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SUMMARY

 

Serum activity of the adenosine deaminase (ADA) isozyme, ADA2, has been reported to be elevated
during various disease states. Macrophages have been suggested as the cellular source of extracellular
ADA activity because they are one of the only cell types in which intracellular ADA2 activity has been
measured, but extracellular secretion has never been demonstrated. Rat primary peritoneal macroph-
ages (PPMs) and peripheral blood monocytes (PBMs) were harvested and incubated for 18 h in RPMI
supplemented with horse serum. PPM and PBM lysates were assayed for intracellular ADA activity
(ammonia production). 

 

In vitro

 

 and 

 

in vivo

 

 extracellular ADA activities were measured in media and
rat serum, respectively. Activity of ADA1 was confirmed by selective inhibition with erythro-9-(2-
hydroxy-3-nonyl) adenine (EHNA). ADA2 activity was inhibited by 2

 

¢

 

-deoxycoformcin only, and was
increased at a low pH (6·5). Activity of both ADA isozymes was found in PPMs and PBMs, and their
media. In a separate group of rats, peritonitis was induced by ip insertion of 400 mg/kg caecal slurry.
PPMs were harvested 24 h later and incubated for 18 h. In PPMs from rats with peritonitis both
isozymes were elevated by a similar proportion. In contrast, media from these PPMs had a lower ADA1
and a higher ADA2 activity compared to PPMs from nonseptic rats. This resulted in a greater propor-
tion of ADA2 in media. The isozyme proportions in serum from septic rats more closely resembled that
of the PPM media. The response of PBM was small relative to that of PPM. These results suggest that
macrophages are a significant source of extracellular ADA isozymes, the activity of which increases dur-
ing an inflammatory response. Because extracellular isozymes profiles differ from cellular concentra-
tions, the data also suggest differential release of each isozyme from PPMs.
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INTRODUCTION

 

Adenosine deaminase (ADA) is important in acute and pro-
tracted inflammatory responses [1–3]. Recent work in our
laboratory has demonstrated elevated ADA activity during
inflammatory responses in macrophage-rich tissues, such as liver
and spleen [3]. Specifically, a disproportionate increase in the
enzyme activity attributable to the isozyme ADA2 has been found
in pleural effusions of tuberculosis patients and serum of patients
infected with HIV [4–7]. Thus, several investigators have sug-
gested that increased ADA2 in the serum or pleural effusates may
be a marker of specific disease states [4,8], and as such have sug-
gested it as a diagnostic tool [7,9]. Preliminary work from our lab-
oratory has shown significant increases in serum ADA2 in septic

rats. Despite the implications of these findings, important basic
information needed for further characterization and identifi-
cation of ADA2, such as the cellular source, have not been
forthcoming.

Two primary forms of ADA demonstrate enzymatic activity.
There has been no consensus of nomenclature in this field, so for
the purposes of this manuscript, discussion of and reference to
ADA2 uses the nomenclature as outlined by Hirschhorn & Rat-
ech [10] and other major laboratories [4,5,11–15]. ADA1 has been
extensively characterized. It is critically important in lymphocyte
proliferation and development. Congenital deficiency of ADA1 in
humans results in severe combined immunodeficiency syndrome
(SCIDS) (for review see [16]), and ADA knockout mice are not
viable [17]. In contrast, almost nothing is known about the molec-
ular characteristics of ADA2. The protein sequence, structure,
and molecular regulation of this isozyme has not been explored,
presumably because no specific physiologic or pathologic roles
have been identified for it. As such, current methods of
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investigation that are commonly used, including the use of RNA
or DNA sequence probes, or any form of immunodetection
requiring antibodies to the molecule, are not available. The cur-
rent state of art method for segregating the effects of ADA1 and
ADA2 is the same as that used more than 10 years ago. ADA1 is
completely inhibited by 100

 

m

 

M

 

 erythro-9-(2-hydroxy-3-
nonyl)adenine (EHNA), while ADA2 is resistant to inhibition by
EHNA [7,18,19].

A specific role for ADA2 has yet to be demonstrated. How-
ever, Gakis 

 

et al

 

. [13] have hypothesized that relative changes in
ADA1 and ADA2 could influence the concentrations of deoxy-
adenosine in monocytic cells, which could contribute to the innate
defense response to pathogenic organisms. Identification of the
cellular source of ADA2 would contribute to a better understand-
ing of it’s role in pathophysiology. The observation that ADA2 has
only been demonstrated in monocytes and macrophages has led
some to suggest these cells as the source of elevated serum or
pleural effusion ADA2 [5,11,12]. However, the ability of these
cells to release ADA into their environment has yet to be con-
clusively demonstrated. In this initial attempt to test the hypoth-
esis that extracellular ADA2 can represent release from
macrophages, and that these cells contribute to the alterations in
serum ADA2 activity after an inflammatory challenge, we sought
to determine if (1) ADA1 and 2 are released by macrophages 

 

in
vitro

 

, and (2) if the pattern of ADA1 and 2 release from septic ani-
mals differs from nonseptic, and (3) if sepsis-associated changes in
macrophage ADA2 release can explain changes in serum of septic
animals.

 

MATERIALS AND METHODS

 

Animals

 

The experiments reported herein were approved by the Animal
Care and Use Committee of the University of Illinois, and were
conducted according to the principles set forth in the ‘

 

Guide for
the Care and Use of Laboratory Animals

 

’, Revised 1996. Male
Sprague-Dawley rats (Charles River, MA, USA) weighing 300–
350 g, were housed at constant temperature with 10/14-h periods
of light and dark exposure, respectively. Animals were allowed
access to standard rat chow and water 

 

ad libitum

 

 during an
acclimation period of at least seven days prior to use in these
experiments.

 

Materials

 

EHNA, a selective inhibitor of ADA1, was obtained from Sigma
(St. Louis, MO, USA). 2-deoxycoformycin (dCF; pentostatin) a
potent inhibitor of both ADA1 and ADA2 was provided by
Supergen, Inc. (Dublin, CA, USA). Horse Serum was purchased
from Fisher Scientific (Hanover Park, IL, USA).

 

Collection of cells, serum and tissues

 

Rats were anaesthetized with 60 mg/kg pentobarbital IP and the
ventral abdominal surface was shaved and cleaned with betadine
and alcohol. A small incision was made through the cutaneous tis-
sue layer along the midline and the skin was peeled away from the
abdominal area. The peritoneal cavity was then flushed with
1 

 

¥

 

 PBS 1 m

 

M

 

 EDTA three times in order to collect peritoneal
macrophages. After each flush the PBS and suspended macroph-
ages were collected from the peritoneum.

Blood was obtained prior to euthanasia by cardiac puncture.
After allowing blood to clot at room temperature, samples were

spun down and serum was collected. Prior to euthanasia samples
of the duodenum were removed, and immediately frozen at 

 

-

 

80 C
for later assay.

 

Isolation of peritoneal macrophages

 

The macrophage cell suspension was spun at 1000 

 

g

 

 for 10 min to
pellet the cells. Following aspiration of the PBS cells were resus-
pended in red cell lysis buffer (155 m

 

M

 

 NH

 

4

 

Cl, 10 m

 

M

 

 NaHCO

 

3

 

,
0·1 m

 

M

 

 EDTA) and incubated on ice for 10 min. Remaining cells
were pelleted by centrifugation at 1000 

 

g

 

 for 10 min. Red cell lysis
buffer was aspirated and cells resuspended in RPMI 1640 media
supplemented with 10% horse serum (HS) and a 5% penicillin,
streptomycin, neomycin mixture (PSN). Cells were transferred
to cell culture dishes and allowed to adhere at 37

 

∞

 

C and 5%
CO

 

2

 

. After a 1·5-h incubation nonadherent cells were
removed by repeated washes with cold 1 

 

¥

 

 PBS. This resulted
in a purified population of adherent macrophages. Macrophage
specific staining with alpha-napthalacetate confimed 

 

>

 

 98%
enrichment for macrophages, and trypan blue staining confirmed

 

>

 

 95% viability. The adherent macrophages were scraped,
counted and re-plated into 35 mm dishes with 1 ml RPMI +
HS + PSN for incubation overnight.

 

Isolation of periipheral blood monocytes

 

Monocytes were isolated from peripheral blood by Ficoll (Amer-
sham Biosciences, Piscataway, NJ, USA) separation, according to
the manufacturer’s specifications. After the first centrifugation,
the layer enriched for monocytes and lymphocytes was plated and
incubated for 1·5 h at 37

 

∞

 

C and 5% CO

 

2

 

. Non-adherent cells were
then discarded, plates washed, and 500

 

m

 

l new media added to the
adherent monocytes for further incubation. Cells and media were
collected 22·5 h later.

 

Induction of sepsis

 

Macrophages and monocytes were collected from a separate
group of septic rats for study. Peritonitis was induced as previ-
ously described [1,3]. Briefly, 400 mg/kg·5 ml of a cecal slurry was
introduced through a 0·25-cm vertical midline abdominal incision
and diffusely distributed. All rats received 50 ml/kg of 0·9% nor-
mal saline intravenously 2-h after peritonitis induction for resus-
citation over 20 min. Eighteen hours after the induction of sepsis,
rats were anaesthetized in order to collect peritoneal macroph-
ages, tissue, monocytes, and serum samples.

 

Adenosine deaminase activity

 

ADA activity was determined using a modification of the meth-
ods described by Vielh and Castellazzi [20]. Duodenal tissues
were homogenized in 9 

 

¥

 

 vol/wt lysis buffer (50 m

 

M

 

 KH

 

2

 

PO

 

4

 

,
0·125 m

 

M

 

 EDTA, 0·5 m

 

M

 

 MgCl

 

2

 

) with 0·5% Triton X, 20 

 

m

 

M

 

leupeptin, and 0·03 

 

m

 

M

 

 pepstatin A. Tissues were then homoge-
nized for three-10 second bursts using a Kika-Werk Ultra
Turrax homogenizing probe. Samples were centrifuged at 4

 

∞

 

C
(20 000 

 

g

 

, 20 min) and supernatants were collected.
After an 18 h incubation period at 37

 

∞

 

C and 5% CO

 

2

 

 mac-
rophage media was collected and cells were collected in lysis
buffer with 0·5% (v/v) Triton X 100. Macrophages were lysed
by shaking horizontally at room temperature for 2 h and then
sonicated for 10 min. Lysed cells were centrifuged at 4

 

∞

 

C
(20 000 

 

g

 

, 20 min) and the supernatant collected.
Five microliters of serum, cell lysates, or media were incu-

bated for varying amounts of time with reaction mixture (3 m

 

M
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Fig. 1.

 

ADA isozyme sensitivity to EHNA: Duodenal homogenates (

 

�

 

)
and macrophage cell lysates (

 

�

 

) were treated 

 

in vitro

 

 with EHNA concen-
trations ranging from 10

 

-

 

8

 

 to 5 

 

¥

 

 10

 

-

 

4

 

 

 

M

 

 and adenosine deaminase activity
was subsequently determined. Inhibition of ADA activity by EHNA rela-
tive to basal activity is shown. There was a dose dependent decrease in
ADA activity between 10

 

-

 

7

 

 and 10

 

-

 

4

 

 

 

M

 

 EHNA. At concentrations higher
than 10

 

-

 

4

 

 

 

M

 

 EHNA ADA activity was below detection limits in duodenal
homogenates. In contrast, the inhibition of macrophge cell lysates ADA
activity reached a nadir at around 20–30%. The activity that remained
represents ADA2 activity.
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deoxyadenosine, 0·1 

 

M

 

 KH

 

2

 

PO

 

4

 

) at 37

 

∞

 

C. The reaction was
stopped with the addition of Solution I (50 mg/ml Phenol,
0·25 mg/ml Sodium Nitroprusside). The colourimetric reaction
was initiated by Solution II (75 mg/ml Sodium Hydroxide, 0·89%
Sodium Hypochlorite). Colour was allowed to fully develop by
incubating the 96 well plate at 56

 

∞

 

C for one hour. NaOH (0·5 

 

M

 

)
was added and the OD was determined at 625 nm. One unit of
ADA activity was defined as the amount of enzyme generating
1 nmol of NH

 

3

 

/h under the experimental conditions. ADA2 activ-
ity with deoxyadenosine was adjusted to account for the 0·25
deoxyadenosine:adenosine enzymatic use ratio [7,19].

Our original attempts to measure ADA activity in the media
of cultured macrophages was unsuccessful due to extremely high
levels of background ADA activity from fetal bovine serum used
to supplement the media. This problem was overcome by supple-
menting the medium with horse serum rather than fetal bovine
serum.

 

Statistics

 

All data demonstrated homogeneity of variance. Differences
between means limited to two groups were compared by unpaired

 

t

 

-test. A two way 

 

ANOVA

 

 was used to compare between groups
(factor 1), and ADA sources (factor 2). Studies were designed to
detect 

 

>

 

 25% differences at power 

 

>

 

 0·8, and differences were
accepted at 

 

P

 

 

 

<

 

 0·05.

 

RESULTS

 

Separation of ADA1 and ADA2 activities

 

Eryththro-9-(2-hydroxy-3-nonyl) adenine (EHNA) has been
used extensively as an inhibitor of ADA enzymatic activity [21].
EHNA preferentially inhibits ADA1, thus unmasking ADA2
activity which is resistant to EHNA. ADA2 activity has only been
demonstrated in monocytes and macrophages [5,19], therefore an
initial dose–response curve was performed using duodenal cell
lysates, which express very high levels of ADA1 activity. Duode-
nal cell lysates were treated 

 

in vitro

 

 with EHNA concentrations
ranging from 10

 

-

 

8

 

 to 5 

 

¥

 

 10

 

-

 

4

 

M

 

 and ADA activity was subsequently
determined. Figure 1 shows the inhibition of ADA activity by
increasing concentrations of EHNA. There was a dose dependent
decrease in the percent of maximal ADA activity between 10

 

-

 

6

 

and 10

 

-

 

4

 

M

 

 EHNA. When EHNA concentrations between 10

 

-

 

4

 

M

 

and 5 

 

¥

 

 10

 

-

 

4

 

 were used ADA activity fell below detection.
Another dose–response curve was performed using macroph-

age cell lysates which are one of the few known sources of ADA2
activity. There was a significant inhibition of ADA activity
between 10

 

-

 

5

 

 and 10

 

-

 

4

 

M

 

 EHNA. In contrast to the complete inhi-
bition seen with the duodenal cell lysates, inhibition of ADA
activity by EHNA reached a nadir at around 20–30% of maximal
activity even when treated with higher concentrations of EHNA.
The remaining ADA activity represented ADA2 activity. This was
confirmed by loss of all activity (below detection) when the assay
was performed in the presence of 50

 

m

 

M

 

 dCF. Therefore

 

,

 

 in sub-
sequent experiments 100

 

m

 

M

 

 EHNA was used to separate out the
relative activities of ADA1 from ADA2.

While the optimum pH of ADA1 is neutral, optimal ADA2
activity is seen at a pH of 6·5. A separate set of ADA activity
assays were carried out at pH 7·0 and 6·5. Table 1 shows that a
change in pH from 7·0 to 6·5 caused a 4% decrease in ADA activ-
ity in duodenal samples. In contrast, a change in pH from 7·0 to
6·5 caused an 11·7% increase in macrophage ADA activity. These

results further confirmed the presence of ADA2 in macrophages.
All subsequent ADA activity assays were carried out at a pH of
6·5.

 

ADA isozyme activity in peritoneal macrophage 
lysates and media

 

Both ADA1 and ADA2 were measurable in macrophage lysates
(Fig. 2a); the total ADA activity was relatively low compared to
other tissues [1]. ADA2 accounted for 

 

~

 

35% of the total ADA
activity (Fig. 2b).

As we have previously demonstrated in liver and spleen [1],
total macrophage ADA activity was higher in septic rats relative
to nonseptic rats. Both ADA1 and ADA2 activity were similarly
higher in macrophages after sepsis induction compared to non-
septic rats (

 

P

 

 

 

<

 

 0·001). Because both ADA1 and ADA2 activities
were similarly elevated the relative ratio of ADA1 to ADA2 did
not change significantly (Fig. 2b).

 

Table 1.

 

Effect of pH on ADA activity. Values are means 

 

±

 

 SEM. Because 
the pH optimum for ADA1 and ADA2 are 7 and 6·5, respectively, ADA 
assays were carried out at different pH’s in an effort to optimize the assay. 
A 4% decrease in activity was seen in duodenal samples when the pH was 
shifted from 7·0 to 6·5. In contrast there was an 11·7% increase in ADA 
activity in the macrophage lysates when pH was shifted from 7·0 to 6·5. It 

is important to keep in mind that ADA1 accounts for all of the ADA 
activity in the duodenal samples, but only 70–80% of the activity in the 

macrophage samples

pH 7·0 pH 6·5

Duodenum 183·18 

 

± 

 

0·48 176·33 

 

± 

 

0·20
Macrophages 42·96 

 

± 

 

0·03 48·0 

 

± 

 

1·07
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Fig. 3.

 

Macrophage media ADA activity: Primary peritoneal macroph-
ages were incubated with RPMI media supplemented with 10% HS and
5% PSN for 24 h. Media was collected and subsequently assayed for ADA
activity. (a) Both ADA1 ( ) and ADA2 ( ) were measurable in macroph-
age media. In nonseptic rats, ADA1 represented the predominant propor-
tion of total ADA activity. ADA1 activity in the media of septic
macrophages was lower than in the media of naive macrophages. Con-
versely, ADA2 activity was higher in the media collected from septic
macrophages. (b) Activity attributable to ADA2 was significantly higher
in media of macrophages collected from rats with peritonitis. *Significantly
different relative to nonseptic naive values. 

 

P

 

 

 

<

 

 0·05. Samples sizes (

 

n

 

)
were 4 for nonseptic (each sample representing the pooled cells from 2 to
3 rats) and 6 for septic groups, each sample representing macrophages
from a single septic rat.
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Fig. 2.

 

Macrophage lysate ADA activity: Peritoneal macrophages were
lysed after 24 h incubation 

 

in vitro

 

. ADA activity was measured and
reported as nmoles NH

 

3

 

/ h·10

 

4

 

cells. (a) Both ADA1 ( ) and ADA2 ( )
were measurable in macrophage lysates of rats, with ADA1 representing
the predominant proportion of total ADA activity. Activity of both
isozymes were significantly higher in macrophages from rats with perito-
nitis. (b) Activity attributable to ADA2 represented 

 

<

 

 50% of the total
activity, regardless of rat condition. *Significantly different relative to non-
septic naive values. 

 

P

 

 

 

<

 

 0·05. Samples sizes (

 

n

 

) were 4 for nonseptic (each
sample representing the pooled cells from 2 to 3 rats) and 6 for septic
groups, each sample representing macrophages from a single septic rat.
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The media in which macrophages were incubated showed
both ADA1 and ADA2 activity (Fig. 3). This activity varied
directly with the incubation time indicating the accumulation of
ADA1 and 2 activity in the media over time (data not shown).
ADA1 accounted for the majority of total activity in the media in
nonseptic rats (Fig. 3a). There were no significant differences in
activity attributable to ADA2 compared to the macrophage
lysates (Fig. 3b compared to Fig. 2b).

The relative amounts of activity that could be attributed to
each isozyme depended considerably upon the condition of the
animal from which the cells came. ADA1 activity in the media of
septic macrophages was significantly (P < 0·001) lower (183 ± 28
NH3/ h106 cells) than in the media of nonseptic rat macrophages
(451 ± 49 NH3/ h106 cells). Conversely, ADA2 activity was higher
(P = 0·013) in the media collected from septic macrophages
(471 ± 70 NH3/ h106 cells) than in the media from naive macroph-
ages (359 ± 18 NH3/ h106 cells)(Fig. 3a). As can be seen in Fig. 3b
ADA2 became the dominant isozyme in the media of septic mac-
rophages, and accounted for 68 ± 4·6% of total ADA activity
(P = 0·008). This differed significantly from the profile seen in
macrophage lysates from septic rats, suggesting that ADA
isozymes are differentially released from macrophages, rather
than simply in the proportion represented in those cells.

ADA isozyme activity in peripheral blood monocyte 
lysates and media
Both ADA1 and ADA2 were measurable in monocyte lysates
(Fig. 4a) and media (Fig. 5a), but the activity was considerably
less than that measured in macrophages. Particular attention
should be directed to the differences in scales for macrophage ver-
sus monocyte figures. Monocytes had 50–200-fold lower ADA
activity than did macrophages. In addition, the release of ADA

Fig. 4. Peripheral blood monocyte lysate ADA activity: Peripheral blood
monocytes were lysed after 24 h incubation in vitro. ADA activity was
measured and reported as nmoles NH3/ h·104cells. (a) Both ADA1 ( ) and
ADA2 ( ) were measurable in monocyte lysates of rats, with ADA1
representing the predominant proportion of total ADA activity. However,
cell concentrations were 50–200-fold lower than that of macrophages (note
axis scale difference compared to Fig. 2). Activity of only ADA2 was
significantly higher in monocytes from rats with peritonitis. (b) Activity
attributable to ADA2 was significantly higher in monocytes collected from
rats with peritonitis. *Significantly different relative to nonseptic naive
values. P < 0·05. Samples sizes (n) were 4 for nonseptic (each sample
representing the pooled cells from 2 to 3 rats) and 6 for septic groups, each
sample representing macrophages from a single septic rat.
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Fig. 5. Peripheral blood monocyte media ADA activity: Peripheral blood
monocytes were incubated with RPMI media supplemented with 10% HS
and 5% PSN for 24 h. Media was collected and subsequently assayed for
ADA activity. (a) Both ADA1 ( ) and ADA2 ( ) were measurable in
monocyte media. In nonseptic rats, ADA1 represented the predominant
proportion of total ADA activity. Only ADA2 activity was higher in the
media collected from septic monocytes. (b) Activity attributable to ADA2
was significantly higher in media of monocytes collected from rats with
peritonitis. *Significantly different relative to nonseptic naive values.
P < 0·05. Samples sizes (n) were 4 for nonseptic (each sample representing
the pooled cells from 2 to 3 rats) and 6 for septic groups, each sample
representing macrophages from a single septic rat.
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activity from monocytes into their media was less robust than that
seen in macrophages.

Total monocyte ADA activity was higher in septic rats relative
to nonseptic rats, but unlike the response seen in macrophages,
almost all of the increase could be attributed to ADA2
(P < 0·001). As a result, the relative amount of ADA2 (Fig. 4b)
rose significantly (P < 0·001). These changes in activity were mir-
rored in the media from the monocytes (Fig. 5; P < 0·001), and
again contrast the response of peritoneal macrophages.

ADA isozyme activity in serum
Rat serum ADA activity was readily measurable; ADA1 and
ADA2 isozyme concentrations, as well as the relative abundance
of ADA2, are shown in Fig. 6. There was nearly 2-times as much
ADA1 as ADA2 based on enzyme activity in nonseptic animals. A
different profile was seen in septic rats. As can be seen in Fig. 4a
ADA1 activity was significantly (P = 0·014) lower in septic ani-
mals when compared to the serum of nonseptic rats. In compari-
son, there was no significant difference in serum ADA2 activities
between nonseptic and septic animals. Thus, the proportion of
total ADA activity represented by ADA2 was significantly higher
(P = 0·007) in septic rats (Fig. 4b).

DISCUSSION

Our data supports the concept that macrophages are a significant
source of serum ADA2 activity. ADA2 activity represented a sig-
nificant portion of total ADA activity in peritoneal macrophage
lysates. Furthermore, the accumulation of ADA activity in media
incubated with macrophages or monocytes suggests these cells
are capable of releasing ADA activity into their surrounding envi-
ronment, a phenomenon heretofore suggested, but never demon-
strated. The differences in the relative abundance of ADA1 and

ADA2 in the media and macrophage cell lysates indicates that
media ADA activity cannot be entirely explained by simple cell
death and lysis. Finally the change in relative ADA isozyme activ-
ity profiles in the macrophages obtained from septic animals is
starkly different from the change in relative isozyme proportions
seen in the media. This suggests differential release of each
isozyme. Taken together these data support the hypothesis that
the release of ADA activity by the macrophages into their sur-
roundings contributes to the relative elevation of serum ADA2
activity seen following an inflammatory response. In confirming
this, and in the context of previous work from our lab demon-
strating beneficial effects of ADA inhibition [1–3], we hope these
data spur interest in investigating the physiological role of ADA2
in the inflammatory response.

The relative elevation in ADA2 we observed is consistent with
what others have seen in various disease states including tuber-
culosis, human immunodeficiency virus, and leukaemia [4,5,8,22].
Our data suggests a proportional increase in relative ADA2 activ-
ity during protracted sepsis as well. Monocytes are one of the only
tissues in which ADA2 activity has been demonstrated [5,19].
Consequently, many have speculated that monocytes and/or tis-
sue resident macrophages are a source of extracellular ADA
activity [5,23]. However, until now there has been no evidence
demonstrating ADA2 release from macrophages or monocytes.
Our findings provide support for this hypothesis directly for the
first time. Although the mechanism controlling release of ADA
from macrophages is not elucidated by our findings, the data can-
not be explained simply by lysing of dying cells. If that was the
case one would expect the proportionate quantities of ADA1 to
ADA2 to be similar in the macrophages and the media. The
change in ADA1 and 2 activity in the cells in response to sepsis is
completely different from the change in isozyme expression in
media (Figs 2 and 3). Furthermore the changes in isozyme expres-
sion in the media in response to sepsis is similar to what is seen in
the serum. In both the media (Fig. 3b) and the serum (Fig. 4b)
ADA2 becomes the dominant isozyme expressed in sepsis. This
suggests that the macrophages are not only able to release ADA
activity into their surroundings, but that there is differential
release of each isozyme.

Our data confirms previous suggestions that monocytes are a
likely source of serum ADA2, as they had previously been shown
to be one of the few cell types that expressed this isozyme. How-
ever, the ADA2 activity found in and from macrophages was
quantitatively much greater than that from monocytes, normal-
ized to cell numbers. This raises the possibility that tissue resident
macrophages activated during an inflammatory challenge may be
a more abundant source of ADA2 than are circulating monocytes.
Expression of ADA2 activity as a percentage of the total ADA
activity has been commonly used by other investigators [4,5,8,22].
Our calculations of the percentage of total ADA attributable to
ADA2 for each sample also suggest greater similarity between
macrophage media and serum. We cannot know the absolute
number of monocytes or macrophages contributing to serum
ADA isozyme concentrations, so the relative contributions of
macrophages and monocytes to serum ADA2 must remain spec-
ulation. It is clear, however, that tissue-resident macrophages can
be an abundant source of serum ADA2.

The isozyme-specific changes between septic and nonseptic
rats in macrophage or monocyte cell-normalized activity in the
media are not the same as the changes in volume-normalized
serum activities for each isozyme. Two primary factors influence
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Fig. 6. Serum ADA activity: ADA activity is reported as nmol ammonia/
 h·ml serum. (a) Both ADA1 ( ) and ADA2 ( ) were measurable in
serum of rats, with ADA1 representing the predominant proportion of
total ADA activity in nonseptic rats. In rats with peritonitis, serum ADA1
and ADA2 activity levels were comparable. (b) The proportion of total
ADA activity represented by ADA2 activity in the serum is represented.
ADA2 became the predominant isozyme in serum collected from septic
rats as compared to nonseptic rats. *Significantly different relative to non-
septic naive values. P < 0·05. n = 9 and 12 for nonseptic and septic groups,
respectively.
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this. Septic rats retain nearly all of the fluids administered, signif-
icantly increasing total extracellular volume. The nonseptic rats
void this volume. There is no reason to believe that ADA2 would
be selectively compartmentalized within the serum in vivo. Thus,
the relative ADA activity appearing in the serum is distributed in
a larger volume (total extracellular volume) in the septic rats. In
this regard, it is important to note the small increase, rather than
a decrease, in ADA2 concentration in serum, at a time associated
with significant increases in volume of distribution. The second
factor influencing this is the potential sources of ADA1. We are
unaware of any work demonstrating the release of ADA1 from
nonmonocytic cells, but in contrast to ADA2, nearly all tissues
express ADA1.

Our data contrasts the interpretation of Shibagaki et al. [4].
These authors demonstrated that in the macrophage cell line
U937 ADA2 activity did not contribute to more than 8% of total
cellular ADA activity. They interpreted this to mean that mac-
rophages were not the source of extracellular ADA2 activity, in
which ADA2 represented a much higher proportion [4]. Some of
the differences between our work and that of Shibagaki et al.
regarding relative abundance of ADA2 in macrophages may have
to do with our use of primary peritoneal macrophages. Extensive
characterization of tissue specific macrophage populations have
found evidence of functional heterogeneity [24,25]. In addition,
despite the usefulness of cell lines, many instances have been
reported where they do not display the same characteristics as the
cell from which they are derived. However, another difference is
likely due to the presumption that macrophages must release
ADA isozymes into their surrounding in the same proportion as
they exist intracellularly. Our data clearly demonstrate that the
media from macrophages of animals mounting an inflammatory
response demonstrate much higher relative ADA2 compared to
cellular levels. This suggests differential regulation of extracellu-
lar ADA isozymes concentrations as well.

ADA1 is a monomeric protein between 30 and 40 kD that is

able to form a dimer and/or bind to larger molecular weight pro-
teins to form large MW complexes possessing ADA1 enzyme
activity. The enzyme kinetics of these forms are identical due to
the kinetics of the root ADA1 monomer. The Km values of ADA1
for adenosine and deoxyadenosine are similar (50–70 mM), activ-
ity is optimal at neutral pH, and enzyme activity is fully inhibited
by 100 mM erythro-9-(2-hydroxynon-3-yl)adenine (EHNA) [18].
Some tissue-associated variant proteins thus characterized have
been studied extensively [14,15,26–30]. Multiple mutations of the
ADA1 monomer have been identified, and the mutation or defi-
ciency of these proteins is associated with severe combined immu-
nodeficiency (SCID). Significant confusion is caused by the
nomenclature used to identify the alleles of this isozyme, some of
which have been referred to as ADA2 [27]. With regard to our
investigation, ADA2 refers to the ADA isozyme that has been
shown to exist only as a monomer of ~100 kD. The Km values of
this isozyme for adenosine and deoxyadenosine are reported in
mM ranges, but differ substantially from each other, with deami-
nating acivity ratio for adenosine/deoxyadenosine of 0·25
[11,13,31]. In addition, ADA2 enzyme activity is optimal at a
lower pH (6·5) and it is resistant to inhibition by EHNA [18].
Finally, ADA2 is unaffected in congenital ADA deficiency.
Because the kinetics of this isozyme differ significantly from those
that incorporate ADA1 isozyme catalytic activity, it has been sug-
gested that these isozymes are encoded by entirely different genes
[11], and may not represent true isozymes per se. But, for the pur-
poses of this manuscript, and until molecular studies have shown
otherwise, we will continue to use the ‘isozyme’ terminology and
nomenclature in differentiating ADA1 and ADA2 based on their
distinctive enzyme kinetics, as suggested by Hirschhorn and
Ratech [10].   Several investigators have suggested that increased
ADA2 in the serum or pleural effusates may be a marker of spe-
cific disease states [4,8], and as such have suggested it as a diag-
nostic tool [7,9]. Measurement of high ADA activity in pleural
effusion has proven to be surprisingly accurate in the diagnosis of
tuberculous [6,9,32]. ADA2 activity, which has been found exclu-
sively in nonlymphoid cells, has also been used to distinguish
between lymphoid and nonlymphoid types of leukaemia [8].
Future work to validate this phenomenon in patients with sepsis is
needed. The data presented in this paper further underscore the
need to address the question of the importance of ADA2 as a
dynamic response molecule during the inflammatory response.

To the best of our knowledge the information currently avail-
able about ADA2 is limited to protein size and enzyme kinetics.
Our hope is that this paper will provide the impetus for further
investigation into the molecular aspects of the ADA2 protein. The
production of ADA2 specific antibodies, as well as sequencing of
the protein for the generation of probes, will allow for further
investigation into the physiologic and pathophysiologic role of the
ADA2 isozyme.
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