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Abstract

The immune system is a powerful, complex entity composed of numerous cell types and regulated by autocrine, paracrine, and hormonal
mechanisms. Trauma and haemorrhagic shock induce numerous changes within this system which are ultimately deleterious and contribute
to the high incidence of organ dysfunction and infectious complications seen following injury. Regional hypoxia and depletion of
intracellular energy stores occur in response to diminishedmicrocirculatory blood flow, and these changes alter cellular signalling and result
in the release of pro-inflammatory cytokines andprostanoids which mediate further suppression of immune function. Neutrophil priming
serves to induce tissue damage in critical organ systems such as the lungs, heart, liver, and gut, further insulting the injured organism. Depression
of antigen presentation and cytokine elaboration by macrophages and other antigen presenting cells effectively prevents a normal response
from theacquiredimmunesystem, andlymphocyte-monocyteinteractionsaresquelched. The resulting depression in cellmediatedandhumoral
immunity renders the organism susceptible to microbial infection and contributes to the morbidity and mortality associated with nosocomial
infections. Hormonal modulation of the immune response is highly evident following trauma and haemorrhage, and the preponderance of
male morhidity associated with sepsis can be explained by the depression in immune function seen in males, but not females in the pro-oestrous
state. Despite the multitude of changes induced by trauma and haemorrhage, experimental studies have revealed several promising
pharmacologic interventions which may serve to blunt the effect of injury on the immune system, and render the host competent to withstand

the bacterial and viral challenges responsible for so much of the late mortality following severe injury.
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Introduction

Despite intensive research and intervention, trauma
continues to be the leading cause of death during the first
three decades of life in the USA, and currently ranks as
the fourth leading cause of mortality with over 160,000
deaths each year.! Mortality following trauma occurs in
three distinct periods. The majority of individuals who
die in the first (immediate) period suffer massive neuro-
logic trauma or rupture of the heart or great vessels, and
it is doubtful that medical intervention will play a role in
reducing mortality in this population. The second (early)
period involves death from missed or untreated injuries
(i.e. liver and/or splenic laceration), and with the imple-
mentation of the centralized trauma centre, mortality in
this period is becoming less frequent. Unfortunately, the
severely injured patient who survives his or her initial
insult is still at risk of mortality in the third (late) period
by subsequent septic complications and multiple organ
system failure.?* It has been reported that upwards of
50% of severely injured trauma patients who survive
their initial injuries will succumb days to weeks after
injury due to these complications despite appropriate

therapy.” In view of this, a significant international effort
has been undertaken to elucidate the mechanisms re-
sponsible for the poor outcome which occurs late after
trauma. Investigators have demonstrated that a rela-
tionship exists between injury and the predisposition of
these patients to develop septic complications and/or
multiple organ failure.>® In this regard, the depression in
immune function noted after injury appears to be re-
sponsible for the increased incidence of infections/sep-
sis seen in this population.® While well controlled patient
studies remain important in defining the consequences
of traumatic injury, experimental models of trauma and
haemorrhage continue to play a central role in defining
the mechanisms of immunodepression and in charac-
terizing the effects of soft tissue trauma and blood loss
on immune function.

Immune function is broadly divided into two major
categories, termed innate (or non-specific), and acquired
(or specific). The innate system is made up of several
components including macrophages (splenic and peri-
toneal macrophages, as well as hepatic Kupffer cells)
monocytes, and peripheral blood mononuclear cells
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(which comprise the reticuloendothelial system), and
complement. This system does not require pre-exposure
to foreign antigen to be active, and constitutes the bodies
first line of defence against foreign challenge. The ac-
quired system is composed of two distinct populations
of lymphocytes, T-cells and B-cells, and requires acces-
sory cells (such as macrophages) to present antigen. T-
lymphocytes are responsible for cell-mediated specific
immunity, while B-lymphocytes generate the humoral
(or antibody) response. As the name implies, the ac-
quired system develops upon exposure to foreign anti-
gen. Despite the nomenclature describing the division
in the immune system, both arms function in concert to
rid the body of foreign pathogens such as viruses and
bacteria, and are intimately interdependent.

Many studies have shown that immune function is
compromised in polytraumatized patients.” Large vol-
ume blood loss is common in the multiply injured pa-
tient, yet it is difficult to assess the relative importance of
blood loss versus soft tissue trauma or bone injury in
contributing to the noted immune depression. Thus, it is
essential to use experimental models of simple haemor-
rhage, tissue injury, and fracture to dissect the role of
severe haemorrhage in contributing to the overall im-
mune system dysfunction noted in trauma patients.
Small animal models of haemorrhagic shock continue to
yield valuable insight into the mechanisms responsible
for the immunodepression seen following acute blood
loss. Alterations in macrophage, neutrophil, T-cell, and
B-cell function have been documented, and substantial
progress has been made in elucidating the underlying
defect(s) induced by haemorrhagic shock which account
for these changes. Going beyond the cellular level, it has
become increasingly clear that factors outside the im-
mune system, such as sex steroids, also contribute to
immunodepression in the post haemorrhage state. Fi-
nally, numerous novel pharmacologic approaches aimed
at restoring immune function have been investigated in
animal models, and are available for consideration in
the treatment of trauma victims.

Animal Models of Trauma and Haemorrhagic Shock

The majority of current investigations on the effects of
trauma and haemorrhage on the immune system have
employed rodent models. The expense of large animals
as well as the lack of commerciallv available immuno-
logical assays and reagents have limited the utilization
of larger animals such as pigs, primates and dogs in
studies of immune function following haemorrhage.
There are three commonly employed haemorrhagic
shock models,? (1) the fixed pressure, or Wiggers model,
(2) the fixed volume model, and (3) the continuing
haemorrhage model. As the name implies, the fixed
pressure model involves the withdrawal of blood suffi-
cient to lower the mean arterial pressure to a fixed level.
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As described by Stephan,’ this model employs bilateral
commutation of mouse femoral arteries. One arterial
line is used to continuously monitor arterial pressure
while the other is used for blood withdrawal and subse-
qguent fluid resuscitation. In the fixed volume model
described by Abraham,®a predetermined percent of the
circulating blood volume (based on the animals body
weight) is withdrawn over a sixty second period. Fluid
resuscitation, if provided, is given by injection into the
retro-orbital venous plexus. The continuing haemor-
rhage model, although used extensively to study models
of fluid resuscitation, has not been employed in the
study of immune function following haemorrhagic shock.

In an attempt to dissect the relative contribution of
trauma and shock on immune function, many studies
employ models of soft tissue trauma concurrent with
blood loss. In a widely used model, developed in our
laboratory, animals are subjected to soft tissue trauma
prior to haemorrhage.'' Anesthetized animals receive a
midline laparotomy in order to induce trauma. The
trauma induced is not insignificant, and has been shown
to depress immune function in and of itself.'? Various
other tissue injuries and infectious insults have been
coupled with haemorrhage to study their cumulative
effects on immune function, including bone fracture,'*'*
cecal ligation and puncture (i.e. intra-abdominal
sepsis),” and pneumonia.’

The Effects of Injury on Neutrophil Function

Neutrophils are important effector cells in the innate
immune response, typically serve to phagocytize op-
sonized pathogens, and upon activation elaborate toxic
molecules and reactive oxygen species.'* Numerous in-
vestigators have shown, however, that following injury,
neutrophils are sequestered in end organs, and serve to
mediate host tissue injury.'”-2 In a series of experiments
summarized before the John H Davis Society Scientific
Symposium, ¥ Moore et al demonstrated that neutrophils
(PMNs) were “primed” by ischaemia in a rodent ischae-
mia/reperfusion model. Although these primed PMNs
did not induce tissue injury, activation of these cells by
low dose lipopolysaccharide was sufficient to induce
pulmonary PMN sequestration, pulmonary capillary
leak, and result in a 40% mortality. It was subsequently
demonstrated by the same group that PMN priming was
not limited to rodent models of ischaemia. PMNs har-
vested from severely injured torso trauma patients were
shown to exhibit enhanced in vitro 0, release, and CD1 Ib
cell surface expression was also found to be upregulated
relative to normal controls.'® Furthermore, there was a
rapid clearance of PMNs from the circulation in patients
who went on to develop multi-organ failure (MOF),
suggesting that the upregulation of CD11b leads to
tissue sequestration and end-organ injury. Again study-
ing patients with torso trauma, Botha et al* went on to
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demonstrate that PMNs obtained from injured patients
produced significantly more 0,” upon stimulation with
formyl-methionyl-leucyl-phenylalanine (fMLP) than
PMNs obtained from normal controls, indicating that
once cells primed by trauma were activated by a“second
hit,” they went on to produce high levels of reactive
oxygen species.

Using animal models of haemorrhagic shock, PMN
involvement in mediating MOF was further studied.
Romamoorthy et al* demonstrated that by blocking the
ability of PMNs to interact with endothelial cells using a
monoclonal antibody directed against L-selectin,
reperfusion injury could be minimized. L-selectin is
involved in mediating the process of leukocyte rolling,
the first step in the complex process of PMN diaped-
esis.”? Beyond mediating end organ injury via release of
toxic molecules, PMNs were also shown to regulate
splanchnic blood flow? and cardiac function® following
haemorrhage. Turnage et al,*® using a rodent model of
haemorrhage and resuscitation, demonstrated that PMN
depletion with vinblastine caused a neutropenia and
improved superior mesenteric artery blood flow follow-
ing resuscitation. It was further shown that levels of gut
produced PGL, a known mediator of splanchnic
perfusion, were preserved in neutropenic animals fol-
lowing haemorrhage. Thus, it was concluded that
neutrophils influenced splanchnic perfusion after haem-
orrhage and resuscitation by inhibiting splanchnic PGI,
release. Kapoor and Prasad® furthered these observa-
tions by reporting that resuscitation of neutrophil de-
pleted dogs subjected to 2 hours of haemorrhagic shock
did not induce a depression in myocardial contractibil-
ity and myocardial enzyme release, but that in animals
with normal PMN levels these perturbations were evi-
dent.

Additionally, PMNs from trauma and ICU patients
have been shown to be defective due to auto-oxidative
injury to their cell surface receptors.” Simms and
D’Amico® have shown that, in intensive care patients,
this defect is closely linked with the development of
nosocomial infections, and suggested that anti-oxidant
therapy may be useful in the care of the critically ill
trauma patient. Thus, following trauma, haemorrhage,
and ischaemia, alteration inneutrophilfunctionnot only
serves to mediate the development of multiple organ
failure, but also correlates with increased rates of noso-
comial infection.

The Effects of Injury on Monocyte/Macrophage Function

Mononuclear cells have two main functions in the
immune system, (1) phagocytosis, and (2) antigen pres-
entation. These cells are derived from progenitor cells in
the bone marrow, and differentiate into blood monocytes.
After migrating through blood-vessel walls they may
settle into tissues and become resident macrophages.

Examples of such cells include circulating blood
monocytes, hepatic Kupffer cells, alveolar macrophages,
and splenic macrophages.'® As antigen presenting cells,
mononuclear cells are important in regulating the ac-
quired immune system. Mononuclear cells present for-
eign antigen to both B- and T-lymphocytes, and they also
elaborate numerous cytokines which further serve to
modulate immune function. Trauma and haemorrhage
are known to depress these mononuclear cell func-
tions, " as well as increase monocyte/macrophage PGE,
production.®?%

Ayala et al”’ demonstrated that mild hypotension was
able to induce a pronounced depression in macrophage
antigen presentation, and they correlated this depres-
sion with a decrease in the percentage of Ia antigen
(MHC Class Il)-positive cells. Later studies confirmed
this observation, and indicated that this depression was
reversible by treatment with the calcium channel blocker,
diltiazem.* Further investigation by Rana et al®* re-
vealed that there was also a haemorrhage induced de-
pression in Fc receptor expression on macrophage
populations obtained from both the spleen and the liver
(Kupffercells). Studying peritoneal macrophages, Ayala
et al** confirmed a depression in Fc receptor expression
following haemorrhage, and noted a depression in C3b
receptor expression as well. Ertel et al** demonstrated
that even though MHC Class Il receptor expression was
depressed on macrophages after haemorrhage, these
cells were able to effectively present antigen if exposed
to “pre-degraded” antigen. This suggested that the im-
portant haemorrhage induced defect in antigen presen-
tation was the inability of macrophages to process (i.e.
degrade) foreign antigens.

Beyond their ability to present antigen, macrophages
are potent killing cells, and they are able to phagocytize
bacteria and tumour cells. Kupffer cells exhibited in-
creased cytotoxicity after haemorrhage. Conversely,
haemorrhage was shown to depress the cytotoxic ability
of both splenic and peritoneal macrophages when pre-
sented to tumour cells. Interestingly, production of the
cytokines IL-1 and TNF was depressed in splenic and
peritoneal macrophages, but enhanced in Kupffer cells
in this study.*' Using a model of hindlimb amputation,
Kelly et al** demonstrated depressed superoxide anion
synthesis and phagocytosis by peritoneal macrophages
following trauma. Similarly, Mayberry et al* noted a
depression in respiratory burst activity in peritoneal
macrophages following haemorrhage.

Macrophages are important elaborators of cytokines
and prostanoids, and trauma and haemorrhage have
been shown to modulate the synthesis of these com-
pounds as well. Numerous studies®#344 have shown
elevated PGE, synthesis by macrophage/monocytes
following trauma and/or haemorrhage. PGE, is a potent
inhibitor of lymphocyte and macrophage function,**
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and it has been proposed that the increased PGE, synthe-
sis by macrophages following haemorrhage is an impor-
tant mediator of the depressed immune function seen in
this state.*” Furthermore, feeding animals a diet high in
fish oil, thus inhibiting PGE, synthesis, results in normal
macrophage immune function following haemorrhage.®
The literature regarding cytokine elaboration by
macrophages following trauma and haemorrhage is
voluminous and sometimes conflicting. One thing which
seems clear is that different macrophage populations
(i.e. splenic, peritoneal, pulmonary, hepatic) are ex-
posed to different stimuli based upon their micro-envi-
ronment, and that these differences result in divergent
immune responses in the face of injury.

Splenic and peritoneal macrophages seem to exhibit a
down regulation in pro-inflammatory cytokine produc-
tion after injury. Numerous reports document a depres-
sion in IL-1,262818 [] -4 2628314849 gnd TINF*3248 elaboration
following injury. Conversely, one study has shown an
increase in TNF release after haemorrhage.™ Kupffer
cells, which appear to behave very differently from
peritoneal and splenic macrophages, show an
upregulation of pro-inflammatory cytokine production
after haemorrhage.®

Several studies have shown an increase in pro-inflam-
matory gene expressioninmacrophages following haem-
orrhage.’** Specifically, Zhu et al® demonstrated an
increase in IL-l, IL-6, TNF-a, and TGF-$ gene expression
in splenic macrophages and Kupffer cells following
haemorrhage. Although the production of cytokines
was not measured in this experiment, the authors pro-
pose that given the known depression in splenic macro-
phage production of these pro-inflammatory cytokines
following haemorrhage, a post-transcriptional mecha-
nism plays a role in the depression of macrophage
cytokine production. The alterations in splenic macro-
phage function noted in this study were found to be
consistent with changes in message expression seen in
peritoneal macrophages as well.>> Shenkar et al>** inves-
tigated gene expression of IL-1pB, IL-6, IL-10, TNF-a,
TGEF-B, and IFN-y from multiple immunologically rel-
evant sites (including the gut and lung), and found gene
expression to be enhanced. However, given the lack of
cytokine production data, and the results demonstrat-
ing uncoupling of gene expression from cytokine elabo-
ration, it is not possible to know if these elevations in
gene expression are relevant or correlate with increased
cytokine production.

The mechanisms responsible for mediating these al-
terations in macrophage/monocyte function following
trauma and haemorrhage are not clear, but it has been
suggested that defects in signal transduction,®* cAMP
regulation,®?® and calcium homeostasis®* play a role.
Depleted intracellular ATP levels have been demon-
strated in macrophages® following haemorrhage, and
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this depletion correlates with depressed antigen presen-
tation as well as a down regulation of IL-I, IL-6, and
TNF-a synthesis.” Treatment with ATP-MgCl, was
shown to increase macrophage ATP levels following
haemorrhage and also resulted in normalization of each
of these measured parameters.” It has also been shown
that performing a portocaval shunt two weeks prior to
haemorrhage prevents the depression in antigen pres-
entation by splenic macrophages, indicating that media-
tors released from the gut and active in the liver play a
role as well.¥ Furthermore, hypoxaemia in the absence
of blood loss was shown to enhance peritoneal and
Kupffer cell release of IL-I, IL-6, and TNF-a, suggesting
that tissue hypoxia can also alter macrophage function.”

The Effects of Injury on T-lymphocyte Function

T-lymphocytes play several roles in the host immune
response. They are broadly characterized as helper
(CD4+) cells and cytotoxic/suppressor (CD8+) cells.
Beyond this division, there are many further subdivi-
sions whose description is beyond the scope of this
manuscript, however it is helpful to remember that T-
cells are important producers of soluble cytokines which
affect the function of other immune cells. It was recog-
nized over 15 years ago that the T-cell mitogenic re-
sponse was depressed in humans following
multi-trauma.®* In a rodent model of haemorrhage,
interleukin-2, the most important cytokine required to
induce T-cell proliferation, was also found to be de-
pressed following haemorrhage.®

Since these early observations, numerous investiga-
tors have studied the effects of trauma and haemorrhage
on T-lymphocyte function. Stephan et al” demonstrated
that haemorrhage alone was sufficient to depress spleno-
cyte proliferation following stimulation with T-cell
mitogens, and that this depression was evident immedi-
ately after haemorrhage and persisted for at least 3 days.
It was also shown that soft tissue trauma, in the form of
midline laparotomy, was sufficient to depress T-cell
function.’? Schmand et al** examined the effects of differ-
ent injury patterns and resuscitation regimens on the
early depression of T-cell function. They found that the
depression in splenocyte proliferation, IL-2 production,
and IL-3 production seen 2 hours following haemor-
rhage was mainly dependent on the severity, not the
duration of shock, and that tissue trauma and resuscita-
tion regimen did not alter the down regulation in spleno-
cyte function. Since that time, numerous animal studies
have been performed which support the observations
that trauma and/or haemorrhage depress splenocyte
proliferation as well as the production of certain cytokines
(specifically I1L-2 and I1.-3).2831496568

Although the depression in T-cell function is known to
occur early following haemorrhage, the duration of the
depression correlates with associated injuries.**”’
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Zellweger et al®' demonstrated that trauma combined
with haemorrhage was able to depress T-cell function
beyond 5 days, whereas T-cell function had returned to
normal by that time following haemorrhage alone. Xu et
al® extended these observations in reporting that trauma
combined with haemorrhage depressed splenocyte pro-
liferation and cytokine elaboration for 7 days, but that
splenocyte function had returned to baseline by 10 days
after the injury. Furthermore, Wichmann et al”® demon-
strated that the addition of long bone fracture to
haemorrhagic shock further depressed splenocyte pro-
liferation, and splenocyte IL-2 and IL-3 production, 72
hours after injury. It has also been shown that the normal
increase in osteoblast activity after fracture is depressed
following haemorrhage.”

Depression of T-cell IL-2 synthesis has been demon-
strated in human models of severe trauma as well,*7
and overproduction of PGE, by monocytes has been
suggested as one mediator of this depression in man.*
Recent work out of the laboratory of Miller-Graziano™”*
suggests that there are at least three distinct phases of T-
cell depression following multi-trauma in humans. It
was noted that some trauma patients do not have a
depression in T-cell mitogenic response (phase I). An-
other subset of patients exhibits a monocyte dependent
depression in T-cell function which does not occur in
purified T-cell populations (phase Il). Yet another subset
of patients has depressed T-cell function independent of
monocyte activity (phase Ill), and it is this group of
patients who run the highest risk of mortality.”

As noted above, division of T-lymphocytes into two
broad subsets is simplistic, and does not fully describe
the diversity of T-cell phenotypes. Helper T-cells have
also been divided into subsets referred to as Th1l and
Th2. The Th1 type cell produces such cytokines as IL-2
and interferon-y, and is believed to drive T-cell activity,
including proliferation. On the other hand, Th2 cells
produce a different set of cytokines, notably IL-4 and IL-
10, which are believed to drive the humoral (B-cell
mediated) immune response. Previous work in the field
of thermal injury indicated that burns induced a Th2
response,” and it was suggested that this accounted for
the depression in T-cell function seen following that type
of injury. Recent work from Abraham and Chang,’ and
Mack et al*® has shown that this may be the case follow-
ing haemorrhage as well.

The Effects of Injury on B-lymphocyte Function

B-lymphocytes are responsible for producing the anti-
bodies which contribute to specific humoral immunity.
It remains unclear if trauma and/or haemorrhage in-
duces a depression in circulating immunoglobulin (Ig)
levels, as there are reports that Ig levels decrease” or
remain unchanged” after injury. It seems reasonable to
assume that in an animal resuscitated with large vol-

umes of crystalloid, circulating Ig levels would be di-
luted. However, Dawson et al,”® studying serum ob-
tained from injured human patients, found no depression
in gamma-globulin fraction by protein electrophoresis
following injury. The patients included in this study
were not severely injured by the authors admission, and
only one had a transfusion requirement greater than 4
units of packed red blood cells. In contrast, using a
mouse model of haemorrhage, Abraham and Freitas”
demonstrated a 40% decrease in serum immunoglobu-
lin levels on day 3 after haemorrhage, which returned to
baseline by post-haemorrhage day 5.

When considering the ability of B-cells to synthesize
immunoglobulins following trauma and/or haemor-
rhage, several authors have demonstrated that this is in
fact depressed by injury”””*® Abraham et al,”’* again
using a murine haemorrhage model, demonstrated that
there was a depression in the percentage and number of
pulmonary B-cells which were able to produce antibody
against specific bacterial antigens following haemor-
rhage. This resulted in depressed titres of bacterial anti-
gen specific IgA levels which persisted for over 35 days.
Similar experiments using B-cells derived from the
spleen® and the gut (Peyer’s patches) also revealed a
depression in bacterial antigen specific clonal precur-
sors.

Richter et al,® in a study evaluating the response of B-
cells to trauma and surgery, demonstrated that trauma,
but not elective surgery, resulted in depressed immu-
noglobulin synthesis by circulating B-cells. In another
study of human trauma patients, Teodorczyk-Injeyan et
al® demonstrated a 30% to 90% depression in immu-
noglobulin synthesis by peripheral blood mononuclear
cells (PBMC'’s). This depression was noted to correlate
with elevated tumour necrosis factor-alpha (TNF-a)
secretion by the PBMC’s. Furthermore, when TNF-a
activity was partially blocked using a neutralizing
monoclonal antibody, the immunoglobulin secretion
was restored. However, if high dose anti-TNF antibody
was administered, thus totally neutralizing TNF-a
bioactivity, secretion was eradicated, suggesting that
some degree of TNF production is necessary for appro-
priate B-cell function. Finally, it has been demonstrated
that immunization within 24 hours of haemorrhage
results in a 50% depression in antigen specific plasma
cells relative to sham controls.® Thus, although it re-
mains unclear whether circulating immunoglobulin lev-
els are depressed in response to trauma and haemorrhage,
it is clear that B-cell function is deleteriously affected in
the post-injury state.

The Role Of Sex Steroids in Mediati ng Immune Depression
Following Injury

Virtually all of the animal studies summarized above
have utilized male rodents as test subjects. Of the clinical
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studies, the vast majority of patients enrolled were male,
as would be expected given the predominance of male
trauma victims.®># |t has also been noted in several
studies that the incidence of sepsis is higher in males
than it is in females.**" These observations led to the
hypothesis that female animals would exhibit less im-
munosuppression following haemorrhage than their
male counterparts. When studying this, Wichmann et
al”? demonstrated that immune function in pro-oestrous
females was, in fact, enhanced following trauma and
haemorrhage. Splenocyte proliferation, splenocyte
cytokine production (IL-2 and IL-3), and macrophage
cytokine production (IL-1 and IL-6) were all found to be
depressed after haemorrhage in males. In contrast, fe-
males in the pro-oestrous state demonstrated increased
splenocyte proliferation, splenocyte cytokine produc-
tion, and macrophage cytokine production. Females in
the diestrus state also exhibited enhanced immune re-
sponses, but not to the extent seen in pro-oestrous fe-
males. Interestingly, serum corticosterone levels, known
to increase in males following haemorrhage, were found
to decrease in pro-oestrous females after haemorrhage.
Zellweger et al®® demonstrated that this gender dimor-
phism in immune function correlated with improved
survival following intra-abdominal sepsis. In a rodent
model of cecal ligation and puncture (CLP), male ani-
mals were found to have depressed splenocyte IL-2 and
IL-3 release, whereas females maintained normal
cytokine release after induction of sepsis. In addition,
pro-oestrous female mice had a significantly higher
survival rate than male mice following CLP.

To determine the role of testosterone in mediating
immune suppression, a series of castration studies were
carried out by Wichmann et al.*** Male mice castrated
two weeks prior to trauma and haemorrhage were found
to maintain normal splenocyte function after injury, as
opposed to depressed function seen in non-castrated
males. This change could not be attributed to changes in
corticosterone release, as levels were similar in the
trauma-haemorrhage groups irrespective of castration
status.”* Furthermore, macrophage function, as meas-
ured by the production of IL-1 and IL-6 was found to be
maintained in castrated animals following trauma and
haemorrhage, whereas it was depressed in non-cas-
trated animals.”

Although these studies suggest that testosterone is
responsible for mediating the immune depression seen
following trauma and haemorrhage, it remained possi-
ble that other hormone levels were effected by castration
as well. In a study designed to determined if testosterone
administration had deleterious effects on immune func-
tion, female mice received continuous testosterone
therapy via subcutaneous testosterone pellets. In this
study, Angele et al*® showed that in females pretreated
with testosterone for nineteen days prior to trauma and
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haemorrhage, splenocyte proliferation as well as spleno-
cyte IL-2 and IL-3 production were depressed to levels
equivalent to injured male animals whereas untreated
females had no depression in immune function. It was
noted that females pretreated with testosterone did have
circulating levels of testosterone comparable to male
animals, however, their circulating estradiol levels were
similarly depressed to the level of male animals. Thus, it
was concluded that high testosterone levels and/or low
oestrogen levels were responsible for producing spleno-
cyte immune depression following trauma and haemor-
rhage. In a study of macrophage function under similar
conditions, it was demonstrated that females pretreated
with testosterone had immune depression similar to
males, whereas untreated females exhibited no depres-
sion in function following trauma and haemorrhage.” It
was further shown that the pharmacologic blockade of
testosterone using the androgen antagonist flutamide
was able to restore both splenocyte and macrophage
function following trauma and haemorrhage.” This res-
toration of immune function was shown to be function-
ally relevant, as animals subjected to a “two-hit” model
of haemorrhage followed by sepsis demonstrated im-
proved survival when treated with flutamide after haem-
orrhage.”

The mechanisms of testosterone’s deleterious effects
on the immune system have not yet been elucidated, but
it is known that immune cells posses receptors for andro-
gens and oestrogens.!®1% Additionally, Remmers'** has
shown that the depression in cardiac function normally
seen following trauma and haemorrhage can be pre-
vented by testosterone depletion (i.e. pre-castration) of
animals prior to haemorrhage. Thus, sex steroid hor-
mones may play a role by directly activating lymphocyte
and macrophage function, or they may modulate im-
mune function by altering tissue perfusion after trauma
and haemorrhage.

The Use Of Immunomodulatory Agents Following Injury

The hallmark of trauma care remains fluid resuscita-
tion, haemodynamic monitoring, and the judicious use
of antibiotics. However, despite optimal therapy, sepsis
syndrome and multiple organ dysfunction syndrome
remain major clinical challenges in the care of the criti-
cally injured patient.’™ Numerous pharmacologic agents
have been employed in the laboratory to modulate im-
mune function following trauma and haemorrhage, and
several show promise for future therapeutic use. The
more widely studied compounds include ATP-MgCl,,
nonanticoagulant heparin, chloroquine, calcium chan-
nel blockers, cyclooxygenase inhibitors, anti-cytokine
antibodies, pentoxyfilline, and recently, flutamide and
dehydroepiandrosterone (DHEA).

The depletion of intracellular energy stores which
occurs following trauma and haemorrhage has been
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well documented.” Administration of ATP-MgCl, has
been shown to restore tissue ATP levels and improve
organ function.'®1%” Meldrum et al'® demonstrated that
haemorrhagic shock depressed splenocyte ATP levels,
and that this depression correlated with a suppression in
IL-2 and IL-3 production by these cells. Treatment with
ATP-MgCl, improved both intracellular ATP levels and
cytokine production. Moreover, infusion of ATP-MgCl,
following haemorrhage has been shown to restore the
depressed peritoneal macrophage antigen presentation
capacity.'®”

The pathophysiology of haemorrhagic shock includes
depressed microcircultory blood flow, and it has been
shown that preheparinization of animals prior to haem-
orrhage preserves blood flow in the microcirculation.!'
Obviously preheparinization of trauma patients is not a
relevant clinical strategy, however, Zellweger et al®
demonstrated that the use of a novel, nonanticoagulant
heparin (GM1892) following haemorrhage was able to
improve both splenocyte IL-2 and IL-3 release as well as
macrophage IL-6 release. It has been further demon-
strated that GM1892 improves cardiovascular and hepa-
tocellular function following haemorrhagic shock, and
that it decreases susceptibility to subsequent sepsis.'"

Chloroquine, an inexpensive compound used widely
in the treatment of malaria and rheumatoid arthritis, is a
potent inhibitor of the inflammatory response.!'*!*
Chloroquine has been shown to inhibit macrophage
TNF-a transcription after haemorrhage,'” and to im-
prove Kupffer cell antigen presentation in the same
setting.'"* Moreover, Ertel et al* have demonstrated that
mortality from intra-abdominal sepsis following haem-
orrhage is significantly lessened in animals treated with
chloroquine after resuscitation. Finally, chloroquine has
been shown to depress the endotoxin mediated release
of pro-inflammatory cytokines in a dose dependent
manner from human peripheral blood mononuclear
cells.!'® Thus, chloroquine appears to block the exuber-
ant production of pro-inflammatory cytokines follow-
ing trauma and haemorrhage, thereby maintaining
immune function and decreasing susceptibility to sep-
sis.

Basal intracellular calcium levels have been shown to
be elevated following haemorrhage, and it has been
shown that this is due to an influx of extracellular
calcium.12 Meldrum et al** demonstrated that
diltiazem restored splenocyte (IL-2, IL-3 release) and
macrophage function (IL-1, IL-6, and TNF release), and
prevented anincrease in resting cell calcium levels after
haemorrhage. Subsequent studies have also shown that
diltiazem improves the survival of animals subjected to
haemorrhage and subsequent intra-abdominal sepsis.'”

Eiocosanoids, particularly PGE,, have been implicated
in down regulating immune function,®®* and studies
have shown that PGE, levels play a role in depressing

immune function after injury,”'? In this regard, Ertel et
al'® have shown that inhibiting haemorrhage induced
PGE, synthesis by treating with ibuprofen immediately
following resuscitation improves survival in animals
subsequently exposed to intra-abdominal sepsis. In the
same study, it was also shown that ibuprofen treatment
restores splenocyte proliferation, as well as splenocyte
and macrophage cytokine release following haemor-
rhage.

Tumour necrosis factor-alpha, which is elevated sys-
temically in response to bacterial lipopolysaccharide
(LPS)'* and haemorrhage,” is believed to play a key role
in the pathogenesis of the sepsis syndrome. Studies
using anti-TNF monoclonal antibodies have shown them
to be protective in rodents administered lethal doses of
LPS or live gram-negative bacteria.'®'?® Using a
haemorrhagic shock model, Ertel et al'* demonstrated
that anti-TNF antibodies administered prior to blood
loss attenuated the suppression of Kupffer cell antigen
presentation and Ia expression, and restored the ability
of cultured Kupffer cells to produce TNF and IL-I.
Moreover, peritoneal macrophage antigen presentation
and splenocyte proliferation and cytokine production
(IL-2 and interferon-y) were restored by pre-treatment
with anti-TNF antibody prior to haemorrhage.”™ De-
spite these positive results, clinical trials with anti-TNF
antibodies in humans have had unsatisfactory results
thus far.’3132 The reason for the poor efficacy may be the
polymicrobial nature of sepsis in the human population
studied. It has been reported that the immune response
to cecal ligation and puncture, which produces a pol-
ymicrobial infection, is different from that elicited by
LPS alone,'*® thus, more accurate modelling of the clini-
cal scenario (i.e. the use of cecal ligation and puncture in
place of either endotoxaemia or simple gram negative
infection) may prevent problems like this in the future.

Pentoxifylline, a methylxanthine derivative known to
inhibit cyclic-AMP phosphodiesterase and increase in-
tracellular cAMP levels,™* has also been shown to de-
crease the ‘susceptibility to sepsis following
haemorrhage.'® This study indicated that pentoxifylline
administration following resuscitation restored the nor-
mally depressed cardiac output and improved tissue
perfusion in the post-haemorrhage state. Whether this
improvement in cardiovascular function is responsible
for the beneficial effects of pentoxifylline on immune
function remains unknown. Using models of intra-ab-
dominal sepsis in the absence of haemorrhage, it has
been shown that pentoxifylline reduces mortality and
improves immune function.*1% Pentoxifylline is also
known to down regulate TNF productionin macrophages
following endotoxaemia,'®*% thus it seems to exhibit
both immune enhancing as well as cardioprotective
properties.

The role of sex-steroids in mediating the depression in
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immune function following trauma and haemorrhage
has been summarized above. It bears repeating, how-
ever, that testosterone, oestrogen, and prolactin seem to
play a role in modulating immune function. Prolactin, a
24-kDa polypeptide hormone secreted by the anterior
pituitary is known to have immunoenhancing activ-
ity. 142 Following trauma and haemorrhage, spleno-
cyte® and macrophage® function are restored by prolactin
administration. Prolactin has also been shown to im-
prove survival in animals subjected to intra-abdominal
sepsis following trauma and haemorrhage.? Moreover,
the elevated gene expression of pro-inflammatory
cytokines in Kupffer cells was found to be abrogated by
treatment with prolactin following resuscitation.*Thus,
prolactin may play a role not only in improving immune
cell function, but also in preventing excessive expression
of pro-inflammatory cytokines after trauma and haem-
orrhage. Interestingly, the commonly used anti-nausea
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drug, metaclopramide, which works by antagonizing
dopamine receptors in the hypothalamus, has been
shown to increase prolactin levels.'* It is not surprising
then, that metaclopramide administration following
trauma and haemorrhage improves immune function.'*®

The androgen receptor antagonist flutamide has also
been shown to be a useful adjunct in improving spleno-
cyte and macrophage function® as well as reducing
susceptibility to intra-abdominal sepsis® following
trauma and haemorrhage. Moreover, flutamide admin-
istration has been shown to preserve hepatic and cardiac
function after trauma and haemorrhage.” Recent work
from our laboratory has shown that the steroid hormone
dehydroepiandrosterone (DHEA) improves splenocyte
proliferation and cytokine production when adminis-
tered after resuscitation.*¢ Finally, we have shown that
oestrogen, administered to castrated males, maintains
immune function in mice subjected to trauma and haem-
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orrhage.'
Overview

The alterations in tissue perfusion and cellular func-
tion following haemorrhage and trauma are myriad and
complex (Fig. 1). We propose that haemorrhage induces
a depression in tissue perfusion which is particularly
profound at the level of the microcirculation. This de-
crease in perfusion leads to regional tissue hypoxia and
accumulation of metabolic wastes, leading to acidosis.
Concomitant with this is the systemic release by the
neuroendocrine axis of stress hormones including
catecholamines and glucocorticoids. Both catecholamines
and glucocorticoids are known to be immunosuppres-
sive, and contribute to the down regulation of immune
function after injury. Moreover, haemorrhage and trauma
lead to the overproduction of numerous soluble media-
tors which depress immune function.

Kupffer cells release pro-inflammatory cytokines in-
cluding IL-l, IL-6, and tumour necrosis factor-a in re-
sponse to both tissue hypoxia and soluble mediators
released from the gut. In addition, PGE, synthesis is
induced, which further serves to down regulate both
lymphocyte and macrophage function. Beyond elabo-
rating soluble mediators of immune suppression, Kupffer
cell antigen presentation, MHC Class |l receptor expres-
sion, and phagocytosis are inhibited, leading to an over-
all depression in the function of both the specific and the
non-specific immune system.

Neutrophils, which are demarginated in response to
stress hormones, circulate through the gut and are
primed. These primed cells then accumulate in impor-
tant end organs such as the myocardium and lungs, and
in response to circulating pro-inflammatory cytokines
or infectious challenge, become activated. These acti-
vated neutrophils then release toxic oxygen species and
proteolytic enzymes, inducing organ damage and dys-
function.

Tissue macrophages (splenic and peritoneal in par-
ticular) undergo a down regulation due to circulating
prostanoids, glucocorticoids, and the effects of hypoxia
(Table 1). These cells loose their antigen presenting capa-
bilities, and fail to produce cytokines in response to
stimulation by bacterial products. T-lymphocytes ex-
posed to hypoxia have depressed intracellular ATP
levels and loose their ability to regulate calcium flux.
Although there is no change in T-lymphocyte populations
as detected by cell surface antibodies, T helper cells
produce decreased amounts of interleukin-2 and have a
diminished capacity to proliferate. It also appears that
the helper cell population undergoes a phenotypic selec-
tion in which T helper-2 cells predominate, and anti-
inflammatory cytokines such as IL-4 and IL-10 are
released. Again the effects of glucocorticoids,
catecholamines, and prostanoids contribute to the de-

TABLE I: CELLULAR PRODUCTION OF IMMUNOMODULATORS
FOLLOWING TRAUMA AND HAEMORRHAGE

Cell population Cytokine Effect References

Kupffer cells IL-l, IL-6, TNF-a, TGF-B 4  30,51,59
PG. b 114120
Splenic/Peritoneal IL-1, IL-6, TNF-o. ¢ 26,28,29,31,32,48,
49,58
Macrophages PGE, 4 39,43,130
T-lymphocytes IL-2, IL-3, IFN-y ¢ 28.31,49,
64-70,146,147
IL-4, IL-10 Ao13.76

pression in T-cell activity. Finally, fewer antigen specific
B-cells appear to be available to respond to antigenic
challenge, lessening the antibody response to newly
encountered antigen as well as vaccination.

All of the changes described above occur in the context
of the overall hormonal milieu of the animal, with testo-
sterone mediating many of the deleterious effects of
haemorrhage while prolactin and estradiol protect
against them. The use of immunomodulatory therapy in
the laboratory setting has been promising, with agents
such as ATP-MgCl,, flutamide, prolactin, oestrogen,
chloroquine, metaclopramide, and DHEA improving
immune function. However, the lessons learned from
the application of anti-TNF antibodies in septic patients
serve to remind us that it remains difficult to model
human trauma. Patients evaluated and treated in trauma
centres typically receive multiple interventions includ-
ing blood transfusions, inotropic agents, anti-
inflammatories, and analgesics, all of which are known
to suppress immune function. The effects of many of
these interventions have not been fully studied in the
period following trauma and haemorrhage, and they
may act synergistically and through different pathways
to contribute to immune dysfunction. Other important
factors not yet well studied include age, overall health
(i.e. comorbidities), and nutritional status of the injured
patient. Thus the complex and multifaceted signals and
counter-regulatory signals which are perturbed by
trauma and haemorrhagic shock require further investi-
gation, and it is assured that shifts in our current para-
digms will result from further in depth studies of this
important clinical problem.
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