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�2 (CD18) integrins with �-chains CD11a, -b, -c, and -d are important adhesion molecules necessary for leukocyte migration
and cellular interactions. CD18 deficiency leads to recurrent bacterial infections and poor wound healing due to reduced migra-
tion of leukocytes to inflammatory sites. CD8 T cells also upregulate CD11a, CD11b, and CD11c upon activation. However, the
role these molecules play for CD8 T cells in vivo is not known. To determine the function of individual �2 integrins, we exam-
ined CD8 T cell responses to Listeria monocytogenes infection in CD11a-, CD11b-, and CD11c-deficient mice. The absence of
CD11b or CD11c had no effect on the generation of antigen-specific CD8 T cells. In contrast, the magnitude of the primary CD8
T cell response in CD11a-deficient mice was significantly reduced. Moreover, the response in CD11a�/� mice exhibited reduced
differentiation of short-lived effector cells (KLRG1hi CD127lo), although cytokine and granzyme B production levels were unaf-
fected. Notably, CD11a deficiency resulted in greatly enhanced generation of CD62L� central memory cells. Surprisingly, CD8 T
cells lacking CD11a mounted a robust secondary response to infection. Taken together, these findings demonstrated that CD11a
expression contributes to expansion and differentiation of primary CD8 T cells but may be dispensable for secondary responses
to infection.

Integrins are heterodimeric adhesion molecules comprised of �-
and �-subunits that participate in immune cell interactions as

well as in immune cell-extracellular matrix interactions. The �2
integrin (CD18) family consists of four members, based on
�-chain pairings: CD11a (also called LFA-1 or �L�2), CD11b
(Mac-1 or �M�2), CD11c (CR4 or �X�2), and CD11d (�D�2).
Although numerous myeloid lineage cells, including dendritic
cells (DC), neutrophils, and macrophages constitutively express
CD11b and CD11c, lymphocytes do not, but all resting leukocytes
express CD11a. Upon activation, CD8 T cells upregulate not only
CD11a but also CD11b and CD11c (1, 2). Ligands for these mol-
ecules include members of the immunoglobulin superfamily (in-
tercellular adhesion molecule 1 [ICAM-1], ICAM-2, and vascular
cellular adhesion molecule 1) as well as fibrinogen and inactivated
C3b (3). Patients with lymphocyte adhesion deficiency type I, who
lack �2 integrins, suffer from recurrent infections and impaired
wound healing (4–6). Similarly, CD18-deficient mice display in-
creased rates of spontaneous infections and a reduced ability to
induce graft-versus-host disease (7, 8). Nevertheless, the precise
role of each individual �2 integrin in vivo in most cases is unclear.

Possible roles for CD11b and CD11c expressed by myeloid cells
have been implicated in a number of infections, and their absence
may lead to an increased microbial burden (9), which is attributed
to their roles in adhesion-mediated phagocytosis and trafficking
and clearance of the infectious agent by neutrophils and other
innate immune cells (10–13). However, the importance of CD11b
and CD11c expression levels in activated T cells during infection
has not been explored in detail, and little is known about the roles
of these molecules in antigen-specific T cell activation and func-
tion. A recent report showed that in the absence of CD11c, CD8 T
cell responses to herpes simplex virus infection were enhanced,
but whether this effect was a result of CD11c function on activated
CD8 T cells or antigen-presenting cells (APC) is not known (14).

Conversely, CD11b or CD11d deficiency, but not CD11c defi-
ciency, resulted in a diminished T cell response to staphylococcus
enterotoxin challenge, which was hypothesized to be due to de-
fects in T cell development mediated by integrin-expressing
non-T cells (15). In contrast to the relative paucity of literature
regarding CD11b and CD11c function for T cells, the immuno-
logical relevance of CD11a expression by T cells has been charac-
terized in some detail. Studies using planar bilayers have shown
that the adhesive interaction of CD11a to ICAM-1 leads to stabi-
lization of the immunological synapse (16). This adhesive prop-
erty may also allow CD11a to perform costimulatory functions by
augmenting T cell proliferation and cytokine production in vitro
(17, 18). CD11a is also critical for lymphocyte entry into the
lymph nodes (19). Interestingly, lymphocyte migration to the
spleen in the absence of CD11a remains intact (20).

Establishing a role for CD11a in T cell priming in vivo has
proven to be more complex. Prior studies illustrated an important
role for CD11a in T cell activation in colitis, delayed-type hyper-
sensitivity (DTH) responses, and tumor rejection (21, 22). In con-
trast, T cell priming in viral infections is apparently unaffected in
the absence of CD11a (21). CD11a and CD11b are essential for
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protection against Streptococcus pneumoniae infection. Although
the T cell response was not measured, early bacterial overgrowth
suggested that the defects lie with the inability of innate immune
cells to clear the infection (23). In the case of pulmonary Myco-
bacterium tuberculosis infection, CD11a deficiency also leads to
loss of protection (24). T cell priming is delayed and fewer anti-
gen-specific T cells are found in the lungs after infection, due to
additional defects in T cell migration. Care must be taken when
interpreting results related to situations where lymph node (LN)
priming is required, since CD11a plays an important role in mi-
gration of naïve T cells to the LN (20, 25). Thus, the paucity of T
cells in the CD11a�/� LN due to the migration defect could lead to
ineffective T cell priming, rather than indicating a direct role for
CD11a in T cell activation. In the case of Listeria monocytogenes
infection, �2 integrin-deficient and CD11a�/� mice exhibit en-
hanced resistance to L. monocytogenes infection, potentially due to
neutrophilia, particularly in the liver, as well as enhanced interleu-
kin-12 (IL-12) and granulocyte colony-stimulating factor pro-
duction (26–28). In fact, while neutrophils are important for L.
monocytogenes clearance from the liver, they play much less of a
role in splenic L. monocytogenes clearance, and inflammatory
monocytes are essential for protection against L. monocytogenes
infection (29–31). Thus far, the role of �2 integrins in the T cell
response to L. monocytogenes infection has not been examined.
Here, we assess T cell activation following L. monocytogenes infec-
tion of mice deficient for specific �2 integrins and demonstrate a T
cell intrinsic requirement for CD11a in CD8 T cell activation and
function independent of migration.

MATERIALS AND METHODS
Mice. C57BL/6J, CD11b�/� (B6.129S4-Itgamtm1Myd/J) (32) and
CD11a�/� (B6.129S7-Itgaltm1Bll/J) (15) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). CD11c�/� mice (15) and
CD45.1�/CD45.2� B6 mice were bred in our facility. All animal protocols
were carried out in accordance with NIH guidelines and approved by the
UCHC Animal Care Committee.

Infection. Mice were infected intravenously (i.v.) with L. monocyto-
genes expressing ovalbumin (Ova) (33). A dose of 1 � 103 CFU or 5 � 104

CFU was used in primary infections, and a dose of 1 � 104 CFU was used
for secondary infections. In some imaging experiments, 1 � 106 CFU of
the attenuated ActA strain of L. monocytogenes Ova was used in order to
generate sufficient endogenous Ova-specific CD8 T cells. Bacterial bur-
dens, the bacterial titers within tissues, were determined by homogenizing
the tissue samples in phosphate-buffered saline (PBS) containing 1%
saponin, plating serial dilutions of the homogenate on brain heart infu-
sion agar containing 5 �g/ml erythromycin, and incubating for 2 days at
37°C.

Flow cytometry. Antigen-specific CD8 T cells were identified by using
an H-2Kb tetramer containing the Ova-derived peptide SIINFEKL, and
listeriolysin O-specific CD4 T cells were identified with an LLO-I-Ab

tetramer (34), generously provided by Marc Jenkins (University of Min-
nesota). Tetramer� cells were characterized by using monoclonal anti-
bodies reactive with the indicated antigens. All antibodies were purchased
from BD Biosciences, Ebioscience, or Biolegend. For intracellular cyto-
kine staining, splenocytes isolated from infected mice were cultured with
or without 2 to 20 �g/ml SIINFEKL or LLO peptide for 5 h in the presence
of GolgiPlug (BD Biosciences) and stained as directed (BD Biosciences).
Viability was analyzed using LIVE/DEAD cell stain (Invitrogen). Samples
were collected using an LSRII apparatus (BD Biosciences) and analyzed
with FlowJo software (Tree Star, Ashland, OR).

Confocal microscopy. Spleens were isolated from naïve or infected
mice and prepared as previously described (35). Antibodies reactive to the
indicated antigens were purchased from BD Biosciences, Invitrogen, or

Ebioscience. Stained samples were mounted using Immumount, imaged
using an LSM 780 microscope (Zeiss), and analyzed using Imaris Suite
(Bitplane Inc.).

Lytic assay. Spleens from L. monocytogenes ActA Ova-infected mice
were harvested on day 7. Splenocytes were enriched for CD8 T cells by
negative selection with a CD8 T cell isolation kit from Miltenyi Biotec. The
CD8-enriched fraction was stained for Ova tetramer to determine the
absolute number of effector T cells specific for SIINFEKL. EL4 cells were
used as target cells and pulsed with 1 �g/ml SIINFEKL peptide for 45 min
at 37°C. Pulsed or unpulsed EL4 cells were labeled with high (5 �M) or
low (1 �M) concentrations of carboxyfluorescein succinimidyl ester
(CFSE), respectively. Serial dilutions of effector cells were then incubated
with 104 pulsed and 104 unpulsed EL4 cells for 4 H. Cells were stained with
viability dye and examined by flow cytometry. After gating on live EL4
cells, specific lysis was calculated as follows: percent specific lysis � 100 �
{100 � [(percent CFSEhigh infected mice)/(percent CFSElow infected
mice)]/[(percent CFSEhigh target alone)/(percent CFSElow target alone)]}.
Effector:target (E:T) ratios were calculated for each mouse based on the
Ova tetramer number per well.

BrdU incorporation. Mice were injected at days 5, 6, and 7 postinfec-
tion (p.i.) with 1 mg of bromodeoxyuridine (BrdU) intraperitoneally.
Eight days postinfection, splenocytes were stained for surface markers as
described above and for BrdU incorporation according to the manufac-
turer’s protocol (BD Biosciences).

Tetramer decay assay. T cell avidity was determined by tetramer de-
cay analysis as described previously (36). Briefly, splenocytes of infected
mice were stained using Ova-Kb tetramer, and subsequently Fab frag-
ments of anti-H-2Kb monoclonal antibody (clone Y-3) were added to a
final concentration of 5 �M. Stained aliquots of cells were removed at
various time points and fixed immediately in 2% paraformaldehyde–PBS
solution. Tetramer mean fluorescence intensity (MFI) was determined by
flow cytometry, and the half-life was calculated by loss of tetramer reac-
tivity over time.

Tetramer enrichment. Splenocytes pooled from 3 infected mice were
enriched for Ova-specific CD8 T cells as described previously (37). Briefly,
splenocytes were first labeled with phycoerythrin (PE) and allophycocya-
nin-labeled Ova-Kb tetramers at room temperature for 1 h. Samples were
then washed and incubated with anti-PE beads (Miltenyi Biotec) at 4°C
for 30 min before positive selection using an autoMACS apparatus (Milte-
nyi Biotec). The cells were then stained with additional antibodies as de-
scribed above and analyzed by flow cytometry.

Bone marrow chimeras. Bone marrow was isolated from femurs and
tibias of wild-type (WT; CD45.2�/CD45.1�) and CD11a�/� (CD45.2)
mice. These cells were then mixed and injected i.v. into lethally irradiated
(1,000 rads) CD45.1 hosts. After 6 to 8 weeks of reconstitution, chimeras
were immunized as described above. Donor populations were separated
based on CD45 expression.

Statistical analysis. Statistical significance was determined by using
Prism 5 software (GraphPad) and the indicated functions. Error bars in-
dicate standard errors of the means.

RESULTS
Primary CD8 T cell responses to bacterial infection are CD11b
and CD11c independent. Previous studies have reported the in-
duction of myeloid markers CD11b and CD11c on activated an-
tigen-specific CD8 T cells during lymphocytic choriomeningitis
virus (LCMV) infection (38) and the graft-versus-host disease re-
sponse (2). We tested whether a similar phenomenon occurred in
response to L. monocytogenes infection. CD8 T cell priming after
intravenous L. monocytogenes infection occurs primarily in the
spleen (39) and thus circumvents any potential effects of the role
of �2 integrins in LN migration. At the peak of the primary CD8 T
cell response, CD11a, CD11b, and CD11c were substantially up-
regulated by Ova-Kb-specific CD8 T cells (Fig. 1A). The selective
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upregulation of these markers on activated antigen-specific CD8
T cells suggested that engagement of these receptors may play an
important role in the CD8 T cell responses to infection. To test this
possibility, we examined Ova-Kb-specific CD8 T cell responses
after L. monocytogenes infection in mice deficient for CD11b or
CD11c. Neither CD11b�/� nor CD11c�/� mice exhibited any de-
fects in generation of Ova-Kb-specific CD8 T cell responses in the
spleen (Fig. 1B). In the lung, CD11b�/� mice generated a modest
but statistically significant increase in the antigen-specific CD8 T
cell response.

After infection, a heterogeneous pool of CD8 T cell effectors
is formed that can be identified based on the expression of
various cell surface markers, including KLRG1 and CD127 (IL7
receptor [IL-7R]) (40). The early effector CD8 T cells (EECs)

that are KLRG1low CD127low are the first effector subset to
emerge after L. monocytogenes infection (41). However, at the
peak of the CD8 T cell response to L. monocytogenes infection,
the terminally differentiated short-lived effector cells (SLEC)
constitute the majority of the responding CD8 T cells and are
identified by KLRG1hi and CD127low expression. The long-
lived memory precursors (MPEC) are KLRG1low and CD127hi

and constitute a smaller fraction of responding CD8 T cells,
along with the double-positive effector cells (DPECs), that ex-
press both KLRG1 and CD127. An examination of effector cell
heterogeneity in the absence of CD11b or CD11c further indi-
cated that these integrins did not affect the CD8 T cell response
to L. monocytogenes infection (Fig. 1C). Similarly, granzyme B
and cytokine production levels among responding CD8 T cells

FIG 1 Absence of CD11b or CD11c does not affect priming of CD8 T cells during Listeria infection. (A) Representative plots show gated CD8 T cells from spleens
of WT C57BL/6 mice that were infected 8 days prior with L. monocytogenes Ova. Histograms show expression of CD11a, CD11b, and CD11c by tetramer� CD8
T cells and endogenous naïve CD8 T cells (tetramer� CD44low). (B) Graphs show frequencies of Ova-Kb-specific CD8 T cells in WT versus CD11b�/� and
CD11c�/� mice in spleen and lung at day 8 p.i. (C and D) Graphical representations of various effector subsets (C) and granzyme B production (D) of
Ova-Kb-specific CD8 T cells. (E and F) Eight days p.i., splenocytes were restimulated in vitro with peptide to assess cytokine production from CD8 (E) and CD4
(F) T cells. These data are representative of two individual experiments with four to five mice per group. Statistical significance was determined using a one-way
analysis of variance and Bonferroni post test. *, P � 0.05.
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in CD11b- or CD11c-deficient or wild-type mice were equiva-
lent (Fig. 1D to F). Thus, despite their induction on responding
CD8 T cells, CD11b and CD11c were not required for the gen-
eration of optimal primary antigen-specific CD8 T cell re-
sponses during L. monocytogenes infection.

CD11a is crucial for the optimal expansion of antigen-spe-
cific CD8 and CD4 T cells. Although CD11a plays a prominent
role in lymphocyte migration to LN (42), the role of this molecule
in CD8 T cell priming during infection in vivo is not well under-
stood. Thus, we tested CD11a function in vivo by infecting
CD11a-deficient mice with L. monocytogenes Ova and then evalu-
ating antigen-specific CD8 T cell responses. At the peak of the
CD8 T cell response, CD11a�/� mice displayed a significant defect
in accumulation of splenic Ova-Kb-specific CD8 T cells (Fig. 2A),
which was also evident in liver and lungs (data not shown). The
reduced T cell response was not due to reduced antigen availability
or altered bacterial load, since there were no significant differences
in bacterial loads in the spleens of WT and CD11a�/� mice during
the peak of L. monocytogenes replication at 3 days postinfection
(see Fig. S1 in the supplemental material). Since previous reports
had indicated that CD11a�/� mice are more resistant to L. mono-
cytogenes infection (26, 27), we also challenged mice with a higher

L. monocytogenes dose (5 � 104 CFU). In this case, bacterial bur-
den in the spleen was decreased in CD11a�/� mice compared to
control animals (see Fig. S1). At the higher dose, the CD8 T cell
response in the WT animals was less than that observed when a
low dose was given (see Fig. S2 in the supplemental material).
Nevertheless, the CD8 T cell response was not reduced in the
CD11a�/� mice, suggesting that increasing antigen and/or in-
flammation could overcome the defect. Interestingly, the CD4 T
cell response was not reduced in CD11a�/� mice when a low L.
monocytogenes dose was used, but it was decreased at the higher
dose (see Fig. S2).

To examine the reason for the reduced magnitude of the CD8 T
cell response, we utilized tetramer enrichment to track small pop-
ulations of antigen-specific CD8 T cells early after infection (day
4). At this time, markedly reduced numbers of Ova-Kb-specific
CD8 T cells were present in CD11a�/� mice (Fig. 2B). Next, we
measured the proliferation of CD11a�/� CD8 T cells based on
BrdU uptake on days 5 to 7 p.i. Fewer antigen-specific CD8 T cells
in CD11a�/� mice incorporated BrdU (Fig. 2C), and the amount of
BrDU incorporated into the CD11a�/� CD8 T cells was also signifi-
cantly lower than that of control cells (Fig. 2C). Thus, optimal early
expansion and continued proliferation both required CD11a.

FIG 2 CD11a drives optimal proliferation of responding CD8 T cells. (A) Dot plot and graph showing the magnitude of the Ova-Kb-specific CD8 T cell response
in WT and CD11a�/� mice in the spleen at day 8 p.i. (B) Data plot and graph showing the magnitude of the Ova-Kb-specific response in tetramer-enriched
splenocytes from at day 4 p.i. Each representative dot plot and data point on the graph is representative of 3 pooled mice from two individual experiments. (C)
Histogram analysis and graphs of BrdU incorporation among tetramer� CD8 T cells (open histogram) or naïve (CD44low) CD8 T cells (gray filled histograms)
in individual spleens at day 8 p.i. Indicated numbers on dot plots and histograms signify the percentages of cells that were within each gated region of
representative samples. Data in panels A and C are representative of two or more individual experiments, which included 4 to 5 mice per group. Student’s t test
was used to determine statistical significance. *, P � 0.05.
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Differential requirement for CD11a in cytokine production
and the lytic activity of antigen-specific CD8 T cells. Early data
implied that CD11a plays a compulsory role in cytotoxic functions
of CD8 T cells in vitro (43). We investigated whether the engage-
ment of CD11a impacted the function of responding CD8 T cells
after L. monocytogenes infection in vivo. Surprisingly, Ova-Kb-spe-
cific CD8 T cells in WT and CD11a�/� mice at day 8 postinfection
exhibited similar levels of granzyme B ex vivo. Moreover, after
antigen stimulation in vitro, CD11a�/� and CD8 T cells expressed
similar levels of LAMP-1 (CD107a), a marker of degranulation
(44) (Fig. 3A). Despite these results, the direct ex vivo lytic activity
of CD11a�/� CD8 T cells was 	10-fold less than that of WT CD8
T cells (Fig. 3B). We next determined whether in vivo-generated
CD11a�/� Ova-Kb-specific CD8 T cells produce normal levels of
gamma interferon (IFN-
) and tumor necrosis factor alpha
(TNF-�) at day 8 p.i. Concomitant with the reduced frequency of
tetramer� cells in CD11a�/� mice (Fig. 2A), we observed a re-
duced frequency of IFN-
-producing CD8 T cells (Fig. 3C, upper
panel), although IFN-
 levels between WT and CD11a�/� cells
were similar. In addition, the frequency of TNF-� producers
among the IFN-
-positive cells was similar in WT and CD11a�/�

mice (Fig. 3C, lower panel). Thus, the absence of CD11a led to an
overall reduction in the magnitude of the CD8 T cell response and
reduced lytic activity but did not impact the cytokine-producing
capacity of the responding CD8 T cells.

It is possible that the absence of CD11a could alter the selection
of CD8 T cells that contribute to the response whereby only those
CD8 T cell clones that posses a higher avidity for major histocom-
patibility complex (MHC)-peptide complexes are equipped to
aptly respond to infection. Although the fluorescence intensity of
tetramer staining was similar between CD11a�/� and WT CD8 T
cells (Fig. 2A), we wanted to directly test the avidity of WT and
CD11a�/� CD8 T cells by using a tetramer decay assay that com-
pared the dissociation kinetics of peptide-MHC and T cell recep-
tor (TCR) interactions (36). In this assay, the half-life is defined by
the time required to lose 50% of the maximal tetramer binding for
each group. Combined results from two individual experiments
indicated that the half-life of tetramer binding of WT and
CD11a�/� T cells was similar; the WT averaged 9.04 min, while
CD11a�/ T cells averaged 10.2 min (Fig. 3D). These data indicated
that although the magnitude of the CD8 T cell response was
blunted in the absence of CD11a, there was no evidence that the
responding cells represented an atypical population made up of a
subset of clones with distinct avidities.

CD11a regulates effector subset development of CD8 T cells.
Several studies have shown that numerous cell extrinsic factors,
such as antigen availability, precursor frequency, and the in-
flammatory milieu, are integrated to subsequently determine
the differentiation pattern of effector and memory CD8 T cells
after infection (37, 45–47). We hypothesized that the absence
of CD11a may lead to reduced interaction of APCs and CD8 T
cells and that this could result in a reduced “strength” of signal
downstream of TCR engagement. To determine if CD11a defi-
ciency affected differentiation of effector CD8 T cells, we ex-
amined the SLEC-MPEC differentiation profile of Ova-Kb-spe-
cific CD8 T cells. Interestingly, CD11a�/� mice had a reduced
frequency of SLEC that was concomitant with a significant in-
crease in the frequency of CD127 and KLRG1 DPEC compared
to WT mice. We also observed a trend toward increased accu-

mulation of MPEC, although this difference failed to reach
statistical significance (Fig. 4A).

We previously demonstrated that programmed death 1 (PD-1)
expression inversely correlates with CD62L expression on anti-
gen-specific CD8 T cells after infection (47). Moreover, limiting
antigen availability during infection resulted in increased expres-
sion of CD62L with a decrease in PD-1 expression. CD11a�/�

antigen-specific CD8 T cells displayed reduced expression of
PD-1, with a concurrent major increase in expression of CD62L
(Fig. 4B). Our previous results showed that CD62L expression
is restricted to the MPEC subset (48), leading to development
of central memory CD8 T cells (TCM) (Fig. 4C, WT). TCM ex-
press the homing molecules CD62L and CCR7, while effector
memory cells (TEM) lack expression of these molecules. How-
ever, although CD62L expression was greatly increased in the
CD11a�/� MPEC, CD62L was also expressed by significant
populations of CD11a�/� EEC and SLEC, which we have never
observed in wild-type mice, even when TCR triggering is lim-
ited (48, 49). Because EEC are formed early after initial CD8 T
cell activation, our findings suggested that CD11a may be im-
portant for the initial downregulation of CD62L.

Our earlier studies demonstrated that CD25 (IL-2R) expres-
sion by antigen-specific CD8 T cells correlates with antigen avail-
ability and is maximal at 4 days post-L. monocytogenes infection
(47, 49). The frequency of CD25� cells as well as the level of CD25
expression were significantly lower in CD11a�/� Ova-Kb-specific
CD8 T cells (Fig. 4D). The reduced CD25 expression is likely a
result of reduced TCR triggering, which we have linked to en-
hanced CD62L expression and increased MPEC generation
(47, 49).

Effects of CD11a on splenic anatomy and CD8 T cell localiza-
tion. Recent data showed that the absence of chemokine receptors
alters localization of CD8 T cells to inflammatory sites, resulting in
changes in effector subset differentiation and memory generation
(50). By using confocal microscopy, we tested whether CD11a was
involved in the anatomical organization of the spleen in normal
and infected mice. A comparison of spleen sections from WT and
CD11a�/� mice did not reveal any gross differences in the local-
ization of T, B, CD11c�, CD11b�, or Moma� marginal zone mac-
rophages (Fig. 5 and data not shown). After infection, we exam-
ined the localization of antigen-specific CD8 T cells by using in
situ MHC class I tetramer staining and confocal microscopy (35)
(Fig. 5). In order to enhance detection of Ova-Kb-specific CD8 T
cells at early time points, we infected mice with a higher dose of an
attenuated ActA-deficient strain of L. monocytogenes Ova (35) that
generates a larger response. Both the CD4 and CD8 T cell re-
sponses were significantly reduced after ActA L. monocytogenes
infection (see Fig. S3 in the supplemental material). At day 5 p.i.,
in both the WT and CD11a�/� spleens, a readily detectable pop-
ulation of tetramer� CD8 T cells were located in T cell zones
(PALS) as well as in the red pulp (RP) (Fig. 5). We also examined
the spleens at 8 days after infection with WT L. monocytogenes
Ova. Consistent with the flow cytometry data, the CD11a�/�

spleens contained fewer Ova-specific CD8 T cells than did the WT
spleens (Fig. 5). Moreover, in WT and CD11a�/� spleens, the
majority of antigen-specific CD8 T cells were located in the RP,
with a smaller percentage present in the B and T cell zones. Over-
all, these data indicated that CD11a expression was not required
for localization or movement of CD8 T cells during priming in the
spleen.
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CD11a requirement for CD8 T cell priming is cell intrinsic.
In CD11a�/� mice, all cells lack CD11a expression. In order to test
whether T cells intrinsically require CD11a to mount a normal
response, we generated mixed chimeras by reconstituting lethally
irradiated WT mice with equal numbers of bone marrow cells
from congenically distinct WT and CD11a�/� mice. This system
also alleviates any concerns of potential differences in bacterial
burdens or antigen loads, since WT and CD11a�/� cells are re-
sponding in the same host. Interestingly, 8 weeks after reconstitu-
tion, we observed an incomplete reconstitution of the T cell com-
partment from CD11a�/� donor cells that appeared to be due to a
partial block in T cell development (T. O. Bose et al., unpublished
data). To compensate for differences in reconstitution, we gener-
ated chimeras using a 1:3 ratio (WT:CD11a�/�) of bone marrow
cells. Although reconstitution remained unequal (	3:1, WT:
CD11a�/�), it was nevertheless possible to accurately assess the
CD8 T cell response after infection. The defect in CD8 T cell prim-
ing observed in CD11a�/� mice was recapitulated in CD11a�/�

CD8 T cells in chimeras (Fig. 6A). Moreover, CD11a�/� CD8 T
cells in chimeras also displayed altered effector subset develop-
ment, characterized by fewer SLEC and an increase in EEC and
MPEC compared to their WT counterparts (Fig. 6B). Cytokine
production was also unaffected in the chimeras (Fig. 6C). Thus,
CD11a expression by CD8 T cells was required for optimal CD8 T
cell expansion and normal effector subset development in re-
sponse to L. monocytogenes infection.

Generation and reactivation of memory CD8 T cells is CD11a
independent. A previous report demonstrated that in the absence
of ICAM-1, the presumed ligand for CD11a, memory CD8 T cells
did not develop, due to a drastic contraction of effector OT-I T
cells (51). We asked whether a similar phenomenon occurs in the
absence of CD11a, and we examined the kinetics of the antigen-
specific CD8 T cell response to infection in the peripheral blood of
WT and CD11a�/� mice. Although CD11a�/� mice had lower
frequencies of Ova-Kb-specific CD8 T cells at all time points
tested, the rate of contraction did not appear to be greater in
CD11a�/� versus WT mice (Fig. 7A). Additionally, even at day 70
p.i., memory cells were present in the blood of CD11a�/� mice,
albeit at a reduced frequency, concomitant with the reduced mag-
nitude of the primary response. Moreover, memory CD8 T cells
remained phenotypically distinct between CD11a�/� and WT
mice with regard to KLRG1, CD127, and CD62L expression,
which was again reflective of the primary response (Fig. 7C and
D). Similar results were obtained in the spleen (data not shown).
Thus, CD11a is not required for memory development per se. To
determine whether CD11a plays a role in memory CD8 T cell
reactivation, WT and CD11a�/� mice were first infected with 1 �

FIG 3 Normal effector functions of responding CD8 T cells in CD11a-defi-
cient mice. (A) Splenocytes from infected mice at day 8 were isolated and
directly stained for granzyme B expression or restimulated in vitro for 5 h with
SIINFEKL peptide before analysis for LAMP-1 (CD107a). Bar graphs show

granzyme expression among Ova-Kb-specific CD8 T cells and LAMP expres-
sion among IFN-
-producing CD8 T cells. (B) In vitro killing activity of
CD11a�/� and WT CD8 T cells. Each line represents one mouse. (C) Repre-
sentative dot plots of TNF-� producers (bottom panel and bar graph) gated on
CD8 T cells producing IFN-
 (top panel) after in vitro restimulation with
peptide. (D) Tetramer binding decay assay of Ova-Kb-specific CD8 T cells of
day 8 p.i. splenocytes. Data are representative of combined results of two
individual experiments with a total of 9 to 10 mice per group. The half-life of
Ova-Kb tetramer binding (t½) was defined as the amount of time required to
lose 50% of the maximal tetramer binding activity. The mean t½ is indicated
for each group on the graph. Indicated numbers on the dot and zebra plots
signify the percentages of cells that were within each gated region of represen-
tative samples.
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FIG 4 CD11a regulates effector CD8 T cell differentiation. (A) KLRG1 and CD127 expression levels were used to subdivide Ova-Kb-specific CD8 T cells into EEC
(KLRG1low CD127low), MPEC (KLRG1low CD127hi), DPEC (KLRG1hi CD127hi), and SLEC (KLRG1hi CD127low). (B and C) Representative zebra plots and bar
graphs show CD62L versus PD-1 expression either among total Ova-Kb-specific CD8 T cells (B) or within specific effector subsets (C) in splenocytes of D8
infected mice. (D) Histogram displaying CD25 expression of antigen-specific CD8 T cells in tetramer-enriched splenocytes at day 4 from infected mice.
Splenocytes from 3 mice were pooled per sample with a total of 12 mice per group. Bar graphs show frequenies and MFI values for CD25 expression in total
tetramer-enriched CD8 T cells. The numbers on the zebra plots and histograms signify the percentages of cells that were within each gated region of representative
samples. Data are representative of two or more experiments. Student’s t test was used for statistical analysis. *, P � 0.05.
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103 CFU of L. monocytogenes Ova and 70 days later were rechal-
lenged with 1 � 104 CFU of L. monocytogenes Ova. Surprisingly,
Ova-Kb-specific CD8 T cells in the spleens of both groups of mice
underwent a massive expansion in the blood (Fig. 7E) and spleen
(Fig. 7F) by day 6 after recall. CD8 T cells in WT mice underwent

an 	102-fold increase, while CD11a�/� CD8 T cells increased
	184-fold in comparison to prechallenge memory cell levels
(Fig. 7E). Effector subset composition in WT and CD11a�/� mice
after recall was essentially identical (Fig. 7G). However, an in-
creased proportion of CD11a�/� recalled CD8 T cells expressed

FIG 5 Normal localization of Ova-Kb-specific CD8 T cells in CD11a�/� mice after L. monocytogenes infection. Thick sections of spleens were stained with
Ova-Kb tetramer and antibodies to other surface markers to indicate B (B220) and T cell (CD8) zones and CD31 to identify blood vessels. (A) Images of
uninfected spleens from WT mice were acquired with a 20� 0.75 numerical aperture (NA) objective. (B and C) Infection with 1 � 106 CFU ActA�/� L.
monocytogenes Ova was used to assess the early T cell response (day 5 p.i.) in WT (B) and CD11a�/� (C) mice. (D and E) Sections from spleens of WT (D) and
CD11a knockout (E) mice that had been infected with 1 � 103 CFU L. monocytogenes Ova 8 days prior. B, B cell zone; PALS, peri-arteriolar lymphoid sheath (T
cell zone); RP, red pulp; CA, central arteriole.
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CD62L, which may have been reflective of the heightened levels of
CD62L expression prior to challenge (Fig. 7H). Analysis of cyto-
kine production indicated similar frequencies of TNF-�� CD8 T
cells in WT and CD11a�/� mice (Fig. 7I). Overall, these findings
indicated a more stringent CD11a requirement for primary versus
memory CD8 T cell activation.

DISCUSSION

Precursor frequency, inflammatory milieu, affinity, and duration
of T cell-APC interactions are important determinants of T cell
response kinetics and function (45, 52–54). Recently, two-photon
microscopy revealed that interaction of DC with naïve T cells is
complex. Initial transient DC-T cell interactions give way to more
sustained synapse formation that can be hours long (55). Pertur-
bation of DC-T cell interactions can lead to altered T cell re-
sponses (51). Thus, regulation of these interactions is crucial for
the formation of efficient immune responses. In the current study,
we highlighted the important role of CD11a in CD8 T cell priming
and function.

CD11a reorganization is fundamental to the “bull’s-eye”-like
architecture of the immunological synapse (56). Several in vitro
studies have provided evidence that the interaction of CD11a on T
cells with ICAM-1 on APC facilitates stabilization of the immune

synapse that promotes costimulatory function, leading to in-
creased T cell proliferation and cytotoxicity (18, 57). Confirming a
similar role for CD11a in vivo has proven to be more complicated,
although studies have illustrated the importance of CD11a during
induction of colitis, DTH responses, and tumor rejection (21, 22).
Based on in vitro killing assays, the CD8 T cell response to vesicular
stomatitis virus or LCMV infection in CD11a�/� mice is equiva-
lent to that of WT mice (21), but quantitation of antigen-specific
CD8 T cell numbers was not performed. In our studies, in which
we took into account the magnitude of the CD8 T cell response,
defective lytic activity but normal cytokine production by
CD11a�/� CD8 T cells were observed. The role of CD11a in mi-
gration should also be taken into account in studies that use
CD11a�/� or �2 integrin-deficient mice. Not only are �2 integ-
rins involved in migration of T cells to LN, but also are involved in
establishing the normal complement of immune components in
certain tissues, such as the intestine (58). To circumvent LN in-
volvement, we took advantage of the i.v. L. monocytogenes infec-
tion system, in which T cell priming occurs primarily in the spleen
(39).

Our results indicated that CD11a deficiency significantly im-
pacted the differentiation of the responding CD8 T cells. The de-
velopment of effector subsets was skewed away from SLEC gener-
ation and favored EEC and MPEC formation. This result mirrored
our previous findings, where similar patterns of effector subsets
developed in the absence of CD4 T cell help or CD25 signaling
(49). CD4 T cells play an important role in the CD25 upregulation
by CD8 T cells that bestows IL-2 responsiveness, an important
component of the help provided by CD4 T cells during L. mono-
cytogenes infection (49). Moreover, sustained IL-2 signaling drives
SLEC differentiation after infection (49). Yet, in the case of CD11a
deficiency, the CD4 T cell response to L. monocytogenes infection
was normal (data not shown). In addition, the mixed chimera
studies showed that intrinsic CD11a expression by CD8 T cells was
needed for an optimal response. Thus, CD11a appears to play a
direct role in CD25 upregulation and effector CD8 T cell subset
development, presumably through augmentation of T cell-APC
interactions. The precise signaling mechanism by which CD11a
regulates CD8 T cell responses remains unclear. �2 integrins lack
immunoreceptor tyrosine-based activation motifs (ITAM), but
activation of protein tyrosine kinases via CD11a may initiate out-
side-in signaling, which could then control activation and pro-
gramming of CD8 T cells (6, 59). In addition, ligand-independent
signaling via CD11a coupled to TCR triggering may also play a
role in T cell activation (60). Thus, the absence of CD11a could
lead to altered downstream signaling events that yield the ob-
served results. In support of this possibility, a recent study showed
that the proline-rich tyrosine kinase 2 (PYK2), which is important
in CD11a-mediated adhesion and costimulation, regulates SLEC
differentiation during LCMV infection (61). These findings along
with ours point to CD11a as an important determinant of effector
CD8 T cell differentiation.

The ligands for CD11a in vivo that drive CD8 T cell responses
have not been well defined. ICAM-1 is thought to be a major
counterreceptor for CD11a (17). The role of ICAM-1 in CD8 T
cell priming after immunization with DC-targeted antigen and
CD40 costimulation (51) was examined by intravital microscopy.
ICAM-1 expression by DC enhanced long-lived stable interac-
tions with responding OT-I TCR transgenic CD8 T cells. How-
ever, immunization of ICAM-1�/� hosts resulted in a numerically

FIG 6 The CD11a requirement for CD8 T cell activation is cell intrinsic.
Chimeric mice reconstituted with a mixture of bone marrow from WT and
CD11a�/� mice were infected with 1 � 103 CFU L. monocytogenes Ova and
assessed for T cell responses in the spleen 8 days postinfection. Bar graphs
display overall frequencies of antigen-specific T cell responses (A) and differ-
entiation among responding cells (B). (C) Splenocytes were used for in vitro
peptide restimulation to determine the frequency of cells producing TNF-�
among IFN-
� CD8 T cells. Data are representative of two individual experi-
ments with 4 chimeric mice per experiment.
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FIG 7 Memory CD8 T cell reactivation is CD11a independent. (A) Graph showing the kinetics of Ova-Kb-specific CD8 T cells in the peripheral blood at various
time points after infection with 1 � 103 CFU of L. monocytogenes Ova. (B and C) Representative dot plots show staining of Ova-Kb-specific CD8 T cells (B) and
KLRG1/CD127 expression (C) among Ova-Kb-specific CD8 T cells in peripheral blood 70 days postinfection. (D) CD62L expression among Ova-Kb-specific
MPEC (KLRG1low CD127hi) at day 70 in the peripheral blood. (E) Memory mice were challenged with 1 � 104 CFU of L. monocytogenes Ova, and recall responses
were assessed in the blood before and after recall. (F to I) Splenocytes were harvested 6 days postrecall to determine the frequency of Ova-specific CD8 T cells (F)
or SLEC/MPEC differentiation of antigen-specific CD8 T cells (G). (H) Bar graphs represent CD62L expression in total Ova-Kb-specific CD8 T cells or among
the MPEC population. (I) In vitro restimulation of recalled splenocytes was used to assess the frequency of TNF-� producers (gated first on CD8 T cells producing
IFN-
). Numbers on dot plots and histograms signify percentages of cells that were within each gated region of representative samples. These data are
representative of two individual experiments with a total of 5 mice per group.
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and functionally normal primary response of adoptively trans-
ferred OT-I cells, suggesting that, at least in this immunization
scheme, ICAM-1 is not a major contributor to initial CD8 T cell
activation in vivo. Our results indicated that CD11a was essential
for optimal CD8 T cell expansion in response to L. monocytogenes
infection, implying that ICAM-1 may not always play a dominant
role in CD11a-mediated T cell activation or that initiation/ampli-
fication of different immune responses may involve distinct integ-
rin-ligand combinations.

Our data also demonstrated an important function for CD11a
in regulating the TCM/TEM ratio through control of CD62L ex-
pression. In the absence of CD11a, the number of CD62L� MPEC
was greatly increased, and unusual expression of CD62L by EEC
and SLEC was noted. This correlated with decreased PD-1 expres-
sion, which was similar to our previous results where specifically
limiting antigen availability resulted in a decrease in CD25 levels
and an increase in CD62L by MPEC (47, 48). Coupled with these
results, our findings with CD11a-deficient CD8 T cells suggest a
differential regulation of effector subset development and the
TCM/TEM ratio. Thus, CD62L expression is more sensitive to re-
ductions in signal strength, while altering MPEC and SLEC devel-
opment occurs only when signal transduction is more severely
limited. Furthermore, the induction of aberrant CD62L expres-
sion by CD11a-deficient EEC and SLEC indicated an additional
level of CD62L regulation related to signal strength, perhaps at
an early activation stage when CD62L is enzymatically cleaved
(62, 63).

Of particular note was the role of CD11a in CD8 memory T
cell responses. Although the primary response of CD11a�/�

CD8 T cells was diminished, development of memory was not
overtly affected. Indeed, based on the maximum peak of each
response, CD11a�/� mice tended to generate a larger propor-
tion of memory cells than WT mice, perhaps as a result of
enhanced TCM generation, since these cells undergo greater
proliferation than do TEM (64, 65). In contrast, the aforemen-
tioned ICAM-1 study showed that memory is not generated in
the absence of ICAM-1, despite a normal primary response
(51). This is difficult to reconcile with our findings and other
available literature and suggests that ICAM-1 is possibly in-
volved in survival of cells during or after the contraction phase.
Another possibility is that the adoptively transferred OT-I CD8
T cells upregulate ICAM-1 after activation and were rejected by
the ICAM-1�/� host. Further studies will be needed to resolve
these issues. Our results also showed that reactivation of mem-
ory CD8 T cells was largely CD11a independent. One interpre-
tation of these findings is that long-lived stable interactions are
not compulsory for memory CD8 T cell activation. This is in
agreement with our previous findings that memory CD8 T cell
reactivation requires a significantly shorter window of antigen
availability than do naïve T cells (54).

Collectively, our results delineated several key features of
CD11a-mediated costimulation that regulates the CD8 T cell re-
sponse to infection. First, optimal initial priming for proliferation
and induction of lytic activity, but not effector cytokine produc-
tion, required CD11a. Second, effector subset ratios were con-
trolled by CD11a. Third, CD11a played a major role in controlling
CD62L expression and, therefore, the TCM/TEM ratio. Finally,
memory CD8 T cell reactivation was CD11a independent. These
data provide a comprehensive view of the important role of
CD11a in the CD8 T cell response to infection.
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