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Probiotics and pharmabiotics

Alternative medicine or an evidence-based alternative?
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Mn will occasionally stumble over

the truth, but usually manages to
pick himself up, walk over or around it,
and carry on—Winston S. Churchill.

That commensal bacteria play an
important role in human health is
beyond doubt, and it is now widely
accepted that humans function as super
organisms, whose collective metabolic
potential exceeds the sum of our indi-
vidual eukaryotic and prokaryotic com-
ponents. However, while it is has been
established that the prokaryotic com-
ponent of the human superorganism is
amenable to manipulation by chemother-
apeutic, dietary or microbial interven-
tions, the significance of such alterations
in terms of human health or well being
is less well established. Prebiotics (non-
digestible food ingredients that stimulate
the growth and/or activity of bacteria in
the digestive system) and probiotics (live
microorganisms that when administered
in adequate amounts, confer a health
benefit on the host) are often bracketed
among ‘alternative’ approaches to influ-
encing human health, such as home-
opathy, naturopathy, acupuncture and
hypnotherapy. Others believe that pre-
biotics and probiotics have proven their
effectiveness in properly conducted,
clinically controlled human trials and
therefore can be considered as evidence-
based alternatives or adjuncts to con-
ventional medicines. My journey from a
position of total skepticism to ‘reluctant
convert’ is the basis of this article, which
should not be considered in any sense as a
review of the literature but simply a per-
sonal account of this transition. While I
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am not bent on converting other doubt-
ers, I will recount some of the thought
processes and evidence that has helped to
form my current opinion.

Introduction

In 1988 I finished my PhD in University
College Cork (UCC) in Ireland, having
worked on the genetics of lactic acid bacte-
ria (LAB) under the excellent supervision
of Charlie Daly and Gerald Fitzgerald.
The LAB, and in particular Lactococcus
lactis, were becoming more genetically
accessible through the pioneering work by
Larry McKay and Todd Klaenhammer in
the US, Gerard Venema and Willem de
Vos in The Netherlands and Mike Gasson
in the UK, among many other outstand-
ing researchers. While my interest, simi-
lar to that of many contemporaries, was
in designing and implementing genetic
tools for the manipulation of our favorite
genera, Lactococcus and Lactobacillus, we
did this on the basis that their importance
rested on their industrial applications. To
my recollection, the fact that Lactobacillus
spp- could also be found in the gut was
not considered important, and we were
solely focused on their beneficial roles in
cheese ripening, yogurt production and
their undesirable roles in the spoilage of
beer and other commodities. A lack of
awareness of a possible role for lactobacilli
in the gut condemns my younger self for
a failure to properly read the literature
(a weakness which I unfortunately have
never propetly rectified) combined with a
somewhat lactococcal-centered world view
which prevailed at that time among LAB
researchers. The first instance that I can
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recall mention of the potential probiotic
qualities of lactobacilli was in 1987 when
the late Khem Shahani of the University
of Nebraska-Lincoln gave a presentation
to the Second International Symposium
on LAB in The Netherlands (which I
attended as a member of the Venema lab,
having been fortunate to spend a year in
Groningen as part of my PhD). While
the lecture introduced many of us to the
concept of probiotics, from memory it was
regarded by those interested in molecu-
lar microbiology as a quaint but super
ficial topic, certainly not a serious research
area likely to generate exciting data or to
yield funding opportunities. At that time,
I (and at least some others) regarded pro-
biotic research as peripheral and largely
based on uncontrolled experiments and
apocryphal stories. We prided ourselves on
the knowledge that we were rigorously elu-
cidating the genetic and mechanistic basis
of truly important industrially relevant
phenotypes, many of which had the added
bonus of being plasmid-encoded. It would
also be fair to say that health effects were
not something that most LAB researchers
were equipped to measure, and the age of
the health conscious consumer (the wor-
ried well?) was yet to dawn.

Sweet Carolina

I promptly forgot about probiotics and
went back to work on lactococcal genet-
ics, this time as a post-doctoral scientist at
North Carolina State University, working
with Todd Klaenhammer. To a modern
reader, Todd is synonymous with probiotic
research, having done more than anyone
to promote the type of rigorous research I
hope to come back to later in this article,
but at that time he was more renowned for
his work on lactococcal phage resistance
and on bacteriocins. However, he was
also the direct successor at NC State to
Dr. Marvin Speck, a pioneer of probiotic
research! and the developer of the Sweet
Acidophilus™ milk that was available in
local supermarkets. I had the good fortune
to meet this most gentle of men when he
visited the laboratory on a number of occa-
sions before his death in 2003, but even
those encounters did not send me back to
the literature. While I remained scepti-
cal of the benefits of probiotics, I should
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admit to buying Sweet Acidophilus™ milk
for our 18 month old son when he was
suffering from a gastrointestinal upset,
thus confirming that in extremis most of
us are willing to set aside science in favor
of hope. The NC State Food Science
Department was understandably proud of
Dr. Speck’s contributions, and Todd took
up the baton by continuing to work on
Lactobacillus acidophilus and other lacto-
bacilli. In fact, I narrowly missed working
on a project devoted to generating genetic
tools for lactobacilli (a project that went to
John Luchansky who had just joined the
lab) and was assigned to another project
on the genetic basis of bacteriophage resis-
tance in lactococci. Another scientist who
crossed my path at this time was Gerald
Tannock, a pioneer of rigorous experimen-
tation on the behavior of lactobacilli in the
gut, who spent some time on sabbatical in
Todd’s lab, working with John Luchansky
on the Lactobacillus genetic tools project.?
So, while Todd was obviously alive to the
possibility of probiotic interventions and a
role for these important bacteria in human
health, and others in the lab were work-
ing hard on developing tools to allow the
subsequent dissection of these phenom-
ena, I managed to leave the group wholly
uncontaminated by such convictions and
aware of little outside of my immediate
project. I should not miss this opportu-
nity to acknowledge that Todd had a huge
influence on my development as a scien-
tist and his elevation to the ranks of the
US National Academy of Sciences speaks
for his contributions across a number of
fields, including probiotic research. With
a very neat symmetry Todd’s inaugural
article for the Academy presented the
genome sequence of Lactobacillus acido-
philus, the same organism used by Speck
some decades earlier in the development
of Sweet Acidophilus™ milk.?

Passing Up on Probiotics

I returned to Ireland to take up a position
as senior research officer with Teagasc in
Moorepark, continuing the work on lac-
tococcal genetics. We were also interested
in another phenomenon common among
members of the LAB, the production of
antimicrobial peptides, or bacteriocins
(of which more later). During the two years
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I spent in Moorepark (1990-1992), I was
contacted by a European consortium to
determine whether I might have an inter-
est in collaborating on probiotic research.
Due largely to my continuing skepticism
about the scientific basis of probiotics,
I was unable to generate the enthusiasm
necessary to convince myself or others of
the value of this type of research. Thus, I
missed the chance to get in on the ground
floor of probiotic research in Europe. As
it turns out, while I missed out on pro-
biotics at this stage, Moorepark did not
and through the efforts of Paul Ross and
Catherine Stanton have made Moorepark
a center of excellence in probiotic research
in the intervening years. Indeed, my
future colleague at UCC, the immunolo-
gist Kevin Collins, took full advantage of
the opportunity to get involved in pro-
biotic research and he started a research
programe at UCC that blossomed and
has culminated in the founding of the
Alimentary Pharmabiotic Centre (APC)
which now has over 100 scientists working
on the human microbiome (apc.ucc.ie).
In 1992 I took up a position on the
faculty of the Microbiology Department
at my alma mater, UCC. Following the
advice of the departmental Chair, Seamus
Condon, I elected to initiate a program on
microbial food safety. While Seamus and
I both thought I would leave LAB research
far behind, two important events con-
spired to draw me back into that familiar
world. One was the fact that my successor
at Moorepark was an old friend, Paul Ross,
and we agreed to collaborate to finish off
some of the work I had initiated on LAB
bacteriocins, particularly focusing on their
role in food safety. In the event, Paul and I
have had alongand enjoyable collaboration
over the intervening years, initially solely
on bacteriocins, but one that has come to
include many other areas in recent times.
Secondly, I was determined to develop a
program in food safety research and set-
tled on Listeria monocytogenes as an ideal
organism for this purpose. Listeria lagged
behind the state of the art in the LAB in
terms of genetic accessibility, but it seemed
to me that many of the LAB genetic tools
would transfer readily to this new target,
again bringing me back into contact with
my old colleagues in LAB research. I was
also greatly helped at that time by hiring
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an outstanding scientist as a post-doctoral
fellow, Cormac Gahan. Cormac, now a
colleague and close collaborator on the fac-
ulty at UCC and in the APC, was familiar
with animal infection models and had the
necessary immunology background that
meant for the first time the laboratory
could venture into matters of health and
disease, beginning with murine models of
Listeria infection and eventually extend-
ing to a number of other gastrointestinal
and respiratory pathogens and additional
hosts such as pigs and cattle.

The Case for Probiotics

The work on pathogens over the next
few years led me to consolidate my very
jaundiced view of probiotics and their
associated claims. While infection micro-
biologists used Koch’s postulates to rig-
orously identify pathogens, conducted
experiments where the end-points were
measurable degrees of morbidity and even
mortality, identified virulence factors and
elucidated pathogenic strategies, our pro-
biotic colleagues seemed to lack these hard
endpoints. “Well being’ is difficult to mea-
sure in a mouse, and it seemed to me that
the immunological responses exhibited by
animals or cell lines on exposure to probi-
otic strains (some cytokines went up while
others went down!) could be rational-
ized in any number of ways, all of which
seemed to support the probiotic hypothesis
under investigation. In pathogen research
one could not call something a virulence
factor without demonstrating some key
characteristics (not least of all a diminu-
tion in virulence when the factor was
abolished), but it seemed that probiotic
factors abounded without any such formal
proof (adherence, bile resistance bacterio-
cin production, etc.). The term probiotic
was, extended to include whole genera
(Lactobacillus and Bifidobacterium), but
it seemed impossible to identify a non-
probiotic control for most experiments.
From the lofty world of pathogen research,
probiotics seemed to suffer from a lack of
rigor, and yet...

Something that at first surprised and
then intrigued me was the number of
highly respected colleagues beginning to
work in this field. Todd Klaenhammer,
Paul Ross and Kevin Collins I have already
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mentioned, but the probiotics research
effort at UCC now also included Fergus
Shanahan and Eamonn Quigley, two gas-
troenterologists recently returned from
the US with stellar research reputations.
Charlie Daly and Gerald Fitzgerald were
also now working on probiotics. These
scientists were unlikely in my view to get
involved in anything that lacked rigor, and
so I began to pay a little bit more attention
to this growing research field. At around
this time, the UCC probiotics team started
a company, Alimentary Health Limited
(AH), to exploit the growing demand for
probiotics with demonstrable health ben-
efits. For purposes of clarification I should
say I had no involvement or conflict of
interest with this very successful spin-off
company other than watching with a mix-
ture of envy and delight as it grew under
the guidance of an old friend Barry Kiely.
While our infection work and our bacteri-
ocin group flourished, I was aware through
departmental seminars, casual conversa-
tions and peer reviewed publications that
AH were screening for probiotics, and
were even conducting human clinical tri-
als with strains to demonstrate efficacy in
irritable bowel syndrome, a growing prob-
lem in developed societies.*> T am not the
right person to chronicle the AH story, but
it is interesting to note that based on the
positive outcome of those trials, a prod-
uct (Align®) based on a Bifidobacterium
infantis strain isolated UCC has been suc-
cessfully launched in the US in a capsule
format.

The Alimentary Pharmabiotic
Centre (APC)—What’s in a Name?

In 2002 The Irish government, through
Science Foundation Ireland (SFI), initiated
a funding scheme in which they called for
large collaborative groups to set up centers
of excellence in partnership with industry.
The ad hoc grouping of scientists work-
ing on probiotics at UCC and Moorepark,
together with AH as an industrial partner,
seemed ideally placed to take advantage
of this scheme and to put their informal
research collaborations on a firm strategic
basis. Fergus Shanahan undertook to lead
this attempt, and many hours were spent
on brainstorming, troubleshooting and
identifying potential scientific themes and
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principal investigators to lead the individ-
ual programs. I was asked to participate
and was delighted to agree to act as a prin-
cipal investigator in two of the six themes,
bacteriocins and pathogenicity. These two
themes were particularly relevant in that
they allowed us to continue our work on
bacteriocins (together with Paul Ross)
on the basis that bacteriocins are poten-
tial probiotic factors and could well play a
role in determining the composition of the
microbiota and in preventing infection.
The pathogenicity theme was interesting
since many of the ideas and techniques
that had been developed to study patho-
gens could be immediately applicable to
probiotics (in a continuing collaboration
with Cormac Gahan). Probiotics and
pathogens face many similar challenges
in the gut, though with a different health
outcome. One topic of considerable debate
was the name of our proposed center.
Fergus always insisted that the APC is not
a probiotic research center, but that we are
more concerned with exploiting the poten-
tial health benefits of gut commensals, the
‘hidden’ organ of our human superor-
ganism.® This was not simply semantics,
since there is a very significant distinction
between probiotic and commensal, but it
did also stem from a feeling that the term
‘probiotic’ had become more of a market-
ing tool than a useful scientific descriptor.
In the end, we settled on the term ‘pharm-
abiotic, which we defined as bacterial cells
of human origin, or their products, with a
proven pharmacological role in health or
disease.” After an exhausting peer-review
process, SFI informed us that our applica-
tion was successful and the APC got off
the ground in 2003 and currently (after a
renewal process in 2008) has over 100 sci-
entists working on pharmabiotic research
in UCC and Moorepark.

Proof of Concept

Along with our colleagues in the APC, we
were determined to try to identify the pre-
cise molecular mechanism by which gut
commensals could influence the health
of the host, and particularly in our case
to try to establish whether an introduced
commensal could affect the outcome of a
subsequent infection. We, like many oth-
ers, were able to establish in a variety of
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Figure 1. A lux tagged Listeria monocytogenes emits light from the gastrointestinal tract 30 minutes after oral inoculation of a placebo fed mouse
(left). No Listeria can be detected in a mouse that had received Lactobacillus salivarius UCC118 prior to infection (center), while a mouse fed a bacterio-
cin negative version of UCC118 is also infected (right).

models, ranging from human cell lines
to mice to pigs and even cattle, that the
introduction of a commensal organism

like Bifidobacterium
could affect disease outcome upon sub-

Lactobacillus  or

sequent infection. Taking into account
that we were measuring hard endpoints of
morbidity and mortality, the evidence was
irrefutable that the introduction of spe-
cific commensal organisms could reduce
the impact of pathogenic species on the
health of the host. Importantly, other
related commensals, including members
of the same genus and even species, had no
such effect. So firsthand I was faced with
hard evidence that lactobacilli and bifido-
bacteria could confer a significant health
benefit, at least in the prevention of gastro-
intestinal infection in animal models. One
example that has been crucial in convinc-
ing me of the benefits of bacterial inter-
ventions was conducted largely by Sinead
Corr, a PhD student in the lab working
with Cormac, myself and Paul O’Toole,
another PI in the APC. Sinead estab-
lished that feeding a mouse Lactobacillus
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salivarius UCC118 prior to infection with
L. monocytogenes was crucial to the out-
come of the infection.? It appealed to the
infection microbiologist in me that we
had the hardest endpoint of all in these
experiments—mice that did not receive
strain UCC118 died of the Listeria infec-
tion (even if we fed them other lactobacilli
or bifidobacteria), while the mice that
received the commensal strain not only
lived, they actually displayed no symptoms
whatever. The outcome was both dramatic
and strain specific. Serendipitously, strain
UCCI118 produces a bacteriocin that can
kill Listeria, and so this was an obvious
possible mechanistic basis for the effect.
Without going through the actual experi-
ments, Sinead (together with Yin Li and
Pat Casey of the APC) were able to con-
clusively show that the protection afforded
by UCC118 is entirely due to the produc-
tion of the bacteriocin in the gut, and that
a bacteriocin negative mutant no longer
protected against infection (Fig. 1). In the
face of this evidence I finally abandoned
my last vestiges of my former scepticism
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and accepted that the introduction of a
single well characterized commensal strain
can have the most profound influence on
the subsequent sensitivity of a host to
infection and that the precise molecular
mechanism can also be defined, at least in
the model that I have described.

Pharmabiotics

Determining the mechanistic basis by
which commensal bacteria can influence
health has been the objective of the APC
since its inception, and our identification
of bacteriocins as a potential tool in deter-
mining the outcome of infection led us
to explore other possibilities of using bac-
teriocins as pharmabiotics in addition to
using the producing cells. We were able to
show that incorporating a powerful bacte-
riocin produced by strains of Lacrococcus
lactis into teat seals was effective in pre-
venting mastitis in dairy cattle.” Although
this is obviously not a gut application
(and Lactococcus is not normally con-
sidered to be a commensal organism), it
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did confirm that bacteriocins could work
under physiological conditions and in real
infections in large animals. We have also
shown that introducing the live organism
can also be used to treat ongoing natural
mastitis infections in cattle, albeit prob-
ably by a mechanism involving activation
of the immune system rather than solely
by direct antagonism between bacterio-
cin and pathogen.!® Other work using
commensal bacteria to prevent salmonel-
1" simply added to
the growing amount of in-house data that

losis in a porcine mode

commensal strains and their products can
impact the outcome of infections. One
significant concern is that the introduced
bacterium or bacteriocin could have a det-
rimental effect on the existing host micro-
biota, much as is the case with standard
antibiotic therapies. The advent of pyro
sequencing as a tool to study the composi-
tion of the gut microbiota, particularly the
fine work done in Jeff Gordon’s laboratory
in St. Louis among others,”® has allowed
us to determine the impact of introduc-
ing bacteriocins and bacteriocin producers
into model gut systems. While much of
the work is unpublished, we are convinced
that such interventions can have a signifi-
cant and probably undesirable impact on
the existing microbiota, and the targeting
of pathogens with narrow spectrum bac-
teriocins may have significant advantages
over standard therapies or broad host
range bacteriocins.

Bioengineered Bugs

The mounting data that orally introduc-
ing commensals or their products can
impact on host health begs some obvious
questions; what is the best form of delivery
and will we be able to improve the benefits
through genetic engineering? For food
manufacturers, the answer is probably easy
at this time. Since food cannot be used to
treat disease under existing regulations it
is likely that only natural food grade iso-
lates will be used in the foreseeable future
in this sector. Having said that, Roy
Sleator (a former post-doctoral scientist in
our lab, now a PI in the APC and the edi-
tor of this journal) has shown that we can
improve the robustness, gastric survival
and colonization of commensal strains

by introducing genetic determinants
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from pathogens that help commensals
to overcome stresses encountered during
145__a strategy
we have termed patho-biotechnology.'s

processing and in the gut

For example, improving bile resistance of
bifidobacteria leads to higher colonization
levels in murine models."” If specific health
benefits can be associated with such bio-
engineering they may well outweigh any
perceived reservations among consum-
ers due to public resistance to genetically
modified organisms in the food supply.
But what of using bioengineered bugs in
pharmaceutical applications? Commensal
organisms offer significant possibilities as
delivery platforms for vaccines, therapeu-
tic agents and in the treatment of disease.'®
An excellent example is that in which
Lothar Steidler (a former PI in the APC)
engineered strains of Lactococcus lactis to
produce the anti-inflammatory cytokine
IL10 in biologically significant amounts.'®
Lothar has overseen trials using his par-
ticular bioengineered bug (genetically
disabled to prevent growth outside of the
body), and can be regarded as a pioneer
in the therapeutic use of genetically modi-
fied LAB. Will we even see bioengineered
pathogens elevated to ‘probiotic’ status if
they can be attenuated and used as deliv-
ery vehicles for immune stimulation?"”

Conclusions

The journey from skeptic to convert is
rarely as a result of a ‘Road to Damascus’
conversion, but is more likely to be due to
a dawning realization that previously held
opinions are ill-founded. Such a conver-
sion is most likely to result from paying
attention to the opinions of people you
hold in high regard, eliminating pre-
conceived notions, and looking anew at
the evidence. That has certainly been true
in my case. I characterized myself earlier
as a ‘reluctant’ convert to the concept of
probiotics, and I hold to that view. It has
always seemed to me that it is a disservice
to the excellent research that has been
conducted on individual strains to simply
label whole genera as probiotics, and as a
result I would prefer the term pharmabi-
otic to be reserved for those strains with
proven health effects. We should also bear
in mind that any agent that has a phar-
macological effect that is beneficial for
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one particular target group may well be
contra-indicated for some individuals with
a different underlying pathophysiology. 1
have already mentioned that there may
well be collateral damage on the exist-
ing microbiota following the introduc-
tion of antimicrobial peptides, as another
example of potential adverse effects. In
this regard comprehensive safety studies
in large populations will be important for
any strain which is to be marketed to the
general population. Whatever the case
for including commensal strains in our
general diet, I propose that sufficient evi-
dence has emerged to convince even the
most jaded sceptic that our commensal
passengers represent an arsenal of poten-
tial health benefits; whether in the form
of living cells, cell components or bacte-
rial products. In that respect I am a zealot
rather than a reluctant convert, and I am
convinced that many of the next genera-
tion of therapies for chronic and acute con-
ditions will come from within our human
superorganism.
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