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B cells are the predominant mediators of early systemic viral
dissemination during rectal LCMV infection
Martin Trapecar1, Shahzada Khan1, Benjamin L. Cohn1, Frank Wu1 and Shomyseh Sanjabi1,2

Determining the magnitude of local immune response during mucosal exposure to viral pathogens is critical to understanding the
mechanism of viral pathogenesis. We previously showed that vaginal inoculation of lymphocytic choriomeningitis virus (LCMV) fails
to induce a robust innate immune response in the lower female reproductive tract (FRT), allowing high titer viral replication and a
delay in T-cell-mediated viral control. Despite this immunological delay, LCMV replication remained confined mainly to the FRT and
the draining iliac lymph node. Here, we show that rectal infection with LCMV triggers type I/III interferon responses, followed by
innate immune activation and lymphocyte recruitment to the colon. In contrast to vaginal exposure, innate immunity controls
LCMV replication in the colon, but virus rapidly disseminates systemically. Virus-induced inflammation promotes the recruitment of
LCMV target cells to the colon followed by splenic viral dissemination by infected B cells, and to a lesser extent by CD8 T cells. These
findings demonstrate major immunological differences between vaginal and rectal exposure to the same viral pathogen,
highlighting unique risks associated with each of these common routes of sexual viral transmission.
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INTRODUCTION
Successful prevention of viral dissemination upon mucosal
exposure of pathogens requires an improved fundamental
understanding of how protective immunity is elicited and how
pathogen dissemination occurs after crossing mucosal barriers1.
While viral cell-to-cell transmission has been extensively studied in
tissue culture, in vivo studies that enhance our understanding of
how viral pathogens are disseminated following mucosal infec-
tions are scarce2. For example, sexual HIV transmission probability
per exposure event is much greater across the rectal versus
vaginal mucosa3,4, but the exact reason for this difference is
unknown. These mucosal barriers have to discriminate between
harmful pathogens versus commensals, as well as food and sperm
antigens, and thus must continuously balance tolerance and
immunity5. After breaching the mucosal barrier, the early events of
host response can play a key role in determining the outcome of
an infection6, and differences in tolerance mechanisms at various
mucosal sites can influence immunity to invading pathogens.
While it is appreciated that the rectum and vaginal anatomy are
different, we lack a basic understanding of the immunological
characteristics that contribute to the variance observed in the rate
of viral transmission and dissemination after rectal versus vaginal
exposure to pathogens.
To address these questions and to enhance our understanding

of immunological events that contribute to the outcome of
mucosal viral infections, we have established a new model of
rectal infection using a widely-used model pathogen, lymphocytic
choriomeningitis virus (LCMV). LCMV is an enveloped single-
stranded RNA virus of the Arenaviridae family, with mice being its
natural host7. LCMV-infected animals shed the virus in their feces,
urine, saliva, breast milk, and semen8; thus mucosal transmission

of LCMV likely occurs in nature, despite the more commonly used
systemic infections performed in laboratory settings using this
model pathogen.
We recently showed that compared to the immunity elicited

after systemic intraperitoneal or transcervical infection, intrava-
ginal (i.vag.) infection with LCMV in WT mice elicits a dampened
and delayed antiviral immune response, including dampened
induction of type I and III interferons (IFNs) in the lower female
reproductive tract (LFRT). This also leads to delayed activation of
the protective CD8 T cells and enhanced replication and
prolonged viral persistence in the vaginal mucosa. However,
notwithstanding this dampened immunity, viral replication
remained localized in the FRT and the draining iliac lymph node
(iLN), without significant dissemination to the spleen9.
We used our new intrarectal (i.rec.) model of LCMV infection in

mice to determine if this dampened immunity and localization of
the infection is a feature of all mucosal barriers or unique to the
LFRT. Surprisingly, unlike LCMV i.vag. infection, we find induction
of innate immunity after i.rec. infection, which is sufficient to
control but not inhibit colonic LCMV replication. LCMV i.rec.
infection results in inflammation-induced recruitment of leuko-
cytes to the colon and rapid dissemination of virus to the spleen.
We further show an important role for infected B cells, and to a
lesser extend CD8 T cells, in the systemic dissemination of LCMV
following i.rec. infection. These findings highlight important
immunological differences between vaginal versus rectal exposure
to the same viral pathogen. While dampened induction of innate
immunity in the LFRT allows for greater local viral replication, the
lack of inflammation-induced recruitment of leukocytes to the site
of infection likely prevents enhanced circulation of infected target
cells. After i.rec. infection, strong induction of IFNs limits local
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LCMV replication; however, the IFNs and inflammatory signals also
recruit circulating target cells to the colon. Once infected, the
migrating lymphocytes disseminate LCMV to the spleen early
during infection and fuel productive systemic viral replication. Our
results indicate that viral dissemination patterns can be dictated
by the initial elicited innate immunity at the mucosal barrier,
which we show to be very different after vaginal versus rectal
exposure to the same viral pathogen.

RESULTS
Rectally inoculated LCMV replicates in the colon and rapidly
disseminates to the spleen
To determine if LCMV infects and replicates in the colon, we
established an i.rec. infection model with this pathogen. We
fasted WT mice for 16 h to limit gut content, and after bowel
movement, animals were rectally inoculated with 1 × 106 PFU of
LCMV, without causing tissue abrasion (Fig. 1a). At different
times post-infection (p.i.), using an established quantitative RT-
PCR (qRT-PCR) assay9, we compared viral loads in the colon, the
main colon-draining lymph nodes (LNs) including iLN and
mesenteric (m)LN10,11 as well as the inguinal (ing)LN and the
spleen. We found that LCMV robustly replicates in the colon and
rapidly disseminates to the iLN and other lymph nodes,
coinciding with rapid systemic spread to the spleen (Fig. 1b).
Viral replication peaks at day 5 p.i., with highest titers observed
in the iLN, and gradually declines over about 2 weeks. We also
confirmed that overnight fasting of the mice does not alter the
magnitude of systemic viral dissemination at the peak of
infection (Supplementary Figure S1).
Systemic viral dissemination has also been observed after rectal

SIV12,13 and ZIKV14 infection in nonhuman primate (NHP) models,
suggesting that rapid dissemination may be a general character-
istic of viral infections that occur via the rectal mucosa. Since we
did not observe a similar systemic dissemination after i.vag. LCMV
infection9, we asked if the observed differences in viral
dissemination may be the result of alterations in the induction

of protective innate or adaptive immunity after each route of
infection. Therefore, we opted to use our i.rec. LCMV mouse model
to investigate the immunological differences between this route
of infection with what we had previously observed after i.vag.
infection and to identify the mechanism(s) that contribute to
systemic viral dissemination after rectal LCMV infection.

CD8 T cells are activated and mediate viral clearance after LCMV
rectal infection
Viral clearance after acute systemic LCMV infection is dependent
on CD8 T cells15,16. Similarly, after i.vag. LCMV infection, CD8 T cells
are also required to restrict the virus to the FRT and iLN, as
systemic viral dissemination does occur in CD8−/− animals9. To
determine if LCMV control is also dependent on CD8 T cells after i.
rec. infection, we infected WT, CD8−/−, MHC-II−/−, and muMT−/−

mice and quantitated the number of viral copies in the spleen and
colon at day 15 p.i.. WT, MHC-II−/−, and muMT−/− mice efficiently
cleared LCMV in the spleen and the colon, while CD8−/− mice
maintained peak viral loads even at day 15 p.i. (Fig. 2a). This data
suggests that similar to systemic and i.vag. LCMV infection, CD8
T cells are required to control rectally infected LCMV, independent
of CD4 T cells or B cells.
To eliminate the possibility that i.rec. LCMV infection results in

systemic spread due to inadequate CD8 T-cell-mediated immu-
nity, we determined the kinetics and location of antigen-specific
CD8 T-cell priming. We adoptively transferred congenically
marked (CD45.1+) and CFSE-labeled P14 CD8 T cells (P14 cells),
that express a transgenic TCR recognizing the gp33 epitope of
LCMV17, into WT mice prior to i.rec. infection. We measured the
rate of CFSE dilution of P14 cells in various lymph nodes and the
spleen. While the mLN is generally considered to be the major
draining lymph node of the intestine, the significantly faster
kinetics of P14 priming in the iLN at day 4 p.i. (Fig. 2b-c) suggests
that this LN may be the major site of CD8 T-cell priming after i.rec.
viral infection in mice. Together these data eliminate the
possibility that lack of antigen-specific CD8 T-cell activation is
responsible for viral systemic dissemination.

Fig. 1 Rectally inoculated LCMV replicates in the colon and rapidly disseminates to the spleen. a Experimental outline used throughout the
study. b C57BL/6 N (WT) male mice were fasted overnight and then i.rec. infected with 1 × 106 PFU of LCMV, and viral copies in total RNA from
indicated tissues and times post-infection were determined by qRT-PCR. Data are pooled from three (ingLN, mLN, spleen), five (colon), or six
(iLN) independent experiments. n= 3–16 per time point, and each dot represents an individual animal. UI uninfected
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Interferons and interferon-stimulated genes are induced in the
colon after i.rec. LCMV infection
Despite high viral titers after i.vag. LCMV infection, type I/III IFNs
are not significantly induced in the vaginal mucosa, and
recruitment of immune cells is highly delayed; yet, systemic viral
dissemination is not observed9. To determine if absence of Type I/
III IFN induction is perhaps responsible for the rapid systemic
LCMV dissemination after i.rec. infection, we measured the
induction of IFNs and various IFN-stimulated genes (ISGs) in the
colons of i.rec. infected mice. Surprisingly, type I and III IFNs, and
the inflammatory cytokine IL-6 are significantly induced on days 1
and 2 p.i. compared to uninfected or mock infected animals. This
is followed by gradual activation of ISGs such as IRF7, RIG-I, and
MDA5 (Fig. 3), which likely help to further amplify cytoplasmic
innate sensing of viral RNA and the IFN response18,19. Further-
more, expression of the lymphocyte attractant ligands CXCL-9 and
CXCL-10, which promote lymphocyte trafficking to the inflamed
tissue20, is also significantly enhanced after LCMV i.rec. infection.

Rectal infection with LCMV results in recruitment and activation of
immune cells to the colonic lamina propria and enhances systemic
lymphocyte migration
Consistent with induction of IFNs, cytokines, and chemokines, we
observed an increase in the numbers (Fig. 4a-b) and activation
(Fig. 4a,c) of inflammatory monocytes as well as dendritic cells in
the colonic lamina propria (LP) at 2–3 days p.i. We also determined
lymphocyte cellularity in the colonic LP, iLN, and spleen of i.rec.
LCMV-infected animals at days 1–3 p.i. After infection, a gradual
increase in the number of B and T cells was observed in the LP;
notably CD19+ B cell numbers doubled by day 2 p.i. (Fig. 4d). This

pattern of rapid recruitment of innate and adaptive cells to the
site of infection highly contrasted the lack of leukocyte recruit-
ment to the vaginal mucosa after LCMV i.vag. infection9. A
dramatic increase in the number of all lymphocytes was observed
in the iLN at day 3 p.i. (Fig. 4e). In the spleen, an increase in B cell
numbers was detected as early as day 1 p.i., while splenic T cells, in
particular CD8 T cells, decreased in number during this time frame
(Fig. 4f), likely due to their inflammation-induced migration to
other infected tissues. Together, this data demonstrates enhanced
migration of leukocytes and their rapid recruitment to the LP after
i.rec. LCMV infection.

Systemic dissemination of LCMV is mediated by productively
infected immune cells
The rapid increase in lymphocyte numbers, in particular B cells, in
colonic LP and spleen led us to hypothesize that infected B cells
are the main vehicle for splenic dissemination of LCMV after rectal
infection. To determine if B cells are preferentially infected by
LCMV, we sorted CD45+CD19+ B cells, CD45+TCRβ+ T cells,
CD45+CD19−TCRβ− non-lymphocytes, and CD45− non-immune
cells from the spleen of LCMV i.rec.-infected animals at day 5 p.i.,
and determined viral copies per μg of RNA for each sorted
population. Based on this calculation, the various splenic cell types
carried similar amounts of viral RNA per μg of total RNA (Fig. 5a),
suggesting that LCMV infects and equally replicates in all of these
cell types. However, when we normalized viral load data to total
cell numbers, thus accounting for the frequency of infected cell
types, lymphocytes, notably B cells, carried the majority of the
virus in the spleen (Fig. 5b). We did not detect significant viral
copies in the plasma of infected mice at this time point, further

Fig. 2 CD8 T cells are activated and mediate viral clearance after LCMV rectal infection. a WT, CD8−/−, MHC-II−/−, and muMT−/− male and
female mice were i.rec. infected and at day 15 p.i., LCMV copies in total RNA from spleen and colon were determined using qRT-PCR. b, c Naive
CD45.1+ P14 CD8+ T cells (P14 cells) were isolated and labeled with CFSE, and 500,000 cells were adoptively transferred into male CD45.2+ WT
recipient mice 1 day before i.rec. LCMV infection. Based on the representative gating strategy (b), the frequencies of CFSE-negative P14 cells in
the iLN, ingLN, mLN, and spleens were determined at indicated times post infection and statistical significance was determined among tissues
at day 4, with *showing significant difference between iLN and mLN (c). Data are pooled from two (a, c) independent experiments. n= 7 per
group (a) or 4–7 per infection time point (c). Error bars represent mean± SEM. Significance was determined with the Kruskal–Wallis test; *P<
0.05, **P< 0.01. UI uninfected
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suggesting splenic viral dissemination likely occurs via circulating
lymphocytes rather than cell-free via blood circulation.
The tropism of LCMV includes many cell types, including

lymphocytes and non-lymphocytes7,21. To determine whether
migrating lymphocytes become infected by LCMV in the LP after
rectal infection, and if they have the capacity to disseminate the
virus systemically to the spleen, we i.rec.-infected WT mice with
1.5 × 106 PFU of a recombinant LCMV-GFP virus (LCMV-GFP)22. At
days 2 and 5 p.i., we determined the fraction of GFP+ CD45+ B cells
(TCRβ− CD19+), CD8 T cells (TCRβ+ CD8+), CD4 T cells (TCRβ+

CD4+), and non-lymphocyte (TCRβ− CD19−) immune cells in the
LP, blood, spleen, and iLN (Fig. 5c). We detected infected immune
cells in all tissues at day 2 p.i. and a general increase in the
frequency of these cells at day 5 p.i. (Fig. 5d). Infection of immune
cells after rectal LCMV transmission occurred similarly in male and
female mice (Supplementary Figure S2). CD19+ B cells were the
most abundant LCMV-GFP+ lymphocyte population in LP, blood,
spleen, and iLN while infected CD8+ T cells were also readily
detected in the spleen and the iLN. In contrast, infected GFP+ CD4
T cells were scarcer and were found at lower frequency at day 2 p.i.
than the other cell types in all the examined organs (Fig. 5d).
Next, we proceeded to determine whether GFP+ cells are

productively infected with LCMV and if they can facilitate infection
upon adoptive transfer into uninfected animals. We collected cells
from blood, lymph nodes, and spleen of LCMV-GFP infected mice
at day 5 p.i., and sorted TCRβ−CD19+, TCRβ+CD8+, TCRβ+CD4+, and
TCRβ−CD19− among the CD45+ and GFP+ immune cells (Fig. 5c).
The ratio between the sorted populations correlated with the

infection pattern previously observed in the individual tissues
(Fig. 5d), with the majority of GFP+ sorted cells being B cells and
non-lymphocytes (Fig. 5e). We transferred 8000 GFP+ cells of each
population into groups of uninfected WT mice, and then
measured LCMV viral loads in their spleens at day 4 post-
adoptive transfer of infected cells. Productive infection was
achieved in most mice except for those that received TCRβ+CD4+

cells (Fig. 5f). These data suggest that lymphocytes, in particular B
cells and CD8 T cells, as well as myeloid cells can be productively
infected by LCMV, and have the potential to systemically spread
the infection.

Viral dissemination to the spleen is predominately mediated by B
cells and to a lesser extent by CD8 T cells
To identify the exact lymphocytes and exclude the role of
circulating CCR2-dependent monocytes in systemic viral dissemi-
nation of LCMV, we i.rec.-infected WT, RAG1−/−, muMT−/−, CD8−/−,
MHC-II−/−, and CCR2−/− mice. We measured viral loads in various
tissues at day 5 p.i., which is the peak of viremia in WT mice and
found no significant differences in viral copies in the colon
(Fig. 6a) or iLN (Fig. 6b) among the various KO mice. However, viral
titers were significantly lower in the spleens of RAG1−/− and
muMT−/− mice, and a trend toward lower viral dissemination was
notable in CD8−/− mice (Fig. 6c). This data is consistent with
lymphocytes carrying the majority of the viral load in the spleen at
this time point (Fig. 5b), as well as CD8 T cells being involved in
viral clearance starting at around day 5 post infection (Figs. 1–2).
Thus, at day 5 post infection, the RAG1−/− and CD8−/− mice must

Fig. 3 Interferons and interferon-stimulated genes are induced in the colon after i.rec. LCMV Infection. Male WT mice were uninfected, i.rec.
mock infected with PBS, or infected with LCMV. Levels of each indicated mRNA at the indicated time points were determined from total
colonic homogenates using qRT-PCR, normalized to GAPDH, and expressed as fold-change over uninfected controls. See Table S1 for primer
sequences. Data are pooled from two independent experiments. n= 6–8 per time point. Error bars represent mean± SEM. Significance was
determined with the Kruskal–Wallis test; *P< 0.05, **P< 0.01, ***P< 0.001. UI uninfected
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balance lower viral dissemination by lymphocytes, with the lack of
protective CD8 T cells that are needed to control and clear the
virus. We therefore next performed these experiments at early
time points, at days 1–3 p.i., when lymphocyte-mediated viral
dissemination is not yet counteracted by the protective role of
CD8 T cells. We used mice lacking B, CD8 T, and CD4 T cells and
compared the kinetics of viral dissemination to the spleen after
LCMV i.rec. infection in each group. We detected fewer than 100
viral copies in the muMT−/− mice during the first 2 days after i.rec.

infection, which also resulted in highly significant differences in
viral titers between WT and muMT−/− male and female mice at day
3 p.i. (Fig. 6d; Supplementary Figure S3). Interestingly, a significant
decrease in viral dissemination was also observed in CD8−/−

animals only at days 1 and 2 p.i., and no significant difference was
observed between WT and MHC-II−/− animals at any time point
(Fig. 6c,d). This data is consistent with high frequency of LCMV-
GFP+ B cells and CD8 T cells during the first few days after
infection (Fig. 5d), and the efficient ability of GFP+ B cells and CD8

Fig. 4 Rectal infection with LCMV results in recruitment and activation of immune cells to the colonic lamina propria and enhances systemic
lymphocyte migration. Male WT mice were i.rec. infected with LCMV, and at indicated time points, the frequency and activation of indicated
immune cell populations in the lamina propria, iLN, and spleen was determined by flow cytometry. a Representative gating strategy depicting
a LP sample at day 3 p.i.. Lin: TCRβ/CD19/NK1.1/CD326 (EpCam). b Number of Ly6c+ monocytes and dendritic cells (DCs) in the LP. c Median
fluorescence intensity (MFI) of CD86 on DCs and Ly6c+ monocytes. Absolute counts of various lymphocytes in the lamina propria of the colon
(d), iLN (e), and spleen (f). B cells: TCRβ− CD19+; CD8 T: TCRβ+ CD8+; CD4 T: TCRβ+ CD4+. Data represented from one of three independent
experiments (b, c), or were pooled from two independent experiments d–f. n= 3 (b, c) or 6 (d–f) per time point. Error bars represent mean ±
SEM. UI uninfected
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T cells to spread infection in uninfected animals upon adoptive
transfer (Fig. 5f). Together, these data demonstrate the role of B
cells, and to a lesser extent CD8 T cells, in systemic dissemination
of LCMV after i.rec. infection.

DISCUSSION
Upon breaching the mucosal barrier, viral pathogens are sensed
by the host, which results in the induction of type I and III
interferons (IFNs) by the immune and non-immune cells,
respectively23,24. This IFN induction is responsible for controlling
local viral replication and can also help eliminate viral dissemina-
tion by recruiting and activating protective immune cells to the

site of infection25. At the same time, such inflammation-induced
recruitment of lymphocytes, as has also been described in HIV/SIV
studies13,26–28 and coxsackievirus infection29, can increase the
pool of available target cells to support viral infection and
replication. Once infected, these lymphocytes can also re-enter
circulation and disseminate the virus to other distal sites2.
Our data confirms that LCMV can replicate in a variety of immune

and non-immune cells, with B cells being the main disseminator of
LCMV following rectal inoculation. We were able to detect infected B
cells in the colonic LP, blood, spleen, and iLN of WT animals as early
as day 2 post rectal infection, while in the absence of B cells, LCMV
copies were significantly reduced in the spleen in the first 5 days
post infection. Interestingly, depletion of B cells significantly

Fig. 5 Systemic dissemination of LCMV is mediated by productively infected immune cells. a, b WTmale mice were infected i.rec. with LCMV.
At day 5 p.i. indicated cell populations were sorted from spleens and copies of LCMV were determined in each population by qRT-PCR. Viral
loads were expressed as (a) copies of LCMV per µg RNA or (b) copies per organ to account for the abundance of each population. c Schematic
design of experiments depicted in d–f. WTmale and female mice were infected i.rec. with 1.5 × 106 PFU of recombinant LCMV expressing GFP
and sacrificed at days 2 or 5 p.i. d Cell populations positive for LCMV-GFP at indicated time points and tissues were determined by flow
cytometry, and presented as frequency of total cells. e Gating strategy for the sorting of LCMV-GFP-positive immune cells from blood, lymph
nodes, and spleens at day 5 p.i. f Copies of LCMV were determined by qRT-PCR from total splenic RNA of recipient mice at day 5 after adoptive
transfer of 8000 LCMV-GFP+ cells. Viral loads were expressed as copies per µg RNA. Data are pooled from two (a, b, d (blood and LP at day 2), f)
or three (d (iLN, spleen at day 2; iLN, spleen, LP, blood at day 5)) independent experiments. n= 4–8 (a, b), 8–13 per population and time point
(d), 7 per transferred population (f). Error bars represent mean± SEM. Significance was determined with the Kruskal–Wallis test; *P< 0.05, **P
< 0.01, ***P< 0.001. UI uninfected
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prevents systemic dissemination of intraperitoneally administered
type B coxsackievirus, a ssRNA virus from the group of enteric
viruses that productively infect B lymphocytes29. Furthermore, B cells
are implicated in the early dissemination of anthrax (Bacillus
anthracis) from the lung after inhalation of this bacterium30. In
addition, following intranasal administration, B cells are able to
transport virus-like particles from the lung to the spleen in a B-cell
receptor-dependent manner31. B cells were shown to also facilitate
infection without active replication. For example, even though HIV-1
cannot replicate in B cells, it can bind to the CD21 receptor
expressed on mature B cells, achieving cell-to-cell spread facilitated
by B cells32. Together, these findings highlight B cells as an
important vehicle of both viral and bacterial dissemination.
Surprisingly, however, very little is known about the exact
characteristic of B cells capable of pathogen dissemination. In
regards to viral dissemination after rectal infection, it is known that
along with IgA-producing resident B cells, both plasma cells and
naïve IgM+ IgD+ B cells exist in the healthy colon and their numbers
significantly increase in the large intestine under inflammatory
conditions33. Whether these B cells are capable of systemic viral
dissemination is an important area for future investigation.
Sex-based differences in innate and adaptive immunity can

contribute to the variances observed among males and females in
severity of autoimmune diseases and cancers as well as altered
response to infectious diseases and vaccines34–36. Of particular
interest, in a rectal model of HSV-2 infection in mice, BALB/c male
and female mice showed the same disease progression, whereas
the female C57BL/6 mice were very resistant to HSV-2 infection
and showed minimal signs of neurological disease37. In contrast, in
a nonhuman primate model of rectal SHIV-1 infection, the females

progressed faster to disease than their male counterparts, which
was linked to an earlier and more robust inflammatory immune
response in the rectum of the females, as well as increased
expansion of Proteobacteria in their rectal mucosa38. Interestingly,
however, we did not observe significant differences in LCMV
infection and dissemination between male and female mice. It is
tempting to speculate that involvement of plasmacytoid (p)DCs in
disease pathogenesis of these various models of rectal viral
infections contributes to the sex-based differences that have been
reported, as it is well documented that pDCs in females produce
more IFNα, which ultimately results in stronger immune activation
in females39–41. While pDCs are protective against systemic HSV
infection in mice42, persistent stimulation of pDCs and excessive
production of IFNα during HIV/SIV infection further enhances viral
pathogenesis35; thus potentially explaining the differences seen in
disease outcome after rectal infection of females using these
pathogens. It is also possible that the lack of sex-based differences
in our LCMV rectal infection model in C57BL/6 mice is due to the
absence of notable pDC recruitment to the LP after infection (data
not shown), while monocyte and cDC recruitment and activation
was readily observed. Further studies are needed to determine the
exact mechanism that contributes to different disease outcomes
in male versus female mice after rectal viral infections.
Using the same viral pathogen inoculated via two different

routes of infection, our previous and current study uncovers major
immunological differences between vaginal and rectal mucosa,
two common routes of all sexually transmitted pathogens, that
result in different patterns of viral dissemination. While dampened
immunity in the vaginal mucosa results in higher viral replication,
the absence of rapid lymphocyte recruitment to the site of

Fig. 6 Viral dissemination to the spleen is predominately mediated by B cells and to a lesser extent by CD8 T cells. C57BL/6 N (WT), RAG−/−,
muMT−/−, CD8−/−, MHC-II−/−, and CCR2−/− male and female mice were infected i.rec. with LCMV. a–c Copies of LCMV per µg RNA were
determined by qRT-PCR for specified tissues at day 5 p.i. or at days 1 to 3 p.i. (d). Data are pooled from three independent experiments. n=
8–12 per group (a–c), or 6–10 per group (d). Error bars represent mean± SEM. Significance was determined with the Kruskal–Wallis test; *P<
0.05, **P< 0.01, ***P< 0.001. UI uninfected
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infection eliminates lymphocyte-mediated viral dissemination9.
On the other hand, the rapid induction of IFNs and inflammation
after rectal infection with the same viral pathogen results in faster
control of colonic viral replication, but also results in recruitment
of target lymphocytes capable of disseminating the virus to distal
sites. Thus, better understating of how pathogens are sensed and
innate immunity elicited at the mucosal barriers is fundamental to
understanding the pattern of dissemination and in vivo patho-
genesis, particularly for pathogens that target migrating and
circulating immune cells.

METHODS
Mice
The following mouse strains were used: C57BL/6NJ (WT) (JAX);
Rag1tm1Mom (RAG−/−)43; Tg(TcrLCMV)327Sdz (P14 mice)17 mice
crossed to CD45.1; H2dlAb1−Ea (MHC-II−/−, lacking CD4 T cells)44;
CD8atm1Mak (CD8−/−) (JAX)45; CCR2tm1Ifc (CCR2−/−)46; Igh-6tm1Cgn

(muMT−/−, lacking B cells)47. The mice were housed and bred in
the Gladstone animal facility. Male and female mice (8–25-week-
old) were used throughout this study, except where indicated.
Age-matched animals were assigned blindly to various treatment
groups. All animal experiments were conducted in accordance
with guidelines set by the Institutional Animal Care and Use
Committee of the University of California, San Francisco.

Adoptive transfer of CFSE-labeled P14 CD8 T cells
For priming experiments, LCMV-specific P14 chimeras were
generated by adoptive transfer of ∼5 × 105 naive CD45.1+ P14
CD8 T cells (P14 cells) on a RAG−/− background into CD45.2+

congenic WT recipient mice. P14 CD8 T cells from donor mice
were collected with the use of EasySep™ Mouse CD8 T Cell
Isolation Kit (StemCell Technologies) based on the manufacturers
protocol. Isolated P14 cells were labeled with 0.25 µM CFSE
(Molecular Probes) at 37 °C for 10min, and 5 × 105 cells in 200 µl of
FACS buffer (PBS + 1% FBS) were transferred into each recipient
mouse via retro-orbital injection, 1 day before infection.

Viral infections
Two batches of LCMV Armstrong strain were used in the
experiments, with similar results, as well as a recombinant LCMV
Armstrong construct with trisegmented genome stably expressing
a GFP reporter gene (LCMV-GFP)22. LCMV was propagated in BHK-
21 cells [C-13] (CCL-10; ATCC) as described48. Viral titers of new
batches were established by a modified FACS-based TCID50 assay
on Vero cells (CCL-81; ATCC) as described49. Briefly, 10-fold
dilutions of viral stocks were cultured with Vero cells. After 3 days
of incubation, cells were fixed with 0.8% PFA and stained with a
rat monoclonal antibody (VL4) against LCMV-nucleoprotein
(LCMV-NP; Bio X Cell) conjugated to FITC in 0.1% Triton X-100
containing FACS buffer for 45 min at 4 °C. Infected (LCMV-NP+)
versus uninfected (LCMV-NP−) wells at each dilution were counted
to establish TCID50 values and a derivative PFU read-out using the
Poisson distribution. For i.rec. infections, mice were first fasted 16
h prior to infection as variable luminal content might significantly
alter infection rate and severity. Later mice were anesthetized
using isoflurane and 30 µl of viral suspension (or PBS for mock
infections) was inoculated into the rectum via the rectal opening
twice in 10-min intervals for a total infectivity load of 1 × 106 PFU
of LCMV Armstrong or 1.5 × 106 PFU of LCMV-GFP using a p200
micropipette and without causing tissue abrasion. Animals
remained sedated for at least 15 min post final viral inoculation.

Isolation of immune cells, flow cytometry, and cell sorting
LN and spleen tissues were collected into sterile cold FACS buffer
and processed into single-cell suspensions for further application.
The large intestines were harvested between the rectal opening
and the cecum (in text referred to as colon), and the lumen was

rinsed with sterile PBS, opened longitudinally, and chopped into
small pieces. Single-cell suspensions were obtained from the gut
tissue as described50. In brief, the epithelial lining was removed
from tissue pieces during two rounds of a 20-min incubation in Ca
+-free and Mg+-free PBS with 5 mM EDTA and 1mM DTT (Sigma-
Aldrich) under constant rotation (40 × g) at 37 °C. The supernatant
containing intra-epithelial lymphocytes was collected separately
on ice, and the remaining lamina propria was digested in 1 mg/ml
of collagenase type IV (Worthington Biochemical Corporation) and
75 µg/ml DNase I (Roche) in RPMI medium for 30 min under
constant rotation (40 × g) at 37 °C. After digestion, single-cell
suspensions were generated with the GentleMACS Dissociator
(Miltenyi Biotec), according to the manufacturer’s protocol, and
passed through a 70 μm cell strainer. Cell counts of collected
single-cell suspensions were obtained using an Accuri C6
cytometer (BD), and cell numbers were normalized to 1 million
cells before antibody surface staining. In order to determine the
number of individual cell populations in each tissue, we first
determined the percent of each population out of all cells
(excluding debris and doublets) and then multiplied the fraction
by the total number of live cells (based on FSC/SSC gating)
obtained from the Accuri counts of each tissue. Fc receptors were
blocked with anti-CD16/CD32 Ab. Cells were incubated with a
mixture of fluorescence-conjugated anti-mouse antibodies for 30
min at 4 °C. Stained cells were washed once and examined with a
BD LSR II flow cytometer or sorted with the BD FACSAria II cell
sorter, both utilizing the FACSDiva software (BD). The gating
strategies are represented in the main figures. PE-Cy7 CD8α (SK1),
Percp-Cy5.5 CD45.1 (A20), AF700 IAIE (MHC-II; M5/114.15.2), PE-
Cy7 Ly6c (HK1.4), PB TCRβ (H57-597), APC-Cy7 CD11c (N418), and
biotin-conjugated CD326 (G8.8.) antibodies were from BioLegend.
PE-CF594 Ly6G (1A8), BV605 CD86 (GL-1), BV650 CD19 (SJ25C1),
BV650 NK.1.1 (PK136), BV605 CD4 (RM4-5), APC-Cy7 TCRβ (H57-
597), and biotin-conjugated TCRβ (H57-597) antibodies were from
BD. Biotin-conjugated CD19 (1D3), PE CD8α (YTS169.4), AF488
CD45.2 (AL1-4A2), and AF700 CD4 (GK.15) antibodies were from
the UCSF Monoclonal Antibody Core.

Transfer of LCMV-GFP-positive immune cells
WT mice were infected i.rec. with 1.5 × 106 PFU LCMV-GFP as
described under the section Viral infections. At day 5 p.i. blood,
lymph nodes, and spleens from infected mice were harvested and
stained with surface antibodies as described under the section
Isolation of immune cells, flow cytometry and cell sorting.
Individual LCMV-GFP+ cell populations were sorted with the BD
FACSAria II cell sorter into 5 ml tubes containing PBS supplemen-
ted with 20% FBS and cooled to 4 °C. A total of 8000 cells of each
population were transferred into each recipient mouse via retro-
orbital injection. At day 4 post-adoptive transfer of infected cells,
splenic viral loads of the recipient mice were determined using
qRT-PCR as described below.

RNA isolation and quantitative real-time PCR
Pieces of the large intestine were collected in TRIzol tubes filled
with 3 mm zirconium beads, and homogenized in three 10-s
pulses with a Beadbug microtube homogenizer (Benchmark
Scientific). Fractions of the LN and spleen cell suspensions were
collected in TRIzol-containing Eppendorf tubes without beads.
Sorted cell samples were collected into Eppendorf tubes in FACS
buffer and cell pellets after centrifugation were re-suspended in
TRIzol. RNA from the TRIzol samples was isolated according to the
manufacturer’s instructions (Invitrogen). An aliquot of 1–5 µg of
RNA was reverse transcribed into cDNA with a Maxima First Strand
cDNA Synthesis kit (Thermo Fisher Scientific). Real-time PCR was
performed using 2 × SensiFAST probe Hi-Rox mix (Bioline) with
gene-specific primers (Table S1) and acquired on an ABIPrism
7900 sequence detector with the ΔΔCt method from SDS
2.4 software (Applied Biosystems). The relative expression of
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genes was calculated with the formula 2−ΔCt, where ΔCt = Ct
target gene—Ct endogenous control gene, and GAPDH was used
as the endogenous control housekeeping gene. Viral copies per
μg of RNA were calculated from a standard curve obtained using
serial 10-fold dilutions of LCMV plasmid51.

Statistical analysis
Data analysis and visualization were performed with Prism 6.0
(GraphPad Software). Significance among multiple groups was
determined with Kruskal–Wallis test. No experimental data were
excluded from the statistical analysis. A P≤ 0.05 was considered
statistically significant.
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