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The role of CC chemokine receptor 5 in antiviral immunity

Anneline Nansen, Jan Pravsgaard Christensen, Susanne @rding Andreasen, Christina Bartholdy,
Jeanette Erbo Christensen, and Allan Randrup Thomsen

The CC chemokine receptor CCR5 is an
important coreceptor for human immuno-
deficiency virus (HIV), and there is a ma-
jor thrust to develop anti-CCR5-based
therapies for HIV-1. However, it is not
known whether CCR5 is critical for a
normal antiviral T-cell response. This
study investigated the immune response
to lymphocytic choriomeningitis virus in
mice lacking CCR5 (CCR5 ~/~ mice). This
infection is a classical model for studying
antiviral immunity, and influx of CCR5-
expressing CD8 * T cells and macro-
phages is essential for both virus control
and associated immunopathology. Re-

sults showed that the virus-induced clonal
expansion of antigen-specific T cells was
augmented in CCR5 ~/~ mice especially
with regard to the CD4 * subset. Despite
absence of CCRS, intracerebral infection
invariably resulted in lethal T cell-medi-
ated meningitis, and quantitative and
qualitative analysis of the inflammatory
exudate cells did not reveal any signifi-
cant differences between gene-targeted
mice and wild-type controls. CCR5 was
also found to be redundant regarding the
ability to eliminate virus from internal
organs. Using delayed-type hypersensitiv-
ity to evaluate CD8 * T cell-mediated in-

flammation, no significant influence of
CCR5 was found, not even when viral
peptide was used as local trigger instead

of live virus. Finally, long-term CD8 *+ T
cell-mediated immune surveillance was
efficiently sustained in CCR5 ~/~ mice.
Taken together, these results indicate that
expression of CCRS5 is not critical for T
cell-mediated antiviral immunity, and this
molecule may therefore constitute a logic
and safe target for anti-HIV therapies.
(Blood. 2002;99:1237-1245)
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Introduction

Chemokines are small inducible proteins that are involved in ttiee replication rate of most viruses is very high, it is important that
normal trafficking of leukocytes to both lymphoid and nonlymeffector T cells are rapidly focused at sites of viral replication.
phoid organs and in the recruitment of leukocytes to sites of injugonsequently, an optimal antiviral defense requires efficient mecha-
and infectiont-3 Moreover, chemokines play an important role imisms for targeting of activated T cells to sites of infection, and
immune regulation; thus, chemokines have been reported itsight into the regulation of CD8T-cell trafficking is therefore
mediate activation, costimulation, and differentiation of T cells anelssential when trying to understand how viral infections are
monocytes during innate and adaptive immune resporfséhe  controlled.
biologic effects of chemokines are mediated via their interaction Influenza-specific CD8 T cells polarized in vitro into either
with a large group of 7 transmembrane-spanning, G proteinytotoxic T cells type 1 (Tcl) or type 2 (Tc2) cells have been shown
coupled receptors? The 2 major families of chemokine receptorso express a differential chemokine receptor prdfil@hus Tcl
are the CXC chemokine receptors and the CC chemokine receptoefis were shown to express CCR2 and CCR5 messenger RNA
(CCR) so named for their binding of CXC and CC chemokine$mRNA), whereas Tc2 cells primarily expressed CCR4. Impor-
respectively$1%-12 While CXC chemokine receptors traditionallytantly, this study revealed that although both subsets were recruited
have been associated with acute inflammatory responses, the C&Rthe lungs of influenza-infected mice, Tc2 cells did so with
are mostly expressed on cell types found in connection wittelayed kinetics and did not localize near the infected airway
chronic inflammation and T cell-mediated inflammatory reactionspithelium. As a consequence, virus control was significantly
eosinophils, basophils, monocytes, macrophages, dendritic cetlslayed? Together, these findings strongly suggest that CCR2 and
and T cells?13.14 CCR5 expression is required for optimal CD&ffector T-cell

T cells play an important role in antiviral immunity and, infunction and point toward a role of CCR2 and CCR5 in the
particular, CD8 effector T cells are important in promoting hostrecruitment and positioning of virus-specific T cells. The actual
recovery and virus clearanée!® The main effector function of importance of CCR2 and CCRS5 in this process was, however, not
virus-specific CD8 T cells is contact-dependent lys’&2° but addressed in that study.
production of cytokines such as interfergn{IFN-y) is also Macrophage inflammatory proteinel(MIP-1a) is a major
important?>:22 Both of these effector mechanisms have a sholigand of CCRS5, and an important role of MIR¢1n antiviral host
action range, and cell-cell contact is required for virus-specifitefense has been revealed in studies using MiPd&ficient
CD8" T cells to fulfill their effector function. Moreover, becausemice?*26However, MIP-tx may also bind to CCR1}1427and it is
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therefore not possible to dissect the role of individual CC receptovgus

in the antiviral host defense US'T‘Q MIB:—&deﬂmen_t m!ce alone..The LCMV of the Traub strain, produced and stored as previously

Recently, the effect of CCRS deficiency was studied in the muringscribed” was used throughout the study. Mice to be infected systemi

model of influenza A virus-induced pneumonifsThe CCR5- cally with LCMV received an intravenous virus dose off Ifiean lethal

deficient mice (CCRY ") displayed an increased mortality rate as @ose (LB in a volume of 0.3 mL. This route of infection normally results

result of an overwhelming early accumulation of macrophages iima transient, immunizing infectioff. Mice to be infected intracerebrally

the lungs? In contrast, no significant difference in viral titers wagvith LCMV Traub received the same virus dose in a volume of 0.03 mL.

observed among surviving mice of either strain, which Cothr_acerepral infection induces a fatal T pell-mediated meningitis from

indicate that recruitment of influenza-specific T cells to the infectdy!ich animals succumb on day 6 to 8 after infectién.

lungs was unimpaired in the absence of CCR5 expreg&itmour

knowledge, however, no studies have directly addressed the rol

CCR5 in both the afferent and efferent phases of virus-inducedvirus titrations were carried out by intracerebral inoculation of 10-fold

cell-mediated inflammation. dilutions of a 10% organ suspension into young adult Swiss mice. Titration
To obtain a better understanding of how effector T cells a®hdpoints were calculated by the'iar method and expressed as mean

targeted to sites of viral infection, we have for several years belsf1al doses (LB).

using the murine lymphocytic choriomeningitis virus (LCMV)

model?? LCMV is a noncytopathogenic virus that induces little oSUrvival study

no inflammation unless virus-specific T cells are pre$&#tThe Mortality was used to evaluate the clinical severity of acute LCMV-induced

presence of specific effector T cells is associated with substanti@ningitis. Mice were checked twice daily until 100% mortality was reached.

inflammation in infected organs, and intracerebral infection leads

to a fatal T cell-mediated meningitis 6 to 8 days after infecton. Assay of LCMV-specific delayed-type hypersensitivity

The inflammatory exudate consists predominantly of CD&ells ) -
d tes/ h h irtuall CD&ell Two different approaches were used to assess LCMV-specific delayed-type
and monocytesimacrophages, whereas virtually no IS hypersensitivity (DTH). (1) Mice were infected locally in the right hind

are recruited to the inﬂammgtory S?‘%By use of this mloldel, W€ footpad with 16 LDso LCMV Traub in a volume of 0.03 mL, and the local
have recently shown that in vivo activated LCMV-specific COB  swelling reaction was followed between day 6 and 13 after infe@fi¢2)

cells express CCR2 and CCR5 mRNRAFurthermore, following Mice were infected intravenously with the same dose of virus and
intracerebral infection, up-regulation of cerebral CCR2 and CCR5allenged in the right hind footpad with 0.03 mL of an immunodominant
mRNA expression required the presence of T cells and directigss I-restricted peptide (LCMV GP33-41, 0/mL) on postinfection day
correlated with influx of inflammatory cells into the central nervou (acute phase) or postinfection day 60 (memory phiésehe swelling

. - - i followed 16, 24, 48, and 72 hours after the peptide challenge.
system (CNSJ* Notably, concurrent analysis of virus-induced®ction was » £ 20, and | _ the pep g
y ( ) Y y ogtpad thickness was measured with a dial caliper (Mitutoyo 7309),

. . . F
cerebral chemokine expression revealed that although maxugi the virus-specific DTH reaction was determined as the difference

chemokine expression and meningeal inflammation COinCidq ' thickness of the infected/challenged right and the uninfected left

chemokine expression was an early event that preceded inflammag footpack®

tion of the CNS3* Interestingly, MIP-&x, MIP-18, and RANTES,

which are all ligands of CCR¥;*were among the early expressecel| preparations

chemokines? Besides T cells, monocytes/macrophages are also ) ] ) )

recruited to the inflammatory site following LCMV infectidAand Mlcg were killed an_d their spleens removed. S|n_g|e-cel| suspensions were

when recovered from an inflammatory exudate these cells Wé)rbqtamed. by pressing the organs through a fine steel mesh. For flow
Cytometric analysis, erythrocytes were lysed by 0.83%,GlHreatment

shown to express CCR1, CCR2, and CCRB therefore appeared (Gey solution). Cerebrospinal fluid (CSF) was obtained from the fourth

likely that expression of CCR5 could play a significant role in thgentricle of mice that had been anesthetized with ether and exsanguinated.

recruitment of both effector subsets to sites of LCMV infectionthe total number of CSF cells (celidl) was determined by cell counting.

The present study was therefore undertaken to directly explore fftee background level of cells in the CSF in uninfected mice is less than 100

role of CCR5 in the afferent and efferent phases of the LCM\gellsL.3139

induced T cell-mediated immune response. This was done by

comparing parameters of the T-cell response in LCMV-infecte@ytotoxicity assay

wild-type mice and in similarly infected CCR5 mice.

e\/gfls titration

The LCMV-specific Tc activity was assayed it'€r-release asséyusing
histocompatible EL-4 cells pulsed for 1 hour with either LCMV GP33-41 or
LCMV NP396-404 peptide as targets. Unpulsed EL-4 cells served as
control targets. Assay time was 6 hours, and percent specific release was
Materials and methods calculated as described previou¥ly®

Mice In vivo bromodeoxyuridine labeling
The CCR5'™ mice (B6,129P-CmKbr5< tm/Kn2 >) were bred locally at  \jice were given the thymidine analogue bromodeoxyuridine (BrdU;

the Panum Institute from breeding pairs obtained from the Jacks@fyma, st Louis, MO) in their drinking water at a concentration of 0.8
Laboratory (Bar Harbor, ME). Wild-type (C57BL/6) mice were purchaseg,q/m|_ for 3 days. BrdU-containing water was protected from light and
from Bomholtgaard (Ry, Denmark). The latter mice were always allowed [91anged dailg2

acclimatize to the local environment for at least 1 week prior to use, and 7-
to 10-week-old mice were used in all experiments. Animals were hous%j
under controlled conditions (specific pathogen free) that included testing oP
sentinels for unwanted infections according to Federation of Europe@he following monoclonal antibodies (mAbs) were purchased from Pharm-
Laboratory Animal Science Association (FELASA) standards; no sudhgen (San Diego, CA) as rat antimouse antibody: fluorescein isothiocya-
infections were revealed. nate (FITC)-conjugated anti-CD49d (commagchain of LPAM-1 and

noclonal antibodies
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VLA-4) (R1-2), Cy-chrome (Cy)-conjugated anti-CD8a (53-6.7), Cysubjected to Phosphorimager analysis (Fuji, Tokyo, Japan), and the data
conjugated anti-CD4 (RM4-5), phycoerythrin (PE)—conjugated anti4FN-were subsequently analyzed using Image Gauge software (Fuji).
(XMGL1.2). For BrdU staining, FITC-conjugated anti-BrdU (B-44; Becton

Dickinson, San Jose, CA) was used.

. . Results
Flow cytometric analysis

To detect intracellular IFNg*2 splenocytes were cultured at 37°C inGeneratlon of LCMV-specific T cells

96-well round-bottom plates at a concentration ok 20° cells/well in a
volume of 200uL RP_MI medlum_supp_lemente(_j with 10% fetal calf seru D8" T cells and a smaller subset of CDAT cells with an
(FCS), 50 U/mL murine recombinant interleukin-2 (IL-& & D Systems, . .

Abingdon, United Kingdom), and @M monensin (Sigma). The cells were aptlvated phenotyp@. MO_St of these activated _T_ cells _represe_n_t
cultured with LCMV GP33-41 peptide at a concentration of @gmL or virus-specific cells as disclosed through staining with specific
without. After 5 hours of culture, cells were washed once in FACS mediuRePtide/major histocompatibility complex (MHC) class | tetramers
(phosphate-buffered saline [PBS] containing 1% bovine serum albun{i@D8" T cells) or visualized by intracellular IFN-staining (CD8
[BSA], 0.1% NaN, and 3p.M monensin) and subsequently incubated wittend CD4" T cells)#34 To investigate whether lack of CCR5
relevant surface antibodies in the dark for 20 minutes at 4°C. Cells wesgpression would influence the generation of LCMV-specific T
washed twice in PBS with @M monensin and resuspended in 100PBS cells, the frequency of virus_speciﬁc Cbhb4and CD8 T cells

with monensin, and then 1Q0L 2% paraformaldehyde in PBS was addedpresent in the spleen of CCR5 and wild-type mice was

After 30 minutes of incubation in the dark at 4°C, cells were washed : : - :
’ etermined on days 8, 10, and 14 after infection (Figure 1A,B). On
FACS medium and resuspended in PBS with 0.05% saponin. After g_l Y (Fig )

0e indicated days, splenocytes were briefly restimulated ex vivo
minutes of incubation in the dark at 20°C, cells were pelleted and '
resuspended in PBS with 0.05% saponin and anti-jFahtibody. After
incubation for 20 minutes at 4°C, cells were washed twice in PBS/saponin
and analyzed by flow cytometry.

The combined intracellular IFN-and BrdU staining of splenocytes
was performed by using the BrdU Flow Kit from Becton Dickinson. Briefly,
the cells were restimulated with peptide and stained for the CD8 or CD4
surface markers as described above. After the surface staining the kit
manual from Becton Dickinson was followed. All samples were analyzed
using a Becton Dickinson FACS Calibur, and 1 tox5.0* viable
mononuclear cells were gated using a combination of forward angle and
side scatter to exclude dead cells and debris. Data analysis was carried out
using the Cell Quest program (Becton Dickinson) and results are presented
as dot plots. Splenocytes from uninfected controls analyzed in parallel were
used to set cut-off for levels of expression.

Infection with LCMV induces the generation of a large subset of

CDS" T cells

O ccrs -

40 O wildtype
30

20 *
10

. . | | |

=5 n=6 n=13n=13 n=5 n=6 n=6 n=6

% IFN-y producing T cells T

L]
8 1] 14 60
Days after infection
CD4" T cells
Preparation of total RNA

Mice were killed at various times after intracerebral infection, and the brain
was immediately removed, snap-frozen in liquid nitrogen, and stored in a
liquid nitrogen freezer until RNA preparations were to be performed. Total

*
10
¢ T
(Qiagen, Hilden, Germany). 5 Positive cells

*
RNA was extracted from homogenized brain by use of the RNeasy midi kit
n=5 n=6 n=9 n=9 n=5 n=6 ¢ @6 mb
0

*
8 1 14 60

Days after infection

% IFN-y producing T cells [[JJ

RNase protection assay experiments

Chemokine and chemokine receptor mRNA were detected using the
RiboQuant multiprobe RNase protection assay (RPA) system (Pharmin-
gen)3* The following template sets (both from Pharmingen) were used.
To detect chemokine mMRNA a custom-made template set that included
IP-10 in addition to lymphotactin, RANTES, eotaxin, MIBIMIP-1q,
MIP-2, IFN-y-inducible protein 10 (IP-10), monocyte chemotactic
protein 1 (MCP-1), and T-cell activation gene 3 (TCA-3) mRNA was
used. To detect CC chemokine receptor mRNA, the mCR5 template set
was used. This template set enables the detection of CCR1, CCR1b, -[-
CCR2, CCR3, CCR4, and CCR5 mRNA. Both template sets included St
templates for the murine housekeeping genes L-32 (a ribosomal protein) R e BeseE e

and glyceraldehyde-3-phosphate dehydrogenase (GADPH) to serve as 0 3 10 14

loading controls. The RPA was performed according to the manufactur- Days after infection

er's instructions. Brieflya-*2°] UTP-IabeIed_ antisense RNA transcrlp'[SFi ure 1. Frequency of LCMV-specific T cells and total spleen cell numbers in
were generated from the template sets using T7 RNA polymerase. RN#Rrs-/- and wild-type (wt) mice after intravenous LCMV Traub infection.
from each sample was allowed to hybridize to the labeled probe for 16 ¢@R5/~ and wt mice were infected intravenously with 103 LDgo of LCMV Traub.
20 hours at 56°C. Single-stranded RNA was digested with an RNase/(RIB) On postinfection days 8, 10, 14, and 60, splenocytes were harvested and the
mixture, and the hybrids were analyzed on a denaturing urefigquency of LCMV-specific VLA-4% IFN-y * CD8" T cells (A) or CD4" T cells
polyacrylamide gel. Protected fragments were visualized by autoradicﬁl were evaluated by flow cytometry. (C) On day 0 (uninfected) and postinfection

. . . . R ys 8, 10, and 14, spleens were harvested and the total number of cells per spleen
raphy by placing dried gels on film (Biomax MS-1; Kodak, New Have as determined. The results are shown as histograms; columns represent group

CT) in cassettes with intensifying screens (Biomax MS; Kodak), whicfedians and bars represent ranges. Group sizes are shown below each column. The
were then exposed at-80°C. For quantitative results, gels wereasterisk denotes P < .05, Mann-Whitney rank test versus wild-type mice.

|

“Total number of cells/spleen (x 10 ) €9
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with either an immunodominant class I-restricted LCMV peptide CD8* T cells
Day 10 Day 14

(GP33-41%° or an immunodominant class ll-restricted LCMV

peptide (GP61-80% As shown in Figure 1A comparable frequen

cies of GP33-41-specific IFN—producing CD8 T cells were

present in the spleen on days 8 and 14 after LCMV infection in  CCRS5-/-
CCR5/~ and wild-type mice, whereas a significantly higher
frequency of GP33-41-specific CD8T cells was found in
CCR5”~ mice on day 10 after infection. In contrast, the frequency
of GP61-80-specific IFN—producing CD4 T cells was signifi
cantly higher in CCR5~ mice on all of the 3 days selected for
analysis (Figure 1B). The higher frequencies of virus-specific T
cells observed in CCR%- mice were not due to differences in the
total number of splenocytes, because the number of cells per spleen
was of similar magnitude in the 2 strains when compared on day 0
and days 8, 10, and 14 after infection (Figure 1C).

We next investigated the in vivo proliferation of GP33-41—
specific CD8 and GP61-80-specific CD4cells in LCMV-
infected CCR5/~ and wild-type mice. This was done by combined
intracellular IFN-y and BrdU staining of splenocytes isolated on
days 8, 10, and 14 after infection from mice that had received BrdU
in their drinking water for the last 3 days before analysis (Figure WT
2A,B). Regarding the CD8subset, our analysis revealed that the
majority of the LCMV GP33-41-specific CD8T cells had
proliferated during the day 5 to 8 and 7 to 10 intervals, whereas BrdU [log fluorescence intensity]
virtually none had proliferated during the day 11 to 14 intervakigure 2. Proliferation of LCMV-specific T cells. ~ Groups of CCR5~/~ and wild-type
However, in agreement with the data presented above, a higﬁé}micewereinfec_ted with 193 LDS_O of LCMV Traub and given BrdU in their drinking
frequency of LCMV GP33-41-specific CDBT cells had! prolifer oy 2/ 1 0 posiiecton tays sy 56 10 ey 10 or 14 oy
ated in the day 7 to 10 interval in CCR5 mice compared with anti-cb4 Cy and anti-IFN-y PE and anti-BrdU FITC. The mice were evaluated by flow
matched wild-type mice (Figure 2A). Regarding the CDHcells  cytometry for the presence of (A) CD8" BrdU™ IFN-y* T cells or (B) CD4" BrdU*
(Figure ZB), our analysis revealed that also the majority of tHEN—\/*TceIIs. Repre.sentative.dotplotsfrom10f2 experiments are presented. Three

7 ) ) mice per group were included in each experiment.
LCMV GP61-80—specific CDAT cells had proliferated during the
day 5 to 8 and 7 to 10 interval, whereas virtually none had
proliferated in the day 11 to 14 interval. However, compared Witfhice were killed at different times after infection (4, 8,10, and 14
wild-type mice, accelerated and augmented CD4ell prolifera  gays), and their spleens, livers, and lungs were removed for
tion was noted in CCR8™ mice, and a higher frequency of LCMV getermination of virus content (Figure 4A-C). As shown in Figure
GP61-80-specific CDA4T cells had been proliferatingin CCRS 4 the kinetics of virus clearance was similar in the 2 strains
mice during the day 5 to 8 and 7 to 10 intervals. In this context, iiﬁdependent of the organ studied; thus lack of CCR5 does not
may be of interest to note that lack of CCR5 has previously begiy ence Tc effector function in vivo.
reported to result in an enhanced CDZ-cell-mediated DTH
reaction, and it has therefore been suggested that signaling thro&gle of CCRS5 in the pathogenesis of LCMV-induced meningitis

CCR5 might serve as part of negative regulatory feedback loop o o )
T-cell activatior®” Tﬂe above results provide indirect evidence that effector T-cell

homing to infected organs such as lungs and liver as well as
Tc effector function and virus clearance intrasplenic migration do not require CCR5 expression. However,
to study the possible role of CCR5 in T-cell homing to a solid
organ, we investigated whether lack of CCR5 expression would
influence the recruitment of lymphocytes to the LCMV-infected
t%{ain. CCR5’~ and wild-type mice were infected intracerebrally

WT

IFN-y [log fluorescence intensity] >

aE_gnt 4ot ged joe

CD4+ T cells
Day 10

o

aE 1w

CCRS5-/-

0* 10" 0% 100 10*

@

A

IFN-y [log fluorescence intensity] [0
AP

g8 10! J07 a0 40+

P

ERT UM T T T

The LCMV-specific CD8 T cells are required to control the
LCMV infection, which they do primarily through perforin-
mediated killing of virus-infected cells:18.22To investigate whether
absence of CCR5 would influence the Tc effector potential, o o o
functional evaluation of Tc cell activity was performed in CCR5 V_V'th 10°LDsoLCMV Trayb and clinical s_uscept.|b|l|ty to meningi
and wild-type mice. LCMV-specific Tc responses were assayed i measured as mortality, was determined (Figure 5A). As shown
vivo on postinfection days 8, 10, and 14 using EL-4 cells pulsd Flg_ure 5A, infected mice of both strains died within 9 da)_/s of
with the immunodominant class I-restricted LCMV peptidedfection. There was, however, a tendency toward a slightly
GP33-41 or NP396-404. Because we found that T cells fropfcelerated disease pattern in CCR&mice. Therefore, although
virus-infected CCR5~ and wild-type mice were about equa||yfatal disease was induced in the absence of CCR5, the recruitment
cytolytic using both epitopes, only results for GP33-41 are shovi effector cells to the inflammatory site might be quantitatively or
(Figure 3). qualitatively different in CCRY~ mice. Consequently, we also
The most relevant measure of the capacity of €@&ector T  performed quantitatively and qualitatively analyses of the cellular
cells to function in vivo is virus clearance in infected aninfdf®48 exudate in the CSF. As shown in Figure 5B, no significant
To evaluate the possible role of CCR5 in Tc cell-mediatedifferences in the number of mononuclear cells contained in the
clearance of LCMV, the kinetics of virus clearance were studied [GSF were revealed on either day 5, 6, or 7 after infection. Similarly,
CCR5/~ mice and compared with wild-type controls. Mice werghe composition of the inflammatory exudate with regard to €D8
infected intravenously with 20.Ds, LCMV Traub and groups of 3 T cells and Mac-1 monocytes/macrophages was found to be
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Day 8 ai Day 10 ai Day 14 ai Virus-induced DTH in the absence of CCR5

8. CORSY- ¥ Repoe Another classical model for studying CD&ffector T-cell migra

90 W CCRS-/- - Peptide R o . X - .

80 O Wildtype + Peptide tion to solid tissue is the primary LCMV-induced footpad swelling

70 O " Wildlype - Pepiide reaction that represents the response to subdermal virus chal-
60 lenge3950 To study the role of CCR5 in this DTH-like reaction,

50 CCR5/~ mice and wild-type mice were infected with 30Ds,
LCMV Traub in the right hind footpad, and the footpad swelling
was measured between postinfection days 6 and 13. No significant
difference in the response pattern of CCR5mice and wild-type
Bfifiel] | fovon mice was observed (Figure 7A), indicating that also a subdermal
20 40 80 0w 20 40 80 0 20 40 80 . .
inflammatory response can proceed in the absence of
CCRS5 expression.
Figure 3. LCMV-specific Tc activity in CCR5 ~ ~/~ and wild-type (wt) C57BL/6 mice To test whether the redundancy of CCR5 was related to the use
8, 10, and 14 days after intravenous infection. ~ Mice were infected intravenously . . . . .
with 10% LDso of LCMV, and Tc activity was assayed in a >'Cr-release assay by use of of live virus as a local trigger of inflammation, we also measured
GP33-41 peptide pulsed EL-4 cells as target cells. Unpulsed EL-4 cells served as  the ability of (systemically) infected mice to respond to local
control target cells. The Tc activity of 3 mice per group was assayed on the indicated challenge (on postinfection day 8) with an immunodominant viral
days. “ai” denotes after infection. . . .
MHC class I-restricted peptide (LCMV GP33-41); previous results
have established that this is a valid way of assessing "CD8
similar in CCR5’~ and wild-type mice (data not shown). Alto cell-dependent inflammatiofi.However, even under these condi
gether, the above findings indicate that expression of CCR5 tions no significant difference was observed between CCR&nd
CD8" T cells and monocytes/macrophages is not essential for théld-type mice (Figure 7B). Thus, a substantial inflammatory
recruitment of these cells to the inflamed meninges. response was induced in the absence of CCR5 expression, which
However, it might be argued that absence of CCR5 would resulppears to be redundant for a Tc1-mediated inflammatory response.
in an altered cerebral chemokine or chemokine receptor profile, ] ) )
which would allow Tel cells and monocytes/macrophages to B8€ role of CCR5 in the memory phase of LCMV infection

recruited to the infected meninges despite the lack of CCRQough no overt functional impact of CCR5 deficiency was
expression. To test this, we studied cerebral chemokineC®  ,served in the acute phase of LCMV infection, it could be argued
gene expression in CCRS and wild-type mice infected intracere ¢ the redundancy of CCRS might result from the high number of

brally with LCMV Traub 3, 5, and 7 days earlier. Control mice ofecently activated effector cells present in mice undergoing acute
either strain, which had been sham injected with the same volume

of PBS intracerebrally, were included to show the basal level of

% specific lysis

30
20

Effector/Target Ratio

MRNA expression (Figure 6A-D). As shown in Figure 6, panels A A 5 .
and C, neither the composition nor the kinetics of chemokine gene ® CCRS-/-
expression was different in CCR5 mice. Thus, lack of CCR5 £ w0 o Wildype
expression did not result in any apparent change in activation of :::Z‘
chemokine genes. CCR5 mice did, however, express a different E 60
CCR profile, because these mice expressed CCR1b, which is an § 40
orphan receptor structurally related to CCR@Figure 6B). This §
receptor was not expressed in wild-type mice. The function of E 2
CCR1b is not well described in the literature, but it is assumed that i
it, like CCR1, binds the CC chemokines MIR-and RANTES" ¢
However, because the expression of CCR1b only increased moder- 3 8 7 i 2
ately compared to CCR1 and CCR2 (Figure 6D), and thus does not Days after infection
correlate with the influx of inflammatory cells, it seems unlikely B o
that expression of CCR1b compensates for the lack of CCR5 O ccrs--
expression in CCR3~ mice. - :: | O wildtype
& L
) ) f 14 F
8 A Spleen B Liver c Lung a2 Ll
1‘5 q ® CCRS-- __E':- 10 F
g s go o Wildiype 'E g |
g1 ° s 6t
2, o . £ 4
=il ot a3 s =, Ii'l‘[n
é ! ° - © . ° ? 0
P bt 8 n=Sn=3  n=S5n=S n=5n=5 n=5 =5
I OO - 908000 | - - - - - - [sF _sasl  ses] IR 8. e 0 5 6 ]
4 8 10 14 &0 4 & 10 14 1 14 6l Da}-ﬁ after infection

Days afier infec ) ) ) ) N
eyE RfErIRIERton Figure 5. Outcome of intracerebral LCMV infection and kinetics of leukocyte

Figure 4. Organ virus titers in CCR5 ~/~ and wild-type (wt) mice infected recruitment to the LCMV infected meninges. CCR5~/~ and wild-type (wt) mice
intravenously with 10 3 LDsp LCMV Traub. Organs (spleen, liver, and lung) were were infected intracerebrally with 103 LDso LCMV Traub and mortality was registered
harvested on the indicated days relative to virus inoculation and virus titers were  (A) or on the indicated days CSF was harvested and the exudate cells present in the
determined. Points represent individual mice. Susp indicates suspension. CSF counted (B). The number of mice per group is indicated in the figure.
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Figure 6. Comparison of the cerebral chemokine and chemokine receptor mMRNA expression in CCR5 —/= and wild-type (wt) mice after intracerebral LCMV infection.
Mice were infected intracerebrally with 103 LDso LCMV Traub or sham injected intracerebrally with PBS. On the indicated days after infection total RNA was isolated from the
brain, and 20 pg total RNA was subjected to RNA protection assay analysis. (A) Cerebral chemokine mRNA expression and (B) cerebral CCR mRNA expression. Quantitative
analysis of chemokine (C) and chemokine receptor (D) gene expression based on a similar experiment; columns represent average = SD of 3 mice.

infection, especially because the number of effector cells was evam impaired long-term virus control in CCR5, because both
higher in CCR5’~ mice. We therefore wanted to examine the rolstrains controlled the infection effectively (Figure 4A,C).
of CCR5 in the memory phase of LCMV infection, which we The higher frequency of LCMV GP33-41-specific CD§
analyzed in CCR5~ mice and wild-type mice, that had beencells found on postinfection day 60 in CCR5 mice could lead to
infected 2 months earlier with $0D5, LCMV Traub. an improved memory response to rechallenge with antigen. To

First, we investigated whether lack of CCR5 would result iexamine this, we measured the footpad swelling reaction (DTH) of
altered frequencies of IFN—producing LCMV-specific CD8and  systemically LCMV-primed mice to local challenge (on day 60
CD4* T cells in the memory phase. On day 60 after infectiorgfter infection) with an immunodominant viral MHC class I-
splenocytes were restimulated ex vivo for a short period with eithegstricted peptide (LCMV GP33-41; Figure 7C). However, as
an immunodominant class I-restricted LCMV peptide (GP33-4%hown in Figure 7C, no difference in the inflammatory response
or an immunodominant class ll-restricted LCMV peptide (GP6lwas observed between CCR5 mice and wild-type mice.
80; Figure 1A,B). As shown in Figure 1, a significantly higher
frequency of LCMV GP33-41—specific CDE cells was observed
in CCR5~ mice on postinfection day 60 (Figure 1A). With regard
to the CD4 T-cell subset, frequencies in both strains were at ddiscussion
below the level of detection (Figure 1B). The higher frequency of
LCMV GP33-41-specific CDBT cells in CCR5/~ mice could CCR5 is a major coreceptor for human immunodeficiency virus
result from a higher cellular turnover within this subset. ThigHIV),54%¢and it is known that patients homozygous for a 32bp
picture is often seen in persistent viral infections, including theeletion allele of theCCRS5 gene are quite resistant to this
LCMV infection, if the balance between the host response and thdection>"58In contrast, relatively little is known about the normal
virus is in favor of the virus and, even a slight reduction in théiologic function of this receptor. There are no reports revealing an
effectiveness/function of LCMV-specific effector T cells has beeimcreased susceptibility to infection in humans with the CCR5
reported to change this balaré&3However, cell cycle analysis of deletion mutation. However, this does not necessarily mean that
the LCMV GP33-41-specific CD8T-cell subset did not reveal CCR5 is redundant. Thus, mice deficient in expression of CCR5 are
any difference between CCR5 mice and wild-type mice (data substantially more susceptible to infection wi€ryptococcus
not shown). neoforman¥® andToxoplasma gondfi® exhibit defects in clearance

In agreement with this finding, determinations of the virusf Listeria monocytogenégand are impaired in IFN+production
content in spleens and lungs of CCR5mice and wild-type mice following infection with Leishmania donovar§t Whether CCR5
infected 2 months earlier with LCMV, did not reveal any signs oplays a role in antiviral immunity and CD8effector T-cell
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A 250 proliferation. Similar effects of CCR5 deficiency have previously
[ been reported for CD4T cells?” but to our knowledge such an
~&- CCRS -/- .
00 | Wildtype effect has not previously been found to apply to CO8cells.

To study the effect of CCR5 deficiency on the ability of Tcl
effector cells to extravasate at sites of viral infection, we used
LCMV-induced T cell-mediated meningitis as our primary experi-
R mental model. Additionally, localized subdermal inflammation
(footpad swelling), as well as virus clearance in internal organs,
was analyzed. All of these reaction types are known to be critically
dependent on the recruitment of Tcl cél§23948and it has
previously been found that ligands of CCR5 are prominent among

6 7 8 9 10 11 12 13 the chemokines produced in virus-infected tissii€453
Days after infection Given that CCR5 is the only receptor for MIR-IMIP-13, and
Acute phase (Day 8ai) RANTES normally expressed on Tcl effector céfg? it was
180 somewhat surprising to find that fatal meningitis could be induced
160 | A equally efficiently in the absence of CCR5. Indeed, if anything,
140 | more rapid disease progression was seen in LCMV-infected
120 | N\ CCR5/~ mice. Moreover, both quantitative and qualitative analy
w b f N ses of the inflammatory cells present in the CSF of intracerebrally
wl £ ¢ infected animals failed to reveal significant differences between
oL o CCR5/~ and wild-type mice. In a recent study on influenza
A-induced pneumonitis, CCRS5 deficiency was found to result in an
overwhelming accumulation of macrophages in the lungs, which
correlated with an enhanced early expression of RANTES and
MCP-1 mRNA in the lung$? In contrast to these findings, our
analyses on the cerebral chemokine mRNA expression revealed
00 - Memory phase (Day 602i) that both the profile and the kinetics of expression were identical
between CCR5~ mice and wild-type mice. However, besides the
expected lack of CCR5 mRNA expression in CCR5mice, our
analysis of the cerebral CCR mRNA expression revealed induction
of CCR1b mRNA expression in CCR5 mice. The function of
this receptor is not well described, but it is believed that it is able to
bind the CC chemokines MIPaland RANTES and it may
therefore be speculated that expression of CCR1b serves to
compensate for the lack of CCR5 expression in CCR5nice.
However, because the expression of this receptor does not increase
proportionately to expression of CCR1 and CCR2, it seems
unlikely that it should be expressed on the immigrating inflamma-
, , ) o o tory cells. Consistent with this, analysis of mMRNA from purified
Figure 7. Time course of primary or peptide-induced footpad swelling in . . . . .
CCRS5-/~ and wild-type (wt) mice after LCMV infection.  (A) A primary footpad  SPIENIC CD8 T cells from virus-infected mice did not reveal
swelling was elicited by infecting mice with 103 LDs, LCMV Traub in the right hind ~ expression of CCR1b on these cells (unpublished observation,
footpad; the footpad swelling was measured from POSﬂ"feCTLO" gayhs ”6 to dl_3- 2001).Therefore, it is unlikely that CCR1b is essential for the
e gt oottt LON G341 (50 gl 30 ) o cy 8 afer miceyonUNIMPpaired inflammatory response in CCRSmice. Whatever
to examine the acute phase (B) or on postinfection day 60 to examine the memory ~ the underlying mechanism, our results strongly indicate that
phase (C). Points represent individual mice. “ai” denotes after infection. expression of CCR5 is redundant in the recruitment of antiviral
effector cells to the brain.
migration has not, however, been investigated before, and under-Expression of CCR5 was also found to be redundant regarding
standing the role of CCR5 in antiviral immunity is particularlythe ability of effector cells to eliminate virus in internal organs,
important because CCRS5 is currently in focus as a potential targeeluding nonlymphoid tissues. Virus clearance in infected organs
for anti-HIV-1 therapeutic interventiof?. is a direct measure of the capacity of Tcl cells to function in

With regard to the afferent phase of the antiviral immunsitul”-348Therefore, the fact that we did not see any delay in this
response, our results using CCR5mice point toward an immune parameter in CCR8~ mice further supports the assumption that
regulatory role of CCR5. Thus, a somewhat higher frequency €1 cells can be recruited to sites of infection and are able to
LCMV-specific CD8" (postinfection day 10) and CD4postinfee  position themselves appropriately in the absence of this receptor.
tion days 8, 10, and 14) T cells was found in LCMV-infected Also in the case of subdermal inflammation did we find that
CCR5”/~ mice compared with the frequencies found in similarfCCR5 expression was redundant, and similar results were
infected wild-type mice. Interestingly, cell cycle analysis revealeabtained in LCMV-immune mice, demonstrating that the redun-
a higher proliferative response within the LCMV-specific CD8 dancy of CCR5 could not be explained simply by the high
T-cell subset between days 7 and 10 after infection and within thembers of effector cells nor by their activation state (effector
LCMV-specific CD4 T-cell subset between postinfection days 5 t&/s memory cellsp*

8 and 7 to10. Thus, it appears that signaling through CCR5 might Regarding the memory phase, we found that the frequency of
serve a function as part of a negative regulatory cycle on T-ceirus-specific CD8 T cells in LCMV-immune mice (postinfection
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day 60) was somewhat higher in CCR5 mice. This could results strongly suggest that this does not apply to Tcl-mediated
indicate that CCR5 expression is important for the long-termirus control.
control of LCMV infection. A typical indication of impaired In conclusion, this study fails to reveal a significant role for
long-term virus control is an increased turnover of virus-specific TCR5 in virus-induced Tcl-mediated inflammatory reactions.
cells due to an ongoing T-cell respor$€? However, analysis of Whether this finding may be extrapolated to other types of
T-cell turnover in CCR5/~ mice did not reveal an increase in theTcl-mediated reactions is not known for certain. However, the
frequency of cycling LCMV-specific CD8T cells. Nor did we see observation that CCR5 is also redundant for a DTH response
any impairment of long-term virus control in LCMV-immunefollowing local peptide challenge suggests that redundancy could
CCR5~ mice. The higher frequency of virus-specific CD8 in fact be a general phenomenon. Although data from knockout
cells observed in LCMV-immune CCR5 mice could poten mice should always be interpreted with care, this finding is
tially lead to an accelerated footpad swelling reaction iencouraging if looked on in the light of the possibility of
LCMV-immune CCR5’~ mice. However, no differences in developing CCR5-based therapies for treatment of HIV infection.
neither the kinetic nor the magnitude of the footpad respong@us, if anything, the antiviral T-cell response tends to be
was observed between CCR5 mice and wild-type mice. augmented in CCR3~ mice. Generally this would constitute no
Together these results demonstrate a redundant role of CCRpiBblem and might even be beneficial, although in rare situations
the memory phase of LCMV infection. augmented immunopathology may be observed. On the downside,
Our study does, however, point toward a role for CCR5 asdr results also suggest that it may be futile to target CCR5 in an

down-modulator of the clonal expansion of CD&nd CD4 T  attempt to inhibit other Tcl-mediated reactions, for example,
cells during the acute phase of LCMV infection, which for CDB  allograft rejection or graft-versus-host reaction.

cells at least might be maintained into the memory phase. Absence

of signaling through CCR5 has previously been reported to resultin

an enhanced CD4T cell-mediated DTH reaction and in improved

production of IFNy by T cells?’ It has therefore been speculatedAcknowledgment

that CCR5 deficiency in humans might in fact improve their

immune response toward T cell-dependent infections. Althougdtihe authors would like to thank Grethe Thgrner Andersen and
this might be true for CD4T cell-mediated immune responses, out.one Malte for their skillful technical assistance.
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