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Abstract

Background—Ischemia and reperfusion (I/R) of tissue provokes an inflammatory process that is
highly dependent on circulating natural immunoglobulin M (IgM) and the complement cascade. In
mice, a single IgM specificity produced by peritoneal B cells can initiate reperfusion injury. It is

unknown whether humans express natural IgM with a similar specificity. It is also unknown whether
pathogenic IgM is produced solely from peritoneal B cells or can also be made by circulating B cells.

Methods—Immunodeficient mice lacking endogenous immunoglobulin were used. Mice were
reconstituted with normal saline, human serum, or xenografted human peripheral blood lymphocytes
(PBLs) and then subjected to tourniquet induced hindlimb ischemia and reperfusion. Serum human
IgM and IgG were measured by ELISA. Skeletal muscle was harvested for injury assessment by
histology and for immunohistochemistry.

Results—Immunodeficient mice are protected from skeletal muscle injury following hindlimb 1/
R. Transfer of human serum restores skeletal muscle damage. Rag2/yR -/- mice engrafted with human
PBL (huPBL-SCID) have high levels of human IgM. huPBL-SCID mice develop significantly more
skeletal muscle injury than control saline treated (p < 0.01) and human serum reconstituted Rag2/
YR -/- mice (p < 0.01). Sham treated huPBL-SCID mice have no muscle injury, demonstrating that
human lymphocyte engraftment does not cause injury in the absence of ischemia. Deposition of
human IgM is seen on injured but not sham injured muscle.

Conclusions—Human serum can initiate murine skeletal muscle ischemia reperfusion injury.
Circulating human PBL may be a source of pathogenic IgM. The huPBL-SCID mouse may be a
useful model to define the specificity of pathogenic human IgM and to test therapeutics for ischemia-
reperfusion injury.

Introduction

Ischemia-reperfusion (I/R) injury describes the phenomenon of worsened tissue damage that
occurs during the restoration of blood flow following an ischemic event.(1) Reperfusion injury
causes pathology in a range of disease entities, such as myocardial infarction, acute mesenteric
ischemia, stroke, trauma, and transplantation.
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I/R injury is caused by an autologous inflammatory response which is critically dependent on
natural IgM antibody and complement.(2) Mice rendered deficient in complement by targeted
gene knockout or soluble inhibitors have mitigated reperfusion injury.(3-8) Loss of
immunoglobulin in recombinase activating gene 2 knockout (Rag2 -/-) mice also causes
decreased reperfusion injury(3). Adoptive transfer of normal mouse serum or purified mouse
IgM into Rag2 -/- mice restores I/R injury to wild type levels(3).

Circulating IgM, or natural antibodies, are primarily derived from a specialized subset of B
lymphocytes called B1 cells(9). B1 cells are found in the pleural and peritoneal cavities, where
they produce polyreactive natural antibody thought to be important in early defense against
infection and autoimmunity(10-12). IgM deposition can be seen during ischemia and precedes
complement deposition, suggesting that IgM binding to ischemic tissue triggers subsequent
complement activation and inflammation(13).

From a panel of murine peritoneal B cell hybridomas, a single IgM clone, CM22, was identified
that restores I/R injury of multiple tissues in Rag2 -/- mice(14-16). Mouse CM22 binds the
self-antigen nonmuscle myosin heavy chain type I1 (NHMCII)(17). Inhibition of CM22
binding ameliorates reperfusion injury, indicating that CM22 binding of NHMCI| is critical to
subsequent inflammation and tissue injury. From these experiments, a model has emerged to
explain the mechanism of complement mediated I/R injury(18). Ischemia leads to the exposure
of neoantigens, such as NHMCII, which are recognized by autoreactive natural IgM with
subsequent complement activation, inflammation, and tissue damage.

Whether a similar pathway is at work in humans is not known. It is also not known whether
IgM with pathogenic I/R activity are produced solely by the peritoneal B1 cell population. Due
to their restricted location, peritoneal B1 cells and their antibodies have not been well
characterized in humans. The majority of serum IgM is produced by B1 cells. However,
peripheral blood B2 cells can generate IgM, and a B1-like peripheral blood population has
been described(9). The presence of a peripheral blood derived pathogenic human IgM would
facilitate future studies in man.

Recently, mouse models that temporarily or permanently harbor a humanized immune system
have been developed for the study of autoimmunity and human infections(19). In one such
model, the huPBL-SCID mice, transfer of human peripheral blood lymphocytes into mice with
targeted deletions of both the Rag2 gene and interleukin 2 common gamma chain receptor
(Rag2/yR -/-) results in temporary engraftment of B and T lymphocytes(20). These mice
eventually succumb to graft vs. host disease but have been shown to produce serum human
IgM and IgG in the interim(21).

A recent study demonstrated restoration of intestinal I/R injury in Ragl -/- mice using purified
human 1gM(22). We hypothesize that humans harbor natural antibodies that can also induce
skeletal muscle I/R injury. In this study, huPBL-SCID mice and human serum reconstituted
Rag?2 -/- mice were subjected to sham or hindlimb I/R injury. Skeletal muscle was examined
for histologic signs of injury and for deposition of human IgM by immunohistochemistry. The
purpose of this study was to determine (1) whether human serum can initiate mouse skeletal
muscle I/R injury and (2) if pathogenic I/R antibodies are produced by human peripheral blood
lymphocytes.

Adult male C57BL/6 or Rag2 -/- mice were purchased from Jackson Laboratories. Mice
deficient in both the Rag2 and interleukin 2 receptor common gamma chain genes (Rag2/yR
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-/-) have been previously described(23). Mice were housed in SPF conditions, and all
experiments were performed under guidelines of Harvard Medical School Committee on
Animals and of the Committee on the Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council.

Human peripheral blood lymphocyte and serum

ELISA

Peripheral blood was obtained from healthy adult donors in sterile vacutainers. Serum was
obtained by allowing whole blood to clot overnight at 4 °C, and aliquots were stored at -20 °
C until use. In some experiments, pooled whole human serum was used (Sigma). Peripheral
blood lymphocytes (PBL) were purified by density gradient centrifugation on Ficoll-Paque
(GE Systems).

Mice were injected intravenously with 300 pl of human serum, mouse serum, or sterile 0.9%
normal saline. To create huPBL-SCID mice, 3-4 week old male Rag2/yR -/- mice were
transplanted with 20 million human PBLs in a total volume of 100-300 pl of sterile PBS
intraperitoneally.

ELISA for human IgM and IgG was performed as previously described(23). In brief, 96 well
ELISA plates (Nunc) were coated overnight at 4 °C with 10 mg/ml of purified polyclonal goat
anti-human IgM or 1gG (Southern Biotech) in carbonate buffer. Plates were washed with PBS/
0.5% Tween, blocked in PBS/10% FCS, and samples were plated in duplicate at multiple
dilutions overnight at 4 °C. Mouse peripheral blood was obtained by retro-orbital puncture and
serum purified using microcontainer serum separator tubes (Becton Dickinson). Plates were
washed in PBS/0.5% Tween, with subsequent overnight 4°C incubations with biotinylated goat
anti-human IgM or 1gG (Jackson Laboratories) and streptavidin conjugated alkaline
phosphatase (Vector Laboratories). Plates were developed with p-nitrophenyl phosphate liquid
substrate system (Sigma), and absorbances read at 405 nm.

Hind-limb skeletal muscle ischemia-reperfusion injury

Age-matched, adult (8-10 wk old) male mice were used for IR experiments. Ischemia was
induced by placing 2 rubber bands (Latex O-rings) bilaterally above the greater tronchanter of
the femur using a McGivney hemorrhoid ligator (Miltex). Following 1-2 hours of ischemia,
as specified, reperfusion was initiated by removal of the rubber bands. Prior to reperfusion, all
mice received i.v. hydration with 300 pul 0.9% normal saline. Mice were maintained on a heating
pad throughout the experiment under pentobarbital anesthesia. Following 3 hours of
reperfusion, mice were sacrificed, and bilateral hindlimbs were harvested and fixed in 10%
neutral buffered formalin.

Histology and Scoring

Gastrocnemius muscles were dissected and embedded in paraffin. Transverse cross sections
of the muscle were H&E stained and examined for histologic signs of injury. Scoring was
performed in a blinded fashion, as previously described(24). In brief, fibers were graded on a
scale of 0-2, as follows: 0 - no signs of injury; 1 - muscle fiber swelling with loss of uniform
staining; 2 - rhabdomyolysis. Five high powered fields were examined for each animal,
centering on the area of greatest injury. Injury severity score was calculated as the (# uninjured
fibers x 0 + # swollen fibers x 1 + #rhabdomyolysed fibers x 2) / (2 x total number of fibers
counted). Statistical significance was calculated using the Wilcoxon test for nonparametric
data.
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Immunohistochemistry

Results

10 um thick paraffin sections were rehydrated, and endogenous peroxidase activity was
quenched with 0.3% H,0, for 20 minutes at room temperature. Slides were blocked in 5%
normal goat serum (Vector Labs) and subsequently incubated with 1:250 dilution of
biotinylated goat anti-human human IgM (Zymed) in PBS overnight at 4 °C. Slides were
washed in PBS and developed using Elite Vectastain ABC Kit (Vector Labs) and DAB
substrate (Sigma). Slides were counterstained with Gills hematoxylin, dehydrated, and
coverslipped (Histomount, National Diagnostics).

Human serum restores skeletal muscle I/R injury

Rag2 -/- mice were injected intravenously with normal human serum or an equal volume of
0.9% normal saline. Mice subsequently underwent two hours of tourniquet induced hindlimb
ischemia followed by three hours of reperfusion. Sham mice underwent anesthesia but did not
undergo ischemia. Figure 1 shows H&E cross sections representative of areas of skeletal
muscle damage. Saline injected Rag2 -/- mice have mild injury with focal areas of edema and
muscle fiber swelling (Figure 1a). In contrast, normal human serum (NHS) reconstituted Rag2
-/- mice had significant muscle damage, with edema, muscle fiber swelling, and occasional
rhabdomyolysis (Figure 1c). Sham treated NHS treated Rag?2 -/- mice did not have any evidence
of muscle injury, demonstrating human serum did not directly cause muscle injury in the
absence of an ischemic trigger (Figure 1b). Transfer of NHS resulted in increased histologic
injury severity score compared to saline injection (p < 0.05, Figure 4).

High levels of serum IgM in huPBL-SCID mice

Rag2/yR -/- mice were transplanted with 20 million human peripheral blood lymphocytes by
intraperitoneal injection. Mice were bled two weeks post PBL transfer, and serum levels of
human IgM and 1gG were measured by ELISA (Figure 2). Control Rag2/yR -/- mice had no
detectable levels of human IgM or 1gG, as expected. huPBL-SCID mice had high levels of
serum human IgM and IgG. These concentrations were equal to those found in a healthy human
donor. Efficiency of transformation as measured by positive serum titers of human IgM and
1gG was 100% using this method of engraftment, from multiple donors.

Restoration of skeletal muscle IR injury in huPBL-SCID mice

huPBL-SCID mice and Rag2/yR -/- control mice were subjected to hindlimb I/R injury. In
initial experiments, two hours of bilateral hindlimb ischemia of huPBL-SCID mice caused
50-90% mortality rate during reperfusion (data not shown). By decreasing injury severity,
100% survival was achieved using 1.5 hours of unilateral hindlimb ischemia followed by three
hours of reperfusion. I/R injury of huPBL-SCID mice resulted in severe skeletal muscle
damage, characterized by large area of rhabdomyolysis (Figure 3c). Control huPBL-SCID mice
undergoing sham injury had no histologic evidence of skeletal muscle injury (Figure 3b).
Histologic injury severity score was significantly greater in huPBL-SCID mice than in mice
that received either saline (p < 0.01) or normal human serum (p < 0.01, Figure 4).

Deposition of human IgM on skeletal muscle following IR injury

Cross sections of skeletal muscle from huPBL-SCID mice were examined for human IgM
deposition by immunohistochemistry. Muscle from sham injured huPBL-SCID mice shows
no hlgM staining on skeletal muscle (Figure 5). Strong hlgM staining can be seen within the
small blood vessels in sham huPBL-SCID mice (arrows), showing both successful engraftment
of human PBLs as well as serving as a positive control for hIgM staining. In contrast, strong
labeling of muscle fibers can be seen in huPBL-SCID that have undergone I/R injury. Staining
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for higM is patchy, with labeling of some but not all fibers, similar to staining previously
published for mouse IgM in murine skeletal muscle(25).

Discussion

Multiple studies have demonstrated the critical role for natural IgM antibody in triggering the
inflammatory tissue injury during ischemia-reperfusion in mice. In this study, we show that
human serum can initiate murine skeletal muscle I/R injury. The activity of human serum was
restricted to ischemia/reperfusion, as sham animals with human serum had no detectable
muscle injury. This data is consistent with a previously proposed model of I/R injury in mice,
where exposure of neoantigens on ischemic tissue leads to IgM binding and subsequent
complement activation(17).

We also demonstrate increased severity of injury in PBL transplanted mice as compared to
mice adoptively transferred with human serum. The increased severity in huPBL-SCID mice
may be related to their higher circulating levels of total, and by inference, pathogenic higM.
Assuming a circulating blood volume of 1.5 ml per mouse, the huPBL-SCID mice, with
physiologic levels of human IgM in their serum, would have 2-3 times higher levels of total
IgM as compared to the serum reconstituted mice. Variability of host levels of pathogenic IgM
is unlikely to be a factor in these experiments, as PBL transplant had greater activity than serum
transfer from the same donor. It is possible that transplanted lymphocytes, such as B, T or NK
cells, could play a direct role in skeletal muscle injury. Arguing against this possibility is that
fact that (1) no skeletal muscle injury is seen in the absence of ischemia and (2) no infiltrate
of lymphocytes can be detected in skeletal muscle following I/R injury. Still, this study does
not exclude a potential role of distant lymphocytes causing injury in an ischemia-dependent
fashion.

This study is also limited by the fact that we cannot definitely conclude that the skeletal muscle
I/R injury we observe is caused solely by human IgM, as we did not fractionate the serum to
exclude pathogenic activity of 1gG or other factors. In the mouse, skeletal muscle I/R activity
is confined to IgM(3). Moreover, purified human IgM restores I/R injury in mouse intestine
(22). We also show that I/R injury correlates with deposition of human IgM on ischemic muscle
fibers. Together, it seems likely that it is the IgM fraction of antibody that causes skeletal
muscle I/R injury in our model, but further studies will be required to prove this conclusively.

The patchy pattern of human IgM deposition that we observe is strikingly similar to the pattern
of mouse IgM deposition in wild type skeletal muscle, which has been shown to correlate with
fast and slow twitch muscle fibers(25). Conservation of this staining pattern suggests that host
pathways underlying ischemia mediated exposure of self antigens is unaltered in the huPBL-
SCID mice. Interestingly, in the intestinal model, human IgM deposition on injured intestine
could not be visualized. This finding may also be related to low level (50 ug per animal) of
human IgM in the intestinal model compared to the huPBL-SCID model (physiologic IgM
concentrations).

Together, our study suggests that the proposed mechanism of murine I/R injury may be
conserved in man. In mice, NHMCII has been identified as a target self antigen exposed during
ischemia. Whether pathogenic human IgM also recognizes NHMCI1 or a NHMCII like antigen
is unknown. NHMCII itself, including the putative binding epitope of CM22, is highly
conserved between mouse and man(17). Whether a single (or family) of CM22 analogues exist
in the human natural IgM repertoire is an important unanswered question for the development
of IgM targeted reperfusion therapies. The efficacy of NHMCII blockers, such as peptides that
mimic the binding site of CM22 or non-complement activating anti-myosin antibodies, in
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ameliorating reperfusion injury in the huPBL-SCID mouse will be an important test to
determine the specificity of pathogenic human natural antibodies.

Our finding that human PBL engraftment restores I/R injury suggests that circulating B cells
may harbor pathogenic antibodies in humans. Alternatively, human PBL contains B1 cells or
their progenitors, which could repopulate the peritoneal B cell compartment when transferred
into Rag2/yR -/- mice. Future characterization of the peripheral and peritoneal human B
lymphocyte population in huPBL-SCID mice may help distinguish these alternatives.
Regardless, our results suggest that human PBL, rather than relatively inaccessible peritoneal
B cells, may be a source for further cloning and identification of pathogenic human IgM. The
huPBL-SCID mouse may also be an useful model to test potential therapies for ischemia-
reperfusion injury.
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(A) (B} (C)

Figure 1.
Human sera restores skeletal muscle I/R injury in antibody deficient mice. Transverse cross

sections of gastrocnemius muscle from (A) saline injected RAG2 -/- mice, I/R treated, (B)
Rag?2 -/- mice injected with NHS, sham treated, and (C) Rag2 -/- injected with NHS, I/R treated.
Sections were H&E stained. 100x fields of areas of representative of greatest injury are shown.
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Figure 2.

High serum levels of IgM and 1gG in huPBL-SCID mice. Rag2/yR -/- mice were
xenotransplanted with 20 million human PBL (squares). Two weeks later, mouse serum was
tested by ELISA for IgM and IgG. Serum from an untreated Rag2/yR -/- mice (diamonds) and
a healthy human donor (triangles) are shown for comparison.
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Figure 3.
Engraftment with human PBL restores murine skeletal muscle I/R injury in antibody deficient

mice. Transverse H&E cross sections of gastrocnemius muscle from (A) saline injected Rag2/
vyR -/, /R treated, (B) huPBL-SCID mice, sham treated, and (C) huPBL-SCID mice, I/R treated
are shown. 100x fields of areas of representative of greatest injury are shown.
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Figure 4.

Human PBL engraftment in antibody deficient mice causes greater skeletal muscle injury than
transfer of serum. Injury severity score (ISS) of gastrocnemius muscle in immunodeficient
mice treated with saline, human serum, and human PBL. Four to eight mice per group were
scored in a blinded fashion. Error bars represent SEM. * p <0.05 ** p < 0.01 by the Wilcoxon
test.
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(B)

Figure 5.

Deposition of human IgM on I/R treated murine skeletal muscle. Immunohistochemical
staining for human IgM in skeletal muscle of huPBL-SCID that were (A) sham treated or (B)
I/R treated. Arrows indicate blood vessels. 100x magnification.
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