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The acute phase response in parasite infection. Nippostrongylus brasiliensis in the mouse
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Summary. Systemic inflammatory reactions are a
prominent feature of many parasitic infections and the
cellular and humoral components of the acute phase
reaction may have an impact on the host-parasite
relationship. We examined serum changes of four
acute phase reactants: al-proteinase inhibition («1Pi);
complement C3; serum amyloid A protein (SAA); and
serum amyloid P component (SAP), in mice undergo-
ing a primary infection with Nippostrongylus brasi-
liensis. SAA and SAP showed changes within the first 2
days of infection indicating the presence of an acute
phase response asociated with inflammation in the
lung. «1Pi and C3 serum levels were not altered.
However, all four acute phase reactants were synthe-
sized in greater amounts by primary cultures of
hepatocytes taken from infected animals at this time.
Subsequently, as parasite-mediated inflammatory
changes occur in the gut, both serum and hepatocyte
cultures demonstrate an acute inflammatory response
in all four reactants. It is proposed that the early
reaction between parasites and macrophage/mono-
cyte lead to the release of a mediator of inflammation
which initiates the hepatocyte response. In this infec-
tion, at least one of the APR is shown to localize to the
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site of inflammation influencing the host—parasite
relationship.

INTRODUCTION

Parasite infections often result in marked tissue des-
truction as the parasites migrate within the host.
Systemic inflammatory reactions are a prominent
feature of many parasitic diseases (Befus, Egwang &
Gauldie, 1983; Otteson, 1980; Warren, 1982) and it is
probable that events associated with the early acute
phase of infections may have a significant impact on
the host—parasite relationship.

The effect of parasites and parasite-derived pro-
ducts on the activation and inhibition of the humoral
pathways of inflammation (e.g. the coagulation,
fibrinolytic and complement systems) has recently
been reviewed (Leid & Williams, 1979). A prominent
feature of the host humoral acute inflammatory
response is the rapid increase in the serum concentra-
tion of a number of proteins, collectively known as
acute phase reactants (APR) (Koj, 1970, 1974; Gor-
don, 1976; Kindmark, 1976; Pepys & Baltz, 1983),
including al-proteinase inhibitor (x1Pi), serum amy-
loid A protein (SAA), fibrinogen, C-reactive protein
(CRP), ceruloplasmin, al-acid glycoprotein, hapto-
globin and the third component of complement, C3
(Whicher, 1981; Kushner & Feldmann, 1978; McA-
dam & Sipe, 1976; Koj & Regoeczi, 1978). Other acute
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phase proteins include serum amyloid P component
(SAP) of mouse (Pepys et al., 1979) and a2-macroglo-
bulin of rat (Hudig & Sell, 1978). While the physiolo-
gic role of some APR in the inflammatory reaction is
appreciated (e.g. fibrinogen, alPi, haptoglobin and
C3), the impact of acute phase reactants on the
immune response and the non-genetic component of
innate resistance/susceptibility to infections is only
now becoming apparent.

SAA has been shown to inhibit the specific induc-
tion of antibody to T cell-dependent antigens in vitro
(Benson & Aldo-Benson, 1979) by affecting T cell-
macrophage interaction (Aldo-Benson & Benson,
1982), while a1Pi has been shown to suppress the in
vitro and in vivo primary antibody response (Arora,
Miller & Aronson, 1979). Reports have claimed that
CRP is suppressive in vitro to both T and B lympho-
cyte reactions (Kinsella & Fritzer, 1980; Mortensen,
1979, 1982), however, the findings with T cell modula-
tion have not been reproduced by other groups and
have since been modified (James, Hansen & Gewurz,
1981a, b; Vetter et al., 1983; Pepys & Baltz, 1983).

The regulatory function of APR on immunological
and inflammatory responses suggests that the study of
the induction of APR synthesis in parasitic infections
would aid in understanding the host parasite relation-
ship. Using the nematode Nippostrongylus brasiliensis,
we have characterized the acute phase response in the
mouse with respect to the induction of synthesis of the
acute phase reactants alPi, SAA, SAP and C3. N.
brasiliensis induces marked inflammatory reactions in
the lungs and the small intestine at 2-3 days and 6-12
days post-infection, respectively (Croll & Ma, 1978;
Symons, 1965; Wescott & Todd, 1964). Our results
show that this parasitic infection leads to the early
induction of enhanced synthesis by hepatocytes of all
four APR, but paradoxically, this increased synthesis
is not necessarily reflected in a marked elevation of
serum levels for all APR.

MATERIALS AND METHODS

Animals

CBA/J female mice from The Jackson Laboratories
Inc., Bar Harbor, ME, were fed ad libitum and
maintained under a 12 hr diurnal light cycle. Animals
were used at 14-16 wk of age.

Nippostrongylus brasiliensis infection
N. brasiliensis was maintained by serial passage in

Sprague-Dawley rats, 150-250 g (Biobreeding,
Ottawa, Canada) (Befus, Johnston & Bienenstock,
1979). Infective third stage larvae (L3) were obtained
by the hatching of nematode eggs and in vitro
maturation of L1 to L3 larvae (Jennings, Mulligan &
Urquhart, 1963). The larvae were decontaminated
with sodium hypochlorite-antibiotic treatment similar
to that described by Wescott & Todd (1964). Micro-
biological studies indicated this procedure consider-
ably reduced any microbial contamination of L3. Mice
were infected with 500 L3 larvae by a subcutaneous
injection at the back of the neck. This consistently
resulted in 150250 adult worms in the small intestine
by days 5-6. Serum samples were obtained at various
times by cardiac puncture and tissues were removed,
fixed in buffered formalin and embedded in paraffin.

Immunohistochemical localization of ol-protease in-
hibitor

Mouse «1Pi was identified in tissues using a horse-
radish peroxidase-conjugated technique that we have
previously described (Gauldie et al., 1980). Briefly,
liver and lung sections (4 pum) were incubated, in
successive steps, with sheep anti-mouse a1Pi, rabbit
anti-sheep IgG and horseradish peroxidase-conju-
gated goat anti-rabbit IgG. The presence of «1Pi was
detected by a brown colour reaction subsequent to the
addition of the substrate 3,3’-diaminobenzidine tetra-
HCl (ICN Pharmaceuticals, Plainview, NY) and
H,0,. Controls for specificity of immunohistochemi-
cal reactions consisted of incubations with buffer only,
non-immune sheep serum or sheep anti-mouse al1Pi
antiserum absorbed with purified mouse a1Pi.

In vitro synthesis of acute phase reactants by hepatocyte
cultures

Hepatocytes were isolated from control mice and
infected mice by a two-step perfusion procedure
similar to that described by Deschenes, Valet &
Marceau (1980). The stock perfusate solution con-
sisted of a Ca2*-free HEPES buffer (100 mm HEPES,
67 mM KCl, 1-4 M NaCl, pH 7-3). In the first part of the
perfusion procedure, the liver was perfused in situ at a
rate of 6:6 ml/min, for 6 min, with a 1/10 dilution of the
above stock HEPES buffer. The second step consisted
of perfusing the liver, at the same rate and volume,
with a freshly prepared stock collagenase solution
(collagenase, Sigma type I; 54-4 mm CaCl,.2H,0, 0-12
M NaCl, 10 mm HEPES, pH 7-3) diluted 1/10 with
HEPES buffer. The collagenase content ranged from
0-025 to 0-05% and had to be adjusted for optimal
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digestion for each batch of collagenase. In both
instances, the perfusate was maintained at 37° and a
single-pass, non-recirculating perfusing system was
used. Upon completion of the digestion, the liver cells
were collected in calcium-free HEPES buffer and
viable hepatocytes were obtained by sedimenting twice
under unit gravity and at room temperature. Viability
was assessed by staining with ethidium bromide/fluor-
escein diacetate (Takasugi, 1971).

Cultures were initiated by adding 5 ml of hepatocyte
suspension (3 x 10° viable cells) in William’s E medium
(Gibco, Grand Island, NY) (supplemented with L-glu-
tamine 2 mm), HEPES (10 mm), agammaglobulinemic
horse serum (10%), dexamethasone (1 um) and penicil-
lin/streptomycin (19;) to 25 cm tissue culture flasks
which had previously been coated with rat tail collagen
(Sirica et al., 1979). The hepatocytes were allowed to
adhere for 1-5 hr at 37°. Non-adherent, dead/damaged
hepatocytes and non-parenchymal cells were washed
off with 5 ml of medium and 10 ml of fresh medium
added. The cultures were maintained at 37° and 6%
CO; for 24 hr with no significant loss of viability. At
various time intervals, a small aliquot (100 ul) was
removed from each culture and frozen until further
analysis.

Estimation of al1Pi, SAA, SAP and C3

al-protease inhibitor. Serum a1Pi levels were deter-
mined by nephelometry using an automated Fluor-
onephelometer (Technicon Instruments) with monos-
pecific sheep anti-mouse a1Pi. The reactivity and
monospecific nature of the antiserum have been
previously described (Lamontagne, Gauldie & Koj,
1981). In hepatocyte culture supernatant, alPi was
estimated by an enzyme-linked immunosorbent assay
(ELISA). The IgG fraction of rabbit anti-mouse a1Pi
(5 g/ml) was used to coat microtitre plates (Nunc,
Gibco Laboratories, NY). Purified «1Pi standards or
supernatant samples were added and the amount of
a1Pi bound was measured using sheep anti-mouse
a1Pi followed by rabbit anti-sheep IgG conjugated
with horseradish peroxidase. The assay had a quanti-
tative range of 10-500 ng a1Pi/ml.

Serum amyloid A protein. SAA concentrations in
serum and in hepatocyte culture supernatants was
estimated using a radioimmunoassay as previously
described (Sipe et al., 1977). In brief, 10 ul of serum or
200 ul of supernatant were lyophilized and treated
with 1 ml of 109 formic acid for 18 hr at 56°. Aliquots
of this material were then lyophilized and assayed by

solid-phase single antibody radioimmunoassay using
affinity purified rabbit antibody to murine AA protein.

Complement C3 and serum amyloid P component.
SAP and C3, in serum, were estimated by electroim-
munoassay as previously described (Pepys, 1979). SAP
and C3 in hepatocyte culture supernatants were
estimated by a solid-phase immunoradiometric assay
using polystyrene balls coated with affinity purified
antibody to SAP or C3 and 'I-labelled antibody to
the same antigens as tracer. Sensitivity in both assays
was 5 ng/ml of supernatant.

RESULTS

N. brasiliensis-induced inflammation

Infection of the mouse with N. brasiliensis was in-
itiated by subcutaneous injection of 500 L3 at day 0.
By day 2, L3 migrate via blood and lymph to the lungs
where they cause severe local inflammation and
destruction of the alveolar septa with hemorrhage and
edema. The parasites mature into fourth stage larvae
in the lung and migrate to the gastrointestinal tract via
the trachea and oesophagus. They are present in the
gut from day 3 onwards and an acute inflammatory
reaction develops in the small intestine by day 6
causing edema and villous atrophy with crypt-hyper-
plasia. In the gut, the larvae mature and adult
nematodes produce maximum numbers of eggs
between days 7-9 and are subsequently expelled by
day 14.

Serum levels of «1Pi, SAA, C3 and SAP

ol Pi. During the initial 5 days following infection of
mice with N. brasiliensis, the serum levels of alPi
fluctuated within the normal range with a slight
increase in serum levels at day 2 (Fig. l1a), a time
corresponding to lung inflammation. Subsequently,
beginning at day 8, there was a gradual increase in a1Pi
serum levels to a maximum of 1209 of normal adult by
day 10 post-infection, during which time there is
considerable gastrointestinal inflammation. The a1Pi
levels subsequently subsided to normal as the parasite
is expelled from the gut (day 14).

C3. C3 serum levels fluctuated within the normal
range up to approximately day 8 post-infection (Fig.
la). However, during the gut inflammation stage,
there was a marked C3 serum acute phase response



736 L. R. Lamontagne et al.

(a)

C3 (mg/ml) &—— @

alPi (mg/ml)o——o0

Days of infection

(b) 300 360
Lung Gut—+»
VoY v v
. 250 —300
|
| 200
¢ —240
€ 150 E
Y —180 3
« 100 a
< <
7} 7}
—120
o o o
'Normal
i | 1 ==
8 10 12 14 80

Days of infection

Figure 1. Some levels of acute phase reactants during infection of mouse with Nippostrongylus brasiliensis. Arrows indicate
occurrence of inflammatory pathology in various tissue sites. Normal serum levels are indicated. Values represent mean + SEM
of five mice sera per data point. (a) Complement C3(®); al-proteinase inhibitor (O). (b) Serum amyloid A (®); serum amyloid P

component (O).

with approximately a two-fold increase over normal at
day 12 with a subsequent return to normal at day 15.

SAA. There was a marked increase in SAA serum
levels (13-fold) in the early stages of the infection with
the maximum occurring at 1-1-5 days post-infection
(Fig. 1b). Subsequently, there was a rapid decline to
normal levels by day 3 and at day 8, there was a
gradual increase in serum levels with an eight-fold
increase at approximately day 12, returning to normal
by day 14.

SAP. Serum amyloid P component showed a signifi-

cant increase in serum levels (two-fold) at approxima-
tely 2-5 days post-infection, corresponding to the lung
inflammation stage (Fig. 1b). There was a subsequent
decline to normal at days 5-7. At day 8, there was a
marked increase in SAP serum concentration (three-
fold), peaking at day 12 post-infection and returning
to normal by day 14.

In vitro hepatocyte synthesis of x1Pi, SAA, C3 and SAP

alPi, SAA, C3 and SAP were quantified in culture
supernatants of hepatocytes isolated from mice at
various times post-infection. For «1Pi, SAA and SAP,
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there was a significant increase in synthetic output at
day 2 (Table 1), with a subsequent decrease in
synthesis by day 5. There was then a progressive
increase in synthetic output of all four APR by day 10
post-infection.

Tissue distribution of «1Pi

We have previously used immunohistochemical
means to detect «1Pi in mouse liver tissue (Gauldie et
al., 1980). We used the same technique to examine
other tissues for the presence of «1Pi to determine the
tissue distribution of this important acute phase
reactant during the infection. Other proteins were not
examined and may be distributed in a different
manner.

Liver. The localization of a1Pi within the cytoplasm
of hepatocytes from normal mice has been described in
previous studies from this laboratory (Gauldie et al.,
1980) and is shown in Fig. 2a. However, at the onset of
an acute inflammatory reaction, such as during the
lung stage of N. brasiliensis (day 2), there is a
remarkable increase in the number of hepatocytes
staining intensely for a1Pi (Fig. 2b). In contrast to the
normal liver, such intense staining hepatocytes were
found surrounding the central vein while the peripor-
tal areas contained significantly fewer positive hepato-
cytes.

Lung. Normal uninfected lung did not show signifi-
cant interstitial staining for «1Pi and all alveolar

macrophages in control animals and in infected
animals at times other than day 2 after infection were
negative for cytoplasmic «1Pi. In contrast, when we
examined the lung at day 2, the time of maximal
inflammation and parasite localization, there was
obvious staining for interstitial «1Pi. In addition,
alveolar macrophages, particularly those adjacent to
the nematode, stained intensely for a1Pi (Fig. 3). These
same cells were strongly positive for non-specific
esterase which was totally inhibited by fluoride ion,
confirming their morphologic identity as macro-
phages.

DISCUSSION

The acute inflammatory response, as characterized by
an increase in the plasma concentration of four acute
phase proteins, has been investigated during the
course of a parasitic infection. Infection of mice with
the nematode N. brasiliensis is an excellent experimen-
tal model of inflammation because of the remarkable
and consistent pathology associated with the migra-
tion of the parasites within the host. Since these studies
were carried out in mice undergoing a primary
infection, the inflammatory response during the early
stage (lung phase) of the infection may be considered
to be initiated by a traumatic non-immune episode
while that seen at a later stage (gut phase) likely has
both non-specific and immune initiation.

During a primary infection with N. brasiliensis, the
inflammatory reactions in the lungs (day 2) and the

Table 1. In vitro synthesis of acute phase proteins by hepatocytes taken from mice
infected by Nippostrongylus brasiliensis (ng/ml, mean + SEM)

al-Proteinase Serum amyloid A Serum amyloid P

inhibitor (SAA) (SAP) C3
Days of infection ng/ml ng/ml ng/ml ng/ml
Non-infected 393+39 2411468 10-2+3-2 63-5+15-6
D:y=2]0 570+ 34 492457 325483 77-0+12
Da:ly=59 325+116 46-4+3-0 11-4+4-4 55-1+144
Da:'y=85 1048 +102 89-0+16-8 88:8+4-2 331+ 161
D:y=l§) 780+ 103 211+13 131+10-3 581+161

n=

Significance day 2 P <0-005 P<0-01 P<001 NS

vs non-infected
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Figure 2. Mouse liver stained with antiserum to al-proteinase inhibitor and horseradish peroxidase conjugate x 100. (a) Normal
uninfected mouse. (b) Mouse infected with N. brasiliensis 2 days previously.

Figure 3. Mouse lung stained with antiserum to al-proteinase inhibitor and horseradish peoxidase conjugate. Mouse infected 2
days previously with N. brasiliensis. (a) Magnification x 100 showing parasite in alveolus (P). (b) Magnification x 400 showing

intense alveolar macrophage staining (M).

small intestine (days 6-12) were reflected in a corres-
ponding increase in the serum levels of SAA and SAP
(Fig. 1a). Paradoxically, the serum levels of a1Pi and
C3 during lung inflammation (Fig. 1b) were not
suggestive of increased hepatic synthesis. There was,
nevertheless, a significant increase in the serum con-
centrations of these two acute phase proteins during
the intestinal inflammation, similar to that observed
with SAA and SAP.

Although there was not a marked increase in the
serum levels of a1Pi during lung inflammation, there
was an acute phase «1Pi response as indicated by the
increase in output by hepatocytes at day 2 (+45%,
Table 1) and in addition, as shown in Fig. 2b, most
hepatocytes in the liver lobule stain intensely for

cytoplasmic «1Pi as compared to normal unstimulated
liver (Fig. 2a). The specific localization of «1Pi in the
cytoplasm of hepatocytes together with the hepatocyte
synthesis data suggests that synthesis as opposed to
uptake of denatured or altered a1Pi is occurring in the
liver. The validity of this assumption is supported by
similar studies with CRP (Kushner & Feldman, 1978),
SAA (Benson & Kleiner, 1980) and SAP (Baltz, Dyck
& Pepys, 1980), where in the normal animal these APR
are not detected in hepatocytes by immunohisto-
chemistry. However, under conditions of inflamma-
tion where increased synthesis occurrs, there is a
corresponding preponderance of hepatocytes with
cytoplasmic staining for these APR.

The apparent lack of significant increased serum
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levels of «1Pi may reflect sequestration and utilization
at the site of inflammation. The demonstration of a1Pi
in infected lung tissue by immunohistochemical means
(Fig. 3) is consistent with this hypothesis. Moreover,
preliminary studies, using transferred '?’I-labelled
purified «1Pi, indicate a significant increase of this
protease inhibitor in lung tissue and bronchiolar
lavage fluid at day 2 post-infection (data not
shown).

Although C3 utilization/sequestration was not in-
vestigated in these studies, the activation of C3 by
stage specific N. brasiliensis larvae may account for the
apparent lack of increase C3 serum levels during lung
inflammation. Previous studies (Mackenzie et al.,
1980) have demonstrated C3 on the surface of this
nematode and we (Egwang, Gauldie & Befus, 1983)
have recently demonstrated the requirement for com-
plement fixation in in vitro cell-mediated helmintho-
toxicity in this model. Scharfstein, Barcinski & Leon
(1982), using mice infected with the protozoan parasite
Trypanosoma cruzi (T strain), have observed a con-
comitant increase in the serum levels of SAP and C3,
7-11 days post-infection. However, as in this study,
there was no rise in serum C3 during the early stages of
the infection, at a time when SAP concentrations were
elevated.

With all four APR, there was a significant increase
in in vitro synthetic output by hepatocytes isolated at
times corresponding to lung and small intestine in-
flammation (Table 1). This data is consistent with a
previous study (Courtoy et al., 1981) in which simul-
taneous increases in the serum concentration of
various APR, during turpentine-induced inflamma-
tion, were observed.

Koj (1974) first suggested that a ‘hormone-like’
messenger released at the site of inflammation inter-
acts with the liver and induces an increased synthesis
of the acute phase reactants. Recent studies have
shown that the induction of SAP (Le, Muller &
Mortensen, 1982) and SAA (Rosenwasser, Dinarello
& Rosenthal, 1979; Selinger et al., 1980; Sipe et al.,
1979; Sztein et al., 1981) is caused by a monocyte-der-
ived product believed to be inseparable from inter-
leukin-1 (IL-1) or lymphocyte-activating factor
(Oppenheim et al., 1982). On the basis of biological
activities and biochemical properties, the molecule(s)
shares identity with leukocyte endogenous pyrogen
(Bernstein & Walsh, 1978; Murphy, Simon & Wil-
loughby, 1980) and leucocyte enodgenous mediator
(Merriman, Pulliam & Kampschmidt, 1977). Our
results showing the early induction of SAPand SAA in

serum and all four APR in hepatocyte culture indicate
the presence of an IL-1-like activity. In concurrent
studies (Lamontagne, Stadnyk, Gauldie & Jenkins,
manuscript submitted) we have shown that the alveo-
lar macrophage taken from mice infected two days
previously are actively secreting significant amounts of
IL-1. The suggestion is that this IL-1 or a similar
molecule is in part if not wholly responsible for the
hepatic acute phase response.

The hepatocyte culture data (Table 1, day 5) shows
that the transient return to normal serum levels of
SAA and SAP at days 5-7 post-infection (Fig. 1b) is
most likely due to decreased synthesis by hepatocytes
coupled with normal rapid catabolic disappearance
rather than utilization/sequestration at the site of
inflammation. The synthetic output of «1Pi and C3 at
day 5 is also consistent with this hypothesis.

We have therefore demonstrated that the induction
of increased synthesis of acute phase reactants is an
integral constituent of the humoral component of the
host—parasite relationship. It will be important to
determine the impact of the acute phase reactants on
this relationship, and more specifically, how these
interact with parasites and/or parasite-derived pro-
ducts as well as modulate the host’s immune re-
sponses. It will also be of significance to investigate if
there is any relationship between the presence of
cytoplasmic «1Pi in alveolar macrophages at day 2
post-infection (Fig. 3) and the lack of helminthotoxi-
city of these cells at that time, despite their activated
state as measured by other parameters (Egwang,
Gauldie & Befus, 1983).

These studies also demonstrate that merely quanti-
fying serum levels of some acute phase reactants may
not necessarily be indicative of an ongoing acute phase
reaction. Therefore, the determination of an acute
phase response should include an examination of the
liver for evidence of synthesis and/or secretion of acute
phase reactants especially in cases where a dichotomy
exists between pathological evidence of inflammatory
foci and lack of increased serum levels of acute phase
reactants. On examination of the alterations in serum
levels and hepatocyte output, SAA and SAP are more
sensitive and notable indicators of acute inflammation
in vivo than is either a1Pi or C3.

This model of parasite-induced inflammation will
also allow us to further investigate the role of various
acute phase reactants on the initial host—parasite
interaction and the subsequent development of im-
munity. Although the biological functions of «1Pi and
C3 are reasonably understood, the roles for SAA and
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SAP have not been delineated. This model is amenable
to such studies.
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