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Natural IgM inhibits gene transfer by adenovirus type 5 (Ad5) vectors. We show that polyreactive natural IgM antibodies bind to
Ad5 and that inhibition of liver transduction by IgM depends on Kupffer cells. By manipulating IgM concentration in vivo, we
demonstrate that IgM inhibits liver transduction in a concentration-dependent manner. We further show that differences in
natural IgM between BALB/c and C57BL/6 mice contribute to lower efficiency of Ad5 gene transfer in BALB/c mice.

When adenovirus type 5 (Ad5) vectors are injected intrave-
nously (i.v.), their biodistribution is heavily influenced by

blood proteins that bind to (opsonize) the vector (1). Natural
antibodies and complement increase clearance of vector by
Kupffer cells (KCs) (2), while coagulation factor X (FX) increases
transduction of hepatocytes by vector (3–5).

Natural IgM antibodies can bind to diverse self and non-self-
antigens (6, 7), including Ad5 (2). Natural IgM does not directly
neutralize Ad5 in vitro (8), but natural IgM nevertheless inhibits

liver transduction by Ad5 vectors in vivo (9, 10). KCs are a major
sink for Ad5 vectors (11–15). Natural antibody-induced clearance
of vector by KCs (2) reduces the amount of vector available for
transduction of other cells such as hepatocytes, thereby explaining
why natural antibodies inhibit liver transduction.

Amounts of natural antibody differ among individual mice
and between mouse strains (9, 16). Although the presence of nat-
ural antibodies clearly inhibits Ad5 liver transduction (9, 10), the
impact of natural antibody concentrations is unclear. To examine

FIG 1 Inverse correlation between natural IgM concentration and liver transduction. Wild-type C57BL/6 mice were compared to knockout mice that have abnormally
low or high levels of natural IgM (n � 4 to 6 per group). CD19�/� mice (CD19cre/cre) are deficient in B-1 cells and have low levels of IgM (23). Ptpn6f/f;CD19cre/� mice
have a B cell-specific deletion in the Shp1 tyrosine phosphatase which causes expansion of B-1a cells and elevated IgM (24). Rag-1�/� mice have no immunoglobulins
(25). All knockout mice were on the C57BL/6 background and were obtained originally from Jackson Laboratories. (A) Serum IgM concentration measured by
enzyme-linked immunosorbent assay (ELISA). Groups that do not share the same letter (a, b, and so on) are significantly different from each other (P � 0.05; analysis
of variance [ANOVA] and Holm-Sidak post hoc test). Error bars represent standard deviations (SD). (B) The concentration of Ad5-binding IgM in serum was measured
by ELISA on Ad5-coated plates. Monoclonal IgM 2E4 was used to generate a standard curve. (C) Liver transduction (luciferase expression) 48 h after i.v. injection with
4 � 1011 vector particles (vp)/kg of body weight of AdCMV-Luc (an E1-deleted Ad5 vector that expresses luciferase). RLU, relative light units. (D) Negative correlation
between serum IgM concentration and liver transduction in individual mice (rs � �0.933, P � 0.0000002; Spearman’s rank correlation). (E) Negative correlation
between Ad5-binding IgM concentration and liver transduction (rs � �0.952, P � 0.0000002; Spearman’s rank correlation).

3412 jvi.asm.org March 2015 Volume 89 Number 6Journal of Virology

http://orcid.org/0000-0003-1135-2629
http://jvi.asm.org


the importance of natural IgM concentrations, we identified
knockout mouse strains that have abnormal IgM levels (Fig. 1A
and B). (Animal experiments were approved by the FDA CBER
Institutional Animal Care and Use Committee.) We found a sig-
nificant negative correlation between the IgM concentration and
liver transduction (Fig. 1C to E), suggesting that IgM may inhibit
liver transduction in a concentration-dependent manner.

It is known that liver transduction by Ad5 is less effective in
BALB/c mice than in C57BL/6 mice (14), but the reasons are un-
clear. Interestingly, BALB/c mice have higher levels of IgM than
C57BL/6 mice (16). We found that F1 hybrid (CB6F1) mice
showed levels of IgM and liver transduction that were intermedi-

ate between those of the two parental strains (Fig. 2A and B). We
also manipulated the IgM concentration in BALB/c mice by sple-
nectomy, which causes a decrease in the numbers of natural anti-
body-producing B-1a cells (17, 18). Splenectomized BALB/c mice
had lower Ad5-binding IgM and much higher liver transduction
levels than sham-splenectomized mice (Fig. 2C), again suggesting
that high natural IgM concentration contributes to poor liver
transduction in BALB/c mice.

Liver transduction in F2 hybrid (CB6F2) mice also correlated
negatively with IgM concentrations (Fig. 2D). We further exam-
ined whether liver transduction was influenced by the Igh-6 gene,
which encodes the heavy chain of IgM. Unexpectedly, CB6F2 mice
carrying one or two BALB/c Igh-6 alleles had significantly lower
liver transduction than CB6F2 mice that were homozygous for the
C57BL/6 allele (Fig. 2E). We failed to detect any influence of the
Igh-6 locus on the IgM concentration (Fig. 2F), in agreement with
a prior study of the genetic control of IgM concentrations (16).
Our results therefore suggest that the IgM concentration and the
Igh-6 locus may independently influence liver transduction. Our
experiments do not define whether the influence of the Igh-6 locus
on liver transduction is due to the Igh-6 gene itself or to a closely
linked gene, and further investigation will be needed to under-
stand the mechanism for this influence of the Igh-6 locus.
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FIG 2 Influence of mouse strain on IgM concentration and liver transduction. C57BL/6, BALB/c, or hybrid mice were pre-bled to determine serum IgM
concentrations and then injected i.v. with 4 � 1011 vp/kg of AdCMV-Luc. Liver transduction was assayed at 48 h. (A) Liver transduction in C57BL/6, BALB/c,
and F1 hybrid (CB6F1) mice (n � 10 per group). Groups that do not share the same letter (a, b, and so on) are significantly different from each other (P � 0.05;
ANOVA and Holm-Sidak post hoc test). Error bars represent SD. (B) Negative correlation between serum Ad5-binding IgM concentration and liver transduction
in individual mice (n � 30, rs � �0.683, P � 0.0000194; Spearman’s rank correlation). (C) Effect of splenectomy on Ad5-binding IgM concentration and liver
transduction in BALB/c mice (n � 4 or 6). The splenectomized and control (sham surgery) groups differed significantly from each other for both Ad5-binding
IgM and luciferase expression (P � 0.000001; t tests). Surgery was performed 2 weeks before injection of vector. (D) Negative correlation between serum IgM
concentration and liver transduction in CB6F2 (CB6F1 � CB6F1) mice (n � 35, rs � �0.451, P � 0.00682; Spearman’s rank correlation). (E) Dependence of liver
transduction on Igh-6 alleles in the same set of 35 CB6F2 mice. Mice having only C57BL/6 Igh-6 alleles showed significantly higher liver transduction than mice
that had at least one allele of BALB/c origin (n � 7 to 19 per group, P � 0.05; ANOVA and Holm-Sidak post hoc test). The IgM allotypes in serum from each CB6F2
mouse were determined by ELISA, using allotype-specific anti-IgM clones AF6-78 and MA-69 (BioLegend) to identify BALB/c and C57BL/6 IgM (26, 27). (F) No
significant relationship between Igh-6 and Ad5-binding IgM concentration in CB6F2 mice (n � 7 to 19 per group, P � 0.777; ANOVA).
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KCs rapidly clear Ad5 vectors from the circulation and have
a major negative impact on the amount of vector that is avail-
able to transduce hepatocytes (11–14). We found that KC de-
pletion caused a large increase in liver transduction in both
C57BL/6 mice and Ptpn6f/f;CD19cre/� (high IgM) mice; in fact,
after KCs were depleted, there was no significant difference
between these two strains of mice in the liver transduction
levels (Fig. 3). Thus, a high IgM concentration inhibits liver
transduction indirectly, through KCs.

Natural antibodies are often polyreactive: a single antibody
clone may bind to diverse unrelated antigens (19, 20). One exam-
ple of a polyreactive IgM is monoclonal antibody 2E4, which rec-
ognizes multiple distinct antigens (21). Interestingly, we found
that both 2E4 and BALB/c natural IgM could bind both to Ad5
and to an unrelated antigen: dinitrophenol coupled to bovine se-
rum albumin (DNP-BSA) (Fig. 4A and B). When BALB/c natural
IgM was separated by affinity chromatography on DNP-BSA, the
DNP-BSA-binding pool of natural IgM was able to bind to Ad5,
but DNP-BSA-nonbinding natural IgM showed decreased reac-
tivity to Ad5 (Fig. 4B). Thus, at least some of the Ad5-binding
natural IgM antibodies in mouse serum are polyreactive, because
these antibodies can bind to both DNP-BSA and Ad5.

FIG 3 Kupffer cells mediate the negative effect of natural antibodies on liver
transduction. C57BL/6 mice and Ptpn6f/f;CD19cre/� mice (high IgM) were
injected with clodronate liposomes via the tail vein to deplete KCs as previ-
ously described (28). Control mice were injected with phosphate-buffered
saline (PBS). The next day, mice were injected i.v. with 4.0 � 1011 vp/kg of
AdCMV-Luc. Liver transduction was assayed at 72 h. Groups that do not share
the same letter (a, b, and so on) are significantly different from each other (P �
0.05; ANOVA and Holm-Sidak post hoc test, n � 5 or 6 per group). Error bars
represent SD.

FIG 4 Polyreactivity and specificity of natural IgM. (A) Binding of IgM to DNP-BSA determined by ELISA. BALB/c IgM was purified from serum as
previously described (8, 9). DNP-BSA-binding and DNP-BSA-nonbinding pools of IgM were purified from BALB/c IgM by affinity chromatography.
Monoclonal antibody 2E4 is a polyreactive IgM that can bind to a variety of antigens (21). (B) Binding of IgM to AdCMV-Luc by ELISA. (C) Binding of
IgM to AdHVR7 by ELISA. A monoclonal IgM against HBV (H21F8-1; ATCC CRL-8018) showed poor reactivity to AdHVR7. Similar results were
obtained on AdCMV-Luc-coated plates (not shown). (D) Influence of IgM transfer on liver transduction in Rag-1�/� mice. Mice were injected i.v. with
PBS or IgM (500 �g) 2 h before i.v. injection with 4 � 1011 vp/kg of AdHVR7. Liver transduction was assayed at 48 h. Groups that do not share the same
letter (a, b, and so on) are significantly different from each other (n � 4 or 5 per group, P � 0.05; ANOVA and Holm-Sidak post hoc test). Error bars
represent SD. All antibodies were of BALB/c genetic origin.
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Transferring natural IgM to antibody-deficient mice decreases
Ad5 liver transduction, while transfer of natural IgG has no effect
(9, 10). Recently, Unzu et al. (10) found that liver transduction
was suppressed by transfer of a monoclonal IgM antibody against
the human AE2 anion exchanger, suggesting that IgM may non-
specifically suppress liver transduction by Ad5. However, the
monoclonal antibody used by Unzu et al. also exhibited strong
binding with Ad5 (10), suggesting that their antibody was actually
a polyreactive monoclonal antibody with reactivity to both the
AE2 anion exchanger and Ad5.

We found that a monoclonal IgM against hepatitis B virus
(HBV) (22) showed very weak binding to Ad5 (Fig. 4C), which
fails to support the hypothesis of Unzu et al. that IgM interacts
with Ad5 in a non-antigen-specific manner. To determine
whether the in vivo effect of IgM is specific or nonspecific, we
tested whether liver transduction was inhibited by anti-HBV
monoclonal IgM. To provide the most stringent test of the effect of
IgM on liver transduction, we used the AdHVR7 Ad5 mutant
vector, which is unable to bind FX and is extremely sensitive to
inhibition by natural antibodies and complement (8). BALB/c
natural IgM bound similarly both to the normal AdCMV-Luc Ad5
vector and to the AdHVR7 mutant vector (Fig. 4B and C). As
expected, transfer of BALB/c natural IgM to antibody-deficient
mice strongly suppressed liver transduction (Fig. 4D). However,
the anti-HBV monoclonal IgM did not inhibit liver transduction.
Thus, nonspecific IgM has no detectable inhibitory effect on liver
transduction.

In summary, we found that natural IgM contains polyreactive
antibodies that recognize both Ad5 and an unrelated antigen. We
demonstrated that natural IgM impairs the efficiency of gene
transfer in a concentration-dependent manner. Interestingly, we
found that the efficiency of gene transfer in BALB/c and C57BL/6
mice is influenced not only by the IgM concentration but also by
the Igh-6 locus. Finally, we showed that suppression of liver trans-
duction by IgM depends on KCs and requires that IgM be able to
bind to the vector.
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