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Of mice and men....... and a few hundred rats

Kenneth A. Kudsk, MD
Veterans Administration Surgical Services, William S. Middleton Memorial, Veterans Hospital
Madison and the Department of Surgery, The University of Wisconsin-Madison

Ladies and gentlemen, it is a distinct honor for me to be invited by Dr. Vanek to give the 2008
Jonathon E. Rhoads Lecture. In preparation for this talk, this summer | read Dr. Rhoads’
biography by Dr. Rombeau and Muldoon to gain some insight into the character and personality
of this intriguing leader in surgery and nutritonL. I had met him on a few occasions at A.S.P.E.N.
meetings and but never really had an opportunity know him. In the book I was struck by a
quote from his friend, Mr. Schumaker, describing Dr. Rhoads: “The amazing thing is that |
recall him as exactly the same sort of person he is today and has been for decades: quiet,
deliberate, dignified, courteous, and wise. He had the same tendency to hesitate a moment
before responding- a moment during which one could almost see something going on in his
mind, quickly analyzing, judging, reaching a decision and organizing thoughts so that the words
which followed were well chosen, brief, and to the point, with a penetrating logic that
commanded attention and brought respect. lu Quite a compliment, indeed! | particularly
appreciated this quote from Dr. Rhoads himself 1 “The successful, scientific investigator is a
person of great dedication to a given task. He must be willing to stick at it through many
difficulties and discouragements. He must often be willing to work very much alone and
without the daily appreciation and thanks that do so much to sustain the practitioner during the
long days and night hours that his work entails. He must be looking for the way around obstacles
and he should be constantly on alert for pearls scattered along the wayside and needs to be
possessed of unusual judgment about when to stop and pick up such pearls (serendipity) and
when to press on towards more ultimate goals.” I would like to address several of these points.
First of all, there is the need to stay alert for serendipitous pearls and new insights to take
advantage of them. The second is to recognize and abandon unfruitful directions while pressing
on towards focused goals. As | tell my laboratory colleagues, the research path is analogous
to a golf course; our goal is to get to the 18t hole and avoid wasting time in the roughs. One
should always ponder a unexpected result rather than dismissing it. If it does not agree with
preconceived notions, the data is not usually wrong, the hypothesis is! As | stated in my
Presidential address, “The eyes do not see what the mind does not know.” 2

While the University of Pennsylvania may have been the alpha site for specialized nutrition
support, my training at Ohio State convinces me that OSU was an important beta site. With
two future presidents of A.S.P.E.N.- Jeff Fabri and Phil Schneider -and with the early leadership
of Dr. Ruberg (who had been involved with Dr. Dudrick earlier at Penn and became the head
of Plastic Surgery at Ohio State), this group introduced me to specialized nutrition support.
Working with my close friend and colleague, Jay Mirtallo, another leader in A.S.P.E.N., this
environment provided very fertile ground. It was the time | took during my residency at the
University of California, San Francisco under the tutelage of Dr. George Sheldon, now retired
chairman at the University of North Carolina Chapel Hill, that | found my area of interest: the
importance of route of nutrition on susceptibility to infection. | inherited a project established
by Dr. Scott Peterson and Dr. Sheldon in which animals were given septic peritonitis3. While
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70% of well-nourished rats survived the insult, only 10% of malnourished rats survived (Figure
1). Protein depleted rats that were then refed had the same survival rate as well nourished rats.
But the two groups that received parenteral nutrition - either with or without fat - had the worst
results of all. When | assumed leadership of the project, we felt was that there was something
wrong with the composition of the TPN solution. But there was an important confounding
variable in that experiment: the parenteral animals received a liquid diet via the vein while
well-nourished or repleted rats received a solid diet via the gut. We eliminated these
confounding variables by letting one group drink the TPN and pair-fed the other group
mtravenously4 To our surprise, serendlplty showed that nothing was wrong with the TPN
solution; previously malnourished? or well- nourished® animals that drank it survived like
well-nourished animals and those given it intravenously survived like malnourished animals.
I had found one of Dr. Rhoads’ “pearls” and have pursued that topic my entire career. This
work preceded a dramatic increase in the number of publications on enteral feeding in the
subsequent years (Figure 2).

I remained on staff at O.S.U.for four years after finishing my residency and subsequently left
for the University of Tennessee, Memphis to work at the Elvis Presley Trauma Center which
cared for 4500 trauma patients annually. | had the great fortune of working with great people
who really were important in the development of this project. Rex Brown, my PharmD
colleague, Gayle Minard and | worked on a number of clinical projects. Critically important
to our success in the laboratory was Jian Li MD, currently a very prominent business man in
China. I was fortunate to work with Bobbi Langkamp-Henken PhD RD while she obtained her
PhD. One of the superstars in my group was Kazuhiko Fukatsu MD PhD, a brilliant researcher
who regularly contributes to A.S.P.E.N. and JPEN. He is a real leader in the field of nutritional
support.

At Tennessee, Dr. Brown, myself and Dr. Minard worked on a prOJect randomizing
approximately 100 patlents to be fed enterally or parenterally In this trial we confirmed
earlier work by Dr. Moore that delivery of nutrients via the gut significantly reduced the
incidence of infection, particularly pneumonia, but we also showed that severity of injury was
important. We used two severity scores to stratify patients: the Injury Severity Score (ISS)
which quantifies the magnitude of total body injury- head, chest, abdomen, and 3 other systems
and the Abdominal Trauma Index (ATI) which quantifies the severity of and risk of sepsis
from intraabdominal injury. Our trial showed that if a patient’s ISS and ATI scores were low,
there was no difference in infectious complications - they probably didn’t need to be fed. But
if a patient had a high ISS, a high ATI, or both, their risk for infection increased by 6, 7 and
11 times with parenteral nutrition, respectively. Interestingly, the most important effect
occurred in the resistance to pneumonia which dropped from 31% down to 11% with enteral
feeding in the entire po é)ulatlon and from 55% down to approximately 13% in the most severely
injured subpopulation®.

As a result of that study, the theme and focus of my research has been “why in the world is
there this lower rate of infectious complications, particularly pneumonia, when nutrients are
delivered via the gut?” A number of possible metabolic and immunologic reasons were
postulated to explain the differences and our group pursued several. We studied potential
differences in cathecholamine secretion® due to a blunted metabolic response with enteral
feeding after trauma but found no differences. We studied growth hormone® or IGF-1 10 after
trauma but only showed improved nitrogen retention with no obvious clinical effect on
infections. We studied a diet supplemented with omega-3 fattf/ acids, glutamine, nucleic acids
and branched chain amino acids compared to a standard diet! recruiting only severely injured
trauma patients with a high ISS and ATI. The results confirmed the observations of Moore et

al 12 that the diet reduced the incidence of intraabdominal abscesses. Pneumonia was low in
both groups presumably due to the enteral stimulation.
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Could glucose control be the mechanism? Glucose control in critically ill patients with
intensive insulin therapy became a hot topic which swept the ICU world in a very short time.
We examined daily glucose levels in the patients recruited into the enteral-parenteral trial and
found no significant differences in glucose levels between the enterally and parenterally fed
patients or infected and non-infected patients until the fourth and fifth post injury day when
developing infections and the attendant metabolic response rendered the parenteral group more
hype %chemlc (Figure 3) . Taking these results with the results of the Van den Berghe
study which showed no |mprovement in mortality with intensive insulin therapy in the
trauma population and Krinsley’s 15 work (Table 1) showing a slight but insignificant increase
in trauma mortality with strict glycemic control without any positive effect on respiratory
infections, it is hard to believe that glucose explained the difference in our trial. Likewise,
Speery et al 16 showed that trauma patients with no glucose value > 200 mg/dL and average
glucose values of 127 = 2 mg/dL over the first 3 days with a maximum serum glucose of 169
+25 mg/dL in the first 24 hours had the same rate of pneumonia as patients with a glucose
value > 200 mg/dL and average glucose values of 135 + 27 mg/dL over the first 3 days and a
maximum level of 26459 mg/dL in the first 24 hours (Table 1). We looked elsewhere for
potential mechanisms to explain the higher pneumonia rate after trauma with parenteral
nutrition.

One avenue of investigation was especially disappointing to us. As you recall, the 1980°s
propagated a concept of bacterial translocation and increased gut permeability as potential
mechanisms for increased infections following injury. Dr. Langkamp- Henken and I ran a
clinical study on permeability by infusing lactulose and mannitol through feeding jejunostomy
tubes and measurmg urinary excretlon on da f/s 1 and 7 after trauma to determine gut
permlablllty . Drs. Wilmore8 and Deitch1® had previously documented acute increases in
the lactulose:mannitol ratio reflecting permeability increases in burned patients implicating it
as an effect of subsequent stress and a potential cause of subsequent complications. We also
documented acute increases in permeability on day 1 compared to day 7 after traumal”’ but
after analyzing our data and reexamining the data by Wilmore and Deitch, we were
disappointed to find two patterns of response: a small group of trauma patients increased gut
permeability which dropped to normal over time and a second group- the majority- who had
no change. The permeablity change did not relate to subsequent infectious complications
although the lactulose: mannltol ratio correlated with I1L-6, a cytokine found in high systemic
concentrations after i |njury 0. Inshort, increased permeability failed to correlate with infections
complications at all. I considered this disappointment and walked away from permeability and
bacterial translocation as an explanation entirely. There was serendipitous finding in Dr.
Langkamp-Henken’s laboratory results, however. While examining the response of enteral and
TPN fed rats to gut ischemia/reperfusion (Figure 4), she noted that the gut of parenterally fed
rats accumulated significant numbers of neutrophils reflected by increases in gut
myeloperoxidase (MPQO), an enzyme marker of neutrophils, compared to chow mice?L. This
“pearl” was pursued later by Dr. Fukatsu.

While looking for the immunologic mechanism(s) that protect(s) the respiratory mucosa, |
found that secretory immunoglobulin A (slgA) provides the specific immune defense for the
respiratory tract and discovered that these cells are sensitized to antigen in the Peyer’s Patches
of the small intestine2. Figure 5 shows how the system works. Cell surface markers — L-
selectin and o437 integrins- on naive T&B cells recognize the specific molecule mucosal
addressin cellular adhesion molecule- 1 (MAdCAM-1) on the high endothelial venule within
the Peyer’s Patches and through their interaction migrate into the Peyer’s Patches23: 24 . Eighty
percent of the lymphocytes circulating in human blood and the blood of mice express L-selectin
and ayf37 integrins, markers which distinguish them as destined for the mucosa-associated
lymphoid tissue (MALT) ,- The cells move into the Peyer’s patches and are sensitized to
antigens taken from the gut Iumen. They then migrate to the mesenteric lymph nodes, into the
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thoracic duct, and into the blood stream localizing back into the lamina propria of the gut as
the gut-associated lymphoid tissue (GALT) and to extra-intestinal sites such as the mammary
gland in lactating females, the genitourinary tract and the upper and lower respiratory
tract2®. In these sites IgA is produced under the influence of Th-2 type IgA-stimulating
cytokines for transport across the mucosa and into the lumen as secretory IgA (sIgA) by a
specific transport molecule, polymeric immunoglobulin receptor (pIgR) 26, Sixty percent of
total body immunity is committed to this system. IgA is the most abundant antibody in the
body and has a unique characteristic. It binds to bacteria antigens and prevents their attachment
to the mucosal without killing them. If bacteria cannot attach, they cannot infect. We
investigated experimentally whether that this system could explain the differences in
vulnerability to pneumonia in the parenterally fed patients.

There are a couple of wrong ways to interpret this talk. A first impression might conclude that
this work says TPN is bad; absolutely not! TPN has saved thousands of lives and reduced
thousands of complications in patients who cannot or could not tolerate enteral feeding for
prolonged periods of time. But experimentally TPN allows study of how enteral stimulation -
or lack of enteral stimulation- affects intestinal processes such as immunology while preventing
the development of malnutrition. Starved mice rapidly develop malnutrition and die within 3—
4 days; parenteral nutrition prevents this. Secondly, one might conclude that this talk is just
more babble about justifying enteral nutrition. Students and critics of this field certainly can
point out discrepancies in results between individual studies, discrepancies between meta-
analyses and so on in a the search for universal applicability of nutrition support 27 This talk
is not meant to justify enteral nutrition. My point is this: if enteral feeding really reduces
infections, particularly pneumonia, after trauma, there should be a definable reason, the reason
should measurable and it should be testable in clinical populations. If specific mechanisms
through which nutrition support works can be defined - and | suspect many exist- then small,
focused clinical trials could allow testing of the effects of a specific nutritional manipulation
on that specific mechanism in humans. If the new approach exerts a beneficial effect in the
small clinical trial, larger scale, focused studies can be implemented to test the clinical
effectiveness of the regimen using the smallest number of patients in the shortest time possible.
So, whether one come from the field of Gastroenterology, Immunology, Physiology, Medicine,
Surgery, Dietetics, Nursing or Pharmacy, current experimental work demonstrates that feeding
or not feeding the gut influences: 1. 60% of the immune system (its function and histology),
2. Systemic inflammation, 3. The immune response to injury and 4. Other issues yet to be
determined.

In our animal work, we use several different feeding models (Figure 6) including chow, a
complex enteral diet (CED), intragastric parenteral nutrition (IG-TPN) or intravenous (1V-)
TPN.28 [V-TPN and IG -TPN use the same formula to control for route of nutrient
administration. The CED provides an isocaloric, isonitrogenous comparison to IG-TPN but
provides insights into the role of fat and complex proteins and carbohydrates in GI responses.
We assume that Chow provides the normal condition and introduces both complexity of diet
and intermittency of feeding. One consistent finding in our work is that as the degree of
stimulation drops from Chow to CED to IG-TPN to IV TPN, the markers of Gl tract
immunologic integrity decrease as well.

Looking at mucosal immunity, the overall effect of parenteral feeding without enteral
stimulation is a reduction in sIgA. 1gA levels drop over successive days of TPN in both the
intestinal and respiratory tracts (Figure 7) 29 \We demonstrated the significance of those
decreases in two different experiments (Figure 8). If naive mice are infected with a mouse-
specific influenza virus, they become infected and shed the virus from the nasal passages for
approximately 10 days30. Over those 10 days, new immune cells are created, IgA is produced,
and the infection is cleared. Once immunized, a second dose of virus is cleared within a short

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2008 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kudsk

Page 5

period of time. We immunized mice with the virus, and inoculated immune mice with a second
viral dose after they feeding them chow, a CED or IV-TPN. Immunity was maintained in all
enterally stimulated mice but 50% of mice fed parenterally lost immunity and continued to
shed virus3L. In other words immune animals became non-immune when enteral stimulation
was lacking. Memory was not lost since several days of chow refeeding returned immunity of
IV-TPN mice to normal32. A second model may be more relevant to our patients, i.e. bacterial
infections. If naive animals are given increasing intra-tracheal doses of Pseudomonas (Ps)
bacteria, mortality increases from 0 to 100% as the dose increases. Immunization of mice with
bacterial antigens from that Ps decreases mortality from 90% to 10% in normal mice33. After
generating Ps immunity, we randomized mice to either Chow, CED or IV-TPN for 5 days
followed by a subsequent lethal Ps dose. Chow maintained the low mortality as did CED, but
animals fed parenterally had the same mortality as non-immune animals34. We know that both
the virus and Ps. defenses are IgA dependent after immunization so it is clear that this sIgA
reduction in our animal models seems to be an important variable.

Let’s examine the MALT system in more detail. Entry of mucosal immunity cells into the
Peyer’s Patches is dependent on two T & B cell integrins, a4p7 and L-selectin, expressed on
their surfaces which interact with ICAM 1 and MAdCAM-1 expressed on high endothelial
venules Peyer’s patches (Figure 9) S We know these are important through blocking
experiments performed in chow fed animals. Compared to lymphocytes recovered from Chow
mice, blockade of either a4B7 or L-selectin reduce cell entry and PP lymphocyte numbers.23
Blockade of MAdCAM-1 but not ICAM-1 has the same effect.23:36 We have not investigated
effects of lack of enteral stimulation on cell o4B7 or L-selectin expression yet but have focused
on MAdCAM-1 and demonstrated that over 4, 8 12, 24, 48 and 72 hours of TPN, expression
of MAACAM-1 is significantly reduced with IV-TPN (Figure 10) 7 1f animals fed IV-TPN
for five days are given an enteral diet, MAdCAM-1 expression increases to normal in Peyer’s
Patches within 12 hours.38 This is a very, very dynamic system which is extremely sensitive
to the route of nutrition which directs cells into the Peyer’s Patches. As the enteral stimulus
increases from none with 1\V-TPN to IG-TPN to CED to Chow, MAdCAM-1 expression
reflects this stimulation by increasing as well which translates into a increase or decrease in
Peyer’s Patch and lamina propria lymphocyte numbers which mirrors the MAdCAM-1 changes
(Figure 11). Does this occur in humans? Dr. Fukatsu examined the number of GALT T cells
in the lamina propria and intraepithelial space of patients undergoing elective resection of the
bowel. 39 Patients fed enterally were compared to patients been fed parenterally prior to
surgery. Using immunohistochemistry, they found that parenteral feeding significantly reduced
the number of T cells within the lamina propria (Figure 12). Thus, the human data reflects
changes seen in the animals work.

But MAdCAM-1 itself is the product of stimulation of another molecule, lymphotoxin beta
receptor (LTBR). LTPR stimulation through interaction with activated T and B cells increases
both the Th-2 cytoklne IL-4, a co-stimulant of MAdCAM-1, as well as MAdCAM-1 through
NF«B (Figure 13a). 40 5o what is the effect of lack of enteral feeding on this pathway? We’ve
not yet investigated this effect upon in NFxB but IV-TPN is associated W|th a significantly
depressed expression of LTPR compared to chow or CED (Figure 13b) 0 But association
doesn’t establish cause and effect. To establish a direct link, we administered a LTPR-
stimulating monoclonal antibody to parenteralzlly fed mice i.e. used exogenous stimulation to
drive the pathway rather than enteral feeding. 0 This stimulatory antibody given with
parenteral nutrition significantly increased Peyer’s patch cells and intestinal IgA (Figure 13c).
In addition, we blocked LTBR stimulation in chow fed mice using a ‘blocking’ fusion protein.
41 LTBR mRNA levels remained elevated due to enteral stimulation but interference with
LTBR stimulation reduced MAdCAM-1 mRNA levels(Figure 13d). In summary, lack of
enteral feeding reduces LTPBR expression, and reduces MAdCAM-1. It also reduces IL-4, but
IL-4 was studied in a different manner.

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2008 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kudsk

Page 6

Recognizing that lack of enteral feeding exerts deleterious effects upon MAJCAM-1, Peyer’s
Patch and lamina propria lymphocyte numbers and sIgA, we examined the effects on Th-2 type
IgA- stimulating cytokines together with cell phenotypes in the lamina propria. 42,43 |_ack of
enteral stimulation alters the ratio of CD4+:CD8+ cells from 2:1 level in chow fed mice to
approximately 1:1 with IV-TPN. 28 Since T cells produce cytokines, we expected —and found-
an effect on cytokines in the GALT. Normally, Th-1 type IgA-inhibiting cytokines such as
IFN, are counterbalanced by the Th-2 type IgA-stimulating cytokines, IL-4, IL-6, and IL-10.
Lack of enteral feeding together with IVV-TPN affects IL-4 and IL-10 levels and reduced their
levels without affecting the IgA-inhibitory cytokine, IFN,. As a result, as the degree of enteral
stimulation decreases from chow to CED to IG TPN to IV TPN, IL-4 levels drop (Figure 14a)
in association with reductions in intestinal IgA levels with loss of effective mucosal immunity
(Figure 14b). 42,43

But does enteral stimulation - or its absence- affect IgA transport? As shown in Figure 15, IgA
is produced in a dimeric form which becomes a complex with the molecule, polymeric
immunoglobulin receptor (plgR) expressed on the basal surface of the epithelial cell. 44 This
complex allows transportation of IgA across the cell into the lumen where part of the pIgR
molecule remains within the cell, but part of the molecule (i.e. secretory component) stays
attached to IgA converting it to sigA. This addition distinguishes it from the forms of IgA
found in the serum or within tissue. Dr. Sano studied this molecule and showed that lack of
enteral stimulation reduces levels of the pIgR protein providing the evidence that enteral
stimulation affects transport mechanisms (Figure 16).

In summary, the degree of enteral stimulation affects all of these mechanisms- lymphocyte
entry and distribution, cytokine levels, IgA production and transport, and established anti-viral
and anti-bacterial mucosal immunity. But does degree of enteral stimulation affect ability to
respond to a new infectious complication? In that regard we studied the nasal associated
lymphoid tissue (NALT) in rodents. In this system, naive T and B cells enter NALT, become
sensitized to antigens, and migrate to the cervical lymph nodes and nasal passages where IgA
is produced against the sensitizing antigen. By isolating cells from the nasal passages and
plating then in a dish coated with the antigen of interest, we can stain for the cells producing
antibody against that antigen and count the number of cells generating the antigen-specific
immune response. Using the influenza virus described earlier, antigen specific cells proliferate
over time with few appearing by 3 days but a peak at 10-13 days. 30 These immunoglobulin-
producing cells include cells producing IgA, IgM and IgG. Clinically, the infection is
eliminated during in this time as the immunoglobulins bind to the viral particles and stop the
infection. Immunity and antigenic memory exist thereafter. We immunized naive animal with
the virus and then sacrificed groups fed chow, CED or IV-TPN at 6, 10 and 13 days. Mice fed
enterally increased the populations of antigen-specific antibody-producing cells while
garenterally fed mice developed an impaired response to the infectious challenge (Figure 17).

0 Thus, lack of enteral nutrition impairs both established immunity against infections and the
ability to generate an new immune response to a novel infectious challenge.

The alterations in cytokines affect the systemic mechanisms as well as IgA production,
particularly inflammation. Figure 18a shows the role of cytokines on both the GALT and on
the vascular endothelium. IL-4 and 11-10 increase IgA production for transport to the lumen
while IFN, exerts an inhibitory effect. Normally this balance is weighted in favor of IL-4 and
[1-10. IL-4 and 11-10 also exert effects on the endothelium of the blood vessels within the GALT
by suppressing ICAM-1 expression. 45 IFN,, which suppresses IgA production, stimulates
ICAM-1 expression. ICAM-1 plays an important role in attracting neutrophils to the
endothelium leading to attachment, priming, and augmentation of their inflammatory response
to subsequent injury. Since lack of enteral stimulation reduced IL-4 and 1L-10, we examined
effect of IV-TPN upon ICAM-1 and levels of neutrophils within the gut. Dr. Fukatsu deserves
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all credit for implementing this work which seemed reasonable given Dr. Langkamp-Henken’s
serendipitous findings of increases MPO in the gut of starved rats. 21 pr. Fukatsu showed that
lack of enteral stimulation increased both ICAM-1 expression and neutrophil accumulation in
the mouse intestine (Figure 18b). 45 This is important since this interaction primes the cells.
Moore etal*#’ showed that cells primed by the gut during hemorrhagic shock were redistributed
to the lungs during resuscitation. If animals were subjected to a second insult such as ischemia/
reperfusion, these primed cells injured the lungs through the augmented inflammatory
response. Dr. Fukatsu used IV-TPN to up-regulate the ICAM-1 and tested whether it also
primed the cells. He showed that IV-TPN increased the expression of CD-18 on lung cells
reflecting their activation while IG-TPN and chow feeding produced no such activation. 48
IV-TPN “priming’ resulted in increases in lung permeability and a significantly increased
mortality (Figure 19). 49 Thus, lack of enteral feeding affect both mucosal immunity and
systemic inflammation. This observation may explain the increases in multiple organ
dysfunction noted after parenteral feeding.

Many critically ill patients, however, cannot be fed enterally due to fistulas, lack of enteral
access, profound ileus or other conditions which render them dependent on parenteral nutrition
for support. Ideally, clinicians could add something to the parenteral solution that both feeds
the patient and stimulates mucosal immunity as well. Glutamine has been studied in this regard
with the finding that a 2% glutamine added to standard amino acids increases the number of
lymphocytes within Peyer’s Patches and lamina propria, improves - but does not completely
normalize - the Th-2 cytokines, and significantly improves respiratory and intestinal IgA but
not to chow levels. 201,52 Glutamine improves anti-viral and antibacterial defenses but not
to chow levels. 90 93 |t completely returns survival of mice after gut ischemia/reperfusion to
normal however. 94 We have not investigated its effect upon pIgR yet. Surprisingly, it fails to
affect MAdCAM-1 expression. 55 These finds portend a promising area of research for
investigators.

Others surrogates for enteral stimulation are the neuropeptides. 56 The body has three nervous
systems: the central nervous system and spinal cord, the autonomic nervous system and the
enteric nervous system. The enteric nervous system is huge. There is approximately 3 meters
of nerve for every cubic millimeter of tissue in the gastrointestinal tract with the highest
concentration of these nerve fibers next to the mucosa around and within the GALT. These
nerve fibers release neuropeptides such as cholecystokinin, neurotensin, and, in humans,
gastrin-releasing peptide (GRP). GRP is a peptide released early in the cycle of feeding which
stimulates the release of other neuropeptides downstream including gastrin. Experimentally,
bombesin is used to study GRP effects since they share the same terminal 7 amino acid
sequences that provide the functional effects. The addition of bombesin to TPN returns the
lymphocyte numbers within the Peyer’s Patches and lamina propria to normal, increases levels
of the Th-2 cytokines toward normal, stimulates normal levels of intestinal and respiratory IgA
and maintains both antiviral and anti-bacterial defenses. ®7» 58, 59, 60 jyst like glutamine, it
does not function through MAdCAM-1 and probably functions via direct cell effects. 5 tis
not protective after ischemia/reperfusion injury. The neuropeptides show promise as another
field of future research which may prove to be an important pharmacologic tool.

But all of this is interesting but less relevant if it does not occur in humans. Our ability to test
some of these principles is limited since can’t randomize volunteers to enteral or parenteral

feeding and electively remove intestine except under circumstances such as Dr. Fukatsu’s work
with bowel resection. 39 But there are other avenues of access to mucosal immunity available
to clinicians. For example, we can obtain lung lavage specimens to measure airway IgA within
the epithelial lining fluid (ELF) which lines the airway surfaces. A bronchoalveolar lavage

specimen allows us to quantify the volume of epithelial lining fluid returned, the concentration
of IgA in that lining fluid and the total amount of IgA in the specimen. We obtained specimens
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from patients undergoing elective operations such as an inguinal hernia repair or
cholecystectomy and determined the baseline levels of ELF and IgA in otherwise normal
individuals. 61 We also obtained sequential specimens from trauma patients requiring
prolonged intubation and documented dramatic increases in the volume of epithelial lining
fluid, the concentration of IgA in the ELF, and total IgA recovered after injury (Figure 20).
This surprised us (serendipity!) and we examined whether this occurred in the mouse model.
61 An abbreviated, simple injury stress of neck and abdominal incisions stimulates a significant
increase in airway IgA at 8 hours in mice which returns to normal at 24 hours (Figure 21). The
mechanism for this acute IgA increase appears related to TNFa. since prior blockade of
TNFa eliminates the response. 62 \What effect does IV-TPN have on this injury response? It
completely stops it! 63

Over the years | remember many successful “Eureka” experiments and many disappointments.
I’m sure I’ve missed many pearls as well. But I am convinced that mucosal immunity is
important to our field, that it explains how enteral nutritional support protects respiratory host
defenses, and that it provides insights into potential new therapeutic options for us to use in
our patients. However, this field requires new inquisitive minds to keep the investigations
going. Please do not misinterpret this work. Parenteral nutrition is not bad, as some would have
us believe. It does what is was designed to do, that is, provide adequate macro- and micro-
nutrients to patients who would otherwise starve. It has saved thousands and thousands of lives
of people who would have died without it. However, | believe we can do better and improve
outcome by discovering, defining and understanding mechanisms in the laboratory, confirming
them in humans where possible, manipulating these mechanisms in the laboratory, and
applying promising results in our patients.

| thank you again for the opportunity to present the 2008 Jonathon Rhoads Lecture. | consider
this one of the greatest honors of my career.
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Survival vs. Malnutrition

(after infectious challenge with E. coli)
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Figure 1.

Survival of malnourished animals to an infectious challenge after nutrient manipulation.
Protein depletion significantly reduced survival compared to well nourished animals.
Refeeding improved the survival of protein depleted rats. Parenteral feeding either with or
without fat failed to improve survival.
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Blood Glucose Values

Maximum Mean

Hl Infected
1 Noninfected

4 5 (day)

Blood glucose levels in trauma patients randomized to parenteral or enteral nutrition. The figure
on the left shows maximal blood glucose levels after enteral or parenteral feeding during the
first five days. There were no significant differences in maximal blood glucoses until the fourth
or the fifth day when parenterally fed patients developed infectious complications. The right
figure shows that there were no significant differences in mean blood glucose values over the
first five days in patients who became infected compared to those that remain uninfected.
(Reproduced with permission of Kudsk et al. J Parenter Enteral Nutr. 2001;25(4):174-179)
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Permeability in rats: Serendipity

Gut Neutrophils (MPO Activity)
(Ul 5cm)

* I Chow
25 (Y] @ [ Parenteral

10
2.0 A o)

(1)
1.5 1

1.0 1

0.5

0.0
0 min ischemia 10 min ischemia

60 min reperfusion
*p<.05 vs 0 min ischemia in Chow

Langkamp-Henken et al J Parenter Enteral Nutr. 1995;19:127-132

Figure 4.

Animals randomized to parenteral feeding significantly increased gut neutrophil accumulation
(as measured by myeloperoxidase (MPO) activity) prior to ischemia. (Reproduced with
permission of Langkamp-Henken B et al. J Parenter Enteral Nutr. 1995;19:127-132)
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Mucosal Immunity
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Figure 5.
A scheme of the mucosa immune system describing the common mucosa immune hypothesis.
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Feeding Models
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Figure 6.

Animals groups used in studies of route and type of nutrition. Intravenous TPN (IV-TPN) and
intragastric-TPN (IG-TPN) control for route of nutrition. IG-TPN and complex enteral diets
(CED) are isonitrogenous and isocaloric and control for complexity of diets. Both CED and
IG-TPN are continuously infused. Chow and CED diets allow comparisons of complexity of
diet and intermittency of feeding with Chow representing normal conditions. In general, the
beneficial effects of enteral feeding on gut associated lymphoid tissue decreases as the degree

of enteral stimulation decreases.
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Respiratory

TPN Day

IgA levels in intestinal and the respiratory tract washes drop over time if animals are fed
parenteral nutrition (TPN) with no enteral stimulation (Adapted with permission of King et al
Arch Surg. 1997;132:1303-1309. Copyright © 1999 American Medical Association. All

Rights reserved).
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Left figure: In a model of continued viral infection and shedding, enterally fed mice receiving
chow or a complex enteral diet (CED) maintain normal immunity while 50% of animals fed
parenteral nutrition intravenously (IV-TPN) lost immunity. Right figure: Survival after intra-
tracheal Pseudomonas (PS) is increased by previous immunization and reduces mortality from
90% in non-immune animals to 10% in immunized Chow fed mice. Feeding animals a complex
enteral diet (CED) after immunization also improves survival but animals fed parenterally
(TPN) lose all immunity. (Right figure reproduced with permission of King et al. Ann Surg.
1999;229(2):272-278.).
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Entry into GALT: Cell/ Peyer's
Patch Interactions
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Figure 9.

T and B cells enter into the gut associated lymphoid tissue (GALT) through interaction between
ay4P7 and L-selectin on the cell surfaces with intracellular adhesion molecule-1 (ICAM-1) and
mucosal addressin cellular adhesion molecule-1 (MAdCAM-1) on the high endothelial venules
on the Peyer’s patches. Blockade of a4f7 , L-selectin or MAJCAM-1 reduced cell entry into
Peyer’s patches of chow fed mice whereas ICAM-1 blockade had no effect.
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MAdCAM-1: Kinetics
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Figure 10.

Mucosal addressin cellular adhesion molecule-1 (MAdCAM-1) expression in Peyer’s patches
drops after feeding parenteral nutrition (TPN). If animals receive TPN for five days and are
then given chow, MAdCAM-1 levels rapidly recover. (Reproduced with permission of Zarzaur
et al Surgical Forum. 2001;52:194-196 and the American College of Surgeons).
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Figure 11.

Mucosal addressin cellular adhesion molecule-1 (MAdCAM-1) expression in Peyer’s patches
(PP) drops as the amount of enteral stimulation drops from Chow to a complex enteral diet
(CED) to intragastric-parenteral nutrition (IG-TPN) to intravenous parenteral nutrition (V-
TPN). (Reproduced with permission of Fukatsu et al. Surgical Forum. 2000;51:211-214 and
the American College of Surgeons)
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GALT T Cells in Small Intestine of Adults:
Enteral Fed (21) vs. Without (6)
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Figure 12.

T cells within the gut associated lymphoid tissue (GALT) drop in the lamina propria (LP) of
patients fed only parenteral nutrition (PN) preoperatively compared to individuals fed enterally
(EN). This reached statistical significance in the Peyer’s patches (reproduced with the
permission of Okamato et al, JPEN 2005; 29: 56.)
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Figure 13.

Panel A: The interaction of activated T and B lymphocytes with lymphotoxin beta receptor
(LTBR) in the production of mucosal addressin cellular adhesion molecule-1 (MAdCAM-1)
and IL-4. Stimulation of LTBR works through NFxB system to stimulate this pathway.
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Panel B : LTBR expression on Peyer’s patches (PP) is significantly reduced in animals that
receive only parenteral nutrition (PN) compared to feeding Chow or a complex enteral diet
(CED) (Reproduced with permission of Kang et al Annals of Surgery 2006;244(3):392-399)
Panel C: Both Peyer’s patch cell numbers and intestinal 1gA significantly increased after
LTBR stimulation using a simulating monoclonal antibody (mAb) in PN mice compared to PN
fed animals receiving a non-stimulating control antibody. (Reproduced with permission of
Kang et al Annals of Surgery 2006;244(3):392-399)

Panel D: Chow feeding maintains LTBR mRNA levels while blockade of lymphotoxin a1p1
reduces MAdCAM-1 MRNA production by interfering with LTBR receptor stimulation.
(Reproduced with permission of Kang et al JPEN 2007; 31:(5) 358-365)
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Intestinal IL-4 Levels
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Intestinal interleukin-4 (1L-4) levels drop as the degree of enteral stimulation drops from chow
to a complex enteral diet (CED) to intragastric parenteral nutrition (IG-PN) to intravenous PN
(IV-PN). Simultaneously, small intestinal immunoglobulin-A (IgA) levels drop in intestinal

washings.(Reproduced with the permission of Wu et al, Annals of Surgery 1999: 229 (5): 662—

668)
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IgA Transport through the Epithelial Cell
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Figure 15.

Immunoglobulin-A transport through the epithelial cell is dependant on polymeric
immunoglobulin receptor (plIgR) expressed on the basal surface of the mucosal epithelial cells.
After plgR forms a complex with dimeric 1gA, the complex is transported across cell and
released into the lumen as secretory IgA (slgA). A small component of the plgR molecule
remains attached to the 1gA to distinguish dimeric IgA from secretory IgA.
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Intestinal pIgR Expression
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Figure 16.

Intestinal polymeric immunoglobulin receptor (plgR) expression drops as the degree of enteral
stimulation decreases from Chow to a complex enteral diet (CED) to intragastric parenteral
nutrition (IG-PN) to intravenous PN (IV-PN). (Reproduced with the permission of Sano et al
JPEN 2007; 31:(5) 351-357)
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Figure 17.

After inoculation with a new viral challenge, antibody (AB) producing cells increase in the
nasal passages (NP) of animals fed chow or a complex enteral diet (CED). Accumulation of
antibody producing cells is significantly depressed in animals fed parenteral nutrition (IV-
TPN). (Reproduced with permission of Johnson et al Ann Surg; 2003(4)565-573)

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2008 December 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kudsk

Cytokines and GALT Function

Mut_:osa Endothelium (o)
i GALT
[ 1gA Et::o U Icam-1 |
§ (ko ° 5
| 1gA v L icAme 1
_ IV-PN
| %o
|IL-4 & 1L-10
[ IgA | MPO + ICAM-1 ‘2

Cytokines and GALT Function

Mucosa Endothelium
GALT

T e ] (ko IcAM-1 |

UL-10

T

S S S S -}

O O O

lIgA IFNy ICAM-1 I
IV-PN
|
IL-4 & IL-10
l IgA l | MPO + ICAM-1 I

Figure 18.

Page 31

Figure 18a. The interaction between cytokines and gut associated lymphoid tissue (GALT)
function is shown. Interleukin-4 (IL-4) and interleukin-10 (I1L-10) stimulate IgA production
with release of IgA into the lumen while inhibiting intercellular adhesion molecule-1 (ICAM-1)
expression on endothelial cells of the vasculature. Interferon gamma (IFN,) counteracts IL-4

to inhibit IgA production and augment ICAM-1expression.

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2008 December 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kudsk

Page 32
Figure 18b: Intravenous parenteral nutrition (I'V-PN) reduces IL-4 and 1L-10 leading to an

increase in ICAM-1 expression and lower IgA. (Figures 18 aand b reproduced with permission
of Kudsk et al. Am J Surg. 2003;185(1)16-21 and The American Journal of Surgery)
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Figure 19.

Fifteen minutes of gut ischemia/reperfusion (IR) increases the mortality of animals fed
intravenous parenteral nutrition (IV-TPN) compared to animals fed chow, a complex enteral
diet (CED) or intragastric PN (IG-TPN).
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Human Lung Response After Injury
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Figure 20.

Compared to normal patients undergoing elective surgery, severely injured trauma patients
significantly increase the volume of epithelial lining fluid (ELF) recovered after
bronchoalveolar lavage and increase the concentration of immunoglobulin-A in the ELF.
Overall, there is an increase in total IgA recovered. (adapted with permission of Kudsk et al J
Trauma 2008;64(2)316-325)
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Mouse Respiratory IgA Response to Trauma
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Figure 21.

After the minor stress of neck and abdominal incisions in mice, respiratory IgA levels
significantly increase eight hours after injury compared to control. This response appears to
be driven by tumor necrosis factor (TNF) since TNF blockade eliminates the response. (adapted
with permission of Kudsk et al J Trauma 2008;64(2)316-325).
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Table 1
Glucose Control in Trauma
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Van den Berghe et al. NEJM2001;345:1359-67.

Insulin TX CONVENTIONAL

Trauma Mortality 4/33 (12.1%) 3/35 (8.6%)
Krinsley Mayo Proc 2004;79(8):992-1000

Mortality 19.5% 17.8%

Respiratory Infections 9/800 7/800
Speery et al. J Trauma 2007;63:487-494

n= 502 n=348

Gluc 1% 24 hr <200 > 200 mg/dL

Max 3d x=169 + 25 264 + 59 p<.01

134 x=127+21 135+ 27 p<.01

Pneumonia 28.9% 31.0%

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2008 December 5.



