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1. The Complement System.

The complement systerii is part of the
human immune system. One of its
primary functions is to resist microbial
infections by promoting an inflam-
matory response. Three important
biological activities of the system are
shown in Figure 1. When biomaterials
activate complement, the ensuing
inflammatory response, normally
directed against microorganisms, can
lead to harmful acute effects and
potentially to less well-understood
chronic effects (eg., immuno-
suppression).

Figure 1

Three Primary Biologic Activities
of the Complement System

*  Activation of phagocytes and degranulation

of mast cells and basop hils

* Opsonization of mi gani and
immune complexes

*  Cell killing

The complement system consists of 20
different plasma proteins. It has two
activation pathways: The classical
pathway, shown on the left in Figure 2,
and the alternative pathway, shown on
the right.

The primary goal of each pathway is to
form a proteolytic enzyme which can
cleave C3. C3 is the most abundant
complement protein in our blood
(approx. 1000 pg/mL). It is the key
protein associated with the major
biologic activities of complement.

Upon C3 cleavage, two fragments are
produced, C3a and C3b; C3b can
participate in the formation of either of
two enzymes which cleave C5. Cleavage
of C5 triggers activation of the common
terminal pathway, producing the most
potent anaphylatoxin, C5a, and leading to
the most dramatic effect of complement
activation — cell lysis or killing.

In Figure 2, the names of four different
proteins are indicated: C4; Factor B; C3;
and C5. As shown in subsequent pages,
monitoring these proteins forms the basis
of our ability to detect the activation of
the different complement pathways and
the C3 protein by biomaterials.

Figure 2
Complement System
Classical Pathway Alernative Pathway

Commen
Terminal

e Pathway
O.I!lllnq

Figure 1. For simplicity, only four of the complement proteins
are indicated by name in this figure. For a thorough
discussion of the interactants, see reference 1.




2. Classical Pathway.

The classical pathway, shown in Figure 3,
is usually activated by immune
complexes, i.e., antigen-antibody
complexes. The primary goal of
activation is to make an enzyme for
cleaving C3; however, in the steps
leading to the assembly of this enzyme,
complement protein C4 is cleaved giving
‘two initial activation fragments: C4b and
C4a — an anaphylatoxin (shown in the
triangle).

FiEure 3

Activation of Classical
Pathway and C4

|

O—/N\
-

- C4b combines with a fragment of C2 to
form an enzyme, the classical pathway C3
convertase. Most enzymes in the
complement system are under stringent
regulation by complement control
proteins. C4b is the target of some of
these control proteins (C4 binding
protein and Factor I) and readily
converted to C4d and C4c. The C4d
fragment, as well as C4c, are devoid of

the ability to participate in the formation
of any new enzyme. In this manner, the
classical pathway C3 convertase (and C5
convertase) are negatively regulated.

Since C4 is unique to the classical
pathway, ie., it is not consumed in the
alternative nor in the common terminal
pathway, detection of C4d in a test sample
is proof of C4 activation and, therefore,
classical pathway activation.

3. Alternative Pathway.

The alternative pathway can be activated
by water-reacted C3 (which is constantly
being formed in vivo at a low level) plus
an appropriately receptive surface - for
example, a surface like those seen in
cellulosic hemodialyzers or the surface of
a bacterium which has accessible hydroxyl
or amino groups.

Like the classical pathway, the primary
goal of the alternative pathway is to
generate a C3-cleaving enzyme, in this
case the alternative pathway C3
convertase. In the process of assembling
such an enzyme, Factor B is cleaved by
Factor D, shown in Figure 4, giving two
activation fragments called Bb and Ba.
The Bb fragment contains the
proteolytically active site of the C3-
cleaving enzyme of the alternative
pathway.

Since Factor B is unique to the alternative
pathway, detection of Bb in a test sample
is proof of activation of Factor B and of its
corresponding alternative pathway.



A special feature of this pathway is that
C3b, produced by C3-cleavage, can
actually feedback and promote the
generation of more alternative pathway
C3 convertases. This feedback loop
greatly amplifies the amount of C3 which
will be cleaved as a result of complement
activation.

Figure 4

Activation of the
Alternative Pathway

€3 (H0)
+
Activating Surface

Most of the complement bioincom-
patibility associated with biomaterials is
due to activation of Factor B, the
alternative pathway, and its
amplification feedback loop.

Figure 5 shows some of the fates of C3.
Once either activation pathway is
triggered, a C3-cleaving enzyme will be
formed. This enzyme, whether from the
classical or alternative pathway, cleaves
C3 into two fragments: C3b and C3a.
C3a, in the triangle, is a potent
anaphylatoxin. C3b is the activated form

of C3 which is res[ibmible for many of the
biological activities of complement.

Because C3b is so biologically active, it is
stringently controlled in vive. This is
accomplished by cleavage of C3b to iC3b
shown in the box (“i” means inactivated).

Because C3 can be activated by either the
classical or alternative pathway, the
detection of either iC3b or C3a in a test
specimen is proof of complement
activation by one or both pathways.

_Figure 5
Fates of C3
Classical Pathway Alemative Pathway
Activation Activation

ENZYME
(CS Convertase)

Therefore, detection of an increase of
either fragment, C3a or iC3b, as a result of
exposure of a biomaterial to human
serum -- in a properly controlled
experiment — is proof that the biomaterial
can activate complement.



4. Common Terminal Pathway.

As shown in Figure 6, the C3b which is
generated as a result of C3 cleavage can
also participate in the formation of new
enzymes which cleave C5 to yield two
fragments: CS5a, the most potent
anaphylatoxin, and C5b, which possesses
the capacity to drive the rest of the
common terminal pathway of
complement.

Figure 6
Common Terminal Pathway

Classical Pathway
C3 Convertase

Alternative Pathway
C3 Convertase

Ceill Killing

One consequence of C5b generation, after
sequential interaction with four other
proteins, is the formation of the
membrane attack complex (MAC) in cell
membranes and target cell killing. With
in vitro test samples, however, and to a
measurable extent in vivo, much of the
C5b generated does not result in the
formation of MAC, but is diverted by
control proteins (S protein) to form a
soluble, lytically inert complex called
SC5b-9, shown in the box in Figure 6.
Recently another serum protein called

clusterin (also known as Apo J and
SP40,40) was shown to bind C5b&67 and
prevent the formation of MAC in a
manner analogous to that of the S
protein.

Because C5 is unique to the common
terminal pathway of complement,
detection of C5a or SC5b-9 in a test sample
is absolute proof of activation of the
terminal pathway of complement in the
specimen.

An important point to remember is that
for each mole of SC5b-9 detected, a mole
of C5a is also generated. C5a is a small,
sticky, and elusive molecule. It has a very
brief in wvivo half-life (less than one
minute), since it is rapidly captured by
cells with C5a receptors. SC5b-9, on the
other hand, is an extremely stable, soluble
macromolecular complex, and can be
used legitimately as a marker for C5
cleavage, and, therefore, Cb5a
anaphylatoxin generation.

5. Monitoring Complement
Activation.

To summarize, by measuring activation
fragments of C4, Factor B, C3 or C5 in a
test sample, it is possible to determine
whether complement has been activated
as a result of exposure of serum to a test
material, and, furthermore, which
pathway or pathways were involved.



Figure 7 depicts the complement system
and, in boxes, shows the complement
fragments which can be used as markers
to assess the activation status of different
pathways or proteins in the system.

Figure 7

Monitoring Activation of the
Complement System

Classical Pathway Altemative Pathway

5 )
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Common
Terminal
Pathway -

Cell Killing

6. Anaphylatoxins.

As mentioned above, complement has
many important biological activities. For
purposes of this monograph, we want to
emphasize those associated with the
anaphylatoxins. Generation of excessive
quantities in a patient as a result of
exposure to a complement activating
material can lead to a number of biologic
responses, shown in Figure 8.

This is one reason why assessing the
complement activation potential of new
biomaterials is important.

Notably, some of the other biological
consequences of complement activation
can also harm a patient especially over

the long term — but those induced by
anaphylatoxins are the most dramatic and
the ones which should be avoided
absolutely.

Figure 8
Some Biological Activities of
- Complement Anaphylatoxins

PMN chemotaxin (C5a only)

Basophil and mast cell degranulation
* Smooth muscle contraction

+ Increased vascular permeability

* Pulmonary leukosequestration

« Erythema

« Sweliing

+ ARDS-like reactions

* Death from asphyxiation

7. Assays for Monitoring
Complement Activation.

QUIDEL has developed five assays to
detect and quantify many of the
complement activation fragments in
human serum. These are depicted in
Figure 9; the analytes are shown also in
Figure 7.

If exposure of a material to human serum
in vitro produces one or more of these
fragments, then the material is a
complément activator. If, in properly
designed experiments, exposure in vivo
produces elevated complement frag-
ments, then either the biomaterial is an
activator and/or the mechanical or
indirect effects of the device incorporating
the biomaterial results in complement
activation.



Using one or more of these assays in
appropriately designed experiments, it is
now possible to determine whether a test
material is complement activating and, if
so, by which pathway.

Figure 9

Commercial Enzyme Immunoassays
Available from QUIDEL

Activation Proofef Complement
Pathway Activation_
cad Classical Pathway
ic3b Classical and/or Al ive Pathway
Cla Classical and/or Alemative Pathway
Bb Altemative Pathway
SC5b-9 Common Terminal Pathway

Figure 10 shows some of the features of
these assays. They are standard

microassay plate enzyme immunoassays -

and are accordingly easy to use. They are
familiar to -most laboratory technicians

. who conduct - immunoassays. = They

require no radioactivity and the expense

Figure 10

Important Features of the Complement
Activation Assays

+ Enzyme Immuncassays

+ Breakaway 96-well mierm plates
* No radicactivity

= No special processing of st sample

* Includ; fards and
« Require only 3 h e kackirn |oeuhaticnl
* Have several months sheifdife

* Automafible

+ Constitute a comprehensive pane

= Available now

and safety hazards associated with
radioactivity. Each kit includes standards
and coiitrols for quality control and
quantitation. Each kit has several
months shelf-life. Standard laboratory
equipment can be used to automate most
of the procedural steps. And, if needed, a
comprehensive complement activation
test panel covering all the' complement
activation pathways can be assembled.

8. Experimental Design.
Key-Elements. In testing biomaterials for

their complement activation potential,
three elements in particular should be
emphasized (Figure 11).

First, the Complement Source. It must be

human serum or heparin plasma. ACD
and EDTA plasma will not work (the
anticoagulants inhibit complement).
Serum is the preferred complement

source, since heparin also can modulate

complement activity. Proper handling of
the complement source is critical, since
mishandling can lead to artifactual
complement activation.

Second, the Controls. The kits contain
internal controls and standards. Also, the
experimental design must account for
complement activation which occurs
spontaneously, independently of
interaction of the biomaterial with
serum. This control will be explained in
more detail later.



Figure 11
Three Key Elements in the Tests

1. Complement Source

* Human Serum
* Heparinized-human Plasma
* Proper Handling

2. Controls

* Internal Kit Controls
* Experimental Design Confrols
= Positive "Activator” Control

3. Biomaterial

= Standard unit of measure, eg. surface
area per unit weight

* Means of producing physically uniform
test material

And third, the Biomaterial. Comple-
ment activation induced by biomaterials
occurs (usually) at the interface of the
biomaterial surface and the fluid phase,
complement source. A standard unit of
measure such as surface area per unit
weight is useful to allow calculation of

the complement activating potential of

the biomaterial. Given this fact, a means
of producing physically uniform test
material, for example, a powder of
known, reproducible particle size, would
be helpful.

There are two basic experimental designs.

In Design 1,
shown in Figure 12, a constant amount
of test material is added to the
complement source, giving reactant
mixture A. In parallel, the same
complement source without added test
material is also prepared, giving B.
Complement activation is allowed to
proceed by incubation at 37°C. Aliquots
are taken at different time points from A
and B. If activation is occurrmg, then
there should be a steady increase in the

concentration of the activation fragment
over time. By comparing the
concentrations of complement activation
fragments in A to those in B, one can
conclude if activation, as a result of
exposure to the test material, has
occurred.

Figure 12
Basic Design 1

Add Test I l

No Test
Material (A)

Material (B)

Incubate
37°C

Aliquot at
dn‘lemnt times
Chill, Separate
(if necessary}, Dilute
=

Compare concentration of complement
activation fragments in Aand B




. In Design 2,
shown in Figure 13, the complement

source is incubated with increasing

amounts of the test material, giving Al,
A2, etc. The complement source control,
B, is also included. After a standard
incubation, eg. 1 hour at 37°C, the
concentrations of complement activation
fragments in reaction mixtures, As, are
compared to those in B, which was not
exposed to the test material.

Figure 13
Basic Design 2

Q tit Mo Test
Mm.?lf“‘ Material (B)
=p
Incubate
1hr,37C

Chill, arate,
Dsileh!t’e

Compare concentration of complement
activation fragments in A1, A2, A3 and B

Two experimental controls can be
included with either design 1 or 2 (see
Figure 14). Control C should always be
conducted, whereas D is optional, but
recommended. '

If the complement source is incubated at
0°C, no complement activation should
occur (Control C). Control C gives the
actual baseline value in the complement
source. At 37°C, even in the absence of
Test material, some activation will occur
spontaneously (Control B).

Figure 14
Experimental Controls

| No Test ' l Add Knawn I
Material (C) Activator (D)

Incubate
1hr.,37°C

Calculate concentration of activation
in Cand D:

fra%nenls n
is the negative experimental control
D is the positive experimental control

By adding a known activator to the
complement source, one can monitor the
performance of the entire test system,
including the quality of the complement
source and the technical performance of
the experiment and the subsequent assay.
D is a positive control.



Depending upon the needs of the
investigator, the known activator can be
synthetic material, “eg., Sepharose®,
cellulose, nylon, etc. or a chemical
activator such as inulin, zymosan, heat-
aggregated gamma globulin, or cobra
venom factor. The activation potential
of an unknown test material can be

compared to ome of these known:

activators and expressed, eg., as a
percentage of complement activation
achieved with one of these known
activators under standard conditions.

9. Activation of C3 by Sepharose®.

Figure 15 shows the activation of C3 by
Sepharose 4B and by cobra venom factor
(CVF), an extremely potent activator of
complement used in vitro and in wvivo
experimentally to decomplement
animals. On the y-axis is shown the
concentration of iC3b, ome of the
activation fragments of C3. On the x-axis
is .shown time in minutes. Aliquots
were taken at each time point as
described earlier in Design 1 (Figure 12)
and tested for iC3b in the microplate
enzyme immunoassay.

As shown, both Sepharose 4B (closed
circles) and CVF (closed ‘triangles)
activate C3. Also, the amount of C3
activation and, hence iC3b, increases
over time. A maximum level of
activation by Sepharose 4B is achieved at
about 90 minutes under these conditions.

The amount of activation by Sepharose B
is less than that seen with cobra venom
factor because:

(1) the number of chemically receptive
sites on Sepharose 4B for activated
C3 are limited; and

(2)  activation on the Sepharose surface
is subject to control by complement
control proteins — whereas
activation by CVF is not subject to
control.

Note that no change in the level of the
analyte, iC3b, was observed when the
complement source was incubated on ice
for 2 hours (Control C). The concen-
tration of iC3b did increase in the 37°C
control (without Test Material) to about
twice the level in the starting material
(Control B).

Figure 15

Activation of C3 by Sepharose 48
in Human Serum
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Nevertheless, it is clear that Sepharose 4B
is an activator of human complement.

But what pathway, classical or alternative,

is being activated?



'to 4% by volume.

Two pathways can result in activation of
C3 (see Figures 2 through 6). It may be
important for the investigator to know
whether one or both are involved. This
can be determined by testing the serum
exposed to the test material for increases
in C4d, Bb or both. Figure 16 shows that
Factor B is activated by exposure of
serum to Sepharose 4B (closed circles).
The amount of activation occurring
within 60 minutes increases with
increasing quantities of Sepharose from 0
Factor B is not
activated by incubating the complement
source alone at 37°C (open circles). The
X’s show that C4 is not activated by
Sepharose 4B. This experiment
employed Design 2 shown in Figure 16.

Figure 16

Sepharose 4B also triggers the common
terminal’ pathway causing C5 cleavage
and the production of SC5b-9 and C5a.

Figure 17

Sepharose® 4B Activates the
Alternative Pathway

Classical Pathway
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Since Sepharose 4B activates Factor B and

‘C3, but not C4 — depicted in Figure 17 —

then Sepharose activates the alternative
pathway of complement and not the
classical pathway.

By measuring SC5b-9 in similar
experiments, we have shown that

Therefore, one activation experiment and
3 ElAs allow the demonstration that:

(1) Sepharose activates complement,

since iC3b is generated;
(2)  that the classical pathway is not
activated, since C4d is not
generated;

(3) that the alternative pathway is
activated, since Bb is produced; and

(4) that the terminal pathway is
activated, since SC5b-9 is produced.




10. Comparison of Activation of
Complement by Sepharose,
Protein A Sepharose,
Cross-Linked Sepharose.

In this experiment, Figure 18, the ability
‘of Sepharose 4B alone, protein A
Sepharose 4B, and chemically cross-

linked Sepharose 4B to activate C3 were .

compared. Different amounts of the
resins were incubated with human
serum for 1 hour at 37°C and the iC3b
conceritration in each reaction mixture
was determined. As shown, Sepharose
4B (closed circle) was a more potent
activator than Protein A Sepharose (open
circle), which was more potent than
cross-linked Sepharose (open triangle).

Figure 18
Difieront Rosins 1o Activate C3
| e vl
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These differences are possibly attributable
to decreasing numbers of chemical
binding sites available to C3b on the
derivatized forms of Sepharose 4B
and/or altered ability of control proteins
to impact the function of the C3b on the
different surfaces.

11. Hollow Fiber Membranes
and Complement Activation.

Using the experimental approaches
outlined above, we have compared the
ability of different materials (used in
hollow fiber membranes) to activate
complement in vitro. The next four
Figures show the results expressed as
pg/mL of activation fragment generated
upon exposure to the test material at 37°C
for 1 hour.

The first bar in each Figure shows the
level of the analyte present in the ice
control (Control C). The solid black bar
shows the level of analyte generated in
the 37°C control (Control B). Comparison
of all test values to this value is required
to determine if the Test Material activates
complement.

- As shown by assaying for analyte C4d,

11

none of the test materials activated C4 of

‘the classical pathway (see Figure 19). -

FiEure 19
Activation of the Classical Pathway
(Gene ration of C4d)

6 Colluose Trincetate
20+ 7. Polysufoms
8 PAN (ANGG)

1 2 3 4

5 6 7 s
Test Material or CondRion




As shown in Figure 20 for analyte iC3b,
several hollow fibers, especially those
numbered 3, 4, and 5 (Cuprophan,
Hemophan and Cellulose Acetate)
activated C3.

Figure 20

Activation of C3
(Generation of iC3b and C3a)
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alternative pathﬁray, especially those
numbered 3 through 6.

And, as shown in Figure 22, several
activated the common terminal pathway
as shown by SC5b-9 production.

FiEure 22

- Activation of the Common Terminal Pathway
(C5 cleavage: generation of SC5b-9 and C5a)
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As shown in Figure 21 for analyte Bb,
five materials activated Factor B of the

Figure 21

Activation of the Altemative Pathway
(Generation of Bb)
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Therefore, this study allows ranking the
various materials examined by their
apparent complement activating
potential with Cuprophan > Hemophan
> Cellulose Acetate > Cellulose Triacetate
> Polysulfone > PAN, where Cuprophan
is a good activator and PAN is a non
activator.




12, Biocompatibility.

Figure 23 shows five key properties of
biocompatible materials as described by
Klinkman. To the best of our
knowledge, with the exception of
“Absence of carcinogenic effects,”
complement activation can cause all four
of the other unwanted effects.

Figure 23

Definition of Biocompatibility
of Materials

Absence of:

» Thrombogenic, toxic, allergic, or
inflammatory reactions

» Destruction of blood cells
+ Immunologic reactions
= Deterioration of adjacent materials

+ Carcinogenic effects

Erom: Kiinkman, H. in LP. Paul st d.fd-,p,
Blomutedals in Arfical Organs, pp 1-8.

Lendor Machian, 1684,

The effects of long term, chronic,
moderate activation of complement are
not known.

13. Conclusion.

In summary, activation of complement
"¢an result in acute inflammatory reac-
tions which are life-threatening. Use of
materials which promote significant
activation of complement should be
avoided when developing devices which
use biomaterials which will come in
contact with human blood. The long-

13

term effects of lower-level chronic
activation of complement on the patient
or on the function of the device
incorporating the biomaterial are not
well-understood.

QUIDEL has developed simple enzyme
immunoassays which are available
commercially. We have shown that they
can be used readily to assess the
complement-activating potential of
different materials.

There is still a lot of work to be
accomplished. Effort is required to
develop standard methods for prepara-
tion of the biomaterials for testing and
refinements are needed in the quanti-
tative methods used to express the
complement activation potential of
biomaterials.
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