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Abstract
Animal models are often used to identify aspects of the pathophysiology and to develop new therapeutic 

interventions for human disorders. Leukocyte serine elastases are key mediators of inflammation and meaningful 
therapeutic targets because of their potential contributions to the Acute Respiratory Distress Syndrome (ARDS) and 
other inflammatory disorders. We compared the extracellular matrix degrading and bactericidal activities against both 
Escherichia coli and Staphylococcus aureus, of leukocytes from humans, dogs, hamsters, rats, pigs and rabbits before 
and after adding highly selective serine elastase inhibitors. Not surprisingly, we found significant species-dependent 
differences in both activities and the responses to adding serine elastase inhibitors. Our results reinforce the need 
for care in selecting the optimal animal species for evaluating both the underlying pathophysiology of inflammatory 
diseases and potential new interventions being developed to treat these conditions.
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Introduction 
The Acute Respiratory Distress Syndrome (ARDS) causes 

significant morbidity and mortality worldwide. Approximately 
200,000 individuals develop ARDS per year in the US alone and these 
patients experience a mortality rate approaching 40% [1-4] Along with 
trauma, among the most common predisposing causes for ARDS are 
severe bacterial pneumonias, systemic infections, and sepsis [5-8]. 
Furthermore, ARDS is the most common proximal cause of death 
accompanying pneumonias, sepsis and multiple organ failure [5-8] 
unfortunately, despite concerted efforts over the last 30 years to treat 
not only ARDS but also sepsis; no specific therapeutic intervention has 
been approved for treating either condition [9]. 

Paramount to the objective of developing interventions that can 
ameliorate ARDS is an appreciation that peripheral blood leukocytes, 
especially neutrophils, are critical to the development and progression 
of the alveolar-endothelial barrier degradation, interstitial edema, 
impaired gas exchange, and lung injury seen in patients with ARDS 
[5-8]. Evidence supporting this concept includes the observations that 
ARDS patients consistently have many neutrophils in their lungs and 
lung lavages, that are in fused radio-labeled autologous neutrophils 
rapidly accumulate in the lungs of ARDS patients, and that ARDS 
rarely occurs in the absence of neutrophils [6]. Numerous studies in 
animal models also support the role of neutrophils as contributors to 
the pathophysiology causing ARDS [10].

As essential mediators of an acute inflammatory response, 
leukocytes also function to contain and eradicate both gram negative 
and gram positive bacteria. Leukocyte bactericidal activity is mediated 
by a complex interplay of naturally occurring bactericidal proteins, 
defensins [11], reactive oxidant species, such as Hypochlorous Acid 
(HOCl) and hydrogen peroxide (H2O2) [12] and a variety of other 
enzymes [13]. Among the proteolytic enzymes implicated in phagocytic 
bactericidal activity are the serine elastases, neutrophil elastase and 
proteinase 3, that are primarily expressed in neutrophils, monocytes 
and macrophages [14-17]. Not surprisingly, these enzymes are also 
purported to play a critical role in the underlying pathophysiology 
of ARDS [5-7,18-23]. Despite underlying concerns that inhibiting 

these enzymes will impair pathogen clearance - a concern that has 
contributed to the reticence of some biopharmaceutical companies 
to pursue interventions targeting these enzymes -leukocytes and 
serine elastases remain prime targets for investigating and developing 
therapeutic interventions for ARDS.

Clearly, animal models of ARDS are needed to evaluate both the 
injurious as well as beneficial (antimicrobial and other) activities of 
leukocytes and the response to serine elastase inhibitors are needed to 
advance the development of much needed interventions for ARDS and 
sepsis. In this regard, a recent, provocative report suggests that at least 
with respect to acute inflammatory processes, the genomic responses 
of mice poorly mimic the genomic responses of human subjects 
[24]. Their observation begins to illustrate the potential difficulties of 
extrapolating the findings of animal models of inflammatory diseases 
from other species to humans. However, their study only predicted that 
the inflammatory actions of human and mice might be different and 
respond differently to pharmaceutical interventions without actually 
demonstrating this possibility. Regardless, their findings underscore 
emerging concerns about how potential therapeutics are evaluated 
in non-clinical settings and emphasize the diligence needed to more 
rationally select and justify the appropriateness of animal models 
that are used to direct the development of interventions intended for 
combating human diseases.

In the present investigation, we compared the activities of 
leukocytes derived from human subjects as well as five other 
mammalian species. Our goal was to begin to assess species-dependent 
differences in leukocyte function and to identify optimal animal 
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species for the development and testing of serine elastase inhibitors 
as human therapeutics. This objective reflects the continuing need for 
being able to conduct enabling experiments in animals that cannot be 
done initially in humans and/or in expensive, complex human clinical 
trials. Our results indicate that there are appreciable species differences 
in leukocyte function before and following addition of serine elastase 
inhibitors that need to be considered when looking for the optimal 
animal species with which to evaluate potential novel therapeutic 
interventions and when the results from pre-clinical studies involving 
these species are used to predict potential outcomes in human subjects.

Materials and Methods
Source of reagents

Most of the reagents used were obtained from Sigma Chemical 
Company (St. Louis, Mo). However, we also synthesized two highly 
specific serine elastase inhibitors: CE-2072 [25] and AI-158 (collectively, 
SEI) for use in our studies (Figure 1 and Table 1). Both inhibitors 
penetrate intracellularly into human leukocytes and inhibit neutrophil 
elastase and proteinase-3at concentrations greater than or equal to 0.3 
μm both in vitro and in vivo (data not shown).

Leukocyte isolation

Approval for these investigations was obtained from the animal and 
human subjects research committees of Colorado State University. 

Fresh human whole blood was obtained from human volunteers 
and anti coagulated with EDTA. EDTA anticoagulated blood obtained 
from healthy individuals of the different species was obtained by 
venipuncture (dogs, pigs, rabbit) or cardiac puncture under ketamine-
xylazine anesthesia (rats and hamsters). The specific species tested 
were dogs (Canis lupus familiaris), pigs (Susscrofa domesticus), rabbits 
(Oryctolagus cuniculus), rats (Rattusnorvegicus, Sprague Dawley strain) 
and Syrian hamsters (Mesocricetus auratus). 

For both Extracellular Matrix (ECM) degradation and bactericidal 
studies, leukocytes obtained from the peripheral blood of each species 
were assayed in parallel with and compared to peripheral blood 
leukocytes from normal human volunteers. Each comparison was 

conducted using two independent preparations of leukocytes per each 
species.

Leukocytes were prepared by initially mixing 4.5 ml Polymorph 
prep (Axis-Shield PoC AS, Oslo, Norway) and 0.5 ml HBSS in a 15 ml 
conical tube. Using a serological pipet, 5.0 ml of EDTA anti coagulated 
whole blood was then carefully layered on top of the Polymorph prep 
mixture so as not to break the interphase barrier. Samples were next 
centrifuged at 500 x g for 30minutes at 4°C. Using a sterile suction 
pipette, the leukocyte fractions were carefully removed and combined 
to form the leukocyte mixtures used in each experiment.

Leukocytes were subsequently transferred into a clean 50 ml conical 
tube, washed with 10 ml cold 0.2% NaCl for 45 seconds and then re 
suspended in 10ml of cold 1.6% NaCl. Samples were subsequently re 
centrifuged at 250 x g for 5minutes at 4°C. The supernatants were then 
removed and discarded without disturbing the pellet. The wash steps 
were repeated and the leukocytes were again re centrifuged at 250 x g 
for 5minutes and the supernatants were discarded. The pellets were re 
suspended in 5 ml cold HBSS (a final volume that was equivalent to 
the original whole blood starting volume). The re suspended pellet was 
placed on ice until used.

Extracellular matrix (ECM) degradation
We have selected for our work a complete native interstitial ECM 

synthesized by rat heart smooth muscle (R22) cells [26] in culture. R22 
ECM, when cultured in the presence of ascorbic acid [27] consists of 
characteristic stromal or interstitial components (collagen I and III, 
elastin, proteoglycans, and fibronectin) and is virtually insoluble unless 
exposed to inflammatory cell proteases or 2N NaOH. R22 ECM differs 
fundamentally from basement membranes, which are rich in type IV 
collagen and laminin, both absent in the interstitium. Addition of radio 
labeled precursors, such as proline, methionine-cystine, fucose, or 
sulfate, to the R22 growth medium induces selective labeling of specific 
ECM components, allowing assay of inflammatory cell degradative 
activity by release of soluble counts, an option not generally found 
in commercially available ECM preparations. By sequential enzyme 
digestion Rinehart et al. estimated that the R22 ECM composition to 
be 51% trypsin-sensitive (glycoproteins and proteins), 37% collagenase 
sensitive (types I and III collagen), and 12% human neutrophil elastase 
(HNE)-sensitive (elastin) [28].These results agree closely with those of 
Werb et al. [29] and Jones et al. [26].

The ECM was metabolically labeled with 3H-proline and 35S-sulfate 
as previously described [30,31] and the experiments were conducted 
in 48 well plates. First, 430 μl of Hanks Balanced Salt Solution (HBSS) 
was added to each well followed by 20 μl of a 500 μm solution of CE-
2072 in HBSS/10% DMSO or HBSS/10% DMSO alone 30 minutes 
before adding a 50 μl aliquot of the leukocyte suspension. Leukocytes 
were suspended in HBSS to provide a final concentration equivalent to 
5 × 105 leukocytes/well. Subsequently, leukocytes were stimulated by 
adding either LPS+FMLP or heat-killed Staphylococcus aureus (HKS, 
100 μl of a 1 × 108 organisms / ml in HBSS suspension) to represent 
leukocyte activation by either gram negative or gram positive bacteria, 
respectively. Incubation volumes were then adjusted by adding HBSS 
to achieve a final volume of 1 ml. LPS (serotype O127.88; Sigma) was 
pre incubated in human (or the appropriate animal) serum at 1mg/ml 
for 30 minutes at 37°C and then serially diluted in HBSS before being 
added to wells at a final concentration of 1 μg/ml. FMLP (N-formyl-
Met-Leu-Phe; Sigma) was diluted from a stock concentration of 10 mm 
in DMSO and then added to achieve a final concentration in the wells of 
10 μm. The final concentration of CE-2072, if present, was 10 μm. The 
HKS preparation used in our studies was a generous gift of Professor 
Charles Dinarello, MD of the University of Colorado. 

Figure 1: Chemical structures of serine elastase inhibitors (SEI), CE-2072 and 
AI-158.Both CE-2072 and AI-158 are potent inhibitors of neutrophil elastase 
(NE) and proteinase-3 (PR3) (Table 1). Importantly, for our studies, since 
both enzymes are stored in an active state and bound to proteoglycans in 
the azurophilic granules of neutrophils and monocytes/macrophages, both 
drugs have been demonstrated to penetrate intracellularly and inhibit their 
target enzymes [>90% inhibition] at concentrations exceeding 0.3 μM (data 
not shown). Neither compound has any inhibitory activity against other 
serine proteinases, such as cathepsin G, trypsin, chymotrypsin, thrombin, 
plasmin, human tissue plasminogen activator, nor any of the clotting factors at 
concentrations over 100-fold higher than those used in our studies. Similarly, 
these compounds had no inhibitory activity, at any concentration, against 
representative aspartyl-, cysteine- or metallo-proteinases

Compound Ki (NE)
nM

Ki (PR3)
nM

Solubility
(PBS, µM)

Plasma Protein
Binding (% free)

Plasma Stability
(t ½ minutes)

CE-2072 0.24 24 <10 1.0 >100
AI-158 0.29 6.2 69.0 18.0 >100

Table 1: Selected Biochemical and Physical Properties of the Serine Elastase 
Inhibitor (SEIs), CE-2017 and AI-158.
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Leukocyte-ECM preparations were incubated for 6 hours at 37°C 
before careful removal of the supernatant medium. After removal of 
the supernatant, the remaining ECM was solubilized with 2.0 ml of 
2M NaOH. Supernatant and residual matrix radio activities were 
then measured using standard scintillation counting methods. Matrix 
degradation is expressed as the number of counts measured in the 
supernatant divided by the number of counts measured in the NaOH 
solubilized matrix x 100. All preparations were measured in triplicate 
resulting in 6 independent measurements for each condition and for 
each animal species. Since human leukocytes were used as controls for 
each of the species, data from a total of 30 measurements are reported 
for humans.

In preliminary studies, stimulus titration curves were conducted in 
order to identify the optimal concentration of each stimulus needed 
to produce a maximal effect for each species (data not shown). The 
concentrations used in our comparison studies were at least 3 fold 
(one half logarithms) higher than the plateau concentration that was 
observed to produce a maximal matrix degrading effect. For LPS + 
FMLP, the concentration response curves for human, dog, pig and 
rabbit leukocytes were comparable. However, a 10-fold increase over 
the concentrations of LPS +FMLP used for these species was needed 
to optimally activate the leukocytes of rats and hamsters. For HKS, the 
concentration response curves for human, dog and hamster leukocytes 
were comparable. However, no amount of added HKS would stimulate 
the leukocytes obtained from rat, pig and rabbit. Accordingly, for 
subsequent studies, the same amount of HKS was used for each of the 
six species.

Bactericidal activity

Escherichia coli and Staphylococcus aureus were obtained from 
frozen samples purchased from the ATCC and subsequently transferred 
into sterile 250ml conical culture tubes to which nutrient broth was then 
added to produce a final volume of 200ml. Conical tubes containing the 
bacterial cultures were next placed into a shaking incubator at 37°C for 
18 hours. Afterwards, bacterial cultures were transferred into 2 ×100 ml 
conical centrifuge tubes and centrifuged at 2000 rpm for 15 minutes. 
The broth was then decanted and the tubes were filled with cold HBSS, 
vortexed and again centrifuged. After 2 centrifugations, the bacterial 
pellet was re suspended in HBSS and placed on ice until use. 

Before use, bacterial suspensions were sonicated in a bath for 10-
15 seconds to disperse any clumped bacteria. To obtain the correct 
concentration of bacteria, 1.0 ml of HBSS was placed into a cuvette to 
zero the spectrophotometer at 250 nm. The bacterial suspension was 
subsequently added drop wise to the HBSS until the spectrophotometer 
yielded an absorbance of 0.045. 25 μl of this bacterial preparation yields 
bacteria to leukocyte ratio of 1.0 to 1.5 in the final assay.

For the bactericidal assays, in order to best mimic the situation in 
vivo, the leukocyte concentrations of the suspensions were adjusted 
using a standard clinical hemocytometer to introduce the same number 
of leukocytes (1×107 leukocytes/ml) for each species regardless of the 
initial differences in their differential leukocyte counts (Table 2).

Bactericidal activity was measured by adding HBSS (amount 
necessary to achieve a final incubation volume of 1.0 ml), normal 
serum (80 μl), leukocytes (400 μl) and then vortexed. Subsequently, 
human or animal serum that was obtained from a single human or 
animal donor (same as the leukocyte donor) was added respectively to 
each incubation tube. After mixing, the bacterial preparation (25 μl) 
was added and then vortexed again. Finally, either AI-158(20 μl of a 
500 μm solution in HBSS/10% DMSO) or the equivalent volume of 

HBSS/10% DMSO alone was added and the final mixture was then 
mixed via vortex on low speed. The final concentration of AI-158 in the 
incubation medium equaled 10 μM or 7.0 μg/ml.

To assess bactericidal activity, a time zero dilution of each tube was 
made by taking 50 μl of sample suspension and diluting into 1.0 ml 
HBSS(1:20 dilution). The assay tubes were then recapped and placed 
into a rotating incubator at 37°C for 60 minutes. While the samples 
were incubating, a second time zero dilution was made by taking 10 μl 
of the 1:20 dilution into 1.0 ml of HBSS (1:100 dilution). Then, 0.1 ml 
of the 1:100 dilutions was plated onto sterile petri dishes with nutrient 
agar. Plates were then inverted and placed in a 37°C incubator for 24 
hours. 

After 60 minutes, assay samples are sonicated in a water bath for 10 
seconds to break up the bacteria that are not killed. Subsequently, the 
1:20 and 1:100 dilution was repeated and the samples were plated as 
before and maintained at 37°C for 24hrs. After 24 hours, the bacterial 
colonies were counted and the plates were autoclaved and discarded. 
All specimens were plated and counted in triplicate. Each condition 
was assayed in duplicate resulting in a total of 6 measurements for each 
species. Since human leukocytes were used as controls for each of the 
species tested, data from a total of 18 measurements are reported for 
humans. In preliminary studies, we determined that AI-158 had no 
effect on bacterial growth in the absence of leukocytes (data not shown).

Statistical analysis

All statistical analyses were conducted using ANOVA with means 
testing using Tukey’s test. Comparisons that were not statistically 
significant (p-values ≥ 0.05) are identified as NS. Comparisons that 
were statistically significant (p-values <0.05 or less) are individually 
identified in each figure. 

Results
Matrix degradation differs using leukocytes from different 
species 

In the absence of a specific stimulus, adding leukocytes from 
humans, dogs and rabbits produced only negligible matrix degradation 
compared to adding leukocytes from hamsters, rats and pigs (Figure 2, 
white bars). Adding LPS + FMLP increased matrix degradation over 
baseline levels with human, dog, hamster and rabbit leukocytes, but not 
with rat or pig leukocytes (Figure 2, black bars). Adding HKS increased 
matrix degradation over baseline levels with human, dog, or hamster 
leukocytes but not with rat, pig, and rabbit leukocytes (Figure 2, grey 
bars).

Two additional findings of interest were the following: First, the 
magnitude of matrix degradation after adding human leukocytes and 
either of the two stimuli was essentially identical (LPS + FMLP = 6.59 ± 
0.29% vs. HKS = 6.25 ± 0.08%) while matrix degradation by leukocytes 
from other species, specifically the dog, rat and rabbit, differed 
depending on the stimulus. Second, the maximum amount of matrix 

Human Dog Hamster Rat Pig Rabbit

Total Leukocyte Count
(x 103/µl) 5 to 11 6 to 16 5 to 10 6 to 18 7 to 20 7 to 15
PMN (including bands) 50-70% 55-85% 20-30% 10-25% 30-55% 20-50%
Lymphocytes 20-40% 10-40% 50-80% 65-85% 40-60% 40-80%
Monocytes 3-9% 2-9% 0-3% 0-5% 2-10% 1-4%

* Laboratory reference ranges from Colorado State University where the blood 
studies were conducted.
Table 2: Normal Ranges for Differential Leukocyte Counts for Different Species*
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degradation by leukocytes also differed between species. Leukocytes 
from dogs or hamsters produced greater matrix degradation than 
leukocytes from humans while rat and pig leukocytes had similar 
maximal matrix degrading capacities compared to humans. Rabbit 
leukocytes were consistently at the lower end of matrix degrading 
capacity, regardless of stimulus. Thus, peripheral blood leukocyte 
mixtures from different species have different matrix degradation 
capacities and respond differently to microbial-derived stimuli.

Matrix degradation by leukocytes from different species 
differs after adding a serine elastase inhibitor (SEI)

We next assessed the effect of adding a Serine Elastase Inhibitor 
(SEI) on the matrix degradation caused by leukocytes from different 
species (Figure 3 and 4). Adding a serine elastase inhibitor decreased 
matrix degradation by human and dog leukocytes stimulated by LPS 
+ FMLP---but not by leukocytes from hamsters, rats, pigs or rabbits 
stimulated with LPS + FMLP (Figure 3). Similarly, adding a serine 
elastase inhibitor decreased matrix degradation by leukocytes from 
humans, dogs and hamsters stimulated by HKS--- but not by leukocytes 
from rats, pigs or rabbits stimulated by HKS (Figure 4). In aggregate, 

these findings indicate that adding SEI has different inhibitory effects 
on matrix degradation by leukocytes from different species. 

Nascent bactericidal activity is equivalent for leukocytes from 
different species

We next evaluated the ability of leukocytes to kill bacteria in 
vitro (Figure 5 and 6) focusing on the four most relevant species. In 
addition to human, dog and hamster leukocytes, rat leukocytes were 
included in the bactericidal studies because of the predominant use of 
rats in pathophysiology, safety, toxicity and/or interventional efficacy 
studies reported in the scientific literature and/or used for regulatory 
submissions.

Leukocytes from humans, dogs, hamsters and rats all killed E. coli 
(Figure 5) and S. aureus (Figure 6) in vitro. Although there appeared 
to be some species differences in the magnitude of bactericidal activity 
in vitro, none of these differences were statistically significant when 
comparing one species to another species.

Figure 2: Leukocyte-mediated ECM degradation in response to LPS+FMLP 
or HKS. Leukocytes isolated from the species identified were stimulated 
using either a combination of LPS + FMLP (black bars) or heat-killed 
Staphylococcus aureus (HKS, grey bars). White bars represent the amount of 
matrix degradation observed after 6 hours in the absence of any added stimuli. 
Matrix degradation is represented as the percentage of radioactivity recovered 
in the supernatant relative to the total amount of radioactivity recovered after 
complete matrix solubalization with 2 M NaOH. Each value is the mean ± SEM 
of 6 or more measurements.

Figure 3: Effects of SEI on ECM degradation by leukocytes in response to 
LPS + FMLP. Leukocytes from the species identified were stimulated by LPS + 
FMLP either in the absence (black bars) or presence (hatched bars) of 10 μM 
CE-2072. Matrix degradation is expressed as the percentage of radioactivity 
recovered in the supernatant relative to the total amount of radioactivity 
present in the matrix preparation. Each value is the mean ± SEM of 6 or more 
measurements.

Figure 4: Effects of SEI on ECM degradation by leukocytes in response to 
HKS. Leukocytes from the species identified were stimulated by HKS either in 
the absence (grey bars) or presence (hatched bars) of 10 μM CE-2072. Matrix 
degradation is expressed as the percentage of radioactivity recovered in the 
supernatant relative to the total amount of radioactivity present in the matrix 
preparation. Each value is the mean ± SEM of 6 or more measurements.

Figure 5: Effects of SEI on leukocyte-mediated bactericidal activity against 
Escherichia coli. Bactericidal activity is represented by the percentage 
change (increase or decrease) in the number of colony forming units (CFU) 
of E. coli recovered after one hour of exposure to leukocytes derived from the 
species identified in the absence (black bars) and presence (hatched bars) 
of 10 μM AI-158 relative to the number of CFU recovered at time zero. The 
white bar represents the percentage change (increase) in the number of CFU 
recovered after one hour of incubation in the absence of any leukocytes or 
inhibitor relative to the number of CFU recovered at time zero. Preliminary 
studies demonstrated that 10 μM AI-158 had no effect (positive or negative) on 
the percentage change in recovered CFU after one hour of incubation in the 
absence of leukocytes (data not shown). Each value is the mean ± SEM of 6 or 
more measurements. *p <0.001 relative to control (white bar).
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Serine elastase inhibitors have disparate effects on the 
bactericidal activity of leukocytes from different species

With respect to E.coli bactericidal activity, while the presence 
of a serine elastase inhibitor had no effect on the killing of E. coli by 
leukocytes from humans or dogs, it completely reversed the killing of 
E. coli by leukocytes from hamsters and rats (Figure 5). Similarly, with 
respect to S. aureus bactericidal activity, while adding the serine elastase 
inhibitor had no effect on the killing of S. aureus by leukocytes from 
humans, dogs, or hamsters, adding a serine elastase inhibitor completely 
abrogated the ability of rat leukocytes to kill S. aureus (Figure 6).

Discussion
In the present investigation, we completed a comprehensive series 

of studies to begin to evaluatethe responses of different animal species 
with the ultimate goal being the development of models for studying 
leukocyte-mediated inflammatory conditions and for developing 
and testing serine elastase inhibitor-based interventions for acute 
human inflammatory conditions. Our studies involved head to head 
comparisons of leukocytes from human subjects and five commonly 
used animal species namely dogs, hamsters, rats, pigs, and rabbits. 
The work was prompted, in part, by a recent discovery showing that 
following acute inflammatory insult, the genomic responses of total 
blood leukocytes from mice only poorly reflect the responses of total 
blood leukocyte responses from human subjects [24]. This provocative 
observation suggests that the conventional approach of using mice to 
model acute inflammatory human diseases may not be ideal for some 
comparisons---a possibility that Seok, et al. [24] suggest might in part 
account for the invariably poor success rate of clinical trials in critically-
ill individuals that are based on a successful therapeutic outcome in 
other species. However, their conclusion is based largely on differences 
in gene expression found in leukocytes from mice and humans rather 
than showing a specific species-dependent difference in function and/
or a different response to a pharmacologic intervention. Nonetheless, 
their concern and premise are reasonable and deserve more direct 
evaluation and consideration.

We found appreciable species-dependent differences in the 
function and response of leukocytes from different species both in 
the presence and absence of serine elastase inhibitors. The practical 
outcome is to indicate that variability exists in the matrix degradation 
and bactericidal activities of human leukocytes relative to those 
derived from various species. Furthermore, matrix degradation and 
antimicrobial bactericidal activities also appear to be species dependent 
after adding serine elastase inhibitors. 

We made a number of strategic decisions in the design of 
our studies. First, we used complete mixtures of peripheral blood 
leukocytes rather than isolating a specific leukocyte type. Our rationale 
was based in part on the widely different total numbers and differential 
percentages of various leukocyte types in the peripheral blood from 
each species (Table 2). Furthermore, because the roles played in matrix 
degradation and bactericidal activity by individual leukocytes from 
different species is unknown, by studying the behaviors of complete 
mixtures of leukocytes derived from each species, we would be testing a 
more relevant situation approaching what occurs in vivo. Additionally, 
this approach eliminates concerns about the challenges of isolating and 
purifying specific leukocyte types from different species. 

Second, we tested two distinct functions of leukocytes---
extracellular matrix degradation and gram negative and gram positive 
bactericidal activity---that are both relevant to human disease, 
Matrix degradation is a good model for assessing the critical ability 
of leukocytes to transmigrate from the vascular space and into tissue 
in response to an infection, an activity that may not only be beneficial 
by allowing for the killing and clearance of microbial pathogens but 
also detrimental by disturbing vascular integrity and causing the tissue 
injury, edema and organ failure that occurs in disorders such as ARDS 
[19-22, 32-34]. 

Third, we used two different stimuli of relevance to human 
infectious diseases to assess the ECM degrading capacities of leukocytes 
derived from different species. LPS + FMLP is a potent surrogate for a 
gram-negative type infection while HKS can be considered reasonable 
substitute for a gram-positive infection. This dual approach was 
included to emphasize that the response to different physiologically 
relevant stimuli may also be species dependent. Additionally, using 
inanimate stimuli instead of live bacteria removes the potentially 
confounding variable of the interaction of the pathogens with the 
extracellular matrix, which might complicate the observations made 
regarding the actions of the leukocytes themselves in response to these 
stimuli. 

Some of the observed species differences merit mention. First, 
the peripheral differential blood leukocyte counts of various species 
differs noticeably with the differential blood leukocyte counts of 
dogs more closely resembling the differential blood leukocyte counts 
of humans than the differential blood leukocyte counts of hamsters, 
rats, pigs, or rabbits. More specifically, only humans and dogs 
have a preponderance of phagocytes (neutrophils and monocytes) 
compared to lymphocytes while hamsters, rats, pigs and rabbits have a 
predominance of lymphocytes compared to neutrophils and monocytes 
in their peripheral bloods. Second, adding LPS + FMLP increased the 
matrix degradation of leukocytes from humans, dogs, and hamsters but 
not rats, pigs, or rabbits. Similarly, adding HKS increased the matrix 
degradation by leukocytes from humans, dogs, and hamsters but not 
rats, pigs, or rabbits. This wide variability in the response of leukocytes 
to these inflammatory stimuli with respect to matrix degradation, 
which requires the directed release of proteolytic enzymes into the 
interface between the cell and vasculature, is also notable given that 

Figure 6: Effects of SEI on leukocyte-mediated Gram positive bactericidal 
activity against Staphylococcus aureus. Bactericidal activity is represented by 
the percentage change (increase or decrease) in the number of colony forming 
units (CFU) of S. aureus recovered after one hour of exposure to leukocytes 
derived from the species identified in the absence (black bars) and presence 
(hatched bars) of 10 μM AI-158 relative to the number of CFU recovered at 
time zero. The white bar represents the percentage change (increase) in the 
number of CFU recovered after one hour of incubation in the absence of any 
leukocytes or inhibitor relative to the number of CFU recovered at time zero. 
Preliminary studies demonstrated that 10 μM AI-158 had no effect (positive 
or negative) on the percentage change in recovered CFU after one hour of 
incubation in the absence of leukocytes (data not shown). Each value is the 
mean ± SEM of 6 or more measurements. *p <0.001 relative to control (white 
bar).
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leukocytes appear to kill both gram negative and gram positive 
pathogens equivalently.

Third, matrix degradation and bactericidal activities of leukocytes 
from different species were different following addition of a highly 
selective Serine Elastase Inhibitors (SEI). More specifically, adding an 
SEI consistently decreased matrix degradation by LPS + FMLP and 
HKS stimulated leukocytes from humans and dogs, but not hamsters, 
rats, pigs and rabbits. 

Fourth, adding a serine elastase inhibitor had no effect on the 
killing of E. coli and S. aureus by leukocytes from humans or dogs but 
decreased the bactericidal activity of leukocytes from hamsters (E. coli) 
and rats (E. coli and S. aureus). Like their effects on matrix degradation, 
adding a serine elastase inhibitor had different effects on the bactericidal 
activity of leukocytes from different species. This finding suggests that 
both endocytic/phagocytic pathways involved in the killing of bacteria 
as well as the molecular mechanisms for facilitating directed granular 
exocytosis required for the migration of leukocytes across endothelial 
barriers differ between species. 

The concept that species differences might exist, especially in 
immune responses, is not new [35,36]. This possibility has been suspected 
for many years and is consistent with the many millions of years of 
evolution [37]. By way of example, species-differences have been found 
in A and B-defensins [38,39], corticosteroid binding globulins [40], 
Toll-like receptor expression [41], myocardial infarction susceptibility 
[42], lung inflammation following particle in sufflation [43] and many 
other inflammation related factors [36,37] More specifically, leukocyte 
function also appears impacted by species differences [44,45]. However, 
in most cases, species-difference comparisons were made inferentially 
rather than in head to head comparisons conducted using the same 
assays in the same laboratory. For example, rodents are relatively 
insensitive to endotoxin, so comparing the response of humans given 
lower doses of endotoxin to the response of rodents given higher 
doses of endotoxin may provide a better comparison than treating 
both species with the same dose of endotoxin. The parameter being 
measured is also important. Again, by way of example, comparing gene 
expression changes related to inflammatory cytokines may not produce 
the same conclusion as comparing actual inflammatory cytokine 
levels. The oxidative burst of leukocytes treated with Phorbol Myristate 
Acetate (PMA) is instructive. Leukocytes from rats, humans, pigs all 
make variable amounts of superoxide when stimulated with PMA but 
each leukocyte preparation was studied in different laboratories so the 
variation might be accounted for by actual species differences in the 
leukocyte responses and/or by separation and/or testing techniques. In 
addition, large individual to individual variations in a specific species 
may account for some of the reported differences [41]. Furthermore, 
despite the importance of using animal models for drug development 
and testing, little is known about the species-dependent differences in 
the response to pharmacologic agents like that observed in the present 
paper [46]. 

The importance of our investigation is demonstrating that differences 
exist in the activities and sensitivities of leukocytes from humans and 
other commonly used experimental species. Our results also underline 
the importance of making careful choices regarding which animal 
species should be used to model inflammatory pathophysiology before 
extrapolating the results to human subjects. In addition, because of 
the expense and time needed to develop new therapeutic agents, care 
must also be taken to use the most appropriate animal models when 
evaluating novel compounds for further development. Obviously, while 
it is still necessary to use animals for the early and well-controlled 

testing of a new pharmacologic agent before it can be advanced for 
testing in complex and expensive human trials, the use of an optimal 
animal species may ultimately guide a more successful outcome in 
human clinical trials and in patient care.
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