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Retroviruses use CD169-mediated
trans-infection of permissive
lymphocytes to establish infection

Xaver Sewald,"*t+ Mark S. Ladinsky,>+ Pradeep D. Uchil,'{ Jagadish Beloor,”> Ruoxi Pi,’
Christin Herrmann,' Nasim Motamedi,*t Thomas T. Murooka,® Michael A. Brehm,®
Dale L. Greiner,® Leonard D. Shultz,” Thorsten R. Mempel,” Pamela J. Bjorkman,>

Priti Kumar,** Walther Mothes*

Dendritic cells can capture and transfer retroviruses in vitro across synaptic cell-cell
contacts to uninfected cells, a process called trans-infection. Whether trans-infection
contributes to retroviral spread in vivo remains unknown. Here, we visualize how
retroviruses disseminate in secondary lymphoid tissues of living mice. We demonstrate
that murine leukemia virus (MLV) and human immunodeficiency virus (HIV) are first
captured by sinus-lining macrophages. CD169/Siglec-1, an I-type lectin that recognizes
gangliosides, captures the virus. MLV-laden macrophages then form long-lived synaptic
contacts to trans-infect B-1 cells. Infected B-1 cells subsequently migrate into the lymph
node to spread the infection through virological synapses. Robust infection in lymph nodes
and spleen requires CD169, suggesting that a combination of fluid-based movement
followed by CD169-dependent trans-infection can contribute to viral spread.

o understand how retroviruses disseminate

in secondary lymphoid organs of living ani-

mals, we introduced fluorescently labeled

murine leukemia virus (MLV) or human

immunodeficiency (HIV) subcutaneously
(s.c.) into footpads of anesthetized mice and
monitored their arrival at the draining popliteal
lymph node (pLN). MLV and HIV viruses accu-
mulated at the floor of the subcapsular sinus
(SCS), where the lymph node cortex faces the
arriving lymphatic fluid (Fig. 1, A and B, and
movies S1 and S2). MLV Gag-GFP (green fluo-
rescent protein) viruses accumulated particularly
at the SCS above B cell follicles and persisted for
>6 hours, whereas beads conjugated with anti-
bodies to the complement receptor 1/2 entered B
cell follicles, as previously described (I-3) (Fig. 1A
and fig. S1). The cell type responsible for MLV
capture (GFP") consisted mostly of CD169* CD11b*
macrophages (~80%) (Fig. 1C and fig. S2) (4, 5).
Within the pLN tissue, MLV Gag-GFP and HIV
Gag-GFP were solely associated with CD169* cells
(Fig. 1D, figs. S3 and S4, and movie S3). No over-
lap between CD169 and CD3, CD19, or CD11c was
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observed (fig. S5). When pLN macrophages were
depleted, MLV capture was severely compromised
(fig. S6).

These data indicate that MLV and HIV are
captured in vivo at the pLN predominantly by
CD169* CD11b* macrophages. The ability to cap-
ture and transmit HIV to permissive CD4" T cells
has previously been associated with dendritic
cells (DCs), and two distinct mechanisms have
been proposed (6, 7). First, by expressing C-type
lectins such as DC-SIGN, DCs can capture HIV
by recognizing the viral envelope glycoprotein
(Env) (7, 8). Second, upon activation, DCs ex-
press the immunoglobulin (I)-type lectin CD169/
Siglec-1 that can bind MLV and HIV through the
recognition of sialyllactose on gangliosides that
are embedded in the viral lipid membrane (9-12).
To distinguish between both mechanisms, we
first injected equal amounts of wild-type or mu-
tant MLV lacking the viral envelope glycoprotein
(AEnv) into the footpad of C57BL/6 mice, but
observed no difference in virus capture at the
draining pLN (Fig. 1E). In contrast, depletion
of gangliosides in the retrovirus membrane (13)
reduced MLV capture, suggesting a role for CD169/
Siglec-1 (Fig. 1F). Indeed, a single injection of
antibodies to CD169 before the administration
of MLV and HIV impaired virus capture at the
PpLN SCS floor in C57BL/6 mice (Fig. 1, G and H,
and fig. S7, A and B). MLV and HIV capture at
PLNs were also significantly reduced in CD169
knockout mice (SiglecI 7 ) (I14) compared to C57BL/
6 mice (Fig. 1,1 and J, and fig. S7C) (15). Blockade
of the mouse DC-SIGN homolog SIGN-R1 (16)
had no effect on MLV capture in vivo (fig. S8).

CD169-expressing macrophages are frequent-
ly located at the borders between circulating
fluids such as the lymph and blood, and lymphoid
structures similar to those seen in LNs are also
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observed in the marginal zone of the spleen (Fig.
1K) (7). Indeed, blood-derived MLV Gag-GFP
particles were captured at the marginal zone
by CD169" macrophages (Fig. 1K and fig. S9).
MLV capture at the spleen was significantly re-
duced by CD169-targeting antibodies, as well as

in SiglecI”~ mice (Fig. 1, L and M). To similarly
study early events during HIV infection, we used
the BLT humanized mouse model, which exhibits
good reconstitution of human macrophages and
T cells (18). Fluorescently labeled HIV injected
intravenously (i.v.) into humanized mice was as-

sociated with CD169* CD11b" macrophages in
the engrafted CD45" human cell population of
the spleen (fig. S10). Blocking CD169 significantly
reduced association between HIV and splenocytes
(Fig. IN and fig. S11). These data document that
mouse and human CD169* macrophages efficiently
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Fig. 1. MLV and HIV infection are facilitated by CD169/Siglecl-expressing
macrophages. (A) Immunohistochemistry of a pLN section 0.5 hours after
s.c. injection of MLV Gag-GFP (green) into a C57BL/6 mouse. Red, B cells;
blue, collagen. (B) Image sequence (movie S2) of HIV Gag-GFP (green) cap-
ture at pLN SCS floor (collagen, blue) after s.c. injection into C57BL/6 mouse.
Time in minutes. (C) Quantification of MLV Gag-GFP capture at pLNs (n =7
to 9) 1 hour after s.c. injection. MLV-binding (GFP*) cell types were identified
by the indicated markers. FSC: front scatter; PBS: phosphate-buffered
saline. (D) Image of MLV (green) capture by CD169-expressing macrophages
(red) at the pLN SCS floor. CD169" macrophages were stained by s.c. injec-
tion of CD169-CF568 antibodies. (E and F) Quantification of MLV capture at
pLNs 1 hour after s.c. injection into C57BL/6 mice for wild-type (WT, n = 10),
mutant (AEnv, n = 10), or ganglioside-depleted MLV Gag-GFP [PDMP* (1-phenyl-
2-decanoylamino-3-morpholino-1-propanol), n = 5]. Total amounts of Gag-GFP
were estimated by Western blotting and ganglioside depletion by cholera toxin
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B—horseradish peroxidase (CtxB-HRP) staining. (G and H) MLV Gag-GFP (n = 4)
and HIV Gag-GFP (n = 7 to 8) capture at the pLNs of C57BL/6 mice after
injection of CD169 or control (Ctrl) antibodies. (I and J) MLV Gag-GFP (n = 6)
and HIV Gag-GFP (n = 4) capture at the pLNs of C57BL/6 and SiglecI™~ mice.
(K) Immunohistochemistry of a spleen section 0.5 hours after i.v. injection of
MLV Gag-GFP (green). Red, CD169; gray, collagen. (L and M) MLV Gag-GFP
capture at the spleen after i.v. injection of CD169 antibodies (n = 5) or in Siglecl™~
mice (n =5). (N) HIV Gag-GFP capture at the spleen of humanized BLT mice in
the absence or presence of CD169 antibodies (n = 3 to 4). (O and P) MLV-
infected cells in pLNs (n = 6) and spleen (n = 5) of C57BL/6 and Siglecl™~
mice 2 days after infection. (Q) HIV-infected splenocytes in humanized HSC
mice injected with CD169 antibodies (n = 5). HIV production of ex vivo—cultured
splenocytes was quantified with TZM-bl reporter cells. Median is shown in all
cases. Kruskal-Wallis test followed by Dunn'’s posttest [(C), (G), and (H)]; Mann-
Whitney test for (E), (F), and (I) to (Q).
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Fig. 2. MLV-laden CD169* macrophages form Env-dependent contacts
with B-l1a cells for trans-infection. (A) Surface marker analysis of MLV-
infected B cells in pLNs of C57BL/6 mice 2 days after s.c. infection. (B) Quanti-
fication of MLV-infected, adoptively transferred B-1 cells (s.c.) or naive B cells
(s.c.,iv.)(n=4105).(C) QPCR analysis of relative CD169 mRNA expression by
pLN-derived CD5* B-1a cells, CD5™ B cells, and CD169* macrophages. Mean +
SD shown. (D) Images (movie S5) of MLV (green) capture at pLN SCS floor
containing RFP* B-1 cells (red). Asterisk depicts afferent lymphatic vessel entry
site. Blue, collagen. Time in minutes. (E) Image sequence (movie S6) of adoptively
transferred RFP* B-1 cells (red) and captured MLV Gag-GFP (green) at the pLN
SCS floor. Arrows depict cells analyzed in (F). Time in minutes. (F) Instantaneous
velocity of representative B-1 cell traces (from Fig. 2E and fig. S15A) in contact with
MLV-laden macrophages (red line) or not (black line). (G and H) Track velocities
and arrest coefficients of adoptively transferred RFP* B-1 cells in pLNs before and
after s.c. injection of MLV Gag-GFP carrying or lacking Env (+/-Env). Red lines and
numbers in (G) are medians. Percentages in (H) are cell population that remained
arrested (<2 um/min) >50% of time. Data are from four (+Env, 159 tracks) and
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three (—Env, 138 tracks) independent experiments. (I) Image sequence (movie
S8) of MLV Gag-GFP (green) transfer to RFP* B-1 cell (red) at pLN SCS floor, and
B-1 cell instantaneous velocity over time. Asterisk, stable contact (t = O min);
arrows, MLV Gag-GFP transfer to B-1 cell uropod (t = 12 to 15 min). (J and K)
Immunohistochemistry and electron microscopy overview of a pLN 1 hour after
s.c. injection of MLV. (L and M) Electron tomography of a MLV-laden macro-
phage at the pLN SCS floor and quantification of the cell-virus distance (n = 19).
Arrowheads depict MLV particles at the surface and within the macrophage.
(N to P) Electron tomographies and tomographic 3D reconstruction of synaptic
contacts between MLV-laden macrophages and B cells at pLN SCS floor 1 hour
after s.c. injection of MLV. Arrowheads depict MLV particles at contact site. Ar-
rows show direct cell-cell contacts between macrophages and B cells (N and O).
In the studied tissue sections, we observe 2.14 contacts per 1000 um? (mean,
SD =1.2;n=09). Inset in (P) shows continuity between the invagination and a
virus-containing compartment. Kruskal-Wallis test followed by Dunn'’s posttest
for (B); Wilcoxon matched-pairs signed rank test for (G) and (H) (pre- versus
postinjection); Mann-Whitney test for (G) and (H) (+Envpest versus —Envpest).
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capture blood- or lymph-borne retroviruses in
spleen and lymph nodes.

The capture of MLV and HIV by CD169" mac-
rophages could be the first step toward the initia-
tion of host immune responses against incoming
viruses. Alternatively, retroviruses may have
evolved to use this pathway to efficiently infect
their hosts. To investigate these possibilities,
we monitored MLV infection following s.c. virus
injection in wild-type C57BL/6 and SiglecI”~ mice.
MLV infection was significantly reduced in pLNs
and spleen of SiglecI”™ mice, indicating that
virus capture by CD169" macrophages contrib-
utes to efficient infection (Fig. 1, O and P). De-
spite reduced MLV infection in SiglecI”~ mice,
neutralizing antibodies were produced with sim-
ilar Kinetics and were able to control the spread
of MLV infection by day 7, as in wild-type C57BL/
6 mice (fig. S12). HIV infection of splenocytes in
humanized mice was also significantly lowered
upon CD169 blockade (Fig. 1Q). Collectively, these
results demonstrate that retrovirus capture via
recognition of gangliosides within the virus mem-

Fig. 3. MLV-infected
B-1 cells form stable
virological synapses
in infected pLNs.

(A) Image (from movie
S11) of adoptively
transferred RFP*

B-1 cells (red) in MLV
Gag-GFP (green)
infected pLN 2 days
after infection. Regions
of interest (ROIs)

show Gag polarization
(ROIL) and membranous
protrusion (ROI2) of
MLV-infected B-1 cells.
(B and C) Track veloc-
ities and arrest coeffi-
cients of adoptively
transferred RFP*

B-1 cells in noninfected
and infected pLNs. Lines
and numbers in (B) are
medians. Percentage in
(C) are static cell popu-
lation that remained
arrested (<2 um/min)
>60% of time. Data are
from five independent
experiments. Nonin-
fected pLNs, 265 RFP*
B-1 cell tracks; MLV-
infected pLNs, 48 MLV-
infected and 361
noninfected B-1 cells
tracks. Median is shown.

brane by CD169/Siglec-1 expressed on macro-
phages promotes efficient retroviral infection
in vivo.

Interestingly, MLV does not infect CD169*
macrophages (19). Therefore, the likely role of
CD169" macrophages must be to trans-infect
permissive lymphocytes. To visualize this, we
first prepared naive B cells from mice express-
ing red fluorescent protein (RFP), adoptively
transferred (i.v.) them into C57BL/6 mice, and
infected the mice (s.c.) with MLV carrying a long-
terminal repeat (LTR)-GFP reporter. Surpris-
ingly, no RFP* naive B cells were infected (fig.
S13A and movie S4), yet MLV-infected cells were
largely CD19" B cells (19). We concluded that
MLV must target a specific subset of B cells that
is excluded during the preparation of naive B
cells. We characterized these GFP* MLV-infected
cells as CD19*, CD43*, CD9*, CD5*, and IgD™",
which collectively defined them as B-la cells
(Fig. 2A) (20). B-1a cells are innate B cells, which
secrete most of the circulating immunoglobu-
lin M (IgM) (20). They undergo self-renewal

P<0.0001

B P<0.0001 P<0.0001
r— —
157 58 35 53
Z °e
8E10] 42
gg .....
-5.5 5 °
s
Frm g

0
MLV-inf. LN = + +
Inf. B-1 cells = + -

c P<0.0001
P<0.0001 P<0.0001
L e |

MLV-inf. LN
Inf. B-1 cells =

and thus are susceptible to MLV infection, owing
to the virus’s dependency on the cell cycle for
nuclear entry (21). When we adoptively trans-
ferred (s.c.) RFP* B-1 cells into C57BL/6 mice,
incoming MLV specifically infected these cells but
not naive B cells (Fig. 2B and fig. S13, B and C).

Having identified B-1a cells as target cells for
MLV that lack CD169 expression (Fig. 2C and fig.
S14), we attempted to directly visualize trans-
infection events at the pLN SCS using two-photon
laser scanning microscopy (2P-LSM). Upon arrival
of MLV at the pLN, RFP* B-1 cells were seen to
sample the SCS, come in contact with MLV-laden
SCS macrophages, and form long-lived synaptic
contacts (Fig. 2, D to F; fig. S15A; and movies S5 to
S7). B-1 cell migration velocity was significantly
reduced upon contact with MLV-laden macro-
phages (Fig. 2F). This was also evident at the
population level. B-1 cell track velocity decreased
with a concomitant arrest coefficient increase
after MLV injection (Fig. 2, G and H). In two in-
stances (out of 159), following the disengagement
from a synaptic contact with MLV-laden CD169*

D

eB-1cell *MLV+ cell

Instantaneous
velocity [pum/min]

0 5 10
Time [min]

15 20 25

Kruskal-Wallis test followed by Dunn's posttest. (D) Image sequence (movie
S12) and instantaneous velocity of an adoptively transferred RFP* B-1 cell
(red, arrowhead) forming stable contact with MLV-infected leukocyte (green,
arrow). Asterisk (t = 12 min) depicts contact formation. (E) Image sequence
(movie S12) of MLV Gag-GFP material release (arrow) from an infected B-1 cell
at a virological synapse (asterisk). Time in minutes. (F and G) Electron to-
mography and 3D reconstruction of pLN 2 days after s.c. infection, showing
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MLV-containing membranous material at contact site between the uropod of
MLV-infected donor cells (D) and uninfected target cells (T). Arrowheads
indicate viral particles at surface of infected cell. In the studied tissue sec-
tions, we observe 2.6 membrane protrusion contacts per 1000 ym? (mean,
SD = 1.1; n = 11). A 3D reconstruction [(G), right panel]: green, donor cell
uropod; pink, target cell; blue and gold, uropod-associated membranous
tubules; red, MLV.
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macrophages, B-1 cells carried Gag-GFP-positive
viral material at the uropod (Fig. 21, fig. S15B, and
movies S8 and S9). Though rare, these events are
consistent with the notion that synaptic contacts
contribute to virus transfer from SCS macrophages
to B-1 cells. Mechanistically, synaptic contacts
resulted largely from the interaction between
Env on viral particles, presented on macrophages,
and its receptor mCAT-1 expressed in B-1 cells
(Fig. 2, G and H).

To understand trans-infection events at the
ultrastructural level, we analyzed pLNs by elec-
tron tomography 1 hour after s.c. injection of MLV
(Fig. 2, J to P, and fig. S16). Beneath a layer of
collagen fibers, macrophages formed a dense layer
at the SCS floor, followed by B cells at the distal
side (Fig. 2, J and K). MLV particles were ob-
served at the plasma membrane and within
vesicle-like structures of SCS macrophages (Fig.
2L and fig. S16). Three-dimensional (3D) recon-
struction revealed that these virus-containing
compartments were continuous with the plasma
membrane (Fig. 2, O and P; fig. S16; and movie
S10). MLV particles bound to the macrophage
surface with an average distance of 40.9 + 6.7 nm
(Fig. 2M), matching the predicted length of the
CD169 molecule (22). We observed zones of con-
tacts between macrophages and B cells with MLV
virions in the cell-cell interface (Fig. 2, N and O,
and fig. S16). A large invagination carrying dozens
of viruses was found to open toward the B cell
(Fig. 2P). These data suggest that retroviruses re-
siding in deep plasma membrane invaginations in
macrophages and DCs (23-25) can be mobilized
toward contact zones and likely contribute to viral
dissemination in vivo.

We followed the fate of MLV-infected B-1 cells
over the next 2 days. After initially being trap-
ped at the SCS, owing to interaction with MLV-
presenting macrophages, MLV-infected B-1 cells
redistributed deeper into the pLN to localize be-
neath the SCS, as well as in the interfollicular
area and B-T cell border (fig. S13, D and E). They
largely avoided B cell follicles and the T cell zone
(fig. S13H). Uninfected peritoneal B-1 cells local-
ized similarly at steady state (fig. S13F). The
location of some MLV-infected cells to the T cell
zone is explained, as ecotropic MLV also infects
some CD4" T cells (fig. S13G) (19). In contrast,
amphotropic MLV specifically targeted the B-1a
cell population (fig. S13I). Thus, despite using
different receptors, both ecotropic and ampho-
tropic MLV targeted the susceptible B-1a cell
population.

At day 2, MLV-infected B-1 cells were often
observed immobilized in foci with other unin-
fected cells, including B-1 cells (Fig. 3A movie
S11). In addition to infecting adoptively trans-
ferred RFP" B-1 cells, ecotropic MLV (GFP™") also
infected endogenous B-1a cells and some T cells
(Fig. 2A and fig. S13I) (19). At higher resolution,
MLV Gag-GFP was seen to accumulate at the
cell-cell interface between infected and uninfected
cells (Fig. 3A and movie S11). These data indicate
that MLV forms virological synapses during
native infection (79). The immobilization of MLV-
infected B-1 cells due to the formation of viro-
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logical synapses was also evident at the population
level. Compared to the behavior of uninfected
B-1 cells, MLV-infected B-1 cells migrated at re-
duced velocities and exhibited higher arrest co-
efficients (Fig. 3, B and C). Because infected cells
formed virological synapses with uninfected RFP*
B-1 cells, the latter also exhibited reduced mi-
gration (Fig. 3, B and C). Thus, as seen 2 hours
after infection in the SCS (Fig. 2, G and H), the
spread of MLV infection 2 days after infection
can be seen at the population level simply by
tracking B-1 cells. Our ability to visualize infected
donor cells (MLV Gag-GFP*) and some target
cells (uninfected RFP" B-1 cells) allowed us to
capture individual stages of the biogenesis of
virological synapses (Fig. 3D, fig. S17, and movie
S12). The transfer of Gag-GFP* material from in-
fected cells to uninfected cells (Fig. 3E and movie
S12) indicated that these contacts can be asso-
ciated with the transfer of viral material. Because
we cannot detect the transfer of single particles
by 2P-LSM in vivo, these transmission events
must include clusters of particles, as has been
observed for HIV in vitro (26). To gain insight
into the ultrastructural information of virological
synapses, we used electron tomography (27). We
identified numerous complex membranous pro-
trusions to which many viral particles were local-
ized. These protrusions were often long and
formed contacts between both neighboring and
distally located cells (Fig. 3, F and G; fig. S18;
and movies S13 and S14). These membrane-rich
protrusions originated from a donor cell and were
as long as ~10 um (Fig. 3F)—a structure that was
also occasionally observed by intravital imaging
(Fig. 3A ROI 2, movie S11). These protrusions
were rich in intracellular vesicles and mitochon-
dria, indicating that they represent uropods. We
have previously observed that MLV assembles
and buds at the uropod in polarized B cells in vitro
(28). Similarly, HIV has been observed to assemble
and bud at the uropod of polarized T cells (29).
Our data suggest a model in which uropods form
virological synapses in vivo to mediate transfer of
viruses via large membranous protrusions.

Our data support a model in which trans-
infection and virological synapses can both con-
tribute to the spread of viral infections in vivo.
The data are also consistent with a role for cell-
free virus in spreading, as an alternative mode to
virus spread via migration of infected cells (30).
CD169* macrophages are located at the interface
between fluid phases such as the lymph, blood,
and lymphoid tissue. They can concentrate cell-
free viruses from the fluid phase to deliver them
efficiently to permissive lymphocytes for infec-
tion. This model (fig. S19) suggests that viruses
can disseminate by a combination of cell-free
and cell-to-cell transmission, whereby viruses
can use fluid flow-based dissemination over long
distances and then cross the bottleneck at lym-
phoid tissue interfaces by exploiting the extraor-
dinary ability of CD169" macrophages to capture
cell-free virus and trans-infect permissive lym-
phocytes. The relevance of this model for HIV
transmission and its potential for therapeutic
intervention will require further in vivo testing.
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