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Abstract
A new mechanism of ischemia/reperfusion (I/R) injury is discovered recently operating through
innate autoimmunity. Studies of different animal I/R models showed that reperfusion of ischemic
tissues elicits an acute inflammatory response involving complement system which is activated by
autoreactive natural IgM. Whether similar mechanism operating in human is still unknown. We
investigated this important question by testing if human natural IgM could induce I/R injury in an
established murine intestinal model. RAG-1−/− mice (immunoglobulin deficient), which are
protected from I/R injury, were reconstituted with purified normal human IgM and subjected in an
intestinal injury model. Reconstituted RAG-1−/− mice that were underwent sham treatment did not
show tissue injury in intestine. In contrast, reconstituted RAG-1−/− mice that underwent 40
minutes intestinal ischemia and 3 hours reperfusion showed significant injury in the local tissues.
In addition, immunohistochemistry showed that complement C4 were deposited in intestinal villi
of I/R but not sham treated mice. Therefore, our study is the first report describing that human
natural IgM is capable to induce I/R injury in the intestinal model, and further suggests that innate
autoimmunity may operate under pathogenic conditions in human.

Introduction
A novel mechanism of “innate autoimmunity” has recently been established in different
animal I/R models (Zhang and Carroll, 2007). This new mechanism involves the innate
immune system recognizing self targets and initiating inflammatory response in a similar
way as with pathogens. Studies of intestinal, skeletal muscle, and heart I/R models showed
that reperfusion of ischemic tissues elicits an acute inflammatory response involving
circulating complement system which is activated by natural IgM (Fleming et al., 2002;
Reid et al., 2002; Zhang et al., 2006a; Zhang et al., 2004; Zhang et al., 2006b; Zhang et al.,
2006c). The recent identification of a monoclonal natural IgM that initiates I/R (Austen et
al., 2004; Zhang et al., 2004) led to the identification of nonmuscle myosin heavy chain type
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II A and C as the self-targets in two different tissues (Zhang et al., 2006a). New evidence
further suggests that IgM binds initially to ischemic antigen providing a binding site for
mannan binding lectin (MBL), which subsequently leads to activation of complement and
results in tissue injury (Hart et al., 2005; McMullen et al., 2006; Walsh et al., 2005; Zhang et
al., 2006c). These studies opened an important question whether a similar mechanism
operating in human.

Although the answer to this question is still unknown, results from some clinical studies
indeed suggest a role of natural IgM in the pathogenesis of human ischemic diseases. For
instance, Krijnen et al showed that IgM co-localized with complement and C-reactive
protein in infarcted human myocardium, indicating that IgM targeted complement locally to
the jeopardized cardiomyocytes after acute myocardial infarction (MI) (Krijnen et al., 2005).
Interestingly, such IgM deposition patterns were present only in PMN phase infarcts,
presumably as a result of compensatory reperfusion. Other evidence of complement
activation in human MI includes consumption of classical complement components during
the early phase of acute MI (Pinckard et al., 1975), significant changes in terminal
complement components in MI patients diagnosed with reperfusion (but not those without
reperfusion) (Oren et al., 1998), and deposition of terminal complement complex within
reperfused heart tissues (Robert-Offerman et al., 2000; Schafer et al., 1986; Vakeva et al.,
1993; Yasojima et al., 1998).

We investigated whether human natural IgM can directly induce I/R injury by using an
established murine intestinal I/R model. Although the clinical cases of intestinal ischemia
are much less than heart attack and stroke, its acute form of mesenteric ischemia is fatal with
a mortality of 70–90% (Brandt, 2003). Our previous studies using the intestinal I/R model
has proved that it is a fast and reliable way to validate fundamental hypotheses, and results
from this model have been confirmed in heart and skeletal muscle models (Austen et al.,
2004; Chan et al., 2006; Zhang et al., 2006a; Zhang et al., 2006b). In the current study,
RAG-1−/− mice (immunoglobulin deficient), which are known to be protected from I/R
injury, were reconstituted with purified normal human IgM and subjected to sham or I/R
treatment. Histological analyses were carried out to evaluate the degree of injury, and
immunohistochemistry were used to analyze the complement activation in local tissues.

Materials and Methods
Purification of normal human IgM

Plasma samples donated by normal human volunteers were collected through CBR
Laboratory, Inc. (Boston, MA). Human IgM was purified by IgM affinity column (HiTrap
IgM Purification HP, Amersham Pharmacia Biotech, NJ) and ÄKTA FPLC (Amersham
Pharmacia Biotech, NJ). Procedure was carried out according to the manufacturer’s
instructions. Briefly, plasma samples were first prepared with ammonium sulphate till the
final concentration is 0.8 M. The prepared plasma was applied to the affinity column which
has been pre-calibrated. IgM affinity binding buffer (20 mM sodium phosphate and 0.8 M
(NH4)2SO4, pH 7.5.) was then applied to wash out unbound factors, and bound IgM was
eluted by 20 mM sodium phosphate, pH 7.5. The flow rate of the overall purification
procedure is 1 ml/min.

Animals and intestinal model of I/R injury
RAG-1−/− mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Affinity
purified normal human IgM were reconstituted into RAG-1−/− mice (i.v. 50ug per animal)
30min prior to surgery. Surgical protocol for I/R was performed as previously described
(Zhang et al., 2006a; Zhang et al., 2004). Briefly, after anesthesia, a laparotomy is
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performed, and the microclip (125g pressure, Roboz, MD) was applied to the superior
mesenteric artery. After 40 minutes of ischemia, the microclip was removed, and all animals
were kept warm during reperfusion. At the end of experiment, the ischemic segment of the
jejunum was harvested and the central 4cm was excised for pathological analysis.

Histopathology and Immunohistochemistry Analysis
Cryostat sections of intestinal tissues were stained by hematoxylin and eosin (H&E), blind-
coded by a different person and examined by light microscopy for mucosal damage. The
pathology score was assessed based on a procedure modified from Chiu (Chiu et al., 1970a;
Chiu et al., 1970b) that includes direct inspection of all microvilli over a 4 cm stretch of
jejuneum thus more objective (Zhang et al., 2006a; Zhang et al., 2004). Our pathology
scoring system includes following: (a) count the total number of villi in the entire section;
(b) villi with following two morphological changes are considered pathologically damaged
and counted separately: (score of 0.5) subepithelial space, defined as an acellular space
under a continuous epithelial layer and milder form of damage, and (score of 1) epithelial
disruption, defined as discontinuation of epithelial layer of villus and more sever form of
damage; (c) The integrated pathology score = (number of villi with subepithelial space /
number of total villi) × 50% + (number of villi with epithelial disruption / number of total
villi) × 100%

Immunofluorescence staining C4 was achieved by staining with FITC labeled rabbit anti-
huC4c (1:250 dilution, DAKO, CO), followed by anti-rabbit-Alexa 488 (1:250 dilution,
Molecular Probes, OR) (Zhang et al., 2004). Sections were mounted in Antifade Mounting
Medium with DAPI (Molecular Probes, OR). Fluorescent images were made with a Leica
digital imaging system (Leica, NJ).

Results
Microvilli of small intestine are very sensitive to ischemia, and reperfusion is essential to
salvage the ischemic tissue. Previous animal studies showed that reperfusion to the ischemic
intestine can nevertheless cause acute damage to the microvilli by the influx of immune
factors, particularly through natural IgM mediated complement system activation.
Morphological damages of microvilli and deposition of complement in the local intestinal
tissues have been established as the indicators for I/R injury (Zhang et al., 2006a; Zhang et
al., 2004).

We investigated if human natural IgM could induce I/R injury in the mouse intestinal model.
Normal human IgM were purified from healthy donors by IgM affinity column, and 50ug
were reconstituted into each RAG-1−/− mouse 30 minutes prior to the ischemia. Intestinal
ischemia was induced by blocking the superior mesentery artery for 40 minutes followed by
reperfusion for 3 hours. Semi-quantitative morphological analysis of intestinal microvilli
showed that human IgM reconstituted RAG-1−/− mice in sham surgical treatment group had
no morphological damages (n=5, average pathology score=4 ± 4%) (Fig. 1). In addition,
there is no complement C4 deposition in the microvilli of sham treated animals (Fig. 2). In
contrast, I/R treatment induced significant injury in the microvilli of human IgM
reconstituted RAG-1−/− mice (n=11, average pathology score=27 ± 23%, p<0.05)
comparing to the sham group (Fig. 1). Immunohistochemistry staining also found C4
deposited in the microvilli of these mice, suggesting activation of complement (Fig. 2).

Discussion
This study demonstrated that human natural IgM is capable to induce I/R injury in the
intestinal model. RAG-1−/− mice reconstituted with normal human IgM in the I/R treated
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group showed significant damage in microvilli and complement C4 deposition comparing to
those in the sham group (Fig. 1 and 2). Thus, our results suggested that human natural IgM
functions similarly as murine natural IgM in activating complement and tissue damage
under I/R condition.

Interestingly, when we tried to do immunoshistochemistry staining for human IgM on the
intestinal tissues of I/R treated mice, we could not see strong deposition pattern (data not
shown). One possibility is that 50ug of purified human IgM was enough to restore
morphological injury in these mice, but this quantity may be below the detection sensitivity
of immunohistochemistry on the local tissues. Our previous study of RAG-1−/− mice
showed that 400ug murine IgM reconstitution was sufficient to be detectable by
immunohistochemistry in the local I/R tissues (Zhang et al., 2004). We have attempted to
administrate larger dose of normal human IgM (i.e. 100ug) to RAG-1−/− mice, but these
reconstituted mice tended to die easily during the animal surgery, presumably by xeno-
reaction of natural antibodies. With 50ug human IgM reconstitution, RAG-1−/− mice
survived the entire period of the I/R surgery.

One potential question is whether human IgM specifically cause damage in this I/R model.
Our data showed that RAG-1−/− mice in the sham group, which were also reconstituted with
normal human IgM, had no damage in the microvilli (Fig. 1), thus proved that the local
tissue injury induced human IgM is indeed specific to I/R.

The present study opens a new window for future research in the field. Future research may
investigate whether human natural IgM recognizes similar ischemia specific self-antigen(s)
as murine natural IgM does; whether ischemic specific human B cell clones are present as in
mouse; and finally, if inhibitors of murine I/R injury can function in human pathological
situations.
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Figure 1.
Reconstitution of normal human IgM in RAG-1−/− mice induces local tissue injury in
murine intestinal I/R model. Normal human IgM were purified by IgM affinity
chromatography and reconstituted into RAG-1−/− mice (i.v. 50ug per animal) 30min prior to
surgery. IgM reconstituted mice were divided into either sham or I/R treated groups. The I/R
treated mice were undergone 40min intestinal ischemia followed by 3h reperfusion.
Intestinal tissues were harvested and stained with H&E. The morphological injuries of
intestine were quantified by an established pathology score system (Magnification=200×).
Each symbol represents an individual mouse reconstituted with natural IgM from an
individual human donor. The horizontal bars represent the arithmetic means of the injury
scores. Asterisks indicate statistical significance (student t-test; p<0.05).
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Figure 2.
Deposition of complement C4 in the intestine of I/R treated RAG-1−/− mice reconstituted
with human IgM. Representative cryosections were stained with antibody specific for mouse
C4 (Green). The left panel is sham treated mouse, and the right panel is I/R treated mouse
(400× magnification). All sections were counterstained with DAPI (Violet).
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