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A single encounter with a dialysis patient led to the study of complement and 
neutrophil aggregation, which in turn spawned our work and the remark-
able development of the field of vascular biology. As our understanding of 
these cellular interactions and the signaling pathways involved in these pro-
cesses has expanded, so has our appreciation for the broad impact of this 
work on an array of human diseases.

In the mid 1970s, the late Phillip Crad-
dock was called to see a patient with a low 
white count, hypoxemia, and chest pain 
20 minutes into a hemodialysis session. 
The neutrophil counts returned to normal 
within an hour, and the patient’s chest pain 
dissipated. As a physician-scientist, Crad-
dock returned to his laboratory to test a 
hypothesis that the patient’s symptoms 
were initiated when blood circulation over 
the cellophane dialysis membranes activat-
ed complement, which in turn stimulated 
neutrophils to aggregate in the microcir-
culation of the lung. These landmark stud-
ies revealed that activated complement 
(C5a) generated during dialysis caused 
pulmonary hypertension, leukostasis, 
and pulmonary edema (1). This suggested 
that pulmonary endothelial cell activation 
or injury was a consequence of activated 
neutrophils. In 1978, our group proposed 
the mechanism of this activation (2). We 
believed that activated complement could 
induce endothelial damage — assessed by 
51Cr release — through the production of 
neutrophil-derived oxygen radicals, since 
superoxide dismutase and catalase inhibited 
this injury. Tight adhesion was necessary 
for the neutrophils to damage the endothe-
lium. We and others speculated that not only 
would this pathophysiology explain pulmo-
nary symptoms during hemodialysis, but it 
might also be applicable to various immune-
mediated vasculitides, acute respiratory dis-
tress syndrome (ARDS), retinopathy, and 
even atherosclerosis (ref. 3 and Figure 1).

These studies incited prolific basic and 
clinical research in inflammation and 
vascular biology. This work led to the dis-
continuation of cellophane membrane 
use in dialysis in favor of a more biocom-
patible material that minimally activated 
complement. Clinical studies were initi-
ated in ARDS patients using high doses of 
methylprednisolone to prevent neutrophil 
aggregation and endothelial injury (4). In 
the late 1970s, neutrophil biology stud-
ies exploded onto the scene, dissecting 
the roles of the NADPH-oxidase, myelo-
peroxidase, adhesion molecules such as 
CD11b/ CD18, complement receptors, 
selectin receptors, and granule compo-
nents including gelatinase and defensins 
in inflammation. Nostalgically, we remem-
ber that the annual Phagocyte Workshop 
at the AFCR/ASCI/AAP meeting served as 
a forum for these interdisciplinary discus-
sions as the field developed.

Radical ideas
Interest in oxidant biology dramatically 
enhanced the understanding of processes 
including the release of NADPH-oxidase, 
the myeloperoxidase system, antioxidant 
defenses, mitochondrial function, iron-
catalyzed reactions, and lipid peroxida-
tion. Cell signaling by oxidants has proven 
integral in the inflammatory response. The 
discovery of nitric oxide and its role in vas-
cular biology is now fundamental in under-
standing cardiovascular health.

Complement biology is at the root of 
autoimmune processes, organ transplan-
tation rejection, inflammation, and acute 
lung injury (5). For example, paroxysmal 
nocturnal hemoglobinuria, with its devas-
tating hemolytic episodes and thrombotic 

events, can today be tamed with an anti-C5 
antibody (6). New insights in complement 
biology have also led to understanding 
the mechanisms in hemolytic uremic syn-
drome and macular degeneration.

Sticking together
Our manuscript (2) was one of the first 
examining neutrophil-endothelial cell 
interactions. In our study, activated neu-
trophils injured endothelial cells in the 
context of close approximation. Decreas-
ing adhesion or scavenging the oxidant 
species abrogated the injury. This observa-
tion was seminal for subsequent studies 
of neutrophil, adhesion, activation and 
migration, though Jaffe et al. (7) and Gim-
brone et al. (8) pioneered in vitro culture 
techniques for human endothelial cells 
that made this possible. Since then, criti-
cal roles for molecules involved in these 
interactions, including P- and E-selectin, 
integrins VCAM-1 and ICAM-1, platelet-
activating factor and IL-8, adhesion mol-
ecules including PECAM-1, sphingosine-1- 
phosphate, and E-cadherin, and of course, 
nitric oxide, have been described. Our in 
vitro endothelial cell cultures were cru-
cial to understanding the critical balance 
of endothelial anticoagulants such as 
thrombomodulin and procoagulant mol-
ecules including von Willebrand factor, 
PAI-1 tissue factor, etc., which defines the 
thrombotic state today. Our laboratory 
has subsequently defined a set of protec-
tive responses of the endothelium, such as 
heme oxygenase-1 and ferritin, in response 
to heme-driven oxidants that allow adap-
tation of the vasculature to inflammation 
(9). Finally, understanding the marked 
heterogeneity of the vasculature defines 
organ-specific responses to injury and 
inflammatory stimuli.

20/20 Hindsight
With modern technology, investigation 
of these pulmonary vascular responses to 
inflammatory cell oxidants is even more 
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fascinating than we realized in the 1970s. 
For example, we now have a greater appre-
ciation of the heterogeneity of the pulmo-
nary vasculature, the role of nitric oxide in 
the pulmonary vasculature, the adhesion 
molecule responses, and the complement 
regulatory responses, and this knowledge 
would likely have changed our perspec-
tive of the pulmonary vascular response. A 
ready example is provided by recent find-
ings showing C5a contributes to hemodi-
alysis-associated thrombosis through the 
expression of functionally active tissue fac-
tor in peripheral blood neutrophils (10).

The story of Phillip Craddock’s observa-
tion and the science that sprung from it 
underscores the value of the physician-sci-
entist in our health care system, whose role 
is now too often focused on algorithms 
and relative value units. However, the curi-
osity of physician scientists combined with 
today’s knowledge and technologies has 

the potential to lead us toward a brighter 
future and a healthier population.

Acknowledgments
The authors thank Carol Taubert for 
manuscript preparation and the NIH for 
grant support (R01 HL67367 and P01 
HL055552).

Address correspondence to: Gregory 
M. Vercellotti, University of Minnesota, 
MMC 480, 420 Delaware St. SE, Minne-
apolis, Minnesota 55455, USA. Phone: 
612.626.3757; Fax: 612.625.6919; E-mail: 
verce001@umn.edu.

 1. Craddock PR, Fehr J, Brigham KL, Kronenberg RS, 
Jacob HS. Complement and leukocyte-mediated 
pulmonary dysfunction in hemodialysis. N Engl J 
Med. 1977;296(14):769–774.

 2. Sacks T, Moldow CF, Craddock PR, Bowers TK, 
Jacob HS. Oxygen radicals mediate endothelial cell 
damage by complement-stimulated granulocytes. 
An in vitro model of immune vascular damage.  

J Clin Invest. 1978;61(5):1161–1167.
 3. Jacob HS, Craddock PR, Hammerschmidt DE, 

Moldow CF. Complement-induced granulocyte 
aggregation: an unsuspected mechanism of disease.  
N Engl J Med. 1980;302(14):789–794.

 4. Hammerschmidt DE, White JG, Craddock PR, 
Jacob HS. Corticosteroids inhibit complement-
induced granulocyte aggregation. A possible mech-
anism for their efficacy in shock states. J Clin Invest. 
1979;63(4):798–803.

 5. Bosmann M, Ward PA. Role of C3,C5 and anaphyl-
atoxin receptors in acute lung injury and sepsis. 
Adv Exp Med Biol. 2012:946:147–159.

 6. Parker CJ. Paroxysmal nocturnal hemoglobinuria. 
Curr Opin Hematol. 2012;19(3):141–148.

 7. Jaffe EA, Nachman RL, Becker CG, Minick CR. 
Culture of human endothelial cells derived from 
umbilical veins. Identification by morphologic 
and immunologic criteria. J Clin Invest. 1973; 
52(11):2745–2756.

 8. Gimbrone MA Jr, Cotran RS, Folkman J. Human 
vascular endothelial cells in culture. Growth and 
DNA synthesis. J Cell Biol. 1974;60(3):673–684.

 9. Belcher JD, Beckman JD, Balla G, Balla J, Vercellotti 
GM. Heme degradation and vascular injury. Anti-
oxid Redox Signal. 2010;12(2):233–248.

 10. Kourtzelis I, et al. Complement anaphylatoxin C5a 
contributes to hemodialysis-associated thrombosis.  
Blood. 2010;116(4):631–639.

Figure 1
Complement-activated neutrophil-mediated oxidant endothelial cell injury. Dialysis membranes activate complement to generate C5a. C5a binds 
to receptors (C5R) on endothelial cells and neutrophils (PMN), inducing P-selectin and activating the adhesion integrin CD11b/CD18. Neutrophil 
rolling on the selectin is followed by tight adhesion with proximate release of reactive oxygen species including O2

–, H2O2, and HOCl, which medi-
ate endothelial injury (measured by 51Cr release in vitro), endothelial gap formation with leak of plasma, and endothelial and NF-κB activation.


