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Introduction

Summary

Typhoid fever is a persistent infection caused by host-adapted Salmonella
strains adept at circumventing immune-mediated host defences. Given the
importance of T cells in protection, the culling of activated CD4" T cells
after primary infection has been proposed as a potential immune evasion
strategy used by this pathogen. We demonstrate that the purging of acti-
vated antigen-specific CD4" T cells after virulent Salmonella infection
requires SPI-2 encoded virulence determinants, and is not restricted only
to cells with specificity to Salmonella-expressed antigens, but extends to
CD4" T cells primed to expand by co-infection with recombinant Listeria
monocytogenes. Unexpectedly, however, the loss of activated CD4" T cells
during Salmonella infection demonstrated using a monoclonal population
of adoptively transferred CD4" T cells was not reproduced among the
endogenous repertoire of antigen-specific CD4" T cells identified with
MHC class II tetramer. Analysis of T-cell receptor variable segment usage
revealed the selective loss and reciprocal enrichment of defined CD4" T-
cell subsets after Salmonella co-infection that is associated with the purg-
ing of antigen-specific cells with the highest intensity of tetramer staining.
Hence, virulent Salmonella triggers the selective culling of high avidity
activated CD4" T-cell subsets, which re-shapes the repertoire of antigen-
specific T cells that persist later after infection.

Keywords: bacteria/bacterial infection; CD4/helper T cells; infection; T-cell
receptor; tetramers

presence of T-cell-mediated immune responses is associ-
ated with faster recovery rates and a reduction in disease-

Typhoid fever is a systemic infection caused by Salmonella
strains that are highly adapted for persistence in humans,
which include Salmonella enterica serotype Typhi and
serotype Paratyphi." By extension, infection in mice with
the related Salmonella enterica serotype Typhimurium
(S. typhimurium) strain results in systemic persistent
infection that recapitulates many clinical features of
typhoid fever in humans.** Hence, Salmonella have devel-
oped species-specific survival strategies that allow for per-
sistent infection, and S. typhimurium infection in mice is
a representative model for dissecting the Salmonella-spe-
cific immune evasion strategies required for persistent
infection.”®

T cells play important roles in optimal host defence
after primary Salmonella infection in both humans and
mice.”"! For example, in patients with typhoid fever, the

related sequelae.'' Similarly, mice with T-cell defects are
more susceptible because even attenuated Salmonella
mutants can cause fatal infections.'”'* These protective
effects can be more specifically attributed to the CD4" T-
cell subset because ablation of these cells significantly
worsens Salmonella infection outcomes.*'>'>'® By exten-
sion, Salmonella-expressed virulence determinants inhibit
the priming of naive CD4" T cells, which coincides with
their blunted activation within the first 2-3 weeks after
infection.*!”?! Hence, circumventing the activation of
protective CD4" T cells represents an important survival
strategy used by Salmonella for establishing and maintain-
ing persistent infection.

In addition to impeding their activation, the active
elimination of pathogen-specific CD4" T cells after their
expansion has been proposed as an additional immune
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evasion tactic used by Salmonella.”* However, the applica-
bility of these findings to immune evasion by virulent Sal-
monella is uncertain because only attenuated mutants
required to bypass the innate susceptibility of Nrampl-
susceptible mice were analysed. By contrast, CD4" T cells
with the same specificity were found to progressively
expand through day 37 after virulent Salmonella infection
in Nrampl-resistant mice when MHC class II tetramers
were used to track the response.® In this regard, given the
cross-regulation between Nrampl and the expression of
Salmonella virulence determinants,® further investigation
on the in vivo dynamics of Salmonella-specific CD4" T
cells primed by virulent infection in Nrampl-resistant
mice seems imperative. Furthermore, whether the
reported culling of activated CD4" T cells by Salmonella
is restricted only to cells with specificity for Salmonella-
expressed antigen or more generalizably to other activated
T-cell subsets is unknown. To address these questions, we
tracked the dynamics of antigen-specific CD4" T cells
after infection with virulent Salmonella in Nrampl-resis-
tant mice, which results in persistent instead of acute fatal
infection.”*** Using isogenic Salmonella mutants, we dis-
sect the Salmonella intrinsic features that dictate the purg-
ing of antigen-specific CD4" T cells after infection. We
present results that demonstrate the selective culling of
high avidity activated CD4" T cells during persistent
Salmonella infection.

Materials and methods

Mice

C57BL/6 (Nrampl-susceptible) and 129/Sv (NrampI-resis-
tant) mice were purchased from the National Cancer
Institute, and B6.129 F; mice were generated by inter-
crossing C57BL/6 female mice with 129/Sv male mice as
described previously.'”*® CD45.1" (Ly5.1*, Ptprca™’™")
were purchased from the Jackson Laboratory. SM1 T-cell
receptor (TCR) transgenic mice with CD4" T cells specific
for the I-A® FliC4y, 44 peptide have been described else-
where,”” and were maintained on a CD45.1" Rag-1-defi-
cient background. For adoptive transfer, 5 X 10* CD4™ T
cells from SMI TCR transgenic mice or 1x 107 to
2% 107 CD4" T cells from CD45.1" T cells were intrave-
nously transferred 1 day before infection. All mice were
maintained in specific pathogen-free facilities, and used
when between 6 and 8 weeks of age according to Univer-
sity of Minnesota IACUC approved protocols.

Bacteria and infections

Wild-type S. typhimurium (SL1344) and the isogenic afla-
gellated mutant (BC490), the Salmonella pathogenicity
island 2 (SPI-2) deficient (HH109) and corresponding
isogenic wild-type (SL12023) strains have each been

described elsewhere.”»*”° For Salmonella infection, each
strain was back-diluted to log-phase growth in brain—
heart infusion medium at 37°, washed and diluted with
sterile saline, and injected intravenously through the lat-
eral tail vein (10* colony-forming units in 200 pl per
mouse). To eradicate Salmonella, enrofloxacin was added
to the drinking water (2 mg/ml) beginning on day 5 after
infection as described previously.”’ Recombinant Listeria
monocytogenes (Lm) that are attenuated because of tar-
geted defects in actA (required for intracellular and inter-
cellular spread) and engineered to express the FliCys7_44;
(Lm-FliC) or 2W1Ss, 45 (Lm-2W1S) peptides as L. mono-
cytogenes endogenous antigens have each been described
previously.”>* For L. monocytogenes infection, each strain
was grown in brain-heart infusion medium supplemented
with chloramphenicol (20 pg/ml) at 37°, washed and
diluted with sterile saline, and injected intravenously
(5 x 10° colony-forming units in 200 pl per mouse).

Reagents for flow cytometry and MHC tetramer staining

Fluorophore-conjugated antibodies and other reagents for
flow cytometry were purchased from BD Biosciences (San
Jose, CA) or eBioscience (San Diego, CA). MHC class II
I-A® 2W1Ss, s or FliCyy 44 tetramers, and techniques
for staining and enrichment of antigen-specific CD4" T
cells using these reagents have been described.®’*** The
TCR variable segment usage among tetramer-positive and
bulk CD4" T cells was analysed after staining with FITC-
conjugated antibodies to mouse V2, V3, V4, Vf5.1/
5.2, VB6, VB7, VB8.1/8.2, VB8.3, VB9, VA10b, VLI,
V12, V13, V14 and Vf517a (BD Biosciences).

Statistics

The percentage of cells, total cell numbers, and tetramer
staining intensity for cells recovered between groups of
mice were compared using Student’s f-test (GRaPHPAD,
Prism software, La Jolla, CA) with P < 0-05 taken as sta-
tistical significance.

Results

Antigen-specific CD4" T cells expand, but are not
sustained after Salmonella infection

To identify the dynamics whereby virulent Salmonella
primes antigen-specific CD4" T cells, we enumerated the
expansion and contraction kinetics of Salmonella-specific
CD4" T cells following infection with the virulent wild-
type strain SL1344. To bypass the innate susceptibility of
mice containing only the susceptible allele of Nrampl, we
used B6.129 F; mice that are simultaneously resistant and
develop persistent infection with virulent Salmonella
and do not reject adoptively transferred cells from TCR
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Figure 1. FliC-specific CD4" T cells are Day 21
primed, but not sustained after Salmonella
infection. Percent (top) and total numbers
(bottom) of FliC-specific CD45.1" among
CD4" T cells at the indicated time-points after
infection with wild-type Salmonella (ST),
recombinant Listeria monocytogenes expressing
the FliCy57 441 peptide (Lm-FliC), or co-infec-
tion with both bacterial strains. The percent
FliC-specific CD45.1" CD4" T cells remaining
on day 21 compared with day 5 are indicated
for each infection condition. These results are

CD45.1* CD4 T cells

N

representative of three independent experi-
ments each with similar results containing 6—
10 mice per group. Bar, 1 SE.

transgenic mice on the C57BL/6 background.”® CD4" T
cells from CD45.1" SM1 TCR transgenic mice with speci-
ficity for the Salmonella FliCypy_44; I-A® peptide were
adoptively transferred into B6.129 F; mice to track the
Salmonella-specific CD4" T-cell response early (day 5;
when the bacterial burden is progressively increasing) and
later (day 21; when the bacterial burden peaks and begins
to  decline).®”’ We found that  FliC-specific
CD45.1" CD4" T cells expand within the first 5 days after
virulent Salmonella infection, indicating the -efficient
priming of these antigen-specific CD4" T cells (Fig. 1).
However, over the next 2 weeks, FliC-specific
CD45.1" CD4" T cells were eliminated and by day 21
after infection they were below the limits of detection
(< 200 cells) and < 0-1% compared with levels on day 5
(Fig. 1). Interestingly, these results illustrating the expan-
sion and rapid elimination of adoptively transferred FliC-
specific CD4" T cells by virulent Salmonella are in sharp
contrast to the progressive expansion from day 5 to day
37 for the relatively small population of endogenous
CD4" T cells with the same specificity identified with
MHC class II tetramer,® but reproduce the previously
reported culling of activated adoptively transferred FliC-
specific CD4" T cells by avirulent Salmonella after infec-
tion in Nramp]I-susceptible mice.*

To establish if the short-lived nature of adoptively
transferred FliC-specific CD4" T cells was unique to Sal-
monella infection, we also compared the expansion and
contraction kinetics of these cells after infection with
recombinant L. monocytogenes engineered to express the
FliCyy7_44; peptide (Lm-FliC) as an endogenous antigen.3 3
By contrast to the near complete elimination of these cells
that occurs after Salmonella infection, FliC-specific
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CD45.1" CD4" cells primed by Lm-FliC were maintained,
and by day 21 after infection were found at ~ 5% levels
compared with day 5 (Fig. 1). Hence, Salmonella-specific
features not shared by recombinant L. monocytogenes
cause the elimination of expanded pathogen-specific
CD4" T cells later after infection.

To begin interrogating the apparent discordance
between infection with Salmonella and recombinant
L. monocytogenes in priming sustained pathogen-specific
CD4" T cells, we enumerated the dynamics of FliC-spe-
cific CD4" T cells in mice after co-infection with Salmo-
nella and Lm-FliC compared with mice infected with
each separately. Despite the robust initial expansion of
FliC-specific CD4" T cells that occurs after Salmonella
and Lm-FliC co-infection compared with mice infected
with Salmonella alone, these cells were not sustained and
were found only at levels below the limits of detection on
day 21 after infection (Fig. 1). Hence, co-infection with
Lm-FliC does not rescue the culling of adoptively trans-
ferred pathogen-specific CD4" T cells dictated by Salmo-
nella. Taken together, these results indicate that
Salmonella triggers the active elimination of pathogen-
specific CD4" T cells after expansion during transition
into the memory pool.

Culling of activated CD4" T cells requires SPI-2
encoded virulence determinants

Given the efficiency whereby recombinant L. monocytoge-
nes primes CD4" T-cell expansion and the dominant
impacts dictated by virulent Salmonella that result in
the near complete elimination of adoptively transferred
CD4" T cells, related experiments sought to identify the
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Salmonella intrinsic features required for purging antigen-
specific CD4" T cells using co-infection with defined Sal-
monella mutant strains. We initially investigated proteins
that form the structural framework of SPI-2 because the
expression of these virulence factors is controlled by host
cell Nrampl, and they participate in impeding dendritic
cell antigen presentation and CD4" T-cell priming.***"*?
To determine the requirement for Salmonella SPI-2 in
culling pathogen-specific CD4" T cells, we compared the
dynamics of adoptively transferred FliC-specific CD4" T
cells after co-infection with Lm-FliC and Salmonella con-
taining targeted non-polar defects in ssaV, which encodes
a structural component of the SPI-2 type III secretion sys-
tem (strain HH109, STASPI-2), or an isogenic strain of
wild-type Salmonella (strain §L12023).>°° In striking
contrast to the near complete elimination of FliC-specific
CD4" T cells after co-infection with wild-type Salmonella,
FliC-specific CD45.1" CD4" T cells were maintained
when STASPI-2 was used for co-infection instead (Fig. 2).
Furthermore, the percent and total number of FliC-spe-
cific CD4" T cells on day 21 after STASPI-2 and Lm-FliC
co-infection, and the contraction rate compared with lev-
els on day 5 were each indistinguishable from that when
primed by Lm-FliC alone (Fig. 2). Hence, SPI-2-associ-
ated virulence determinants are essential for the elimina-
tion of adoptively transferred CD4" T cells after
Salmonella infection.
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CD4" T-cell culling is not restricted to those with
specificity for Salmonella-expressed antigens

Next, we examined if the culling of CD4" T cells was
restricted only to those with specificity for Salmonella-
expressed antigens. These experiments used aflagellated
Salmonella (AFliC, strain BC490) that do not stimulate
the expansion of adoptively transferred FliCy,;7_44;-specific
CD4" T cells from SM1 TCR transgenic mice or isogenic
wild-type Salmonella (strain SL1344) for co-infection with
Lm-FIiC (Fig. 3a).”””?> Compared with Lm-FliC infection
alone, co-infection using either wild-type or AFliC Salmo-
nella each with Lm-FliC primed similar levels of FliC-spe-
cific CD4" T-cell expansion on day 5 after infection
(Fig. 3a). Interestingly, however, these cells were not sus-
tained and fell below the limits of detection by day 21
post-infection in mice co-infected with either AFliC or
wild-type Salmonella (Fig. 3a). By contrast, FliC-specific
CD4" T cells were maintained at ~ 5% of day 5 levels in
mice infected with Lm-FliC alone without Salmonella.
These results demonstrate that the elimination of CD4" T
cells during Salmonella infection is not restricted to those
with specificity for Salmonella-expressed antigen, but
extends to CD4" T cells simultaneously stimulated by
recombinant L monocytogenes.

Using a similar approach, these experiments were
extended to investigate if progressively increasing Salmonella

CD45.1

Figure 2. Elimination of FliC-specific CD4" T
CD44 . . . .
cells during Salmonella infection is SPI-2
dependent. Percent (top) and total numbers
(bottom) of FliC-specific CD45.1" among
CD4" T cells at the indicated time-points after

infection with recombinant Listeria monocytog-

Day 5
[ pay 21

enes expressing the FliC peptide (Lm-FliC), or
co-infection with Lm-FliC and wild-type Sal-
monella (ST) or ASPI-2 Salmonella (STASPI-
2). The percent FliC-specific CD45.1" CD4" T
cells remaining on day 21 compared with day
5 are indicated for each infection condition.
These results are representative of three inde-
pendent experiments each with similar results
containing six or seven mice per group. Bar,
1 SE.
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Figure 3. Elimination of CD4" T cells during Salmonella infection is not restricted to those with specificity to Salmonella-expressed antigens. (a)
Percent FliC-specific CD45.1" among CD4" T cells on day 5 after infection with wild-type Salmonella (ST) or aflagellated Salmonella (STAFIC)
(top). Percent and total numbers (bottom) of FliC-specific CD45.1* among CD4" T cells at the indicated time-points after infection with recom-
binant Listeria monocytogenes expressing the FliC peptide (Lm-FliC), or co-infection with Lm-FliC and wild-type (ST) or aflagellated Salmonella
(STAFIC). (b) Percent and total numbers of FliC-specific CD45.1" among CD4" T cells at the indicated time-points after infection with recom-
binant Lm expressing the FliC peptide (Lm-FliC), or co-infection with Lm-FliC plus aflagellated Salmonella (STAFIiC) in mice treated with enro-
floxacin in the drinking water beginning day 5 after infection. The percent FliC-specific CD45.1" CD4" T cells remaining on day 21 compared

with day 5 are indicated for each infection condition. These results are representative of three independent experiments each with similar results

containing 6—10 mice per group. Bar, 1 SE.

bacterial burden within the first 21 days after infection was
required for the active elimination of antigen-specific
CD4" T cells primed by recombinant L monocytogenes. We
found that treatment with antibiotics that efficiently eradi-
cates Salmonella beginning on day 5 after infection®' did
not prevent the near complete elimination of adoptively
transferred FliC-specific CD4" T cells in mice co-infected
with Lm-FliC plus AFliC Salmonella (Fig. 3b). These results
indicate that stimulation signals within the first few days
after Salmonella infection dictate the later persistence of
expanding antigen-specific CD4" T cells.

Polyclonal CD4" T cells among the endogenous
repertoire escape Salmonella-induced culling

To further investigate if the culling of adoptively trans-
ferred FliC-specific CD4" T cells during Salmonella
infection is representative of the larger polyclonal CD4*
T-cell response, we measured the expansion and persis-

tence of endogenous antigen-specific CD4" T cells that
are identified using I-A® MHC class II tetramers. Given
the large precursor frequency among endogenous CD4"
T cells in naive mice with specificity to the 2W1Ss,_ 45 I-
AP peptide,** we enumerated the impacts of Salmonella
co-infection on the dynamics of 2W1S-specific CD4" T
cells in mice primed by recombinant L monocytogenes
engineered to express this peptide as an endogenous
antigen (Lm-2W1S).*>** Consistent with our previous
findings after Lm-2W1S infection in C57BL/6 mice, Lm-
2WIS infection in B6.129 F, mice primed the robust
expansion of 2W1S-specific CD4" T cells that peak at
day 7, and later contract to 10-20% of peak levels by
day 21 (Fig. 4). Interestingly, and in sharp contrast to
the near elimination of adoptively transferred FliC-spe-
cific CD4" T cells primed by Salmonella and Lm-FliC
co-infection that occurs regardless of Salmonella FliC
expression (Fig. 3), co-infection with virulent Salmonella
did not significantly impact the maintenance of
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2W1S-specific CD4" T cells primed by Lm-2WI1S
(Fig. 4). Specifically, the contraction of 2W1S-specific
CD4" T cells between days 7 and 21 after infection for
mice infected with Lm-2W1S alone compared with those
co-infected with Lm-2W1S and Salmonella was similar,
each approaching ~ 18%. These results suggest that the
culling of activated CD4" T cells dictated by virulent
Salmonella does not extend to the endogenous repertoire
of antigen-specific CD4" T cells primed by recombinant
L. monocytogenes.

Given the inherent differences related to tracking anti-
gen-specific T cells among adoptively transferred cells
based on expression of the CD45.1 congenic marker and
endogenous cells based on MHC 1II tetramer staining,
related experiments compared the dynamics of antigen-
specific CD4" T cells among the polyclonal repertoire
after adoptive transfer. We transferred one spleen-equiva-
lent of cells from naive CD45.1" mice into recipient
B6.129 (CD45.17) F; mice that were subsequently infected
with Lm-2W1S alone or Lm-2W1S plus Salmonella, and
enumerated the ensuing 2WI1S-specific CD4" T-cell
response among CD45.1" donor and CD45.1” endoge-
nous cells. Compared with peak expansion levels, we
found that 2W1S-specific CD4" T cells were maintained
to a similar degree among adoptively transferred CD45.1"
cells and endogenous CD45.17 cells at the later time-point
after Lm-2WIS infection regardless of Salmonella co-
infection (Fig. 5). Together, these results demonstrate that
the sustained maintenance of antigen-specific CD4" T
cells among the polyclonal repertoire, unlike monoclonal
cells from TCR transgenic mice, is not the result of inher-
ent survival differences between adoptively transferred
and endogenous cells.

Figure 4. Endogenous antigen-specific CD4" T
cells identified with MHC class II tetramer
escape elimination during Salmonella infection.
CD44 Percent (top) and total numbers (bottom) of
2WIS tetramer positive among CD4" T cells at

2W1S

the indicated time-points after infection with
recombinant Listeria monocytogenes expressing
the 2W1S peptide (Lm-2W1S), or co-infection
with Lm-2W1S and wild-type Salmonella (ST).
The percent 2W1S tetramer-positive CD4" T
cells remaining on day 21 compared with day
7 are indicated for each infection condition.
These results are representative of three inde-
pendent experiments each with similar results
containing 6—10 mice per group. Bar, 1 SE.

Shifts in TCR variable segment usage among antigen-
specific CD4" T cells after Salmonella infection

The apparent discordance in susceptibility to elimination
for monoclonal compared with polyclonal antigen-specific
CD4" T cells led us to investigate if Salmonella infection
triggers the selective elimination of CD4" T-cell subsets
among the endogenous repertoire by measuring their rela-
tive usage of TCR variable f (Vf5) segments. Consistent
with the shift in relative usage of specific Vf segments
among 2W1S tetramer-positive CD4" T cells in unmanip-
ulated C57BL/6 mice or after stimulation with cognate
peptide plus lipopolysaccharide,” we found 2WIS tetra-
mer-positive cells expressing Vf5.1/5.2 and V11 were
over-represented, while those expressing V6, V12 and
V14 were under-represented compared with bulk tetra-
mer-negative CD4" T cells early (day 7) after infection
with either Lm-2W1S alone or co-infection with Lm-2W1S
plus Salmonella (Fig. 6). However, and in sharp contrast
to this early time-point, significant shifts in the relative
usage of numerous specific TCR Vf segments became
apparent for 2W1S cells primed by Lm-2W1S plus Salmo-
nella co-infection compared with Lm-2WIS infection
alone by day 21 (Fig. 6). Specifically, the proportion of
2W1S tetramer-positive CD4" T cells that express Vf7,
Vp8.1/8.2, Vf8.3 and VPI0b were each significantly
expanded (Vf7, 6-3-fold increase, P < 0-01; V[38.1/8.2,
1.7-fold increase, P < 0-02; V[f8.3, 2-0-fold increase,
P < 0-05; VS10b, 1-7-fold increase, P < 0-02) whereas
those that express other undefined Vf segments were
reciprocally reduced (3-4-fold reduction, P < 0-001) in
Lm-2W1S mice co-infected with virulent Salmonella com-
pared with those infected with Lm-2W1S alone (Fig. 6).
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Figure 5. Survival of antigen-specific CD4" T
cells identified using MHC class II tetramer
extends to adoptively transferred polyclonal
cells. Percent (top) and total numbers (bot- Day 21
tom) of 2WIS tetramer positive among adop-
tively transferred CD45.1" or endogenous
CD45.17 CD4" T cells at the indicated time-
points after infection with recombinant Listeria
monocytogenes expressing the 2WI1S peptide 106 =
(Lm-2W1S), or co-infection with Lm-2W1S

and wild-type Salmonella (ST). The percent 105 4

O,
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cated for each infection condition. These 10° 4
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results are representative of three independent

experiments each with similar results contain-
ing 6 to 8 mice per group. Bar, 1 SE.

Based on the requirement for Salmonella SPI-2 in
culling adoptively transferred FliC-specific CD4" T cells
(Fig. 2), related experiments investigated if these shifts
in TCR Vf segment usage among endogenous antigen-
specific CD4" T cells after Salmonella infection were also
SPI-2-dependent. We found that the relative usage of
TCR Vf segments did not change significantly for
2W1S-specific CD4" T cells early after co-infection with
Lm-2WI1S and STASPI-2 (Fig. 6). Remarkably, however,
at the later infection time-point (day 21), shifts in rela-
tive usage of Vf segments for 2WIS tetramer cells
primed by wild-type Salmonella were eliminated when
the SPI-2-deficient strain was used for co-infection with
Lm-2W1S (Fig. 6). Importantly, although these shifts
occurred for CD4" T cells without specificity for Salmo-
nella-expressed antigen, they were restricted to cells
stimulated by recombinant L. monocytogenes because nei-
ther infection with ASPI-2 nor wild-type Salmonella
caused significant shifts in the relative usage of V[ seg-
ments among bulk (tetramer-negative) CD4" T cells at
early or late infection time-points (Fig. 6). These results
indicate that Salmonella shifts the clonal diversity of
activated antigen-specific CD4" T cells from early to
late infection time-points through an SPI-2 dependent
process.

Selective elimination of CD4" T cells with high
avidity for pathogen-associated antigens by
Salmonella

Given the direct correlation between TCR avidity and the

binding intensity of MHC II-peptide complexes,”® we

also investigated if shifts in the TCR VJ repertoire among
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activated antigen-specific CD4" T cells by Salmonella rep-
resent a loss of high or low avidity clones by enumerating
the relative intensity of tetramer staining among endoge-
nous 2W1S-specific CD4" T cells primed by Lm-2W1S
with or without Salmonella co-infection. Early after infec-
tion (day 7), the intensity of 2W1S tetramer staining was
not significantly different in cells recovered from Lm-
2W1S-infected mice regardless of Salmonella co-infection
(Fig. 7a). By contrast, at day 21 after infection, the inten-
sity of 2WIS tetramer staining was sharply
reduced (~ 40%, P < 0-01) for cells recovered from mice
co-infected with wild-type, but not SPI-2-deficient, Sal-
monella each compared with those recovered from mice
infected with Lm-2W1S alone (Fig. 7a). These results are
each consistent with the non-significant changes in Vf
usage among 2WI1S tetramer-positive cells early (day 7)
after infection, and selective shifts among activated
2W1S-specific CD4" T cells later (day 21) by wild-type
Salmonella that require SPI-2 (Fig. 6). Together, these
findings demonstrate that Salmonella use SPI-2-dependent
virulence features to selectively purge high avidity anti-
gen-specific CD4" T cells, which re-shapes the repertoire
of activated T cells that persist through later infection
time-points.

To investigate if the selective loss of high avidity
CD4" T cells after Lm-2W1S and Salmonella co-infection
explains the discordance between the progressive expan-
sion of endogenous FliC-specific CD4" T cells identified
using MHC class II tetramer® and the near complete
elimination of adoptively transferred CD4" T cells from
TCR transgenic mice with the same specificity (Fig. 1),
we compared the relative intensity of I-A® FliCyy 4a; tet-
ramer staining for endogenous polyclonal CD4" T cells
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J. M. Ertelt et al.

Day 7 Day 21
100
vb2
80 4 Vb3
2W18S tetramer+ Bl Vb4
CD4 T cells < 60 4 EVb5.1/5.2
T=,,' EaVveb
+8 40 4 =vo7
064 5 EmVbh8.1/8.2
_ 8 L EmVbs.3
x i Voo
Il \Vb10b
0 = EFVbi1
Vvbi2
100:4 T WE
) EmVbi4
= 80 + Vbi7a
o \\"L [=1Other
Bulk (tetramer-) % 603
CD4 T cells 5]
2 40 o
<
o
© 204
0 -
‘“\6 «@ %?\"L ) "@" 69\‘2
‘«‘L S LD “\,‘L S LN
SR W weX o x®
AT WO AN
\,((\ «\.{L \/((\ “\IL
V2 >
50
Day 7
401 Y B Lm-2W1S '
39 EISTWT + Lm-2W1S

ST ASPI-2 + Lm-2W1S

2W1S* CD4 cells (%)

2W1S* CD4 cells (%)

A > O N Q9 ) % > X
QO \\Q) A‘ébb QO 4’0\0 A‘°\ 4‘0\ 4‘0\ A‘0’\ A @
>

% x
R\ f\\b

Figure 6. Shifts in T-cell receptor (TCR) Vf repertoire usage among endogenous CD4" T cells after Salmonella infection are SPI-2-dependent.
Relative usage of TCR V8 segments among 2W1S tetramer-positive or bulk CD4" T cells in mice on days 7 or 21 after infection with recombi-
nant Listeria monocytogenes expressing the 2W1S peptide (Lm-2W1S) alone, or after co-infection with Lm-2W1S plus either wild-type (ST) or
SPI-2-deficient (STASPI-2) Salmonella. These results are representative of three independent experiments each with similar results containing 6—
12 mice per group. Bar, 1 SE. *P < 0-05.

recovered from mice on days 5 and 37 after wild-type with the hypothesis that Salmonella selectively prevents
Salmonella infection with FliC-specific CD4" T cells the accumulation of activated CD4" T cells with high
recovered from SM1 TCR transgenic mice. Consistent avidity for pathogen-associated antigen, sharp reductions
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Figure 7. Selective elimination of CD4" T cells that bind tetramer
with high affinity by virulent Salmonella. (a) Mean fluorescence
intensity (MFI) of 2W1Ss, 65 tetramer staining for antigen-specific
CD4" T cells recovered from mice on day 7 or 21 after Listeria mon-
ocytogenes (Lm) -2W1S infection alone, or after co-infection with
Lm-2W1S plus either wild-type (ST) or SPI-2-deficient (STASPI-2)
Salmonella. (b) Mean fluorescence intensity (MFI) of FliCypy 44, tet-
ramer staining for antigen-specific CD4" T cells recovered from mice
on day 5 or 37 after wild-type Salmonella infection compared with
CD4" T cell in SM1 TCR transgenic mice. These results are represen-
tative of two independent experiments containing 6 to 8 mice per
group. Bar, 1 SE. **P < 0-01.

in the intensity of FliCyy; 44; tetramer staining for cells
recovered on day 5 compared with day 37 after Salmo-
nella infection were identified (Fig. 7b). In turn, FliC-
specific CD4" T cells from SM1 TCR transgenic mice
bound FliCyy;_44; tetramer with the highest intensity, to
levels even higher than that recovered from mice on
post-infection day 5 (Fig. 7b). Hence, adoptively trans-
ferred FliC-specific CD4" T cells from SM1 TCR trans-
genic mice like those endogenous cells that bind
tetramer with the highest intensity early after infection
are not sustained after expansion during Salmonella
infection. Together with the elimination of FliC-specific
CD4" T cells by aflagellated Salmonella with Lm-FliC
co-infection (Fig. 3) and shifts in intensity of tetramer
staining for 2W1S-specific CD4" T cells by wild-type
Salmonella with Lm-2W1S co-infection (Fig. 7a), these
results demonstrate that the culling of high avidity
activated CD4" T cells is not limited only to cells with
specificity for Salmonella-expressed antigen, but extends
to those activated by recombinant L. monocytogenes
co-infection.

Discussion

Pathogens that cause persistent infection have developed
intricate immune evasion strategies that facilitate their
survival within susceptible hosts.>**” For infection caused
by intracellular bacteria within the Salmonella genus, host
defence is primarily provided by CD4" T cells,®®!>!>1°
so circumventing protective CD4" T-cell responses proba-
bly plays an important role for Salmonella in vivo survival
and pathogenesis. In this report, we used virulent Salmo-
nella to probe the dynamics of pathogen-specific CD4" T
cells at relatively early and later time-points during persis-
tent infection. We find that adoptively transferred CD4"
T cells from TCR transgenic mice with specificity to the
Salmonella FliCy7_44; MHC class II peptide readily
expand in response to virulent Salmonella infection, but
are subsequently eliminated and not sustained. In con-
trast, adoptively transferred CD4" T cells of the same
specificity primed with recombinant Lm-FliC were sus-
tained at 5-10% peak levels. Co-infection experiments
with Lm-FliC and either wild-type or various Salmonella
mutants demonstrate that the culling of activated CD4" T
cells is actively mediated by virulent Salmonella (Fig. 1),
requires Salmonella SPI-2 encoded virulence determinants
(Fig. 2), and is not limited only to CD4" T cells with
specificity for Salmonella-expressed antigens but extends
to cells activated by L. monocytogenes co-infection
(Fig. 3).

These initial series of experiments tracking the Salmo-
nella-specific CD4" T-cell response using adoptively
transferred cells from TCR transgenic mice with fixed
antigen specificity expand the significance of earlier
observations in several unique aspects. First by using vir-
ulent Salmonella for infection in mice with the resistant
allele of Nrampl, we demonstrate that the elimination of
antigen-specific CD4" T cells previously reported for
attenuated Salmonella in mice homozygous for the sus-
ceptible Nrampl allele extends to virulent Salmonella.**
Furthermore, the finding that Salmonella eliminates even
adoptively transferred CD4" T cells primed with recom-
binant L. monocytogenes, a potent inducer of long-lived T
cells, indicates that virulent Salmonella actively overrides
survival signals for pathogen-specific CD4" T cells stimu-
lated by L. monocytogenes. Second, these results establish
an essential role for SPI-2-dependent virulence determi-
nants in the culling of activated CD4" T cells. In this
regard, although a role for SPI-2-encoded virulence genes
has been implicated in the loss of FliC-specific CD4" T
cells in Nrampl-susceptible mice, the virulence retained
by SPI-2-deficient Salmonella precluded analysis of CD4"
T-cell survival beyond 6 days after infection.”” These lim-
itations were bypassed in our studies by using isogenic
wild-type and mutant Salmonella containing targeted
defects in ssaV, which encodes an essential structural
component of the SPI-2 type III secretion system for
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infection in Nrampl-resistant mice.””*° Third, the sus-
tained elimination of adoptively transferred FliC-specific
CD4" T cells in Lm-FliC and Salmonella co-infected mice
initiated on antibiotic therapy within 5 days post-infec-
tion indicates that stimulation signals imprinted within
the first few days after virulent Salmonella infection pro-
gramme cells that expand but are non-sustained. Finally,
the efficient and near complete elimination of FliC-spe-
cific CD4" T cells even after co-infection with aflagellated
Salmonella indicates that the culling of CD4" T cells is
not restricted to only those with specificity for Salmo-
nella-expressed antigen, but also extends to activated cells
primed wusing the wunrelated intracellular bacterium
L. monocytogenes. Hence, CD4" T cells are primed for
expansion after Salmonella infection in an antigen-specific
manner, but eliminated in a non-antigen-specific fashion
shortly after.

Despite the unambiguous nature of these results using
adoptively transferred cells from TCR transgenic mice to
track the CD4" T-cell response after Salmonella infection,
complementary experiments using MHC class II tetramers
to identify antigen-specific cells among the polyclonal
repertoire of endogenous cells revealed that the elimina-
tion of activated CD4" T cells after Salmonella infection
was incomplete (Fig. 4). This discordance was not the
result of the continuous refilling of the endogenous cell
compartment from thymic emigrants or other inherent
survival differences for adoptively transferred compared
with endogenous cells because the persistence of antigen-
specific CD4" T cells identified using MHC class 1I tetra-
mers with Salmonella co-infection occurred to a similar
extent for polyclonal adoptively transferred compared
with endogenous CD4" T cells (Fig. 5). Instead, by exam-
ining the relative intensity of tetramer staining and TCR
V[ segment usage among tetramer-positive cells, we find
the selective loss of activated CD4" T cells that bind tetra-
mer with the highest intensity that is associated with dra-
matic shifts in relative usage of TCR Vf segments from
early to later time-points after co-infection with wild-
type, but not SPI-2-deficient Salmonella (Fig. 6). Hence,
Salmonella through an SPI-2-dependent process modifies
the repertoire and clonal diversity of activated CD4" T
cells that persist later after infection by selectively elimi-
nating those with highest avidity. These results reconcile
the apparent discordance between the near complete
elimination of adoptively transferred monoclonal CD4" T
cells from TCR transgenic mice selected based on high
avidity to cognate antigen,”” and the maintenance of
pathogen-specific CD4" T cells among polyclonal endoge-
nous cells at later infection time-points,® and suggest that
only CD4" T-cell subsets with reduced or intermediate
avidity for pathogen-associated antigens are retained. In
this regard, although the percentage of activated CD44™,
CD62L", CD69"™ and interferon-y-producing CD4* T
cells each progressively increases beginning on day 5

through to day 31 during persistent Salmonella infection,®
the specificity of these cells remaining at later infection
time-points are probably skewed to those with reduced
avidity for Salmonella antigens. The identification of other
Salmonella-specific antigens, and the development of tools
to track the CD4" T-cell response to these antigens are
required to more comprehensively dissect differences in
affinity for Salmonella-specific CD4" T cells at early and
late infection time-points.

The discordance in survival between adoptively trans-
ferred CD4" T cells from TCR transgenic mice with
fixed specificity and the endogenous polyclonal reper-
toire of antigen-specific CD4" T cells identified using
MHC class II tetramers during Salmonella infection are
congruent with the elimination of relatively low avidity
lymphocytic  choriomeningitis ~ virus  GPg;_go-specific
CD4" T cells from SMARTA TCR transgenic mice and
maintenance of CD4" T cells with higher avidity for
the same antigen among the endogenous repertoire after
recombinant L. monocytogenes  infection.’®  Although
these differences in survival for GPg,_go-specific CD4" T
cells after recombinant L. monocytogenes or lymphocytic
choriomeningitis virus infection could be attributed to
TCR avidity for antigens expressed by each respective
pathogen, other factors dictate the culling of CD4" T
cells after Salmonella infection because the elimination
of FliC-specific CD4" T cells occurs even after infection
with aflagellated Salmonella, which does not stimulate
the expansion of these cells (Fig. 3). Similarly, virulent
Salmonella that does not prime the expansion of 2W1S-
specific CD4" T cells nevertheless triggers dramatic
shifts in the relative usage of TCR Vf segments among
2WI1S tetramer-positive cells from early to late infection
time-points that is associated with the selective loss of
high avidity 2W1S-specific CD4" T-cell clones. Accord-
ingly, these findings demonstrate that Salmonella
actively curtails the survival of high avidity activated T
cells in a non-antigen-specific fashion. Taken together,
these results indicate that the culling of antigen-specific
CD4" T cells based on TCR avidity is a more generaliz-
able phenomenon that occurs after infection with
pathogens that cause acute and persistent infection. For
persistent Salmonella infection in particular, identifying
the specific SPI-2-dependent virulence factors and estab-
lishing if the loss of high avidity activated T cells is
restricted only to the CD4" subset or more broadly
applicable to CD8" T cells represents important areas
for further investigation.
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