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ABSTRACT: Nanovaccines need to be transported to lymph node follicles to induce
humoral immunity and generate neutralizing antibodies. Here, we discovered that
subcapsular sinus macrophages play a barrier role to prevent nanovaccines from
accessing lymph node follicles. This is illustrated by measuring the humoral immune
responses after removing or functionally altering these cells in the nanovaccine
transport process. We achieved up to 60 times more antigen-speciﬁc antibody
production after suppressing subcapsular sinus macrophages. The degree of the
enhanced antibody production is dependent on the nanovaccine dose and size,
formulation, and administration time. We further found that pharmacological agents
that disrupt the macrophage uptake function can be considered as adjuvants in
vaccine development. Immunizing mice using nanovaccines formulated with these
agents can induce more than 30 times higher antigen-speciﬁc antibody production
compared to nanovaccines alone. These ﬁndings suggest that altering transport
barriers to enable more of the nanovaccine to be delivered to the lymph node follicles
for neutralizing antibody production is an eﬀective strategy to boost vaccination.
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immune complexes on the surface of follicular dendritic cells
(FDCs).13,18 This principle has been used to target the
CD169+ SCS macrophages for eﬀective vaccination.2,19,20
Recent studies showed that removing the SCS macrophages
did not prevent particle delivery into lymph node follicles and
production of humoral immune responses.21−26 Stevenson’s
group reported that SCS macrophage depletion with
clodronate liposomes increased murine cytomegaloviruses
spreading inside lymph nodes and virus production.25 Von
Andrian’s group reported that SCS macrophages prevented
vesicular stomatitis virus transport to lymph node follicles.22
Removal of SCS macrophages using clodronate liposomes did
not compromise humoral and adaptive immune responses
against vesicular stomatitis virus.22 Iannacone’s group con-

uccessful vaccinations require antigen delivery into
lymph node follicles to generate eﬃcient antibodymediated humoral immune responses.1−8 Lymphatic
endothelial cells (LECs) form the subcapsular sinus (SCS)
ﬂoor that only allow smaller antigens (<15 nm) to enter lymph
node follicles.9−11 Macrophages in the SCS area capture larger
nanoparticles (>30 nm), immune complexes, viruses, and
bacteria and actively transport them to cross the layer of LECs
into follicles.2,12−17 Von Andrian’s group reported that
CD169+ SCS macrophages translocated surface-bound vesicular stomatitis virus across the SCS ﬂoor and presented them
to migrating B cells in the underlying lymph node follicles
using intravital microscopy.14 Carrasco and Batista reported
that B cells acquired particles and bacteria in a macrophagerich area at the boundary between the SCS ﬂoor and follicle of
lymph nodes.17 Cyster’s group also reported that SCS
macrophages bind immune complexes on their surface using
intravital microscopy.12 Imaging analysis showed that B cells
relayed immune complexes from the subcapsular sinus region
to centers of lymph node follicles.12 These B cells captured
immune complexes by a complement receptor-dependent
mechanism from SCS macrophages and transported the
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Figure 1. Depleting subcapsular sinus (SCS) macrophages allowed OVA-AuNP nanovaccines to access lymph node follicles. (A)
Immunostaining images of the SCS macrophages (CD169, red), lymphatic endothelial cells (Lyve1, green; podoplanin, blue; and Prox1,
green). White arrows present the space between LECs. (B) SCS macrophages were depleted with clodronate liposomes in the lymph node, as
demonstrated by the lack of CD169 red stain. (C) Representative TEM images of lymph node subcapsular sinus after intradermal footpad
injection of 100 nm OVA-AuNP nanovaccines at 12 h. Corresponding schematics were included for better visualization of SCS macrophages
(green), LECs (brown), and OVA-AuNP nanovaccines (black). SCS macrophages can sequester nanovaccines when they resided (1) in the
lymphatic sinus, (2) at the space between LECs, and (3) outside of the lymphatic sinus and in lymph node follicles. (D) Clodronate
liposome treatment depletes SCS macrophages and allows nanovaccines to cross the ﬂoor of LECs to access lymph node follicles. (E)
Schematic of nanovaccine transport with and without SCS macrophages. PBS-lipo represents PBS liposome, and CL-lipo represents
clodronate liposome.
B
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Figure 2. Depleting SCS macrophages increases OVA-AuNP nanovaccine retention and presentation in lymph node follicles and induced
greater humoral immune responses. (A) Histological images of lymph node follicles 7 days after intradermal footpad injection of PBS or
clodronate liposome treatment. SCS macrophages (red) were depleted after clodronate liposome administration whereas follicular dendritic
cells (FDCs, green color) in B cell follicles remained intact. (B) Quantiﬁcation of 100 nm OVA-AuNP nanovaccine accumulation in follicles
at 2 h to 5 weeks 7 days after PBS or clodronate liposome administration. (C) TEM images of 100 nm OVA-AuNP nanovaccine deposition
and presentation on the dendrites of follicular dendritic cells (FDCs) at 48 h after intradermal footpad injection 7 days after PBS and
clodronate liposome administration. Red arrows point to the dendrites of FDCs. (D) Quantifying numbers of 100 nm OVA-AuNP
nanovaccines on FDC dendrites at 48 h. Assessment of humoral immune responses including (E) germinal center formation (GL7 red;
CD21 green; B220 blue), (F) percentage of germinal center B cells (GL7+B220+), (G) numbers of germinal center B cells (GL7+B220+), and
(H) antigen-speciﬁc antibody production from blood serum after intradermal footpad injection of PBS and clodronate liposomes 7 days
prior to 100 nm OVA-AuNP nanovaccine injection at 5 weeks (n = 4 mice/group). PBS-lipo represents PBS liposome, and CL-lipo
represents clodronate liposome. Data shown as mean ± SD; ns: not signiﬁcant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P
values are from two-way ANOVA followed by Tukey’s multiple comparisons tests or an unpaired t test.

ﬁrmed these ﬁndings, reporting that the removal of SCS
macrophages using bisphosphonates and clodronate liposomes
increased humoral immunity and antibody responses to live
and inactive viruses, proteins, haptens, and existing commercial
vaccine formulations.24 Pittet’s group reported that SCS
macrophages suppress melanoma and prevent tumor-derived
extracellular vesicles from entering follicles in the tumor

draining lymph nodes.26 Removal of SCS macrophages using
clodronate liposomes promoted tumor-derived extracellular
vesicles interacting with B cells and mediated tumor-promoting
humoral immunity.26 More antibody productions were also
found in the CD169 knockout mice than wild-type mice.26
These studies suggested that the removal of SCS macrophages
promotes humoral immune responses.
C
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These contradictory ﬁndings raise a question: do SCS
macrophages promote or prevent nanoparticle or nanovaccine
transport to lymph node follicles for humoral immune
responses? This question cannot be fully answered from the
above-mentioned studies. Imaging analysis using intravital
microscopy demonstrated that the SCS macrophages transport
the nanoparticles to migrating B cells and FDCs in follicles.
However, we do not know if the nanoparticles can be delivered
to the FDCs in follicles after depleting or suppressing SCS
macrophages. The correlation among SCS macrophages,
nanovaccine delivery and retention in follicles, and humoral
immune responses is unclear. In this study, we systemically
assessed the role of SCS macrophages and their contribution
on delivery of nanovaccines to lymph node follicles and to the
production of antibodies. The outcomes of this fundamental
study will guide the design of vaccine strategies.

Article

production.30 In this study, we studied 100 nm OVA-AuNP
nanovaccine tissue location after PBS or clodronate liposome
treatments. We injected 100 nm OVA-AuNP nanovaccines
intradermally into the footpad 7 days after intradermal footpad
injection of PBS or clodronate liposomes. The injected 100 nm
OVA-AuNP nanovaccine dose is normalized based on the
injected OVA antigen amount (10 μg) (Figures S4 and S5 and
Table S1). The sentinel lymph nodes were collected 12 and 48
h after OVA-AuNP nanovaccine injection (Figure 1C,D, and
Figure S6A,B). The morphology of the lymph node
subcapsular sinus and OVA-AuNP location in tissue sections
were imaged using transmission electron microscopy (TEM).
SCS macrophages are the main phagocytic cells that
sequestered a major amount of nanovaccines in the
subcapsular sinus. They contain prominent electron-dense
lysosomes. LECs make up the epithelium of the subcapsular
sinus. They have a cobblestone-like appearance. We
pseudocolored SCS macrophages in green, LECs in brown,
and OVA-AuNP nanovaccines in black for better visualization.
TEM images revealed that SCS macrophages can reside (1) in
the lymphatic sinus, (2) at the space between LECs, and (3)
outside of the lymphatic sinus and in the lymph node follicle
(Figure 1C). SCS macrophages are capable of sequestering
OVA-AuNP nanovaccines in all locations. Clodronate liposome treatment eliminated SCS macrophages in the abovementioned positions and allowed OVA-AuNP nanovaccines to
cross the ﬂoor of LECs to access lymph node follicles (Figure
1D). We illustrated a schematic to demonstrate this
phenomenon (Figure 1E). We conclude that SCS macrophages play a barrier role to prevent OVA-AuNP nanovaccines
from accessing lymph node follicles.
Depleting SCS Macrophages Increases OVA-AuNP
Nanovaccine Retention and Presentation in Lymph
Node Follicles and Induces Greater Humoral Immune
Responses. We studied the eﬀect of SCS macrophage
depletion on OVA-AuNP nanovaccine follicle delivery and
humoral immune responses. We determined the kinetics of
100 nm OVA-AuNP nanovaccine accumulation in lymph node
follicles after various injection times (2 h to 5 weeks). PBS or
clodronate liposomes were injected intradermally into the
footpad of mice 7 days before OVA-AuNP nanovaccine
administration. Histological images of lymph node follicles
revealed that CD21+ FDCs (green color) remained intact in
the B cell follicles after clodronate liposome administration
indicating that the treatment is speciﬁc for the depletion of
CD169+ SCS macrophages (red color) (Figure 2A). The gold
nanoparticle signal was enhanced by silver staining. We
observed a clear diﬀerence between clodronate liposome and
PBS liposome pretreatments on OVA-AuNP accumulation in
lymph node follicles (Figure 2A). Clodronate liposome
pretreatment led to faster follicle delivery at 12 h, greater
follicle accumulation at 48 h to 2 weeks, and longer retention
time of OVA-AuNPs in follicles compared to PBS liposome
pretreatment (Figure 2B). From our previous study, we knew
that FDCs in lymph node follicles determine OVA-AuNP
nanovaccine retention and antigen presentation for B cell
activation.30 TEM images revealed that there was an increase
of 100 nm OVA-AuNP deposition and presentation on the
FDC dendrites at 48 h in clodronate liposome pretreatment as
compared to the control condition (Figure 2C,D and Figure
S6C,D). This indicated that more 100 nm OVA-AuNP
nanovaccines can stimulate B cell activation after clodronate
liposome treatment. We next tested if clodronate liposome

RESULTS AND DISCUSSION
Depleting SCS Macrophages Allows More OVA-AuNP
Nanovaccines to Access Lymph Node Follicles. Our ﬁrst
set of experiments involved the complete removal of SCS
macrophages. Clodronate liposomes have been shown to
remove SCS macrophages without depleting other cell
populations in lymph nodes (Figure S1).26−29 We intradermally injected 20 μL of PBS or clodronate liposomes in the
footpad of C57BL/6 mice. The amount of injected clodronate
drug encapsulated in liposomes is 0.1 mg. We sacriﬁced the
mice 7 days after PBS or clodronate liposome administration
and collected the axillary, brachial, and popliteal as sentinel
lymph nodes for histological analysis (Figure 1A,B). Lymph
node sections were stained using antibodies. Anti-CD169 (red
color) was used to stain SCS macrophages. Anti-Lyve1
(green), antipodoplanin (blue), and anti-Prox1 (green) were
used to stain LECs. We found that LECs form the lymph node
subcapsular sinus with discontinuous cell connections at the
sinus ﬂoor (Figure 1A,B). White arrows show the space
between LECs. The space size is about 1−10 μm (Figure S2).
There were no statistically signiﬁcant diﬀerences in space size
between PBS liposome and clodronate liposome treatments.
SCS macrophages are resident cells located in the sinus or
sitting at the interendothelial space of the sinus ﬂoor. Some
SCS macrophages can be located outside of the sinus and in
the B cell follicles. PBS liposome treatment had no inﬂuence
on macrophage populations, whereas clodronate liposomes
depleted SCS macrophages. In both treatments, the sealed
interendothelial cell spaces remained open. We conclude that
clodronate liposome treatment eliminated SCS macrophages
without disrupting the lymph node subcapsular sinus structure.
We next tested if SCS macrophage depletion would aﬀect
nanovaccine localization inside or outside of lymph node
follicles (Figure 1C,D, and Figure S3). Our nanovaccine model
is composed of ovalbumin (OVA) antigen conjugated to
spherical gold nanoparticles (AuNPs). OVA is a reference
protein and has been widely used as an antigen for vaccination
experiments. The full characterization of OVA-AuNP nanovaccine physicochemical properties is described in Figure S4
and Table S1. The rationale of choosing AuNPs is because
they are easily synthesized with excellent size control,
biocompatible and nonbiodegradable, and easily coated with
multiple model antigens.30 We previously determined that 100
nm OVA-AuNP nanovaccines transport from the injected site
to sentinel lymph nodes through the lymphatic system and
have the highest follicle retention and OVA-speciﬁc antibody
D
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Figure 3. Depleting SCS macrophage allowed greater antigen-speciﬁc antibody production in various vaccine designs. Measurements of
OVA-speciﬁc antibody production after administration of (A) 100 nm and (B) 15 nm OVA-AuNP nanovaccine with (PBS-lipo treated) and
without (CL-lipo treated) SCS macrophages. The antigen-speciﬁc antibody production was also examined for (C) free antigen and (D)
antigen formulated with the commercial adjuvant Alum with wild-type and depleted SCS macrophages (n = 3−6 mice/group). PBS-lipo
represents PBS liposome and CL-lipo represents clodronate liposome. Data shown as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. All P values are from two-way ANOVA followed by Tukey’s multiple comparisons tests or an unpaired t test.

and vaccine formulation on antigen-speciﬁc antibody production after elimination of SCS macrophages. We immunized the
mice using diﬀerent doses of 100 nm OVA-AuNP nanovaccine
after PBS or clodronate liposome pretreatment and measured
the OVA-speciﬁc antibody production from blood serum at 5
weeks (Figure 3A). We found that decreasing the 100 nm
OVA-AuNP injection dose (normalized based on antigen OVA
amount from 10 to 0.04 μg) led to decreased OVA-speciﬁc
antibody production after PBS liposome pretreatment.
Surprisingly, lowering the 100 nm OVA-AuNP nanovaccine
injection dose led to nonlinearly decreased antibody
production after clodronate liposome pretreatment. Antigenspeciﬁc antibody production was improved by 2−60 times
after clodronate liposome pretreatment compared to PBS
liposome pretreated condition at various 100 nm OVA-AuNP
nanovaccine injection doses. After clodronate liposome
pretreatment, we could achieve the same OVA-speciﬁc
antibody production by reducing the injected dose of 100
nm OVA-AuNP by 16 times compared to the injected dose of
10 μg of normalized OVA. SCS macrophage preferred to take
up larger particles (>30 nm), such as viruses, bacteria, and
immune complexes. We asked if this principle of depleting
macrophages can be applied for other nanovaccine designs of a
smaller size. We then tested another size of 15 nm OVA-AuNP
nanovaccines and found that they followed a similar dosedependent behavior (Figure 3B). OVA-speciﬁc antibody
production was signiﬁcantly higher in response to clodronate
liposome than PBS liposome pretreatment. SCS macrophages
take up all types of particles, including the soluble antigens,
immune complexes, viruses, and bacteria.2,31 We further tested

pretreatment could induce greater humoral immune responses
compared to PBS liposome pretreatment. We immunized the
mice using 100 nm OVA-AuNP nanovaccines after PBS or
clodronate liposome treatment and sacriﬁced the mice at 5
weeks. We performed histological analysis for germinal centers
using an anti-GL7 stain. Our results showed that 100 nm
OVA-AuNP nanovaccines could induce germinal centers (red
color) that were attached to the FDC networks (green color)
for both PBS and clodronate liposome pretreatments (Figure
2E). We further quantiﬁed the percentage and total number of
germinal center B cells (GL7+B220+) after disaggregation of
sentinel lymph nodes into single cells for ﬂow cytometry
(Figure 2F,G and Figure S7). We found that the clodronate
liposome pretreatment generated 2 times more germinal center
B cells than PBS liposomes pretreatment. Next, we quantiﬁed
the amount of OVA-speciﬁc antibody production from the
blood serum using enzyme-linked immunosorbent assay
(ELISA) to determine if clodronate liposome pretreatment
elicited greater antigen-speciﬁc antibody production. We
determined that clodronate liposome pretreatment can induce
2 times more OVA-speciﬁc antibody than PBS liposome
pretreatment (Figure 2H). We conclude that SCS macrophages are a barrier that prevents OVA-AuNP nanovaccine
retention and presentation in lymph node follicles that limits
humoral immune responses.
Depleting SCS Macrophages Allows Greater AntigenSpeciﬁc Antibody Production in Various Vaccine
Designs. We tested if this principle of eliminating the SCS
macrophage is applicable to various vaccine designs. We
studied the eﬀect of OVA-AuNP nanovaccine dose and size
E
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Figure 4. Inhibition of macrophage uptake function improved nanovaccine delivery to lymph node follicles and robust humoral immune
responses. (A) SCS macrophages remain intact in the subcapsular sinus of lymph nodes after administration of macrophage inhibitors using
GdCl3, carrageenan (CGN), or Dextran sulfate 500. CD169 (red color) stains for SCS macrophages, and Prox1 (green color) stains for
LECs. (B) Representative TEM images and the enlarged images of SCS macrophages were examined after intradermal footpad injection of
100 nm OVA-AuNP nanovaccines 24 h after macrophage inhibition administration. SCS macrophages labeled green, and LECs labeled
brown. Pretreatment of macrophage inhibitors induces greater 100 nm OVA-AuNP nanovaccine accumulation in lymph node follicles and
humoral immune responses (C−F). (C) Histological images of 100 nm OVA-AuNP nanovaccine accumulation in lymph node follicles were
analyzed 48 h after nanovaccine intradermal footpad injection. Macrophage inhibitors were administered 24 h prior to nanovaccine injection
(n = 4 mice/group). (E) Quantiﬁcation of 100 nm OVA-AuNP nanovaccine accumulation in follicles at 48 h after macrophage inhibitor
administration. Assessment of (D) germinal center formation (GL7 red; CD21 green; B220 blue) and (F) antigen-speciﬁc antibody
production in blood serum after administration of 100 nm OVA-AuNP nanovaccine at 5 weeks; macrophage inhibitors were prior to
nanovaccine injection (n = 3 mice/group). The injected dose of 100 nm OVA-AuNP nanovaccine was normalized based on the injected OVA
antigen amount (2.5 μg). Data shown as mean ± SD; *P < 0.05; **P < 0.01; ****P < 0.0001. All P values are from one-way ANOVA
followed by Tukey’s multiple comparisons tests.

commercial adjuvant Alum (Figure 3D). Pretreatment using
clodronate liposomes with these vaccine formulations showed
signiﬁcantly higher OVA-speciﬁc antibody production than
PBS liposome pretreatment. We also found that nanovaccines

if this approach of removing SCS macrophages can be applied
for other vaccine formulations to boost their antibody
production. We tested diﬀerent vaccine formulations including
antigen alone (Figure 3C) and antigen formulated with
F
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Figure 5. Assessing the administration windows of macrophage inhibitors for eﬃcient OVA-speciﬁc antibody production. Antibody
production at 5 weeks after (B) clodronate liposomes, (C) GdCl3, (D) CGN, and (E) DS500 were intradermally footpad injected (7, 3, 1,
and 0 days (3 h)) before or (3 and 7 days) after administration of 100 nm OVA-AuNP nanovaccine (n = 3−6 mice/group). The best
administration windows were obtained for each macrophage inhibitor (blue shaded area) as determined by statistical comparison to the
control PBS condition. Data shown as mean ± SD; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All P values are from one-way
ANOVA followed by Tukey’s multiple comparisons tests.

subcapsular sinus ﬂoor of lymph nodes 24 h after macrophage
inhibitor pretreatment (Figure 4A), indicating that SCS
macrophages were not eliminated after the pretreatment with
macrophage inhibitors. CD169 (red color) was used to stain
for SCS macrophages, and Prox1 (green color) was used to
stain for LECs. We examined the TEM images with the
enlarged panels focused on SCS macrophages after intradermal
footpad injection of 100 nm OVA-AuNP nanovaccines after
pretreatment of macrophage inhibitors (Figure 4B). SCS
macrophages were labeled in green, and LECs were labeled in
brown for better visualization. We found reduced amounts of
100 nm OVA-AuNP nanovaccines in SCS macrophages after
all types of macrophage inhibitor pretreatment compared to
PBS control. We conclude that the inhibition of macrophage
uptake function is suﬃcient to reduce the OVA-AuNP
nanovaccine sequestration by SCS macrophages in lymph
nodes.
We then determined if pretreatment with macrophage
inhibitors (i.e., agents that alter the uptake function) led to the
same phenomenon as clodronate liposome pretreatment in
mice, resulting in enhanced OVA-AuNP nanovaccine delivery
to lymph node follicles and induction of robust humoral
immune responses (Figure 4C−F). We sacriﬁced the mice 48
h after 100 nm OVA-AuNP nanovaccine administration
following macrophage inhibitor pretreatment. We achieved 2
times enhanced OVA-AuNP nanovaccine accumulation in
lymph node follicles after inhibition of macrophage function
compared to PBS control (Figure 4C,E). Next, we immunized
the mice using 100 nm OVA-AuNP nanovaccine (2.5 μg OVA

induce greater production of antigen-speciﬁc antibodies
compared to free antigen and antigen formulated with the
commercial adjuvant Alum in both PBS and clodronate
liposomes pretreated conditions (Figure S8). We conclude that
eliminating SCS macrophages is a universal approach to
improving antigen-speciﬁc antibody production for a variety of
vaccine designs.
Inhibition of Macrophage Uptake Function Improves
Nanovaccine Delivery to Lymph Node Follicles and
Induces Robust Humoral Immune Responses. We next
determined if this phenomenon was clodronate liposome
treatment-speciﬁc, or whether this phenomenon was related to
the physical removal or functional removal of the SCS
macrophages. SCS macrophages play key roles in innate
immunity to protect the host against pathogens.26 Repopulation of depleted SCS macrophages requires 2−6 months by
monocytes.23 It has been shown that chemical agents
gadolinium chloride (GdCl3), carrageenan (CGN), and
dextran sulfate 500 (DS500) can inhibit macrophage uptake
function (Figure S1).29,32−38 We hypothesized that the
pretreatment of the mice by these macrophage inhibitors can
reduce the uptake capability of SCS macrophages without
eliminating them. To test this hypothesis, we sacriﬁced the
mice 24 h after intradermal footpad administration of various
macrophage inhibitors, isolated sentinel lymph nodes for
histological analysis, and then compared this to the PBS
control. The injection doses of macrophage inhibitors were
standardized to be 0.1 mg in a 20 μL volume. Histology
revealed that SCS macrophages remained around the
G
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amount) after 24 h of macrophage inhibitor treatment and
sacriﬁced the mice at 5 weeks. We achieved similar humoral
immune responses across all macrophage inhibitor treatment
groups (Figure 4D,F). We can induce germinal centers (red
color) after all types of macrophage inhibitor pretreatment, but
not in PBS control mice (Figure 4D). Mice pretreated with
macrophage inhibitors had 10−13 times higher OVA-speciﬁc
antibody production compared to PBS control (Figure 4F).
Here, we explored the universality of macrophage inhibitors by
disruption of SCS macrophage uptake, resulting in enhanced
humoral immune responses.
Assessing the Administration Windows of Macrophage Inhibitors for Eﬃcient Antibody Production. We
next assessed the administration time windows of macrophage
inhibitors for eﬃcient antibody production (Figure 5A and
Figure S9). Macrophage inhibitors can disrupt the SCS
macrophage uptake function, but it is unclear how long this
eﬀect can last for OVA-AuNP nanovaccines. We asked the
question: does the administration time between the macrophage inhibitor and OVA-AuNP nanovaccines inﬂuence the
antigen-speciﬁc antibody production? We addressed this
question by testing diﬀerent time sequences between macrophage inhibitors and OVA-AuNP nanovaccine administration.
Macrophage inhibitors (clodronate liposomes, GdCl3, CGN,
and DS500) were intradermally injected into the mouse
footpad (7, 3, 1, and 0 days (3 h)) before or (3 and 7 days)
after administration of 100 nm OVA-AuNP nanovaccines and
compared to PBS control (Figure 5). We immunized the mice
using 100 nm OVA-AuNP nanovaccines (2.5 μg OVA
amount) and measured the OVA-speciﬁc antibody production
from blood serum at 5 weeks. We found that the
administration window to maximize antibody production is
dependent on macrophage inhibitor type. They are highlighted
using the blue shaded area in Figure 5. Clodronate liposomes
deplete SCS macrophages and result in a broader window to
induce eﬃcient antibody production compared to PBS control.
We failed to generate eﬃcient antibody production when we
administrated macrophage inhibitors 3−7 days after OVAAuNP nanovaccine administration. We achieved eﬃcient
antibody production in all types of macrophage inhibitors
when the macrophage inhibitors were administered 0−1 day
prior to OVA-AuNP nanovaccines.
Macrophage Inhibitors Show Great Adjuvanticity
When They Were Formulated with OVA-AuNP Nanovaccines. Vaccine formulations are typically formulated with
antigens and adjuvants that are coadministrated. Adjuvants are
used to amplify antigen-speciﬁc immune responses. Designing
novel adjuvants enables us to better engineer the immune
system and develop successful vaccines.39−44 We found that
pretreatment with macrophage inhibitors 0−1 day prior to
OVA-AuNP nanovaccine administration resulted in enhanced
antigen-speciﬁc antigen production (Figure 5); we proposed to
formulate macrophage inhibitors with our 100 nm OVA-AuNP
nanovaccines together to test the adjuvanticity of these
macrophage inhibitors (Figure 6). We premixed the 100 nm
OVA-AuNPs (2.5 μg OVA amount) with each macrophage
inhibitor (0.1 mg) and injected them intradermally into the
footpad of C57BL/6 mice. We measured the OVA-speciﬁc
antibody production from blood serum at 1−5 weeks. We
found that OVA-AuNP nanovaccines formulated with macrophage inhibitors induced greater OVA-speciﬁc antibody
production than OVA-AuNP nanovaccines alone after 2
weeks of immunization. We also achieved 34−39 times higher
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Figure 6. Macrophage inhibitors showed great adjuvanticity when
they were formulated with OVA-AuNP nanovaccines. Antibody
production after administration of OVA-AuNP nanovaccine and
agents that inhibit macrophage uptake or deplete macrophages (n
= 7 mice/group). The data were collected from two separate
experiments. Data shown as mean ± SD; ns: not signiﬁcant; ****P
< 0.0001. All P values are from two-way ANOVA followed by
Tukey’s multiple comparisons tests.

OVA-speciﬁc antibody production immunized by OVA-AuNP
nanovaccines formulated with diﬀerent types of macrophage
inhibitors compared to OVA-AuNP nanovaccines alone at 5
weeks (Figure 6). This ﬁnding is equivalent to the pretreatment with macrophage inhibitors (Figures 4H and 5B−E). We
conclude that macrophage inhibitors can act as adjuvants that
can be easily premixed with nanovaccines to induce greater
humoral immune responses for more eﬃcient vaccination.
Assessing the Toxicity of Macrophage Inhibitors. We
ﬁnally tested the toxicity of these macrophage inhibitors.
Macrophage inhibitors disrupt the SCS macrophage function
of local lymph nodes after intradermal footpad administration.
We asked the question “what are the consequences of local
innate immunity suppression on mice, and could this induce
systemic toxicity”. We conducted a toxicology assessment
using hematology and liver biochemistry assays. We injected
the mice with 0.1 mg of these macrophage inhibitors and
sacriﬁced the mice after 3 days. No signiﬁcant diﬀerence in
immune cell counts and hematological markers were
determined across diﬀerent macrophage inhibitors compared
to PBS controls (Figures S10 and S11). We did not see any
increase in all of the tested liver function biomarkers alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), and total bilirubin (TBIL) after
macrophage inhibitor treatment compared to PBS controls
(Figure S12). All biomarker concentrations are within the
normal range for C57BL/6 mice.45 We did not observe
systemic or gross inﬂammation in the histological sections of
C57BL/6 mice hepatic tissue and splenic tissues after
macrophage inhibitor treatment (Figures S13 and S14). It
was also reported that macrophage depletion agents do not
interfere with other immune cell populations in lymph nodes,
such as CD4 and γδ T cells, neutrophils, or dendritic cells.24
Here, we conclude that this approach is safe because it only
suppresses the SCS macrophage function and does not induce
systemic toxicity.

CONCLUSIONS AND OUTLOOK
SCS macrophages are the ﬁrst layer of defense in lymph nodes
against pathogens and infectious disease.31,46 These SCS
macrophages are highly involved in the sequestration and
clearance of viruses and bacteria. SCS macrophages can also
capture viruses, bacteria, or immune complexes and promote
antigen transport to B cell follicles to stimulate the humoral
H
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immune responses.2,12−17 However, the importance of SCS
macrophages in promoting B cell-mediated humoral immunity
has been recently challenged.2,21,22,24 Here, we found that SCS
macrophages play a barrier role to prevent OVA-AuNP
nanovaccines from accessing lymph node follicles. Physical
removal or functional impairment of SCS macrophages by
chemical agents (clodronate liposomes, GdCl3, CGN, or
DS500) allowed OVA-AuNP nanovaccines to more eﬃciently
deliver to and retain in follicles and interact with FDCs. This
led to enhancement of humoral immune responses and
eventually elicited up to 60 times more antigen-speciﬁc
antibody production depending on nanovaccine design and
injection dose. We summarized this ﬁnding with a schematic
(Figure 7A). Our ﬁndings of greater B cell activation and
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receptors compared to DS500 (average molecular weight
>500 000 Da) and failed to inhibit macrophage uptake
function (Figure S17).36 These results support the ﬁnding
that inhibition of SCS macrophage uptake function is critical to
allow more OVA-AuNP nanovaccines to enter lymph node
follicles and mediate eﬃcient humoral immune responses. The
adjuvanticity of these macrophage inhibitor agents was
determined by testing the neutralizing antibody production
of immunized mice. The nanovaccines formulated with
macrophage inhibitor agents resulted in more than 30 times
higher antibody production compared to nanovaccines alone.
This category of adjuvant shows the reverse eﬀects of reducing
innate immunity and boosting humoral immunity. We term
them “reverse adjuvants”. The mechanism of these adjuvants is
diﬀerent from any existing adjuvants used in vaccines.39,40,43,50−55 The clinical applications of the “reverse
adjuvants” need to be further explored in the future by
combining with other commercially available adjuvants and
vaccine formulations for speciﬁc infectious disease models. The
potential adjuvanticity of other chemical agents for macrophage uptake inhibition including cell membrane, endocytosis,
and cytoskeleton pathways needs to be evaluated in the future.
This study demonstrates the role of SCS macrophages in the
transport and delivery of nanovaccines to the lymph node
follicle. Delivery to the ﬁnal target in the lymph node is critical
to the vaccines’ ability to generate neutralizing antibodies.

MATERIALS AND METHODS
Synthesis of Gold Nanoparticles. Gold nanoparticles (AuNPs;
15 nm) were synthesized using a method adapted from Frens.56
Brieﬂy, 1 mL of 3% (w/v) sodium citrate tribasic (Sigma-Aldrich
S4641) was prepared in 100 mL of deionized water and boiled. Under
vigorous stirring, 100 μL of 10% (w/v) aqueous HAuCl4 was added
and allowed to react for 10 min. The reaction was then immediately
cooled on ice to room temperature. These 15 nm AuNPs were then
used for the preparation of 100 nm AuNPs as described previously by
our group.57 Molar equivalents of sodium citrate tribasic (1.5 × 10−2
M), aqueous HAuCl4 (2.5 × 10−2 M), and 15 nm AuNPs (2−4 ×
10−9 M) were added to 95−97 mL of deionized H2O to make 100 mL
total. The molar equivalent of hydroquinone (Sigma-Aldrich
H17902) (2.5 × 10−2 M) was then added to the solution under
vigorous stirring. The reaction was maintained overnight. Tween-20
(ﬁnal concentration of 0.05% w/v) was added to the solution and
stirred for 10 min. 100 nm AuNPs were then washed two times by
centrifugation at 750g, resuspending the pellet in 0.02% sodium
citrate tribasic and 0.05% Tween-20. AuNPs were stored at 4 °C for
future use.
Synthesis of Nanoparticle Conjugated Vaccines (Nanovaccine). A model nanoparticle conjugated vaccine (nanovaccine)
was composed of diﬀerent sizes (15 and 100 nm) of AuNPs
conjugated to ovalbumin (OVA) (Sigma-Aldrich A5503) antigen.
AuNP stocks were washed once using 0.02% sodium citrate tribasic
buﬀer for 35 min before OVA protein conjugation. 100 mM sodium
citrate tribasic solution and HCl in deionized water was prepared, and
pH was adjusted to 2.3. This solution was diluted to 20 mM of
sodium citrate tribasic with approximately pH 3 and mixed with OVA
into the ﬁnal concentration of 10 mg/mL. OVA protein in 20 mM of
sodium citrate tribasic was mixed on a rotator for 2 h and ﬁltered
using a 0.22 μm PES ﬁlter. 250 μL of OVA solution was added in to
the AuNP solution with 1.6 × 1016 nm2 total surface area. The mixed
solution was then incubated in a 1.5 mL Eppendorf tube at 37 °C for
1 h. After conjugation, the mixed solution was topped up with 1× PBS
+ 0.05% Tween-20. The OVA conjugated AuNPs (OVA-AuNPs)
were then wash with 1× PBS + 0.05% Tween-20 and puriﬁed with
centrifugation speeds of 5000g for 15 nm AuNPs and 200g for 100 nm
AuNPs for 60 min. OVA-AuNPs were puriﬁed three times and
resuspended in sterile PBS. OVA-AuNP nanovaccine was ﬁltered

Figure 7. Schematic of transport of OVA-AuNP nanovaccines to
the follicular dendritic cells in lymph node follicles for robust
humoral immune responses. GC B cells are germinal center B
cells.

antibody production after eliminating SCS macrophages using
clodronate liposomes are supported by other groups.21−26 It is
worth mentioning that SCS macrophages are considered
professional antigen presenting cells that directly activate T
cells and natural killer T cells.47−49 Depletion of SCS
macrophages in tumor draining lymph nodes limits cancer
cell clearance and promotes tumor growth.26 This approach
may be used to access the distant lymph nodes from a tumor
that will not compromise T cell-mediated cellular immune
responses against tumors.
We also tested other chemical agents, and they were not
suﬃcient to remove macrophages or disrupt their uptake
function and failed to generate enhanced OVA-AuNP
nanovaccine follicle delivery and humoral immune responses.
For example, clodronate needs to be encapsulated in a
liposome formulation to induce macrophage depletion,
whereas free clodronate agent alone (0.1 mg) cannot remove
SCS macrophages and induce robust humoral immunity
(Figure S15). Free clodronate formulated with OVA-AuNPs
cannot induce eﬀective vaccination compared to clodronate
liposome formulated nanovaccines (Figure S16). Dextran
sulfate 9 (DS9) (0.1 mg) (average molecular weight 9000−
20 000 Da) is not suﬃcient to saturate macrophage scavenger
I
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using a 0.22 μm PES ﬁlter to remove the possible aggregates. The
OVA-AuNP nanovaccine concentration was justiﬁed before footpad
intradermal injection.
Physicochemical Characterization of Gold Nanoparticles
and Nanovaccines. The core sizes of AuNPs and OVA-AuNPs were
characterized by transmission electron microscopy (TEM) (Figure S4
and Table S1). TEM copper grids (Ted Pella 01813-F) were plasma
treated. AuNP or OVA-AuNP nanovaccine stock (5 μL) was added
on the treated TEM grids. The samples were blotted after 3 min using
Kimwipes. The samples were left on grids for another 10 min to be
completely air-dried. OVA-AuNP samples on the EM grid were
washed one more time with 5 μL of deionized water and blotted using
Kimwipes. The samples were negatively stained with 3 μL of 1%
uranyl acetate (Ted Pella 19481). The stained samples were blotted
using Kimwipes after 1 min of staining and air-dried for 10 more
minutes. All samples were visualized using TEM at 120 kV (Tecnai
20, FEI, Hillsboro, OR) with an AMT 16000 camera. The AuNP core
sizes were analyzed using ImageJ (NIH, Maryland).58 The hydrodynamic diameters were characterized using dynamic light scattering
(DLS) (Malvern Instruments Ltd., Worcestershire, UK), and
absorbance was measured using UV−vis absorbance spectroscopy
(Shimadzu Scientiﬁc Instruments). The surface charge was measured
using a Zetasizer Nano-ZS (Malvern Instruments Ltd.) instrument in
150 mM HEPES, pH 7.5. The concentrations of AuNPs and OVAAuNP were measured using UV−vis absorbance spectroscopy. The
amount of OVA protein conjugated on AuNP was measured by
bicinchoninic acid (BCA) assay (ThermoFisher Scientiﬁc 23235).
Extraction and Quantiﬁcation of OVA Protein Using
Bicinchoninic Acid Assay. OVA-AuNP nanovaccine solution with
2 × 1014 nm2 total surface area was resuspended in 25 μL of PBS in a
1.5 mL Eppendorf tube. 4% NuPAGE LDS buﬀer (8 μL,
ThermoFisher Scientiﬁc NP0007) and 4 μL of 500 mM dithiothreitol
(DTT) (BioShop DTT001.5) were mixed with OVA-AuNP solution
in the Eppendorf. This solution was then incubated at 70 °C for 1 h.
The Eppendorf was centrifuged at 18 000g for 15 min. The
supernatant was collected and mixed with 25 μL of 2% (w/v)
sodium dodecyl sulfate (SDS) (ThermoFisher Scientiﬁc NP0001). To
eliminate the SDS and DTT from the isolated OVA protein, 950 μL
of 10% (w/v) trichloroacetic acid (TCA) (Sigma-Aldrich T6399) in
acetone was added into the Eppendorf tube and incubated at −80 °C
for 12 h. The Eppendorf tube was centrifuged at 18 000g at 4 °C for
15 min. The supernatant was removed, and the OVA protein was
resuspended in 500 μL of 0.03% (w/v) deoxycholate (Sigma-Aldrich
30970) and vortexed thoroughly. 100 μL of 72% (w/v) TCA was
mixed into the Eppendorf and incubated on ice for 30 min. The
protein was centrifuged at 18 000g at 4 °C for 15 min. 950 μL of
acetone (−30 °C) was mixed into the Eppendorf tube and vortexed
thoroughly. The tube was incubated at −80 °C for 1 h. The isolated
OVA protein was pelleted at the bottom after centrifugation at
18 000g at 4 °C for 15 min. The supernatant was removed, and the
isolated protein was air-dried for 30 min. The puriﬁed protein was
dissolved into a 2% (w/v) SDS solution in PBS. To establish the
standard curve, OVA protein was dissolved into a 2% (w/v) SDS
solution in PBS and diluted stepwise. The puriﬁed protein and
standards were incubated at 70 °C for 1 h. 200 μL of the
bicinchoninic acid (BCA) (Thermo Fisher Scientiﬁc 23235) reagent
I from the kit was added to all samples and standards. These samples
and standards were incubated at 60 °C for 30 min until a purple color
developed. All samples and standards were cooled to room
temperature and analyzed on an absorbance plate reader at 562 nm
(Tecan Sunrise). The protein amount was calculated based on the
standard curve. The injected OVA-AuNP dose is normalized based on
the injected OVA antigen amount (10 μg) (Figure S5).
Animal Care. Mice studies were performed under the restriction
and protocols at the University of Toronto Division of Comparative
Medicine (protocol numbers: 20011620, 20011910, 20012102).
Wild-type C57BL/6 mice (8−12 weeks old) were purchased form
Charles River Laboratories (Montreal, Canada). Mice were
anesthetized under isoﬂurane (3%) carried with oxygen during
intradermal footpad injection. OVA-AuNP nanovaccines were
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intradermally injected using a 29-gauge insulin needle. The injected
dose was normalized to the OVA protein amount. The injected
volume was 20 μL for each footpad. Four footpads were injected in
each mouse. The axillary, brachial, and popliteal sentinel lymph nodes
were collected for further studies.
Administration of Macrophage Inhibitors. Clodronate or PBS
liposomes (Liposoma BV CP-005-005) were used to eliminate
subcapsular sinus (SCS) macrophages in lymph nodes (Figure S1).
Other macrophage inhibitors including gadolinium chloride (GdCl3)
(Sigma-Aldrich 203289), carrageenan (CGN) (Sigma-Aldrich
C1138), and dextran sulfate 500 (DS500) (Sigma-Aldrich D6001)
were used to inhibit SCS macrophage uptake function (Figure S1).
Free clodronate (clodronic acid disodium salt hydrate) (TRC Canada
C586875) and low-molecular-weight dextran sulfate 9 (DS9) (average
molecular weight 9000−20 000 Da) (Sigma-Aldrich D6924) were
used as negative controls, which cannot eﬀectively physically or
functionally eliminate macrophages. Macrophage inhibitors (20 μL)
were intradermally injected into the footpads of C57BL/6 mice using
29-gauge insulin syringes. Equivalently, the amount of injected
macrophage inhibitors was 0.1 mg per footpad, in total 0.4 mg for four
footpads. Macrophage inhibitors were intradermally injected into the
mouse footpad (7, 3, 1, and 0 days (3 h)) before or (3 and 7 days)
after administration of 100 nm OVA-AuNP nanovaccine.
Histology, Antibody Staining, and Imaging. The axillary,
brachial, and popliteal sentinel lymph nodes were collected for
histological analysis after 2 h to 5 weeks injection. The collected
sentinel lymph nodes were frozen using liquid nitrogen in a frozen
section compound solution (VWR International, LLC 95057-838) in
a plastic cryomold (Tissue-Tek at VWR 4565). This method can
preserve the antigens on cell membrane for immunostaining. The
frozen histology samples were processed at the Toronto Centre for
Phenogenomics (TCP). Sample sections (8 μm) were cut on
Cryostar NX70 and placed on charged slides. To visualize OVAAuNP distribution, sample sections were stained using silver
enhancement kits (Ted Pella, Inc. 15718) for enhancement of the
gold signal. Prior to the immunostaining, sample sections were ﬁxed
in 10% neutral buﬀered formalin, permeabilized in 0.5% Triton X-100.
All sections were incubated in primary antibody overnight at 4 °C,
rinsed in TBST, and then incubated in secondary antibody for 1 h at
room temperature. The subcapsular sinus (SCS) macrophages were
stained using rat antisialoadhesin (CD169) antibody (Abcam
ab53443; 1:600) followed by antirat secondary conjugated with
Alexa Fluor 488 (Abcam ab150165; 1:200). Lymphatic endothelial
cells were labeled using rabbit anti-Lyve1 antibody (Abcam ab14917;
1:500) followed by antirabbit secondary conjugated with Alexa Fluor
555 (Thermo Fisher A21428; 1:200), Syrian hamster antipodoplanin
antibody (BioXCell BE0236; 1:1000) followed by biotinylated antiSyrian Hamster IgG (Abcam ab6891; 1:200), and then StreptavidinAlexa Fluor 594 (Thermo Fisher S11227; 1:1000) or rabbit antiProx1 antibody (BioLegend 925201; 1:1500) followed by antirabbit
secondary conjugated with Alexa Fluor 555. Follicular dendritic cells
(FDCs) were labeled using rabbit anti-CD21 antibody (Abcam
ab75985; 1:1800) followed by antirabbit secondary conjugated with
Alexa Fluor 555. B cells were detected using rat anti-B220 antibody
(eBioscience 14-0452-82; 1:100) followed by antirat secondary
conjugated with Alexa Fluor 674 (ThermoFisher A21247; 1:200).
Germinal center formation was labeled using rat anti-GL7 antibody
(FITC) (BioLegend 144604; 1:250). Nuclei were then counterstained with DAPI (Sigma-Aldrich D9542) on sample sections. The
sample sections were scanned using an Olympus VS-120 slide scanner
and imaged using a Hamamatsu ORCA-R2 C10600 digital camera for
all bright-ﬁeld and ﬂuorescent images. The images of silver stained
OVA-AuNPs in lymph node follicles were analyzed using ImageJ
(NIH).58 The spaces between lymphatic endothelial cells were
measured using ImageJ (NIH).58
TEM Study on Lymph Node Tissues. SCS macrophage location,
sinus structure, FDCs in lymph node follicles, and the location of
OVA-AuNPs were studied using TEM at the subcellular level. The
mice were sacriﬁced after diﬀerent injection times (12 or 48 h). The
axillary, brachial, and popliteal sentinel lymph nodes were collected
J
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and ﬁxed with 4% formaldehyde and 0.5% glutaraldehyde (SigmaAldrich 340855) in PBS at room temperature for 1 h. The samples
were stored at 4 °C. The ﬁxed samples were processed at the
Nanoscale Biomedical Imaging Facility at The Hospital for Sick
Children. The lymph node samples were sectioned and placed on
copper grids (Ted Pella 01813-F). The sectioned tissue samples were
negative stained with 2% uranyl acetate (Ted Pella 19481) on copper
grids. The images were taken using TEM at 120 kV. The spaces
between lymphatic endothelial cells were measured using ImageJ
(NIH).58 The numbers of nanovaccines on FDC dendrites were
quantiﬁed using TEM images. The numbers of 100 nm OVA-AuNP
nanovaccines per the area (um2) of FDC dendrites were calculated.
Lymph Node Disaggregation, Cell Staining, and Flow
Cytometry. The percentage of germinal center B cells
(GL7+B220+) and number of germinal center B cells (GL7+B220+)
were studied using ﬂow cytometry. The mice were sacriﬁced after 5
weeks of immunization. The axillary, brachial, and popliteal sentinel
lymph nodes were collected and mechanically disaggregated. These
lymph node samples were then placed into the preprepared enzyme
digestion solution in an Eppendorf tube. This solution contains 958
μL of Hanks’ balanced salt solution (HBSS) buﬀer (ThermoFisher
Scientiﬁc 14185052), 40 μL of 10 mg/mL collagenase IV (SigmaAldrich C5138), and 2 μL of 10 mg/mL of DNase (Roche
10104159001). Lymph node samples were incubated at 37 °C for
30 min. The samples were ﬁltered through a 70 μm cell strainer.
Lymph node cells were pellet down at 300g at 4 °C for 10 min in an
Eppendorf tube. The isolated cells were resuspended in HBSS
blocking buﬀer contained with 0.5% (w/v) bovine serum albumin and
2 mM EDTA. The Fc receptor was blocked using Anti-CD16/32
antibody (BioLegend 101302) for 30 min on ice. Cocktail antibodies,
Zombie NIR live/dead stain (BioLegend 423106), BV510 anti-B220
(RA3-6B2) (BioLegend 103247), and Alexa Fluor 647 anti-GL7
(BioLegend 144606) were then mixed with the samples and placed on
ice for 30 min. The samples were washed by HBSS blocking buﬀer
after antibody staining. The samples were ﬁxed using 1.6%
paraformaldehyde (Thermo Fisher Scientiﬁc 28906) in HBSS on
ice for 30 min. The samples were placed in HBSS blocking buﬀer for
further ﬂow cytometry study. The events were acquired by a 5-laser
BD LSR FORTESSA X-20 ﬂow cytometer. The ﬂow data were
processed by FlowJo V10 software.
ELISA of OVA-Speciﬁc Antibody Production. Mice were
sacriﬁced after 1−5 weeks of immunization. OVA-speciﬁc antibody
production was measured in the blood sera using enzyme-linked
immunosorbent assay (ELISA). A 20 μg/mL concentration of OVA
in PBS solution was preprepared. A 100 μL portion of OVA solution
was coated on a MaxiSorp 96-well plate (Thermo Fisher Scientiﬁc
442404) at 4 °C overnight. The solution was removed. The wells
were washed once with 400 μL of PBST. 200 μL of 1× casein buﬀer
(Sigma-Aldrich B6429-500 ML) was added into each well at room
temperature for 2 h. The plate was washed once with 400 μL of
PBST. The blood serum samples were diluted 100 times with 0.5×
Casein buﬀer and added into the ﬁrst lane of the plate (200 μL). 100
μL of 0.5× casein buﬀer was added into the other lanes with the serial
dilution of the blood sera until the second ﬁnal lane. The last lane was
kept a baseline. All samples were placed at room temperature for 1 h.
The plate was washed two times using PBST (400 μL). Goat
antimouse IgG secondary antibody and horseradish peroxidase
(HRP) (Thermo Fisher Scientiﬁc 31430) were diluted 5000 times
and added into each well (100 μL). All samples were placed at room
temperature for 1 h. The plate was washed two times using PBST
(400 μL). TMB (3,3′,5,5;-tetramethylbenzidine) chromogen solution
(Thermo Fisher Scientiﬁc 002023) was added into each well (100
μL). The plate was placed at room temperature for 10 min until the
blue color developed. Sulfuric acid (1 M; 100 μL) was added into
each well (100 μL). The absorbance was acquired using an
absorbance plate reader (Tecan Sunrise) at 450 nm. The reference
was at 570 nm. All titers were determined as inverse dilutions where
A450nm − A570nm equals 0.1.
Toxicity Evaluation of Macrophage Inhibitors. Toxicology
assessments of macrophage inhibitors were conducted using
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hematology and liver biochemistry assays. Macrophage inhibitors of
clodronate liposomes, GdCl3, CGN, and DS500 were intradermally
injected into the mouse footpad. The amount of injected macrophage
inhibitors was 0.1 mg per footpad, in total 0.4 mg for four footpads.
Mice were sacriﬁced after 3 days of injection. Blood samples were
collected through cardiac puncture using a 23-gauge needle and
separated into two fractions. One fraction of blood was transferred to
microfuge tubes containing dipotassium EDTA and kept on ice.
These samples were taken to the DCM of Medical Science Building at
the University of Toronto on ice for immune cell analysis and
hematology analysis. The immune cell included white blood cells,
lymphocytes, monocytes, and neutrophils. Hematology analysis
included red blood cell (RBC), hemoglobin (HGB), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration
(MCHC), platelet (PLT), mean platelet volume (MPV), and platelet
hematocrit (%). The other blood fraction was centrifuged down at
500g for 10 min, and the blood sera was collected. The sera samples
were taken to the Toronto Centre for Phenogenomics (TCP) on dry
ice for hepatotoxicity analysis of serum markers. Serum markers of
liver parenchyma included alanine transaminase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), and total
bilirubin (TBIL). Liver and spleen sections were cut and ﬁxed in
10% formalin for 1 day. The ﬁxed tissue sections were taken to
Toronto Centre for Phenogenomics (TCP) for further sample
processing. Liver and spleen tissue sections were stained with
hematoxylin and eosin to observe any systemic or gross inﬂammation.
The sample sections were scanned using an Olympus VS-120 slide
scanner and imaged using a Hamamatsu ORCA-R2 C10600 digital
camera for all bright-ﬁeld images.
Statistical Analysis. Data were collected from 3−7 mice per
group. All statistical analysis was performed using GraphPad Prism
6.0. Analyzed data were performed using one-way or two-way
ANOVA followed by Tukey’s multiple comparisons test or an
unpaired t test. All data were shown as mean ± SD; statistical
signiﬁcance was determined as ns: not signiﬁcant; *P < 0.05; **P <
0.01; ***P < 0.001; ****P < 0.0001.
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(9) Rantakari, P.; Auvinen, K.; Jäppinen, N.; Kapraali, M.; Valtonen,
J.; Karikoski, M.; Gerke, H.; Iftakhar-E-Khuda, I.; Keuschnigg, J.;
Umemoto, E.; Tohya, K.; Miyasaka, M.; Elima, K.; Jalkanen, S.; Salmi,
M. The Endothelial Protein PLVAP in Lymphatics Controls the Entry
of Lymphocytes and Antigens into Lymph Nodes. Nat. Immunol.
2015, 16, 386−396.
(10) Hons, M.; Sixt, M. The Lymph Node Filter Revealed. Nat.
Immunol. 2015, 16, 338−340.
(11) Roozendaal, R.; Mempel, T. R.; Pitcher, L. A.; Gonzalez, S. F.;
Verschoor, A.; Mebius, R. E.; von Andrian, U. H.; Carroll, M. C.
Conduits Mediate Transport of Low-Molecular-Weight Antigen to
Lymph Node Follicles. Immunity 2009, 30, 264−276.
(12) Phan, T. G.; Green, J. A.; Gray, E. E.; Xu, Y.; Cyster, J. G.
Immune Complex Relay by Subcapsular Sinus Macrophages and
Noncognate B Cells Drives Antibody Affinity Maturation. Nat.
Immunol. 2009, 10, 786−793.
(13) Phan, T. G.; Grigorova, I.; Okada, T.; Cyster, J. G. Subcapsular
Encounter and Complement-Dependent Transport of Immune
Complexes by Lymph Node B Cells. Nat. Immunol. 2007, 8, 992−
1000.
(14) Junt, T.; Moseman, E. A.; Iannacone, M.; Massberg, S.; Lang, P.
A.; Boes, M.; Fink, K.; Henrickson, S. E.; Shayakhmetov, D. M.; Di
Paolo, N. C.; van Rooijen, N.; Mempel, T. R.; Whelan, S. P.; von
Andrian, U. H. Subcapsular Sinus Macrophages in Lymph Nodes
Clear Lymph-Borne Viruses and Present Them to Antiviral B Cells.
Nature 2007, 450, 110−114.
(15) Gonzalez, S. F.; Degn, S. E.; Pitcher, L. A.; Woodruff, M.;
Heesters, B. A.; Carroll, M. C. Trafficking of B cell Antigen in Lymph
Nodes. Annu. Rev. Immunol. 2011, 29, 215−233.
(16) Kuka, M.; Iannacone, M. Viral Subversion of B Cell Responses
Within Secondary Lymphoid Organs. Nat. Rev. Immunol. 2018, 18,
255−265.
(17) Carrasco, Y. R.; Batista, F. D. B. Cells Acquire Particulate
Antigen in a Macrophage-Rich Area at the Boundary Between the
Follicle and the Subcapsular Sinus of the Lymph Node. Immunity
2007, 27, 160−171.
(18) Heesters, B. A.; Myers, R. C.; Carroll, M. C. Follicular
Dendritic Cells: Dynamic Antigen Libraries. Nat. Rev. Immunol. 2014,
14, 495−504.
(19) Kratzer, R.; Mauvais, F.-X.; Burgevin, A.; Barilleau, É .; van
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