Arch Immunol Ther Exp, 2005, 53, 321-328 Www AITE-ONLINE ORG

PL ISSN 0004-069X

Received: 2005.01.03
Accepted: 2005.02.24
Published: 2005.08.15

Review

Monocyte-related immunopathologies
in trauma patients

Krzysztof Laudanski and Dorota Wyczechowska

University of Rochester Medical School, Department of Surgery, Rochester, NY 14642, USA

Source of support: self financing

Key words:

Summary

Mechanical trauma is one of the most important causes of morbidity in the developed
world. The response of the immune system to mechanical insult is of paramount impor-
tance for the patient’s recovery. Shortly after trauma, the indiscriminate saystemic inflam-
matory response syndrome (SIRS) is mediated by circulating monocytes (MOs) and other
innate immunity components. Then acquired immunity, limited to the offending
pathogen and the site of injury, gradually preponderates. SIRS is followed by the com-
pensatory anti-inflammatory response syndrome (CARS), where the initial inflammatory
response is quenched by anti-inflammatory mediators. This precisely regulated process of
immune system activation in response to trauma can be easily deviated, resulting in multi-
organ failure (MOF) and increased mortality. Excessive activation of inflammatory MOs
in the SIRS phase, premature or exorbitant CARS, a predominance of macrophages
(Macs) in the blood stream and peripheral tissues, as well as a depletion of dendritic cells
are often seen in trauma patients and contribute to the development of MOF. Here we
explore several mechanisms of pathological M@ activation in patients with severe mechan-
ical traumatic injury without accompanying sepsis.
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CARS - compensatory anti-inflammatory response syndrome, SIRS - systemic inflammatory response syndrome,
MO - monocyte, DC - dendritic cell, Mac — macrophage, MOF — multi-organ failure, TLR - Toll-like receptor,
M-CSFR — M-CSF receptor, GM-CSFR — GM-CSF receptor; IFN-y - interferon y, LPS - lipopolysaccharide, HSP - heat
shock protein, MHC Il - major histocompatibility complex type 11, TGF- — transforming growth factor j,

mTNF-a — membrane-bound tumor necrosis factor a, sTNF-a - secreted TNF-a, COX-1 - cyclooxygenase 1,

ROS - reactive oxygen species, HMG-1 — high-mobility globulin 1.
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INTRODUCTION

Severe mechanical trauma is one of the leading caus-
es of morbidity in the developed world*. Appro-
priate performance of the immune system is crucial
for the prompt recovery of trauma victims. However,
in 20-30% patients, increased leukocyte apoptosis,
aberrant monocyte (M@) activation and differentia-
tion, T cell anergy, or other immune system patholo-
gies are present? 47§ 9 26,27, 31, 32, 40, 45,47, 59, 62, 64 We
believe that aberrations in the function and/or differ-
entiation of monocyte-lineage cells are pivotal in the
development of trauma-related immunopathologies.
Since M@s bridge innate and adaptive immunity,
their dysfunction profoundly affects the whole
immune system, inevitably leading to unfavorable
clinical outcome® '3 14 2343, 44 Our review is inten-
tionally limited to data obtained exclusively from
human studies, since there are several differences
between human and animal models®. We also focus
our analysis on data obtained from trauma victims
without sepsis, since this co-morbidity has several dis-
tinctive characteristics?" 22,

IMMUNE SYSTEM ACTIVATION
AFTER MECHANICAL TRAUMA

Even minor trauma, such as laparoscopic surgery,
results in a profound reaction from the immune sys-
tem®>3!, Thus it is not surprising that major traumat-
ic events (a car accident, fall, body injury due to
assault) have a significant effect on the immune sys-
tem” 131924 Tissue injury and the invasion of various
pathogens into the organism result in the activation
of the coagulation cascade, platelets, neutrophils,
and M@s, providing optimal response to the mechan-
ical insult. This generalized and unspecific response
is called the systemic inflammatory response syn-
drome (SIRS) and is mediated by the M@-Toll-like
receptor (TLR) system and other components of
innate immunity (Fig. 1)%3% 43448 Later in SIRS, the
unopposed pro-inflammatory innate response is
gradually replaced by dendritic cell (DC)-controlled
T and B cells** %48, Excessive SIRS may lead to col-
lateral tissue damage and multi-organ failure (MOF),
but in the majority of patients in SIRS it is followed
by the compensatory anti-inflammatory response
syndrome (CARS; Fig. 1)*> 3355, The magnitude of
CARS-stage immunosuppression is directly related
to the initial magnitude of the SIRS response. CARS
results from the delayed production of anti-inflam-
matory interleukin (IL)-10, transforming growth fac-
tor (TGF)-B, and PGE,, the emergence of T helper
(Th)2 cells, stimulation of the leukocytes by apoptot-
ic and necrotic cell bodies, and cytokine- and activa-
tion-induced M@ apoptosis'> 2> 31, However, if

Direction and magnitutde of the immune response

Figure 1. Several trajectories of the immune response may devel-
op in trauma patients, leading to recovery or multi-organ failure
(MOF). Solid line depicts the classical immune response to severe
mechanical trauma. Dotted lines describe situations with exagger-
ated SIRS response, leading to recovery or death. Broken lines
represent subjects with premature or overwhelming CARS
response, leading to recovery or MOF.

CARS occurs prematurely, or if there is an addition-
al insult (e.g. sepsis or respiratory failure), profound,
CARS-related M@ deactivation might result in an
unfavorable clinical outcome due to the suppressed
functions of the immune system (Fig. 1).

MQ FUNCTIONS UNDER RESTING CONDITIONS
AND AFTER TRAUMA

After emerging from the bone marrow, M@s circu-
late in the blood stream for 1-3 days?. These MOs
are naive, pluripotent cells which can become activat-
ed MOs or differentiate into several offspring cells,
such as DCs, macrophages (Macs), osteoblasts,
endothelial cells, smooth muscle cells, fibroblasts, or
microglia cells (Fig. 2)> 132363 %4 This extraordinary
developmental plasticity is a hallmark of M@s and is
surpassed only by stem cells.

Based on flow cytometry, several subpopulations of
peripheral blood M@s can be distinguished™ *. Some
of these cells are precursors of various DCs (IL-
-4R*GM-CSFR*, CD11lc* M@) and macrophage
(M-CSFR* M@) populations, whereas the majority
of M@s are sentinel, immature cells® 2 ¢!, These
M@s express TLR and several cytokine receptors
(M-CSFR, GM-CSFR, IL-6R, IL-4R, IL-3R, IL-10R),
and are characterized by moderate phagocytosis and
antigen-presenting cell capabilities (Fig. 3A and B,
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Figure 2. Activation and differentiation of M@s into DCs or Macs.

Table 1)>1213.14.23,31,64 These functions can be rapid-
ly activated upon stimulation by lipopolysaccharide
(LPS), Gram-positive bacterial compounds, heat
shock proteins (HSP), fibrin split products, dead
cells, and complement'? 33!, Under moderate stimu-
lation by the aforementioned products, naive M[s
become activated cells characterized by significantly
increased production of interleukin (IL)-13 (111 ),
moderate secretion of secreted tumor necrosis factor
(sTNF)-a (1), and up-regulated surface expression of
MHC class I molecules (Table 1) 1113274 M@
activation is further supported by Thl-secreted inter-
feron (IFN)-y, hereas Th2-specific cytokines rather
quench or alter classical M@ activation'> 23192, In
general, M@ activation causes an increase in the core

A APC,
11 1-12p70
TTmas

B
Healthy subject

A Trauma patients with MOF

DC

S[133 JALEN —

Figure 3. Specific features of M@ds, Macs, and DCs create a func-
tional continuum (A) which is well-balanced in healthy subjects (B).
However, in trauma patients a significant shift is observed related
to the pathological reaction to injury (C).

body temperature, expression of the new MHC class
II molecules on non-classical immune system cells
(endothelia, fibroblasts), hemodynamic changes
(heart rate, vascular tone, glomerular filtration rate),
and general activation of the immune system®.

Table 1. Receptors and cytokines characteristic of different M@ subpopulations

Resting MO Activated MO Inflammatory MO DC Resident Mac Inflammatory Mac
Surface receptors  TLR2, TLR4 MHC lI111 CD14*CD16*HLA-DR* CD1a* Microsialin*, ED2*, CD163*

GM-CSFR, M-CSFR, TLR41, TLR2t CD64*11 CD83* SIGLEC-1*, MARCO*,  MRP8/14*

IL-6R, IL-4R, IL-13R GM-CSFRt, M-CSFRt, CD25* CD209* CD206* CD16*

CD11c*, CD11b*, CD14*  IL-6Rt, IL-4R1, CD11b* BDCA3*

HLA-DR* IL-13Rt, CD11bt
Cytokine none STNF-a11 mTNF-at111 IL-12111 Mac-specific factors mTNF-at 11
production IL-1B11 PGE, IL-1511 IL-1811

IL-411
Compounds naive cells LPS, SEB, com- M-CSF, GM-CSF, IL-4+GM-CSF  Local tissue environment  IL-13, IFN-y, IL-4
responsible plement product, combined stimulation  IL-13+GM-CSF - tissue specific factors, alone eotaxin,
for differentia- HSP, fibrin split by LPS, SEB, com- IL-3 M-CSF, IL-6, GM-CSF  M-CSF, IL-6,
tion to mature product, IL-13. plement, HSP, fibrin, GM-CSF
offspring IFN-y and other danger
signals

Another se- NO NO111 NO111
creted products ROS ROSt11 ROS1 11
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Ultimately, the offending pathogens are expunged
and damaged tissues are repaired, with important
M@ contribution'” 2> 28, Then the activated M@s
undergo spontaneous or [L-4-mediated apoptosis, or
their action is inhibited by Th2-specific cytokines
such as IL-10, TGF-B, and PGE, !> 3!,

Another aspect of MO function is their ability to dif-
ferentiate into Macs or DCs> % 22 46, Under resting
conditions, the emergence of mature offspring from
specific M@ precursors has a low turnover, but this
can be greatly enhanced by the maturation of naive
peripheral blood M@s in trauma?. This pool of naive
M@s provides the immune system with great flexibil-
ity in response to stimuli. Macs are characterized by
an extraordinary phagocytic activity and the ability to
produce pro-inflammatory cytokines (sTNF-at11 ,
IL-1B1) and free radicals (ROS)'* 2>, Under physi-
ological conditions, M@ - Mac differentiation
employs a complicated process involving chemokine-
driven taxis, endothelium-M@ interactions, and the
intertissue lattice environment> '>2331, These emerg-
ing cells are described as resident macrophages and
exhibit several tissue-specific features?. Resident
Macs cannot proliferate and their turnover is very
slow, so they cannot be rapidly expanded. The slow
physiological process of M@ - resident Mac differen-
tiation can be greatly enhanced by the rapid emer-
gence of inflammatory macrophages, since activated
M@s are more sensitive to Mac-differentiation stim-
uli due to the increased expressions of M-CSFR,
IL-6R, IL-4R, and GM-CSFR (Table 1)% 13 27.
Additionally, the serum cytokine environment (1 IL-6,
1 TNF-a) supports intravascular Mac differentiation
from circulating M@s3! 432, After the inflammatory
process ceases, inflammatory Macs undergo apopto-
sis or adapt to the particular tissue environment, with
subsequent transformation into resident, tissue-spe-
cific Macs? 3.

DC:s are crucial elements of acquired immunity since
they can capture, process, and present different anti-
gens to effector cells™?2. By stimulating antigen-spe-
cific clones of T and B cells, they transform indis-
criminate, innate immunity into a highly specific and
effective immune response* . This transformation
of immune system activation from an innate type to
an acquired one is crucial, since the acquired immune
response is limited to the insult and/or offending
pathogen. As innate immunity lacks such specificity,
it often harms healthy tissues and has adverse sys-
tematic effects (e.g. MOF). The extraordinary DC
potency to induce and regulate acquired immunity
results from their very high surface expression of
MHC II molecules, the presence of a variety of mod-
ulating molecules (CD80, CD86, ICOS-L, PD-1L1,

PD-1L2, CTLA-4), and their secretion of several
stimulatory cytokines, such as IL-12 and IL-15'% 1543
4,56 A great deal of controversy exists as to the ori-
gin of different DC subpopulations> ' 23 %, Tt was
shown that not only CD34* precursors, but also naive
M@s, specific precursory monocyte populations
(CDl11c"), and even granulocyte progenitor cells dif-
ferentiate into DCs under certain conditions* 4 6,
In healthy subjects, the differentiation of specific pre-
cursors (CD11c*, CD34%) is the main source of DCs.
However, in trauma the population of circulating
M@s is probably a much more important source of
DC precursors, since they can differentiate into DCs
in vitro and are easy to recruit.

ABERRANT M@ ACTIVATION IN TRAUMA

Under normal activation, MOs produce large quanti-
ties of pro-inflammatory cytokines (sTNF-ar,
IL-1B111 ) and ROS and migrate and differentiate
into the nidus of infection'® 3 3, Usually, such
a response is continuously adjusted to prevent unfa-
vorable collateral tissue damage and systemic symp-
toms (MOF, septic shock syndrome). However, in
some trauma patients an overwhelming, uncontrolled
pro-inflammatory monokine production, with subse-
quent MOF, ensues (Figs. 1 and 3C)3* 353741 Several
mechanisms might be responsible for such a patho-
logical, aberrant activation of M@s. Simultaneous
and excessive stimulation by LPS, HMGI, tissue
debris, complement system, and/or junk immu-
noglobulins (Ig) is usually a triggering event's 3% 3548
5%, This multimodal stimulation activates concomi-
tantly several M@ kinases, limiting the M@ ability to
self-regulate. Excessive M@ response is usually coun-
terbalanced by IL-10, TGF-B, IL-4, PGE,, and M-
CSF and up-regulation of the mannose receptors.
However, in some trauma patients, the cells’ sensitiv-
ity to the inhibitory signals is significantly reduced
even if the aforementioned anti-inflammatory com-
pounds are abundant'> 1323 26.31.62 Tt has also been
suggested that T cell anergy contributes to unop-
posed M@ activation, since anergic T cells do not
produce inhibitory IL-4, IL-10, or IL-13%. Thus, aber-
rant M@ activation results from an imbalance
between stimulatory and inhibitory signals, leading to
anomalous signal transduction and faulty inflamma-
tory cytokine processing'’?’. For example, TNF-a is
predominantly manufactured by activated M@s in its
sTNF-a'l. However, in the aberrant, inflammatory
M@s or Macs of trauma patients, a highly cytotoxic
form of membrane-bound TNF-a (mTNF-a) is pre-
dominantly manufactured'’> ?’. Physiologically,
TNF-a production is limited by the short half-life of
the mRNA for TNF-a and by the activity of cleaving
enzymes. An aberration in surface-receptor expres-
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sion and co-stimulation by bacterial and tissue debris
products result in increased stability of the mRNA
for TNF-a!l. This increased mRNA stability results
in excessive production of TNF-a, whereas a defect
in cleaving enzyme activity causes the formation of
the membrane-bound form of this cytokine*'. mTNF-a
has a longer half-life than secreted TNF-a.
Ultimately, excessive production of long-lived
mTNF-a results in excessive activation of apoptosis,
necrosis, predominant differentiation of M@s into
MACs, and MOF. M@s retaining mTNF-a represent
a population of circulating inflammatory MOs/Macs
and are characterized by an unrestrained production
of inflammatory mediators. Their phenotype has
been described as CD14*CD16THLA-DR* 11 13,2627,
5253 Additionally, their resistance to apoptotic sig-
nals further enhances the unfavorable effects of their
emergence.

The above-described pathology represents only one
example of M@ pathology in trauma. Some
researchers have linked diminished M@ HLA-DR
expression, the presence of LPS tolerance, and aber-
rant M@-T cell interaction to the unfavorable clinical
outcome of traumal 17:1% 31, 3% 64 We believe that all
these mechanisms are clinically important. The one
we described in greater detail was chosen to show the
complexity of the M@-related pathology which is typ-
ical of trauma-related immunoaberrancies. This
example of immune system intricacy requires a novel
approach to correct immunoaberrancies in trauma
victims. Instead of the single-drug approach, which
has failed in numerous clinical trials, a holistic
approach must be applied, aimed at multiple levels of
immune system function?!: 4,

MACROPHAGE PREDOMINANCE
AND THEIR PATHOLOGICAL ACTIVATION
IN TRAUMA VICTIMS

The Mac population consists of a variety of tissue-
specific phagocytes which are critical for removing
bacteria and tissue debris and in wound healing'> 23,
M-CSF, IL-6, IL-10, LPS, PGE,, TNF-a, and IFN-y
are major inducers of M- Mac emergence, and
some of them are also Mac activators®®3!-3% 46, Under
resting conditions, this process takes place in periph-
eral tissue. However, in some severely traumatized
patients, M@ - Mac differentiation occurs in the
blood. This skewed M@ - Mac differentiation is dri-
ven by increased serum levels of Mac-supporting
mediators (IL-6, GM-CSF, IL-10, LPS, TNF-a) and
increased expressions of receptors for these signals
(IL-6R, M-CSFR) on the surface of trauma patients’
M@s?® 18 35 41, 54 Additionally, circulating Mac-like
M@s secrete much higher amounts of several

macrophage-differentiating monokines (M-CSF,
TNF-a, IL-10) in response to bacterial pathogens
than do naive or activated Ms, further tipping the
balance of M@ differentiation towards Mac off-
spring, with all of the adverse results (Fig. 3C). This
process of intravascular Mac differentiation overlaps
with excessive stimulation via various inflammatory
reagents, leading to the emergence of Macs with pre-
dominantly aberrant inflammatory characteristics.

Inflammatory Macs produce large quantities of nitric
oxide, mTNF-a, PGE,, and free radicals which can
damage vascular and pulmonary endothelium as well
as activate the coagulation cascade 3! 4757, Since
secretion of all these immunologically active com-
pounds occurs in the blood, instead of being con-
tained in the peripheral tissue, systemic effects are
often seen® 4834, A dramatic decrease in blood vessel
tone and hypotension, damage to the pulmonary
epithelium with subsequent pulmonary distress,
impairment of heart function, as well as an excessive
rise in core body temperature with accompanying
profound metabolic disturbances are all mediated by
inadequate intravascular release of pro-inflammatory
cytokines by circulating inflammatory M@s and
Macs!® 23 31 57. 58 This is the underlying cause of
MOF? 323958 Tn tissues, an exaggerated activation
of inflammatory Macs results in mTNF-a-mediated
damage to healthy tissue in the mechanism described
in the previous section. The excessive production of
inflammatory cytokines is further enhanced by the
prolonged turnover of inflammatory Macs, since they
do not undergo apoptosis easily and stay for a pro-
longed time in tissue or the blood stream, even after
the offending pathogen has been removed?.

DEPLETION OF DCS IN TRAUMA

DCs constitute an alternate differentiation pathway
for M@s. Their action is crucial for prompt recovery,
but several researchers have reported a decreased
ability of M@s to differentiate into DCs (M@ - DC)
in trauma, suggesting that the diminished DC num-
ber is responsible for the exaggerated immune system
response? 122346,

Trauma-related DC depletion is probably not relat-
ed to an insufficient number of precursory cells. We
believe that CD34* stem cells play a limited role in
supplying DC precursors, whose conversion into
DCs requires a considerable amount of time. It is the
population of circulatory M@s that is the important
source of DCs, since they can be recruited rapidly,
and M@-derived DCs (M@-DC) exhibit several fea-
tures typical of fully functional DCs. A brisk hemo-
poiesis is driven by the increased serum IL-6 level in
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trauma, supplying enough precursory myeloid cells'®
20,30,52,60 Some studies showed a profound dysfunc-
tion of the bone marrow in burn patients, septic
shock, and in advanced stages of MOF, but such
bone marrow insufficiency does not occur shortly
after trauma, as shown by the unaltered frequency of
CD1l1c* precursors in the circulation of trauma vic-
tims> % 30 %0, However, naive or activated precursory
M@s are immediately subjected to the serum envi-
ronment driving them towards macrophages, thus
limiting the cell pool available for prospective DCs.
HSPs, TNF-a, IL-6, and IL-10 are the most known
factors inhibiting DC emergence, and they are abun-
dant in the serum of trauma patients!® 25 42 46, 56,
Additionally, trauma patients’ M@s have decreased
surface receptor expressions for IL-4, IL-13, and
GM-CSF, which are responsible for driving the
M@ - DC process, further diminishing their capabil-
ity to differentiate into DCs, even in an optimal
cytokine environment’. Concomitantly, increased
expression of the Mac-differentiation receptor on
circulating trauma patients” M@s has been reported
(1 M-CSFR)’. All these observations indicate that
trauma patients’ M@s developed into Macs, limiting
the chance for M@-derived DC emergence. We
hypothesize that an altered response to pathogen is
of pivotal importance in the emergence of this phe-
nomenon. Since some trauma patients’ M@s manu-
facture aberrant cytokines, such as mTNF-a and
PGE,, we speculate that a skewed production of
Mac-differentiating cytokines could be a crucial fac-
tor. In fact, we showed that trauma patients’ M@s
produce much higher levels of M-CSF in response to
TLR-specific stimulation than do those of healthy
controls’. M-CSF stimulation results in increased
M-CSFR expression, diminished IL-4 effects, and
Mac differentiation. M-CSF also has some anti-
inflammatory features and can induce self-secretion
in a positive feedback loop. All these effects are
observed in trauma patients with M@ - DC defects.
Therefore, disproportionate M-CSF production in
response to pathogen stimulation drives M@
intravascular differentiation into aberrant Macs and
prevents DC emergence (Figs. 2 and 3C)'> '8, The
M-CSF-mediated M- Mac differentiation com-
mitment in trauma can be broken only by adding a
neutralizing M-CSF antibody’. A similar M-CSF-dri-
ven M@ -DC differentiation defect has been
described in some tumor environments, showing the
universality of this mechanism?. Theoretically, the
DC-stimulating environment provided by the action
of Th2 cells could offset the dominant influence of
secreted and serum cytokines promoting M@ — Mac
differentiation>’-2>2, Th2-dependent cytokines (IL-4,
IL-13, and GM-CSF) are induced in the late stages
of SIRS and have been shown to stimulate M@-DC

emergence in vitro® *» . However, some trauma
patients’ T cells are anergic, rendering them unable
to produce any cytokines' >4, This T cell anergy is
rather a global phenomenon and does not result
from a predominance of Th2 or Th3 populations. All
of the above mechanisms result in a predominant
intravascular Mac-emergence and DC depletion in
trauma victims® 4* 4. If sepsis occurs, enhanced
apoptosis disseminates the population of DCs
already existing?" 22,

DCs have the unique ability to regulate the immune
system. Their action stimulates the emergence of Th2
cells and selects the pathogen-specific clones of effec-
tor cells (B cells and T cells). The action of these
pathogen-specific clones is selective and focused.
Thus it prevents an excessive production of unspecif-
ic junk Ig and limits collateral tissue damage by lim-
iting the activation of complement and the coagula-
tion cascade as well as lowering the serum concentra-
tions of HSP, fibrin split product, and other inflam-
matory mediators’! #3258, These mediators are cru-
cial for multimodal aberrant M@ activation and the
skewed differentiation of M@ - Mac due to M-CSF
induction in trauma patients. DC-stimulated Th2
cells emerged late in trauma. They effectively redi-
rect pro-inflammatory M@ activity towards wound
healing and tissue repair in the CARS phase.
Summarizing, DC cells are crucial for both the emer-
gence of pathogen-specific clones and the resolution
of inflammation. Therefore it is not surprising that
their depletion in trauma patients result in increased
mortality and MOF?: 1622, 23,46,

CONCLUSION

Major mechanical trauma presents a severe chal-
lenge to the immune system. Although its role in the
mediation of MOF is often overlooked, more and
more researchers are focusing their attention on
M@-related immunopathologies. M@s and their off-
spring are the cornerstones of the immune system.
They can regulate both innate and acquired immuni-
ty and act as major responders to insult. In trauma,
their aberrant activation is characterized by an exces-
sive production of pro-inflammatory cytokines,
reduced ability to respond to immuno-inhibitory sig-
nals, and resistance to apoptosis. Furthermore, the
ability of the host’s immune system to limit aberrant
immune system activation can be further impaired by
a lack of DCs and the presence of inflammatory
M@/Macs in the peripheral blood, driving an over-
whelming and ineffective immune response (Figs. 1
and 3C). All these phenomena are cumulative and
are responsible for several MOF-specific pathologies
and increased mortality in trauma patients.
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