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ABSTRACT An effective human immunodeficiency virus (HIV) vaccine has yet to be
developed, and defining immune correlates of protection against HIV infection is of
paramount importance to inform future vaccine design. The complement system is a
component of innate immunity that can directly lyse pathogens and shape adaptive
immunity. To determine if complement lysis of simian immunodeficiency virus (SIV)
and/or SIV-infected cells represents a protective immune correlate against SIV infec-
tion, sera from previously vaccinated and challenged rhesus macaques were ana-
lyzed for the induction of antibody-dependent complement-mediated lysis (ADCML).
Importantly, the vaccine regimen, consisting of a replication-competent adenovirus
type 5 host-range mutant SIV recombinant prime followed by a monomeric gp120
or oligomeric gp140 boost, resulted in overall delayed SIV acquisition only in fe-
males. Here, sera from all vaccinated animals induced ADCML of SIV and SIV-infected
cells efficiently, regardless of sex. A modest correlation of SIV lysis with a reduced in-
fection rate in males but not females, together with a reduced peak viremia in all
animals boosted with gp140, suggested a potential for influencing protective effi-
cacy. Gag-specific IgG and gp120-specific IgG and IgM correlated with SIV lysis in fe-
males, while Env-specific IgM correlated with SIV-infected cell lysis in males, indicat-
ing sex differences in vaccine-induced antibody characteristics and function. In fact,
gp120/gp140-specific antibody functional correlates between antibody-dependent
cellular cytotoxicity, antibody-dependent phagocytosis, and ADCML as well as the
gp120-specific IgG glycan profiles and the corresponding ADCML correlations varied
depending on the sex of the vaccinees. Overall, these data suggest that sex influ-
ences vaccine-induced antibody function, which should be considered in the design
of globally effective HIV vaccines in the future.

IMPORTANCE An HIV vaccine would thwart the spread of HIV infection and save
millions of lives. Unfortunately, the immune responses conferring universal protec-
tion from HIV infection are poorly defined. The innate immune system, including the
complement system, is an evolutionarily conserved, basic means of protection from
infection. Complement can prevent infection by directly lysing incoming pathogens.
We found that vaccination against SIV in rhesus macaques induces antibodies that
are capable of directing complement lysis of SIV and SIV-infected cells in both sexes.
We also found sex differences in vaccine-induced antibody species and their func-
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tions. Overall, our data suggest that sex affects vaccine-induced antibody character-
istics and function and that males and females might require different immune re-
sponses to protect against HIV infection. This information could be used to generate
highly effective HIV vaccines for both sexes in the future.

KEYWORDS rhesus macaque, SIV vaccine, antibody glycosylation, antibody-dependent
complement-mediated lysis, sex bias

According to the most recent global statistics, 2.1 million people became newly
infected with human immunodeficiency virus (HIV) in 2015, increasing the number

of people currently living with HIV to 36.7 million worldwide (1). The development of
an effective vaccine could eradicate the spread of HIV infection, but vaccination efforts
have been relatively unsuccessful thus far. This could be attributed, at least in part, to
the fact that numerous preclinical/clinical HIV vaccine studies have reported variable,
vector-specific efficacies, making it difficult to define universal, vaccine-inducible im-
mune responses that protect from HIV infection. The most successful HIV vaccine to
date, evaluated in the RV144 clinical trial (2), demonstrated an overall efficacy of only
31%. In that study, a reduced risk of HIV infection correlated with the following
vaccine-induced immune responses: HIV Env V1/V2-specific nonneutralizing IgG, low
Env-specific serum IgA, and a polyfunctional Env-specific CD4� T cell response (3).
Whether these correlates of protection are universal and not vaccine platform and/or
population specific remains to be determined. Importantly, immune correlate analyses
from the RV144 clinical trial highlighted the potential for nonneutralizing antibodies to
mediate protection from HIV acquisition (3, 4). Nonneutralizing antibodies have also
been implicated in reducing the rates of acquisition of neutralization-resistant simian
immunodeficiency virus (SIV) mac251 (SIVmac251) (5, 6) and difficult-to-neutralize
simian-human immunodeficiency virus (SHIV) SF162P3 (SHIVSF162P3) in vaccinated non-
human primates (7).

In the context of vaccination, a rather underexplored nonneutralizing antibody
function is the activation of the complement system. The complement system is
composed of several soluble and membrane-bound proteins that participate in innate
immunity and augment adaptive immune responses (for reviews, see references 8 and
9). Complement is activated through a series of sequential enzymatic protein cleavage
steps. Complement protein cleavage products can (i) opsonize pathogens to enhance
phagocytosis, stimulate antigen-presenting cells, boost killing by natural killer cells and
granulocytes, enable antigen transport to and retention in secondary lymphoid tissues,
and promote B cell activation and germinal center formation (10–12); (ii) act as
proinflammatory mediators called anaphylatoxins; and (iii) form the terminal mem-
brane attack complex (MAC) of the complement cascade that functions to directly lyse
pathogens by forming lytic pores in their membranes (8, 9, 13). There are three different
pathways of complement activation: the classical, lectin, and alternative pathways. The
complement recognition protein C1q is responsible for triggering the classical pathway
of the complement cascade. C1q can become activated upon its direct recognition of
pathogen-associated molecular patterns or upon binding the Fc portion of IgM or IgG
antibodies complexed with antigen to induce the cleavage cascade. Mannose-binding
lectin (MBL) is the most well-characterized complement recognition protein responsible
for triggering the lectin pathway of the complement cascade. MBL recognizes
pathogen-specific carbohydrate patterns and induces the cleavage cascade through
the activation of MBL-associated serine proteases. The alternative pathway is constitu-
tively activated through a process known as tick-over, which involves the spontaneous
hydrolysis of a thioester bond in the complement protein C3. This hydrolysis induces a
structural change in C3 allowing it to form an enzymatic complex that is capable of
cleaving C3 molecules into C3a and C3b. In fact, all three pathways converge at the
cleavage step of C3 to generate C3a and C3b. C3a and the downstream cleavage
product C5a act as powerful proinflammatory mediators. C3b opsonizes pathogens by
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covalently binding hydroxyl groups on the surface and from there propagates the
complement cascade to induce lysis of the pathogen (8, 9).

Not surprisingly, complement deficiencies have been reported to enhance the
severity of some bacterial and viral infections, including hepatitis C virus and herpes-
virus infections, and to contribute to hepatitis B vaccine failure (13). In the context of
HIV infection, MBL deficiency is associated with an increased risk of vertical HIV
transmission and HIV disease progression in children less than 2 years old (14). HIV can
activate the classical pathway of complement either via an antibody-independent
mechanism involving the direct binding of C1q to gp41 (15, 16) or through an
antibody-dependent mechanism where C1q binds the Fc portions of HIV-bound IgM
and/or IgG antibodies (17, 18). HIV can also activate the lectin pathway through the
direct binding of MBL to gp120 (19). Indeed, complement does become activated
during HIV infection in vivo (20, 21), and antibodies capable of inducing complement-
mediated lysis of both autologous and heterologous HIV and HIV-infected cells are
readily generated in patients infected with HIV (17, 18, 22–24). In fact, complement-
mediated lysis of autologous strains of HIV correlated with lower viral loads in a cohort
of 25 patients with acute HIV infection (24). Also, an association between plasma-
mediated C3b deposition on HIV gp120-coated target cells and protection of vacci-
nated rhesus macaques from infection with SHIVSF162P3 was reported (7). In line with
that finding, sterilizing immunity to SIV infection in vaccinated cynomolgus macaques
was correlated with vaccine-induced HLA-specific antibodies that neutralized SIV in a
complement-dependent manner (25). Finally, it was recently reported that HIV Env
V1V2-specific IgG-mediated complement activation correlated with a reduced risk of
HIV infection in the RV144 trial (26). These studies indicate that nonneutralizing
antibodies capable of directing complement-mediated lysis of HIV and/or HIV-infected
cells could represent an underappreciated, vaccine-inducible immune correlate of
protection against HIV infection.

Recently, we conducted an SIV vaccine study in rhesus macaques in which we
observed, for the first time, a sex bias in SIV vaccine efficacy. Vaccinated females
exhibited a reduced risk of SIV infection that correlated with mucosal B cell responses
(27). Follow-up studies identified additional immune correlates that differed by sex. IgG
subclass (IgG1, IgG2, and IgG3) levels were elevated in vaccinated female macaques;
IgG3 antibodies, in particular, correlated with antibody-dependent cellular cytotoxicity
(ADCC) and antibody-dependent phagocytosis (ADCP) activities and decreased peak
viremia in females but not males (28). Env-specific T follicular helper (Tfh) cells were
shown to be elevated in vaccinated females and correlated with ADCC activity (29),
suggesting a mechanism by which differences in IgG subtype levels might occur. Also,
elevated B regulatory (Breg) cell levels were observed in male macaques and directly
correlated with peak viremia, suggesting the possible facilitation of SIV infection (28).
To identify additional immune correlates of protection to further our understanding of
the sex bias, we analyzed vaccine-induced, antibody-dependent complement-
mediated lysis (ADCML) of SIV and SIV-infected cells using sera collected from the
animals prior to virus challenge. Here, we found that sera collected from all vaccinated
animals efficiently induced ADCML of SIV and SIV-infected cells, regardless of sex.
Evidence suggesting that ADCML influenced the rate of SIV infection in male macaques
led to further studies showing that sex influenced vaccine-induced antibody function-
ality, as gp120- and Gag-specific IgG and gp120-specific IgM correlated with SIV lysis
only in females, while SIV-infected cell lysis correlated with Env-specific IgM only in
males. Moreover, gp120- and gp140-specific antibody functional correlates between
ADCC, ADCP, and ADCML as well as antibody glycan profiles and their corresponding
correlations with ADCML were different depending on the sex of the vaccinees. These
data imply that sex skews vaccine-induced antibody development and subsequent
function and suggests that these phenomena should be considered in the design of
future HIV vaccines.
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RESULTS
Vaccine-induced antibodies mediate ADCML of SIV virions. First, we wanted to

assess the role of vaccine-induced complement-mediated immunity in protecting from
or helping to control SIV infection. For this, we used sera collected during an SIV
vaccine study from rhesus macaques that had been immunized with a prime-boost
regimen consisting of two sequential mucosal immunizations with recombinant ade-
novirus type 5 host-range mutant vectors encoding SIV genes followed by two boosts
with either monomeric SIV gp120 or oligomeric SIV gp140 proteins (see Materials and
Methods and reference 27 for details). Importantly, vaccinated female animals from that
study exhibited delayed SIV acquisition, correlated with Env-specific IgA in rectal
secretions and Env-specific memory B cells and total plasma cells in rectal tissue. With
those results in mind, we wanted to determine whether complement-mediated activity
also represented a sex-biased protective immune correlate. For that purpose, we
analyzed ADCML of SIVmac251 propagated in primary rhesus macaque peripheral blood
mononuclear cells (rPBMCs). To form SIV-antibody immune complexes capable of
activating complement, the virus was incubated with heat-inactivated SIV-specific
serum from individual rhesus macaques (collected at week 57, 2 weeks before the first
viral challenge). Then, autologous non-heat-inactivated serum from each macaque,
collected prior to immunization (preimmune complement serum), was added as a
source of complement, and SIV lysis was subsequently analyzed via p27 release for all
60 animals from the vaccine study. We observed negligible SIV lysis, on average, in the
control samples (�5%; data not shown) that were designed to assess lysis indepen-
dently of SIV-specific antibodies. Sera from gp140-immunized animals lysed signifi-
cantly more SIV than sera from gp120-immunized animals (P � 0.0001) and mock-
vaccinated control animals (P � 0.0001), lysing approximately 26% of input virus (Fig.
1A). Sera from gp120-immunized animals also lysed significantly more virus (�7%) than
sera from mock-vaccinated controls (Fig. 1A; P � 0.0098). These data are in line with
those from our previous report, which indicated that the gp140 protein boost was more
immunogenic than the gp120 boost, eliciting, for example, gp140-specific IgG titers
higher than those in gp120-immunized animals (27). However, there were no signifi-
cant sex-specific differences in the percentage of SIV lysed by vaccinated animals’ sera;
sera from both vaccinated males and females lysed significantly more virus (�16%)
than mock-vaccinated controls (Fig. 1B; P � 0.02). Similar results were obtained using
heat-inactivated sera collected at week 53, the time of peak antibody activity 2 weeks
after the second protein boost (data not shown), although, as expected, the levels of
SIV lysis were somewhat higher.

ADCML of SIV depends on complement activation. To confirm that the SIV lysis
observed was due to the activation of complement, we performed two experiments.
First, equal aliquots of SIV ADCML samples (prepared as indicated above) from three
different animals were assessed for complement activation via Western blotting. Upon
complement activation, regardless of the activation pathway, component C3 (�185
kDa) is cleaved into C3a and C3b (�110 kDa). Therefore, we probed our Western blot
using an antibody specific for an epitope in the C-terminal region of the alpha chain of
C3 that recognizes both C3 and C3b. Complement activation was readily detectable in
the SIV ADCML samples analyzed, as indicated by a decrease in the C3 band density
with a concomitant increase in the C3b band density (Fig. 1C, lane 4). Controls for
complement activation were included and consisted of autologous heat-inactivated,
nonspecific serum (preimmune hiserum) mixed with SIV (Fig. 1C, lane 1) to serve as a
negative control and autologous preimmune complement serum treated with cobra
venom factor (CVF) (Fig. 1C, lane 2) to serve as a positive control. In comparing the ratio
of the C3b to C3 band densities within each lane, significantly more C3 was processed
into C3b, indicating more robust complement activation in the samples containing
SIV-specific serum than in the samples containing nonspecific serum (Fig. 1C, lane 4
versus lane 3, and D; P � 0.025) and also than in the negative-control samples (Fig. 1C,
lane 4 versus lane 1, and D; P � 0.0001). Background complement activation in the
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FIG 1 ADCML of SIV and SIV-infected cells. (A and B) Sera collected from all 60 macaques at week 57 were diluted as indicated and
analyzed for ADCML of SIV. The average percent input SIV lysis is shown per dilution per animal cohort. The keys identify the animal
cohorts immunized with gp120 or gp140, and error bars represent SEM. F, female; M, male. (C) Individual SIV ADCML assay well
contents from 3 vaccinated macaques were analyzed for complement protein C3 activation via Western blotting; a representative blot
from a single animal is shown. Row A represents C3 (185 kDa), and row B represents the C3 cleavage product C3b (110 kDa). �,
components within each SIV ADCML assay well analyzed. (D) Western blot C3b band/C3 band density ratios were averaged per lane
from 3 individual Western blots and are displayed in the histogram representing heat-inactivated serum only (lane 1 in panel C),
nonspecific activity (Act.) (lane 3 in panel C), and SIV-specific activity (lane 4 in panel C). Error bars represent SEM. (E) Sera collected
from 30 vaccinated macaques at week 57 were diluted 1:50 and analyzed for ADCML of SIV in the presence or absence of SPS. The
symbols represent values from individual macaques. (F and G) Sera collected from all 60 macaques at week 57 were diluted as
indicated and analyzed for ADCML of SIV-infected H9 cells. The average percent input SIV-infected cell lysis is shown per dilution per
animal cohort. The keys identify the animal cohorts, and error bars represent SEM. (H and I) The ADCML of SIV and SIV-infected H9
cells was compared for all 60 animals. SIV and SIV-infected H9 cell lysis values are displayed per animal as two dots connected by a
line. The keys identify the animal cohorts. Asterisks indicate significant differences (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
Abbreviations: HiS and HiSerum, heat-inactivated serum; CompS, complement serum; CVF, cobra venom factor.
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samples containing nonspecific serum (Fig. 1C, lane 3, and D) can be attributed to
antibody-independent mechanisms of complement activation, such as alternative path-
way C3 tick-over (8, 9). As mentioned above, background complement activation
resulted in less than 5% lysis of SIV, on average.

Second, we analyzed SIV ADCML in sera from 30 vaccinated macaques in the
presence of the complement activation inhibitor sodium polyanetholesulfonate (SPS).
SPS has been shown to inhibit complement activation by the classical and alternative
pathways, presumably via adsorption of complement components (30). As expected, in
the presence of SPS, SIV lysis was abrogated in all 30 assays using sera collected at week
57 (Fig. 1E) and also with week 53 sera (data not shown). Together, these data
confirmed that the SIV lysis that we observed was indeed complement mediated.

Vaccine-induced antibodies mediate ADCML of SIV-infected cells. Next, we
analyzed sera for ADCML of SIV-infected cells to determine if complement-mediated
immunity has the potential to help control viral spread upon infection. For this
purpose, human H9 cells infected with SIVmac251 were used in lieu of primary
rPBMCs, as the culture could be maintained with a much higher percentage of
infected cells, necessary for assay consistency and reliable detection of p27 release.
ADCML of the infected cells was analyzed as described above using rhesus macaque
sera collected at week 57. The same controls were performed as described above,
along with one additional control. Uninfected H9 cells were incubated with the
same macaque sera, and complement-mediated lysis was analyzed via a lactate
dehydrogenase (LDH) release assay to control for nonspecific antibody-dependent
or -independent macaque complement activation in the presence of human cells,
which was subtracted as background from the SIV-specific ADCML of infected cell
data. Again, sera from gp140-immunized animals lysed significantly more SIV-
infected cells than sera from gp120-immunized animals (P � 0.0001) and mock-
vaccinated control animals (P � 0.0001), lysing approximately 40% of input infected
cells (Fig. 1F). Sera from gp120-immunized animals lysed approximately 20% of
SIV-infected cells, which was significantly more than sera from mock-vaccinated
animals as well (Fig. 1F; P � 0.0001). There were no significant differences in the
percentage of SIV-infected cells lysed between sera from vaccinated male and
female animals; when the animals were vaccinated, sera from both sexes were able
to lyse significantly more SIV-infected cells (�30%) than sera from mock-vaccinated
controls (Fig. 1G; P � 0.0001). Therefore, SIV-specific sera collected from vaccinated
rhesus macaques were capable of lysing SIV-infected cells, indicating that vaccine-
induced complement-mediated immunity also has the potential to suppress viral
spread during SIV infection. A comparison of ADCML of SIV versus SIV-infected cells
by sera from gp120- and gp140-immunized animals (Fig. 1H) and from males and
females (Fig. 1I) showed that the percent lysis of SIV-infected cells was significantly
greater than that of SIV virions (Fig. 1H, P � 0.0006 per comparison; Fig. 1I, P �

0.001 for males and P � 0.0006 for females). A potential explanation for this could
be the fact that infected cells simply have a much higher number of viral envelope
proteins on their surface than virions (virions have a low density of Env spikes),
which could effectively decrease the threshold necessary for antibodies to cross-link
and activate complement (31–34).

Limited impact of the complement regulatory protein CD59 on ADCML. There
are a host of soluble and membrane-bound complement regulatory proteins that serve
to control complement activation by inhibiting certain steps along the activation
pathways (35). It is well-known that HIV can exploit some of these factors to escape
complement-mediated attack, namely, CD46, CD55, CD59, and factor H (36–38). We
purposefully did not inactivate or inhibit the majority of these factors during our
experiments because their presence recapitulates the in vivo environment. However,
one particular complement regulatory receptor, CD59, warranted further investigation
as it specifically inhibits the formation of the membrane attack complex (MAC), the end
stage of all three complement activation pathways that directly results in lysis of the
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target. CD59 is a ubiquitously expressed glycosylphosphatidylinositol (GPI)-anchored
cell surface receptor whose primary purpose is to protect healthy host cells from
aberrant complement-mediated lysis. HIV acquires CD59 (as well as other complement
regulatory cell surface proteins) when it buds from host cells, and it has been shown to
protect HIV (and HIV-infected cells) from complement-mediated lysis (38–41). To assess
the effects of CD59 in our system, we first stained rPBMCs collected from 25 naive,
uninfected animals prior to vaccination with a CD59 antibody and analyzed the
percentage of CD59� CD4� T cells, as they are the relevant host cell population that
could contribute to SIV-associated CD59. Flow staining from one representative animal
is shown in Fig. 2A to C. Approximately 85% of CD4� T cells collected from those
prevaccinated animals expressed CD59 (Fig. 2D). The enzyme phosphoinositide phos-
pholipase C (PIPLC) specifically cleaves GPI-anchored proteins, and when rPBMCs were
incubated with PIPLC, less than 1% of CD4� T cells stained positive for CD59 (Fig. 2C).
In these naive, uninfected rhesus macaques, there were no sex-specific differences in
the percentage of CD59� CD4� T cells (Fig. 2D) or in the levels of CD59 expression, as
indicated by the mean fluorescence intensity (MFI) values (data not shown). Moreover,
in contrast to what has been reported in humans (41–43), we did not notice a decrease
either in the percentage of CD59� CD4� T cells (Fig. 2D) or in the CD59 MFI (data not
shown) following 8 weeks of SIV infection in the same macaques.

To determine the degree of ADCML inhibition imposed by the presence of CD59, we
treated SIV with PIPLC and then analyzed SIV lysis using sera from 15 gp120-vaccinated
macaques that lysed the least percentage of SIV in previous experiments. Surprisingly,
we found that SIV lysis was only two times more efficient, on average, in the absence
of CD59 both with week 57 sera (Fig. 2E, P � 0.0027) and with week 53 sera (data not
shown). Moreover, CD59 removal did not rescue SIV lysis to levels comparable to the
average CD59� SIV lysis efficiency that we observed in gp140-immunized animals.
Again, we did not observe any significant sex differences in the fold enhancement of
SIV ADCML following PIPLC treatment (data not shown), which corroborates our
previous observation that males and females exhibit similar CD59 expression levels (Fig.
2D). These data suggest that CD59 might not provide the virus robust protection from
ADCML; however, it cannot be ruled out that in vitro-propagated SIV does not effi-
ciently acquire CD59 as it buds from rPBMCs. To explore this, we stained uninfected and
SIV-infected H9 cells with a CD59 antibody and analyzed the percentage of CD59� live
cells. Flow staining from one representative experiment is shown in Fig. 2F to H.
Approximately 65% of uninfected and 42% of SIV-infected human H9 cells expressed
CD59, on average (data not shown). This SIV infection-induced reduction in the
percentage of human H9 cells that express CD59 was expected, as mentioned above,
but we did not observe a significant difference in the CD59 MFI between uninfected
and SIV-infected H9 cells (data not shown). Accordingly, despite the relatively robust
CD59 expression on SIV-infected H9 cells, sera from vaccinated macaques were capable
of lysing SIV-infected H9 cells (Fig. 1F and G). Consequently, we did not pursue further
studies on CD59, as it did not drastically inhibit SIV or SIV-infected cell lysis in our
system. While these data do not exclude the inhibitory impact of the other complement
regulatory proteins that are likely active in our system, it does indicate that ADCML is
indeed quantifiable in vitro despite their presence.

Sex differences associated with ADCML. After demonstrating that SIV ADCML
could be reliably measured in vitro, we pursued our initial aim of determining whether
this activity was associated with delayed SIV acquisition. We first examined the rela-
tionship between SIV lysis, mediated by week 57 sera collected 2 weeks before the first
viral challenge, and the number of challenges required to infect each animal. Unex-
pectedly, we found that SIV lysis correlated with a reduced infection risk in vaccinated
males, particularly in gp140-immunized males, but not in vaccinated females (Fig. 3A to
F). As an overall significant delay of SIV acquisition was previously seen in vaccinated
females but not males of this study (27), this result in a relatively small number of
vaccinated male macaques suggested a modest effect on the rate of SIV infection and
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will require verification in a future study. ADCML of SIV virions also impacted viral
control, as an inverse association between SIV lysis and the peak viral load was
observed in all gp140-immunized animals (Fig. 3G). In contrast to SIV lysis, we did not
find any correlations between SIV-infected cell lysis and the infection rate or viral loads
in any of the vaccinated animals. While ADCML did not influence the overall SIV
acquisition rate in the vaccinated macaques, as reported earlier (27), the correlation
between SIV lysis and the number of challenge exposures seen in vaccinated males
suggested that this activity might differ between the sexes. Thus, we were prompted
to further investigate sex differences in antibody titers, functions, and glycan profiles
and their relationship to ADCML of SIV and SIV-infected cells.

Previously, we reported that week 53 sera, which were collected 2 weeks after the
second protein boost, of vaccinated males had higher gp120-specific IgG titers (27)

FIG 2 Cellular CD59 expression and inhibition of SIV lysis. (A to C) Naive, uninfected rPBMCs were evaluated for CD59
expression via flow cytometry: PE-isotype control staining (A), CD59-PE staining (B), and CD59-PE staining (C) of PIPLC-treated
cells. The percentages of CD4� CD59� cells from one representative animal are shown. (D) rPBMCs were collected from 25
macaques prior to vaccination (Pre; dotted bars) and following 8 weeks of SIV infection (PI; solid bars), and CD4� T cells were
evaluated for CD59 expression via flow cytometry. The average percentages of CD4� CD59� cells for males (blue) and females
(red) at both time points are shown. Error bars represent SEM. (E) SIV was either treated with PIPLC or left untreated, and
ADCML was assessed using sera collected from 15 gp120-immunized macaques at week 57. The symbols represent values from
individual macaques, bars represent the average, and error bars represent SEM. Asterisks indicate a significant difference (**,
P �0.01). (F to H) Human H9 cells were evaluated for CD59 expression via flow cytometry: PE-isotype control staining of
uninfected H9 cells (F), CD59-PE staining of uninfected H9 cells (G), and CD59-PE staining of SIV-infected H9 cells (H). The
percentages of live, CD59� cells from one representative experiment out of 3 individual experiments are shown.
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than sera of vaccinated females. Here, we examined sex differences in IgM titers since
IgM antibodies are more potent activators of complement than antibodies of the IgG
isotype (44). We found that vaccinated males had higher Env-specific (both gp120- and
gp140-specific) IgM titers than vaccinated females (Fig. 4A [P � 0.02] and B [P �

0.0017]). Despite this, gp120-specific IgG and IgM titers correlated with SIV lysis only in
vaccinated females (Fig. 4C and D). However, there were no significant correlations
between gp140-specific antibodies of either isotype and SIV lysis in either sex. These
results suggest that vaccine-induced gp120-specific antibodies in vaccinated males and
females possess different functions and might indicate a difference in antibody func-
tional synergies in males and females and/or that antibodies of alternative epitope
specificity mediated ADCML of SIV in males. Additionally, while gp140-specific IgG titers
correlated with SIV-infected cell lysis in all vaccinated animals (Fig. 4E), Env-specific IgM
titers correlated with SIV-infected cell lysis only in vaccinated males (Fig. 4F and G).
These results corroborate those presented above indicating that Env-specific IgM
antibodies in males and females exhibit different functions. Although we previously
reported that vaccinated females had higher percentages of gp120-specific IgG3 and
gp140-specific IgG1, IgG2, and IgG3 than vaccinated males (28), here we observed no
relationship of gp120/gp140-specific IgG subtypes with ADCML of either SIV or SIV-
infected cells in the vaccinated animals.

Next, we assessed whether specific IgG antibody Fc-mediated functions, including
ADCP and ADCC, correlated with ADCML. The ADCC and ADCP activities in the sera of
the vaccinated macaques were previously reported; both sexes were shown to mediate
Env-specific ADCP and ADCC with similar efficiencies, and no correlations between
ADCP or ADCC activity and infection risk were found (27). Here, we found a correlation
between gp120-targeted ADCP and ADCC activities in vaccinated males but not in
females (Fig. 5A). Conversely, we found a correlation between SIV lysis and gp120-
specific IgG (Fig. 4C) and gp120-targeted ADCP (Fig. 5B) in vaccinated females but not

FIG 3 ADCML of SIV is associated with a reduced infection risk and the peak viral load only in certain animal cohorts. (A to F) Statistical correlations
between ADCML of SIV and the number of challenges required to infect the animals are shown; the animal cohorts are displayed within each
graph heading, and the symbols represent the values from individual macaques. Significant correlations, calculated using Spearman’s rank
correlation coefficient, are indicated by r, with P values being determined from the Jonckheere-Terpstra test. (G) An association between ADCML
of SIV and the peak viral load (VL) in gp140-immunized animals is shown. The symbols represent values from individual macaques. The statistical
significance of the association is indicated by the slope of the line (beta) and P value and was calculated using a linear regression model. Linear
regression trend lines were added to significant correlations/associations for visual aid.
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in males. We also found a correlation between SIV-infected cell lysis, mediated by
gp140-specific IgG antibodies in all animals (Fig. 4E) and gp140-targeted ADCC only in
vaccinated males and not in females (Fig. 5C). These results revealed differential
antibody Fc functional correlates among the vaccinees based on sex and together
provide additional evidence that sex can have an effect on antibody Fc functionality.
We hypothesized that these sex-based differences in antibody Fc functionality are
potentially governed, at least partially, via the modulation of Fc glycosylation.

FIG 4 Env-specific IgG/IgM exhibit different ADCML capabilities in males and females. (A and B) Env-specific IgM binding titers were assessed in
sera collected from all vaccinated macaques. gp120-specific (A) and gp140-specific (B) IgM binding titers are shown; error bars indicate SEM, and
asterisks indicate significant differences between males and females (*, P � 0.05; **, P � 0.01). (C and D) Statistical correlations between ADCML
of SIV and gp120-specific IgG binding titers (C) and IgM binding titers (D) are shown for all vaccinated females. (E to G) Statistical correlations
between ADCML of SIV-infected H9 cells and gp140-specific IgG binding titers in all vaccinated animals (E) and gp120-specific (F) and
gp140-specific (G) IgM binding titers in all vaccinated males are shown. The animal cohorts are displayed within each graph heading, and the
symbols represent values from individual macaques. Significant correlations, calculated using Spearman’s rank correlation coefficient, are
indicated by r and P values and linear regression trend lines (added for visual aid).

FIG 5 Sex differences in antibody Fc-mediated functionality. Statistical correlations between gp120-targeted ADCP
and ADCC only in vaccinated males (A), ADCML of SIV and gp120-targeted ADCP only in vaccinated females (B),
and ADCML of SIV-infected cells and gp140-targeted ADCC only in vaccinated males (C) are shown. The animal
cohorts are displayed within each graph heading, and the symbols represent values from individual macaques.
Significant correlations, calculated using Spearman’s rank correlation coefficient and adjusted for immunization
group, are indicated by r and P values and linear regression trend lines (added for visual aid).
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To explore this hypothesis comprehensively, we utilized systems approaches to
investigate sex-specific differences in a wide array of measured analytes in sera from
vaccinated animals, including six Fc effector functions (ADCD, ADCC, ADCP, NK
degranulation, NK production of gamma interferon and macrophage inflammatory
protein 1�), 24 gp120-specific IgG glycans, and IgG titers, and Fc� receptor (Fc�R)
binding capacity. We sought to identify analytes that differed by sex in terms of
both their levels in females and males and their correlations with SIV lysis (Fig. 6).
A global search across all the analytes measured using our systems serology
platform revealed that females had higher IgG Gag titers (Fig. 6A) and increased
gp120-specific IgG G2S1B glycoforms (Fig. 6B) that correspondingly correlated more
strongly with ADCML (Fig. 6A and B) (in the glycoform names, G indicates galac-
tosylation, S indicates sialylation, F indicates fucose, and B indicates a bisecting
glycoform and the numbers that follow G and S indicate the number of galactose
and sialic acid molecules). On the other hand, males had increased levels of
gp120-specific IgG G1=/G0FB (Fig. 6C) and G1=FB/G2 (Fig. 6D) glycoforms that

FIG 6 Systems serology approach to identify global sex differences in antibody profiles. (A to D) Box plots illustrate sex-specific levels, and scatter plots depict
the sex-specific statistical correlations between SIV ACDML and IgG Gag SIVmac239 (A), glycoform G2S1B (B), glycoform G1=/G0FB (C), and glycoform G1=FB/G2
(D). For panels B to D, the G in the glycoform name indicates galactosylation, S indicates sialylation, F indicates fucose, and B indicates a bisecting glycoform.
The numbers that follow G and S indicate the number of galactose and sialic acid molecules. The symbols represent values from individual macaques, and
correlation r and delta r values are displayed. (E) Sex-specific correlation heatmaps illustrating all pairwise Spearman correlations between the measured
analytes (Fc effector functions, glycosylation profiles, and Fc�R binding affinities).
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correspondingly correlated more strongly with ADCML (Fig. 6C and D). Three of the
four analytes that were different between males and females (from an unbiased
global search), in terms of both the levels and the correlation with SIV ADCML, were
gp120-specific IgG glycan substructures. These glycan-centric results corroborate
the findings of previous studies highlighting sex-based biases in antibody glyco-
sylation (45, 46) and indicate the potential mechanistic involvement of antibody
glycosylation processes in the sex-specific variations in the correlations among IgG,
ADCML, and the number of challenge exposures that we observed. Since we were
able to tie the gender-specific differences in ADCML to specific glycan substruc-
tures, comprehensive profiling of the biochemical basis of differential glycosylation
is likely to provide critical insights into different vaccine-induced immune response
outcomes between the sexes.

Next, we explored whether the sex-specific variation was limited to a few key analytes
(Fig. 6A to D) or whether the differences were more broadly pervasive. To this end, we
examined all pairwise correlations between the measured responses. We found that there
were striking differences in the overall correlation structure stratified by sex (Fig. 6E). These
correlation profiles provide an unbiased global view of the coordination of the humoral
immune responses in each sex. For example, there were stronger pairwise correlations
within the measured antibody-dependent effector functions and associated glycosylation
profiles in males than in females (Fig. 6E). In contrast, females exhibited stronger pairwise
correlations between the measured biophysical responses (e.g., Fc�R binding ability) than
males (Fig. 6E). These results suggest that antibody glycosylation profiles and antibody
effector functionality, i.e., qualitative aspects of the antibody response, were more tightly
linked in males, while antibody Fc�R binding affinities, i.e., rather quantitative aspects of the
antibody response, were more tightly linked in females. Overall, our data imply that males
and females respond differently to vaccine regimens and induce different flavors of
antibody responses. Further comprehensive investigation of these responses will help us
mechanistically elucidate how the same vaccine regimen can elicit antibodies with different
properties and effector functions and, ultimately, different levels of protection in males and
females.

DISCUSSION

Previously, we conducted an SIV vaccine efficacy study in rhesus macaques and
found that females exhibited a significant delay in SIV acquisition compared to males
due to enhanced local, mucosal B cell responses at the site of virus exposure (27).
Subsequent studies revealed that several immune parameters developed differently in
males and females, including Env-specific Tfh cells (29), Env-specific IgG3 levels, and
Breg cells (28), with the last two influencing subsequent virus control. Here, to identify
additional immune correlates of protection, we analyzed sera from the same vaccinated
animals for their ability to activate complement and induce SIV and SIV-infected cell
lysis. We found no sex differences in the induction of ADCML of either SIV or SIV-
infected cells (Fig. 1). However, sera capable of mediating SIV lysis provided some
protection from SIV acquisition in males but not in females (Fig. 3). It will be important
to verify this result in future studies. Here, this modest effect was not sufficient to
negate the overall difference in the SIV acquisition rate observed between the sexes,
where a significant delay was seen in the females but not the males. It is likely that
more than one immune parameter influences the acquisition rate. For example, the
elevated Breg cell levels observed in the male macaques of this study were significantly
correlated with peak viral loads, suggesting facilitation of SIV infection (28) and perhaps
offsetting any benefit conveyed by a protective ADCML response. Additionally, we
found that sera capable of mediating ADCC and ADCP, in addition to ADCML, as well
as antibody glycosylation profiles differed between males and females (Fig. 4, 5, and 6).
The differences between vaccinated males and females that we observed are in line
with sex-based differences in basic immune biology that contribute to differential
responses to vaccination.

The current study revealed a lack of uniformity in vaccine-induced antibody species
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between animals of different sexes. Although correlative analyses do not reveal the
mechanistic basis of biologic phenomena, they provide insight into biologic processes
and thus guide further investigations. Here, we observed that gp120- and Gag-specific
IgG correlated with ADCML of SIV only in females (Fig. 4C and 6A) but that gp140-
specific IgG correlated with ADCML of SIV-infected cells in both sexes (Fig. 4E). Similarly,
gp120-specific IgM correlated with ADCML of SIV only in females (Fig. 4D), while, in
contrast, both gp120- and gp140-specific IgM correlated with ADCML of SIV-infected
cells only in males (Fig. 4F and G). A possible explanation for the lack of correlation
between the overall gp120-specific IgG titer, for example, and ADCML of SIV in males
could be that the antibodies that mediate ADCML of SIV within the entire pool of
Env-specific IgG in males recognize gp120 epitopes that were masked in the binding
assay used to determine the titer of gp120-specific antibodies, thus preventing a
correlation between the overall gp120-specific antibody titer and ADCML in males. In
the absence of epitope mapping, this potential explanation cannot be validated, but
the possibility of the phenomenon itself along with the correlation data obtained
strengthen the notion that Env-specific antibodies capable of inducing ADCML of SIV
and SIV-infected cells in males and females most likely recognized different Env
epitopes. It is important to note that the extensive glycosylation of HIV/SIV Env is
dependent upon the host cell and can dictate epitope exposure and availability for
antibody binding. The SIV used for lysis experiments in this study was propagated in
rPBMCs, while SIV-infected H9 cells were used for cell lysis experiments. Therefore, it is
likely that Env glycosylation patterns were different between the two assay systems,
providing different epitopes for recognition by Env-specific sera in vaccinated males
and females. For example, gp120-specific IgM correlated with SIV lysis but not SIV-
infected cell lysis in females, yet the opposite was true in males. This suggests that
potential differences in the Env glycosylation patterns on the virus versus infected cells
may have affected the exposure of gp120 epitopes such that gp120-specific IgM in
females was precluded from inducing ADCML of infected cells but not virus, while
gp120-specific IgM in males was precluded from inducing ADCML of virus but not
infected cells. Together, these data suggest that gp120-specific IgM in females and
males also recognized different epitopes. Sex-based differences in antibody epitope
specificity could also reflect the effects of hormones on the development of antibody
responses. Estrogen, for example, modulates B cell stimulation and survival (47) and can
enhance humoral immunity in a dose-dependent manner (48).

Another explanation for the apparent lack of uniformity in vaccine-induced antibody
functionality between the sexes could be differences in antibody Fc-region biology.
Antibody Fc glycosylation can have profound effects on Fc-mediated functionality,
including complement activation (49). All IgG antibodies are N-glycosylated in the CH2
domain of the Fc portion, but terminal sugar residues can differ between fucose,
galactose, bisecting N-acetylglucosamine, or sialic acid (49, 50). Importantly, the bind-
ing site for C1q, the complement recognition protein that triggers the classical pathway
of complement activation, is also located in the CH2 domain. In fact, agalactosylated or
sialylated IgG antibodies are known to exhibit reduced C1q binding (49, 51), while
galactosylated IgG antibodies exhibit increased binding (51). Examples of sex-specific
differences in Fc glycosylation patterns do exist in vivo (52). For example, in healthy
young adults the serum concentrations of agalactosylated IgG antibodies tend to be
higher in males than in females (53). Therefore, the differences in the antibody species
mediating ADCML in males compared to females could be the result of sex-specific Fc
glycosylation patterns, which have also been documented in previous studies, affecting
antibody functionality. One of the most dominant differences among antibodies is in
glycosylation patterns; however, to our knowledge, this is the first study to examine
such patterns following vaccination. Here, vaccine-induced gp120-specific IgG glyco-
forms that exhibited sex-specific differences both in abundance and in correlations with
ADCML were G2S1B in females and G1=G0FB and G1=FB/G2 in males (Fig. 6A to D).
Interestingly, the more abundant glycoforms in males that correlated strongly with
ADCML were fucosylated, suggesting a testable hypothesis that a reduced inflamma-
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tory response might be better associated with a reduced rate of infection in males (54,
55). Additionally, a global correlation analysis among Fc effector functions, glycan
profiles, and Fc�R binding affinities revealed that males exhibited stronger correlations
between Fc effector functions and glycan profiles than females (Fig. 6E), suggesting
that certain glycan signatures enhance Fc functionality more so in males than in
females. Within a polyclonal pool of antibodies, IgG and other isotypes (such as IgM,
which has 5 glycan sites that can be modified) likely work in concert to form immune
complexes that may be exploited differently in males and females. IgG glycosylation
can modulate Fc-mediated functions, namely, ADCC and ADCP, by affecting binding to
Fc�R that is expressed on effector cells, such as macrophages, dendritic cells, and
natural killer cells. Fc�R binding occurs in the CH2 domain of the Fc portion of IgG,
where glycosylation and C1q binding occur. In fact, C1q binding to IgG can affect Fc�R
engagement and subsequent effector function and vice versa (56, 57). Our global
correlation analyses indicated a stronger correlation structure between gp120-specific
IgG Fc�R binding profiles in females than in males (Fig. 6E), indicating the possibility
that vaccine-induced antibodies in females were better equipped to induce multiple Fc
effector functions. Taken together, the data suggest that sex-based differences in Fc
glycosylation profiles could have contributed to the differences in antibody functional
correlates in males compared to females that we observed. Our findings motivate
further exploration of global sex-specific differences in humoral immune responses.
While in this study we focused on differential correlations, by sex, between ADCML and
antibody-dependent effector functions, glycans, and Fc receptor binding, future studies
may want to explore more thoroughly the relationships between other parameters of
viral clearance that vary in a sex-specific manner and these Fc measurements. Addi-
tionally, the study here was conducted using SIV immunogens (SIVsmH4, SIVmac239) and
an SIVmac251 challenge. As SIV and HIV envelopes differ greatly in terms of antigenicity
and susceptibility to antibody effector functions, it will be important to confirm the
results presented here in a preclinical study in which HIV envelope immunogens are
used along with a SHIV challenge and, ultimately, in a human trial.

Overall, our results suggest that vaccine-induced nonneutralizing antibodies capable of
inducing complement-mediated immunity can greatly impact the immune response profile
and potentially help steer vaccine outcomes. As such, modulating complement activation
during vaccination through the use of adjuvants or complement-opsonized antigens
should be explored as a means to enhance vaccine-induced immunity and protective
efficacy. However, it will be important to determine the effect of modulating complement
activation, in light of evidence that complement-opsonized HIV can exhibit enhanced
infection through complement opsonin receptors expressed on important effector cells,
such as follicular dendritic cells (13, 58–60). Our results also suggest that sex not only might
affect vaccine-induced antibody Fc-mediated function but also might dictate immune
requirements for protection from HIV infection. Therefore, we postulate that it will be
important to consider sex differences in vaccine outcomes and susceptibility to HIV
infection in order to design a highly effective HIV vaccine for all.

MATERIALS AND METHODS
Animals, immunizations, and challenge protocol. The 60 Indian rhesus macaques used in this

study and the vaccine regimen and challenge protocol have been previously described (27). Briefly,
macaques were housed, cared for, immunized, and challenged at Advanced Bioscience Laboratories, Inc.
(ABL; Rockville, MD), or at Bioqual, Inc. (Rockville, MD). Following challenge, the macaques were
maintained at the NIH Animal Facility. All animal care was in accordance with the guidelines of the
Association for Assessment and Accreditation of Laboratory Animal Care and the recommendations of
the Guide for the Care and Use of Laboratory Animals (61). Prior to initiation, all protocols and procedures
were approved by the Institutional Animal Care and Use Committee of the respective facility. Macaques
were primed at weeks 0 (intranasal and oral) and 12 (intratracheal) with three replication-competent
adenovirus 5 host-range mutant (Ad5 hΔE3) recombinants separately encoding SIVsmH4 env (gp140)/rev,
SIVmac239 gag, and SIVmac239 nef lacking residues 1 to 13 (nefΔ1–13). The animals were boosted intramus-
cularly at weeks 39 and 51 in MF59 adjuvant; the gp120 immunization group (16 females and 8 males)
received soluble monomeric SIVmac239 gp120, and the gp140 immunization group (16 females and 8
males) received oligomeric SIVmac239 gp140. Both immunogens were produced in CHO cells (Novartis).
Control macaques (7 females and 5 males) received the empty Ad5 hΔE3 vector and MF59 adjuvant. At
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week 59, intrarectal, low-dose challenges with SIVmac251 were initiated and repeated once per week (up
to 9 weeks) until the animals became infected. Plasma viral loads were determined as described
previously (27). Infection was determined by viral loads of �50 SIV RNA copies/ml. One female in the
gp140-immunization group remained uninfected after 9 challenges.

Sample collection. Clotted blood samples were obtained from all 60 macaques prior to immunization,
2 weeks after the second protein boost (week 53), and 2 weeks prior to the first virus challenge (week 57).
Clotted blood was centrifuged at 2,500 rpm for 15 min to separate the serum. Serum was aliquoted and
stored at �80°C until use. EDTA blood samples obtained from 25 macaques prior to immunization and
following 8 weeks of SIV infection were centrifuged over Ficoll gradients to separate the PBMCs. The PBMCs
were washed, contaminating red blood cells were lysed, and PBMCs were stored in fetal bovine serum
(FBS)–10% dimethyl sulfoxide in liquid nitrogen until use.

ADCML of SIV. Sera collected from the macaques at week 53 or at week 57 were individually thawed
on ice and heat inactivated at 56°C for 1 h; this serum served as the source of SIV-specific antibodies in the
assay. The heat-inactivated sera were diluted 50-fold, 500-fold, and 5,000-fold in gelatin Veronal buffer plus
calcium and magnesium (GVB2��; catalog number B102) from Complement Technology, Inc. (Tyler, TX), and
250 �l of each dilution was placed into duplicate wells of a 24-well plate. Stocks of SIVmac251 grown in rPBMCs
(250 ng/ml p27; 3.4 � 104 50% tissue culture infective doses/ml in rPBMCs), all originating from the same lot,
were obtained from ABL and diluted 30-fold in GVB2��, and 150 �l was added to each well. The plates were
incubated at 37°C for 30 min. Autologous preimmune serum (collected prior to immunization) was diluted
10-fold, and 100 �l was added to each well; this serum served as the source of complement. The plates were
incubated at 37°C for 1 h with agitation every 10 min. The contents of each well (100 �l) were analyzed in
duplicate for p27 release using an SIV p27 enzyme-linked immunosorbent assay (ELISA) kit (catalog number
5450) from ABL according to the manufacturer’s instructions, except that lysis buffer was not added, such that
p27 was detectable only upon complement-mediated SIV lysis. The controls per animal included the
following: (i) wells containing everything except autologous complement serum served as the negative
control, (ii) wells containing preimmune heat-inactivated serum, complement serum, and SIV served as the
control for non-SIV-specific complement activation, and (iii) wells containing everything except heat-
inactivated serum served as the control for spontaneous, antibody-independent complement activation.
Wells containing 150 �l of 30-fold-diluted SIV, 350 �l of GVB2��, and 100 �l of p27 ELISA kit disruption buffer
served as the positive control for 100% SIV lysis. Plate absorbance (Abs) values at 450 nm were obtained using
a microplate spectrophotometer (BioTek PowerWave XS2). Percent SIV lysis was calculated per animal as
follows: (i) blank well Abs values were subtracted from all sample well Abs values, (ii) p27 concentrations (in
picograms per milliliter) were calculated based on the standard curve, which was run on the same plate, (iii)
negative-control, non-SIV-specific control, and spontaneous complement activation control values were
averaged and subtracted, and (iv) the values were divided by the average 100% lysis positive-control value
and multiplied by 100. In the experiments which included the complement activation inhibitor SPS (catalog
number 55963-78-5) from Sigma-Aldrich (St. Louis, MO), autologous preimmune complement serum was
incubated with SPS at a final concentration of 2.5 mg/ml for 10 min on ice prior to use. In the experiments
which included PIPLC-treated virus, SIVmac251 was diluted 2-fold in GVB2�� to a final volume of 500 �l and
incubated with 10 �l (equivalent to 1 unit) of PIPLC (catalog number P6466) from Thermo Fisher (Waltham,
MA) at 37°C for 1 h prior to use.

ADCML of SIV-infected cells. SIVmac251-infected human H9 cells were thawed and maintained in
culture in RPMI medium supplemented with 10% FBS, glutamine, and penicillin-streptomycin. Uninfected
human H9 cells were added to the culture every 3 days to maintain the culture infection. The percentage
of SIVmac251-infected H9 cells within the culture was periodically evaluated via intracellular staining with
anti-SIVmac251 p27 monoclonal antibody (clone KK64, catalog number 2321; NIH AIDS Reagent Program)
(62) conjugated with Alexa Fluor 488 using the a Zenon Alexa Fluor 488 mouse IgG1 labeling kit (catalog
number Z25002) from Thermo Fisher and flow cytometry. On average, the culture was maintained such
that 45% of the human H9 cells used in these assays were infected with SIVmac251. Sera collected from
the macaques at week 57 were heat inactivated, diluted, and added to duplicate wells of a 24-well plate
as described above. SIVmac251-infected H9 cells (1 � 105) in 150 �l of GVB2�� were added to each well,
and the plates were incubated at 37°C for 30 min. Autologous preimmune serum was diluted 5-fold, 100
�l was added to each well, and the plates were incubated at 37°C for 1 h with agitation every 10 min.
The plates were centrifuged at 1,600 rpm for 8 min, and 100 �l of the supernatants was analyzed for p27
release as described above. Controls per animal were the same as those described above. Wells
containing 1 � 105 SIVmac251-infected H9 cells in 500 �l of GVB2�� and 100 �l of p27 ELISA kit disruption
buffer served as the positive control for 100% SIV-infected cell lysis. Abs values were obtained, and
SIV-infected cell lysis was calculated per animal as described above. Subsequently, another control value
was subtracted as the background to control for nonspecific antibody-dependent or -independent
macaque complement activation in the presence of human cells. To obtain this background control
value, 1 � 105 uninfected H9 cells in 100 �l of GVB2�� were incubated with 100 �l of 50-fold-diluted
heat-inactivated serum collected at week 57 (antibody-dependent species-specific complement activa-
tion control) or with 100 �l of GVB2�� (antibody-independent species-specific complement activation
control) in a 96-well plate at 37°C for 30 min. Autologous preimmune serum was diluted 5-fold, 20 �l was
added to each well, and the plates were incubated at 37°C for 1 h with agitation every 10 min. The plates
were centrifuged at 250 � g for 4 min, and 50 �l of the supernatants was analyzed in duplicate for LDH
release using a CytoTox 96 nonradioactive cytotoxicity kit (catalog number G1780) from Promega
(Madison, WI) according to the manufacturer’s instructions. Wells containing 1 � 105 uninfected H9 cells
in 200 �l of GVB2�� and 20 �l of CytoTox kit lysis buffer served as the positive control for 100%
uninfected cell lysis. Abs values at 490 nm were obtained as described above, and percent uninfected cell
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lysis was calculated per animal as follows: (i) blank well Abs values were subtracted from all sample well
Abs values, and (ii) the values were divided by the average 100% lysis positive-control value and
multiplied by 100. The percentages of uninfected H9 cells that were lysed due to antibody-dependent
and -independent species-specific complement activation were averaged and subtracted as background
from the calculated SIV-infected cell lysis values.

Western blotting. The contents of SIV ADCML assay wells from 3 macaques, specifically, (i) the
negative-control wells containing 50-fold-diluted heat-inactivated serum collected at week 53 and
SIVmac251, (ii) the non-SIV-specific complement activation control wells containing 50-fold-diluted heat-
inactivated serum collected prior to immunization (the source of non-SIV-specific antibodies), SIVmac251,
and 10-fold-diluted preimmune serum (the source of complement), and (iii) the wells containing 50-fold
diluted heat-inactivated serum collected at week 53 (the source of SIV-specific antibodies), SIVmac251, and
10-fold-diluted preimmune serum (the source of complement), were analyzed for evidence of comple-
ment protein C3 cleavage via Western blotting to assess complement activation. A fourth sample was
included as a positive control for complement activation and consisted of 10-fold-diluted preimmune
serum (the source of complement) that had been incubated with cobra venom factor (catalog number
A150) from Complement Technology, Inc., at a final concentration of 1 mg/ml for 30 min at 37°C.
Twenty-five microliters (of the 500 �l in the well) from each sample was mixed with 25 �l of Laemmli
buffer (catalog number 161-0737) from Bio-Rad (Hercules, CA) containing 5% 2-mercaptoethanol and
incubated at 92°C for 10 min. Fifteen microliters was loaded per lane into a 4 to 20% Tris-glycine gradient
gel (catalog number XP04205BOX) from Thermo Fisher. Protein bands were transferred onto a nitrocel-
lulose membrane (catalog number IB3010-02) from Thermo Fisher using an iBlot dry blotting system
from Thermo Fisher. The membrane was incubated in blocking buffer (Tris-buffered saline–Tween 20, 3%
bovine serum albumin [BSA]) for 1 h. The proteins were probed using anti-C3/C3b/iC3b antibody (catalog
number CL7636AP, clone 7C12) from CedarLane Labs (Burlington, NC) diluted 250-fold in blocking buffer
for 18 h at 4°C. The membrane was washed 3 times in blocking buffer and incubated with peroxidase-
conjugated goat anti-mouse IgG secondary antibody (catalog number 115-035-062) from The Jackson
Laboratory (Sacramento, CA) diluted 2,000-fold in blocking buffer for 1 h at room temperature. The
membrane was washed an additional 3 times, incubated with SuperSignal West Pico chemiluminescent
substrate (catalog number 34080) from Thermo Fisher for 5 min at room temperature, and developed
using film. Protein band sizes were determined based on the Novex Sharp prestained protein standard
(catalog number LC5800) from Thermo Fisher. Band densities were determined using ImageJ (version
1.50i) software. Complement activation within each lane was calculated by dividing the C3b band
(110-kDa) density by the C3 band (185-kDa) density.

CD59 staining and flow cytometry. rPBMCs (1.5 � 106) isolated from 25 macaques prior to
vaccination and following 8 weeks of SIVmac251 infection were stained with a LIVE/DEAD Fixable Aqua
Dead cell stain kit (catalog number L34966) from Thermo Fisher and with the following antibodies:
CD3-V450 (catalog number 560351, clone SP34-2) from BD Biosciences (San Jose, CA), CD4-Qdot-605
(catalog number CD4-Qdot-605, clone 19-Thy-5D7) from the Nonhuman Primate Reagent Resource, and
CD59-phycoerythrin (PE) (catalog number GTX75576, clone MEM-43/5) from GeneTex (Irvine, CA) or the
mouse IgG2b-PE isotype control (catalog number 555058, clone 27-35) from BD Biosciences. Stained cells
were fixed with BD Cytofix fixation buffer (catalog number 554655) from BD Biosciences, and a minimum
of 50,000 live, CD3� cells were acquired on a BD Biosciences LSR II flow cytometer and analyzed using
FlowJo software (version 10.1). Cells were sequentially gated on singlets (forward scatter area [FSC-A])
versus forward scatter height [FSC-H], lymphocytes (side scatter area [SSC-A] versus FSC-A), live cells
(Aqua dye negative), CD3�/CD4� cells, and finally, CD59� cells. rPBMCs from 3 macaques were treated
with PIPLC prior to antibody staining and flow cytometry analysis. For those experiments, 1.5 � 106

rPBMCs were resuspended in 500 �l of phosphate-buffered saline (PBS) and incubated with 10 �l
(equivalent to 1 unit) of PIPLC at 37°C for 1 h prior to staining. On three separate occasions, 1.5 � 106

uninfected or SIVmac251-infected human H9 cells were stained with a LIVE/DEAD Fixable Aqua Dead cell
stain kit and with CD59-PE or a mouse IgG2b-PE isotype control. Stained cells were fixed and acquired
as described above. Cells were sequentially gated on singlets (FSC-A versus FSC-H), live cells (Aqua dye
negative), and finally, CD59� cells.

Serum antibody titers. Serum gp120- and gp140-specific IgG binding titers were assessed by ELISA and
reported in a previous publication (27). Serum gp120- and gp140-specific IgG1, IgG2, and IgG3 binding titers
were assessed by ELISA and reported in a previous publication (28). Serum gp120- and gp140-specific IgM
binding titers were assessed by ELISA as follows: half-area plates were coated with either 50 �l of 1 �g/ml of
SIVmac239 gp140 or gp120 (Novartis) in carbonate-bicarbonate buffer (pH 9.6) for 18 h at 4°C. The plates were
blocked with 100 �l of 1% BSA in Dulbecco-modified PBS (D-PBS) for 1 h at 37°C. Serum samples from week
53 were diluted 1:400 in D-PBS containing 1% BSA and 0.05% Tween 20. Fifty microliters of serial 2-fold
dilutions of sera was incubated on the plate for 1 h at 37°C. The plates were washed 5 times, and primary goat
anti-monkey IgM biotin-conjugated antibodies (catalog number 617-106-007) from Rockland Immunochemi-
cals (Limerick, PA) were diluted 2,000-fold in D-PBS containing 1% BSA and 0.05% Tween 20 and incubated
on the plate for 1 h at 37°C. The plates were washed 5 times, and secondary avidin D horseradish
peroxidase-conjugated reagent (catalog number A-2004) from Vector Laboratories (Burlingame, CA) was
diluted 1,000-fold in D-PBS containing 1% BSA and 0.05% Tween 20 and incubated on the plate for 1 h at
37°C. The plates were washed 5 times, and 50 �l of tetramethylbenzidine peroxidase substrate (catalog
number 50-76-03) from KPL (Gaithersburg, MD) was incubated on the plate for 12 to 20 min at room
temperature. Substrate development was stopped with the addition of 50 �l of 1 M phosphoric acid. Abs
values at 450 nm were obtained as described above. The raw antibody titer was defined as the serum dilution

Miller-Novak et al. Journal of Virology

October 2018 Volume 92 Issue 19 e00721-18 jvi.asm.org 16

http://jvi.asm.org


at which the Abs of the test serum was twice the mean Abs of the 12 blank wells, which was used to calculate
the endpoint titers as previously described (63).

ADCC and ADCP. Serum nonneutralizing antibody activities ADCC and ADCP were assessed as
previously described, and the 50% maximum killing ADCC titers and ADCP phagocytic scores were
reported previously (27).

Systems analyses of correlations between the humoral immune response and ADCML. Frozen
serum samples, collected from the macaques at week 53, were prepared and analyzed as previously described
(64–66). We sought to identify gender-specific differences in coordination between ADCML and the measured
analytes. An analyte (X) was said to be differentially coordinated by gender if it met the following stringent
criteria: (i) the analyte had a significant difference, by gender, in magnitude. The difference in magnitude was
considered significant if it met (a) an effect size threshold consisting of at least a 25% difference by gender
and (b) a significance threshold consisting of the distributions of the analytes between male and female that
were significantly different at a P value of �0.15 threshold (as measured by a one-sided Mann-Whitney U test,
where values higher in females and higher in males were analyzed separately). We used a somewhat more
permissive threshold of a P value of �0.15 rather than a more traditional P value of �0.05, as we required the
analyte to satisfy several criteria, and we were looking to identify analytes that simultaneously satisfied all the
criteria rather than ones that were very significantly different just in terms of magnitude. (ii) The analyte had
a significant difference, by gender, in the Spearman correlation with ADCML. The difference in correlation was
considered significant if it met (a) an effect size threshold consisting of an absolute value of the difference in
Spearman correlation (i.e., delta correlation) between the two genders that was in the most extreme 10% of
the whole distribution (across all analytes) of delta correlations and (b) a significance threshold consisting of
the correlation that was significant in at least one gender at a Benjamini-Hochberg false discovery rate (FDR)
of �0.2 threshold. The rationale behind using an FDR of �0.2 threshold rather than a more traditional 0.05
threshold is 2-fold. First, we used the more stringent multiple-testing correction-adjusted FDR (adjusting for
testing the significance of Spearman correlations between ADCML and 209 analytes) instead of the less
stringent unadjusted P values. Second, we were interested in identifying differences in correlations between
genders rather than correlations that were very significant in a single gender. A significant difference in
correlation can exist between genders, even if the correlation is moderately significant in one gender in one
direction and weak/insignificant in the other gender in the opposite direction. These justify the use of a
slightly more permissive FDR of �0.2 threshold. To examine global correlation profiles, we calculated pairwise
Spearman correlations between all measured responses. The heatmaps illustrate these Spearman correlations,
with the color corresponding to the value of the correlation (with the correspondence illustrated in the color
bars). Statistical analyses were performed in Matlab.

Additional statistics. Data were analyzed using Prism software (v6.0; GraphPad Software). A P value
of �0.05 was considered statistically significant. The following tests were used to evaluate statistical
significance: the Wilcoxon rank sum test corrected for multiple comparisons by the method of Critchlow
and Fligner (67) (Fig. 1A and F); multiple-comparisons one-way analysis of variance (ANOVA) (Fig. 1B and
G); repeated-measures ANOVA (Fig. 1D); the Wilcoxon signed-rank test (Fig. 1H and I, and 2E); the
nonparametric Spearman’s rank correlation coefficient with the P value calculated using the Jonckheere-
Terpstra test (Fig. 3A to F); linear regression analysis with SIV lysis, peak viral loads, and challenge number
incorporated as terms in the model (Fig. 3G); the Mann-Whitney test (Fig. 4A and B); the nonparametric
Spearman’s rank correlation coefficient (Fig. 4C to G); and the nonparametric Spearman’s rank correlation
coefficient adjusted for immunization group (Fig. 5A to C).
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