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Functional Heterogeneity in CD4+
T Cell Responses Against a Bacterial
Pathogen

Ashley Viehmann Milam and Paul M. Allen*

Department of Pathology and Immunology, Washington University School of Medicine, St. Louis, MO, USA

To investigate how CD4* T cells function against a bacterial pathogen, we generated a
Listeria monocytogenes-specific CD4+ T cell model. In this system, two TCRtg mouse
lines, LLO56 and LLO118, recognize the same immunodominant epitope (LLO1g0-205) Of
L. monocytogenes and have identical in vitro responses. However, in vivo LLO56 and
LLO118 display vastly different responses during both primary and secondary infection.
LLO118 dominates in the primary response and in providing CD8 T cell help. LLO56
predominates in the secondary response. We have also shown that both specific [T
cell receptor (TCR)-mediated] and non-specific stimuli (bypassing the TCR) elicit distinct
responses from the two transgenics, leading us to conclude that the strength of self-
PMHC signaling during development tightly dictates the cell’s future response in the
periphery. Herein, we review our findings in this transfer system, focusing on the contri-
bution of the immunomodulatory molecule CD5 and the importance of self-interaction in
peripheral maintenance of the cell. We also discuss the manner in which individual TCR
affinities to foreign and self-pMHC contribute to the outcome of an immune response;
our assertion is that there exists a spectrum of possible T cell responses to recognition
of cognate antigen during infection, adding immense diversity to the immune system’s
response to pathogens.

Keywords: CD4+ T cell, CD5, Listeria monocytogenes, immunomodaulation, self-peptide, thymocytes, regulatory
T cell

INTRODUCTION

The interaction of the T cell antigen receptor with its cognate antigen is essential for an adaptive
immune response and involves the interaction between the T cell receptor (TCR) and peptide bound
to an major histocompatibility molecule (MHC). Long before T cells meet cognate antigen in the
periphery; however, they proceed through rigorous positive and negative selection in the thymus,
according to the affinity of their rearranged TCR for self-peptide presented on self-MHC on thymic
antigen-presenting cells (APCs).

The process of VD] recombination and pairing of @ and p chains allows for an astonishingly diverse
panel of possible TCRs (1-3). There is a surprising level of redundancy inherent in the outcome of the
combined processes of VD] recombination and thymic selection, with a relatively limited number of
unique TCRs able to recognize a broad spectrum of pathogen-derived antigens. There also exists the
(non-mutually exclusive) phenomenon of multiple TCRs capable of recognizing the same peptide/
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MHC with similar affinities. What is the evolutionary advantage
of such redundancy? It should be considered that heterogeneity
in signaling responses following TCR engagement allows for the
establishment of a full complement of key immune system play-
ers. This includes both effector and memory CD4* and CD8* T
cells. Within the CD4* T cell compartment, further specialization
is accomplished via skewing of helper T (Th) cells, which produce
key cytokines necessary for a full immune response and provide
help to responding CD8* T cells, and induction of regulatory T
cells (Tregs) capable of preventing inflammatory damage during
an otherwise overzealous immune response.

So, how do individual TCR affinities to foreign and self-
pMHC contribute to the outcome of an immune response? To
better address this question, we have designed a T cell system
involving transfer of two congenically marked TCR-transgenic
T cells (LLO56 and LLO118), both recognizing the same Listeria
monocytogenes-derived epitope. The T cells are transferred into
normal B6 recipient mice, which are in turn infected with L.
monocytogenes. In vitro, these two naive T cells have very similar
antigen responses to both peptide and intact Listeria. Not until
they are activated in vivo can one appreciate the vastly different
potential of the two. One, LLO118, responds robustly during pri-
mary infection, only to make a poor showing during a secondary
response, where LLO56 dominates. Unlike LLO118, LLO56 is
highly apoptotic following the primary immune response.
Differential expression of CD5 associated with the two TCRs
helps explain their differing in vivo phenotypes. Intriguingly,
these cells diverge in their response to both antigen-specific
stimuli and non-specific stimuli, which bypasses TCR signal-
ing altogether, indicating that self-peptide-dictated imprinting
during thymic selection and maintenance in the periphery can
critically affect all aspects of behavior throughout the lifespan
ofaT cell

DERIVATION AND CHARACTERIZATION
OF LISTERIOLYSIN O-SPECIFIC TCR-
TRANSGENIC MICE

The T cell receptors of the LLO56 and LLO118 mouse lines were
originally cloned from a panel of T cell hyrbidomas generated
from B6 mice infected with L. monocytogenes. The two TCRs
recognize the same immunodominant epitope of listeriolysin
O (LLO1s-205/I-A%), and both express Va2 and V(2. The TCR
sequences of these cells are nearly identical, differing by only 15
amino acids in the complementary determining regions (CDRs).
Flow cytometry-based analysis of the two transgenics shows
that LLO56 and LLO118 have similar naive phenotypes, the
only notable exception being their expression of CD5, a negative
regulator of T cell activation (4). CD5 surface expression cor-
relates with TCR self-reactivity, as CD5 levels are determined
during thymic T cell development according to the strength of
signal perceived via TCR-self-pMHC engagement during thymic
T cell development (5). The LLO56 mouse expresses significantly
higher levels of CD5 on mature thymocytes, splenocytes, and
peripheral lymph node (LN) CD4* T cells. LLO56 and LLO118

have similar functional affinities for LLO1.20s/I-A®, as measured
by their in vitro proliferative response to peptide stimulation or
stimulation with L. monocytogenes-infected splenocytes. Surface
plasmon resonance (SPR) analysis of the soluble LLO118 and
LLO56 TCR interaction with LLO1s20s/I-A® revealed that they
have the same overall affinity (Kp).

In our standard transfer system, 3 X 10° congenically marked,
CD4* T cell-enriched bead sorted cells from LLO56 Ragl~~ and
LLO118 Ragl~'~ mice are co-transferred into B6 recipient mice
via intravenous (IV) retro orbital injection on day 0. On day 1,
recipient mice are infected (IV) with 10° CFU L. monocytogenes
(1043S). Mice are then sacrificed at day 7 to interrogate the pri-
mary immune response. To analyze the recall response, mice are
re-infected with 10° CFU L. monocytogenes on day 35 and then
sacrificed on day 39.

LLO56 and LLO118 respond distinctly at both the primary
and secondary time points. Annexin V staining reveals that
LLO56 are highly apoptotic by day 7 (4). LLO118 are recovered
from the spleens of recipient mice at a ratio of ~5:1 the number
of LLO56 recovered. This ratio holds even as the numbers of
injected cells are increased 10-fold or if LLO56 and LLO118 cells
are transferred into separate mice. Therefore, the difference in
response is not due to MHC-antigen competition nor a limited
proliferative niche, but rather inherent differences in the capacity
of the two cell types to respond to infection.

Interestingly, the secondary response in our transfer model is
dominated by LLO56 cells, which outstrip LLO118 cells at a ratio
of ~10:1. We hypothesize that this is due at least in portion to the
massive downregulation of TCR levels observed on LLO118 cells
recovered after a primary infection (4). Starting at day 8, this differ-
ence in TCR mean fluorescence intensity (MFI) in the two cells is
on the order of 1-1.5 logs, and it has been shown that TCR down-
regulation can greatly reduce the proliferative ability of T cells (6).

We also compared the ability of LLO56 and LLO118 to
provide CD4* T cell help for a CD8" T cell response in the
context of a primary L. monocytogenes infection. Using a transfer
model similar to that described above, with the addition of the
L. monocytogenes-OVA system, we found equal numbers of
OVA-specific CD8" T cells (as measured by tetramer staining)
in mice co-injected with either LLO56 or LLO118 CD4* T cells
during a primary response. However, significantly more OVA-
specific CD8" T cells were found after a recall response in mice
co-transferred with LLO118 CD4* T cells. Thus, the more robust
LLO118 primary response correlates with a better CD8* T cell
response after secondary infection (4).

Further insight into the proliferative and memory-forming
capacities of these cells was achieved using analysis of three
different mathematical models that considered the differen-
tiation of naive cells first into effector and then memory cells.
While the three models reach no consensus on a difference
in the rate of memory cell formation in LLO56 and LLO118
cells, LLO56 memory T cells are predicted to have a half-
life nearly three times longer than LLO118 memory T cells
(613 ~43-5dvs. £, ~115-139 days). ~ This  predicted
difference in memory maintenance would explain the better
performance of LLO56 during a recall response (7).
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T CELL RESPONSIVENESS TO SPECIFIC
AND NON-SPECIFIC STIMULI IS SET
DURING THYMIC DEVELOPMENT AND
MAINTAINED IN THE PERIPHERY

In vitro analysis of LLO56 and LLO118 revealed inherent dif-
ferences in the manner in which the two TCRs to respond to
stimulus, be it antigen specific (that is, perceived through the
TCR) or non-specific. When LLO56 and LLO118 were stimu-
lated in vitro with either their cognate antigen or a combination
of anti-CD3/anti-CD28, both cells upregulated CD25 and CD69,
and produced IL-2 (8). However, LLO56 produces nearly twice as
much IL-2 as LLO118 at higher peptide (or anti-CD3/28) concen-
trations. However, LLO56 also produced more IL-2 in response to
treatment with PMA plus ionomycin, which stimulate signaling
downstream of the TCR. Further examination of the pathways
activated by PMA plus ionomycin also showed increased phos-
phorylated Erk (pErk) in LLO56 in response to non-specific
stimuli, as well as higher basal p21 (increased basal levels of
phosphorylated TCRU). These findings indicate that naive LLO56
and LLO118 emerge from the thymus distinct in their capacities
to respond to both cognate antigen and non-specific stimulation.
While their in vitro affinities for LLO19p-20s/I-A® are similar, their
avidities (the strength of signal actually perceived by the cell via
the TCR) clearly differ.

To better understand the behavioral divergence of these
two transgenics, we interrogated thymocytes from LLO56 and
LLO118 mice at each stage of development. Although the abso-
lute cellularity of the thymus in the LLO118 mouse is greater,
we found that the frequency of CD4" single-positive (SP)
thymocytes to be greater in the LLO56 mouse. This suggests
that selection of CD4*CD8* double-positive (DP) thymocytes
is more efficient in the context of the LLO56 TCR. While
pre-selection DP thymocytes from both mice are refractory to
PMA plus ionomycin stimulation, we found a population of
CD4*SP thymocytes in both LLO56 and LLO118 mice produc-
ing IL-2; this population is significantly greater in the LLO56
mice. Likewise, phospho-ERK staining is higher in CD4*SP
LLO56 thymocytes. We also observed greater Annexin V and
7-aminoactinomycin-D (7-AAD) staining in post-selection
LLO56 thymocytes than in LLO118 thymocytes, indicating that
increased cell death accompanies increased basal ERK phospho-
rylation, according to TCR self-reactivity and as established in
developing thymocytes (8).

Since we had documented the importance of self-pMHC
education in the earliest development of LLO56 and LLO118,
we sought to determine whether continued tonic self-
peptide-MHC signaling was necessary for their peripheral
maintenance and responsiveness. To accomplish this, LLO56
splenocytes were transferred to H-2M deficient mice, which
fail to present a normal range of processed peptides due to
the fact that nearly all MHC class II molecules are occupied
by class II invariant chain-associated peptide (CLIP). LLO56
cells were then recovered and purified, and their responsive-
ness to non-specific stimuli tested. Unlike their counterparts
transferred into wild-type B6 mice, LLO56 cells transferred

into H-2M-deficient mice lost sensitivity to stimulation via
PMA plus ionomycin, as measured by IL-2 production and
ERK phosphorylation and were similar to the LLO118 cells.
Likewise, we also observed reduced ERK phosphorylation
in LLO56 cells transferred into MHC class II-deficient mice
(8). These behavioral changes were noticeable as early as
24 h post-transfer. These findings indicated that continued
TCR-self-peptide-MHC ligation is critical for the preserva-
tion of T cell responsiveness.

CD5 AND THE DYNAMICS OF LLO TCRtg
T CELL RESPONSES

CD5 belongs to group B of the scavenger-receptor cysteine-rich
(SRCR) superfamily; the extracellular portion of CD5 consists
of three SRCR repeats. In mice, the Cd5 gene encodes a 67-kDa
monomeric membrane-spanning glycoprotein expressed on
thymocytes, mature CD4* and CD8* T cells, as well as peritoneal
B-1 B cells and subsets of dendritic cells (9-12). CD5 species-
specific homophilic binding can lead to productive engagement;
other CD5 ligands have been reported, but none have been
independently verified (13). The molecular mass and expression
pattern of CD5 in humans is similar to that in mice. Indeed, the
high level of conservation of the Cd5 gene throughout mam-
malian and avian species suggests an ancient and critical role for
CD5 in the immune system (14-17). The finding that a naturally
occurring soluble form of CD5 is a pattern-recognition receptor
(PRR), which is capable of recognizing fungal f-glucan (but not
components of bacterial cell wall), reinforces the evolutionary
significance of this molecule (18).

The role of CD5 as an immunomodulatory cell surface
molecule has been appreciated since the publication of the Cd5-
knockout mouse (15, 19). CD5 is capable of regulating signaling
via both the TCR and the B cell receptor (BCR). In the absence
of CD5, thymocytes are hyperresponsive to antigen stimulation
(as measured by Ca®" signaling) and peritoneal B-1 cells, levels
of which are elevated in certain autoimmune diseases, become
resistant to apoptosis and instead enter the cell cycle. However,
CD5-knockout mice do not develop significant overt immunity
(19,20).In addition to its expression on peripheral effector T cells,
CD5 is also expressed on CD4* Tregs. While CD5 is dispensable
for thymic Treg development (21), peripheral Treg induction is
impaired in its absence (22).

The immunomodulatory nature of CD5 is independent of
its extracellular domains, but an intact cytoplasmic domain is
required for its inhibitory function (23, 24). CD5 localizes to
the immune synapse at the onset of TCR signaling (25). The
intracellular domain of CD5 contains four potential tyrosine
phosphorylation sites, including an immunoreceptor tyrosine-
based activation motif (ITAM), immunoreceptor tyrosine-based
inhibition motif (ITIM), and several potential serine/threonine
phosphorylation sites (26). In this way, CD5 is able to recruit
both negative and positive regulators of B and T cell signaling
(27). CD5 is tyrosine phosphorylated upon TCR engagement,
and coprecipitaiton studies have demonstrated that CD5 associ-
ates with CD2 and CD4 or CD8, as well as with TCR {/Zap70,
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Lck, Fyn, SHP-1, and CK2. SHP-1 binding to the intracellular
ITIM motif mediates the immunomodulatory behavior of CD5
(28-33).

Considerable work has been done to show the precision
with which CD5 expression is regulated during thymic devel-
opment. CD5 expression on pre-selection double-negative
(DN) thymocytes is minimal; these developing thymocytes
require pre-TCR engagement for upregulation of CD5 to be
observed (5). CD5 levels increase approximately sixfold on DP
thymocytes and reach maximal levels on post-selection CD4*
and CD8*SP thymocytes, where expression is finely tuned
according to TCR levels and the overall perceived strength of
signal during selection (5). CD5 levels are then maintained as
thymocytes egress from the thymus and join peripheral circu-
lation. These findings have been extended to commonly used
TCR-transgenic mouse models AND (CD4* TCR transgenic
recognizing moth cytochrome c), H-Y (CD4* TCR transgenic
recognizing the male Y antigen), P14 (CD8" TCR transgenic
recognizing LCMV gp33-41),and DO10 (CD8* TCR transgenic
recognizing OVA). Examination of thymocytes from these mice
revealed higher CD5 levels on AND than on H-Y, and higher
CD5 levels on P14 than on DO10. Likewise, larger CD4*SP
thymocyte populations are observed in AND relative to H-Y,
and larger CD8*SP populations are observed in P14, relative
to DO-10 (5). A study using the DO10 mouse in the context
of both H-2¢ and H-2b-mediated antigen presentation echoed
these findings, as did another that extended findings on the rela-
tionship between CD5 expression and self-reactivity to a larger
panel of TCR transgenics (23, 34). The CD5 levels studied are
maintained on peripheral lymphocytes, reinforcing the finding
that CD5 expression is carefully tuned during thymic selection
according to TCR-self-peptide-MHC signal intensity, and sus-
tained during the life of the cell as long as MHC presentation of
self-peptide is accessible in the periphery.

Is has been debated whether CD5 directly influences T cell
responses, or whether it is simply a marker of TCR-self-peptide-
MHC avidity, established during thymic selection. To explore
this issue in our system, we crossed LLO56 TCR-transgenic mice
onto a CD5-deficient background (CD57~). CD4*SP thymocytes
from LLO56/CD57~ mice express higher levels of CD69 than
their wild-type counterparts, indicating that in the absence of
CD5 these thymocytes perceive a stronger signal during selec-
tion. These cells also produce more IL-2 and exhibit greater
ERK phosphorylation in response to non-specific stimulation,
in the absence of CD5 expression (8). Surprisingly, the absence
of CD5 on the LLO56 background (LLO56/CD57~) does not
change its apoptotic phenotype at day 7 post-infection, in our
transfer system (unpublished observations). CD5 can be viewed
as a “surrogate marker” of the TCR signal experienced during
thymic education, and it also appears that CD5 (as a negative
regulator) wields some influence on the overall responsiveness of
the T cell post-selection. However, at least in the context of our
TCR-transgenic system, loss of CD5 inhibition is not sufficient to
“rescue” the phenotype of LLO56 at day 7. Clearly, further inter-
rogation of the role of CD5 during an ongoing immune response
is necessary.

These observations also bring up relevant findings regarding
CD5 expression and the induction of peripheral Tregs. Henderson
and colleagues recently reported that peripheral induction of
CD4* Tregs is decreased in CD5" cells and cells from CD57/~
mice. They found that low levels of effector cytokines produced
by bystander lymphocytes inhibited Treg conversion in these
mice. In CD5 intact mice, on the other hand, CD5" cells are
able to mitigate this inhibition of Treg induction via blockade
of mammalian target of rapamycin (mTOR) signaling (22). This
study reinforces the findings of Martin and colleagues, who
showed that Ly6C"® and Ly6C" naive CD4* T cells have intrinsic
differences when it comes to their abilities to differentiate into
Tregs in the periphery. The authors demonstrated that Ly6C
expression was tuned in the periphery according to TCR-based
self-recognition, and that more self-reactive cells exhibited lower
surface levels of Ly6C. In turn, they showed that Ly6C" cells had
significantly higher levels of CD5 and were more likely to dif-
ferentiate into Tregs in the periphery (35). These findings, along
with the observation that minimal doses of strong agonist pep-
tides can efliciently induce Treg differentiation in the periphery,
suggests a dual role for CD5 (35, 36). Clearly, CD5 serves as a
marker of self-reactivity on both thymocytes and lymphocytes.
Strong CD5 expression “tags” these self-reactive naive cells as
those most likely to become activated, with great specificity
and intensity, during an immune response. At the same time,
CD5 also serves as an “insurance policy;, helping keep these
potentially destructive cells from initiating autoimmunity and
instead dedicating them, via induction of Treg programming,
to the protection of the organism in question from a potentially
devastating inflammatory episode.

Although only the LLO system is reviewed herein, it stands
to reason that these findings can be extended to other models
of infectious disease. Presumably, during an infection, there will
be a large number of foreign antigens presented to T cells, which
in turn will have been selected on a wide variety of self-antigens
during thymic development and will therefore express varying
levels of CD5. By extension of our findings, we would predict
that within this T cell compartment are cells that will respond
robustly (in terms of effector function, B cell help, T cell help,
and/or regulatory function) and cells that will respond to a lesser
degree, giving breadth to the immune response as a whole.

SUMMARY

Using our LLO TCR-transgenic transfer system, we have
demonstrated the importance of heterogeneous responses by
different CD4* T cells following TCR engagement. The CD4*
TCR-transgenic LLO56, bearing high levels of CD5 reflective
of strong sensing of self-pMHC during thymic development,
responds poorly during a primary response to cognate antigen.
LLO118, on the other hand, has a robust proliferative response
to the same cognate antigen and, at the same time, provides
help during the shaping of the CD8* T cell response. We see the
responses of LLO56 and LLO118 reverse during secondary infec-
tion, where LLO56 dominates the recall response.
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FIGURE 1 | After interaction with self-peptide on thymic APC, both cells perceive a signal strong enough to guide them safely through positive
selection. However, the signal sensed by cell Z is quantitatively or qualitatively stronger, resulting in greater CD5 expression on the mature thymocyte Z, relative to
mature thymocyte X. Upon egress from the thymus, these differing CD5 levels are sustained. In the periphery, both naive T cells are maintained via tonic signaling
(i.e., periodic TCR recognition of self-pMHC). Upon initial TCR recognition of the same peptide, cell Z exhibits increased levels of phosphorylated ERK and produces
higher amounts of IL-2, relative to cell X. However, by the peak of the immune response, cell X is highly proliferative and capable of generating CD8* T cell help,
whereas cell Z is highly apoptotic and a poor generator of CD8* T cell help. Some cell Z clones, however, may differentiate into regulatory T cells, due at least in part
to their high expression of CD5. During a recall response, memory cell Z now proliferates strongly in response to the same cognate antigen sensed during the

primary immune response, while proliferation of cell X is negligible.

We have highlighted only these two distinct cell fates using
our system; however, there is ostensibly a whole “spectrum” of
possible CD4* T cell responses to recognition of cognate anti-
gen during infection, adding necessary diversity to the immune
system’s response to pathogens. Two such outcomes, along
the spectrum of possible CD4* T cell responses, are mapped
in Figure 1. Importantly, this spectrum of fates includes
activation of cells that respond robustly to acute insults, cells
that preferentially become memory cells, cells specialized in
providing CD8* T cell help, and cells more easily drawn into
a Treg fate, just to name a few. These properties are not neces-
sarily mutually exclusive and are determined in large part by
recognition of self-peptide during thymic selection. A strong
case has also been made for the role of cross-reactivity (that

is, the ability of one TCR to recognize multiple pMHC) during
thymic selection. It should also be considered that increased
CD5 expression on LLO56 could be due, at least in part, to an
ability of LLO56 to cross-react more strongly with self-antigens
in the thymus (37-40).

AUTHOR CONTRIBUTIONS

AM and PA co-wrote and edited this article.

FUNDING

This work was supported by the NIH (AI24157). AM was sup-
ported by a postdoctoral training grant (T32 CA009547).

Frontiers in Immunology | www.frontiersin.org 5

December 2015 | Volume 6 | Article 621


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org

Milam and Allen

CD4+ T Cell Functional Heterogeneity

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zarnitsyna VI, Evavold BD, Schoettle LN, Blattman JN, Antia R. Estimating
the diversity, completeness, and cross-reactivity of the T cell repertoire. Front
Immunol (2013) 4:485. doi:10.3389/fimmu.2013.00485

Arstila TP, Casrouge A, Baron V, Even J, Kanellopoulos J, Kourilsky P. A direct
estimate of the human alphabeta T cell receptor diversity. Science (1999)
286:958-61. doi:10.1126/science.286.5441.958

Arstila TP, Casrouge A, Baron V, Even ], Kanellopoulos J, Kourilsky P. Diversity
of human alpha beta T cell receptors. Science (2000) 288:1135. doi:10.1126/
science.288.5469.1135a

Weber KS, Li QJ, Persaud SP, Campbell JD, Davis MM, Allen PM. Distinct
CD4+ helper T cells involved in primary and secondary responses to infection.
Proc Natl Acad Sci U S A (2012) 109:9511-6. doi:10.1073/pnas.1202408109
Azzam HS, Grinberg A, Lui K, Shen H, Shores EW, Love PE. CD5 expression
is developmentally regulated by T cell receptor (TCR) signals and TCR avidity.
J Exp Med (1998) 188:2301-11. doi:10.1084/jem.188.12.2301

Viola A, Lanzavecchia A. T cell activation determined by T cell receptor
number and tunable thresholds. Science (1996) 273:104-6. doi:10.1126/
science.273.5271.104

Graw E Weber KS, Allen PM, Perelson AS. Dynamics of CD4(+) T cell
responses against Listeria monocytogenes. ] Immunol (2012) 189:5250-6.
doi:10.4049/jimmunol. 1200666

Persaud SP, Parker CR, Lo WL, Weber KS, Allen PM. Intrinsic CD4+ T cell
sensitivity and response to a pathogen are set and sustained by avidity for
thymic and peripheral complexes of self peptide and MHC. Nat Immunol
(2014) 15:266-74. doi:10.1038/ni.2822

Cantor H, Boyse EA. Functional subclasses of T lymphocytes bearing different
Ly antigens. IT. Cooperation between subclasses of Ly+ cells in the generation
of killer activity. ] Exp Med (1975) 141:1390-9. d0i:10.1084/jem.141.6.1390
Ledbetter JA, Rouse RV, Micklem HS, Herzenberg LA. T cell subsets defined
by expression of Lyt-1,2,3 and Thy-1 antigens. Two-parameter immunoflu-
orescence and cytotoxicity analysis with monoclonal antibodies modifies
current views. ] Exp Med (1980) 152:280-95. doi:10.1084/jem.152.2.280
Hayakawa K, Hardy RR. Development and function of B-1 cells: Commentary.
Curr Opin Immunol (2000) 12:346-54. doi:10.1016/50952-7915(00)00098-4
McAlister MS, Brown MH, Willis AC, Rudd PM, Harvey DJ, Aplin R, et al.
Structural analysis of the CD5 antigen - expression, disulphide bond analysis
and physical characterisation of CD5 scavenger receptor superfamily domain
1. Eur ] Biochem (1998) 257:131-41. doi:10.1046/j.1432-1327.1998.2570131.x
Brown MH, Lacey E. A ligand for CD5 is CD5. ] Immunol (2010) 185:6068-74.
doi:10.4049/jimmunol.0903823

Huang HJ, Jones NH, Strominger JL, Herzenberg LA. Molecular cloning of
Ly-1, a membrane glycoprotein of mouse T lymphocytes and a subset of B
cells: molecular homology to its human counterpart Leu-1/T1 (CD5). Proc
Natl Acad Sci U S A (1987) 84:204-8. doi:10.1073/pnas.84.1.204
Tarakhovsky A, Muller W, Rajewsky K. Lymphocyte populations and
immune responses in CD5-deficient mice. Eur | Immunol (1994) 24:1678-84.
doi:10.1002/eji.1830240733

Padilla O, Calvo J, Vila JM, Arman M, Gimferrer I, Places L, et al. Genomic
organization of the human CD5 gene. Immunogenetics (2000) 51:993-1001.
doi:10.1007/5002510000235

Carnero-Montoro E, Bonet L, Engelken J, Bielig T, Martinez-Florensa M,
Lozano F, et al. Evolutionary and functional evidence for positive selection
at the human CD5 immune receptor gene. Mol Biol Evol (2012) 29:811-23.
doi:10.1093/molbev/msr251

Vera ], Fenutria R, Canadas O, Figueras M, Mota R, Sarrias MR, et al. The
CD5 ectodomain interacts with conserved fungal cell wall components and
protects from zymosan-induced septic shock-like syndrome. Proc Natl Acad
Sci US A (2009) 106:1506-11. doi:10.1073/pnas.0805846106

Tarakhovsky A, Kanner SB, Hombach J, Ledbetter JA, Muller W, Killeen N,
et al. A role for CD5 in TCR-mediated signal transduction and thymocyte
selection. Science (1995) 269:535-7. doi:10.1126/science.7542801

Bikah G, Carey ], Ciallella JR, Tarakhovsky A, Bondada S. CD5-mediated
negative regulation of antigen receptor-induced growth signals in B-1 B cells.
Science (1996) 274:1906-9. doi:10.1126/science.274.5294.1906
Ordonez-Rueda D, Lozano F, Sarukhan A, Raman C, Garcia-Zepeda
EA, Soldevila G. Increased numbers of thymic and peripheral CD4+
CD25+Foxp3+ cells in the absence of CD5 signaling. Eur ] Immunol (2009)
39:2233-47. d0i:10.1002/€ji.200839053

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Henderson JG, Opejin A, Jones A, Gross C, Hawiger D. CD5 instructs
extrathymic regulatory T cell development in response to self and tolerizing
antigens. Immunity (2015) 42:471-83. doi:10.1016/j.immuni.2015.02.010
Pena-Rossi C, Zuckerman LA, Strong ], Kwan J, Ferris W, Chan S, et al.
Negative regulation of CD4 lineage development and responses by CD5.
J Immunol (1999) 163:6494-501.

Azzam HS, DeJarnette JB, Huang K, Emmons R, Park CS, Sommers CL,
et al. Fine tuning of TCR signaling by CD5. ] Immunol (2001) 166:5464-72.
doi:10.4049/jimmunol.166.9.5464

Brossard C, Semichon M, Trautmann A, Bismuth G. CD5 inhibits signaling
at the immunological synapse without impairing its formation. J Immunol
(2003) 170:4623-9. doi:10.4049/jimmunol.170.9.4623

Davies AA, Ley SC, Crumpton MJ. CD5 is phosphorylated on tyrosine after
stimulation of the T-cell antigen receptor complex. Proc Natl Acad Sci U S A
(1992) 89:6368-72. doi:10.1073/pnas.89.14.6368

Soldevila G, Raman C, Lozano E The immunomodulatory properties of the
CD5 lymphocyte receptor in health and disease. Curr Opin Immunol (2011)
23:310-8. d0i:10.1016/j.c0i.2011.03.003

Beyers AD, Spruyt LL, Williams AF. Molecular associations between the
T-lymphocyte antigen receptor complex and the surface antigens CD2, CD4,
or CD8 and CD5. Proc Natl Acad Sci U S A (1992) 89:2945-9. d0i:10.1073/
pnas.89.7.2945

Burgess KE, Yamamoto M, Prasad KV, Rudd CE. CD5 acts as a tyrosine kinase
substrate within a receptor complex comprising T-cell receptor zeta chain/
CD3 and protein-tyrosine kinases p56lck and p59fyn. Proc Natl Acad Sci U S
A (1992) 89:9311-5. doi:10.1073/pnas.89.19.9311

Gary-Gouy H, Lang V, Sarun S, Boumsell L, Bismuth G. In vivo association of
CD5 with tyrosine-phosphorylated ZAP-70 and p21 phospho-zeta molecules
in human CD3+ thymocytes. ] Immunol (1997) 159:3739-47.

Raman C, Kuo A, Deshane J, Litchfield DW, Kimberly RP. Regulation of casein
kinase 2 by direct interaction with cell surface receptor CD5. J Biol Chem
(1998) 273:19183-9. d0i:10.1074/jbc.273.30.19183

Raman C. CD5, an important regulator of lymphocyte selection and immune
tolerance. Immunol Res (2002) 26:255-63. doi:10.1385/IR:26:1-3:255
Perez-Villar JJ, Whitney GS, Bowen MA, Hewgill DH, Aruffo AA, Kanner
SB. CD5 negatively regulates the T-cell antigen receptor signal transduction
pathway: involvement of SH2-containing phosphotyrosine phosphatase SHP-
1. Mol Cell Biol (1999) 19:2903-12. doi:10.1128/MCB.19.4.2903

Mandl JN, Monteiro JP, Vrisekoop N, Germain RN. T cell-positive
selection uses self-ligand binding strength to optimize repertoire recog-
nition of foreign antigens. Immunity (2013) 38:263-74. doi:10.1016/j.
immuni.2012.09.011

Martin B, Auffray C, Delpoux A, Pommier A, Durand A, Charvet C, et al.
Highly self-reactive naive CD4 T cells are prone to differentiate into regulatory
T cells. Nat Commun (2013) 4:2209. doi:10.1038/ncomms3209

Gottschalk RA, Corse E, Allison JP. TCR ligand density and affinity deter-
mine peripheral induction of Foxp3 in vivo. ] Exp Med (2010) 207:1701-11.
doi:10.1084/jem.20091999

Wooldridge L, Ekeruche-Makinde J, van den Berg HA, Skowera A, Miles JJ,
Tan MP, et al. A single autoimmune T cell receptor recognizes more than a
million different peptides. J Biol Chem (2012) 287:1168-77. doi:10.1074/jbc.
M111.289488

Birnbaum ME, Mendoza JL, Sethi DK, Dong S, Glanville J, Dobbins J, et al.
Deconstructing the peptide-MHC specificity of T cell recognition. Cell (2014)
157:1073-87. d0i:10.1016/j.cell.2014.03.047

Mandl JN, Germain RN. Focusing in on T cell cross-reactivity. Cell (2014)
157:1006-8. d0i:10.1016/j.cell.2014.05.002

Mason D. A very high level of crossreactivity is an essential feature of the T-cell
receptor. Immunol Today(1998)19:395-404.d0i:10.1016/S0167-5699(98)01299-7

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Milam and Allen. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

December 2015 | Volume 6 | Article 621


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.3389/fimmu.2013.00485
http://dx.doi.org/10.1126/science.286.5441.958
http://dx.doi.org/10.1126/science.288.5469.1135a
http://dx.doi.org/10.1126/science.288.5469.1135a
http://dx.doi.org/10.1073/pnas.1202408109
http://dx.doi.org/10.1084/jem.188.12.2301
http://dx.doi.org/10.1126/science.273.5271.104
http://dx.doi.org/10.1126/science.273.5271.104
http://dx.doi.org/10.4049/jimmunol.1200666
http://dx.doi.org/10.1038/ni.2822
http://dx.doi.org/10.1084/jem.141.6.1390
http://dx.doi.org/10.1084/jem.152.2.280
http://dx.doi.org/10.1016/S0952-7915(00)00098-4
http://dx.doi.org/10.1046/j.1432-1327.1998.2570131.x
http://dx.doi.org/10.4049/jimmunol.0903823
http://dx.doi.org/10.1073/pnas.84.1.204
http://dx.doi.org/10.1002/eji.1830240733
http://dx.doi.org/10.1007/s002510000235
http://dx.doi.org/10.1093/molbev/msr251
http://dx.doi.org/10.1073/pnas.0805846106
http://dx.doi.org/10.1126/science.7542801
http://dx.doi.org/10.1126/science.274.5294.1906
http://dx.doi.org/10.1002/eji.200839053
http://dx.doi.org/10.1016/j.immuni.2015.02.010
http://dx.doi.org/10.4049/jimmunol.166.9.5464
http://dx.doi.org/10.4049/jimmunol.170.9.4623
http://dx.doi.org/10.1073/pnas.89.14.6368
http://dx.doi.org/10.1016/j.coi.2011.03.003
http://dx.doi.org/10.1073/pnas.89.7.2945
http://dx.doi.org/10.1073/pnas.89.7.2945
http://dx.doi.org/10.1073/pnas.89.19.9311
http://dx.doi.org/10.1074/jbc.273.30.19183
http://dx.doi.org/10.1385/IR:26:1-3:255
http://dx.doi.org/10.1128/MCB.19.4.2903
http://dx.doi.org/10.1016/j.immuni.2012.09.011
http://dx.doi.org/10.1016/j.immuni.2012.09.011
http://dx.doi.org/10.1038/ncomms3209
http://dx.doi.org/10.1084/jem.20091999
http://dx.doi.org/10.1074/jbc.M111.289488
http://dx.doi.org/10.1074/jbc.M111.289488
http://dx.doi.org/10.1016/j.cell.2014.03.047
http://dx.doi.org/10.1016/j.cell.2014.05.002
http://dx.doi.org/10.1016/S0167-5699(98)01299-7
http://creativecommons.org/licenses/by/4.0/

	Functional Heterogeneity in CD4+ T Cell Responses Against a Bacterial Pathogen
	Introduction
	Derivation and Characterization of Listeriolysin O-specific TCR-Transgenic Mice
	T Cell Responsiveness to Specific and Non-specific Stimuli Is Set During Thymic Development and Maintained in the Periphery
	CD5 and the Dynamics of LLO TCRtg T Cell Responses
	Summary
	Author Contributions
	Funding
	References


