respiratory tract.

Basis of Colonization and Infection

Current microbiological dogma which is well supported
experimentally, points out that the basis of selective col-
onization is a specific interaction on a surface between a
microbial adhesin and a specific receptor for that organ-
ism (10). There are many examples of these interactions
and there are clear examples of specific organisms adher-
ing to cells in anatomic sites where they cause infections
(10). The tracheobronchial tree is no exception, e.g. in-
fluenza virus, Mycoplasma pneumoniae and Bordetella
pertussis are well recognized tracheobronchial pathogens
which demonstrate adhesin receptor interactions with re-
spiratory epithelial cells (11-13). One could therefore
predict that such a mechanism exists for P. aeruginosa
and the tracheobronchial mucosa; however, since infec-
tion and colonization by P. aeruginosa occurs only when
the tracheobronchial tree is injured or compromised, this
mechanism may be evident only under certain circum-
stances.

Pseudomonas aeruginosa and Injured Cells

In order to study whether P. aeruginosa has a specific
tropism for tracheal cells we have examined the ability of
this organism to adhere to the tracheal surfaces of diffe-
rent animal species. Studies with intact mouse and ferret

Figure 1: Pseudomonas aeruginosa adhering to acid in-
jured tracheal cells.
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tracheas yielded negative results. However, we discover-
ed that this organism adhered to cells that had been injur-
ed by a variety of methods, e.g. influenza virus (14), en-
dotracheal intubation (14) or by mild acid treatment (15)
(Figure 1). In fact, other bacteria such as Escherichia coli
and Klebsiella pneumoniae did not bind very well to the
injured cells (15). This binding of P. geruginosa to injur-
ed cells was mediated by a specific receptor adhesin
mechanism. In the case of the mucoid strains, the mucoid
exopolysaccharide (alginic acid like exopolysaccharide)
mediated adherence to the cells (16). Pili or fimbriae me-
diated the adherence of the nonmucoid strains (17). The
receptor for these adhesins was found to be a glycolipid
(18) with sialic acid as the major functional group at the
binding site (19). This would suggest that the receptor on
the cell surface for P. aeruginosa is a ganglioside.

While this specific interaction between injured tracheal
cells and P. aeruginosa is apparent, it is not clear that this
is necessarily relevant to chronic colonization in CF. To
date, there has been no demonstration that P. aeruginosa
actually colonizes tracheal cells in CF. One may speculate
that cells injured by viruses or mycoplasmas during exa-
cerbations could become colonized, or perhaps cells in-
jured by enzymes and exotoxins from staphylococci or
pseudomonas could also be colonized, but this would
probably be a secondary phenomenon after the organisms
are established in the respiratory tree, contributing to
persistence since injury to the cells would result in abnor-
mal mucociliary clearance.

Pseudomonas aeruginosa and Mucins

The hypothesis we favor to answer the question “‘why is
P. aeruginosa the colonizer’” is based on some of our ex-
perimental observations as well as the clinical observa-
tions made in cystic fibrosis. While performing studies
with mice, we observed that P. aeruginosa attaches to

Figure 2: Normal uninjured trachea with almost all bacteria
associated with or adherent to mucin strands.
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mucin strands (Figure 2) on the uninjured trachea (15). In
addition, we also noted that incubating bovine submaxill-
ary mucin and rat tracheal mucin with P. aeruginosa pre-
vented the bacteria from adhering to injured tracheal cells
(19).

These observations implied that there were receptors in
mucins for P. geruginosa. They also suggested that tra-
cheobronchial mucins probably served a defensive func-
tion to protect respiratory cells from colonization by bind-
ing bacteria; the bound bacteria would thén be removed
by ciliary action. On the other hand if mucociliary clear-
ance was defective, the situation would not be beneficial
to the host. The bacteria bound to mucins would persist in
stagnant mucus, and produce a state of chronic coloni-
zation. Clinical observation in cystic fibrosis suggest that
this is indeed the case, since these patients are unable to
clear their mucus.

Hypothesis

From the foregoing observations we propose that P. aeru-
ginosa chronically colonizes the respiratory tract because
(i) only this organism among the constellation of pathogen-
ic bacteria finds a specific receptor in tracheobronchial
mucins and (ii) the mucins with adherent bacteria are not
cleared. We believe that these two factors are the primary
reasons for P. aeruginosa as the major colonizer (Figure
3). The argument can, however, be made that any bacte-
rium which encounters stagnant mucus should be able to
colonize it; e.g. E. coli or Klebsiella strains, which, even
if they do not bind to the mucin molecules, should en-
counter enough nutrient to survive in the liquid milieu of
tracheobronchial mucus. We, however, believe that there
are special consequences of bacterial binding to mucins
which allow them to persist and not be removed by host
immune defenses, as opposed to organisms which do not
bind to mucin. These will be discussed under reasons for
persistence.

Table 1: Comparison of adherence of Pseudomonas aerugi-
nosa with other gram-negative bacteria. Ratio of pseudo-
monas to other bacteria®.

Non mucoid Pseudomonas aeruginosa/Klebsiella § 46:1
Non mucoid Pseudomonas aeruginosa/Klebsiella m 15:1
Non mucoid Pseudomonas aeruginosal

Escherichia coli (mar) 4:1
Non mucoid Pseudomonas aeruginosal

Escherichia coli sw818 49:1
Non mucoid Pseudomonas aeruginosa/

mucoid Pseudomonas aeruginosa m35 2:1
Non mucoid Pseudomonas aeruginosal

mucoid Pseudomonas aeruginosa 2192 2:1.7

a: Modified from Vishwanath (23).
69 / 283



R. Ramphal, S. Vishwanath: Cystic Fibrosis and Pseudomonas aeruginosa

VIRAL OR BACTERIAL INJURY
CILIOSTATIC FACTOR, ABNORMAL SECRETION

ABNORMAL RESP. TREE AND CLEARANCE

SPECIFIC ADHERENCE
JO MUCIN AND ALTEREQ
CELLS

lFMLURE OF MUCOCILIARY

l - OTHER

P. AERUGINOSA =) PSEUDOMONAS

CLEARANCE

CINITIAL COLONIZATIO

Figure 3: Scheme describing factors responsible for initial
colonization.

Adherence of Pseudomonas aeruginosa to Human Mucins

If our hypothesis is correct, then P. aeruginosa should ad-
here to human tracheobronchial mucins and it should be
more adherent than the usual strains of E. coli and other
gram-negative bacteria. Indeed, using purified human
mucins in a microtiter plate adherence assay, we have
demonstrated that P. aeruginosa binds preferentially
when compared to other gram-negative organisms (20).
While there may be some binding of the occasional non
pseudomonad, the extent of binding never reaches that of
P. aeruginosa (Table 1). We have not tested the mucoid
E. coli strains which have been found as colonizers in cys-
tic fibrosis (21) but we suspect that these may also adhere
quite well because of their uronic acid containing exopo-
lysaccharides. We have also examined the binding of Pro-
teus, Serratia and Acinetobacter strains and find that they
too adhere poorly.

Mucin Receptors for Pseudomonas aeruginosa

Since mucins reflect the cell surface carbohydrates to
some degree (22), the chief candidates for receptors
would more than likely be the sugars of the oligosaccha-
ride chains of the mucin molecules. Pronase digestion of
the molecules did not inhibit binding but periodate oxida-
tion of the carbohydrate chains and neuraminidase treat-
ment did. Sialic acid and N-acetylglucosamine inhibited
binding of the strains to varying degrees (23). However,
one of the most important observations made, was the
fact that exposure of mucin to influenza virus inhibited
further binding of P. aeruginosa (Table 2). This implies
that these two organisms may share a common receptor
and it has been known for some time that sialic acid is part
of the receptor for influenza virus (11). These data there-
fore point to sialic acid as being part of the Pseudomonas
receptor in mucin, hence the mucin receptor is similar to
the cellular receptor (19).
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Pseudomonas Adhesins for Mucin

We then performed studies similar to those carried out
with tracheal cells to find out whether the Pseudomonas
adhesins for mucins were the same as those for cells. In
fact, we found that pili mediated binding of the nonmu-
coid strains to mucins and the mucoid exopolysaccharide
mediated the binding of the mucoid strains (24). Other
useful pieces of information, gathered from these later
studies, included the observation that the ability of antipi-
lus antibody to inhibit bacterial adherence was strain
specific but antibodies against the mucoid exopolysaccha-
ride reacted broadly against all mucoid strains. Thus we
again found that the interactions of Pseudomonas with
mucins was similar to its interactions with cell surfaces.

Why Does Pseudomonas aeruginosa Persist?

Persistence of any organism in the respiratory tract must
depend on the failure of host defenses to clear the organ-
isms from the airways. Host defenses in the respiratory
tract consist of (i) the mucociliary system which functions
by entrapping invading bacteria in mucus and expelling
them by ciliary motion, and (ii) immune defenses, which
consist of complement, antibodies and phagocytes. In the
nonimmune host, the defenses against invading bacteria
consist of the mucociliary system, complement-mediated
killing and nonopsonic phagocytosis by polymorphonu-
clear leukocytes (PMN) and alveolar macrophages. In the
immune host (who has developed specific antibodies to
the invading microorganism), the defenses again involve
the mucociliary system, but, in addition, secretory IgA
may block bacterial adherence; IgM antibodies may,
along with complement, kill bacteria; and opsonic IgG,
with or without complement, may opsonize bacteria for
subsequent phagocytic destruction.

Failure of the physical clearance system alone would al-
low the serum and phagocyte-mediated killing of coloniz-
ing bacteria and conversely, even if defects occurred in
the humoral immune and phagocytic defense mechan-
isms, a normally functioning mucociliary system should
still clear colonizing bacteria. Thus, in order for bacteria
to chronically colonize the respiratory tract, defects in
both the mucociliary system and the immune system
should be present. The cystic fibrosis patient should
therefore have defects in both the physical and immuno-
logical clearance systems that allow P. aeruginosa to per-
sist in the airways.

Defective Mucociliary Clearance in CF

Stagnation of mucus in CF implies a defect in the mucoci-
Hary system. The following observations have been pro-
posed to explain this defect: (i) The presence of a ciliary
dyskinetic factor that occurs uniquely in cystic fibrosis
(25); (ii) the increased viscosity of mucus in cystic fibrosis
which could plug the airways (26); (iii) intercurrent viral
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Table 2: Effect of heat-inactivated influenza A virus on adherence of Pseudomonas aeruginosa to mucin2.

Pseudomonas aeruginosa R, 0
non mucoid 1,000
10,000
Pseudomonas aeruginosa Mss 0
mucoid 1,000
10,000

15,067 & 4180 - -
4,850 + 2151 68 < 0.001
1,650 & 957 89 < 0.001

36,933 + 759 - -

13,660 + 10,773 63 < 0.02

500 = 141 99 < 0.001

a: Modified from Vishwanath (23);
b: Hemagglutinating units added per well.

and mycoplasmal infections which could damage the mu-
cociliary system: however this does not explain the persis-
tent failure of clearance, since such infections are com-
mon in the population at large; (iiii) injury to cells by en-
zymes produced by P. aeruginosa. Therefore, the unan-
swered question is not whether there is a clearance defect
in CF, but what causes it.

Immune Defects in CF

The presence of an adequate and often hyperimmune re-
sponse to P. aeruginosa and the lack of consistent defects
in phagocytic function in cystic fibrosis (27, 28) implies
that the organism somehow evades the opsonophagocytic
host defenses. Schiller and Millard found that sputum
from cystic fibrosis inhibited the serum killing of P. aeru-
ginosa, but not of Escherichia coli (29). However, wheth-
er complement-mediated killing is a normal host defense
in sputum is unknown, since the levels of complement
found in sputum are low. Fick et al. have found Fab and
F(ab')2 fragments of IgG in cystic fibrosis sputum (30).
These fragments inhibit opsonophagocytosis. They also
found that elastase elaborated by P. aeruginosa (31)
could cleave IgG into these fragments. Thus elastase
could cleave IgG molecules, enable the organisms to
evade opsonization and persist in the airways if the elas-
tase was present in significant quantities in the sputum.
However, Ddring et al. have found that pseudomonas
elastase is absent in the sputum of cystic fibrosis patients
who have anti-elastase antibodies in their sera and sputa,
and that most CF patients who are colonized with
P. aeruginosa have anti-elastase antibodies (32). Thus the
role of pseudomonal elastase in causing antibody dysfunc-
tion is not clear.

Since the airways in CF are chronically inflamed, chem-
ical mediators of the inflammatory reaction may damage
the immune system. Earlier studies have shown that elas-
tase produced by human PMN cleaves human IgG (33).
Recent work suggests a role for PMN elastase in CF.
Suter et al. reported that PMN elastase activity was in-
creased in bronchial secretions of children with CF who
were colonized with P. aeruginosa (34). They also pre-
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sented evidence suggesting that PMN elastase cleaved the
complement component, C3. Thus, by inactivating two
important opsonins, PMN elastase could cause a defect in
immune clearance and contribute to bacterial persistence.

Bacterial Adherence to Mucin — The Link between
Physical and Immune Clearance Defects

Mucins have been generally thought to have a defensive
role in the respiratory tract, but they also lower resistance
to bacterial infections in animal models when given with
bacteria. The mechanism by which resistance is lowered is
not fully known, however, Olirzki showed that mucins
could inhibit the agglutination of bacteria by antibodies
(35) and, more recently. Edwards et al. have shown that
the sialic acid in the capsule of type 111 group B Strepto-
coccus inactivates the alternative pathway of complement
(36). Since sialic acid is a component of mucin, it seems
likely that mucins may also have this anticomplementary
activity. In addition, mucin-coated bacteria may mimic
“self”” and thus evade the immune system. We therefore
hypothesize that P. aeruginosa is able to evade opsono-
phagocytosis by binding to mucin. On the other hand,
those bacteria that do not bind to mucin, although not
cleared physically in CF, would be cleared by opsonopha-
gocytosis.

Our preliminary studies have shown that this is most like-
ly the case (37). We have found that respiratory mucin
protected P. aeruginosa from opsonophagocytosis,
whereas an E. coli strain which binds poorly to mucin was
not protected from opsonophagocytosis. Preincubating
the PMN with mucin did not inhibit phagocytosis, but
preincubating the bacteria with mucin did, showing that
adherence to mucin was a requirement for protection
from phagocytosis. The mechanisms by which mucin pro-
tects the bacteria from opsonophagocytosis is not fully un-
derstood but the degree of protection is dependent on the
concentration of mucin. This phenomenon would be
responsible in part, not only for bacterial persistence, but
also for the selection of P. aeruginosa as the predominant
colonizer over other bacteria.

In summary, three events enable P. aeruginosa to persist
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in the airways, i.e. (i) adherence of the bacteria to mucin,
(ii) a defect in mucociliary clearance, and (iii) a defect in
immune clearance caused by adherence to respiratory
mucin and by PMN elastase. Fulfiliment of these require-
ments explains the persistence of P. aeruginosa in CF
(Figure 4).
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Conclusions

If our hypotheses are true, one cannot help but marvel at
the perfect adaptation of P. geruginosa for the CF host.
To possess such a finely tuned mechanism that exploits a
defect in the most basic lung defense of all-physical clear-
ance by mucins, and then to exploit this to protect itself
from the host’s immune response is the perfect strategy.
In addition, this organism’s ability to elaborate injurious
enzymes and to evoke host responses which are deleter-
ious to the host make the problem of colonization
seemingly insurmountable.

We are not encouraged by the prospects of preventing
this clinical problem through conventional methods such
as vaccination. We believe this problem can be solved on-
ly by identification of the clearance defect and its reversal
by pharmacologic means.
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