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ABSTRACT

Vaccines are desired that maintain abundant memeory

T cells at nonlymphoid sites of microbial exposure, where
they may be anatomically positioned for immediate
pathogen interception. Here, we test the impact of
antigen persistence on mouse CD8 and CD4 T cell
distribution and differentiation by comparing responses
to infections with different strains of LCMV that cause
either acute or chronic infections. We used in vivo
labeling techniques that discriminate between T cells
present within tissues and abundant populations that fail
to be removed from vascular compartments, despite
perfusion. LCMV persistence caused up to ~30-fold
more virus-specific CD8 T cells to distribute to the lung
compared with acute infection. Persistent infection also
maintained mucosal-homing a487 integrin expression,
higher granzyme B expression, alterations in the ex-
pression of the Try markers CD69 and CD103, and
greater accumulation of virus-specific CD8 T cells in the
large intestine, liver, kidney, and female reproductive
tract. Persistent infection also increased LCMV-specific
CD4 T cell quantity in mucosal tissues and induced
maintenance of CXCR4, an HIV coreceptor. This study
clarifies the relationship between viral persistence and
CD4 and CD8 T cell distribution and mucosal phenotype,
indicating that chronic LCMV infection magnifies T cell
migration to nonlymphoid tissues. J. Leukoc. Biol.
97: 000-000; 2015.

Introduction

The establishment of memory T cells may be important for
optimizing vaccine-elicited protection against several re-
calcitrant infectious diseases, including AIDS, malaria,
tuberculosis, and hepatitis C. To favor rapidity of

T cell-mediated control, it is thought that pathogen-specific
memory T cells should be positioned at the initial site of
infection, where they are poised for immediate pathogen
interception [1-4]. In support of this concept, mice that
contain effector-like CD8 Tyy within the skin exhibit much
more rapid control against local rechallenges [5, 6]. Like-
wise, CD4 Tpy within the lung have been shown to hasten
control of respiratory infections [7, 8]. These data provide
a compelling rationale for defining the rules that regulate
the distribution and maintenance of antigen-experienced
T cells.

Analyses of T cell responses specific for various acute and
chronic infections provide empirical evidence that antigen
persistence favors the differentiation of Ty, which may promote
recirculating or possibly even Tyyy within nonlymphoid tissues,
including the mucosae [9-11]. Such an outcome might be highly
desirable for rapid defense against peripheral infections. Indeed,
concomitant immunity has been noted in the context of several
parasitic infections [12]. Here, prevention of a secondary
infection is highly dependent on the persistence of the primary
infection. This could be related to the maintenance of antigen-
specific T cell quantity, distribution in nonlymphoid tissues, or
maintenance of effector functions. In addition, exploitation of
chronic CMV as a vaccine vector has resulted in very promising,
protective immunity against mucosal challenge of rhesus
macaques with a stringent SIV challenge, a phenomenon that
likely depends on CDS8 T cells [13]. This striking observation
supports the hypothesis that vaccines against HIV that rely on
T cells, which may need to intercept the infection very rapidly at
mucosal sites of infection, would benefit by use of persisting viral
vectors. These data and concepts demand further investigation
into the role of antigen persistence on T cell distribution and
function.

Abbreviations: APC = alophycocyanin, COB2L. = clusler of differen tiation
62 igand, C-13 = clone 13, ev. = ex vivo, IEL = intraepithelal ymphocyte,
KLRGT = kiler cet lectin-ike receptor subfamiy G member 1, LOMV= mphocytic
choriomeningitis virus, PD-1= programmed death 1, Toy = central memory T cell
(), Teu = effector memory T cel(g), Tau = resident memory T celifs)
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However, it is difficult to attribute differences in T cell
distribution specifically to antigen persistence rather than other
aspects of pathogenesis when responses are compared between
phylogenetically unrelated acute and chronic infectious agents.
In this regard, infection of mice with different strains of LCMV
does offer a reductionist approach for investigating the role of
antigen persistence on T cell distribution, LCMV Armstrong
induces an acute viscerotropic infection that is cleared within ~8
days after viral challenge of adult immunocompetent C57BL,/6]
mice [14, 15]. LCMV Cl-13 is a variant of LCMV Armstrong that
differs by only 2 aa. These mutations affect the viral polymerase
and glycoprotein yet do not alter immunodominant T cell
epitopes [16-18]. Nevertheless, LCMV Cl-13 infection persists for
=100 days in kidney, brain, salivary gland, and possibly many
additional tissues [15, 19-23].

The distribution of T cells after acute and persistent LCMV
infections has been compared previously with the lung, liver, and
kidney serving as representative nonlymphoid tissues [15, 24].
These studies revealed relatively little difference or a mild
augmentation of antigen-specific CD8 T cells within these tissues
as a result of chronic infection. We have shown recently that
T cells isolated from these particular tissues after LCMV
Armstrong infection are mostly present within blood-borne
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compartments of these organs [25, 26]. Indeed, up to 97% of
isolated LCMV Armsu‘ongspeciﬁc CD8 T cells, regardless of
perfusion, are not actually present within the tissue parenchyma
[25]. It is unknown how this issue applies to LCMV-specific CD4
T cells or in the context of LCMV Cl-13 infection. Intravascular
staining via Lv. injection of antibodies distinguishes between
tissue and blood-horne populations [26]. Here, we exploit this
technique to redress the influence of LCMV persistence on CD8
T cell distribution to lung and kidney, and we extend this analysis
to the red and white pulp of spleen, numerous mucosal tissues,
CD4 T cells, and the expression of molecules of relevance for
homjng, function, and differentiation state and revise the
perceived distribution of T cells following LCMV.,

MATERIALS AND METHODS

Mice and infections

Six- to 7-week-old C57BL/6] mice, purchased from The Jackson Laboratory
(The Jackson Laboratory, Bar Harbor, ME, USA), were used for virus
infections. These mice were infected with 2 X 10° PFU LCMV Armstrong ip.
or 2 % 10° PFU LCMV CH3 iv. to establish acute and chronic LOMY
infections, respectively, as described before [27]. All mice were used in
accordance with the Institwtional Animal Care and Use Committee guidelines
at the University of Minnesota.
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Figure 1. Comparison of LCMV Armstrong and Cl-13 persistence in mouse tissues. C57BL/6] mice were infected with LCMV Armstrong (Arm) or Cl-13,
and on the days indicated, tissue sections were stained with DAPI (gray) and LCMV nucleoproteinspecific mAb (green) to assess viral replication. Images
are representative of three independent experiments, with =3 mice/infection condition. Original scale bars = 100 wm.
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Intravascular staining and lymphocyte isolation

The intravascular staining protocol to label cells in the vasculature has been
described carlier [32]. In brief, at the indicated time postinfection, animals
were injected iv. with anti-CD8a-eFluor 450 (53-6.7) or anti-CD45,2-FITC
(104) through the tail vein. Three minutes postinjection, animals were
cuthanized, and tissues were harvested,

Lymphocyte isolation from secondary lymphoid organs and nonlymphoid
tissue was performed as described [27]. Spleen, lymph nodes, and livers were
homogenized through a 70 um filter in RPMI 1640 containing 5% FBS. Lung
was removed and dissected into small pieces, and the pieces were incubated
with 1.3 mM EDTA in HBSS (30 min at 37°C, 450 rpm), followed by treatment
with 100 U/ml type I collagenase in 5% RPMI-1640 medium/2 mM
MgCla/2 mM CaCl, (45 min/37°C, 450 rpm). For isolation of IELs from
small and large intestine, the organs were isolated, fecal contents removed,
and Peyer's patches excised (from small intestine only) and cut longitudinally
and then into 1 em pieces. Intestine picces were incubated in 10% 1x
HBSS/HEPES bicarbonate containing 15.4 mg/100 ml dithioerythritol
(30 min at 37°C, 450 rpm) to extract IEL. Afer separating IELs, gut picces
were treated further with 100 U/ml type 1 collagenase (Worthington
Biochemical, Lakewood, NJ, USA) for lamina propria lymphocyte isolation,
Kidneys and the female reproductive tract (containing uterine horns,
cervix, and vaginal tissue) were removed and cut into small pieces,
followed by treatment with 100 U/m| type I (Worthington Biochemical) and
type IV (Sigma, St. Louis, MO, USA) collagenase in 5% RPMI 1640/2 mM
MgCla/2 mM CaCl, (45 min at 37°C, 400 rpm) respectively. All tissue pieces
were washed several times before enzymatic digestion with 5% RPMI-1640
medium to remove excess of injected antibody so as to prevent staining
extravascular cells. Ly'mphnques from liver, lung. gut, ki(lney, and
female reproductive tract were purified on a 44%/67% Percoll gradient
(800 gat 23°C for 20 min).

www jeukbio.org

3 MHC class I tetramer+ CD8 T cells were enumerate
and Methods). (B) The frequency and intravascular s

gated on CD8' lymphocytes, representative of 10 mice fr
pecific CD8 T cell response in the entire lun
injected antibody. (D) The number of H-2D"

cells. CD8 T cells were isolated from tissues on various days after LCMV

d independently in the red and white pulp of the
taining pattern of H-2D"/GP33-specific CD8 T cells
om 3 independent experiments. LP, Lamina
g and the compartments that were stained with (lung blood)
/GP33-specific CD8 T cells protected from intravascular CD8e
cells are stained with i.v-injected antibody) was compared, 35 days after each

In vitro stimulation assays

Isolated lymphocytes were incubated in RPMI 1640, supplemented with 10%
FCS, 2 mM Leglutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and
50 mM 2-ME, with or without 8p33 peptide (0.2 ug/ml) at 37°C for 3 h.
PE-Cy7 conjugated IFN-y (XMG 1.2; Affymetrix eBioscience, San Diego,

CA, USA) intracellular staining was performed using the Cytofix/Cytoperm kit
(BD PharMingen. San Diego, CA, USA), according to the manufacturer’s
instructions.

Phenotyping of T cells

Isolated cells were surface stained with anti-CD8a (53-6.7; for e.v.
staining), CD45.2 (104), CD4 (RM4-5), CD62L (MEL-14), CD44 (IM7),
CD69 (H1.2F3), CD103 (M290), Ly6C (AL21), CD27 (LG.3A10), PD-1
(RMP1-80), KLRG1 (2F1), adf7 (DATK32), and CXCR4 (2B11; all
purchased from BD PharMingen or Affymetrix eBioscience, directly
conjugated to different fluorochromes). PE-conjugated granzyme B
(Invitrogen, Carlsbad, CA, USA) intracellular staining was performed
using the Cytofix/Cytoperm kit (BD PharMingen), according to the
manufacturer’s instructions. Cells were stained with H-2D"/GP33 (MHC
class I tetramer), conjugated to APC to detect LCMV-specific CD8 T cells.
LCMV=specific CD4 T cells were detected by staining with the GPgg_77:1Ab
tetramer, conjugated to APC using a protocol described previously [28].
The samples were acquired using LSR II or LSRFortessa flow cytometers
(BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo software
(Tree Star, Ashland, OR, USA).

Tissue freezing, immunofluorescence, and microscopy

At the indicated time postinfection, harvested tissues were embedded in tissue-
freezing medium OCT and snap frozen in isopentane liquid bath. Frozen
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Figure 3. Sublocalization within spleen and LCMV
persistence delineates CD8 T cell phenotype.
C57BL/6] mice were infected with LCMV Arm-
strong or CH13. One hundred days later, mice were
injected with anti-CD8a iv., and splenocytes were
isolated. (A) CD8«a staining versus the indicated

markers, gated on H{!DI’/GPSS-spcciﬁc CD8

T cells. (B) Geometric mean fluorescence intensity
(gMFI) of PD-1 expression on H-?Db/GP.?;S-spc-
cific CD8 T cells isolated from red or white pulp.
Data are representative of 9 mice from 3 in-
dependent experiments. Error bars indicate sgwm;
TP < 0.001; ¥¥P < 0.01; *P < 0,05,

blocks were cut to prepare 7 pm-thick sections using a Leica cryostat. Slides
were fixed in acetone. Before staining, sections were rehydrated using PBS
and blocked with 5% BSA solution. To detect LCMYV antigen, purified rat anti-
LCMV nucleoprotein antibody VL4 (BioXCell, West Lebanon, NH, USA) and
donkey anti-rat Alexa Fluor 488 (Invitrogen) were used. Cells were counter-
stained with DAPI to detect nuclei. Immunofluorescence microscopy was
performed using a Leica DM5500 B microscope. Separate images, taken with
4 20X objective, were collected for each channel and overlaid to obtain

a multicalor image. Image processing was done using Adobe Photoshop
software.

RESULTS

Persistence of LCMV in murine mucosal tissues

We sought a model that would allow one Lo measure the impact
of local antigen persistence, particularly within mucosal tissues,
on T lymphocyte distribution. LCMV Armstrong is undetectable
in most tissues within ~1 week of exposure, whereas prolonged
Cl-13 replication has been well documented in peripheral tissues,
including liver, kidney, and brain [15, 19-23].To interrogate
whether this strain-dependent dichotomy in antigen persistence
extended to frontline mucosal tissues, C57BL/6] mice were
infected with LCMV Armstrong or LCMV Cl-13. At various times
postinfection, organs were assessed for viral persistence by
staining frozen sections with immunofluorescence microscopy
using a mAb against the highly expressed nucleoprotein of
LCMV [29]. Kidney and spleen, tissues in which viral persistence
has been extensively characterized previously, served as positive
controls. As shown in Fig. 1, LCMV Armstrong was detectable in
spleen and liver, 4 days after infection, as described previously.
Here, we show that the female reproductive tract was also a major
site of viral replication, Nevertheless, per expectations, infection
was largely absent by 8 days postinfection and was undetectable at
Day 35. In contrast, infection with LCMV CL13 resulted in readily
detectable virus staining throughout mucosal tissues for at least
35 days after infection, including lungs, small and large
intestines, and the uterus (Fig. 1), as well as salivary gland,
stomach, and tongue (data not shown). Thus, comparisons
between LCMV Armstrong and CI-13 infection provide a model
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to assess T cell differentiation, homing, and distribution in
asituation whereby antigen is cleared rapidly (LCMV Armstrong)
VErsus a situation in which antigen persists in frontline mucosal
tissues (LCMV CIL-13).

LCMYV persistence affects distribution of virus-specific
CD8 T cells

We next wished to compare the anatomic distribution of virus-
specific CD8 T cells responding to acute and chronic strains of
LCMV. Whereas similar analyses have been performed previously
in the lung and liver [15, 24], recent data demonstrate that
interpretation of these studies may have been conflated by
contamination with T cells present within the vasculature, despite
perfusion. Indeed, up to 100% of naive lymphocytes and >95%
of virusspecific CD8 T cells isolated from lung actually represent
cells in capillaries rather than tissue parenchyma, which
confound interpretations of pulmonary T cell-homing require-
ments, phcnotypc, and function [25]. Similar issues are
associated with cells isolated from liver and kidney [26].
However, vascular cells can be readily distinguished from

tissue lymphocytes by their accessibility to in vivo intravascular
antibody labeling [25]. This method also provides an opportunity
to distinguish between lymphocytes present in the splenic red
pulp (which become labeled) from those that are protected from
labeling in white pulp [25, 30]. Although T cells in each
compartment are rarely compared, red and white pulp is distinct
with respect to immunologic function, viral tropism, and antigen
presentation.

To redress the anatomic distribution of LCMV-specific CD8
T cells, we infected mice with LCMV Armstrong or Cl-13, At
various times after infection, anti-CD8a mAb was injected i.v.,
mice were euthanized 3 min later, and lymphocytes were
isolated from the indicated tissues. LCMV-specific CD8 T cells
were identified via e.v. staining with H-2D®/GP33 MIIC I
tetramers. Figure 2A depicts the distribution of H-2D*/GP33-
specific CD8 T cells between splenic red and white pulp, as
distinguished by i.v. mAb labeling. After resolution of LCMV
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Armstrong infection, H-2D®/GP33 tetramer+ CDS8 T cells grad-
ually redistributed from the red pulp to the white pulp. In
contrast, persistent LCMV CI-13 infection caused virus-specific
CD8 T cells to patrol splenic red pulp preferentially and
significantly biased CD8 T cells toward nonlymphoid tissues
(Fig. 2A and B). Remarkably, there were 17- to 30-fold more cells
established in lung tissue by LCMV Cl-13 infection compared
with Armstrong infection (Fig. 2C). Without distinguishing blood
and parenchymal T cell populations via i.v. mAb staining, this
difference would have been largely obscured (particularly by
80 days after infection; Fig. 2C), which may explain the novelty
of this finding. In addition to the lung, persistent infection
biased the distribution of virus-specific CD8 T cells to many
nonlymphoid tissues, such as the large intestine epithelium
(18-fold increase) and lamina propria (21-fold increase), the
female reproductive tract (8fold increase), and the kidney
(77-fold increase; Fig. 2D). However, LCMV CI-13 did not
promote accumulation of specific CD8 T cells in the small
intestinal mucosa, suggesting that there may be tissue-specific
regulation,

Sublocalization within spleen and LCMV persistence
delineates CD8 T cell phenotype

T cells occupy 2 anatomically and functionally distinct compart-
ments within the spleen: lymphocyte-rich secondary lymphoid
organ-inductive sites (white pulp) and a dense network of
extralymphoid reticular fibers associated with numerous red and
white blood cells (red pulp). Unfortunately, multiparameter flow
Cytometric methods of phenotyping splenocytes are typically
performed on mixed populations of cells isolated from red and
white pulp, as there is no easy way to separate these compart-
ments physically. Intravascular staining affords an opportunity
to examine T cells within each compartment independently
[25]. As LCMV persistence affected the distribution of
H—2D"/GP33—speciﬁc CD8 T cells in spleen, we interrogated
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whether persistence correlated with distinct phenotypes within
each compartment.

We found that 100 days after LCMV Armstrong infection, CD8
Teum (defined by CD62L expression and the absence of granzyme
B expression) were enriched within the white pulp, and CD8 Tgy
(defined by KLRGI expression and the absence of CD62L and
CD27) were preferentially distributed within red pulp (Fig. 3A).
These data highlight that heterogeneity among memory CD8
T cell phenotype in spleen is, in fact, correlated with the
distribution of cells into 2 anatomically and functonally distinct
compartments.

We also asked how infection with LCMV CI-13 would influence
the phenotype of T cells within each compartment, as compared
with LCMV Armstrong, this infection establishes higher viral load
in the spleen, persists within the reticular fibers of the white pulp,
and maintains a biased distribution of specific CD8 T cells to red
rather than white pulp (Fig. 2A) [81]. CD62L and CD27
expression was down-regulated on T cells in the context of
antigen persistence, and this was even true among those cells that
localized to the white pulp. However, markers associated with
terminal differentiation (KLRG1) and cytolytic function (gran-
zyme B) were still excluded from white pulp (Fig. 3A). Strikingly,

-13 infection resulted in the maintenance of the mucosal-
homing integrin, 487, in stark contrast to acute viral infection,
particularly in red pulp. This suggests that the homing program
from CD8 T cells specific for chronic infections might differ from
those specific for infections that have been cleared.

Interestingly, PD-1, an inhibitory receptor associated with
antigenic stimulation and T cell dysfunction, was expressed more
highly by cells in the white pulp (Fig. 3A and B). This expression
pattern may reflect the distribution of antigen and may
contribute to persistence of LCMV Cl-18 within the white pulp.
From a therapeutic perspective, this reminds us that the blockage
of PD-1 antibodies should target sites of antigen presentation and
that this may be more difficult when that includes tissues that are
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less efficiently accessible to injected mAb. In summary, antigen
persistence and anatomic compartmentalization were predictive
of the T cell phenotype within the spleen.

LCMV persistence regulates effector differentiation
and mucosal-homing molecule expression in
nonlymphoid organs

As persistent infection promoted abundant T cell distribution to
nonlymphoid tissues, we tested the hypothesis of whether
persistent infection would also maintain heightened expression
of effector molecules and mucosal-homing molecules. To address
this issue, we compared nonlymphoid CD8 T cell populations, 35
days after LCMV Armstrong and Cl-13 infection. It should be
noted that this analysis exploited intravascular staining, and
analysis was restricted to cells protected from intravascular
antibody and thus were actually present within tissues. In other
words, the tissue populations under investigation were not conflated
with blood-borne subsets that would otherwise confound interpre-
tation. To illustrate this principle, LCMV Cl-13specific CD8 T cells,
isolated from the lung tissue (protected from CD8e iv. labeling),
expressed higher levels of CD69 and PD-1 and lower levels of
KLRGI, granzyme B, and a487 when compared with cells within
the lung vasculature (permissive 1o CD8a iy, labeling; see Fig. 4A).

Previous reports demonstrated that CD8 Try that are retained
within nonlymphoid tissues acquire a unique phenotype that is
influenced by the tissue microenvironment. This resident
memory phenotype has been associated with the induction of
CD103 and/or CD69 on CD8 T cells subsequent to nonlymphoid
tissue migration [27, 32-36]. How persistent infection might
affect the phenotype of CD8 T cells within nonlymphoid tissues
is unclear. We now wished to test how persistent LCMV CI-13
infection would regulate the expression of effector molecules
and mucosal-homing molecules within the intestine and to
extend these observations to other nonlymphoid tissues.

Figure 4B demonstrates that an effector phenotype was
maintained in most peripheral tissues following acute LCMV
Armstrong infection, suggesting that this CD8 T cell differenti-
ation program is a general feature of nonlymphoid distribution.
These data demonstrate that the maintenance of effector
propertics in most organs is not necessarily indicative of
stimulation by chronic infections, consistent with previous work
[27, 37]. In support of this interpretation, H-2Db/GP33—5pt:ciﬁc
CD8 T cells in Armstrong infection did not express PD-1,

a marker of recent TCR stimulation. In some tissues, most
notably in lung, liver, and kidney, the majority of LCMV
Armstrong-specific CD8 T cells did not maintain an effector-like
phenotype (Fig. 4B), but this was promoted by infection with
persistent LCMV Cl-13. The uniform expression of PD-1 in the
context of LCMV CI-13 infection was consistent with the
hypothesis that this phenotype was associated with chronic local
infection. Curiously, it was in these tissues, lung, liver, and kidney,
where a CDG9+ Ty, phenotype was enhanced by LCMV Cl-13
infection, and it was these tissues that experienced the greatest
increase in virus-specific GD8 T cells (Fig. 2D). Taken together,
these observations indicate that there are separate pathways for
the maintenance of an effector-like differentiation state among
CD8 T cells and that persistent infection maintains this
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Figure 5. There are more IFN-y-competent CD8 T cells in lung after
persistent LCMV infection. Forty-five days after LCMV Armstrong or Cl-
13 infection, lymphocytes were isolated, stimulated with gp33 for 3 h in
vitro, and then stained with an IFN-y antibody. Representative flow
cytometry plots showing the frequency of IFN-y-positive cells on CD8'
lymphocytes isolated from (A) spleen and (B) lung blood and tissue. (C)
As in A and B, however, IFN-y+ cells in each location were enumerated.
Error bars indicate sem.

phenotype in locations where that is not an axiomatic feature of
the tissue microenvironment.

There are more IFN-y-competent CD8 T cells in lung
tissue after persistent LCMV infection

LCMV Cl-13 infection is associated with functional exhaustion of
CD8 T cells compared with LCMV Armstrong infection.
Consequently, reports demonstrate that LCMV Cl-13 infection
results in fewer gp33-specific IFN-y-producing CD8 T cells after
brief in vitro restimulation with peptide [15]. We confirmed
these results in spleen (Fig. 5). However, this issue has not been
addressed properly for mucosal tissues, such as the lung, which
we have now shown exhibits significant inclusion of cells from
outside of the actual lung parenchyma and stroma. Ergo, we
redressed this issue while incorporating intravascular staining to
segregate vascular cells from those isolated from bona fide
pulmonary mucosa. In contrast to expectations, LCMV CI-13
infection was associated with significantly greater numbers of
IFN-y-positive cells after peptide restimulation and intracellular
cytokine staining (Fig. 5B and C). These results were largely

www jleukbio.org



Beura et al.  Infection persistence biases T cell distribution

Cc Kidne Small intestine (LP)
) (p=0.03) 58x 'y (p=0.08) 0.37x
4 . s
b % 10 ...%_ o)
10%] —dma . E._ =
CD45.2iv 10 i . Figure 6. Persistent LCMV drives enhanced ex-

10 (p=0.44) 1.3x

=

CD45.2i.v

Large intestine (IEL)

=5

pression of nonlymphoid-homing markers on CD4
T cells and preferential distribution to nonlym-
(p=0.3) 3.3x phoid tissues. The phenotype of GPgg o-:-A” MHC
_.f II tetramer+ LCMV-specific CD4 T cells from
various tissues was analyzed, 35 days after LCMV
Armstrong or CH3 infection. (A) Representative
intravascular staining on MHC 11 tetramer+ CD4

m Lung
10 _;
.D‘_.( (p=0.01) 6.8x ®
S
8

Large intestine (LP)
(p=0.13) 3.7x 10

Ea3

5 2
3 10
&) = ==

+ Small intestine (IEL)

T cells in lung. (B) Enumeration of isolated
GPg77I-A” MHC 11 tetramer+ GD4 T cells that
were protected from intravascular staining in the
lung, (C) indicated tissues, and (D) spleen white
pulp (intravascular staining + red pulp cells are also
shown). Error bars represent sem. (E) Comparison
of PD-1, Ly6C, and CXCR4 expression on spleen

(p=0.97) 0.98x

Cl-13

Ly6C

white pulp-derived GPgq_pp:I-A® MHC 11 tetramer+
CD4 T cells after LCMV Armstrong (dashed black
line) or C1-13 (solid black line) infection. Pheno-

type of naive CD44lo splenocytes (solid gray histo-
gram) is shown for comparison. Data are

Arm CH3

mmmm Naive
— Cl-13
Arm

CXCR4

b

representative of two independent experiments
totaling =6 mice/group.

g

=~

At tnnaag,

Red pulp White pulp

a result of the fact that LCMV CI-13 infection induced greater
CD8 T cell distribution to the lung, as shown in Fig, 2. However,
it should be noted that the intensity of IFN-y staining was lower
on gp33-specific CD8 T cells in the context of LCMV CI-13
compared with LCMV Armstrong infections.

Persistent LCMV drives enhanced expression of
nonlymphoid-homing markers on CD4 T cells and
preferential distribution to nonlymphoid tissues

CD4 T cells positioned within mucosal tissues contribute to local
antimicrobial immunity and also serve as a major target of SIV
and HIV-1 infection and pathogenesis [9]. To address whether
LCMV persistence drives increased antigen-specific CD4 T cell
homing to nonlymphoid organs, we infected mice with LCMV
Armstrong or Cl-13 (as in Fig. 1) and constructed [-AP MHC
class II tetramers containing the immunodominant peptide
GPgp-77, which we used to detect LCMV=specific CD4 T cells.
Like CD8 T cell responses, chronic infection maintained

a significantly higher frequency of LCMV-specific GD4 T cells
within the pulmonary mucosa. In fact, >70% of antigen-specific
CD4 T cells were localized in the lung parenchyma rather than
the vascular compartment (Fig. 6A), and chronic infection
resulted in ~7-fold more antigen-specific CD4 T cells isolated
from lung tissue than after LCMV Armstrong infection (Fig.
6B). Chronic LCMYV infection also biased CD4 T cell distribu-
tion to kidney but in contrast to CD8 T cells, had litle impact on
CD4 T cell maintenance in the female reproductive tract and
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lamina propria and epithelial compartments of the large
intestine (Fig. 6C). Consistent with previous reports [38], spleen
contained fewer antigen-specific cells after CI-13 infection
compared with acute Armstrong infection (Fig. 6D), but
chronic infection did elevate the expression of PD-1 as well as
CXCR4 (Fig. 6E). However, expression of Ly6C, which has been
linked to CD4 T cell longevity and proliferation potential
remains unchanged in chronically infected mice [39]. These
data illustrate that persistent infections may augment the
number of mucosal CD4 T cells and also induce maintenance of
the murine homolog of human CXCR4, an important
peripheral-homing molecule and a major HIV-1 coreceptor in
humans.

DISCUSSION

We exploited a reductionist acute versus chronic infection
model using two related strains of LCMV to examine the
consequences of persistent infection on the distribution and
differentiation of antigen-specific CD8 and CD4 T cells. For
CD8 and CD4 T cells, persistent infection favored the de-
velopment of subsets (Tgy and Tewm) that patrol nonlymphoid
organs rather than Tgy that patrol secondary lymphoid organs.
Chronic infection also sustained the expression of effector and
peripheral-homing molecules on antigen-specific T cells (Fig.
4). The latter finding was consistent with the observation that
LCMV persistence was associated with greater accumulation of
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virus-specific CD8 and CD4 T cells within nonlymphoid tissues,
including mucosae (Figs. 2 and 6), which include tissues that
harbor Try [27]. Moroever, there were actually greater
numbers of functional IFN-y-competent CD8 T cells within the
lung after LCMV Cl-13 infection compared with LCMV
Armstrong infection. These findings were predicated on
discriminating tissue-bound cells from those merely populating
the vasculature. Taken together, these results refine and revise
our understanding of the distribution of T cells following this
persistent viral infection.

In the context of acute infections, CD8 T cells migrate into the
intestinal mucosa and skin only during the effector stage of
differentiation and then differentiate into Tru in situ [32, 36,
40]. Local tissue signals induce CD69 and CD103 expression,
which regulates retention within the tissue and also programs the
maintenance of an effectorike phenotype (including constitu-
tive granzyme B expression) that does not depend on persistent
antigen [27, 87, 41]. Thus, Try adapt to the tissue environments
in which they reside and remain poised to exert effector
functions more rapidly in the event of pathogen re-exposure.
However, Try differentiation varies among tissues. For instance,
lung CD8* Try often does not maintain granzyme B after many
primary infections and undergoes attrition after antigen clear-
ance [35, 42]. Here, we demonstrate that chronic LCMV
infection sustained CD69 and granzyme B expression among
CD8 T cells within the lung (and also the liver) and resulted in
a 30-fold increase in the number of antigen-specific cells, 35 days
after priming when compared with an acute LCMV infection.
Local accumulation within the lung may have resulted from
increased retention as a result of enhanced CD69 expression
(as suggested during influenza virus infection; ref. [35]), local
proliferation of T cells within the lung, or sustained entry into
the tissue, With regards to the latter hypothesis, it should be
noted that chronic infection resulted in the sustained expression
of peripheral-homing molecules on T cells, even 100 days after
LCMV CI-18 exposure. This raises the possibility that the
temporal window of opportunity for T cell migration into
nonlymphoid tissues after priming may depend on the persis-
tence of antigen. Our findings raise the possibility that HIV-1
exploits this phenomenon, as chronic viral infection sustained
the expression of CXCR4 and HIV-1 coreceptor on antigen-
specific CD4 T cells. These results also indicate that further
studies should interrogate the recirculation properties of
antigen-experienced T cells in the contexts of persistent as well as
acute infections.
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