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Abstract

Background: Using comparative glycoproteomics, we have previously identified a glycoprotein that is altered in both
amount and glycosylation as a function of liver cirrhosis. The altered glycoprotein is an agalactosylated (G0)
immunoglobulin G molecule (IgG) that recognizes the heterophilic alpha-gal epitope. Since the alpha gal epitope is
found on gut enterobacteria, it has been hypothesized that anti-gal antibodies are generated as a result of increased
bacterial exposure in patients with liver disease.

Methods: The N-linked glycosylation of anti-gal IgG molecules from patients with fibrosis and cirrhosis was determined and
the effector function of anti-bacterial antibodies from over 100 patients examined. In addition, markers of microbial
exposure were determined.

Results: Surprisingly, the subset of agalactosylated anti-gal antibodies described here, was impaired in their ability to
mediate complement mediated lysis and inhibited the complement-mediated destruction of common gut bacteria. In an
analysis of serum from more than 100 patients with liver disease, we have shown that those with increased levels of this
modified anti-gal antibody had increased levels of markers of bacterial exposure.

Conclusions: Anti-gal antibodies in patients with liver cirrhosis were reduced in their ability to mediate complement
mediated lysis of target cells. As bacterial infection is a major complication in patients with cirrhosis and bacterial products
such as LPS are thought to play a major role in the development and progression of liver fibrosis, this finding has many
clinical implications in the etiology, prognosis and treatment of liver disease.
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Introduction

Worldwide, more than 500 million people have been infected

chronically with hepatitis B (HBV) or hepatitis C virus (HCV) [1].

Chronic infection with these viruses leads to liver damage, initially

in the form of liver fibrosis [2]. Without intervention, liver fibrosis

can progress to cirrhosis and eventually to liver cancer [3].

Although there is a clear association between viral infection and

excessive alcohol consumption with the onset of liver fibrosis, the

exact mechanisms by which liver fibrosis occurs and progresses are

complex and may involve a multitude of factors [4–10]. Recently,

much interest has been re-focused on the potential role that

lipopolysaccharide (LPS) could play in the development of liver

fibrosis [11–13]. LPS has long been associated with liver fibrosis

and has been an accepted agent to induce fibrosis in animal

models [12,14]. Measurable levels of LPS can be detected in the

serum or plasma of healthy individuals and they are thought to

arise from the continual exposure to products from the entero-

bacteria [12,14]. Under normal conditions, low levels of LPS are

effectively neutralized via several peripheral proteins such as LPS

binding protein (LBP) and soluble CD14 (sCD14) [15]. LPS is

further modified enzymatically via acyloxyacyl hydrolase, an

enzyme that deacylates LPS and effectively prevents its ability to

activate the TLR4 pathway [16].

Using comparative glycoproteomics we have determined that

the glycosylation of IgG molecules reactive to the heterophilic anti-

gal epitope increase with the development of liver cirrhosis [17].

Heterophilic anti-gal antibodies are naturally occurring antibodies

that constitute ,1% of total serum immunoglobulin and interact

with a specific sugar linkage on glycoproteins and glycolipids such

as LPS [18–20]. This sugar linkage (Gal a-1-3Galb1-(3)4GlcNAc-

R), referred to as the alpha-gal epitope, is absent in humans but is
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abundantly synthesized by bacteria, nonprimate mammals, and

New World monkeys. It has long been believed that anti-gal

antibodies control the level of Enterobacteriaceae, which are

commonly found as a normal part of the human and animal gut

flora and express the alpha-gal epitope [18].

In this report we show that the glycosylation of anti-gal

antibodies are altered in patients with HCV induced liver fibrosis

and importantly, the ability of these modified antibodies to lyse

target cells are dramatically reduced and may contribute to

endotoxin exposure in people infected with HCV. In addition, we

show that similar to what we have previously observed in patients

co-infected with human immunodeficiency virus (HIV) and HCV

[21], patients infected with HCV have increased levels of markers

of microbial translocation.

Results

Alpha-gal Antibodies are Altered in Amount and Type of
Glycosylation in Patients with Liver Fibrosis and Cirrhosis
Patients for the current analysis were obtained from the

University of Michigan and St. Louis University School of

Medicine under a study protocol that was approved by the

University’s Institutional Review Board. Demographic and clinical

information was obtained, and a blood sample was collected from

each subject (summarized in Table 1). Recently we have

determined that the N-glycosylation of IgG molecules that

recognize the heterophilic alpha-gal epitope (Gal a-1-3Galb1-
(3)4GlcNAc-R) changes with the development of liver cirrhosis

[17]. Specifically, the change in glycosylation on anti-gal IgG

molecules is a decrease in the level of galactosylation leading to

anti-gal IgG molecules containing N-linked glycans devoid of

galactose residues. We have extended this work and show that this

loss is observed even in patients with early fibrosis (Stage 1–2

ISHAK) (Figure 1), as well as people with more advanced fibrosis

(Stage 5–6 ISHAK) (Figure 1C). As Figure 1A shows, while anti-

gal antibodies from healthy patients have 41% (61.6%) of the fully

galactosylated glycan, patients with fibrosis (Figure 1B) have 31%

(63.9%) and patients with cirrhosis (Figure 1C) have only 13%

(62.3%). This change in glycosylation was detectable by an

increased reactivity with fucose binding lectins and allowed for the

development of a plate based assay to measure this change [17]. In

this plate based assay, anti-gal immunoglobulin is captured with an

alpha gal containing antigen (Gala1-3Galß1-3GlcNAc conjugated

to human serum albumin) and the glycosylation determined using

biotinylated lectins.

As shown in Figure 2A this plate-based lectin assay is able to

detect changes in glycosylation with the progression of liver

disease. Specifically, patients with mild fibrosis (Stage 1–2 ISHAK;

n=21) have a 3.5 (61.4) fold increase in lectin-reactive anti-gal

immunoglobulin (LRAGG) over normal serum (n= 20), while

patients with more advanced fibrosis (ISHAK 5–6) n= 39) have a

7.9 (62.4) increase in LRAGG. In Figure 2B we show that,

concurrent with the change in glycosylation, there is a change in

the amount of anti-gal immunoglobulin in patients with liver

disease. Figure 2B shows an increase in levels of anti-gal IgA, IgM

and IgG bound to target rabbit red blood cells as a function of liver

fibrosis. As shown, there is 3 fold increase in anti-gal IgG, in

patients with Stage 1–2 fibrosis as compared to normal serum and

close to a five fold increase in anti-gal IgA, IgG and IgM in

patients with Stage 5–6 fibrosis (cirrhosis). To determine the

specificity of the interaction we demonstrated that the binding of

antibodies to rRBC could be completely abolished by the addition

of the sugar Gal a-1-3Galß1-(3)4-GlcNAc, which brought

immunoglobulin binding of antibodies to background levels

(labeled as BSA-alpha-gal). In contrast addition of the disaccharide

lactose had little effect on IgG binding to the rRBC (data not

shown).

Alpha-gal Antibodies with Altered Glycan have Reduced
Complement Mediated Killing Ability
As recent reports have indicated that the ability of IgG to bind

and activate complement molecules is dependent upon the type of

N-linked glycan attached [22], we examined the ability of anti-gal

antibodies from patients with liver cirrhosis to bind and activate

exogenously added complement. It is important to note that this

assay is designed to determine how well the antibodies with

different glycosylation can bind and activate exogenously (exper-

imentally) added complement and is not affected by the levels of

complement that may be present (or not) in each individual.

Briefly, rabbit red blood cells (rRBC) were incubated with heat

inactivated serum (to destroy any residual complement activity)

from patients with varying levels of liver disease and supplemented

with functional human complement as described previously [23].

Thus, each sample receives an equal amount of complement and

the difference in anti-gal immunoglobulin is the only variable in

the assay. Cell lysis is measured by the release of hemoglobin.

Figure 3A shows the results of the rRBC lysis assay using serum

from control patients (n = 20) and from patients with liver cirrhosis

(n = 20). Heat inactivated patient serum without the addition of

complement had no killing activity (See figure 3A). In contrast,

when functional human complement was added to heat inacti-

vated serum, a clear and statistically relevant pattern emerges. As

shown in Figure 3A, alpha gal specific immunoglobulin from

control patients had similar levels of killing (mean of 100.9%

613.63%) as compared to the commercially normal human serum

(normalized to 100%). In contrast, the level of complement

mediated killing was decreased in patients with liver cirrhosis with

a mean of 39.8% killing (629.3%) as compared to the level

observed in commercially normal human serum (p,0.0001). As a

control, complement alone was used to indicate the level of killing

via the alternative pathway (complement alone). In addition, when

normal samples were heat inactivated or left untreated with serum

or complement (blank), no lysis was observed.

The Serum from Patients with Liver Cirrhosis have
Altered Bactericidal Activity
There is an established body of evidence suggesting that alpha-

gal specific antibodies are reactive towards the Enterobacteriaceae,

which are commonly found as a normal part of the human and

animal gut flora and express the alpha-gal epitope [19,24]. As our

results showed there was a decrease in the complement mediated

killing of rRBC in an anti-gal dependent manner, we next

examined the influence of the anti-gal molecules from patients

with early fibrosis and those with late fibrosis in their ability to

effect bacterial growth. Briefly, a strain of E. coli. (O86:B7) that

has been shown to bind alpha gal antibodies [25] was incubated

over night and the next day a fixed amount of the bacterial

suspension was incubated with functional complement and

supplemented either with heat inactivated serum from pooled

cirrhotic patients (20 patients/pool) or heat inactivated normal

serum. Figure 3B shows the pattern of bacterial growth in the

presence of serum. Compared to bacteria alone (labeled as –),

bacteria incubated in the presence of exogenous complement

(labeled as +) showed a delayed capacity for growth. The addition

of normal serum further impeded bacterial growth over time

(labeled as NHS), whereas the addition of pooled cirrhotic serum

had no additive effect in the presence of exogenous complement

Alpha-gal IgG Function Altered with Liver Fibrosis
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(labeled as cirr). The addition of purified non-specific immuno-

globulins containing terminal galactose, such as that found in

healthy patients had no effect on bacterial growth in the presence

of functional complement; however, the addition of purified

agalactosylated IgG impeded bacterial growth similar to that

shown with patient sera (data not shown). We were unable to

perform similar analysis with immunoglobulin from patients with

cirrhosis due to sample limitations.

Figure 1. The glycosylation of anti-gal IgG is altered with the development of fibrosis and cirrhosis. Anti-gal IgG was purified from a
pool (n = 20) of healthy individuals, pooled ( = 20) fibrotic individuals (stage 1–2) or pooled (n = 20) late stage fibrotic (cirrhotic) individuals (stage 5–6).
Glycan analysis of the N-linked glycans associated with the heavy chain from the healthy individuals (panel A), the fibrotic individuals (panel B) or the
late stage fibrotic individuals (panel C). For structures presented in panels A-C: FcA2G0, core fucosylated (1,6) agalactosylated biantennary glycan;
FcA2G0B, core fucosylated (1,6) agalactosylated biantennary glycan with a bisecting N-acetylglucosamine (GlcNac); FcA2G1 (1,6) core fucosylated
(1,6) biantennary glycan with a single galactose residue on the 1,6 arm; FcA2G1B (1,6) core fucosylated (1,6) biantennary glycan with a single
galactose residue on the 1,6 arm and a bisecting GlcNac; FcA2G1 (1,3), core fucosylated (1,6) biantennary glycan with a single galactose residue on
the 1,3 arm; FcA2G2, core fucosylated biantennary N-glycan (FcA2G2); FcA2G2B, bisected core fucosylated biantennary N-glycan.
doi:10.1371/journal.pone.0064992.g001
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In Figure 3C we show that the serum from cirrhosis patients had

reduced bacterial killing in the presence of functional complement,

as compared to the serum from healthy controls. That is,

compared to the cultures with the addition of normal serum, the

addition of cirrhosis serum resulted in roughly a 100% increase in

bacterial survival (from 30% to close to 60%). Briefly, bacteria 1

hour after growth (as in 3B) were plated on nutrient agar plates

and allowed to form colonies overnight. The number of colonies

from cultures incubated with pooled cirrhotic serum was increased

by close to 100% as compared to the control serum. Consistent

with the data in Figures 3 A & B, this result strongly suggests that

the serum, and most likely the antibodies from the patients with

cirrhosis have less anti-bacterial neutralizing ability than healthy

patients.

To complete our investigation of the function of anti-gal IgG,

we examined the ability of THP-1 monocytes to phagocytose

Table 1. Sample population characteristics.

Obtained From: University of Michigan1 St. Louis University1

Disease Diagnosis2: Controls Stage 1–2 fibrosis Stage 5–6 (Cirrhosis) Controls Stage 5–6 (Cirrhosis)

Number 20 21 19 21 20

Etiology% (HBV/HCV/crypto/alcohol/
other)3

– 0/100/0/0/0 85/11/2/2 11/51/24/10/4 5/48/20/18/9

Age 58.04611 5068 5368 58.6612 5863

ALT (IU/mL)4 N/A 7567 79619 N/A N/A

AST (IU/mL)5 N/A 7365 93611 N/A N/A

Total Bilirubin6 (mg/dL) N/A 0.360.2 1.261.3 N/A N/A

Gender M:F% 71:29 84:16 80:20 75/25 60/40

MELD Score7 N/A N/A 10.364 N/A 962

Child Class (A/B/C/) or NA%8 – – –N/A – 40/54/6/0

1Samples were provided from St. Louis University Medical School or from the University of Michigan. See text for more details.
2Disease diagnosis was determined by MRI or by liver biopsy.
3For Etiology: HBV, hepatitis B virus; HCV, hepatitis C virus; crypto, cryptogenic liver disease; alcohol, alcohol induced liver disease; other, liver disease of unknown origin.
4ALT, Alanine transaminase.
5AST, aspartate aminotransferase.
6Total Bilirubin levels.
7MELD: Model for end stag liver disease. N/A, not available.
8The percent of patients with each Child-Pugh score is given as a percentage in each group.
doi:10.1371/journal.pone.0064992.t001

Figure 2. Increased lectin reactive anti-gal IgG from patients with increasing levels of liver fibrosis. A) Compared to commercially
purchased normal human sera, patients with limited liver fibrosis (stage 1–2) have a 3.5 (61.4) fold increase in lectin reactive anti-gal IgG (LRAGG).
More advanced (Stage 5–6) fibrosis patients have a 7.9 (62.4) fold increase in LRAGG. The fold increase in LRAGG is statistically significant (P,0.001).
When serum from more advanced fibrotic patients is used on plates coated with HSA alone and not HSA-alpha-gal, no signal is observed (HSA lane).
B) The level of anti-gal IgA, IgM and IgG bound to target rabbit red blood cells as a function of liver fibrosis. There is a statistically significant increase
in anti-gal IgA from commercially purchased normal human serum to serum from patients with advanced fibrosis (P = 0.0048); Anti-gal IgA also
significantly increases from limited to advanced fibrosis (P = 0.0133). Anti-gal IgM significantly increases from control to limited fibrosis (P = 0.02) and
from control to advanced fibrosis (P = 0.002); there is also a significant increase in anti-gal IgM from limited to advanced fibrosis (P = 0.0018). Anti-gal
IgG is significantly elevated in advanced fibrosis compared to control (P = 0.0075) and also from limited to advanced fibrosis (P = 0.0217). 50 mM of
BSA-alpha-gal can prevent binding of antibodies to RBCC. See text for more details. For panels A & B, samples size is Normal, n = 21; Stage 1–2, n = 22;
and Cirrhosis, n = 39.
doi:10.1371/journal.pone.0064992.g002
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target red blood cells opsonized with normal serum or serum from

patients with cirrhosis. Briefly, rRBC were labeled with a GFP

reagent that freely penetrates the cell membrane, interacts with

intracellular glutathione transferase and results in stable cytoplas-

mic staining. The labeled rRBCs were then washed and opsonized

with heat-inactivated serum. The opsonized rRBCs were washed

again and then incubated overnight with THP-1 monocytes. The

monocytes were fixed, and counter-stained with an anti-CD11c-

PE conjugated antibody and analyzed by flow cytometry. The

black peak represents monocytes alone, blue peak represents

monocytes incubated with non-opsonized target cells and gray

filled peak represents opsonized target cells incubated with

monocytes.

As expected, monocytes were able to phagocytose target rRBCs

opsonized with normal serum (Figure 3D, top panel), as shown by

a shift in the grey peak. However, there was no change in the

phagocytosis of target rRBCs incubated with serum from cirrhosis

patients (Figure 3D, bottom panel).

Peripheral Markers of LPS Exposure in Patients with Liver
Fibrosis/cirrhosis Correlate with the Level of Glycan
Modified Anti-gal Antibodies
Since we have observed that patients with more advanced

fibrosis show a reduced killing of alpha-gal containing target cells

(Figure 3A) and actually inhibited complement mediated killing of

bacteria (Figure 3B–C), it was of interest to see if these same people

Figure 3. Anti-gal specific antibodies have poor complement mediated killing ability and are unable to induce phagocytosis of
opsonized target cells. A) Results from a hemoglobin release assay using serum from control patients and patients with cirrhosis. Compared to
normal serum, serum from cirrhosis patients has an over 60% decrease in the capacity to induce complement mediated killing of target rRBCs. For
panel A, sample size is: Normal, n = 20 and Cirrhotics, n = 20. As a control, complement alone was used to indicate the level of the alternative pathway
(complement alone). In addition, if normal samples were heat inactivated or not treated with serum or complement, no lysis was observed. B) Results
from a bactericidal assay using human serum show the growth pattern of bacteria alone (–), bacteria incubated with functional complement (+),
bacteria with functional complement and normal human serum (NHS), or bacteria with functional complement and serum from a pool of 20 cirrhosis
patients (Cirr). Error bars are indicated. C) Bacteria incubated with serum from a pool of 20 cirrhosis patients, in the presence of functional
complement, show a significantly increased survival rate compared to those exposed to normal human serum (P= 0.013). Data normalized to those
that did not receive serum addition. D) Results from an opsonization/phagocytosis assay. Bottom panel show target cells opsonized with serum from
cirrhosis patients are not phagocytosed by monocytes, while top panel shows target cells opsonized with purchased normal serum are
phagocytosed. Black peak represents monocytes alone, blue peak represents monocytes incubated with non-opsonized target cells, and gray filled
peak represents opsonized target cells incubated with monocytes.
doi:10.1371/journal.pone.0064992.g003
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also had evidence of bacterial exposure in their circulation. We

have done this through the measurements of markers of endotoxin

exposure such as soluble CD14 (sCD14) and LPS binding protein

(LBP) in patients with varying levels of liver fibrosis. Both of these

proteins are upregulated in the presence of LPS and have been

used by us and by others as markers of bacterial exposure [21].

Briefly, the levels of LBP and sCD14 were determined in patients

with varying levels of liver fibrosis through the use of a

commercially available anti-sCD14 and LBP ELISA kits. As

Figure 4A shows, while all patients have basal levels of LBP (panel

A) or sCD14 (panel B), patients with increasing levels of liver

fibrosis have much greater levels of circulating sCD14 and LBP,

suggesting that these patients may have increasing levels of LPS in

their circulation. That is, normal patients (n = 21) have a mean of

8289 ng/ml (6702) of peripheral LBP, patients with limited

fibrosis (n = 21) have 9836 ng/mL (61382) and patients with

advanced fibrosis/cirrhosis (n = 39) have 11877 ng/mL (63471).

A similar increase is observed with sCD14, where normal patients

have a mean of 5843 ng/ml (61394) of peripheral sCD14,

patients with limited fibrosis have 6744 ng/mL (61577) and

patients with advanced fibrosis have 8599 ng/mL (62913). For

both LBP and sCD14, there was a statistically significant

difference between the fibrosis groups (p,0.05; see figure 3).

These data suggest that HCV patients, like HIV/HCV co-infected

patients, may have increased levels of LPS exposure early in their

liver fibrosis. Figures 4C–D show the relationship between the

level of these peripheral markers of endotoxin exposure and the

level of LRAGG. As this figure shows, there is a direct correlation

between the level of LRAGG and the peripheral markers of

endotoxin exposure. LRAGG was correlated both to LBP with a

Spearman’s correlation coefficient of 0.4168 (P,0.0001) and

sCD14 with a Spearman’s correlation coefficient of 0.5287

(P,0.0001). LPB and sCD14 also correlated with each other with

a Spearman’s correlation coefficient of 0.4665 (P,0.0001).

Peripheral Markers of LPS Exposure in Patients with Liver
Fibrosis and Cirrhosis Change in Response to Interferon
Treatment
Consistent with the work in vitro, and with our work with HIV/

HCV co-infected individuals [21], there was indeed an increase in

peripheral markers of bacterial exposure in people with liver

fibrosis and this correlated with the levels of anti-gal antibodies

with modified N-linked glycan. Next, we wanted to determine if

patients with liver disease who were successfully treated and

cleared of their viral infection, saw a change in the markers of

bacterial exposure. A total of 108 HCV mono-infected individuals

were enlisted in the study. There were 41 who responded to a

course of interferon-alpha therapy (Responders), while 67 still had

active viral disease following treatment (Non-responders). Avail-

able demographic and clinical data are summarized in Table 2.

Patients were well matched in age with a mean of 44.9 years for

the Responders group and 44.2 years for the Non-responders

group. Likewise, patients were matched for their severity of liver

disease in both grade of inflammation and fibrosis stage. Patients

had a mean Knodell score of 2.4 and 2.3 in the Responder and

Non-responder groups, respectively. Metavir scoring indicated the

mean stage of fibrosis was 2.6 (Responders) and 2.5 (Non-

responders).

We then determined the level of LRAGG in these patients. In

this case we found it was of great interest to determine the pattern

of changes in the fold increase or decrease in LRAGG in those

patients who began a treatment course with either low or high

levels of LRAGG. Figure 5A shows the fold increase in LRAGG in

Responders who started treatment with low levels of LRAGG

(defined as less than a 5-fold increase over commercial sera). As

Figure 5A shows there is no significant change in LRAGG

following the course of treatment; in other words those who started

low stayed low. However, Figure 5B shows a significant decrease

in LRAGG in Responder patients who started treatment with high

LRAGG levels (defined as 5-fold or greater increase over

commercial sera) (P,0.05). The pattern was reversed in patients

in the Non-responder group; they saw a significant increase in

LRAGG (P,0.05) when they started therapy with low levels

(Figure 5C) and no significant overall change when they started

with high LRAGG (Figure 5D).

In Figure 6, we examined the levels of peripheral markers of

bacterial exposure in these patients and demonstrate that patients

in the Responder group showed a significant decrease in sCD14

from 6088 ng/ml to 3905 ng/ml in response to IFN-therapy

(P,0.0001) (Figure 6A). Conversely, in Non-responders the mean

sCD14 increased from 6735 to 15244 ng/ml following treatment

(Figure 6B).

Additionally, those who respond successfully to treatment

showed no change in the level of LBP detected in response to

treatment with a mean of 11248 ng/ml pre-treatment to

12429 ng/ml post-treatment (Figure 6C). Patients who did not

respond to treatment showed a statistically significant increase in

LBP post-treatment from a mean of 10315 to 15244 ng/ml

(Figure 6D, P,0.001).

Discussion

In our initial study, we had discovered an antibody that was

altered in both amount and in glycosylation as a function of liver

fibrosis regardless of the etiology of liver disease [17,26]. In this

study we have analyzed the functionality of these immunoglobulins

and have discovered that, surprisingly, they have dramatically

reduced complement dependent killing against both alpha-gal

containing rRBCs and against bacteria. It is important to note that

we are unclear if there is a selective increase in agalactosylated

anti-gal IgG in patients with liver fibrosis/cirrhosis or if other

immunoglobulin molecules are also altered functionally.

Based upon these results, we wanted to know if, in people with

increasing amounts of anti-gal IgG, there was also an increase in

the amount of peripheral markers of bacterial exposure. Consis-

tent with the work in vitro, with our work with HIV/HCV co-

infected individuals [21], and with work by others [27,28], there

was indeed an increase in peripheral markers of bacterial exposure

in people with liver fibrosis and this correlated with the levels of

anti-gal antibodies with modified N-linked glycan. This suggests

that liver function, as influenced by the presence of HCV, plays a

role in the presence of microbial products in the circulation and

the generation of the antibody response.

One question that remains is why there is a reduction in the

complement mediated lysis reaction from patients with cirrhosis.

As these results could be the consequence of a shift from an IgM to

IgG responses, the level of anti-gal reactive IgM was measured and

found to increase in patients with more severe liver disease

(Figure 2B). This raises an interesting point: If there are increased

amounts of IgM bound to rRBC in patients with cirrhosis, why

don’t anti-gal IgM’s from the cirrhotic patients induce the same

degree of cell lysis? IgM can easily activate complement and

should mediate lysis. It is possible that the 30% of the lytic activity

seen in the cirrhotics is due to IgM, with the remaining killing

activity coming from anti-gal IgG and IgA. It is noted in our

analysis, and consistent with published results [19,20,24,29], the

anti-gal IgG from all patients is primarily of the IgG2 subclass

(data not shown), which is not efficient at binding and activating

Alpha-gal IgG Function Altered with Liver Fibrosis
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the classical complement pathway. Hence, it could be a decrease

in the ability of the anti-gal IgG to activate the alternative

complement pathway. However, reports in the literature have

shown that, for some antibodies, the change in the glycosylation

that we observe on anti-gal IgG (and potentially IgA) is actually

associated with greater binding to the mannose binding lectin

(MBL) and greater activation of the complement pathway as

opposed to the decrease that we have observed (and here) [30,31].

It is also noted that reductions in complement have been observed

in patients with liver cirrhosis [32], implying that the results

presented here could be much greater in patients with liver

disease. Additionally, an explanation for the results presented in

figure 3 is the presence of are other non-heat labile, non-antibody

factors, in the cirrhotic subject serum that enhanced bacterial

growth during culture.

Several reports have examined the role of anti-gal antibodies in

relation to the gut Enterobacteriaceae and in the rejection of

xenotransplantation [18,23,33,34]. One study indicated that

Figure 4. Peripheral markers of LPS exposure in patients with liver fibrosis correlate with the level of LRAGG. A) There is a statistically
significant increase in the level of LPS Binding Protein (LBP) detected in the sera of patients with mild liver fibrosis (P = 0.0002) and also as a function
of liver cirrhosis (P = 0.0013). B) A similar increase is seen in soluble CD14 (sCD14) with the progression of liver fibrosis to liver cirrhosis (P = 0.0020). C)
There is a direct correlation between LBP and LRAGG (rS = 0.4168, P,0.0001) and between sCD14 and LRAGG (rS = 0.5287, P,0.0001) (D). rS denotes
the Spearman’s correlation coefficient. For panels A & B, samples size is Normal, n = 20; Stage 1–2, n = 21; and Stage 5–6 (Cirrhosis), n = 39.
doi:10.1371/journal.pone.0064992.g004

Table 2. Patient Samples Utilized in Study.

Treatment Group N Diagnosis
Active Disease
Following Treatment Mean Age

Gender
(% Male)

Mean Grade of
Inflammation

Mean Stage of
Fibrosis

Responders 41 HCV No 44.9 58.5 2.4 2.6

Non-responders 67 HCV Yes 44.2 70.1 2.3 2.5

aSamples were provided coded from St. Louis University Medical School.
bGrade of inflammation was determined at the time of liver biopsy, characterized by histologic activity index (HAI) and given a corresponding Knodell score.
cFibrosis staging done at time of liver biopsy using Metavir scoring system.
doi:10.1371/journal.pone.0064992.t002
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anti-gal antibodies can actually prevent the complement mediated

killing of target bacteria and may actually aid in the survival of

bacteria in the bloodstream [24]. In regards to the immune attack

of xenotransplants, reports have indicated that certain anti-gal IgG

molecules can inhibit the complement mediated lysis of target cells

via anti-gal IgM molecules [35,36].

In conclusion, the results presented indicate that the generation

of an antibody response to bacterial products may actually be

pathogenic through increasing exposure to endotoxin. It is also

noted that anti-gal IgG may be a potential agent for enhancing

bacterial exposure in people with liver disease that could be a

target for therapeutic intervention.

Materials and Methods

Patients
Patients for the current analysis were obtained from the

University of Michigan (20 control patients, 21 patients with stage

1–2 fibrosis (Ishak) and 19 patients with stage 5–6 fibrosis (Ishak)

and St. Louis University School of Medicine (21 control patients

without any liver disease, 20 patients with cirrhosis. In addition, a

second set of 108 patients with stage 2–3 fibrosis (metavir) who

were treated with interferon were obtained from St. Louis

University School of Medicine. In all cases samples were collected

under a study protocol that was approved by the University’s

Institutional Review Board. In addition, written informed consent

was obtained from each subject. Demographic and clinical

information was obtained, and a blood sample was collected from

each subject (summarized in Table 1). The blood sample from

patients with chronic HCV infection was obtained at the time of

liver biopsy and antiviral therapy. HCV was defined as the

presence of HCV RNA with a lower limit of detection of,50 IU/

mL. All liver biopsies were at least 30 mm long and 1.4 mm wide

and graded by three hepatic pathologists in a blinded fashion and

the amount of fibrosis was graded using the Ishak scoring system.

A group of individuals with no history of liver disease, alcohol

consumption less than 40 gm a week, and no risk factors for viral

hepatitis were enrolled from the General Internal Medicine clinics.

All subjects in this control group were documented to have normal

liver biochemistry and negative HCV antibodies.

Purification and Glycan Analysis of Anti-gal IgG
For analysis of anti-gal IgG, pooled serum from 10 healthy

controls, 10 patients with stage 1–2 fibrosis (Ishak) and 10 patients

Figure 5. Change in LRAGG in response to IFN Treatment in patients with liver fibrosis. (A) The change in the level of LRAGG in patients
who responded to IFN and cleared their HCV and had low LRAGG at start of treatment. As this figure shows, there is no significant change in patients
who started with low levels of LRAGG in response to IFN therapy. (B) In contrast, those patients who responded to IFN and cleared their HCV and
started had greater than 5-fold increase over normal at the start of treatment show a significant decrease following treatment (P,0.05) (C). However,
patients who do not respond to IFN treatment show a significant increase (P,0.05) following treatment when they began with low levels (C) and
stayed high when they started with greater than 5-fold increase in LRAGG over normal (D).
doi:10.1371/journal.pone.0064992.g005
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with cirrhosis were used. 2 ml from each patient for a total of 20 ml
in each pool was utilized. Briefly, synthetic Gala1-3Galß1-

3GlcNAc-HSA (Dextra Labs, Reading, United Kingdom) was

coupled to a NHS-activated Sepharose 4 Fast Flow affinity column

(GE Healthcare, Piscataway, NJ) as per manufacturer’s directions.

20 ml of serum was incubated with the column and the column

washed with five column volumes of TBS-T (Tris buffered saline

with 0.1% Tween-20), followed by one column volume was with

TBS. The Gala1-3Galß1-3GlcNAc specific IgG was eluted using

0.1M NaCl2/0.1M Glycine pH 2.8 and immediately neutralized.

For this study, an equal amount of anti-gal IgG (1 mg) was

reduced, alkylated and separated on a 12% tris-glycine acrylamide

gel and stained using Colloidal Coomassie. Anti-gal IgG bands

were excised, destained and glycan analysis preformed as done

previously and as described above [37,38]. For quantification, area

under the curve (AUC) values for were determined by the Waters

Millennium software the %peak volume for each peak. The total

% of all peaks identified was 100%. This is similar to what has

previously been done [39–43].

Lectin Fluorophore-Linked Immunosorbent Assay (FLISA)
For the plated based analysis of the glycan modification of anti-

gal IgG, we utilized a lectin-FLISA based approach [17]. Briefly

human serum albumin attached to Gala1-3Galb1-3GlcNAc

(HSA-alpha-gal; Dextra Labs) or HSA alone (Sigma-Aldrich),

was added to the plate and following incubation overnight washed

with 0.1% Tween 20/PBS 7.4 and blocked overnight with 3%

BSA/PBS. For analysis, 3 ml of serum was diluted in 97 mL of

3%BSA/PBS and added to the plates for 2 hours and washed 5

times in lectin incubation buffer (10 mM Tris pH 8.0, 0.15 M

NaCl, 0.1% Tween 20) before fucosylated IgG detected with a

biotin conjugated Aleuria aurantia (AAL) lectin (Vector Labora-

tories, Burlingame, CA). Bound lectin was detected using

IRDyeTM 800 Conjugated streptavidin and signal intensity

measured using the OdysseyH Infrared Imaging System (LI-

Figure 6. Markers of bacterial exposure change in response to IFN therapy in patients with liver fibrosis. Patient sera were tested for
sCD14 and LBP levels pre- and post- IFN therapy. In patients who respond to treatment, there is a statistically significant decrease in sCD14 following
treatment (P,0.0001) while patients who do not respond show a significant increase following the course of treatment (P,0.0001) (B). There was no
significant change LBP between treatment groups in patients who respond to IFN therapy (C), however patients who do not respond to treatment
show a statistically significant increase from pre-treatment LBP levels (P,0.001) (D).
doi:10.1371/journal.pone.0064992.g006
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COR Biotechnology, Lincoln, Nebraska). In all cases sample

intensity was compared to commercially purchased human serum

(Sigma Inc., St Louis, MO.). All samples were run in triplicate and

inter sample variation was less than 1%.

FACS Analysis of Anti-gal IgA, IgM, and IgG Binding to
Rabbit Erythrocytes
Approximately 8.56107 rabbit RBCs (rRBCs) per sample were

washed in 1X HBSS. The rRBCs were resuspended to a final

volume of 50 ul per sample and incubated at 37uC for 1 h with

heat-inactivated purchased normal serum or a composite of

patient sera at 1:10 dilution as indicated. Incubations were carried

out in U-bottom 96-well plates to facilitate processing of multiple

replicates. Following incubation, the cells were pelleted with gentle

centrifugation (1500 rpm, 1 minute) and washed twice with 1X

HBSS. In order to determine binding of the anti-gal antibodies to

the alpha-gal epitope of the rRBCs, Goat-a-human IgA-FITC,

IgG-FITC, and IgM-PE (Southern Biotech, Birmingham AL) were

added for one hour at 37uC. Goat-a-human IgA-FITC and Goat-

a-human IgG-FITC were added at 1:400 and Goat-a-human

IgM-PE was added at 1:800 in HBSS. Cells were again washed

after incubation and analyzed by flow cytometry using the Guava

Flow Cytometry System (Millipore, Billerica, MA).

Hemoglobin Release Assays
Hemolysis assays were performed at 37uC using approximately

86106 rabbit red blood cells (Lampire Biologicals, Pipersville, PA)

in a 100 ul volume. Cells were washed in HBSS and incubated

with heat inactivated (30 min at 56uC) serum samples diluted 1:20

in HBSS for 1 h. rRBCs were then washed and incubated with

normal human serum minus IgA, IgM and IgG (Sigma, St. Louis,

MO) as a source of exogenous complement, at a 1:5 dilution for 30

minutes. Cells were gently centrifuged at 1500 rpm for 1 minute at

4uC and supernatants were transferred to a 96-well plate and read

in a spectrophotometer at 541 nm. Dilutions of serum altered the

degree of lysis but did not alter the relative differences in lysis.

Bactericidal Assay
A strain of E. coli., O86:B7, (ATCC) that has been shown to

bind alpha gal antibodies [25]was incubated over night in Difco

Nutrient Broth # 3 (Becton Dickinson) on shaker, at 37uC. Next

day the bacterial suspension was adjusted to an OD600 of 0.6. Cells

were then used to inoculate 2 ml broth containing 60 mL purified

baby rabbit complement (Cedarlane, Ontario, Canada) and

100 ml of commercial (normal) or a composite of cirrhotic patient

serum as indicated. Broth alone was used as a negative control for

bacterial growth and complement without added serum was used

as a positive control for killing via the alternative complement

pathway. An aliquot of the culture was read in a spectrophotomer

hourly at an optical density of 600 nm. Following hourly

incubations at 37uC with shaking, the bacterial suspension was

diluted 1:35000 in broth and plated overnight on 1.5% agar (MP

Biomedicals InC.) in Difco Nutrient Broth # 3 plates for 18 h at

37uC. Next day bacterial colonies were counted. The number of

colonies from the untreated cultures was taken as 100% survival.

Opsonization and Phagocytosis Assays
Approximately 86106 rRBCs were washed in sterile PBS and

labeled with 2 uM CellTracker GFP labeling reagent (Lonza,

Switzerland) for 30 minutes at 37uC, according to the manufac-

turer’s recommendations. The rRBCs were then washed, and

incubated with 20 mL of normal or pooled cirrhosis patient serum

for an additional 30 minutes, in the dark, at 4uC. After washing,
56105 rRBCs were added to 105 THP-1 monocytes in a 96-well

plate and incubated overnight at 37uC with 5% CO2. The next

day, the cells were washed, fixed on ice for 1 hour with 2%

paraformaldehyde in PBS, washed, and then counter-stained with

anti-CD11c-PE (BD Biosciences, Rockville, MD) for 45 minutes at

4uC. The samples were analyzed by flow cytometry using the

Guava Easycyte Flow Cytometry System.

Statistical Analysis
Descriptive statistics for stage patients were compared by scatter

plots that included the outliers. All values were reported as mean

values +/2 standard error unless otherwise stated. As the data did

not follow typical Gaussian distribution, a non-parametrical test

(two-tailed, 95% confidence, Mann-Whitney Test) was used to

determine statistical difference between groups. A two-tailed P-

value of 0.05 was used to determine statistical significance.

Correlation between markers of microbial translocation were

performed by Spearmen’s analysis. All analyses were performed

using GraphPad Prism (San Diego, CA, USA).

Analysis of LBP and sCD14
Commercially available ELISA kits were used to measure serum

levels of LBP (Hycult Biotechnology, The Netherlands) and soluble

CD14 (sCD14; Cell Sciences, Canton, MA). Assays were at least in

duplicate according to the manufacturer recommendations.
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