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LABORATORY STUDY

A porcine model of hemodialyzer reactions: roles of complement activation
and rinsing back of extracorporeal blood
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GmbH, Bad Homburg, Germany; cSeroScience Ltd, Budapest, Hungary; dSchool of Medicine, Montpellier University, Montpellier,
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Norwegian University of Science and Technology, Trondheim, Norway; iNanomedicine Research and Education Center, Institute of
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ABSTRACT
Hemodialysis reactions (HDRs) resemble complement-activation-related pseudoallergy (CARPA) to
certain i.v. drugs, for which pigs provide a sensitive model. On this basis, to better understand
the mechanism of human HDRs, we subjected pigs to hemodialysis using polysulfone (FX
CorDiax 40, Fresenius) or cellulose triacetate (SureFlux-15UX, Nipro) dialyzers, or Dialysis
exchange-set without membranes, as control. Experimental endpoints included typical bio-
markers of porcine CARPA; pulmonary arterial pressure (PAP), blood cell counts, plasma sC5b-9
and thromboxane-B2 levels. Hemodialysis (60min) was followed by reinfusion of extracorporeal
blood into the circulation, and finally, an intravenous bolus injection of the complement activator
zymosan. The data indicated low-extent steady rise of sC5b-9 along with transient leukopenia,
secondary leukocytosis and thrombocytopenia in the two dialyzer groups, consistent with mod-
erate complement activation. Surprisingly, small changes in baseline PAP and plasma thromb-
oxane-B2 levels during hemodialysis switched into 30%–70% sharp rises in all three groups
resulting in synchronous spikes within minutes after blood reinfusion. These observations sug-
gest limited complement activation by dialyzer membranes, on which a membrane-independent
second immune stimulus was superimposed, and caused pathophysiological changes also char-
acteristic of HDRs. Thus, the porcine CARPA model raises the hypothesis that a second “hit” on
anaphylatoxin-sensitized immune cells may be a key contributor to HDRs.
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Introduction

Renal replacement therapy, represented mainly by

hemodialysis (HD), provides life-sustaining treatment

for the expanding Stage 5 chronic kidney disease popu-

lation worldwide. Despite technical advances and pro-

gresses in biocompatibility material, HD procedures

remain associated with a relatively low risk of acute

allergy-like, so-called HD-reactions (HDRs), but that

occasionally may lead to life-threatening conditions

within minutes after hooking the patients on an extra-

corporeal circuit. Over the last few years an increasing

number of such hypersensitivity reactions (HSRs) have

been reported with hemodialyzers, creating a new
threat in the nephrology community [1–8].

Clinical manifestations of these acute adverse events
include itching, burning sensation at the access site,
urticaria, flushing, cough, sneezing, wheezing, abdom-
inal cramps, diarrhea, headache, back and chest pain,
nausea, vomiting, fever and chills. The most common
symptoms are chest and back pain, dyspnea, nausea,
vomiting and hypotension, typically occurring within
15–30min after launch of dialysis, and depending on
severity, may or may not require discontinuation of
hemodialysis treatment. In the former case, requiring
instant suspension of dialysis, the patient is at risk for
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developing anaphylactic shock with dyspnea, hypoten-
sion and sudden cardiac death.

Hypersensitivity reactions, in general, may arise via
IgE-dependent and IgE-independent pathways, referred
to as “immune”, or “true” allergy, and non-immune, or
“pseudoallergy” [9]. Regarding the mechanism of HDRs,
IgE-mediated reactions can arise because of leaching
off some non-natural components of the extracorporeal
circuit, for which the patient had been pre-sensitized.
The frequency of such appliance-specific reactions is
extremely rare, 1/400,000, while nonspecific HDRs have
a much greater incidence (3–5/100) [10]. The latter reac-
tions are also less severe and are thought to be medi-
ated by activations of the complement and/or the
kallikrein/kinin systems [11]. Importantly, the clinical
picture of these pseudoallergic reactions is identical to
that of HSRs observed with other therapies using extra-
corporeal circuits, namely cardiopulmonary bypass
[12–14] and apheresis (hemapheresis) [15–17].
Moreover, of particular interest for the present study,
these symptoms are also very similar, or identical to
those of infusion reactions triggered by a variety of i.v.
administered nanomedicines, contrast agents and bio-
logicals. Because of the causal role of complement acti-
vation, these reactions have been referred to as
complement activation-related pseudoallergy
(CARPA) [18,19].

Pigs provide a sensitive model for nanomedicine-
induced CARPA, the most quantitative and reproducible
endpoints of which are hemodynamic changes, most
importantly the rise of pulmonary arterial pressure
(PAP). In addition, typical complement-mediated HSRs
are associated with leukopenia followed by secondary
leukocytosis and rises of plasma thromboxane A2
(TXA2), which is measured via its stable metabolite,
TXB2. Leukopenia followed by compensatory leukocyt-
osis is also typical of HDRs, and the main symptoms of
severe human HSRs can be explained, in part, by pul-
monary hypertension and/or other hemodynamic
changes, also observed in porcine CARPA. Yet, a porcine
model for HDRs has not been developed to date, which
would gain recognition for hemodialysis system screen-
ing and mechanistic studies on HDR.

The aim of the present study was to fill this gap in
preclinical research by establishing a pig model to
explore the HDRs. To reach this goal, we used two
types of dialysis membranes; FX CorDiax 40 (FXC) from
Fresenius, and SureFlux-15UX (NSF) from Nipro, and to
provide control for the membrane effects, a “sham dial-
ysis” consisting of an extracorporeal circulation without
dialyzer (Dialysis exchange-set, DES). A 60min effective
HD protocol was followed by the rinsing back of the

extracorporeal blood into the circulation at the end of
the procedure, to mimic the human therapy. Finally,
the alternative complement pathway activator zymosan
was used as positive control, which also activates innate
immune cells via Toll-like receptors [20,21].

Materials and methods

Materials

FX CorDiax 40 dialyzer cartridges containing polysul-
fone/polyvinylpyrrolidone filters (FXC) and Dialysis
exchange-set (DES), i.e., bypass tubing without mem-
brane, were from Fresenius Medical Care (Bad
Homburg, Germany). SureFlux-15UX cartridges, contain-
ing cellulose-triacetate filters (NSF), was from Nipro
Corporation (Osaka, Japan). Forane (isoflurane) was
from Rompharm (Otopen, Romania), and zymosan from
Sigma-Aldrich (Budapest, Hungary).

Experimental model

Isovolemic (no-ultrafiltration) on-line post-dilution
hemodiafiltration (HDF) was performed in anesthetized
pigs (isoflurane 1.5%–2% in O2 flow) using 4008 S
online plus dialysis equipment (Fresenius Medical Care).
The experimental arrangement is shown on Figure 1.
For dialysis a double lumen proVencare catheter (FDC-
1125, Fr 11 diameter and 250mm length) was intro-
duced via the right femoral vein of pigs. The effects of
a 60min HDF treatment was followed by the reinfusion
of blood from the extracorporeal circuit into the circula-
tion over 10min, and after a further 10min waiting
period by a bolus injection of 0.1mg/kg zymosan, used
as positive control for complement activation. Blood
samples were then taken for further 30min.

Upon HD, the blood and dialysate flow rates were
150 and 500mL/min, respectively. The substitution fluid
flow rate was set at 15mL/min. Priming was made with
5,000 IU heparin in one liter of priming solution (NaCl
0.9%) followed with 1 liter without heparin. A bicarbon-
ate dialysate was used (Fresenius; Naþ: 138mmol/L; Kþ:
4mmol/L; Ca2þ: 1.5mmol/L; Mg2þ: 0.5mmol/L; glucose:
1 g/L; bicarbonate: 32mmol/L). Hemodialysis sessions
were performed in isovolemic conditions (no weight
loss) and using sterile, apyrogenic dialysis fluid. For the
control group (“sham hemodialysis” without a dialyzer),
the blood was circulated in the HD tubing without a
dialyzer (Dialysis exchange-set, DES) within the
same conditions.
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Laboratory assays

Blood samples were obtained and stored in EDTA tubes
before dialysis (0min) and then every 15min for 60min
dialysis, as well as 5 and 10min after starting the reinfu-
sion at 60min. Samples were analyzed for blood cell
counts by Abacus hematology analyzer (Diatron MI PLC,
Budapest, Hungary), and for TXB2 and sC5b-9 levels in
plasma. The latter ones were prepared by immediate
centrifugation of EDTA anticoagulated blood (TXB2
tubes also containing indomenthacin) at 2500�g for
15min at 4 �C, followed by withdrawal of the super-
natant and storing it in 1mL aliquots at �70 �C until
further analysis. TXB2 was measured by an ELISA kit
from Cayman Chemicals (Ann Arbor, MI, USA) using a
FLUOstar Omega microplate reader (BMG Labtech).
Porcine sC5b-9 determination was performed as previ-
ously described [22]. In brief, microtiter plates were
coated with mouse anti-human sC5b-9 ascites (clone
aE11) and incubated for 1 h with plasma containing
10mM EDTA. The second Ab, biotinylated mouse anti-
human C6 (Quidel A219), was stained with streptavi-
din� horseradish peroxidase (HRP) using ABTS and
H2O2 substrate.

Statistical analysis

Statistical analysis was performed by GraphPad Prism
software (GraphPad Software, La Jolla, CA, USA).
Differences among the three treatment groups were
analyzed by one-way ANOVA, and the significance of
the effects relative to baseline were computed using
Sidak’s multiple comparisons test. Comparison of base-
line and peak effects was performed using Student’s
paired t-test. To study the correlation between PAP and
TXB2 values Pearson correlation coefficient was used. A
p-value of <0.05 was considered to be statistically
significant.

Results

Complement activation during hemodialysis,
rinsing back of extracorporeal blood and zymosan
bolus challenge

Hemodialysis using both NSF and FXC membranes
resulted in a steady increase in complement activation
as measured by sC5b-9 during the length of the dialysis
(1 h), the rise reaching significance relative to baseline
at 15 and 30min in cases of FXC and NSF membranes,

Figure 1. Experimental arrangement of porcine CARPA model combined with Hemodialysis (HD) device. The animal was anesthe-
tized, and spontaneously ventilated. It was connected to the HD device as follows: the HD catheter originating from one femoral
vein, blood flowing through the Dialyzer, and returning to the same femoral vein via a double lumen catheter. Systemic arterial
blood pressure was measured via a femoral arterial catheter. Pulmonary arterial pressure was measured via a Swan-Ganz catheter
through the jugular vein, advanced into the pulmonary artery. Abbreviations: ECG: electrocardiogram; ET CO2: end tidal partial
pressure of carbon-dioxide; ABP: arterial blood pressure; PAP: pulmonary arterial pressure; CVP: central venous pressure; SO2: oxy-
gen saturation.
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respectively (Figure 2(A)). Although the elevation of
sC5b-9 in NSF membranes tends to be lower, no signifi-
cant difference between groups has been found. In
contrast, blood flow through the DES did not cause C
activation (Figure 2(A)). Reinfusion of blood triggered a
transient minor spike in sC5b-9 in case of FXC and DES
animals. The complement-activating positive control
zymosan, given as i.v. bolus, showed a modest, but sig-
nificant increase in sC5b-9 over 30min in all animals,
enabling the pooling of these data in Figure 2(B).

Overall, the above data suggest the presence of
complement activation during HD, entailing a modest
level of terminal complex (sC5b-9) formation. To assess
the biological consequences of this activation, we
measured three known physiological effects of comple-
ment activation; blood cell changes, cardiopulmonary
distress and thromboxane A2 release into the blood.

Blood cell changes during hemodialysis, rinsing
back of extracorporeal blood and
zymosan challenge

We observed 10-40% leukopenia within 15min in all
animals undergoing dialysis (Figure 3(A–F)), and in one
of the three sham-dialyzed pigs (Figure 3(I)). The sec-
ondary leukocytosis that followed the drop of leuko-
cytes in these pigs is a typical sign of complement
activation. Reinfusion of the extracorporeal blood into
the circulation in the 60–70min period did not trigger
any abrupt change in these trends, although a mem-
brane-independent slight acceleration of leukocytosis
was observed in some pigs (Figure 3(A–C,E)). Based on

the paralleling changes of WBC and granulocyte counts,
these alterations represented mainly granulocyte
response, while lymphocytes displayed only minor
changes without a consistent trend.

In keeping with the lack of blood cell changes in 2 of
3 pigs in the DES group, averaging the maximal WBC
changes indicated more expressed changes during HD
of FXC and NSF animals (15%–17%) than in sham HD
(DES, 4%) (Table 1), although the changes were statistic-
ally not significant. The platelet counts also suggested a
trend for thrombocytopenia during HD, which was
most expressed in the NSF group, particularly after
zymosan treatment (bold italicized entries in Table 1).
However, like with WBC, averaging the maximal drops
of platelet counts showed no significant differences
among the groups (Table 1). The red blood cell (RBC)
counts, and plasma hemoglobin levels did not show
any changes in any group (data not shown).

DES, FXC and NSF are treatment groups defined in
Figure 2. ANOVA showed no significant differences
(p> 0.05) among the three groups in either blood cell
count. However, the bold italicized entries in the NSF
group suggest increase in thrombocytopenia (p> 0.05).
Entries are % of baseline.

These complex WBC and platelet changes are con-
sistent with dialysis membrane-induced complement
activation during HD and, as expected, much stronger
activation by zymosan. The presence of complement
activation in the absence of HD membranes is ambigu-
ous at this time, since the WBC changes in 1 out of 3
animals (Figure 3(I)) did suggest comple-
ment activation.

Figure 2. Plasma levels of the complement activation marker, sC5b-9, in pigs during HD for 60min followed by blood reinfusion
between 60 and 70min (A), and following zymosan bolus, administered at 80min. Bars are mean ± SD of n¼ 3 pigs in each
group in panel A, and of 9 pigs in panel B. �, significant difference according to ANOVA (p< 0.05) relative to baseline. Key: NSF,
FXC and DES mean Nipro SureFlux-15UX, Fresenius FX CorDiax 40 membranes and Dialysis exchange-set without filter membrane,
respectively.

1612 Á. PETHŐ ET AL.



Hemodynamic and blood pressure changes during
hemodialysis, rinsing back of extracorporeal blood
and zymosan bolus challenge

Figure 4 shows real-time tracing of PAP in all animals
during all three phases of pig experiments: dialysis,
reinfusion of extracorporeal blood, and zymosan bolus.
We observed 5–10mmHg rises of PAP starting within
15min after the start of HD, peaking between 15 and
40min, and returning to about 5mm over baseline
wherever such responses observed. The color-coding of
individual pigs allows visual comparison of responses in

the three groups, suggesting increased frequency and
extent in the following order: DES< FXC<NS, i.e., the
same order that was observed for C activation and
blood cell changes in Figures 2 and 3.

Figure 4 also shows that blood reinfusion into pigs
led to a 5–10mmHg sudden rise of PAP in all animals
which, unlike the pulmonary hypertension during HD,
started at the same time (a few minutes after the start
of reinfusion) and were remarkably similar in all animals
in their rise and decline over 10min (blue rectangle).
These changes represented about 20% and 40% rises
relative to the pre-dialysis and pre-reinfusion PAP val-
ues, respectively, and were highly significant relative to
baseline (p< 0.001) (Table 2).

The % values mean the maximal PAP rise relative to
the respective baseline values, computed with the for-
mula: [PAP(max)/PAP(baseline)x100]-100, where the
baselines are the pre-dialysis, pre-reinfusion, and pre-
zymosan values. The mean%±SD values in the different
groups were subjected to ANOVA in both comparisons,
which was not significant (p> 0.05). The means ± SD
values of pooled PAP showed highly significant rises
(p< 0.001) relative to the baselines values (Student’s
paired t-test).

Table 1. Maximal WBC and platelet changes in pigs during
dialysis, rinsing back of extracorporeal blood and zymo-
san treatment.

Phase

DES FXC NSF

Mean SD (n¼ 3) Mean SD (n¼ 3) Mean SD (n¼ 3)

WBC
Dialysis 95.5 15.9 82.5 14.4 84.9 7.7
Reinfusion 118.1 14.2 108.1 4.3 135.5 16.8
Zymosan 63.1 13.9 78.6 28.4 71.9 9.1

Platelets
Dialysis 90.3 12.7 93.7 12.4 81.3 5.2
Reinfusion 107.5 9.3 101.5 6.7 95.2 6.9
Zymosan 92.7 15.5 93.5 8.3 73.8 9.9

Figure 3. White blood cell (WBC) changes during HD (up to 60min), reinfusion of extracorporeal blood (for 10min starting at
60min) and after bolus injection of zymosan started 10min after blood reinfusion. The time versus blood cell count plots in the
different panels show absolute counts (x 1,000) in individual pigs (#No. denotes experimental animals), 3-3 animals used in the
NSF (A-C), FXC (D-F), and DES (G-I) groups. Different colors represent different cells, as labeled. DES, FXC and NSF are treatment
groups defined in Figure 2. Abbreviations: WBC: white blood cell; Ly: lymphocyte; Gr: granulocyte.
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Administration of zymosan 10min after the end of
blood reinfusion led to superimposition of massive
mono-, or biphasic rises in PAP on reinfusion-induced
pulmonary hypertension in all animals, lasting over
30min. This effect indicated equal sensitivity of all pigs
to immune-triggered pulmonary response, at the same
time showing the biological limits of this response
between 40-50mmHg. Zymosan rose by about 150%
relative to pre-zymosan PAP values that was highly sig-
nificant (p< 0.001) (Table 2). Among these PAP changes
the blood reinfusion-, and zymosan-induced ones were
associated with paralleling, but less expressed changes
of SAP and heart rate could be found (see insert in
Figure 4).

Plasma TXB2 changes during HD, rinsing back of
extracorporeal blood and zymosan
bolus challenge

Yet another biological consequence of complement
activation in pigs is the release of TXA2 in blood, which
was found to be a key mediator of liposomal C-activa-
tion-related pulmonary hypertension in pigs [23–26].
Thus, to explore the presence of an established medi-
ator between complement activation and pulmonary
hypertension in the case of HD, we performed serial
TXB2 assays in pig blood during the 3 phases of
experiments.

The changes of TXB2 mimicked those of PAP inas-
much as during HD, only minor (<20%) rises of TXB2

Figure 4. Individual recordings of the time course of PAP changes in pigs undergoing HD, extracorporeal blood reinfusion and
bolus treatment with zymosan, as described in the Methods. The groups are color-coded: NSF (blue), FXC (red) and DES (black)
pigs (n¼ 3, each). The insert illustrates the PAP (blue), SAP (red) and HR (black) changes in a typical (FXC) animal. The low num-
ber of animals and nonparametric variables made these differences statistically insignificant, but AUC calculations during HD con-
firmed these differences (not shown).

Table 2. Pulmonary hypertension following HD and blood rinsing back, expressed as percentage of pre-dialysis and pre-reinfu-
sion baselines.
% increase in PAP

All groups

Relative to

DES FXC NSF

Mean SD (n¼ 3) Mean SD (n¼ 3) Mean SD (n¼ 3) Mean SD (n¼ 9) p

Pre-dialysis 8.7 4.3 12.0 8.0 37.7 13.2 19.5 15.9 <0.001
Pre-reinfusion 29.7 7.3 45.8 11.0 45.4 11.8 40.3 11.9
Pre-zymosan – – – – – – 146.5 38.8 <0.001
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were observed in those animals where C activation,
blood cell changes and pulmonary hypertension were
also observed (Figure 5 and insert in Figure 5).
Thereafter, reinfusion of blood at 60min led to sudden,
20%–40% increases of TXB2, giving rise of overlapping
peaks preceding similar extent rises of PAP. Also, in per-
fect agreement with the changes in PAP, zymosan
caused massive increases in TXB2 in all animals in the
final 30min. Accordingly, these TXB2 responses were
highly significant relative to baseline (p< 0.0001) and
were not different between the three groups (p> 0.05).
Moreover, there was significant linear correlation
between the % PAP and TXB2 levels (R2¼0.82,
p< 0.001) during the study (data not shown).

Discussion

Goals and rationale

The purpose of the present study was to establish a
porcine model of HD reactions, which enables the com-
parison of various dialyzers (e.g. FXC and NSF) and pro-
vides a platform for exploring mechanisms of these
reactions and identifying new approaches for their pre-
vention. The rationale lies in the facts that 1) acute
adverse hemodialysis reactions still represent an unpre-
dictable and unsolved clinical issue, 2) pigs are sensitive
for complement mediated HSRs that reproduce some
of the main symptoms of dialysis reactions, and 3)
hemodialysis membranes, and extracorporeal circuits in
particular, can activate complement.

Adverse hemodialysis reactions: influencing
factors and mechanism

Hypersensitivity reactions represent a hazard to the
clinical implementation of hemodialysis in some
patients, yet the mechanism of the phenomenon is
poorly understood. Part of the studies points to typical
IgE-mediated allergy, one culprit being ethylene oxide
[27–29] and another one is polyvinyl-pyrrolidone (PVP)
[3]. Other evidence, in turn, suggest a non-IgE-mediated
mechanism, namely complement activation. A study
using cellulose (CuprophanVR ) membranes, Suzuki et al.
[30] showed a causal relationship between C3a and C5a
anaphylatoxin levels in the arterial lines and the rise of
anaphylactoid reactions in patients. Complement acti-
vation was shown to proceed via the alternative path-
way and was linked with mast cell release reaction
directly underlying the symptoms [31].

Reuse of dialyzers on patients having a history of an
anaphylactoid reaction during HD suppressed not only
the rise of C3a levels but also the recurrence of the
reaction so-called ‘first-use syndrome’, suggesting that
complement activation in used dialyzers was less
intense than in new ones [32,33]. This observation
raises the concept of ‘membrane passivation’ generated
by preexposure and primed dialyzers to patients’ pro-
teins (i.e., albumin and other proteins [34–36].

Interestingly, despite the development of advanced
high-performance FX-CorDiax filters (Fresenius Medical
Care) fitted with nanomodified polysulfone (PSu) dialy-
sis membranes and steam sterilized dialyzers [37], haz-
ard of HDRs could not be eliminated [3,38,39]. For

Figure 5. TXB2 changes in pigs undergoing dialysis, rinsing back of extracorporeal blood and bolus treatment with zymosan,
expressed as % of baseline. The groups are color-coded: NSF (blue), FXC (red) and DES (black) pigs (n¼ 3, each). The insert
amplifies the changes during HD.
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example, Boer et al. documented dyspnea, hypotension,
hypoxia, bronchospasm, chest pain, pruritus, urticaria
and abdominal symptoms occurring in the 22%–69%
range within 30min after starting the HD in 30 patients
dialyzed with PSu/polyethersulfone (PSu/PESu) mem-
branes [39]. Beyond these mechanisms, contact activa-
tion on the membrane resulting in bradykinin
generation, and dialysate contamination [40–42] are
being discussed in the context of HDRs. However, it
should be kept in mind that in addition to the dialyzer
(storage condition) [43], dialysis parameters, such as
flow rate and operating mode including rinse back pro-
cedure [44] as well as individual sensitivity to allergy
are key determinants of HDRs [43,44]. These facts sug-
gest that some hydrophilic modifiers of the PSu/
Polyethersulfone membranes (i.e., PVP) may be released
at some points in time and may trigger such HSRs in
pre-sensitized patients [45].

Regardless of the trigger mechanism, HDRs can be a
potentially life-threatening condition that leads to stop
the dialysis session immediately without returning the
blood to the patient [46]. In fact, not reinfusing the
blood to the patient is an empirical and safety rule to
avoid exacerbation of HDR [10], although the exact
mechanism of this phenomenon had not been under-
stood. As discussed later, one novelty of our study was
to reproduce and substantiate this phenomenon in
pigs, taking TXB2 and/or PAP as surrogate biomarkers
of HDRs.

Use of the porcine CARPA model to study
dialysis reactions

In addition to the HSRs observed during cardiopulmon-
ary bypass surgery [12–14] and apheresis [15–17], the
symptoms of HDRs listed in the introduction are also
characteristic of nanoparticle-induced infusion reac-
tions, wherein complement activation has also been
implicated as a major contributor mechanism
[18,19,47]. These reactions, referred to as CARPA
[18,19,47], are uniquely modeled in pigs, because the
pulmonary circulation of pigs is abundant in intravascu-
lar macrophages (PIM cells), making this species
extremely sensitive to the cardiopulmonary reactions
associated with complement activation [48,49].
However, to date, only nanomedicine-induced HSRs
have been studied in pigs, whereas other medical situa-
tions of iatrogenic HSRs, such as HDR, in this model has
not yet been investigated.

The use of our pig model in studying ADRs is ration-
alized by the similarity of clinical picture, as some of the
symptoms of human HDRs are also observed in porcine

CARPA induced by other means [49–54]. Of key import-
ance in this regard is that pigs can develop severe car-
diopulmonary distress during CARPA, which is
responsible for most fatal cases of HDR in man [50].
Thus, pigs enable us to study the clinically most serious,
potentially lethal adverse effect of human HDR.
Actually, the hemodynamic changes with a rise of PAP,
which are key pathogenic factors in human cardiopul-
monary distress during HSRs [50], are the most reprodu-
cible endpoints of porcine CARPA whose quantitation
in numerous studies in the past [22–26,47–54] provide
a rich database for comparison with HSRs caused by
other treatments.

Nephrectomy is not part of our porcine CARPA
model. Therefore, we need to exercise caution when
drawing conclusions to uremic subjects (pigs or
humans). It is known that end stadium kidney disease
patients on chronic HD having chronic inflammation
because of the activation of the immune system. Until
now, we have not seen any clinical data that chronic
uremia itself causes the activation of the complement
system. Nevertheless, the patients on HD having com-
plement system activation because of the hemodialysis
materials, e.g. the dialyzer. Thereafter the complement
system plays a crucial role in promoting inflammation,
coagulation, and oxidative burst during an HD session.
However, we believe that there would be no differences
between uremic and non-uremic pigs when we investi-
gated the complement activation by the dialyzer.

For all these reasons the use of pigs in the present
study of ADRs may represent an important advance
and useful tool to further explore these reactions.

The implications of changes observed in the
present pig study

Our pig study did not reveal intense symptoms of HSR
during HDR, but rather a significant steady rise of sC5b-
9, along with transient granulopenia followed by granu-
locytosis, and rise of TXB2 in plasma. These changes are
consistent with constant, low-grade complement acti-
vation in the FXC and NSF groups. The dialysis-induced
thrombocytopenia was more expressed with NSF mem-
branes than FXC (Table 1), but these data are not
adequately powered to assess differences between
these membranes’ biocompatibility and safety. The
severe reaction to zymosan at the end of the experi-
ments in all pigs provided proof of equal immune com-
petence of animals in the three different groups. These
zymosan reactions could be observed, and used in all
previous pig studies as positive control for
CARPA [22–26,51–54].
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The effect of blood rinsing back

The unique, real surprise in this study came at the end
of HD, after reinfusing the extracorporeal blood back
into the animal’s circulation, whereupon we noted an
abrupt rise of PAP in notable synchrony in all animals.
To exclude a volume effect and confirm the immune
origin of this observation, we also measured plasma
TXB2, which showed remarkable parallelism with these
PAP changes. In some, but not all animals, we also
observed a transient spike of sC5b-9 (Figure 2(A)), and
acceleration of compensatory leukocytosis (Figure 3),
which suggests complement activation. Thus, abrupt
changes can be explained by an anaphylatoxin spike
superimposed on the membrane-induced activation,
when the extracorporeal blood reaches the circulation,
although significant correlation between the PAP/TXB2
spikes and sC5b-9 changes could not be established.
This, however, does not definitely rule out a second
wave of minor complement activation coinciding with
blood reinfusion.

It should be noted regarding the sensitivity of por-
cine sC5b-9 ELISA that it is based on a cross-reactive
human mAb (aE11), capturing a neoepitope exposed in
activated C9 when C9 is incorporated in sC5b-9. This
epitope is exposed in pigs but to a lesser extent than in
humans [55], which is also shown by the relatively mod-
est slope of sC5b-9 following zymosan injection. Since
the increase in sC5b-9 caused by the dialysis mem-
branes was comparable to the effect of zymosan, it is
likely that complement activation was relatively more
pronounced than evident from the absolute values of
sC5b-9. Nevertheless, it did not trigger major pulmon-
ary hypertension until a second activation trigger
reached the immune system, implying that the anaphy-
latoxin release associated with membrane-induced
complement activation remained subthreshold for pul-
monary vasoreactivity.

Further information on complement proteins depos-
ition could be gained from the analysis of the mem-
brane eluate that has not been performed here.
However, literature data show the clinical implications
[56], as well as the in vitro secondary effects on dialyzer
membranes [57] of complement activation. The role of
sC5b-9 in human HDR is known for long; however, until
its recent “rediscovery” it has been forgotten [56].

The double hit theory of the mechanism

The observation on sudden pulmonary hypertension
caused by blood reinfusion into the circulation can
most easily rationalized by the “double hit” hypothesis,
proposed for nanomedicine-induced infusion reactions

[22,48,49,51,52]. This theory postulates complement
activation and a subsequent binding of anaphylatoxins
to their specific receptors on allergy-mediating innate
immune cells (PIM cells in pigs; mast cells, basophils,
macrophages and leukocytes in humans), coinciding
with the binding of immune reactive nanoparticles to
(an) other surface receptor(s) on these cells, known as
pathogen-associated pattern recognition receptors,
such as Toll-like receptors. The concurrent stimulation
of these cells via these different surface receptors result
in synergistic intracellular signaling for the release of
inflammatory mediators, including TXA2.

In the case of the porcine model used in the present
study the low degree complement activation may pro-
vide one “hit”, although the purported slow and
extended formation of anaphylatoxins suggest rather a
“priming” than a “hit”. As for the second “hit” on allergy
mediating cells, at this time we can only speculate on
their identity. Ansorge et al. have shown the accumula-
tion of inflammatory mediators in blood during a pro-
longed contact with the dialyzer [58], but other causes
cannot be excluded either. Possible culprits include
hydrophilic membrane modifiers (i.e., PVP), polymer
particles leaking from the tubing, undisrupted cellular
aggregates, and free radicals formed during the stasis
of blood. Anaphylatoxins could also build up during a
stop-flow, because of extended interaction of comple-
ment proteins with the wall of the tubes and/or in the
absence of metabolic and cellular removal in the body.

Conclusions

In summary, our study highlights the utility of the pig
CARPA model to study HDRs, wherein the most repro-
ducible biomarker of adverse immune reactivity, pul-
monary hypertension, is also a relevant clinical
biomarker for HSR severity in man [59]. The “double hit”
mechanism of HDR, revealed by the analysis of PAP,
points to a critical role in HDR of blood flow and its
possible pausing in the extracorporeal circuit, contrain-
dicating flow-stop and the rinsing of blood back into
the circulation following HD. Furthermore, we are not
aware of previous data raising the possibility that low-
degree complement activation may be an intrinsic fea-
ture of extracorporeal circuits regardless of the pres-
ence of dialyzer membranes, and that extracorporeal
stagnation of blood may entail accumulation of
immune reactive byproducts that contribute to HDR.
Further studies in the model, also focusing on changes
not measured here (oxygenation, bradykinin, platelets,
etc.; see references [57–62]) will hopefully advance our
understanding of HDRs.
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