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Abstract
Bone marrow, the vital organ which maintains lifelong 

hemopoiesis, currently receives considerable attention, 
as a source of multiple cell types which may play im-
portant roles in repair at distant sites. This emerging 
function, distinct from, but closely related to, bone 
marrow roles in innate immunity and inflammation, has 
been characterized through a number of strategies. 
However, the use of surgical models in this endeavour 
has hitherto been limited. Surgical strategies allow the 
experimenter to predetermine the site, timing, severity 
and invasiveness of injury; to add or remove aggravating 
factors (such as infection and defects in immunity) 
in controlled ways; and to manipulate the context of 
repair, including reconstitution with selected immune cell 
subpopulations. This endows surgical models overall with 
great potential for exploring bone marrow responses to 
injury, inflammation and infection, and its roles in repair 
and regeneration. We review three different murine 
surgical models, which variously combine trauma with 
infection, antigenic stimulation, or immune reconstitution, 
thereby illuminating different aspects of the bone marrow 
response to systemic injury in sepsis, trauma and allergy. 
They are: (1) cecal ligation and puncture, a versatile 
model of polymicrobial sepsis; (2) egg white implant, an 
intriguing model of eosinophilia induced by a combination 
of trauma and sensitization to insoluble allergen; and 
(3) ectopic lung tissue transplantation, which allows us 
to dissect afferent and efferent mechanisms leading to 
accumulation of hemopoietic cells in the lungs. These 
models highlight the gain in analytical power provided by 
the association of surgical and immunological strategies. 
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Core tip: Bone-marrow generates multiple cell types which 
may play important roles in repair at distant sites. The use 
of surgical models in the characterization of this emerging 
function has hitherto been limited. Surgical strategies 
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allow nevertheless the experimenter to predetermine the 
site, timing, severity and invasiveness of injury; to add or 
remove aggravating factors (such as infection and defects 
in immunity) in controlled ways; and to manipulate the 
context of repair, including reconstitution with selected 
immune cell subpopulations. Here we review surgical 
models with great potential for exploring bone-marrow 
responses to injury, inflammation and infection.
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NEED TO EXPLORE THE EMERGING 
ROLES OF BONE MARROW IN RESPONSE 
TO SYSTEMIC INJURY
Bone marrow and repair of distant sites
Bone marrow is a vital organ, primarily because of 
its central role in adult hemopoiesis; accordingly, its 
failure requires lifesaving correction by hemopoietic cell 
transplantation[1-3]. In addition to maintaining steady-
state hemopoiesis in healthy subjects, bone marrow 
supports emergency, or stress, hemopoiesis, i.e., 
the lineage-selective expansion of hemopoietic cells 
to meet the exceptional demands of hemorrhage[4,5] 
or infection[6-9]. The cumulative evidence, however, 
highlights a third important function of bone marrow 
in whole-body homeostasis, namely its role in repair 
following injury of distant sites, especially the skin[10-13], 
Central Nervous System[14-22], eye[23-26], heart[27-32], 
lungs[33,34], liver[35-37], gastric mucosa[38,39], chronic 
wounds associated with diabetes and vasculopathy[40-46], 
oral mucosa and teeth[47-51], bone and cartilage[52-54] and 
skeletal muscle[55-59] among other structures. 

This emerging role of bone marrow is discussed here 
as related, but not identical, to its better-known role 
in maintaining steady-state and emergency counts of 
blood cells and corpuscles. The following independent, 
but complementary, lines of evidence support a role 
for bone marrow in repair/regeneration of damaged 
extramedullary structures.

Developmental evidence: Bone marrow cells are 
capable of giving rise to a wide range of cell types which 
reconstitute parenchima of other organs, especially 
the brain and spinal cord[60-66], skeletal muscle[67,68], the 
heart[59-64], the liver[35,36] and skin[37-39].

Therapeutic evidence: Bone marrow cells have a 
beneficial effect on damaged organs in humans and 
in animal studies, including brain and spinal cord[14-17], 

heart[27-32] and skin[10-13]. The magnitude and duration 
of this benefit and the underlying cellular mechanisms, 
however, have shown important variations between 
studies, injured sites and experimental models, fueling 
sometimes long-standing controversies, such as that 
concerning the cellular mechanisms of therapeutic 
action in myocardial infarction[68-72]. 

Correlative evidence: Treatments which mobilize 
bone marrow cells in the context of bone marrow 
transplantation and emergency hemopoiesis[1-8], such 
as infusion of granulocyte colony-stimulating factor 
(G-CSF), have consistently beneficial effects on models 
of CNS[18-22], cardiovascular[73-78], and skin[79] injury, to 
name but a few, suggesting that the repair function of 
the bone marrow is integrated with its better understood 
roles in steady-state and emergency hemopoiesis. 

Furthermore, sophisticated protocols have been 
developed to optimize the healing potential of bone 
marrow cells in some major incapacitating clinical 
conditions such as stroke[80] and diabetic chronic 
ulcers[40,46], lending further support to the view that 
bone marrow is indeed a source of highly diversified 
cell types for repair, capable of functional reconstitution 
(i.e., of regenerating the injured tissue). Despite 
considerable advances made in this effort to improve 
over Nature, it remains unclear why, in the absence of 
these interventions, the reparative function of the bone 
marrow response to injury has such a limited impact on 
the functional recovery from stroke, myocardial infarction 
or chronic ulcers, all known to entail chronic disabilities to 
a variable degree.

Relationship of repair to immediate host defenses
An apparently less ambitious, but important, function of 
repair is to keep the host alive, even if total functional 
recovery through regeneration cannot be attained. 
This is particularly visible when a wound anywhere in 
the skin or mucosae creates an access into internal 
organs that poses a clear and present threat to survival, 
since blood can get out and germs can get in. Wound 
healing in previously healthy skin, such as typically is 
the case in surgery, begins with the vital process of 
blood clotting[81-86], and the clot is the primary organizing 
structure for wound healing[83,86]. Activation of the 
coagulation cascade is paralleled, when exposure to 
microbes or other triggers occurs, by activation of the 
complement cascade through the alternative pathway[87]. 

The variety of bone-marrow roles in repair
The neutrophils that clear the wound from invading 
bacteria[88] and the monocytes/macrophages that 
progressively transform that matrix into granulation 
tissue[89-91] are themselves bone marrow-derived. A 
great amount of evidence, however, further ascribes an 
important role in fibrotic (i.e., permanent, as distinct from 
granulation tissue, which is transient) healing of wounds 
to cells that ultimately share a bone marrow origin: Blood-
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borne fibrocytes[92,93] and myofibroblasts[94-96]. While 
this reinforces the view of bone marrow as exporter of 
vital parts for repair (and hopefully for regeneration), 
we understand but little of these complex processes. 
For instance, fibrocytes and myofibroblasts can also 
differentiate from resident cells[93,97], so the additional 
benefit provided by their circulating counterparts is not 
always obvious.

In addition to fibrosis, angiogenesis from bone 
marrow-derived endothelial progenitors in damaged 
tissues also contributes to nonregenerative repair in 
many contexts[98-100]. This is of conceptual interest 
because hemopoietic and angiogenic stem cells stem 
from an immediate common ancestor[101]. 

Indeed, angiogenesis may be intimately related to 
other events dependent on the bone marrow: Recent 
studies in humans and mice suggest that endothelial 
changes indicative of angiogenesis are among the earliest 
signs of immune damage to the lungs in the context 
of asthma, and even precede the arrival of eosinophils, 
which is one of the hallmarks of allergic inflammation; 
in addition, several lines of evidence suggest that 
production of the eosinophil-selective chemoattratant 
eotaxins by proangiogenic hematopoietic progenitor cells 
plays a major role in the subsequent development of 
TH2 polarization as well as in the accumulation of bone 
marrow-derived eosinophils in the lungs[102-105]. 

This hypothesis portrays angiogenesis and eosinophilia 
as distinct steps in the same sequence; furthermore, 
it suggests a close relationship between angiogenesis 
and extramedullary hemopoiesis, since the cell 
type which promotes angiogenesis is a specialized 
hemopoietic progenitor; finally, it deviates from the 
commonly held view that hemopoietic progenitor 
accumulation follows inflammation, advancing instead 
the view that hemopoietic progenitor accumulation 
promotes eosinophilic infiltration, which is part of allergic 
inflammation. Consistent with this view, colonization 
of the lungs by hemopoietic progenitors has also been 
shown in allergic disease models[106,107], suggesting that 
in situ production of some hemopoietic cell types from 
mobilized bone marrow progenitors participates in the 
systemic response to injury. This phenomenon, which 
accompanies immune-mediated local inflammatory 
responses, does not match the classical presentation of 
extramedullary hemopoiesis[108,109]. 

Although its biological significance remains incom-
pletely understood (just as the role of proangiogenic 
hemopoietic progenitors, mentioned above, in the 
colonization) this phenomenon highlights the diversity 
of bone marrow reparative functions. Some studies 
attribute unique functions to these colonizing progenitors, 
including the maintenance of chronic inflammation 
in some experimental conditions[110]; it remains to 
be established, however, whether this duplicates the 
behaviour described above for proangiogenic hemopoietic 
progenitor cells[102-105], which encompasses the production 
of eosinophil-selective chemoattractants (eotaxins). 

Specific immune responses promote both inflammation 
and repair through cytokines
As discussed below, in the context of surgical models 
associating surgery and allergic sensitization, hemopoietic 
progenitor colonization requires specific immune responses 
because these provide the required hemopoietic cytokines. 
This dependence of a chronic inflammatory process 
involving nonspecific mediators on a preexisting specific 
immune response is reminiscent of hypersensitivity 
granuloma formation, a type of cellular immune reaction 
that is long-lived in the tissues, and variably associated 
with angiogenesis, fibrosis and eosinophilia[111].

Relationship between the reparative and inflammatory 
aspects of bone marrow function in systemic injury
These distinct local processes (injury, blood clotting, 
activation of the complement cascade, acute infla-
mmation with neutrophil infiltration, clearing of debris 
and apoptotic bodies by macrophages, granulation 
tissue formation and organization, fibrosis and epithelial 
regeneration) are often thought of as following each 
other smoothly in the ideal case of a sterile surgical 
wound. In these conditions, inflammatory mechanisms 
operate very effectively and for just as long as needed, 
so a surgical wound healing “by first intention” does not 
look very much like the textbook picture of inflammation 
as an unpleasant combination of redness, heat, swelling 
and pain, most often aggravated by some functional 
impairment. 

This illustrates the paradox that if you notice in-
flammation, it is because it has not properly done 
its job of containing damage, preventing infection 
and preparing the regeneration of normal structure. 
Nevertheless, the cleanest of surgical wounds must 
still be handled with care, because it might reopen, 
bleed or get infected following mild mechanical trauma. 
Granulation tissue is well-known for its propensity for 
bleeding, which is at least in part accountable for by 
ongoing local angiogenesis[112]. Surgical wounds may 
also remain more sensitive to pain than normal tissue, 
long after surgery, which demonstrates the persistence 
of hyperalgesic mechanisms associated with long-term 
effects of transient exposure to inflammatory mediators 
such as prostaglandins, bradykinin and numerous 
cytokines[113-115]. 

All of this shows that, even in the absence of sig-
nificant infection, trauma and damage inflicted to the 
tissue trigger low-grade (subclinical) inflammation, which 
eventually resolves, and ushers in epithelial and connective 
tissue repair. Bone marrow is an active participant 
throughout this long sequence, but its contribution 
varies over time, since it begins by supporting 
inflammatory mechanisms, and ends by helping repair 
and regenerative mechanisms. We will here focus on 
repair and regenerative mechanisms, discussing the 
inflammatory mechanisms only as factors impairing 
or promoting repair and regeneration, and highlighting 
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the usefulness of surgical models as experimental 
approaches to the reparative function of bone marrow in 
systemic injury.

SURGICAL MODELS AND THEIR VALUE 
FOR EXPLORING THE ROLE OF BONE 
MARROW RESPONSES TO INJURY
Defining a surgical model
Only a minority of the experimental approaches taken 
to probe the relationship of the bone marrow to repair 
at distant sites are surgical approaches, although it is 
virtually impossible to carry out surgery without causing 
some degree of injury, which in turn elicits repair. We 
define a surgical model, for the purposes of this review, 
as a systematic procedure using any combination of 
surgical techniques to study the contributions of bone 
marrow in the repair and/or regeneration of tissues 
distant from the bone marrow (i.e., not contiguous to 
bone marrow, nor including any of it). Such definition 
therefore intentionally excludes healing processes to 
which bone marrow may contribute as part of a local 
response, such as may occur during repair of fractures in 
hemopoietically active bones. 

An examination of the concrete example of bone 
healing sheds light on the reasons why these alternative 
scenarios are respectively converted or excluded by 
our definition. Bone marrow housed in axial skeleton 
of the adult[116], may contribute to the repair of distant 
bones which have no hemopoietically active marrow 
themselves, a description that fits most remaining bones. 

This situation is covered by the definition, because it 
is assumed that no direct damage to the hemopoietically 
active bone marrow has occurred, and it must therefore 
have been called into action by some long-distance signal 
originating elsewhere. By contrast, in the situation where 
the hemopoietically active bone itself is damaged and its 
marrow has been involved to some extent, we no longer 
can distinguish between the effects of local factors that 
promote the adaptation and recovery from local injury, on 
the one hand, and the effects of systemically generated 
signals, on the other hand. This does not imply that no 
systemic signals or factors operate when a hemopoietically 
active bone is damaged and its marrow is involved; it 
implies, however, that this situation does not provide 
a useful surgical model for the role of bone marrow in 
systemic injury, since the model’s value is linked to its 
ability to unambiguously dissect mechanisms. 

Conceptual structure of a surgical model for the study 
of bone-marrow function in repair
Hence, in a useful surgical model afferent signals 
can be defined and controlled by the experimenter 
independently of the central organ (bone marrow) 
that responds to them; such signals originate in widely 
different structures, but uniformly elicit adaptations at 
the central organ which ultimately result in an output 
that is biologically meaningful (repair-promoting cells, 
for instance) and presumably delivered at the source 

of the signal. In the exploration of a surgical model, 
the location of the source of the afferent signal is less 
relevant than the nature and properties of this afferent 
signal, and the reactions of the central organ to it.

By placing an emphasis on afferent signals to which 
the central organ adapts by generating a biologically 
meaningful output (support at distance for repair), and 
by closing a loop in which the target of this beneficial 
response is the same bodily structure (the source of 
afferent signals) that conveyed the need for bone marrow 
help in the first place, the definition highlights the 
problem-solving value of surgical models for dissecting 
general mechanisms. 

This value not only stems from the ability of the 
experimenter to unambiguously determine the site of 
injury which acts as a source of afferent signals; it is 
also reinforced by the experimenter’s ability to collect 
and examine the output of the bone marrow on its way 
to this very site (which is, by definition, always known 
and always accessible). The latter feature allows the 
experimenter to examine the composition, properties 
and migration patterns of these multiple bone marrow-
derived cell populations, which may shed light on their 
possible roles in repair and/or regeneration.

Below we will outline a variety of modifications of 
preexisting surgical protocols from our own and from 
other groups, aiming at the separate study of these 
aspects. In all but one of these models, the object of 
interest is bone marrow itself, not any the solid organs 
that can appeal to the bone marrow and benefit from 
its response. 

Mice: Essential for immunological studies, 
underestimated for surgical models
Because bone marrow is easily studied in laboratory 
mice[117], this overcomes one of the usual limitations of 
experimental surgery, which is the need to work with 
experimental animals large enough to allow for handling of 
live solid organs in vivo. Mice offer undisputed advantages 
for immunological studies, including the availability of 
numerous conventional inbred strains and genetically 
modified or mutant strains, as well as of reagents which 
can be used to probe the roles of cytokines, receptors, 
mediators and leukocyte populations in bone marrow 
responses[118,119]. Furthermore, mice can be housed in small 
units, making experiments with many distinct treatment 
groups of genetically homogeneous animals routinely 
feasible in standard animal facilities at an affordable cost. All 
of the models discussed below are surprisingly simple, and 
do not require above-average surgical skills, which makes 
them accessible to most laboratories. 

NONSPECIFIC AND SPECIFIC SIGNALS 
INFLUENCING BONE MARROW RESPONSE 
TO SYSTEMIC INJURY - WHAT IS KNOWN 
AND WHAT SHOULD BE KNOWN
The importance of matching output to demand
The conceptual sequence of afferent signal - central 
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adaptation - output matched to demand, has a number 
of aspects which have been insufficiently explored. For 
instance: Are the afferent signal and the export process 
totally unrelated, or, to the contrary, are the exported 
cells guided by the same kind of afferent signals that 
elicited their production in the first place? This is an 
apparently simple question, and the answer might be 
important, because matching the efferent product (the 
output) to the afferent stimulus would provide a simple 
and attractive mechanism of delivery. 

Inflammation and repair as distinct phases in an 
evolving scenario
Inflammation and repair are different phases in the 
same continuum. While neither has a predetermined 
duration, inflammation precedes repair. Since injury is 
followed by inflammation (either sterile or compounded 
by infection), and inflammatory mechanisms, when 
successful, clear infection, remove debris and prepare 
the setting for repair, one might advance a simple 
hypothesis: Bone marrow continuously produces 
leukocytes, both polymorphonuclear and mononuclear, 
which find their way into injured sites very effectively[88]; 
other bone marrow-derived cell populations, with re-
parative or regenerative potential, just follow at latter 
times the trail of leukocytes into injured sites (for 
instance, by responding to the same chemoattractant 
signals). The prediction of this hypothesis would be that 
where there is inflammation, bone marrow will naturally 
deliver cells useful in repair. 

However, inflammation and infection severely impair 
healing, as shown in many clinical and experimental 
settings[120,121]; in addition, clinical and surgical observations 
show that inflammation is usually on the way out before 
repair steps in[88,90,91,122-124]. This paradox prompts us to 
reject the hypothesis as originally formulated, and to 
revise it as follows: Ongoing inflammation and established 
infection severely impair healing, so that resolution of 
inflammation and elimination of pathogens must precede 
healing. The prediction of the revised hypothesis is that 
where inflammation has resolved, bone marrow can 
deliver cells useful in repair. Accordingly, signals originating 
in resolving inflammation, as distinct from signals 
originating in ongoing inflammation, should be relevant to 
bone marrow function in repair.

Resolution of inflammation and systemically active, 
nonspecific signals
One example of systemic signal known to be associated 
with resolution of inflammation that has a strong effect 
on bone marrow is G-CSF, which is believed to couple 
the rate of neutrophil death in inflammatory sites to 
the rate of neutrophil production in bone marrow[125]. 
G-CSF is one of the most effective mobilizers of cells in 
a variety of in vivo models of repair[18-22,73-79]. 

In addition, other nonspecific factors may provide 
afferent signals to request bone marrow support following 
systemic injury. Although they do not necessarily convey 
information that uniquely identifies the location of the 

source of the afferent signal, they might be proportionate 
to the magnitude or severity of injury (such as the area 
of a skin burn, or the volume of infarcted tissue, or to 
the degree of invasiveness, as defined by the rupture of 
internal barriers, and involvement of internal structures). 

In addition to cytokines[125-130], adrenal glucocor-
ticoids which promote hyperglycemia and insulin 
resistance[131-135], small polypeptide fragments of the 
activation of the complement cascade[87], and soluble 
intracellular molecules released during cell death, which 
are capable of activating a variety of receptors for 
damage-associated molecular patterns, or DAMPs[136,137] 
might play such roles. In the case of wounds exposed 
to a contaminated environment, in the skin or mucosae, 
chemical signals generated by receptors for pathogen-
associated molecular patterns, or PAMPs[126,138], would 
possibly compound those arising in damage unrelated 
to infection. Chemokines are especially interesting 
because they attract many different cell types with high 
selectivity[88,123,139,140]. Chemokine gradients ensure a 
diffusible afferent signal that also identifies, as long as 
the gradient is maintained, the source of this signal, 
enabling the biologically relevant cell types exported 
by the bone marrow to reach this source and provide 
some benefit. Much information exists already about 
a sophisticated chemokine axis, which is known to 
control migration of stem cells in different physiological 
contexts, independently of tissue injury[139,140]. Whether 
a comparable mechanism underlies the reparative 
function of bone marrow is, therefore, an important 
issue for which there is no definitive answer yet, as dis-
cussed below.

Nonspecific signals are usually thought of as unrelated 
to adaptive (acquired) immune responses, and therefore 
lacking specificity and memory in the immunological 
sense. However, specific immune responses triggered 
by antigen or allergen involve release of cytokines[141,142]; 
while the stimulus is highly specific and amplified by 
memory, the output lacks both specificity and memory. 
The effects of specific immune responses are seldom 
discussed in the context of bone marrow function in 
surgical injury and wound repair. Nevertheless, specific 
immune responses may profoundly and durably imprint 
granulocyte production in bone marrow[143], suggesting 
the possibility of immunoregulatory influences on wound 
healing through bone marrow effects. 

Open issues which need to be addressed
The many studies mentioned[10-59], concerning bone 
marrow contribution to repair and regeneration at distant 
sites, may suggest all important questions have already 
been answered, and there is nothing left to investigate. 
However, several basic aspects remain incompletely 
understood: (1) afferent signaling: How does the bone 
marrow detect damage outside the bone marrow? 
(2) selectivity: How does bone marrow adapt to meet 
specific demands related to the particular time, location, 
severity and type of injury by exporting the right cell 
type(s)? (3) delivery: How do the right cell types ex-
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ported by the bone marrow get to the right place? (4) 
usefulness: How do these cell types help in repair and 
regeneration at the injured sites in a natural situation? 
(5) redundance vs complementarity: To what extent 
the bone marrow response duplicates or complements 
the repair and regeneration mechanisms that are 
intrinsic to each injured site? And (6) limits: What are 
the natural limits of bone marrow response in repair and 
regeneration and how can complex strategies help it 
overcome these limitations?

Most of the above issues (1-5) can be addressed 
experimentally, while the last one (6) is admittedly of a 
more philosophical nature. The three first issues (1-3) 
are discussed below in detail, because they can be 
effectively analyzed using in surgical models. 

CECAL LIGATION AND PUNCTURE 
AS A SURGICAL MODEL AMENABLE 
TO MODULAR CONSTRUCTION AND 
ANALYSIS
The meaning of “model” and which variables matter in a 
surgical model
The term “model” is used here because we believe 
it reproduces in the laboratory a situation existing in 
real life. Cutting and suturing the skin of a mouse is, in 
this sense, a “model” of a moderate-severity surgical 
intervention in the skin, as often occurs in a variety of 
real-life situations. In this case, however, the focus in 
the model is on how this cutting and suturing, which 
is a basic common feature shared by all these real-life 
situations, affects the bone marrow and benefits from 
its help. This focus on an common denominator makes 
it irrelevant, for the experimental reasoning, where in 
the skin the wound was made (i.e., the location or origin 
of the signal), while how much tissue was injured and 
to which depth (i.e., the intensity or magnitude of the 
signal) remain clearly relevant. 

One good illustration of these differences is provided 
by the immunoneuroendocrine response to trauma, 
a major factor intrinsic to surgical wounds at all sites. 
This response is not only stereotyped across a variety 
of sites, but is very similar to those elicited by a wide 
variety of physical and psychological stressors. This is 
characterized by increased circulating levels of adrenal 
glucocorticoids[131,133]. While much of the current liter-
ature on glucocorticoids tends to emphasize their anti-
inflammatory and immunosuppressive effects, there 
is evidence that the stress response is an adaptive 
physiological response and that both it boosts immunity 
and stimulates repair processes[144-147]. Importantly, 
glucocorticoids have been for a long time discussed 
as having a deleterious effect on wound healing and 
fibrosis[148-150], although this effect is highly dependent on 
the clinical context and the timing of exposures[150,151]; 
an important correlate of this effect on wound healing 
is the strong evidence that glucocorticoids can trigger 

ulceration of the digestive mucosa, and probably 
contribute to the pathogenesis of stress ulcers[152]. If 
taken at face value, this would suggest the paradox that 
injury elicits an immunoneuroendocrine response which 
through glucocorticoid-dependent or glucocorticoid-
mediated effects makes healing more, not less, 
difficult[153,154].

Metamorphoses of a “model”
Even though models begin as experimental systems 
designed to mimic a real-life situation, they soon 
become enriched by secondary aspects that no 
longer aim to reproduce anything in real life, but 
to help dissection of the mechanisms involved. A 
surgical “model” in which the skin is cut and sutured, 
but in which drugs or cells are injected, is no longer 
the simple imitation of dermatological surgery, but 
a controlled setting for testing hypotheses on the 
mechanisms mobilized by dermatological surgery, 
through the observations of the superimposed ef-
fects of pharmacological intervention or of selected 
regulatory cell subpopulations. Because this response 
is independent of the location and even of the type of 
injury, it is possible to evaluate it, in a separate set of 
experiments (which we term a thematic module) in a 
surgical model. Within this module, the possibility that 
at least some of the actions of glucocorticoid hormones 
promote repair and/or regeneration, thereby modifying 
the negative effects that have been classically identified, 
presents an interesting opportunity for research. 

Modules help us organize the thinking about a 
surgical model, as shown in the following situations: 
The first open issue in our list, for example, concerns 
the nature of one or more afferent signals that trigger 
an adaptive response in bone marrow. These signals 
are likely to be generated as a consequence of injury, 
and play a role in alerting the organism as a whole 
about the damage inflicted on one of its parts. Many 
molecules with this general alarm function have been 
described, including several cytokines[125-131], along 
with products of the activation of the coagulation and 
complement cascades[87]. The issue is therefore not 
whether diffusible alarm signals connect injured sites 
to systemic responses, but rather whether one of the 
known molecules endowed with this function connects 
injured sites to stimulation of a bone marrow response 
promoting repair, in addition to inducing other well-
characterized, coordinate effects on the central and 
peripheral nervous system, endocrine glands, liver and 
adipose tissue[125-131]. One important aspect of afferent 
signaling is that it represents an adaptation to injury, 
and is likely to cease once injury has been compensated 
by the local and systemic mechanisms it mobilizes. 
As such, the duration of afferent signals are a major 
(but not the only) determinant of the duration of the 
systemic response. In this respect, very little is known 
about the duration of bone marrow responses to injury 
at distant sites. 
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The second point in our list of open issues, that of 
the selectivity of response, is more complex, because 
it involves several distinct aspects of the response: 
Diversity, proportionality, context and invasiveness. 
Unlike the liver, which has a coordinate but stereotyped 
acute phase response to inflammatory cytokines, 
especially IL-6[155], bone marrow has a variety of ways 
to provide for the needs of injured sites at distance, 
so diversity of response is a central issue. To illustrate 
this issue with one concrete example out of many 
possibilities, it is unclear to what extent bone marrow 
responses to brain injury, on the one hand, resemble 
those elicited by damage to the skin, on the other hand. 
Along the same lines, it is also unclear whether distinct 
types of skin injury (exemplified by the clinically relevant 
cases and clearly distinct cases of sterile surgical 
wounds vs contaminated burns) elicit comparable 
responses from bone marrow[10-13,155]. In addition, even 
within a single type of skin damage, the invasiveness of 
the lesion may differ greatly, raising the germane issue 
of proportionality of the response to the severity of 
injury. Surgery, of course, offers a major experimental 
approach to the issue of proportionality, because the 
timing, location, size and depth of a surgical wound can 
be precisely controlled by the experimenter. The issue 
of context relates not to the bone marrow response 
per se, but to the background to which this response 
will be directed. Surgical wounds of comparable 
invasiveness can be inflicted to different interfaces of 
the organism with the environment, as exemplified by 
skin and oral mucosa. These have different structures, 
compositions, functions and immunological defenses, 
but share the features of being colonized by potentially 
harmful microorganisms and being subject to frequent 
mechanical injury. Most injuries to the skin and to 
the oral mucosa in subjects without an underlying 
disease heal within a short time, which testifies to 
the effectiveness of innate immunity as well as repair 
mechanisms at both locations, but tells us little about 
the relationship between immunity and repair at either 
site. Does the bone marrow response discriminate 
between surgical injuries inflicted upon the skin and the 
oral mucosa, to give a concrete example[47]? Simple as 
the question may seem, it has no clear-cut answer at 
this time, although it certainly deserves attention. 

Surgery further provides an excellent approach to 
the issue of invasiveness within a single context (for 
instance, surgical access from the skin into underlying 
structures) since this involves qualitative as well as 
quantitative shifts. Sterile surgical opening of the skin 
can be the first step in invasion of internal spaces, 
such as the peritoneal cavity. Roughly speaking, this 
progression is a matter of quantitative increase in 
damage, only up to the point where the internal barrier 
presented by the peritoneal membrane is violated, 
thereby marking a quantal leap in periculosity as access 
to vital organs is obtained. In this case, invasiveness 
per se, i.e., in the absence of infection, is the variable of 
interest. Does a deeper surgical wound, which provides 

access to the viscera, elicit a bone marrow response 
qualitatively distinct from that observed with a deep 
cut to the skin alone, or is it just a quantitative change? 
Even though this is a very straightforward issue, we do 
not have a clear-cut answer on that.

Cecal ligation and puncture is one surgical model which 
addresses a wide panel of variables in discrete modules
By taking this reasoning a little bit deeper, surgical 
injuries in this internal space - the peritoneal cavity 
- may compound the issue of invasiveness with that 
of life-threatening infection. Indeed, one of the most 
widely used models for studying sepsis in animals is 
cecal ligation and puncture (CLP)[156,157], a combination 
of invasive surgery exposing abdominal viscera, on the 
one hand, and direct mechanical attack on the intestinal 
containment structures (which are punctured at specific 
sites after cecal ligation), on the other hand (Figure 1 
for a graphic summary of the procedure). 

Interestingly enough, even this brutal invasion of a 
central space in the organism (which despite its crudity 
accurately reflects critical phases in the real-life situation 
of polymicrobial peritonitis resulting from a perforating 
wound to the abdomen) admits of degrees of severity, 
allowing us to distinguish between a sublethal procedure 
with a high rate of spontaneous recovery, and a so-
called lethal procedure, which involves a higher microbial 
load in the peritoneal cavity but can nevertheless be 
successfully treated with aggressive antimicrobial 
therapy (Figure 1). By varying the number of puncture 
holes (Figure 1), the gauge of the needles used, and 
by providing antibiotic therapy, one generates distinct 
outcomes, ranging from full recovery to a uniformly 
lethal sepsis. Even more interestingly, the traumatic and 
the infectious components of the CLP procedure can be 
distinguished by injecting a controlled amount of cecal 
slurry in the peritoneal cavity, thereby bypassing the 
trauma of invasive surgery[158]. Although this modified 
protocol is proposed as a better alternative to CLP, it 
actually provides a very convenient alternative for the 
study of responses to trauma as opposed to responses 
to infection, which can itself be included as part of the 
modular structure of the CLP model.

CLP, therefore, is a versatile surgical procedure which 
provides many opportunities to study the impact of each 
these variables - anesthesia, external trauma, invasion 
of the cavity, manipulation of the intestine, perforation 
of the intestines, polymicrobial peritonitis and antibiotic 
treatment. Thanks to moderate severity and/or antibiotic 
treatment, CLP even provides a window on the “day 
after” when infection has apparently been eliminated 
and the organism is expected to go back to business as 
usual. 

CLP followed by immune reconstitution provides 
an approach to long-lasting immunosuppressive 
mechanisms
Interestingly, many studies suggest that a protracted 
immunosuppressed state overshadows subjects surviving 
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sepsis[158-160]. To what extent this immunosuppression 
may reflect long-term adaptations in bone marrow 
function - which is essential for appropriate defenses 
against infection - remains to be established, but is 
undoubtedly a relevant, open issue. It is clear, however, 
that bone marrow-derived cells, especially neutrophils, 
play a key role in the immunological deficits associated 
with sepsis[161-163]. Here, again, it is important to dis-
tinguish between the effects of sepsis as a whole[161] and 
the effects of the trauma component[162], even though 
the cellular target is the same (neutrophil). Of course, 
the observation of long-term immunosuppression in the 
sepsis-survivors, and the known fact that neutrophils 
are short-lived in the circulation and thereby replaced 
through fast and intense neutropoiesis in the bone 
marrow[8,125,163,164] prompts the hypothesis that a bone 
marrow adaptation to the context of sepsis might 
contribute to this vulnerable state. Strategies of immune 
reconstitution, involving, for instance, myeloablation 
followed by bone marrow transplantation or adoptive 
transfer of neutrophils from normal syngeneic donor mice 
might therefore enrich what is already a very interesting 
surgical model.

Therefore, infection and the associated immunological 
dysfunction that overshadows the aftermath of sepsis 
play privileged parts in this surgical model (CLP). It is 

important to point out, in this respect, that infection 
and immunity are known to affect the bone marrow in 
many respects, but very little is known about how either 
affects the ability of bone marrow to support a systemic 
response to injury (as distinct from a systemic response 
to infection). 

Modular structure of CLP-based models
This highlights the importance of adapting current 
surgical models such as CLP to separately focus on 
each of these aspects - local injury, systemic trauma, 
invasion, infection, immunity - through a more elaborate 
design. The multiplicity of variables to be studied can 
only be managed rationally by isolating each one of 
them in a thematic module, which is embodied in the 
appropriate experimental and control groups. A surgical 
sepsis model, such as CLP, can therefore unfold as a 
large modular construct (Figure 2). Due to the number 
of groups involved and the amount of work it brings, this 
may present a formidable challenge to the experimenter; 
all the same, it remains a fascinating challenge. Although 
we use CLP here as particularly suitable example of a 
complex surgical model that allows us to separately 
dissect important variables in discrete modules, this 
reasoning can easily be adapted to other surgical models, 
such as those discussed at later sections.

A B C D

E F G H

Figure 1  Main steps of the cecal ligation and puncture procedure. A: Mice are anesthetized with i.p. administration of ketamine (100 mg/kg) and xylazine (12 mg/kg); 
B: After local asepsis, a cut is made in the skin and in the peritoneal membrane, providing access to the peritoneal cavity; C: The caecum is externalized through 
the incision and handled outside the peritoneal cavity; D: The caecum is ligated with suture thread right underneath the ileocaecal junction, but not so tightly that 
intestinal obstruction will ensue; E: The caecum is perforated with a needle, either on the proximal wall only [sublethal cecal ligation and puncture (CLP)] or completely 
transfixing (lethal CLP); F: The caecal contents are squeezed through the single (sublethal CLP) or double (lethal CLP) perforations; G: The caecum is repositioned 
inside the peritoneal cavity in its original location; H: The peritoneal membrane and the skin are sutured and the animals are undergo recovery from anesthesia 
protected from hypothermia and corneal damage or exposure to direct light. For sham-operated controls, steps D-G are omitted.
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CLP provides novel insights of the bone marrow 
response to systemic injury
Recent observations in our group have shown how 
versatile and interesting the CLP model is for the study 
of bone marrow function in systemic injury. While CLP 
is one of the most intensively studied models of sepsis 
worldwide, little of the research focuses on the bone 
marrow events. We have been able to detect three 
major events in sepsis (Xavier-Elsas et al, manuscript 
in preparation) by looking at murine bone marrow in 
sham-operated (trauma and invasion of the peritoneal 
cavity, but no perforation) and CLP mice (all of the 
preceding, plus perforation and polimicrobial peritonitis): 
(1) A decrease in bone marrow neutrophil counts, which 
is accompanied by an increase in peritoneal exudate 
neutrophil counts, during the first 24 h following sur-
gery; (2) The lack of a significant decrease in bone 
marrow neutrophil counts, and a significant decrease 
in peritoneal exudate neutrophil counts, in the same 
period of observation, when the CLP mice lack functional 
5-lipoxygenase (5-LO), the indispensable enzyme in the 
synthesis of leukotrienes[165-167]; (3) The correction of 
the defective response of 5-LO-deficient mice, both with 
respect to decrease in bone marrow neutrophils and 
increase in peritoneal neutrophils, by i.p. administration 
of leukotriene B4, a powerful neutrophil chemoattractant 
generated through the 5-LO pathway; and (4) The 
presence of bacteria in bone marrow of 5-LO-deficient 

mice 24 h after CLP, but not in bone marrow of wild-
type CLP controls.

Bone marrow is therefore intensely involved and 
deeply affected in surgical sepsis models. Much of what 
we see is a response to infection, not to trauma, because 
the appropriate (sham-operated) controls, contained in 
a separate module that isolates on the surgical trauma 
component (Figure 2), show no significant decrease 
in bone marrow neutrophil counts, and only a minor 
neutrophil accumulation in the peritoneal exudate. 

These observations suggest that the decrease in 
neutrophil counts in bone marrow is due to a rapid 
mobilization of mature neutrophils to blood and ultimately 
to infected sites, especially the primary focus of infection, 
inside the peritoneal cavity. The main argument for this 
hypothesis is that neutrophils in peritoneal exudate are 
increased over the same period, although the numbers 
of neutrophils lost from bone marrow are somewhat 
higher than the numbers of neutrophils acquired by the 
peritoneal exudate. An additional argument is that both 
events are prevented by a single change in the system, 
namely the inactivation of 5-LO. Finally, this is reinforced 
by restoration of both events by a single procedure, 
namely the administration of exogenous LTB4 to 5-LO-
deficient mice, which lack endogenous production of 
LTB4. Overall, the evidence is that bone marrow releases 
neutrophils in large numbers during the initial 24 h of 
CLP-induced sepsis, which for the most part enter the 

Strain differences Drug treatments Immune modulation 
and reconstitution

CLP
Infection 
trauma

Sham
No infection 
trauma

Lethal CLP Sub-lethal CLP Local events Bone marrow 
events

Overwhelming 
infection

Survivor
immune
depression

Mediator
injection

Antibiotic
rescue Norescue

No 
mediator
injection

Severe infection

MicrobialloadMicrobialload

Leukocyte
accumulation

Leukocyte
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Figure 2  Modular distribution of multiple variables of interest in the cecal ligation and puncture surgical model. The core parts of a cecal ligation and 
puncture (CLP) experiment (blue boxes) can be subdivided in modules that deal with trauma plus infection (CLP) or trauma without infection (sham). In both cases, 
events at the site of surgical injury (local events), i.e., the peritoneal cavity, and at a distant site (bone marrow events) can be observed in the same animals at any 
given time. Observation allows the experimenter to monitor progress of the host reaction (leukocyte accumulation in the peritoneal cavity; leukocyte mobilization 
from the bone marrow) as well as the dissemination of infectious pathogens (microbial load) at both sites. To this core, addition of preoperative modules (black 
boxes) involving a choice of different wild-type and mutant mouse strains (strain differences), a variety of prophylactic agents (drug treatments) and immunological 
interventions (immune modulation and reconstitution) considerably enriches the model in experimental possibilities. The issues of severity of infection (overwhelming 
infection vs severe infection, blue boxes at the left) and of the long-standing immune depression following recovery in antibiotic-rescued mice (red boxes at the left) 
are treated as separate modules of the trauma plus infection sector. Addition of postoperative modules (green boxes at the right) allows us to analyze the curative 
effect of mediators which restore mobilization of leukocytes from bone marrow into the peritoneal cavity, in mutants lacking 5-lipoxygenase (5-LO), or in wild-type mice 
preoperatively given inhibitors of the 5-LO pathway. In such a surgical model, every animal undergoes surgery, but the addition of genetical, pharmacological and 
immunological variables greatly enriches the model in its investigative power.
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initial focus of infection and successfully fight it (the 
observations were done with a sublethal CLP protocol, 
in which survival is the rule). Importantly, this critical 
mobilization function is highly dependent on 5-LO, and 
the key 5-LO product was shown to be LTB4. 

In addition to the mobilizing cytokines such as G-CSF, 
a wide variety of neutrophil chemoattractants exist, 
which are expected to be generated in the context of 
sepsis, including C5a from activation of the Complement 
system through the alternative pathway[168,169], cytokines 
such as TNF-a[170,171], and chemokines, including MIP-
1a and MCP-1[172,173]. In addition, the CXCL12 (SDF-1)-
CXCR4 chemokine axis, which plays an essential role in 
homeostatic maintenance of the hemopoietic niche in 
bone marrow[174], and in the phenomena of stem cell/
progenitor mobilization and homing to injured tissues[175], 
may also be important for the large-scale mobilization 
of neutrophils from the bone marrow reserve pool 
into peripheral blood, in experimental sepsis[176]. With 
so many apparently redundant systems, it is rather 
unexpected that a specialized, nonredundant, role is 
played by 5-LO in mobilization of neutrophils from bone 
marrow in the CLP model. 

An equally unexpected finding is the detection of 
bacteria inside bone marrow in vivo, in mice lacking 
appropriate mobilization, since this shows that timely 
mobilization effectively protects this vital structure in an 
early phase of sepsis. It also raises the issue of whether 
bacterial invasion of bone marrow is more than a 
biomarker of severity - is it a factor that prevents further 
mobilization, and possibly further dysregulates host 
defenses? The thoughtful exploration of the CLP model 
and its multiple variants might shed some light on this 
important problem.

EWI MODEL ALLOWS US TO DISTINGUISH 
BETWEEN NEUROENDOCRINE AND 
IMMUNOLOGICAL FACTORS IN BONE 
MARROW RESPONSE TO TRAUMA AND 
ALLERGY
Egg white implants induce eosinophilic inflammation 
through antigen-specific mechanisms
Intense and chronic eosinophilia induced by subcu-
taneous heat-coagulated egg white implants (EWI, for 
short) was first described by Professor Mario Mariano 
and his associates[177-179]. It remains a most interesting 
phenomenon, although much of the underlying me-
chanisms remains incompletely understood. EWI proved 
very effective as a means of sensitizing to ovalbumin, as 
shown by vigorous eosinophilia in lung interstitium and 
in bronchoalveolar lavage fluid of mice receiving EWI in 
the dorsum and challenged with purified ovalbumin by 
the respiratory route[178]. These morphological changes 
were accompanied by the functional abnormalities 
common to murine asthma models, including airway 

hyperreactivity[178]. The cellular composition and 
kinetics of the inflammatory infiltrates at the ovalbumin 
challenge site resemble those of the late phase in 
type Ⅰ hypersensitivity reactions, so the authors 
proposed it would be a good experimental model for the 
late phase reaction[177]. EWI induces ovalbumin-specific 
cytophilic IgG1 and IgE antibodies, but the latter become 
detectable only after ovalbumin challenge[177,178]; to our 
knowledge, a role for mast cells in the development of 
the eosinophilia has not been established. Eosinophilia 
at the challenge site (lungs) and in the bone marrow 
was shown, paralleled by measurements of eosinophil 
peroxidase activity in the tissues[177,178]. By contrast, 
a role of cellular immunity in the phenomenon has 
been demonstrated by adoptive transfer of lymph 
node lymphocytes, which induce eosinophilia following 
ovalbumin challenge in the recipients[177]. Whether 
these are IL-5-secreting TH2 lymphocytes has not been 
formally established, to the best of our knowledge. 
Importantly, the eosinophilia in the lungs and bone 
marrow was sensitive to oral tolerance induction[179]. This 
procedure targets T and B cells and decreases specific 
antibody titers in the EWI model, especially IgE titers[179]; 
by contrast, in conventional sensitization/challenge 
protocols, the effect of oral tolerance induction on specific 
IgE and IgE titers was modest, while adoptive transfer 
protocols showed a major impact on cell-mediated 
specific immunity[180]. 

Open issues in the EWI model
Further characterization of the EWI model might never-
theless prove informative, since two distinct variables are 
relevant here: (1) the nature of the allergen (ovalbumin); 
and (2) the physical state of the allergen (an insoluble 
pellet with heat-denatured protein). Recognition of 
allergen epitopes during peritoneal (or airway) challenge 
with native ovalbumin by cells sensitized by heat-
denatured allergen following EWI points to T cells 
as the critical factor promoting eosinophilia, as T cell 
epitopes, unlike those recognized by serum antibody, 
are preserved even after partial proteolysis and heat 
denaturation of protein antigens[141]. 

EWI is also of interest in a discussion of surgical models 
because it necessarily involves moderate-severity surgical 
trauma in the absence of infection (Figure 3)[181]. Even in 
this comparatively simple context, distinct modules allow 
us to dissect the role of trauma and the role of allergen. 
Several independent lines of evidence support the view 
that adrenal glucocorticoid hormones surge in the first 
24 h after surgery, both in sham-implanted controls 
(full surgery but no allergen) and EWI recipients (full 
surgery and allergen implant)[181]. This is accompanied 
by significant bone marrow eosinophilia, showing that 
increased glucocorticoids, rather than killing eosinophils 
inside bone marrow, stimulate their production. Gluco-
corticoid surge (but not baseline) levels, are required for 
the eosinophilia of bone marrow in this model, both in 
sham-implanted controls and EWI-recipients, as shown 
by three independent approaches. However, as specific 
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sensitization to the allergen pellet progresses over the 
first two weeks, eosinophilia subsides in the sham-
implanted controls but persists and increases in the EWI-
recipients, showing that, in the latter, it is driven by specific 
immunity[181]. 

Interestingly, the nonspecific bone marrow eosino-
philic response is demonstrable in the sham-implanted 
controls up to two weeks after surgery; such a pe-
riod is considerably longer than the duration of the 
glucocorticoid surge. This raises the possibility that 
transient rises in glucocorticoid levels due to the surgical 
trauma induce persistent effects on bone marrow cells, 
through reversible modifications in chromatin structure 
(“epigenetic” effects), similar to those described by other 
studies of trauma and stress[182,183]. 

Immune reconstitution strategies might also enrich 
the multiple possibilities of the EWI model. The effects of 
glucocorticoids on bone marrow eosinophilia in vivo (which 
are directly relevant to the EWI model) are variable 
among strains. A systematic screening showed that while 
wild-type C57BL/6 controls (B6) respond to glucocorticoid 
administration with bone marrow eosinophilia (thereby 
mimicking the effect of surgical trauma alone in the EWI 
model), perforin-deficient knockout mice from the same 
background lack this response. Reconstitution of the 
glucocorticoid-induced eosinophilic response is achieved 
through transfer of splenic T lymphocytes from wild-
type (but not from perforin-deficient) donors to perforin-
deficient recipients[184]. Other strains, not restricted 
to the B6 background, were also shown to lack an 
eosinophilic response to exogenous and/or endogenous 
glucocorticoid exposure in the bone marrow (manuscript 
in preparation). To our knowledge, none of these 
unresponsive strains has been studied using the EWI 
model, but it is of obvious interest to study a response 
to insoluble allergen pellets, previously shown (in wild-
type mice) to be driven by an acute glucocorticoid 
surge, in mutant mice lacking this eosinophilic response 
to glucocorticoids, especially if reconstitution of both 
the bone marrow response and the eosinophilia at the 
implant site can be achieved by adoptive transfer of 
immunoregulatory lymphocyte populations. 

Another open issue is whether eosinophilia in the 
EWI model is accompanied by fibrosis. Studies from 
many groups suggest a relationship between eosinophils 
and eosinophilia, on the one hand, and fibrosis resulting 
from a wide variety of pathological processes[185-192], on 
the other hand. This relationship has been proposed 
for eosinophilic esophagitis[188], toxoplasmosis[191], schi-
stosomiasis[111], and the extensive remodelling of the 
airways associated with the chronic phase of asth-
ma[189,190]. Airway remodelling, not easily reversed, 
involves many different pathobiological components, 
including angiogenesis, thickening of basal membrane, 
hyperplasia of mucus-secreting (“goblet”) cells, smooth 
muscle cell proliferation, increased collagen deposition, 
among others[191,193]. Hence, its fibrotic component, which 
is part of a much more complex scenario, is consistent 
with the view of airway remodelling as a misguided 
repair process. Because it develops in the presence 
of chronically infiltrating eosinophils, but is abolished 
by eosinophil depletion[191], eosinophils would appear 
to promote fibrosis, at least in these experimental 
conditions. It should be noted that eotaxin, the 
eosinophil-selective chemoattractant[194] and enhancer of 
eosinopoiesis in the bone marrow[195], is strongly involved 
in fibroblast-eosinophil interactions[192], although its main 
contribution may lie in recruiting eosinophils, rather than 
in activating fibroblasts. Eotaxin promotes eosinophil 
production in the bone marrow indirectly, through 
secondary production of cysteinyl-leukotrienes, a potent 
proallergic series of 5-lipoxygenase derivatives[195]. These 
lipid mediators were shown to induce the gp130-signaling 
cytokines[190,193,196], IL-6 and IL-11, which have strong 
profibrotic actions of their own[188]. So far, the evidence 
that eosinophils are associated with a tissue composition 
that evolves into fibrosis is strong; by contrast, definitive 
evidence that they are a major driving force in fibrotic 
processes is lacking.

Addressing the cellular mechanisms of eosinophilia 
and fibrosis in the original version of the EWI model 
would be difficult because it involves introduction of the 
allergen under the skin, which leads to accumulation of 
infiltrating eosinophils in solid tissue; as a consequence, 

A B C D

Figure 3  Main steps of the intraperitoneal modification of the egg white implant procedure. A: Mice are anesthetized with i.p. administration of ketamine (100 
mg/kg) and xylazine (12 mg/kg); B: After local asepsis, a cut is made in the skin and in the peritoneal membrane, providing access to the peritoneal cavity; C: A pellet 
of heat-coagulated egg white is placed through the opening in the peritoneal cavity; D: The peritoneal membrane and the skin are sutured and the animals are placed 
to recover from anesthesia with care to avoid hypothermia and corneal dryness or undue exposure to direct light. For sham-implanted controls, step C is omitted. 
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laborious and expensive tissue excision/dissociation and 
cell separation techniques are required to isolate the 
eosinophils from the lesion and to study their properties, 
as well as their relationship to fibroblasts, fibrocytes and 
myofibroblasts isolated from the same site. 

How mutations and reconstitution strategies targeting 
immunological factors increase the analytical power of 
the EWI model
A minor modification of the original EWI protocol - 
namely introducing the allergen pellet in the peritoneal 
cavity (Figure 2) - has recently allowed us to recover 
eosinophils and other infiltrating cell types from the 
site of the implant by a simple peritoneal lavage, 
which is fast and quantitative. This modification allows 
us to study the properties of these eosinophils and 
their ability to promote fibrosis. It also facilitates the 
characterization of other cell types present at the 
same site. In this respect, a further modification of 
the EWI model has allowed us to precisely define the 
specificity of the T cells responding to the insoluble 
allergen, since EWI induces eosinophilia in DO11 
transgenic mice of the BALB/c background, which 
have an essentially monoclonal T cell response to a 
peptide of ovalbumin associated with an autologous 
Class Ⅱ molecule (I-Ad)[197]. It is very convenient that 
in wild-type mice as well as in DO11 transgenic mice 
the eosinophilia induced by ovalbumin sensitization is 
abolished by oral tolerance induction, thus providing a 
further control for the specificity of the eosinophilia in 
the modified EWI models. A third minor modification 
of the original protocol - keeping the original implant 
site (subcutaneous) and attracting eosinophils to the 
peritoneal cavity by local challenge with ovalbumin - 
has already allowed us to study the mechanisms of 
their accumulation[198] in response to allergen, and 
provides an obvious alternative setting for comparison, 
which should be informative on the issue how much the 
physical state of the allergen influences the outcome. 

In principle, EWI can be studied in the absence 
of eosinophilia as well. In this case, dblGATA-1 
mutant mice, which lack eosinophils, can be studied 
following EWI, since eosinophilia is not expected, but 
inflammation of other sorts is likely to the develop as a 
result of ovalbumin sensitization. Immune reconstitution 
of dblGATA-1 mice with purified eosinophils from normal 
donors can help us understand which features of the 
model are dependent on eosinophilic inflammation. 

ECTOPIC LUNG TISSUE 
TRANSPLANTATION PROVIDES NOVEL 
INSIGHTS OF BONE MARROW FUNCTION 
IN LUNG DISEASE
Hemopoietic cell colonization of the lungs: A puzzling 
response to allergen challenge
The colonization of the lungs by hemopoietic progenitors 
committed to the eosinophil lineage, following allergen 

exposure of sensitized subjects, which parallels the accu-
mulation of mature eosinophils in the same organ, has been 
described in human and animal studies[106,107,110,198,199]. It is 
a less conspicuous result of the allergic reaction, not only 
because progenitors in the challenged lungs are largely 
outnumbered by mature infiltrating eosinophils, but 
because progenitors are defined by their developmental 
potential, rather than by a unique morphology or 
surface phenotype. A progenitor, independently of its 
hemopoietic lineage, is a relatively rare cell type in bone 
marrow or peripheral blood, phenotypically distinct from 
a stem cell[200], which in the presence of the appropriate 
hemopoietic cytokine environment gives rise to a clonal 
growth in semisolid media[143,195]; this amplification 
potential was, for a long time the main reason why 
progenitor colonization of the lungs has received so 
much attention[110,201]. More recently, however, this was 
reinforced by evidence that these progenitors may be 
important in ways unrelated to proliferation, such as 
a strong proinflammatory activity due to secretion of 
cytokines and other mediators[202].

Ectopic lung tissue transplantation as a highly creative 
surgical model
We next summarize what has been learned about 
the underlying mechanisms using a specific surgical 
model. This model - ectopic tissue transplantation in the 
peritoneal cavity[199] - is somewhat more challenging than 
CLP or EWI, not because it requires greater surgical ability, 
but because it involves tissue transplantation, hence 
a particular donor-recipient combination, established 
through a surgical procedure. Of course, clinical lung 
transplantation substitutes presumably healthy whole 
lungs for diseased ones, in the anatomically correct 
(orthotopic) site, and this is a challenge for the surgeon in 
many respects, as the ultimate goal is to restore as much 
as possible normal respiratory function and correct the 
secondary cardiovascular and hematological abnormalities, 
such as pulmonary hypertension and polycytemia. In 
this surgical model, however, none of these complexities 
is involved, because the recipient’s lungs remain 
untouched; instead, a piece of lung tissue is placed into an 
anatomically incorrect (ectopic) cavity (peritoneal rather 
than thoracic) and no effort is made to make it function 
as a respiratory organ. So, it this “model” does not mimic 
a meaningul situation in clinical lung transplantation, why 
should we even mention it?

The answer is that the use of ectopic lung tissue 
transplantation to explore bone marrow roles in sy-
stemic injury is not intended to reproduce clinical lung 
transplantation; instead, it provides important insights 
of little-understood allergic processes. Allergic processes 
associated with transplantation have consistently been 
reported in humans, both in the context of bone marrow 
and hemopoietic cell transplantation and of solid organ 
transplantation, especially of liver, but also of heart, 
pancreas and lungs[203-208]. Such observations suggest 
that transmission of an asthma-like experimental disease 
of the lungs through lung tissue transplantation can 
be achieved. Ectopic transplantation of lung tissue was 
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conceived as a rather crude, but effective, experimental 
approach to the hypothesis that lung releases some 
“asthma-inducing” mediator(s). Similar strategies were 
successfully used in the functional characterization 
of thymus (which is transplantable under the kidney 
capsule) as well as various endocrine glands; this 
success reflects the fact that these structures export cells 
or molecules to the general circulation, not necessarily 
restricted by a precise anatomical connection to a 
particular outlet.

Ectopic lung tissue transplantation is easy to perform 
because the lower lobe of the right lung is anatomically 
accessible and can be handled individually; the lung 
lobe remains viable for the duration of the experiment 
and releases a number of mediators, including the 
cytokines, IL-5 and eotaxin, in the peritoneal lavage 
fluid[199]. In many respects the transplanted tissue 
behaves as a sponge imbibed into a soup of mediators; 
of course, the procedure does not mimic a meaningful 
situation in lung transplantation, because we are 
implanting damaged tissue into a recipient which has 
perfectly healthy lungs in the right place. 

Despite its artificialy, the ectopic lung tissue 
transplantation model allows us to analyze the entire 
procedure as a sequence in which separate modules 
address variables which: (1) operate in the donor 
alone; (2) operate in the recipient alone; and (3) 
originate in the surgical procedure. The outcome of 
interest (accumulation of eosinophil progenitors in the 
recipient’s own lungs) is dependent on both donor-
related and recipient-related variables, but can only be 
detected through the surgical procedure. It is observed 
only when lung tissue from sensitized and airway-
challenged donor mice is surgically implanted into the 
peritoneal cavity of histocompatible recipient mice which 
have been sensitized but not challenged[199]. Hence 
the outcome requires events of all three classes: (1) 
those operating in the donor alone (sensitization and 
challenge); (2) those operating in the recipient alone 
(sensitization without challenge); and (3) those that 
bring together the two preceding contexts, through 
surgery, thereby adding trauma, anesthesia and other 
factors to an already complex scenario.

This outcome is very unexpected, and prompts us 
to reexamine a number of assumptions. The issue here 
is how matching of output to demand in the responses 
of bone marrow to systemic injury is achieved; in other 
words, which mechanisms underlie an effective delivery 
of bone marrow-derived cells at the injured site among 
many uninjured sites in the same tissue or organ. The 
ectopic lung tissue transplantation model is therefore 
concerned with location of the source of afferent signals 
and with its relationship to the output from bone-
marrow. 

There is published evidence of repair of lung by bone 
marrow-derived cells[209,210]; logically, this demonstration 
requires that the target organ has been somehow 
damaged. By contrast, the entry of bone marrow 
cells (eosinophil progenitors) into uninjured lungs, as 

evidenced in the ectopic lung tissue transplantation 
model is not expected, and is likely to be missed by 
the experimenter, if the experimental design does 
not address this possibility. The observation that an 
injured piece of lung tissue, placed inside the peritoneal 
cavity, somehow promotes the colonization of healthy 
lung tissue by eosinophil progenitors suggests that 
signals emanating from injured lung tissue promote 
the mobilization of eosinophil progenitors from bone 
marrow, but that these colonize lung tissue that is 
untouched by both surgery and allergy. Perhaps this 
is made possible by a constitutive process of lung 
colonization by progenitors that occurs in the absence of 
damage[211]; if so, these progenitors are unlikely to call 
anyone’s attention by their proinflammatory actions[202]. 
At any rate, the observation suggests that matching 
delivery of bone marrow cells to the exact site that was 
injured is only one of several possibilities, and that some 
bone marrow cells may be mobilized and ultimately 
recruited into healthy tissues as well, provided injured 
tissue releases an afferent signal. 

INVITATION TO EXPLORE A HIGHLY 
CREATIVE FIELD
Surgical models have just arrived at an intersection of 
many exciting aspects of immunology, experimental 
pathology and pharmacology, and they contribute 
something that has received comparatively little 
attention in these highly competitive fields of research 
- namely, a focus on simple experiments on living 
animals, with the goal of dissecting variables that affect 
the entire body. 

Surgical models combine the advantage of little 
competition with the thrill of creativity in experi-
mentation. A surgical model can be rich enough in 
itself, as is the case of CLP; or look more like a curiosity, 
as is the case of EWI; or even appear as something 
exotic, bordering on the esoteric, as ectopic lung tissue 
transplantation. What makes these all three surgical 
models interesting and potentially useful is their power 
of adaptation to research in immunology, experimental 
pathology and pharmacology. 

This adaptation is accomplished by expanding each 
model through the inclusion of novel variables (such as, 
to name but a few, sensitization and challenge; drug 
administration; transfer of immunologically relevant 
cell subpopulations; mutations affecting the immune 
response), which can be studied separately as the 
subjects of experiments-within-the-experiment (our, 
as we prefer to call them, thematic modules). Because 
our group, coming from a long-term commitment to 
bone-marrow research, has been pleasantly surprised 
by the convenience of these three models to approach 
complex issues in a simple way, we hope this summary 
of our experience will encourage others to pursue the 
exploration of surgical models in their own specialized 
fields of interest. 
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