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SUMMARY
Murine leukemia virus (MLV)-presenting cells form stable intercellular contacts with target cells during infec-
tion of lymphoid tissue, indicating a role of cell-cell contacts in retrovirus dissemination. Whether host cell
adhesion proteins are required for retrovirus spread in vivo remains unknown. Here, we demonstrate that
the lymphocyte-function-associated-antigen-1 (LFA1) and its ligand intercellular-adhesion-molecule-1
(ICAM1) are important for cell-contact-dependent transmission of MLV between leukocytes. Infection exper-
iments in LFA1- and ICAM1-deficient mice demonstrate a defect in MLV spread within lymph nodes. Co-cul-
ture of primary leukocytes reveals a specific requirement for ICAM1 on donor cells and LFA1 on target cells
for cell-contact-dependent spread through trans- and cis-infection. Importantly, adoptive transfer experi-
ments combined with a newly established MLV-fusion assay confirm that the directed LFA1-ICAM1 interac-
tion is important for retrovirus fusion and transmission in vivo. Taken together, our data provide insights on
how retroviruses exploit host proteins and the biology of cell-cell interactions for dissemination.
INTRODUCTION

Retroviruses can spread efficiently between leukocytes across

cell-cell contacts (Phillips, 1994; Sattentau, 2008). In vitro co-cul-

tures of productively infected cells with non-infected target cells

revealed contact-dependent transmission of HIV1, human T-lym-

photropic virus type 1 (HTLV1), and murine leukemia virus (MLV)

(cis-infection; Hubner et al., 2009; Igakura et al., 2003; Jin et al.,

2009; Jolly et al., 2004; Sherer et al., 2007; Yamamoto et al.,

1982). Thereby, retroviruses are transferred across a specialized

cell-cell junction termed the virological synapse (VS) that is analo-

gous to the immunological synapse (IS) (Vasiliver-Shamis et al.,

2010). Further, transmission of surface-bound particles from

non-infected cells across cell contacts supports retrovirus spread

by amechanism called trans-infection (Cameron et al., 1992; Geij-

tenbeek et al., 2000; McDonald et al., 2003). Lectin-binding pro-

teins, such asCD169, on the surface ofmacrophages concentrate

viral particles for trans-infection of target cells across infectious

synapses (Erikson et al., 2015; Geijtenbeek et al., 2000; Ham-

monds et al., 2017; Izquierdo-Useros et al., 2012; Puryear et al.,

2012; Sewald et al., 2015; Turville et al., 2002).

The integrin lymphocyte-function-associated-antigen-1 (LFA1)

and its ligand intercellular-adhesion-molecule-1 (ICAM1) are crit-

ical factors of the immune response. Their function in lymphocyte

migration and adhesion is crucial for processes such as immune

cell priming (Dustin and Springer, 1989, 1991; Walling and Kim,

2018). Engagement of LFA1 with ICAM1 at intercellular contacts

supports the formation of IS during T cell priming (Campi et al.,
This is an open access article under the CC BY-N
2005; Monks et al., 1998). A similar organization of cell-cell con-

tacts was observed for VS formed between retrovirus-infected

lymphocytes and non-infected T cells (Igakura et al., 2003; Jolly

et al., 2004, 2007; Len et al., 2017; Starling and Jolly, 2016; Vasi-

liver-Shamis et al., 2008). Further, HIV-presenting dendritic cells

(DCs) established infectious synapses with T cells during trans-

infection with LFA1 accumulation at sites of cell-cell contact

(McDonald et al., 2003). Antibody blocking revealed that the

LFA1-ICAM1 interaction is important for cell-to-cell transmission

of HIV by trans- and cis-infection in vitro (Arias et al., 2003; Jolly

et al., 2007; Rodriguez-Plata et al., 2013; Sanders et al., 2002;

Wang et al., 2009). The contribution of both proteins to retrovirus

spread in vivo is currently unknown though.

Intravital microscopy at infected tissues revealed stable con-

tacts between retrovirus-presenting and non-infected lympho-

cytes in vivo (Law et al., 2016; Murooka et al., 2012; Sewald

et al., 2012, 2015). MLV-laden CD169+ macrophages at the

popliteal lymph node (pLN) form Env-dependent cell-cell con-

tacts with target cells preceding virus transfer for trans-infection

(Sewald et al., 2015). Further, long-lasting contacts between

retrovirus-infected lymphocytes and target cells were observed

in MLV- and HIV-infected lymphoid tissues in vivo (Law et al.,

2016; Murooka et al., 2012; Sewald et al., 2012, 2015). In

addition to changes in cellular dynamics, the accumulation of

the MLV capsid protein Gag at contact sites and the syncytia

formation of HIV-infected cells indicate the existence of Env-

dependent synaptic contacts in vivo (Law et al., 2016; Murooka

et al., 2012; Sewald et al., 2012).
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Figure 1. LFA1 and ICAM1 support local

spread of MLV in vivo

Total MLV-infected cells in pLNs of C57BL/6,

ICAM1-KO, and CD11a-KOmice 2 and 5 days post-

injection (p.i.) of 8 3 104 infectious units (i.u.) (n = 13

for C57BL/6, n = 7 for ICAM1-KO, and n = 7 for

CD11a-KO) and 2 3 104 i.u. (n = 6 for C57BL/6) of

MLV LTR-GFP. Each point represents a pLN. Red

numbers indicate mean number and fold changes

(x-fold) of infected cells per pLN from 2 to 5 days p.i.

See also Figure S1.
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Although in vivo studies provide evidence for the formation of

long-lasting cell-cell interactions during retroviral infection, a

direct contribution of intercellular contacts to the spread of retro-

viruses in vivo remains elusive. Here, we investigate the role of

the cell adhesion protein LFA1 and its ligand ICAM1 in retrovirus

cell-to-cell transmission in vivo. Our data reveal that LFA1 and

ICAM1 support MLV spreadwithin lymphocyte populations of in-

fected lymph nodes. We find that the specific interaction of LFA1

on target cells with ICAM1 on donor cells is critical for the effi-

cient transmission ofMLV by trans- and cis-infection. In addition,

cell adhesion proteins were significant for fusion of MLV virions

presented by CD169+ macrophages at pLNs in vivo. Thus, our

data demonstrate a critical role of host cell proteins in retrovirus

spread, emphasizing the contribution of cell-cell contact to retro-

virus transmission in vivo.

RESULTS

LFA1 and ICAM1 support retrovirus dissemination in
lymph nodes
Retroviruses spread within lymphocyte populations of pLNs af-

ter subcutaneous (s.c.) virus delivery (Pi et al., 2019; Sewald

et al., 2015; Uchil et al., 2019). To assess the contribution of

cell-cell interactions to retrovirus spread in vivo, we used

knockout (KO) mice deficient in the cell adhesion protein LFA1

(CD11a/CD18) and its ligand ICAM1 to follow MLV infection

over time. Mice lacking the a subunit CD11a of the integrin

LFA1 (CD11a-KO, LFA1 deficient), ICAM1-KO mice, and

C57BL/6 wild-type (WT) mice were s.c. injected into the footpad

with MLV long terminal repeat (LTR)-GFP. Infection at the drain-

ing pLNs was monitored at day 2 and 5 post-injection (p.i.) by

quantification of GFP+ cells (Figures 1 and S1A). MLV infection

propagated in pLNs of C57BL/6 mice by �5-fold within 3 days

as the total number of GFP+ cells increased from �1,400

(mean value) at day 2 to�7,000 at day 5 p.i. of 83 104 infectious

units (i.u.). In contrast, the increase of MLV-infected cells in pLNs

of mice lacking LFA1 and ICAM1 was reduced to �2-fold. To

exclude any bias caused by the lower initial infection rate in

CD11a-KO mice at day 2 p.i., we infected C57BL/6 mice with a

lower titer of MLV reporter virus (2 3 104 i.u.). Despite compara-
2 Cell Reports 38, 110279, January 18, 2022
ble levels of GFP+ cells in pLNs of C57BL/6

mice and CD11a-KO mice at day 2, MLV

spread was significantly higher in WT

mice after 5 days of infection.

In summary, we observe a contribution
of the integrin LFA1 and its ligand ICAM1 to the local dissemina-

tion of MLV in pLNs. The reduced spread of MLV in KO mice

cannot be explained by differences in the cell tropism for T and

B cell populations (Figures S1B and S1C).

LFA1 and ICAM1 support cell-contact-dependent
spread of MLV in vitro

To confirm a role of cell adhesion in MLV spread, we developed

in vitro co-culture assays with primary leukocytes (Figure S2A).

First, we characterized the MLV-infected lymphocyte popula-

tions in pLNs to use them as target cells in co-culture assays for

trans- and cis-infection ex vivo. Previously, we identified B1 cells

as the target cell type for MLV within the CD19+ population (Pi

et al., 2019; Sewald et al., 2015); the MLV-permissive CD4+

T cell subset has remained unknown though. Surface marker

analysis of MLV-infected CD4+ T cells in pLNs of C57BL/6

mice revealed that MLV specifically targets T cells of thememory

population (Figures 2A and S2B). More than 90% of infected

CD4+ T cells expressed the surface marker profile CD62Llow/

CD44high and CD62Lhigh/CD44high, representing effector mem-

ory T cells (TEM) and central memory T cells (TCM), respectively

(Budd et al., 1987; Sallusto et al., 1999). Adoptive transfer of

sorted RFP+ CD4+ T cell populations (TEM, TCM, and TNAIVE)

into C57BL/6 mice (Figure S2C) before s.c. infection with MLV

confirmed TEM and TCM cells as specific MLV target cells in

pLNs (Figures 2B and S2D). Similar to naive CD19+ B cells (Sew-

ald et al., 2015), MLV hardly infects the most abundant CD4+

T cell population of naive cells (CD62Lhigh/CD44low) early during

infection (Figures 2A, 2B, and S2E). Interestingly, additional

marker analysis revealed expression of FoxP3 in more than

60% of the infected memory cell population (Figures 2C and

S2F). Therefore, we used in vitro differentiated FoxP3+ CD4+

T cells (Figure S2G) for subsequent assays.

Second, primary macrophages were isolated from the perito-

neal cavity of mice (Figure S2H) to use them as donor cells for

trans-infection. A thorough characterization revealed type I inter-

feron (IFN)-supported surface expression of CD169 after �24 h

of in vitro culture (Figures 2D and S2I). CD169 was essential for

retrovirus capture, because pre-treatment of macrophages

with CD169-blocking antibodies significantly reduced MLV



Figure 2. In vitro co-culture of primary cells

supports cell-contact-dependent spread of

MLV during trans- and cis-infection

(A) Analysis of MLV-infected (GFP-positive) and

non-infected (GFP-negative) CD4+ T cells char-

acterized by CD62L and CD44 expression (n = 9).

(B) Infected, adoptively transferred RFP+ naive

T cells (spleen, n = 4; LNs, n = 6), central memory

T cells (TCM) (LNs, n = 2) and effector memory

T cells (TEM) (LNs, n = 2).

(C) Analysis of MLV-infected (GFP-positive) and

non-infected (GFP-negative) CD4+ T cells char-

acterized by FoxP3 staining (n = 14).

(D) Surface CD169 expression by macrophages at

different time points after in vitro cultivation

(representative data from three independent ex-

periments). Time points indicate hours of in vitro

culture after cell isolation.

(E) CD169-dependent binding of MLV Gag-GFP

(n = 8) to macrophages with or without CD169

blocking (n = 8).

(F and G) MLV-infected S49.1 cells after direct co-

culture and culture in transwells with MLV-laden

CD169+ macrophages (F; n = 3) or with CD169+

macrophages pre-treated with CD169 blocking or

Fc control antibodies (G; n = 5).

(H) Infected target cells (B1 cells and FoxP3+

T cells) after co-culture with MLV-laden CD169+

macrophages (n = 5). Macrophages were pre-

treated with antibodies against CD169 or left

untreated.

(I) MLV-infected FoxP3+ T cells after direct co-

culture with MLV-infected B1 cells or separated

cultivation in transwells (n = 5).

Cells were isolated from pLNs of C57BL/6 mice

2 days after subcutaneous (s.c.) MLV infection

(A–C). See also Figure S2.
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binding (Figure 2E). Importantly, in vitro cultured CD169+ macro-

phages are not permissive to infection by virus-like particles

(VLPs) pseudotyped with glycoproteins from ecotropic MLV or

vesicular stomatitis virus (VSV) (Figure S2J) and therefore are

suitable donor cells to study MLV trans-infection.

Finally, we tested the characterized primary cells to support

cell-contact-dependent transmission of MLV in vitro. Co-culture

experiments of MLV-laden CD169+ macrophages (donor) with

S49.1 T cells, primary B1 cells, or FoxP3+ T cells (targets) sepa-

rated by transwell inserts (Figures 2F and S2K) or in the presence

of CD169-blocking antibodies (Figures 2G and 2H) confirm that

in vitro trans-infection is cell contact dependent and requires

CD169. Cis-infection assays of in vitro transduced B1 cells

(donor) and FoxP3+ T cells (target) reveal cell-contact-depen-

dent MLV spread, because virus transmission to target cells

was absent in cultures separated by transwell inserts (Figures

2I and S2L).

Next, the established co-culture assays were used to investi-

gate the role of LFA1 and ICAM1 in trans- and cis-infection

of MLV. We co-cultured MLV-laden CD169+ macrophages
Ce
(Figure S3A) or MLV-infected B1 cells

(Figure S3B) with CD4+ T cells in the pres-

ence of blocking antibodies against LFA1
or ICAM1. Quantification of GFP+ CD4+ T cells reveals a signifi-

cant reduction in MLV-infected target cells after CD11a blocking

compared with Fc control. Blocking of ICAM1 resulted in aminor

reduction of infected cells during co-culture. In contrast, block-

ing of the alternative LFA1-ligand ICAM2, although highly ex-

pressed by relevant primary cells (Figure S3C), had no impact

on trans-infection of target cells (Figure S3D). In summary, co-

culture experiments with blocking antibodies indicate that

LFA1 and ICAM1 contribute to cell-contact-dependent MLV

transmission in vitro.

Unfortunately, blocking experiments do not allow addressing

whether the orientation of receptor-ligand interaction is critical for

MLV transmission, because primary cells used for co-cultures

highly express both proteins (Figure S3C). To dissect the specific

contribution of LFA1 and ICAM1 on donor and target cells individ-

ually, we performed co-cultures with combinations of WT and KO

cells (Figures 3A–3D). Culturing of MLV-laden macrophages

(trans-infection) or MLV-infected B1 cells (cis-infection) as donor

cells together with FoxP3+ T cells shows a major reduction in

MLV-infected target cells lacking LFA1 (CD11a-KO; Figures 3A
ll Reports 38, 110279, January 18, 2022 3



Figure 3. LFA1 and ICAM1 support cell-

contact-dependent spread of MLV in vitro

and in vivo

(A and B) Infected FoxP3+ T cells (target) after co-

culture with MLV-laden CD169+ macrophages

(donor) from WT C57BL/6, ICAM1-KO, and

CD11a-KO mice. Co-cultures of cells from WT

C57BL/6 and CD11a-KO mice (n = 10) are shown

in (A), and WT C57BL/6 and ICAM1-KO mice (n =

10) are shown in (B).

(C and D) Infected FoxP3+ T cells (target) after co-

culture with MLV-infected B1 cells (donor) with

cells from C57BL/6 and CD11a-KO mice (n = 6–7;

C) and C57BL/6 and ICAM1-KO mice (n = 5–10;

D). The ratio of infected target cells to MLV-in-

fected donor B1 cells was used for quantification.

(E) Illustration of adoptive transfer experiments for

trans- (upper panel) and cis-infection (lower panel)

of MLV in vivo.

(F and G) Analysis of adoptive transfer experi-

ments for in vivo trans- (F) and cis-infection (G) of

MLV as described in (E). The percentage of MLV-

infected cells (GFP+ FarRed+) of all adoptively

transferred FarRed+ T cells is used to quantify

trans-infection rate (n = 8). The ratio of newly, cis-

infected target cells (GFP+ FarRed�) relative to

adoptively transferred MLV-infected donor cells

(GFP+ FarRed+) is used to quantify cis-infection

(n = 8).

See also Figure S3.
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and 3C). Target cell infectivity is unchanged in co-cultures with

LFA1-deficient donor cells compared with WT control (Figures 3A

and 3C) or direct infection of target cells with cell-free MLV (Fig-

ure S3E). Importantly, ICAM1 is critical on the donor cell to support

efficient trans- and cis-infectionofMLV (Figures3Band3D). Trans-

mission to target cells was reduced after co-culture with ICAM1-

deficient donor cells despite similar MLV binding properties of

WT and KO macrophages during trans-infection (Figure S3F).

In summary, co-culture assays reveal a specific requirement

for ICAM1 on donor cells and LFA1 on target cells for efficient

MLV spread between primary cells in vitro.

LFA1 and ICAM1 support spread of MLV in vivo

Infection of KOmice with MLV indicates a function of ICAM1 and

LFA1 in retrovirus spread (Figure 1). However, the individual
4 Cell Reports 38, 110279, January 18, 2022
contribution of each protein on donor

and target cells for trans- and cis-infec-

tion remains obscure in vivo. Therefore,

adoptive transfer experiments with com-

binations of WT and KO cells transferred

into WT and KO mice were conducted

(Figure 3E). To address the role of LFA1

and ICAM1 in trans-infection, we injected

fluorescently labeled (FarRed+) FoxP3+

T cells (WT, CD11a-KO, and ICAM1-KO)

into C57BL/6, CD11a-KO, or ICAM1-KO

micebefore infectionwithMLV (Figure 3E,

upper panel). Draining pLNs were

analyzed, and the percentage of infected
cells (GFP+ FarRed+) within the population of totally transferred

cells (FarRed+) was used for quantification (Figures 3F and

S3G). Similar to in vitro co-cultures, LFA1 is required on target

cells for efficient MLV trans-infection in vivo. Infection rates of

LFA1-deficient FoxP3+ T cells (target) in pLNs of WT C57BL/6

mice (donor) were reduced by 3-fold compared with WT target

cells in CD11a-KO or C57BL/6 mice. Surprisingly, adoptive

transfer of WT FoxP3+ T cells into ICAM1-KO mice (donor) did

not result in reduced infection of target cells. Differences in

MLV capture at pLNs of WT and KO mice do not explain the

results (Figure S3H).

To address the contribution of LFA1 and ICAM1 to retrovirus

spread by cis-infection, FoxP3+ T cells (WT, CD11a-KO, and

ICAM1-KO) were transduced with MLV LTR-GFP and fluores-

cently labeled (FarRed+) before adoptive transfer into WT and
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KO mice (Figure 3E, lower panel). We analyzed pLNs for GFP+

leukocytes and used the ratio of newly infected cells (GFP+

FarRed�) toMLV-infected donor cells (GFP+ FarRed+) to quantify

adhesion-protein-dependent spread (Figures 3G and S3I). Excit-

ingly, MLV spread from WT cells was significantly reduced after

adoptive transfer into CD11a-KOmice, confirming a role of LFA1

on target cells for cis-infection in vivo, whereas LFA1 expression

is negligible on donor cells (Figure 3G). Further, ICAM1 expres-

sion was required on donor cells to support efficient spread

in vivo. MLV transmission from ICAM1-KO cells to WT cells in

C57BL/6 mice was significantly reduced.

In summary, adoptive transfer experiments confirm a specific

requirement for ICAM1 on infected donor cells and LFA1 on

target cells for MLV spread by cis-infection in vivo. Although

we can demonstrate a role of LFA1 on target cells for trans-infec-

tion, a contribution of ICAM1 was not obvious in vivo.

LFA1 supports fusion of MLV in vivo

Receptor binding and subsequent virus fusion with the host cell

membrane are the first steps of the retroviral replication cycle

ultimately leading to productive cell infection. Until now, we

have shown that LFA1-ICAM1 interaction supports cell-con-

tact-dependent infection with MLV (Figure 3).

To address whether both proteins also support retrovirus

fusion in vivo, we established a novel assay using MLV CD63-

BlaM LTR-GFP VLPs to quantify fusion and infection (Fig-

ure S4A). Incubation of permissive S49.1 cells with MLV VLPs

pseudotyped with ecoEnv or VSV G protein (VSV-G) or lacking

any glycoprotein (DEnv) resulted in more than 80% VLP-fused

cells (ecoEnv and VSV-G) with almost no background signal

(DEnv; Figure S4B). Because MLV VLPs contain the reporter

genome LTR-GFP, CD63-BlaM LTR-GFP VLPs allowed us to

monitor fusion and infection as shown for S49.1 cells (Fig-

ure S4C). Next, we used MLV VLPs to characterize the kinetics

and cell tropism for MLV fusion in vivo. VLPs (ecoEnv and

DEnv) were injected into C57BL/6 mice, and pLN cells were

analyzed at different time points (Figure S4D). Fusion was first

detectable 0.5 h p.i. and peaked (�3% of total cells) around

2 h p.i. (Figure 4A). In comparison, capture of fluorescent MLV

Gag-GFP by CD169+ macrophages culminates at 0.5–1 h p.i.,

preceding fusion with target cells by �1 h (Figure 4A). Surface

marker analysis of VLP-fused cells identified CD19+ B cells

and CD4+ T cells (>90%) as the main cell types at different

time points (Figures 4B and S4D–S4F). Within the CD4+ T cell

population, only �30% of VLP-fused cells belong to the CD44+

memory populations (including CD62Lhigh and CD62Llow) or ex-

pressed FoxP3 (Figures 4C, 4D, S4D, and S4E). Strikingly, the to-

tal number of fusion events at 2 h p.i. did not correlate with the

total number of infected cells 48 h p.i. of single-round infectious

VLPs (Figure 4E). Whereas �9,000 VLP-fused cells were de-

tected per pLN, only �800 cells were productively infected as

indicated by GFP expression. Excitingly, the total number of

VLP-fused and -infected cells was almost identical in CD44high

and FoxP3+ T cells (Figure 4F). In contrast, despite a high number

of VLP-fused cells in the CD44low population (naive and effector

T cells), very few infected cells were detected (Figure 4F).

To address a role of LFA1 and ICAM1 inCD169+macrophages-

mediated virion fusionwith target cells in vivo, weapplied adoptive
transfer experiments similar toFigure3E (upperpanel). After adop-

tive transfer of FarRed+ target cells into WT or KO mice (donor),

fusion of VLPs with adoptively transferred cells was analyzed 2 h

p.i. (Figures 4G and S4G). Whereas efficient fusion with VLPs

required LFA1 expression of target cells, a contribution of ICAM1

on donor cells to VLP fusion in vivowas not obvious (Figure 4G).

In summary, the analysis of virion fusion in vivo reveals similar

kinetic and cell specificity as described for MLV capture and

trans-infection (Sewald et al., 2015). MLV VLP fusion was

predominant within B and T cell populations but barely detect-

able for CD169+ macrophages, cells that initially capture

lymph-derived retroviruses. CD169+ macrophage-mediated

MLV trans-fusion required LFA1 on target lymphocytes, indi-

cating a role of cell-cell interactions for specific fusion in vivo.

DISCUSSION

Stable cell-cell contacts were visualized inMLV- and HIV-infected

lymphoid tissues, indicating that retrovirus-presenting cells locally

spread the infection through VSs (Ladinsky et al., 2014; Law et al.,

2016; Murooka et al., 2012; Sewald et al., 2012, 2015). Contacts

were retrovirus induced and/or stabilized since they decreased

after infection with mutant retroviruses lacking the Env glycopro-

tein or Env with reduced receptor-binding capacity (Law et al.,

2016; Sewald et al., 2012, 2015). However, the functional link

that the observed cell-cell contacts contribute to the spread of

the infection is difficult because of the use of non-infectious retro-

virus mutants. Here, we used a different approach by removing

host cell adhesion proteins, known to mediate cell-cell contacts

of leukocytes, in the context of WT retrovirus infection. Infection

experiments in LFA1- and ICAM1-deficient mice (Figures 1 and

3) with WT MLV clearly demonstrate a role of cell adhesion in

the local dissemination of MLV in vivo. MLV infection spread by

a factor of 4.8 within 3 days, i.e., an estimated doubling time of

1.69 per day, in WT mice. In the absence of LFA1 or ICAM1, we

observe a significant reduction inMLV spread (factor�2) that cor-

responds to a doubling time of 1.24 and 1.28 per day, respec-

tively. In summary, these data demonstrate that the cell adhesion

proteins LFA1 and ICAM1 are critical host factors for the efficient

spread of MLV in vivo and thereby support the concept that cell-

cell contacts drive retrovirus infection. Modeling of retrovirus

spread (Imle et al., 2019; Iwami et al., 2015; Zhang et al., 2015)

further strengthens the relevance of cell-contact-dependent

transmission.

LFA1 and ICAM1 are critical components of the immune sys-

tem (Choudhuri et al., 2014; Dustin and Springer, 1989; Jenkins

and Griffiths, 2010; Monks et al., 1998), and some of their

intrinsic properties were described to be relevant for retrovirus

infection in vitro. Initially observed to accumulate at contact sites

of retrovirus-presenting leukocytes with non-infected target cells

(Igakura et al., 2003; Jolly et al., 2004; McDonald et al., 2003),

LFA1 and ICAM1 were shown to functionally contribute to retro-

virus transmission in vitro (Arias et al., 2003; Jolly et al., 2007; Ro-

driguez-Plata et al., 2013; Sanders et al., 2002; Wang et al.,

2009). Blocking antibodies prove a role of integrins in HIV

spread, although contradicting results are reported (Puigdome-

nech et al., 2008). Alternative approaches using mutant cell lines

lacking LFA1 or silencing of ICAM1 expression confirm their
Cell Reports 38, 110279, January 18, 2022 5



Figure 4. LFA1 expression on target lym-

phocytes supports fusion with MLV in vivo

(A) Capture of MLV Gag-GFP and fusion of MLV

CD63-BlaM VLPs containing ecotropic MLV

glycoprotein (ecoEnv) or lacking glycoprotein

(DEnv) at different time points after s.c. injection.

nd, not determined. n = 2–4.

(B–D) Analysis of VLP-fused cells at pLNs 2 h after

MLV CD63-BlaM VLPs injection. Surface markers

for leukocytes (B; n = 12) and CD4+ T cells (C; n =

12) or staining of FoxP3 (D; n = 11) are used for

characterization.

(E) Total number of pLN cells that fused with (2 h;

n = 5) and were productively infected (48 h; n = 6)

by MLV CD63-BlaM LTR-GFP VLPs.

(F) Total numbers of MLV VLP-fused (2 h) and

-infected (48 h) CD4+ T cell subsets (CD44high,

FoxP3+, and CD44low). Samples shown in (E) were

analyzed for CD4+ T cells after CD44 and FoxP3

staining. n = 5–6.

(G) Quantification of MLV VLPs fusion with adop-

tively transferred FoxP3+ T cells. The percentage

of fused FarRed+ target cells (FarRed+ and

CCF4cleaved) to transferred FarRed+ FoxP3+ T cells

is shown (n = 8).

See also Figure S4.
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contribution to cell-to-cell transmission of HIV (Hioe et al., 2001;

Jolly et al., 2007; Wang et al., 2009). Further, in vitro co-cultures

using primary cells from immunodeficient patients with nonfunc-

tional LFA1 support a contribution of LFA1 to HIV transmission

(Groot et al., 2006). The contribution of LFA1 and ICAM1 to HIV

spread in vivo remains elusive though.

We have established in vitro co-cultures with relevant primary

cell types to extend our knowledge of LFA1 and ICAM1 in cell-

contact-dependent retrovirus spread. Using primary cells isolated

from WT and KO mice, we could demonstrate that the polarity in
6 Cell Reports 38, 110279, January 18, 2022
the LFA1-ICAM1 interaction is relevant for

MLV transmission. Whereas ICAM1 was

critical on theMLV-presenting donor cells,

LFA1 was important on the target cell dur-

ing trans- and cis-infection.

We were further able to validate that

both cell adhesion proteins significantly

contribute to retrovirus spread in vivo

(Figure S4H). Our model of retrovirus

spread in lymphoid tissue confirmed

that LFA1 on target cells is critical for

MLV trans- and cis-infection of lympho-

cyte subsets. Retrovirus spread from

MLV-infected FoxP3+ T cells through

cis-infection also required the expression

of ICAM1 by donor cells, confirming the

polarity in the LFA1-ICAM1 interaction.

Interestingly, the expression of ICAM1

on donor macrophages was not essential

during trans-infection at pLNs, indicating

that other LFA1 ligands can contribute

to MLV trans-infection in vivo. Although
in vitro co-cultures with peritoneal-cavity-derived macrophages

indicate that ICAM2 does not contribute to trans-infection of

MLV, an alternative mechanism might compensate for the lack

of ICAM1 in vivo. Lymph or serum proteins containing integrin-

binding motifs might recognize MLV particles and function as

bridging factors to mediate cell-cell contacts for trans-infection

in vivo, as recently described for the glycoproteinMFG-E8 during

retrovirus infection (Park and Kehrl, 2019).

The characterization of infected CD4+ T cells revealed that

MLV specifically targets memory T cells, TCM and TEM, as well
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as FoxP3+ T cells to establish infection in vivo. Previously, B1

cells were identified as a highly susceptible cell population in

pLNs (Pi et al., 2019; Sewald et al., 2015). Targeting of B1 cells

required sensing of incoming MLV since TLR7-deficient B1 cells

were not susceptible to infection (Pi et al., 2019). Whether innate

sensing of MLV is also essential for the initial infection of memory

and FoxP3+ T cells remains to be determined. During the course

of an infection, MLV extends its cell tropism and infects naive cell

populations, including naive B cells (Pi et al., 2019) and naive

T cells (CD62Lhigh/CD44low; Figure S2M). An activating environ-

ment within the infected tissue could favor the infection of naive

lymphocytes and extend the pool of susceptible cells forMLV, as

previously described for mouse mammary tumor virus (MMTV)

(Kane et al., 2011; Wilks et al., 2015).

MLV requires the breakdown of the nuclear envelope during

mitosis to integrate its proviral DNA into the host genome (Roe

et al., 1993), emphasizing the role of cellular activation for MLV

infection of lymphocytes. Therefore, adhesion-protein-mediated

signaling might contribute to the susceptibility of target cells

through activation-induced proliferation. LFA1 was shown to

deliver a co-stimulatory signal after ICAM1 binding, supporting

activation of resting CD4+ T cells (Lebedeva et al., 2005; Van

Seventer et al., 1990). In addition, viral proteins might support

cellular activation and infection through interaction with cell

adhesion proteins. HIV gp120 can deliver a co-stimulatory signal

in CD4+ T cells through interaction with the integrin a4b7 (Goes

et al., 2020). A phosphoproteomics analysis revealed that more

than 200 host cell proteins are manipulated during HIV-1 spread

(Len et al., 2017). Unfortunately, the contribution of adhesion

molecules to the signaling could not be dissected.

Establishing infection within the host by targeting specific cell

subsets within local tissues is considered a bottleneck for ret-

roviruses in vivo (Haase, 2005). Thereby, the low frequency of

MLV target cells at the time point of infection might be a limiting

factor for the productive infection of cells. Alternatively, an

additional bottleneck might exist at the level of retroviral parti-

cle fusion with target cells. Applying a BlaM-based VLP fusion

assay in vivo, we were able to demonstrate that fusion is not

the limiting step for MLV to establish infection in lymphoid

tissue in vivo. Despite the high fusion rate of MLV with the

CD44low CD4+ T cell population, including naive CD4+ T cells,

most cells are not permissive to MLV, possibly because of re-

striction factors that block infection before integration. Whether

these cells, however, play a role in the immune response to

MLV through innate sensing of the infection or indirectly sup-

port MLV spread by creating an activating tissue environment

needs to be determined.

Limitations of the study
In this study, we demonstrate that the adhesion proteins ICAM1

and LFA1 support cell-contact-dependent spread of MLV in

pLNs of infected mice, which may not reflect their contribution

in other lymphoid or mucosal tissues during infection. Further,

we provide evidence for a role of ICAM1 on donor cells and

LFA1 on target cells for cis-infection in vivo. However, ICAM1

was not required on donor cells during trans-infection. Because

of technical limitations, we were not able to identify the alterna-

tive LFA1 ligand expressed by macrophages at the subcapsular
sinus (SCS) floor of pLNs. Further, whether macrophage popula-

tions of other infected tissues support trans-infection indepen-

dently of ICAM1 remains to be determined.
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Antibodies

Ultra-LEAF purified anti-mouse CD169 (3D6.112) Biolegend Cat # 142,402

Ultra-LEAF purified Rat IgG2a isotype control antibody (RTK2758) Biolegend Cat # 400,516

Fc block anti mouse-CD16/CD32 (clone 93) Biolegend Cat # 101,302

CD169-PE (clone 3D6.112) Biolegend Cat # 142,403

CD169-AF647 (clone 3D6.112) Biolegend Cat # 142,407

CD11b-APC (clone M1/70) Biolegend Cat # 101,211

CD11b-BV421 (clone M1/70) Biolegend Cat # 101,251

CD11b-PE/Cy7 (clone M1/70) Biolegend Cat # 101,215

CD11a-APC (clone M17/4) Biolegend Cat # 101,119

CD11c-APC (clone N418) Biolegend Cat # 117,309

CD54-APC (clone YN1/1.7.4) Biolegend Cat # 116,119

CD3e-BV421 (clone 145-2C11) Biolegend Cat # 100,341

CD3-PE (clone 17A2) Biolegend Cat # 100,205

CD3e-PE/Cy7 (clone 145-2C11) Biolegend Cat # 100,319

CD4-APC/Fire750 (clone GK1.5) Biolegend Cat # 100,459

CD19-PE (clone 6D5) Biolegend Cat # 115,507

CD19-APC (clone 6D5) Biolegend Cat # 115,511

CD19-BV421 (clone 6D5) Biolegend Cat # 115,549

CD44-APC (clone IM7) Biolegend Cat # 103,011

CD44-BV605 (clone IM7) Biolegend Cat # 103,047

CD62L-BV421 (clone MEL-14) Biolegend Cat # 104,436

CD62L-PE/Cy7 (clone MEL-14) Biolegend Cat # 104,417

CD102-AF647 (clone 3C4[mIC2/4]) Biolegend Cat # 105,611

FoxP3-AF647 (clone MF-14) Biolegend Cat # 126,408

FoxP3-PE (clone MF-14) Biolegend Cat # 126,403

F4/80-PE/Cy7 (clone BM8) Biolegend Cat # 123,113

Biotin anti-mouse CD19 Antibody Biolegend Cat # 115,503

Biotin anti-mouse CD8a Antibody Biolegend Cat # 100,704

Biotin anti-mouse CD4 Antibody Biolegend Cat # 100,507

Biotin anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody Biolegend Cat # 108,403

Biotin anti-mouse TER-119/Erythroid Cells Antibody Biolegend Cat # 116,204

Biotin anti-mouse CD11c Antibody Biolegend Cat # 117,303

Biotin anti-mouse F4/80 Antibody Biolegend Cat # 123,106

Biotin anti-mouse CD8a Antibody Biolegend Cat # 100,704

Biotin anti-mouse CD4 Antibody Biolegend Cat # 100,507

Biotin anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody Biolegend Cat # 108,403

Biotin anti-mouse TER-119/Erythroid Cells Antibody Biolegend Cat # 116,204

Biotin anti-mouse CD11c Antibody Biolegend Cat # 117,303

Biotin anti-mouse NK-1.1 Antibody Biolegend Cat # 108,704

Biotin anti-mouse CD23 Antibody Biolegend Cat # 101,603

Biotin anti-mouse FcεRIa Antibody Biolegend Cat # 134,304

Biotin anti-mouse CD88 (C5aR) Antibody Biolegend Cat # 135,811

Biotin anti-mouse CD117 (c-Kit) Antibody Biolegend Cat # 105,804
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Biotin anti-mouse CD115 (CSF-1R) Antibody Biolegend Cat # 135,507

CD102 (clone 3C4[mIC2/4]) ThermoFisher Cat # 16-1021-82

LEAFTM Purified anti-mouse CD11a Antibody (clone M17/4) Biolegend Cat # 101,109

LEAFTM Purified anti-mouse CD54 Antibody (clone YN1/1.7.4) Biolegend Cat # 116,109

LEAFTM Purified Rat IgG2a, k Isotype Ctrl Antibody (clone RTK2758) Biolegend Cat # 400,516

LEAFTM Purified Rat IgG2b, k Isotype Ctrl Antibody (clone RTK4530) Biolegend Cat # 400,622

LEAFTM Purified anti-mouse IFNAR-1 Antibody (clone MAR1-5A3) Biolegend Cat # 127,303

Ultra-LEAFTM Purified Mouse IgG1a, k Isotype Ctrl Antibody (clone

MOPC-21)

Biolegend Cat # 400,165

Bacterial and virus strains

MLV co-packaged with MLV LTR-GFP Sewald lab NA

MLV Gag-GFP Sewald lab NA

MLV CD63 LTR-GFP VLP Sewald lab NA

Chemicals, peptides, and recombinant proteins

CellTrace FarRed dye ThermoFisher Cat #C34564

DYNALTM DynabeadsTM Maus T-Aktivator CD3/CD28 Gibco Cat # 11456D

MojoSortTM Streptavidin Nanobeads Biolegend Cat # 480,016

Paraformaldehyde (PFA) Electron Microscopy Sciences Cat # 15,710

Recombinant Mouse IL-15 (carrier-free) BioLegend Cat # 566,304

Recombinant Mouse IL-7 (carrier-free) BioLegend Cat # 577,804

Recombinant Mouse IL-4 (carrier-free) BioLegend Cat # 574,304

Recombinant Mouse IL-5 (carrier-free) BioLegend Cat # 581,504

Recombinant Mouse IL-6 (carrier-free) BioLegend Cat # 575,704

Recombinant Human TGF-b1 (carrier-free) Biolegend Cat # 580,704

Recombinant Human IL-2 (carrier-free) Biolegend Cat # 589,104

Retinoic acid Sigma-Aldrich Cat #R2625

LPS, ultrapure Invivogen Cat # tlrl-pb5lps

Ionomycin Life technologies Cat #I3909-1ML

phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich Cat # 19-144

Ultra-LEAFTM Purified anti-mouse CD3ε Antibody (clone 145-2C11) BioLegend Cat # 100,340

Ultra-LEAFTM Purified anti-mouse CD28 Antibody (clone 37.51) BioLegend Cat # 102,116

Probenecid Invitrogen Cat #P36400

Fibronectin (solution, human) Advanced BioMAtrix Cat # 5050

Liberase TL Roche Cat # 5,401,020,001

DNase I Roche Cat # 4,716,728,001

Critical commercial assays

Naive CD4+ T cell isolation kit, mouse Miltenyi Biotech Cat # 130-104-453

BD Cytofix/CytopermTM kit BD Biosciences Cat # 554,714

LiveBLAzerTM FRET B/G Loading Kit Invitrogen Cat #K1095

Experimental models: Cell lines

S49.1 T lymphoid cell line (ATCC, TIB-28) ATCC Cat # TIB-28

HEK293T ATCC Cat # CRL-1573

HEK293T-BlaM Manuel Albanese (from Wolfgang

Hammerschmidt lab)

Albanese et al., 2020

Experimental models: Organisms/strains

C57BL/6J Charles River Strain Code: 632

B6.129S7-Itgaltm1Bll/J (CD11a�/�) Jackson Laboratory Stock No: 005,257
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B6.129S4-Icam1tm1Jcgr/J (ICAM1�/�) Jackson Laboratory Stock No: 002,867

Tg(CAG-DsRed*MST)1Nagy/J (RFP+) Jackson Laboratory Stock No: 006,051

Recombinant DNA

pLRB303-FrMLV Mothes Lab, Yale University NA

pMMP-LTR-GFP Mothes Lab, Yale University NA

pLRB303-GagGFP Mothes Lab, Yale University Jin et al., 2009

MLV GagPol Mothes Lab, Yale University NA

pcDNA3-FrMLV Env Mothes Lab, Yale University NA

Software and algorithms

FlowJo, V10 Treestar NA

Graphpad Prism 9 GraphPad Software NA

Photoshop CC Adobe Systems NA

Illustrator CC Adobe Systems NA

Other

96-well transwell insert (3 mm pore size) Corning Cat # 3385

Cell strainer, 70 mm Falcon Cat # 352,350

5 mL Round Bottom Polystyrene Tube with Cell Strainer

Snap Cap, 70 mm

Falcon Cat # 352,235
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xaver

Sewald (sewald@mvp.lmu.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 mice were obtained from Charles River. CD11a-deficient [B6.129S7-Itgaltm1Bll/J], ICAM1-deficient mice [B6.129S4-

Icam1tm1Jcgr/J] and mice expressing cytoplasmic DsRed [Tg(CAG-DsRed*MST)1Nagy/J] (designated RFP + mice) in all nucleated

cells were obtained from Jackson Laboratory. Six- to 12-week-old male and female mice were used for all experiments. No impact of

sex nor age was observed on the reported phenotypes. Mice were maintained in groups of two to five under specific pathogen-free

conditions at theMax von Pettenkofer-Institute. All mouse experiments were approved by the government of upper Bavaria andwere

performed in accordance to the legal requirements.

Cell lines and primary cell cultures
All cells were cultured under humified atmosphere at 37�C and 5% CO2. HEK293 cells (ATCC, CRL-1573) were cultured in RPMI-

1640 medium supplemented with 10% heat-inactivated fetal calf serum (all from Life technologies). S49.1 cells (ATCC, TIB-28)

were maintained in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum, 1% MEM non-essential amino

acids, 10 mM sodium-pyruvate, 55 mM 2-mercaptoethanol (all from Life technologies) and 10 mM HEPES (Carl Roth). All cell lines

were frequently tested to be mycoplasma negative.
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All primary cells were isolated from 6-12 week-old male and female C57BL/6, CD11a-/-, ICAM1-/- mice and RFP + mice. Primary

cells were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum, 1%MEM non-essential amino

acids, 10 mM sodium-pyruvate, 55 mM 2-mercaptoethanol (all from Life technologies) and 10 mM HEPES (Carl Roth).

METHOD DETAILS

Primary cell isolation
B1 cells and primary macrophages were isolated from peritoneal cavity cells of C57BL/6, CD11a-/-, ICAM1-/- mice and RFP + mice

by negative selection using biotinylated antibodies and subsequent magnetic separation with Streptavidin Nanobeads (Biolegend).

For B1 cell enrichment, biotinylated antibodies against CD4, CD8, F4/80, Gr-1, TER-119, CD11c, NK1.1, CD23, CD88, CD117,

CD115 and Fc-epsilon (all from Biolegend) were used. Macrophages were isolated using biotinylated antibodies against CD19,

CD8, CD4, Gr-1, TER119 and CD11c (all from Biolegend). Both cell types were enriched to over 85% purity, as confirmed by flow

cytometry. Naı̈ve CD4+ T cells were isolated from splenocytes of C57BL/6, CD11a-/-, ICAM1-/- mice and RFP +mice using the naive

CD4+ T cell isolation kit from Miltenyi Biotec.

Primary cell activation and differentiation in vitro

The following conditions were used for B1 cell and CD4+ T cell stimulation. Enriched B1 cells were activated using 2.5 mg/mL LPS

(ultrapure, Invivogen) in the presence of mouse IL-4, mouse IL-5 and mouse IL-6 (each 100 ng/mL; Biolegend) for 24 h at 37�C. Naı̈ve
CD4+ T cells were activated with ionomycin (1 mM; Life technologies) and phorbol 12-myristate 13-acetate (PMA), (10 ng/mL; Sigma

Aldrich) or by incubation with surface-bound antibodies against CD3ε and CD28 (Biolegend). For surface coating of 96-well plates,

100 mL antibodymix containing 1 mg of each antibody in PBSwas used per well and incubated for 2-3 h at 37�C followed by awashing

step with 200 mL PBS.

Naı̈ve CD4+ T cells were differentiated into FoxP3-expressing T cells by cultivation in anti-CD3ε/CD28-coated 96-well plates in the

presence of human IL-2 (20 ng/mL; Biolegend), mouse IL-7 (100 ng/mL; Biolegend), mouse IL-15 (100 ng/mL; Biolegend), human

TGF-beta1 (5 ng/mL; Biolegend) and retinoic acid (10 nM; Sigma-Aldrich) at 37�C for at least 48 h. FoxP3-expression was confirmed

by flow cytometry after intracellular staining using the BD Cytofix/Cytoperm Kit and anti-FoxP3 antibody (clone MF-14; Biolegend).

Virus preparation
Replication-competent reporter MLV was generated by co-transfecting HEK293 cells with pLRB303-FrMLV that encodes full-length

replication competent Friend 57 ecotropic MLV, pMMP-LTR-GFP (encoding cytoplasmic GFP, ratio 10:1) and pLZRS-FrMLV Env to

enhance the infectivity of the virus. Culture supernatants fromHEK293 cells were harvested 24 and 48 h after co-transfection, filtered

with nylon membrane filters (0.45 mm), aliquoted, and stored at �80�C. Viruses in supernatant were concentrated by sedimentation

with a 15% sucrose/PBS cushion at 20,000 x g and 4�C for 2 h, and viral titers were determined by titrating concentrated virus on the

murine S49.1 T lymphoid cell line (ATCC, TIB-28). GFP expression was determined after 24 h by flow cytometry on a BD FACSLyric.

In vitro trans-infection assay
Co-culture between target lymphocytes (B1 cells, activated CD4+ T cells, CD4+ FoxP3+ T cells) and donor macrophages was used

to study trans-infection of MLV in vitro. B1 cells and CD4+ T cells were activated for 24 h with LPS and PMA/ionomycin, respectively,

before co-culture. CD4+ FoxP3+ T cells were used for co-culture with macrophages 48 h after start of differentiation. Primary mac-

rophages (donor cells) were seededwith a density of 23 105 cells per well in a 96-well plate and incubated for 24 h at 37�C to allow for

CD169 surface expression. For co-culture, CD169 +macrophages were loaded with 1.53 105 infectious units (i.u.) of MLV LTR-GFP

per well followed by incubation for 30 min at room temperature to allow virus surface binding. After incubation, unbound virus was

removed by extensive washing with primary cell medium. Target cells were added to themacrophages in a 1:2 ratio and incubated at

37�C for 24 h. Infection of target cells was analyzed based on GFP expression by flow cytometry on a BD FACSLyric.

Antibody blocking of the adhesion proteins LFA1, ICAM1 (CD54) and ICAM2 (CD102) was performed by addition of antibodies

(2 mg/well) against CD11a (clone M17/4, Biolegend), CD54 (clone YN1/1.7.4, Biolegend) and CD102 (clone 3C4[mIC2/4], Thermo-

Fisher) during co-culture with MLV-laden macrophages for 24 h. IgG2a and IgG2b antibodies (2 mg/well; Biolegend) were used as

isotype control.

For trans-infection assays with antibody blocking of CD169, CD169 + macrophages were incubated with 1.7 mg blocking anti-

bodies against CD169 (clone 3D6.112, Biolegend) in primary cell medium for 20min at RT.Macrophageswerewashed and incubated

with concentrated MLV LTR-GFP reporter virus (1.53 105 i.u.) for 30 min at room temperature to allow virus binding. Unbound virus

was removed by extensive washing with primary cell medium before co-culture with 1 3 105 target cells for 24 h.

For transwell co-cultures, 2 3 105 peritoneal cavity-derived macrophages were seeded in the 96-well transwell insert (3 mm pore

size, Corning) and incubated for 24 h. Concentrated MLV LTR-GFP (23 105 i.u./well) was added to CD169 +macrophages and incu-

bated for 30 min at RT to allow virus binding. Unbound virus was removed by extensive washing with primary cell medium. S49.1

target cells were added in the lower transwell compartment at a density of 23 105 cells in 200 mL. Transwell insert and lower transwell

compartment were combined and incubated for 24 h at 37�C. Target cells were collected for fixation with 4%PFA, and infection was

analyzed based on GFP expression by flow cytometry on a BD FACSLyric.
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In vitro transduction of primary cells with MLV
Cells were transduced withMLV LTR-GFP by spin infection in a 96-well plate with flat bottom. Around 43 105 LPS-activated B1 cells

or CD4+ FoxP3+ T cells were seeded per well and mixed with MLV LTR-GFP suspension (2 3 105 i.u./well). Spin infection was

performed at 1,100 x g for 90 min at 37�C.
For in vitro transduction without spin infection, CD4+ FoxP3+ T cells (23 105 cells, differentiated for 48 h) were seeded in a 96-well

plate and concentrated MLV LTR-GFP (2 3 105 i.u./well) was added to each well. After incubation for 24 h at 37�C, cells were fixed

with 4% PFA and infection was analyzed based on GFP expression by flow cytometry on a BD FACSLyric.

In vitro cis-infection assay
Co-culture between target lymphocytes (CD4+ FoxP3+ T cells) and MLV-infected donor cells (B1 cells, CD4+ FoxP3+ T cells) was

used to study cis-infection of MLV in vitro. Donor B1 and T cells were transduced with MLV LTR-GFP reporter virus by spin infection.

After 24 h, remaining input virus was removed from donor cells by treatment with Trypsin/EDTA for 2 min at 37�C following one

washing step with PBS/2 mM EDTA (all from Life technologies). Trypsin activity was inhibited by addition of primary cell culture

medium, supplemented with 30% heat-inactivated fetal calf serum (Life technologies), and incubation at 4�C for 5 min.

Trypsinized donor B1 and T cells (1 3 105 each), respectively, were co-cultured in a flat-bottom 96-well plate at a ratio of 1:2 with

CD4+ FoxP3+ T cells for 24 h at 37�C. Cells were cultured in primary cell culture medium in the presence of mouse IL-5, mouse IL-6,

mouse IL-7 and mouse IL-15 (all 100 ng/mL; Biolegend).

Antibody blocking of the adhesion proteins LFA1 (CD11a/CD18 heterodimer) and ICAM1 (CD54) was performed by pre-treatment

of CD4+ FoxP3+ target T cells with antibodies (2 mg/well) against CD11a (clone M17/4) and CD54 (clone YN1/1.7.4) (all from

Biolegend) for 30 min at 37�C before addition of donor B1 cells for co-culture. IgG2a and IgG2b antibodies (2 mg/well; Biolegend)

were used as isotype control.

For transwell co-cultures, 2 3 105 CD4+ FoxP3+ T cells were seeded in the fibronectin-coated (1 mg/well, Advanced BioMatrix)

lower compartment of a 96-well transwell plate (Corning). 1 3 105 trypsinized donor B1 cells were added to the transwell insert

(3 mm pore size) followed by incubation at 37�C for 24 h.

After 24 h of co-culture,MLV-infected target T cells were distinguished fromdonor B1 cells by immunostaining against CD19 (clone

1D3, Biolegend) and GFP expression was analyzed by flow cytometry on a BD FACSLyric. The ratio of GFP + target cells to GFP +

donor cells was determined for each sample to quantify retrovirus spread.

CD169 expression by primary macrophages
To analyze if in vitro CD169 expression of peritoneal cavity-derived macrophages requires IFN type I signaling, freshly isolated mac-

rophages were seeded with a density of 2 3 105 cells per well in a 96-well plate. Different amounts of blocking antibodies against

IFNAR-1 or IgG1 isotype control antibodies (both from Biolegend) were added and cells were incubated for 24 h at 37�C.
Macrophages were detached by incubation in PBS/2 mM EDTA for 10 min at 4�C and gentle pipetting. Cells were stained with an-

tibodies against F4/80 and CD169 (both from Biolegend) before fixation with 4% PFA and flow cytometric analysis on a BD

FACSLyric.

MLV Gag-GFP binding by CD169 + macrophages
To analyze CD169-dependent binding of MLV to peritoneal cavity-derived macrophages, cells were seeded with a density of 23 105

cells per well in a 96-well plate and incubated for 24 h at 37�C. CD169 +macrophages were incubated with 1.7 mg blocking antibodies

against CD169 (clone 3D6.112; Biolegend) in primary cell medium for w at RT. Afterward macrophages were washed and incubated

with concentrated MLV Gag-GFP (3 3 105 i.u.) for 30 min at room temperature to allow virus surface binding. Unbound virus

was removed by extensive washing with primary cell medium and macrophages were incubated for another 15 min at 37�C.
Subsequently, cells were detached by incubation for 10 min at 4�C in PBS/2 mM EDTA and by gentle pipetting. Macrophages

were fixed with 4% PFA and MLV Gag-GFP binding was analyzed by flow cytometry on a BD FACSLyric.

In vitro transduction of macrophages with MLV VLPs
To test whether peritoneal cavity-derived macrophages are permissive for MLV infection in vitro, cells were seeded with a density of

2 3 105 cells per well in a 96-well plate and incubated for 24 h at 37�C to allow for CD169 expression. CD169 + macrophages were

loaded with 23 105 i.u. per well of MLV VLPs containing the reporter genome LTR-GFP, pseudotyped with glycoproteins from eco-

tropic MLV (ecoEnv) or VSV (VSV-G). After 24 h of incubation at 37�C,macrophages were detached by incubation for 10min at 4�C in

PBS/2 mM EDTA and gentle pipetting. Macrophages were fixed with 4% PFA and infection was analyzed based on GFP expression

by flow cytometry on a BD FACSLyric.

Retrovirus capture and infection in vivo

For in vivo infection and virus capture experimentsMLV LTR-GFP and fluorescentMLVGag-GFP, respectively, were concentrated by

sedimentation through a 15% sucrose/PBS cushion. Concentrated virus suspension (20 mL, corresponding to 83 104 or 23 104 i.u.)

was subcutaneously (s.c.) injected into the footpads of C57BL/6, CD11a-/- and ICAM1-/- mice. Draining popliteal lymph nodes

(pLNs) were isolated 2 or 5 days (MLV LTR-GFP) and 1 h (MLV Gag-GFP) after virus injection and prepared for flow cytometry by
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incubation with Liberase TL (0.2mg/mL, Roche) and DNase I (20 mg/mL, Roche) for 20 - 30min at 37�C. Enzymes were inactivated by

addition of excess RPMI medium containing 10% FCS followed by passing the tissue through a 70 mm cell strainer. After washing

cells once with PBS/1% BSA/0.5 mM EDTA total cell numbers were determined, and samples were stained with antibodies for

flow cytometry analysis.

Flow cytometry
Single cells from lymph nodes were blocked at 4�C for 20min in PBS/1%BSA containing 10% rat serum (Jackson ImmunoResearch)

and Fc-blocking antibody against CD16/CD32 (clone 93, Biolegend) before staining with antibodies for flow cytometry analysis. The

following antibodies were used in the study: CD169-PE (clone 3D6.112), CD169-AF647 (clone 3D6.112), CD11b-APC (clone M1/70),

CD11b-BV421 (clone M1/70), CD11b-PE/Cy7 (clone M1/70), CD11a-APC (clone M17/4), CD11c-APC (clone N418), CD54-APC

(clone YN1/1.7.4), CD3e-BV421 (clone 145-2C11), CD3-PE (clone 17A2), CD3e-PE/Cy7 (clone 145-2C11), CD4-APC/Fire750 (clone

GK1.5), CD19-PE (clone 6D5), CD19-APC (clone 6D5), CD19-BV421 (clone 6D5), CD44-APC (clone IM7), CD44-BV605 (clone IM7),

CD62L-BV421 (clone MEL-14), CD62L-PE/Cy7 (clone MEL-14), CD102-AF647 (clone 3C4[MIC2/4]), FoxP3-AF647 (clone MF-14),

FoxP3-PE (clone MF-14) and F4/80-PE/Cy7 (clone BM8). All antibodies were obtained from Biolegend. For intracellular staining of

FoxP3 samples were prepared according to the BD Cytofix/Cytoperm kit and analyzed by flow cytometry. Data were acquired on

a BD FACSLyric flow cytometer (BD Biosciences) and were analyzed with FlowJo software (Version 10, Treestar). The number of in-

dependent replicates for each experiment is mentioned in the figure legends. Each dot represents a single popliteal lymph node

sample.

Adoptive transfer experiments
T cell populations were sorted from pooled lymph nodes (popliteal, inguinal, iliac) of RFP + mice on a BD FACSAria Fusion after

antibody staining of CD4, CD44 and CD62L. Sorted RFP + lymphocyte populations (150,000–500,000 cells) and naı̈ve CD4+

T cells (5 3 105 cells), isolated from the spleen of RFP + mice by negative selection (Miltenyi Biotec), were adoptively transferred

in C57BL/6 mice by s.c. injection into the hind hock. After 24 h, mice were infected with MLV LTR-GFP (8 3 104 i.u.) and infected

RFP + T cells were analyzed 48 h post infection for GFP expression by flow cytometry on a BD FACSLyric.

In vivo cis-infection assay
To study cis-infection in vivo, naı̈ve CD4+ T cells were purified from splenocytes of C57BL/6, CD11a-/- and ICAM1-/- mice using the

naı̈ve CD4+ T cell isolation kit (Miltenyi Biotec), followed by CD3/CD28-mediated activation and differentiation into CD4+ FoxP3+

T cells for 48 h. CD4+ FoxP3+ T cells were transduced in vitro with MLV reporter virus by spin infection. After 24 h, residual virus

particles were removed from CD4+ FoxP3+ T cells by Trypsin/EDTA treatment for 2 min at 37�C (Life technologies). Trypsin activity

was blocked by addition of primary cell culture medium supplemented with 30% fetal calf serum (Life technologies) and incubation

for 5 min at 4�C. To differentiate between adoptively transferred donor cells and newly infected target cells, donor CD4+ FoxP3+

T cells were stained with 1 mM CellTrace FarRed dye (ThermoFisher) in Opti-MEM medium (Life technologies) at a concentration

of 13 106 cells/mL for 20 min at 37�C. Unbound dye was adsorbed by adding 5x volume of primary cell medium to the cell suspen-

sion and incubation for 10 min at 37�C. Subsequently, 1 3 106 MLV-transduced, FarRed-positive CD4+ FoxP3+ T cells were adop-

tively transferred by s.c. hock injection into C57BL/6, CD11a-/- and ICAM1-/- mice. Around 60 h post injection, draining popliteal

lymph nodes were isolated from euthanized mice and single cell suspensions were analyzed by flow cytometry for newly infected

GFP-positive cells (APC- GFP+) and FarRed-positive donor cells (APC + GFP-, APC + GFP+). The ratio of APC-GFP + to APC +

GFP + cell was determined for each sample as a quantification of retrovirus spread.

In vivo trans-infection and fusion assay
To study trans-infection and fusion in vivo, naı̈ve CD4+ T cells were purified from splenocytes of C57BL/6, CD11a-/- and ICAM1-/-

mice using the naı̈ve CD4+ T cell isolation kit (Miltenyi Biotec), followed by CD3/CD28-mediated activation and differentiation into

CD4+ FoxP3+ T cells. After differentiation for 3 days, CD4+ FoxP3+ T cells were stained with 1 mM CellTrace FarRed dye (Thermo-

Fisher) in Opti-MEMmedium (Life technologies) at a concentration of 13 106 cells/mL for 20min at 37�C. Unbound dyewas removed

by adding 5x volume of primary cell medium to the cell suspension and incubation for 10 min at 37�C.
Subsequently, 1 3 106 Far Red-positive CD4+ FoxP3+ T cells were adoptively transferred by s.c. injection into the hind hock of

C57BL/6, CD11a-/- and ICAM1-/- mice. After 24 h, mice were infected by s.c. injection of MLV LTR-GFP or MLV VLPs containing

CD63-BlaM (1.5 3 105 i.u.) into the footpad. Draining pLNs were isolated 2 h post injection of VLPs or 40 h post infection with

MLV LTR-GFP to study fusion and trans-infection, respectively. After preparation of single cell suspensions, samples were analyzed

by flow cytometry for fused cells or newly infected GFP-positive cells (APC- GFP+) and FarRed-positive donor cells (APC + GFP-,

APC +GFP+). The ratio of APC +GFP+ (infection) or APC-CCF4cleaved (fusion) to total APC + cells was determined for each sample

to quantify retrovirus trans-infection and trans-fusion efficiency, respectively.

In vitro and in vivo fusion assay
To detect fusion of virus particles with primary cells in vitro, virus like particles (VLPs) were produced in HEK293T cells that stably

overexpress a codon-optimized b-lactamase enzyme (BlaM) fused to the carboxy-terminus of the tetraspanin CD63 (CD63-BlaM)
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(Albanese et al., 2020). MLV VLPs incorporate CD63-BlaM into the envelope upon budding. VLPs containing the reporter genome

LTR-GFP, pseudotypedwith ecotropic MLV glycoprotein (ecoEnv) or VSV-G or VLPs lacking glycoprotein (DEnv), were concentrated

by sedimentation through a 15% sucrose/PBS cushion.

To quantify fusion of VLPs with cells in vitro, 23 105 cells (primary CD4+ T cells, S49.1 cells, CD169 + macrophages) per well of a

96-well plate were incubated for 4 hwith 23 105 i.u. of concentrated CD64-BlaMVLPs (directly or via trans-infectionwith VLPs bound

to CD169 + primary macrophages). After incubation, cells were washed with CO2-independent medium/10% FCS to remove

unbound virus. Subsequently, 100 mL staining solution was added to the cells. Incubation with staining solution comprising of

CO2-independent medium/10% FCS supplemented with 2.5 mM probenecid (Invitrogen) and 2 mL/mL CCF4-AM substrate as

well as 8 mL/mLSolution B (both fromLiveBLAzerTM FRETB/G Loading Kit, Invitrogen) was performed over night at room temperature

to allow cytoplasmic uptake and enzymatic cleavage of the CCF4-AM substrate. Subsequently, samples were washed 2 x with PBS/

1% BSA and fixed with 4% PFA. Fusion of CD63-BlaM VLPs with a cell results in cytoplasmic localization of BlaM and subsequent

CCF4 substrate cleavage. Cleaved substrate can be quantified using flow cytometry by a shifted emission wavelength from 520 nm

of the uncleaved substrate to 447 nm in the case of cleaved CCF4.

To quantify retrovirus fusion in vivo at pLNs, concentrated CD64-BlaM VLPs (2 3 105 i.u.) were s.c. injected into the footpad of

C57BL/6 mice. At different time points post injection, mice were sacrificed and draining pLNs were isolated for preparation of single

cell suspensions. Total cell numbers of pLNs were determined and samples were processed as described above for flow cytometric

analysis. To characterize VLP-fused cell types, antibodies against cell type-specific surface markers were used as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons were performed using GraphPad Prism 9 software under the assumption that the samples did not follow a

Gaussian distribution. For two-group comparisons, the non-parametric Mann-Whitney test (two-tailed) was used. Exact p values and

the numbers of independent replicates (n) are mentioned in the figures or figure legends. A difference was interpreted as statistically

significant if p < 0.05.
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