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Three classes of IgG have been described for camelids. IgG1 has a conventional four-chain structure, while
IgG2 and IgG3 do not incorporate light chains. The structures and antigen-binding affinities of the so-called
heavy-chain classes have been studied in detail; however, their regulation and effector functions are largely
undefined. The aim of this study was to examine the participation of conventional and heavy-chain IgG
antibodies in the camelid immune defense directed against West Nile virus (WNV). We found that natural
infection or vaccination with killed WNV induced IgG1 and IgG3. Vaccination also induced IgG1 and IgG3;
IgG2 was produced during the anamnestic response to vaccination. When purified IgGs were tested in
plaque-reduction neutralization titer (PRNT) tests, IgG3 demonstrated PRNT activities comparable to those
of conventional IgG1. In contrast, IgG2 demonstrated only suboptimal activity at the highest concentrations
tested. Flow cytometric analysis revealed that macrophages bound IgG1, IgG2, and IgG3. Furthermore,
subneutralizing concentrations of all three isotypes enhanced WNV infection of cultured macrophages. Our
results document distinctions in regulation and function between camelid heavy-chain isotypes. The reduced
size and distinct structure of IgG3 did not negatively impact its capacity to neutralize virus. In contrast, IgG2
appeared to be less efficient in neutralization. This information advances our understanding of these unusual
antibodies in ways that can be applied in the development of effective vaccines for camelids.

The canonical structure of immunoglobulin is a het-
erodimeric tetramer comprised of heavy and light chains. Cam-
elids produce these conventional antibodies, but they also pro-
duce antibodies that do not incorporate light chains (14, 29).
Camelid heavy-chain antibodies (HCAbs) comprise 45% of
serum IgG in Lama spp. and 75% of serum IgG in Camelus
spp. (14). This representation is compatible with a significant
role in immune defense; however, functional information con-
cerning these unusual antibodies is scarce.

Antibody function is dictated by structure and binding affin-
ity. Camelid HCAbs are bivalent, with variable domains that
undergo somatic hypermutation and exhibit nanomolar bind-
ing affinities (8, 10). The H chains lack CH1, the first constant
domain that normally associates with the CL domain to stabi-
lize the heterodimer (20, 34). The heterodimer of conventional
antibodies is further stabilized by hydrophobic amino acids on
the opposing surfaces of the VL and VH domains. In contrast,
the VH of HCAbs (VHH) incorporates hydrophilic amino ac-
ids at the putative H-L chain interface, conferring solubility on
the antigen-binding domain (21). To increase diversification of
the combining sites of VHH, the first and second hypervariable
loops adopt noncanonical loop structures (8, 9, 11, 26). Fur-
thermore, similar to the case for bovine immunoglobulins,

VHH domains may possess an extended complementarity de-
termining region (CDR) 3 that may serve to increase the sur-
face area for antigen binding (33). With masses of approxi-
mately 15 kDa, VHH domains are the smallest natural antigen-
binding fragments known (14, 19).

The effector function of an immunoglobulin is largely deter-
mined by the CH2 and CH3 domains. In camelids, IgG1 is a
conventional antibody and IgG2 and IgG3 are HCAbs. Se-
quence comparisons among llama IgGs indicated that CH2
and CH3 exons are 88 to 98% and 93 to 96% identical, respec-
tively (14, 30). Despite this similarity, functional distinction is
evident in that IgG1 and IgG3 bind protein G, while IgG2 does
not (6, 14, 30). Since it is the Fc portion of IgGs that is
recognized by protein G (2), this differential binding suggests
conformational distinctions among the isotypes that may cor-
relate with FcR-dependent effector functions. Furthermore,
HCAbs have molecular masses of approximately 100 kDa,
compared with 150 kDa for IgG1. The reduced mass, in com-
bination with the small size of the VHH domain, may enable
HCAbs to bind epitopes that would be inaccessible to conven-
tional antibodies.

The novel structural features of HCAbs suggest that these
isotypes may have distinct roles in camelid immunity. Re-
search into camelid antibody functions has been hindered
greatly by the lack of specific reagents. To address this, we
produced and characterized mouse monoclonal antibodies
(MAbs) that bind specifically to IgG1, IgG2, or IgG3 of
llamas and alpacas (6). In this study, we used these reagents
to compare the contributions and functions of IgG1, IgG2,
and IgG3 in immune responses elicited in alpacas by vacci-
nation, natural infection, and experimental infection with a
flavivirus, West Nile virus (WNV).
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MATERIALS AND METHODS

Animals and sera. Sera from alpacas that were naturally infected with WNV
(n � 4) were obtained during a surveillance study conducted in New Jersey. Sera
from alpacas vaccinated against WNV (n � 8 vaccinated and 4 vaccinated and
boosted animals) were collected as part of a vaccine study that has been pub-
lished previously (16). In all cases, camelid blood was collected by jugular veni-
pucture into Vacutainer tubes containing no anticoagulant. Sera were separated
by centrifugation and stored at �20°C.

For macrophage cultures, blood was obtained from two adult female alpacas
housed at Cornell University. Animal care was performed in compliance with the
guidelines of the Association for Assessment and Accreditation of Laboratory
Animal Care.

WNV vaccination. The vaccination protocol has been described elsewhere
(16). Briefly, alpacas were vaccinated with 1 ml of formalin-inactivated WNV
vaccine (West Nile Innovator; Fort Dodge Animal Health), administered intra-
muscularly. Alpacas received three vaccinations at 3-week intervals. Some ani-
mals received an additional dose of vaccine 1 year after the third immunization
and are referred to as “vaccinated/boosted” animals. Sera from these animals
were collected 4 weeks after the fourth immunization.

Antibodies and antigens. Polyclonal goat anti-llama IgG(H�L) conjugated to
horseradish peroxidase (HRP) (Bethyl Laboratories Inc.) was used for enzyme-
linked immunosorbent assay (ELISA) and to form immune complexes with
alpaca IgG. Mouse MAbs were detected with HRP-conjugated goat anti-mouse
IgG(H�L) (ICN/Cappel). The anti-IgG1 (27E10 and 28G4), anti-IgG2 (19D8
and 16A4), and anti-IgG3 (8E1 and 2B11) MAbs have been described else-
where (6).

Recombinant WNV envelope (E) and nonstructural (NS1 and NS5) proteins
were prepared by cloning reverse transcription-PCR (RT-PCR)-amplified DNA
fragments into pTriEx-1 plasmid vectors (Novagen). Baculovirus recombinants
were prepared by cotransfecting plasmid DNA and BacVector 3000 DNA
(Novagen) and were used to infect Sf9 cells. Cells were lysed, and expressed
proteins were purified using nickel-affinity chromatography (Bio-Rad).

Detection of llama IgGs specific for WNV antigens. The ELISA described by
Daley et al. (6) was modified to detect camelid IgGs specific for WNV. Well
volumes were 25 �l, and plates were incubated for 1 h at room temperature
unless otherwise specified. Plates were coated overnight at 4°C with 5.0 �g/ml
WNV E, NS1, or NS5 protein, diluted in 10% Dulbecco’s phosphate-buffered
saline (DPBS). Wells were blocked with DPBS containing 2% skim milk and
0.05% Tween 20. Plates were washed three times with DPBS containing 0.05%
Tween 20 after each incubation step. All sera and antibodies were diluted in
blocking solution. Alpaca sera were diluted 1:100 and tested in triplicate. Plates
were washed, and wells were incubated with the 27E10, 19D8, or 8E1 MAb (5.0
�g/ml) or with HRP-conjugated goat anti-llama IgG (0.1 �g/ml) as a positive
control. After being washed, wells were incubated with 5.0 �g/ml HRP-conju-
gated goat anti-mouse IgG diluted in blocking solution containing 10% normal
goat serum. The assay was developed with 3,3�,5,5�-tetramethylbenzidine (TMB;
KHL), and reactions were terminated by adding 1 M H3PO4. The optical density
(OD) was measured at 450 nm with a microplate reader (Biokinetics reader,
model EL340; Bio-Tek Instruments).

Purification of camelid IgGs. IgGs were purified using affinity columns pre-
pared with MAb 27E10, 19D8, or 8E1, as described elsewhere (6). Purified IgG
fractions were dialyzed against DPBS and evaluated for homogeneity by ELISA
before use in subsequent assays. Briefly, microtiter plates were coated with 28G4,
16A4, or 2B11 MAb (5.0 �g/ml), and wells were blocked with 5% skim milk and
then incubated with affinity-purified IgG (1.0 �g/ml). Bound IgGs were detected
with HRP-conjugated goat anti-llama IgG (0.1 �g/ml).

PRNT assay. WNV-NY1999 stocks were grown in Vero cells and frozen at
�80°C until use. Plaque-reduction neutralization titer (PRNT) assays were per-
formed using Vero cell monolayers grown in six-well culture plates at 37°C in 5%
CO2. Twofold serial dilutions of heat-inactivated (60°C, 5 min) alpaca serum or
affinity-purified IgGs were mixed with an equal volume of WNV (1 � 103 to 2 �
103 PFU per ml), with or without 5% guinea pig complement (Colorado Serum
Company). Each monolayer was incubated for 1 h with 100 �l of the virus-
antibody mixture, and then monolayers were overlaid with minimum essential
medium (MEM; Gibco), 10% fetal bovine serum, 2 mM L-glutamine, 2� peni-
cillin-streptomycin, and 1� ciprofloxacin containing 2% (wt/vol) low-melting-
point agarose. Plates were stained on day 3 with neutral red, and plaques were
enumerated on day 4. Plaque counts were expressed as percentages of the
number of plaques obtained in the absence of serum or antibodies. A reduction
of 90% (PRNT90%) or greater was set as the positive threshold.

Preparation of monocyte-derived cell cultures. A protocol described by Davis
et al. (7) was modified to recover mononuclear cells from alpaca blood. Hepa-

rinized blood was diluted 1:3 in sterile PBS and layered onto density gradients
(upper gradient, Histopaque 1077; lower gradient, Histopaque 1119) (Sigma) in
50-ml polypropylene tubes. Tubes were centrifuged at 700 � g in a swinging-
bucket rotor with the brake off for 1 h at ambient temperature. Mononuclear
cells were collected from the interface between the plasma and the upper gra-
dient. Leukocyte populations were washed three times by being suspended in
PBS and centrifuged (250 � g) for 10 min at 10°C. Viability was estimated with
trypan blue, using a hemocytometer, and cellular composition was evaluated by
flow cytometry (FACSCalibur; BD Biosciences).

Mononuclear cells were cultured according to the protocol described by Sal-
darriaga et al. (24), with a few modifications. Pelleted cells were resuspended to
a final concentration of 2 � 106 cells/ml (containing approximately 4 � 105

monocytes/ml) in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% heat-inactivated fetal calf serum (Atlanta Biologicals), 0.5 mg/ml
gentamicin sulfate (Cellgro), 0.25 �g/ml amphotericin B (Fungizone), 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine, and 50 �M �-mercapto-
ethanol (Sigma). Cell suspensions (1 ml/well) were added to 24-well culture
plates and incubated at 37°C with 5% CO2 for 24 h. Nonadherent cells were
removed, and cultures were maintained by replacing the medium every 4 days.
Experiments were performed with cultures containing 1 � 105 adherent macro-
phages per well.

To confirm that adherent cells were macrophage-like, 8-day-old cultures were
incubated for 5 min with cold trypsin-EDTA (Sigma) to release cells from the
surface. Cytologic preparations (Cytospin) were stained with an �-naphthyl ac-
etate esterase kit (Sigma) following the manufacturer’s instructions. Coverslips
were mounted with Glycergel (DakoCytomation), and slides were examined
using a BX51 microscope fitted with a DP-12 digital camera system (Olympus).

Fc receptor-binding assay. Purified IgGs (1.0 mg/ml) were dialyzed against
PBS (pH 8.5) and incubated with Alexa Fluor 488 (Molecular Probes) (0.1
mg/ml) overnight at 4°C with continuous stirring. Excess dye was removed by
washing samples three times with PBS (pH 7.0), using Centricon centrifugal filter
devices (YM-30; Millipore) spun at 5,000 � g. The degree of labeling was
calculated to be between 4 and 9 mol of dye per mol of IgG. Conjugated IgG
preparations were stored at 4°C with 0.1% sodium azide protected from light.

Peripheral blood leukocytes were obtained from alpaca blood by using the
protocol described above, except that a single density gradient medium (His-
topaque 1119) was used. The experiment was conducted on ice, using cold buffers
and reagents. Cells were washed with PBS and then blocked for 1 h with PBS
containing 0.1% bovine serum albumin (BSA) and 5% normal goat serum. Cells
were subsequently incubated for 1 h with 50 �g/ml Alexa Fluor 488-conjugated
IgG1, IgG2, or IgG3 alone or in the presence of HRP-conjugated goat anti-llama
IgG at 100, 50, 25, 12.5, or 6.25 �g/ml. Cells were then washed, resuspended in
PBS containing 1.0% BSA, and evaluated using flow cytometry. Data were
analyzed using the FlowJo (TreeStar) software application.

Antibody-dependent enhancement assay. Virus (1 � 104 to 2 � 104 PFU) was
incubated for 1 h with affinity-purified IgG. Macrophages were incubated with
virus-antibody mixtures (multiplicity of infection [MOI] � 0.1) or with medium
or virus only as a control. Samples were tested in triplicate. After 3 h, media were
aspirated from individual wells, and cells were washed three times with warm
(37°C) PBS to remove unbound virus and Abs. Fresh medium was added to each
well, and plates were incubated for an additional 36 h at 37°C. Supernatant and
cells were harvested separately from each well for estimation of released versus cell-
associated virus. Cells were lysed by three cycles of freeze-thawing to release
cell-associated virus. Plaque assays were performed as described above by inoc-
ulating Vero cells with 200 �l of serially diluted supernatant or lysate.

RESULTS

IgG isotypes induced during natural virus infection. We first
assessed the IgG isotypes that were induced during natural
infection with WNV. Sera from alpacas (n � 4) that demon-
strated serum neutralization (SN) titers ranging from 181 to
1,448 were tested for binding to WNV E, NS1, and NS5 pro-
teins. For three of four animals, the IgG profiles were similar
for all antigens tested: specific IgG1 was present, while IgG2
and IgG3 did not exceed the calculated limit of detection of the
assay (Fig. 1A to C). In the fourth animal’s serum, E- and
NS1-specific IgG2 and IgG3 were detected. Such variation may
be expected because these samples were acquired during a
serological surveillance program for WNV, and it is likely that
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the histories of the animals varied greatly with regard to ex-
posure to the virus.

IgGs induced by WNV vaccine. We tested serum samples
obtained from alpacas that had been administered three doses
of a formalin-inactivated WNV vaccine under controlled, ex-
perimental conditions (16). All of the animals generated mea-
surable SN titers (45 to 4,096) and produced IgG antibodies
specific for WNV E and NS1 proteins, but not NS5, after two
doses of vaccine (Fig. 1D to F). Envelope protein-specific IgG3
and IgG1 were induced by vaccination. The response to NS1
proteins was similar but weaker (Fig. 1E). A very poor IgG2
response to NS1 was detected, and overall, the data show that
IgG2 was not efficiently induced by vaccination with killed
virus. As expected, there were no antibodies induced against
the NS5 protein, an RNA polymerase that is absent from the
vaccine (Fig. 1F).

Anamnestic response in vaccinated alpacas. IgGs specific
for WNV E protein were detectable 1 year after vaccination
(Fig. 2A); however, anti-NS1 IgGs were not (Fig. 2B). Admin-
istration of vaccine at this time elicited an anamnestic response
that included IgG1 and IgG3 specific for the E and NS1 pro-
teins (Fig. 2C and D). In addition, a marked increase in IgG2
against the E and NS1 proteins was detected. These results
document that alpacas were primed by vaccination to produce
all three IgG isotypes.

Evaluation of virus-neutralizing activities of alpaca IgGs.
The host cell receptor-binding domains of WNV are located
within the E protein (5), and antibodies elicited against this
protein neutralize the virus. Since both HCAbs and conven-
tional IgG were induced against the E protein, we next sought
to compare their efficiencies in neutralization of WNV.

To quantify neutralizing activities of WNV-specific antibod-
ies, we compared the PRNTs of sera from naturally infected
versus vaccinated/boosted alpacas. Sera from vaccinated/boosted
alpacas were eightfold more potent in PRNT90% assays than

sera from naturally infected animals (Fig. 3A and C). Since
sera likely contained highly efficient, neutralizing IgM antibod-
ies and we wanted to determine whether IgGs participated in
neutralization, we tested IgG1, IgG2, and IgG3 purified from
sera by using affinity columns prepared with isotype-specific
MAbs. Antibodies were purified from sera of four naturally
infected and four vaccinated/boosted alpacas. The homogene-

FIG. 1. Antibody isotypes induced by viral antigens. (A to C) WNV-specific IgG isotypes detected in sera of naturally infected alpacas by
ELISA, using envelope (E) (A), nonstructural protein NS1 (B), and nonstructural protein NS5 (C). Horizontal bars represent mean OD values
per group (n � 4). (D to F) WNV-specific IgG isotypes detected in sera of alpacas vaccinated three times (arrowheads) with killed, adjuvanted
WNV. Antibodies specific for E protein (D), NS1 (E), or NS5 (F) were detected by ELISA in sera diluted 1:100. Bars represent standard deviations
(SD) of the means (n � 8). Dashed, horizontal lines represent the limit of detection of the assay, calculated as the mean plus three times the
average of the SD of the conjugate control.

FIG. 2. Detection of circulating antibodies and induction of anam-
nestic response against WNV E and NS1 proteins at 1 year postvac-
cination. (A and B) Anti-WNV antibodies in alpacas (n � 8) at 1 year
postvaccination. (C and D) Anamnestic response at 4 weeks post-
booster vaccination (n � 4 alpacas). Antibodies were detected by
ELISA in sera diluted 1:100. Horizontal bars represent mean OD
values per group. Dashed, horizontal lines represent the limit of de-
tection of the assay, calculated as described in the legend to Fig. 1.
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ity of each IgG preparation was confirmed by sandwich ELISA
(data not shown). Before testing the purified antibodies in
PRNT assays, we confirmed that they had not deteriorated
during the purification process by testing their binding to
WNV E proteins in ELISA. Binding activities were preserved
(Fig. 3B and D), with the exception that binding of IgG3 from
naturally infected alpacas improved substantially after purifi-
cation (Fig. 3B versus Fig. 1A), perhaps because the larger
conventional antibodies hindered access of IgG3 to binding
sites on the E protein.

IgG1 and IgG3 induced by either natural exposure or vac-
cination demonstrated potent neutralizing activities (Fig. 4).
Conversely, IgG2 induced by vaccination demonstrated subop-
timal neutralization (plaque reduction of 	90%) (Fig. 4B).
Neutralization by IgG1, IgG2, and IgG3 was not dependent
upon complement, although the addition of complement to
the assay enhanced neutralization by all three isotypes (not
shown).

Demonstration of IgG binding to mononuclear leukocytes.
Binding to FcR on leukocytes is an important effector function
of IgG. We employed flow cytometry to determine whether
conventional or HC isotypes bind receptors displayed on the
surfaces of mononuclear cells.

Monocytes were gated based on forward versus side scatter
(Fig. 5A). Increased fluorescence intensities of cells incubated
with fluorochrome-conjugated IgGs illustrated that all three
isotypes were able to bind to surfaces of monocytes (Fig. 5B, D,
and F). No effort was made to remove aggregates from the
labeled antibody preparations, so it was not determined whether
binding was via monomeric or aggregated IgG. Aggregation
with goat anti-llama enhanced binding of all three isotypes to
monocytes (Fig. 5C, E, and G). Unlabeled goat IgG was in-
cluded in the blocking solution to reduce complex binding to
monocytes via the goat antibodies. Taken together, the results

FIG. 3. Binding activities of antibodies in sera from naturally in-
fected and vaccinated/boosted alpacas. Sera were collected at the onset
of clinical signs for naturally exposed alpacas and at 1 month post-
boosting for vaccinated/boosted alpacas. (A and C) Detection of neu-
tralizing antibodies in sera from naturally infected (A) and vaccinated/
boosted (C) alpacas. A standard PRNT assay was conducted with sera
in the presence of complement (n � 4 alpacas per group). The asterisk
indicates the end point. Dashed, horizontal lines represent the
PRNT90%, which was set as the positive threshold. (B and D) WNV
E protein-specific IgGs detected in sera from naturally infected
(B) and vaccinated/boosted (D) alpacas. IgGs were affinity purified
from sera and then assayed for binding to WNV E protein in ELISA.
Horizontal bars represent mean OD values per group.

FIG. 4. Neutralization of WNV by IgGs purified from alpaca sera. PRNT assays were conducted on Vero cells, using affinity-purified IgGs
obtained from naturally infected (A) and vaccinated/boosted (B) alpacas. Dashed, horizontal lines represent the PRNT90%, which was set as the
positive threshold. Symbols are labeled with names or numbers assigned to the alpacas from which serum samples were obtained.
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provide evidence that alpaca monocytes express receptors for
conventional and HC IgGs.

Effect of IgG on WNV infection of macrophages. To assess
the effect of alpaca IgGs on virus replication in macrophages,
we conducted experiments in which alpaca macrophages were
inoculated with WNV in the presence of purified IgGs.

Macrophages were prepared from alpaca peripheral blood

leukocytes. Monocytes were recovered by density gradient cen-
trifugation (Fig. 5A) and were further enriched in culture by
selecting the adherent cell population. Within 8 days of cul-
ture, adherent cells had differentiated into macrophage-like
cells that expressed cytoplasmic esterases specific for �-naph-
thyl acetate (Fig. 5H).

Inoculation of cultures with virus at an MOI of 0.1 resulted

FIG. 5. Antibody binding and WNV infection of cultured alpaca peripheral blood monocytes. (A) Flow cytometric scatter plot (forward versus
side scatter) of the low-density cell fraction recovered from density gradients. Gates were set around lymphocytes (L
), monocytes (Mo/M
), and
granulocytes (G
). The representation of each cell type within the population is indicated. (B to G) Binding of purified fluorescent alpaca IgGs
to monocytes and macrophages. Leukocytes were incubated on ice with Alexa Fluor 488-conjugated IgG1 (B), IgG2 (D), or IgG3 (F) alone or with
HRP-conjugated goat anti-llama IgG to form immune complexes (C, E, and G). Untreated cells were used as controls. Binding of fluorochrome-
labeled IgGs to cells was assessed by flow cytometry. Histograms of fluorescence intensities demonstrate the binding of IgGs to cells within the
Mo/M
 gate shown in panel A. M.F.I., mean fluorescence intensity. (H) Cytospin preparation of adherent cells from low-density fraction after 8
days in culture. Macrophages containing cytoplasmic esterase specific for �-naphthyl acetate stain black. Bar, 10 �m. (I) Macrophages (1 � 105)
were incubated with WNV (MOI � 0.1) for 1 h (filled symbols) or 3 h (open symbols), washed with PBS, and cultured at 37°C for 5 days.
Supernatant was sampled daily, and virus numbers were estimated by plaque assay. The arrow indicates the inoculation period (3 h) and time point
of supernatant collection used in subsequent assays.
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in replication of WNV. Virus titers were low in supernatants
(20,000 PFU/ml) and cell lysates (300 PFU/ml) collected within 5
days of inoculation, suggesting that alpaca macrophages are
not highly permissive to WNV infection (Fig. 5I) compared to
bone marrow-derived macrophages from mice (25). The re-
sults observed were not affected by inoculation time (Fig. 5I) or
the addition of complement (not shown).

To assess the effects of IgGs on virus replication in macro-
phages, WNV was incubated with IgG at concentrations at or
below the 90% neutralization threshold in Vero cells (10, 2,
0.4, and 0.08 �g/ml [n � 3 alpacas] or 50 �g/ml [n � 1 alpaca
{Prisa}]), with or without added complement, prior to inocu-
lation of macrophages with virus (Fig. 6 and data not shown).
Cells (1 � 105) were incubated for 3 h with 1 � 104 PFU of
WNV (MOI � 0.1), and supernatants were collected 36 h later.
Enhancement of infectivity was observed with all three isotypes
but was variable among the preparations tested, including
those giving comparable results on Vero cells. In some in-
stances, virus replication was enhanced �10-fold by IgG1 and
IgG3 (animals V and 723). In other cases, little or no enhance-
ment was observed (Prisa and animal 550) (Fig. 6A and B),
demonstrating that enhancement was not mediated by anti-
bodies in a nonspecific manner. Altogether, antibodies from
seven of the eight animals showed enhancement with at least
one isotype. Inclusion of complement reduced the enhance-
ment effects in 21 of the 24 preparations evaluated (i.e., 6/8
preparations of IgG1, 8/8 preparations of IgG2, and 7/8 prep-
arations of IgG3) (data not shown). Titers of cell-associated

viruses correlated with those of released viruses but were con-
siderably reduced (data not shown).

Overall, the data are compatible with the conclusion that
WNV infection of camelid macrophages is inefficient; however,
infectivity can be enhanced by low concentrations of WNV-
specific IgG antibodies. In the presence of complement, any
enhancement was abolished.

DISCUSSION

Clearance of pathogens by antibodies is initiated when an
antigenic site is bound by the CDRs of the immunoglobulin V
domain. Binding may neutralize viruses, toxins, or enzymes
deployed by the pathogen. While published reports document
the extraordinary ability of camelid HCAbs to inhibit enzymes
by inserting an extended CDR into the active site (4, 17, 28), a
very limited volume of published work describes the specificity
and function of HCAbs in the context of infection. In one
study, HCAbs produced by camels in response to infection with
trypanosomes displayed a broad repertoire of antigen specific-
ities (2, 13). In another report, llama HCAbs were shown to
display a more restricted and, in some ways, distinctive reper-
toire of specificities for bacterial antigens than those of con-
ventional IgGs (30). To our knowledge, there are no reports
describing the specificities or functions of camelid IgGs pro-
duced in response to vaccination or infection with viruses. Such
studies have been hindered by the lack of well-characterized,
isotype-specific reagents. The availability of MAbs specific for

FIG. 6. Antibody-dependent enhancement of WNV replication in alpaca macrophages. Virus was incubated with IgGs purified from naturally
infected (A) or vaccinated/boosted (B) animal sera at concentrations that yielded less than 90% neutralization in PRNT assays. Virus-antibody
mixtures were inoculated onto monolayers of alpaca macrophages, and supernatants were collected at 48 h postinoculation. Virus released from
infected cells was quantified by plaque assay. Dashed lines represent virus obtained from macrophages inoculated with WNV in the absence of
antibody. Symbols are labeled with names or numbers assigned to the alpacas from which serum samples were obtained.
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llama and alpaca IgG1, IgG2, and IgG3 (6) has enabled us to
investigate specificities and regulation and effector functions of
HCAbs in antiviral immunity.

WNV is related to flaviviruses that cause dengue fever, yel-
low fever, and Japanese encephalitis (18). Its 11-kb RNA ge-
nome encodes a single polyprotein that is cleaved by both viral
and host enzymes to yield three structural and seven nonstruc-
tural proteins (3). The E protein of WNV incorporates puta-
tive receptor-binding sites, and antibodies raised against E
protein neutralize the virus (1, 23, 27, 31, 32, 35). A successful
humoral immune response against virus infection is deter-
mined by the ability of the elicited antibodies to bind and
neutralize virus. In our studies, natural infection with WNV
induced E-specific IgG3 and conventional IgG1. IgG3 exhib-
ited neutralizing activity that was comparable to that of IgG1.
Vaccination with inactivated virus also induced neutralizing
IgG1 and IgG3. In contrast, IgG2 specific for E protein was
detected only in the anamnestic response to vaccination and,
when present, was not potent in neutralization assays. The
basis for this failure is not clear, and we are cautious in inter-
preting the result because the number of animals studied was
limited. Alpaca IgG2 and IgG3 differ in mass (6) and may also
differ in structure. Camel HCAbs are known to vary in hinge
length (14). Such variation may alter molecular flexibility and
thereby influence neutralizing activity.

Antigen binding enables antibodies to perform effector func-
tions. Activation of the complement pathway, opsonization of
pathogens, activation of mast cells, and the induction of anti-
body-dependent cellular cytotoxicity (ADCC) are critical in
host defense against pathogens. Cell-dependent effector func-
tions of IgG are mediated by Fc receptors (Fc�Rs) on leuko-
cytes. Fc�Rs vary in affinity and specificity for different isotypes
(22). Effector functions and leukocyte binding by camelid IgGs
have not been described. We found that both conventional and
HC isotypes bound to the surfaces of blood monocytes. We did
not determine whether the binding was via high- or low-affinity
receptors, a question that merits further investigation. In ad-
dition, virus neutralization by HCAbs was enhanced in the
presence of complement, indicating that they also possess com-
plement binding as an effector function.

Antibody-dependent enhancement (ADE) of viral infection
is a phenomenon that is characteristic of flaviviruses. This
process is mediated by IgG antibodies, and although there are
several mechanisms proposed to explain it, the most widely
accepted one involves Fc receptors (13). Since it has been
established that IgGs mediate ADE of West Nile virus infec-
tion (15), we asked whether camelid IgGs could mediate ADE.
In contrast to equine cells (12), alpaca macrophages incubated
with virus, alone or together with complement, were not highly
permissive to WNV replication. When immune complexes
were formed by incubating the virus with subneutralizing con-
centrations of purified IgG, ADE was demonstrable for all
three isotypes. Consistent with these observations, flow cyto-
metric analysis revealed that each isotype bound to the sur-
faces of macrophages. The data support the conclusion that
HCAbs and conventional IgG bind putative Fc�Rs on alpaca
macrophages. To our knowledge, Fc�Rs have not yet been
described for camelid leukocytes; however, IgG2 CH domains
incorporate amino acid motifs that are known to be essential
for binding of human IgG to Fc�RI (20).

In aggregate, our data provide evidence that the alpaca HC
isotypes, i.e., IgG2 and IgG3, differ in both regulation and
function. Virus-specific IgG2 was not efficiently induced by
either vaccination or infection with WNV. When induced dur-
ing an anamnestic response to vaccination, IgG2 did not effi-
ciently neutralize WNV. In contrast, IgG3 was induced by both
infection and vaccination and was potent in neutralization as-
says. Conventional IgG1 dominated all of the immune re-
sponses examined. All three isotypes were capable of binding
to and promoting infection of macrophages by WNV via an
ADE-like mechanism. The results enrich our understanding of
camelid immune defense and provide a foundation of knowl-
edge that will be useful in the development of effective vaccines
and diagnostic tests for these animals.
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