OBSERVATIONAL STUDY

Annexin A2 Loss After Cardiopulmonary

Bypass and Development of Acute

Postoperative Respiratory Dysfunction in

Children

IMPORTANCE AND OBIJECTIVES: The primary objective of this study was
to determine whether expression of the multifunctional and adherens junction-
regulating protein, annexin A2 (A2), is altered following cardiopulmonary bypass
(CPB). A secondary objective was to determine whether depletion of A2 is asso-
ciated with post-CPB organ dysfunction in children.

DESIGN: In a prospective, observational study conducted over a 1-year period in
children undergoing cardiac surgery requiring CPB, we analyzed A2 expression in
peripheral blood mononuclear cells at different time points. We then assessed the
relationship of A2 expression with organ function at each time point in the early
postoperative period.

SETTING: Twenty-three-bed mixed PICU in a tertiary academic center.

PARTICIPANTS: Patients 1 month to 18 years old undergoing cardiac surgery
requiring CPB.

MEAN OUTCOME MEASUREMENTS AND RESULTS: We analyzed A2 ex-
pression in 22 enrolled subjects (n = 9, 1-23 mo old; n = 13, 2-18 yr old)
and found a proteolysis-mediated decline in intact A2 immediately after bypass
(p = 0.0009), reaching a median of 4% of baseline at 6 hours after bypass (p <
0.0001), and recovery by postoperative day 1. The degree of A2 depletion im-
mediately after bypass in 1-23-month-olds correlated strongly with the extent of
organ dysfunction, as measured by PICU admission Vasoactive-Ventilation-Renal
(p = 0.004) and PEdiatric Logistic Organ Dysfunction-2 (p = 0.039) scores on
postoperative day 1. A2 depletion immediately after bypass also correlated with
more protracted requirement for both respiratory support (p =0.007) and invasive
ventilation (p = 0.013) in the 1-23-month-olds.

CONCLUSIONS AND RELEVANCE: The degree of depletion of A2 following
CPB correlates with more severe organ dysfunction, especially acute respira-
tory compromise in children under 2 years. These findings suggest that loss of

A2 may contribute to pulmonary microvascular leak in young children following
CPB.

KEY WORDS: annexin A2; cardiopulmonary bypass; endothelium; hypoxia;
inflammation; pulmonary edema

ing cardiopulmonary bypass (CPB) due to CPB-induced acute lung in-
jury (CPB-ALI) (1). ARD can be mild, with transient hypoxemia, or
severe, with need for prolonged mechanical ventilation (1). Both CPB-induced
systemic inflammation and ischemia/reperfusion (I/R) injury are implicated in
the pathogenesis of CPB-ALI (2). Initiation of CPB triggers an intense systemic

3 cute respiratory dysfunction (ARD) is a common complication follow-
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e Cardiopulmonary bypass often leads to post-
operative organ dysfunction, especially acute
lung dysfunction, due to systemic inflamma-
tion-induced endothelial dysfunction.

e The plasma membrane protein annexin A2
maintains pulmonary microvascular integrity in
the hypoxic murine lung by preventing phos-
phorylation of vascular endothelial cadherin at
the endothelial-endothelial adherence junction.

e This prospective observational study reports
the modulation of cellular annexin A2 expres-
sion after cardiopulmonary bypass and how it
impacts the development of acute postopera-
tive lung dysfunction in children.

. J

inflammatory response (SIR) through sequential acti-
vation of serine proteases in the coagulation (3) and
complement cascades (4), with increased thrombin
generation accompanied by enhanced fibrinolysis (3).
The lungs remain relatively ischemic throughout CPB
(5), with hypoxia exacerbated by the application of
aortic cross-clamp (AXC) (5, 6). I/R injury perpetuates
SIR (6) upon removal of the AXC and restoration of
blood flow to the heart and lungs through generation
of reactive oxygen species and activation of cysteine
protease caspases (7). The ensuing severe persistent
endothelial cell dysfunction, characterized by capillary
leak and microthrombosis (8), can lead to CPB-ALI
(2). Therapeutic focus has shifted to targeting endo-
thelial pathways that may mitigate the development of
CPB-ALI (9).

Annexin A2 (A2) is a phospholipid-binding pro-
tein that promotes cell surface-based fibrinolysis (10)
and supports pulmonary microvascular integrity (11).
A2 maintains vessel patency and organ perfusion by
promoting cell surface-oriented, tissue plasminogen
activator-dependent fibrinolysis of microthrombi
(12). More recently, we found that A2 protects against
hypoxia-induced pulmonary edema by linking vascular
endothelial cadherin (VEC) and tyrosine phosphatase
at the endothelial-endothelial adherence junction,
thereby maintaining pulmonary microvascular in-
tegrity in mice (11). A2 up-regulation in response to
increased thrombin generation or during hypoxia may
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be a necessary adaptive response to vascular injury
and/or hypoxia, especially in the lungs. We hypothe-
size that inappropriate activation of proteases directed
at A2 can occur during CPB and that maladaptive A2
modulation following CPB can cause disruption of mi-
crovascular integrity with ensuing postoperative organ
dysfunction, especially in the lungs.

Our study aimed to establish a pattern of A2 mod-
ulation in response to CPB and its potential associa-
tion with clinical parameters of postoperative organ
dysfunction in children. We performed an explor-
atory study analyzing A2 expression on peripheral
blood mononuclear cells (PBMCs) from timed blood
samples and investigated its correlation to markers of
organ dysfunction. Here, we report that depletion of
A2 is associated with accelerated organ dysfunction,
especially ARD, in the immediate post-CPB period in
children.

MATERIALS AND METHODS

In this prospective, observational study, we enrolled
22 consecutive subjects who underwent cardiac sur-
gery at New York Presbyterian Hospital-Weill Cornell
Medical Center (WCM) between September 2018 and
December 2019. Patients between the ages of 30 days
and 18 years who underwent Congenital Heart Disease
surgery requiring CPB were included in the study. We
obtained informed parental consent for all subjects, as
well as assent from subjects between 7 and 18 years old.
Patients less than 30 days old or under 3.5kg in weight
were excluded (13). The study was approved by the
Institutional Review Board at Weill Cornell Medicine
(No. 1709018583) on March 13, 2018. Procedures were
followed in accordance with the ethical standards of
the responsible committee on human experimenta-
tion and with the Helsinki Declaration of 1975. Both
intraoperative and postoperative management were
provided according to institutional standards, in-
cluding early extubation and diuresis, as detailed in
Supplemental Expanded Methods (http://links.lww.
com/CCX/B142).

For the primary endpoint, we performed immunob-
lot analysis of A2 expression on timed PMBC samples.
Blood samples (3 mL) were collected in citrate-treated
collection tubes following induction of anesthesia
(baseline), immediately and 6 hours following comple-
tion of CPB, and at 5 AM on postoperative day (POD)
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1. All samples were stored at 4°C and processed within
24 hours. One mL of whole blood was centrifuged
twice at 400g (4°C) to collect platelet poor plasma
for biochemical assays. As previously described (14),
PBMC:s, used as a surrogate for endothelial cells, were
isolated from the remaining 2mL of whole blood
using FicollPaque Plus (GE Healthcare Life Sciences,
Chicago, IL) density gradient centrifugation. PBMC
expression of A2 was analyzed as previously described,
with minor modifications detailed in Supplemental
Expanded Methods (http://links.lww.com/CCX/
B142) (14). All samples were stored immediately in
aliquots at —-80°C and assayed within 1-3 months of
collection. For each sample, the level of intact A2, the
highest molecular mass band on western blot, was
evaluated by standard densitometry and normalized
to PBMC number and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) band density and expressed
as A2/10* PBMC/GAPDH. For each subject, timed A2
levels were expressed as a ratio in relation to the base-
line densitometry value, which was set at 1.

Assays of plasma interleukin (IL)-6 (V-Plex Plus
Human Pro-inflammatory I Kit, Meso Scale Discovery,
Rockville, MD) and p-dimer (Enzyme-linked immu-
nosorbent assays; IMUCLONE, Biomedica, Windsor,
NS, Canada) were performed in the WCM Clinical &
Translational Science Center General Core Laboratory.

For the secondary endpoint, we assessed the asso-
ciation of timed A2 expression to clinical outcome
parameters. For all subjects, we collected base-
line demographic information, Society of Thoracic
Surgeons-European Association for Cardio-Thoracic
Surgery (STAT) mortality categories and noted any
preexisting conditions. Intraoperative variables in-
cluding CPB duration, AXC time, and blood product
administration were analyzed. We collected global
clinical outcome data including duration of PICU
stay, composite organ dysfunction scores, such as
the PICU admit/peak/48-hr Vasoactive-Ventilation-
Renal (VVR) scores (15), daily PEdiatric Logistic
Organ Dysfunction-2 (PELOD-2) score (16), and
hospital mortality. For respiratory function, we
evaluated the duration of invasive mechanical ven-
tilation (IMV), noninvasive positive pressure venti-
lation (NIPPV), positive pressure ventilation (PPV),
which includes IMV and NIPPV. We also evalu-
ated duration of PPV-free supplemental oxygen, as
well as indices of oxygenation. Other organ-specific
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outcome data collected over the first 48 postoperative
hours include duration of inotropic support, peak
Vasoactive-Inotrope Score (17), and peak to preoper-
ative creatinine ratio.

All continuous variables are reported as medians
with 25th-75th interquartile range. Values for catego-
rical variables are expressed as number with the per-
centage of the subject population. The one-sampled,
two-tailed Wilcoxon signed-rank test was used to
compare median ratios of intact A2 to baseline, set as
a hypothetical median of 1. The Wilcoxon matched-
pairs signed rank test was used to compare medians of
cytokine and p-dimer levels at different time points.
To assess correlation to median ratios of intact A2 to
baseline at each time point, the two-tailed Spearman
correlation test was performed for continuous baseline
characteristics and organ function metrics, whereas
Wilcoxon rank-sum tests or Kruskal-Wallis tests were
performed for categorical baseline characteristics, as
appropriate. A p value of less than 0.05 was consid-
ered statistically significant. The analyses were per-
formed on the whole cohort as well as the age-defined
subgroups. Given the exploratory nature of this study,
adjustment of multiplicity was not performed and
nonsignificant (p > 0.05 to < 0.1) correlations were
reported to show the trend (GraphPad Prism v. 9.0.2
Software for Windows, San Diego, CA).

RESULTS

Table 1 shows preoperative and operative clinical
variables, as well as major postoperative outcomes for
all 22 subjects. Operative procedures performed for
each STAT category and organ-specific outcome data
are provided in Supplemental Tables 1 and 2 (http://
links.Iww.com/CCX/B142). We found a statistically
significant difference in preoperative body weight but
not in other preoperative clinical variables or opera-
tive variables, including STAT category, CPB and AXC
time, or frequency of steroid administration, between
the two age-defined subgroups (n = 9, 1-23 mo; n =
13, 2-18 yr). However, intraoperative blood products
were administered more often to the 1-23-month-
old group reflecting our institutional practice of
adding washed, leukocyte-reduced packed RBCs to
the CPB priming solution for most patients under
10kg (Table 1). The duration of PICU stay did not
differ between the two subgroups, and there was no
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TABLE 1.
Subject Characteristics and Outcomes

1-23-mo-
olds (n =9)

Entire Cohort
(n=22)

2-18-yr-olds
(n=13)

Characteristics

Median age (IQR, mo) 78.5 (7.8-112) 7 (4.5-12) 106 (48-146) < 0.001
Median weight (IQR, kg) 18.0 (7.9-383.1) 6.5 (5.4-9.4) 30.8 (20.3-53.2) < 0.001
Gender (male/female) 12/10 4/5 8/5 0.666
Previous cardiac surgery requiring CPB, n (%) 5 (22.7) 1(11.1) 5 (38.5) 0.333
History of chronic lung disease, n (%) 4 (18.2) 2(22.2) 2 (15.4) > 0.999
Single ventricle physiology, n (%) 2 (9.1) 2 (22.2) 0 (0) 0.156
Pediatric Risk of Mortality Il score, median (IQR) 3 (2-5.3) 3 (1.5-8) 3 (2-5) 0.7
Cardiopulmonary bypass time, min, median (IQR) 90 (60.8-109) 90 (67-102) 70 (52.5-110.5) 0.68
Aortic cross-clamp time, min, median (IQR) 51.5 (39.5-69) 48 (44.5-61.5) 54 (32.5-88) 0.86
Intraoperative blood products, n (%)°® 11 (50) 8 (88.9) 3 (23.1) 0.008
Intraoperative steroid administration before CPB, n (%)° 18 (81.8) 7 (77.8) 11 (84.6) > 0.999
Hospital mortality, n (%) 0 (0) 0 (0) 0 (0) > 0.999
Duration of PICU stay, d, median (IQR) 4.5 (3-7) 5 (3-6) 4 (3-7.5) 0.96
Need for reoperation within same hospitalization, n (%) 0 (0) 0 (0) 0 (0) >0.999

CPB = cardiopulmonary bypass, IQR = interquartile range.

Bold entries indicate statistically significant differences between two subgroups.

2p values comparing differences between two age groups.

*Refers to any blood product that is not subject's own, i.e., autologous blood or cell saver.
cSteroid in the forms of hydrocortisone or dexamethasone at the discretion of anesthesia.

in-hospital mortality or need for reoperation among
either subgroup. For all subjects, the median CPB and
AXC durations were 90 and 51.5 minutes, respectively
(Table 1). None of the study subjects required circula-
tory arrest.

Depletion of Intact A2 Following CPB

Similar to previous reports, we found evidence
of robust systemic inflammation and fibrinolysis
after CPB (18, 19). There was a 23-fold increase in
plasma IL-6 (Supplemental Fig. 1, http://links.Iww.
com/CCX/B142) and a 2.3-fold increase in D-dimer
(Supplemental Fig. 2, http://links.lww.com/CCX/
B142) above baseline by POD1. There was no correla-
tion between levels of IL-6 or D-dimer and intact A2 at
any of the corresponding time points (Supplemental
Table 3, http://links.lww.com/CCX/B142).

In every subject, immunoblot analysis revealed a re-
producible pattern of proteolytic breakdown of intact
A2 immediately after cessation of CPB, with the disap-
pearance of the parent protein and the appearance of

4 www.ccejournal.org

multiple smaller, immunoreactive bands with apparent
masses of 10-35 kilodaltons (kDa) (Fig. 1A). This pre-
sumptive proteolysis progressed with the appearance
of additional fragments by 6 hours after CPB. In the
same samples, we noted no degradation of annexin A5
or loading control protein GAPDH, suggesting that
the observed event was specific for A2. The subjects’
baseline A2 expression served as its own control with
subsequent A2 levels expressed as a fraction of the
baseline value. In addition, by analyzing A2 expres-
sion in two healthy adult samples processed and stored
in parallel for the same duration as study samples, we
determined that observed proteolysis was not a stor-
age artifact since we found no breakdown of A2 in the
storage control samples (Fig. 1A).

Quantitative analysis revealed that intact A2 declined
immediately after CPB to 56% of baseline (p = 0.0009;
median) and reached 4% at 6 hours after CPB (p <
0.0001; median) (Fig. 1B). Variable degrees of recovery
of A2 occurred by POD1. The degree of depletion or re-
covery of A2 was not associated with any of the evaluated
baseline characteristics including age, weight, operative
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Figure 1. Proteolytic degradation of annexin A2 (A2) following cardiopulmonary bypass (CPB).

A, Representative immunoblots of peripheral blood mononuclear cell (PBMC) A2, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and annexin A5 (AB) over a range of time points in two
different subjects (left and right). PBMC lysates were probed with immunoglobulin G directed against
A2, GAPDH, and Ab. B, Levels of intact A2 following CPB as quantified by densitometry. A2 levels
(n=292) are shown relative to each subject's baseline value, set at 1. The data were analyzed using
a one-sampled two-tailed Wilcoxon signed-rank test comparing median (median with interquartile
range) ratios of intact A2 to baseline for statistical significance (GraphPad Prism v. 9.0.2 Software
for Windows, San Diego, CA). 6hr p CPB = 6 hr post-cardiopulmonary bypass, Imm p CPB =
immediately post-cardiopulmonary bypass, NS = not significant, POD1 = postoperative day 1.

Loss of A2 and Organ
Function in Younger
Patients

To test whether the degra-
dation of A2 might corre-
late with the postoperative
course in individual sub-
jects, we examined its
relationship to  overall
organ function using the
PELOD-2 score (16). We
also used the VVR score
(15), which is more spe-
cific for organ dysfunction
in children after CPB (15),
focusing on the cardiovas-
cular, pulmonary, and renal
systems. Subgroup analyses
revealed a strong correla-
tion between the degree of
A2 depletion after CPB and
the severity of postoperative
organ dysfunction scores
in subjects 1-23 months
old. Lower A2 correlated
significantly with higher
PELOD-2 scores on POD1
(Rho = -0.69; p = 0.045,
Fig. 2A), indicating worse
overall organ function.
Furthermore, lower A2 cor-
related highly significantly
with PICU admission VVR
scores (Rho = -0.87; p =
0.004; Fig. 2B), especially
elevated ventilation score,
reflecting profound respi-
ratory dysfunction, in six
of the nine subjects. At 6
hours, however, A2 levels
no longer correlated with
organ dysfunction scores
for the whole cohort, al-

variables, STAT categories, CPB or AXC time, steroid  though the older 2-18-year-old group showed a trend
use, or blood product administration at any study time  toward significance between loss of A2 and VVR score
points. These data reveal that selective proteolysis of A2 (Rho = -0.54; p = 0.061; Supplemental Table 4, http://
is triggered by CPB with the most profound depletion  links.lww.com/CCX/B142). Together, these data indi-
occurring at 6 hours following bypass in all subjects. cate that the degree of A2 loss following CPB correlates
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Figure 2. Annexin A2 (A2) levels post-cardiopulmonary bypass
and organ dysfunction scores in subjects 1-23 mo old. A,
PEdiatric Logistic Organ Dysfunction-2 (PELOD-2) score (16) on
postoperative day 1 (POD 1) as a function of A2 level (n=9). B,
Postoperative Vasoactive-Ventilation-Renal (VVR) score (15) upon
admission to the PICU as a function of A2 level (n=9). Statistical
significance was evaluated using the two-tailed Spearman (Rho,
p) test (GraphPad Prism v. 9.0.2 Software for Windows, San Diego,
CA). GAPDH = glyceraldehyde-3-phosphate dehydrogenase, Imm
p CPB = immediately post-cardiopulmonary bypass.

with early organ dysfunction in the immediate postop-
erative period in patients under 2 years old.

A2 Depletion Correlates With Pronounced
Respiratory Dysfunction in Younger Patients

To assess the impact of A2 on postoperative respiratory
function, we evaluated the duration of IMV, as well as
total duration of respiratory support (DRS), including
duration of IMV, NIPPV, and PPV-free oxygen require-
ment (Fig. 3). We also assessed the oxygenation index
(OI) (20) in subjects receiving IMV, as well as the oxygen
saturation/F10, (SF) (21) ratio in those not receiving PPV
(Supplemental Table 4, http://links.lww.com/CCX/B142).
Among subjects in the 1-23-month age group, a lower

6 www.ccejournal.org
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e This study demonstrates for the first time that
annexin A2 becomes degraded after cardiopul-
monary bypass and its degree of degradation is
associated with worse respiratory dysfunction
in young children under 2 years old.

e This finding introduces annexin A2 as a poten-
tial new target for the investigation of molecular
pathology underlying cardiopulmonary bypass-
induced acute lung dysfunction in children.

e Measures to preserve cellular annexin A2 may
ameliorate development of acute postoperative
respiratory dysfunction after cardiopulmonary
bypass in children.

. J

level of intact A2 immediately after CPB correlated signif-
icantly with longer DRS (Rho = -0.84; p = 0.005; Fig. 3A)
and IMV (Rho = -0.73; p = 0.021; Fig. 3B). In addition,
lower intact A2 immediately after bypass in this younger
age group, but not in the older 2-18-year-old subjects,
correlated with higher OI (Rho = -1; p = 0.017; Fig. 3C)
in patients on IMV, and with a lower SF ratio (Rho =
0.77; p = 0.053; Fig. 3D) in those off PPV, reflecting im-
paired lung function. Of note, data from two subjects
with unrepaired cyanotic heart disease were excluded
from OI and SF assessments (20, 21). While longer CPB
duration and more blood product administration also
correlated with a lower SF ratio (Supplemental Table
5, http://links.lww.com/CCX/B142) in the younger age
group, it did not correlate with longer DRS, IMV dura-
tion or OI. This suggests the potential contribution of
A2 to postoperative ARD may be independent of CPB
duration or blood product exposure. We found no cor-
relation between A2 and markers of respiratory dysfunc-
tion immediately after CPB in 2-18-year-old subjects; at
6 hours, however, there was a trend toward association
between lower A2 and total DRS in the older subjects
(Rho =-0.52; p = 0.07; Supplemental Table 4, http://links.
lww.com/CCX/B142). These data indicate that bypass-
associated loss of A2 correlates with profound postopera-
tive respiratory impairment in children under 2 years old.

DISCUSSION

To our knowledge, this is the first study to examine the
proteolytic processing of A2 in the setting of the sterile
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Figure 3. Annexin A2 (A2) levels and indices of respiratory dysfunction immediately after cardiopulmonary bypass in 1-23-mo-old
subjects. Total duration of respiratory support (n=9) (A), duration of mechanical ventilation (n= 9) (B), worst oxygenation index (Ol)
(20) on the ventilator (n= 5) (C), and oxygen saturation/Fio, (SF) ratio (21) off positive pressure ventilation (PPV) (n=7) (D) were
compared with intact A2. Two-tailed Spearman correlation analysis (Rho, p) was used to evaluate statistical significance (GraphPad
Prism v. 9.0.2 Software for Windows, San Diego, CA). GAPDH = glyceraldehyde-3-phosphate dehydrogenase, Imm p CPB =

immediately post-cardiopulmonary bypass.
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SIR associated with CPB. Proteolysis of A2 was a uni-
versal finding among all subjects in our study cohort.
In addition, we show for the first time that reduction
in A2 on PBMCs correlates significantly with overall
organ dysfunction, especially pulmonary impairment
in the early postoperative period in children under 2
years old.

A2 is a multifunctional protein that is expressed
by vascular endothelial cells (22), tumor cells, and
macrophages (23). Human monocytes are the major
A2-expressing cells in circulating blood (24). A2 con-
sists of a core domain that contains four membrane-
binding “annexin repeats” and an amino-terminal
domain that interacts with protein S100A10 to form
the (A2-S100A10), heterotetramer, its primary mem-
brane-associated configuration. Translocation of cyto-
solic A2 to the cell surface is inducible by thrombin (25)
and requires Sarcoma (Src) kinase-mediated phospho-
rylation of tyrosine 23 (26) within the amino-terminus.
The current study revealed a striking and reproducible
pattern of proteolysis of A2 following CPB. Using an
antibody that recognizes phenylalanine 307 and sur-
rounding residues within its carboxy-terminus of A2
(Supplemental Fig. 3, http://links.Ilww.com/CCX/
B142), we followed progressive degradation of A2 after
CPB and the release of fragments containing the pro-
tein’s carboxy-terminus. We found the same pattern of
proteolysis of A2 immediately following CPB in all sub-
jects studied; degradation of A2 did not appear to be a
storage artifact. Depletion of A2 persisted through the
first 6 hours following CPB and recovered partially by
POD1. We suspect that these smaller A2 segments are
less functional due to their lack of an amino-terminus.
Interestingly, b-dimer analysis did not demonstrate a
decrease in systemic fibrinolysis (Supplemental Fig. 2,
http://links.lww.com/CCX/B142) activity, despite the
loss of intact A2. This may be attributable to the fact
that p-dimer is a better marker for the fluid phase of
fibrinolysis but not a sensitive marker for A2-mediated
cell surface-based fibrinolysis (14, 26, 27).

A2 is also one of the most abundantly expressed
plasma membrane proteins in the lung endothelium
(11, 28) and is upregulated under hypoxic conditions
through the interaction of hypoxia-inducible-factor-1
transcription factor with a hypoxia-responsive element
within its promoter region (29). Recently, we observed
that Anxa2”~ mice were highly susceptible to pulmo-
nary edema under hypoxia (11). We demonstrated that

8 www.ccejournal.org

A2 forms a complex with VEC and its key phospha-
tases, VEC tyrosine phosphatase and Src homology
phosphatase-2 (11). In the absence of A2, hyperphos-
phorylation of VEC at tyrosine 731 prevents homo-
typic VEC-VEC interactions that support endothelial
cell adherens junctions in the lung microvasculature,
leading to vascular leak. Thus, A2 is instrumental in
preventing hypoxia-induced pulmonary edema in the
murine lung.

Throughout CPB, lung perfusion is reliant on the
bronchial circulation, which is not sufficient to prevent
pulmonary tissue hypoxia (5, 30). Upon reperfusion
after CPB, oxygen-free radicals augment systemic in-
flammation and can further exacerbate CPB-ALI (31).
In the murine lung, activation of Src-kinase with phos-
phorylation of VEC is known to engender pulmonary
microvascular permeability in the post-CPB period
(32). The ensuing pulmonary edema and leukocyte in-
filtration are likely proximal causes of ARD (2). Our
study noted a strong association between A2 depletion
and organ function impairment after CPB, especially
respiratory dysfunction. Extreme loss of A2 correlated
with longer duration of all forms of respiratory sup-
port, including assisted ventilation and supplemental
oxygen requirement in children under 2 years old.
These findings may reflect increased pulmonary vas-
cular leak and pulmonary edema, as previously dem-
onstrated in A2-deficient hypoxic murine lung (11).

We propose that compromised pulmonary function
after CPB may result from loss of A2 and compromised
vascular integrity in the lung (11). In our most vulner-
able, younger patients, we found that the level of A2
was inversely proportional to the intensity of needed
respiratory support. This could reflect increased pul-
monary vascular leak, or possibly reduced surfactant
production by type II alveolar cells, to which A2 has
been linked (33). Clinically, disturbed pulmonary
microvascular integrity manifests itself as the need
for prolonged respiratory dysfunction and impaired
oxygenation.

The current study provides the framework for a
larger prospective examination of A2 in CPB. The
limitations of this study include the small sample
size, which precluded co-variant analyses to exclude
potential confounding factors. Blood sampling lim-
itations did not allow us to include neonates (13), a
subpopulation whose postoperative course is associ-
ated with greater morbidity and mortality (34). Also,
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while a control group was not needed to perform
the primary analysis of changes in A2 in individual
subjects pre- and post-CPB; the absence of a control
group limits our ability to determine whether the
proteolytic process observed is unique to CPB or may
be seen in other systemic inflammatory processes. In
addition, we used PBMCs as a surrogate for pulmo-
nary microvascular endothelial cells, which cannot
be feasibly obtained. We intend to conduct additional
studies to demonstrate the extent to which PBMCs
are faithful surrogates for endothelial cell-based
functions (14, 24) beyond fibrinolysis. Finally, we
would hope to examine the mechanisms whereby A2
is selectively proteolyzed in CPB and the pathophys-
iologic pathways by which its loss may compromise
organ function.

CONCLUSIONS

This novel observational study demonstrates that A2
is reproducibly and specifically depleted in response
to CPB and that loss of functional A2 in PBMCs cor-
relates with early organ injury, especially impaired
lung function in young children. Measures to preserve
A2 may ameliorate CPB-induced ARD through A2’s
ability to support vascular patency and integrity, par-
ticularly in children under 2 years old.
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