
Coengagement of α4β1 integrin (VLA-4) and CD4 or CD8 is
necessary to induce maximal Erk1/2 phosphorylation and
cytokine production in human T cells

Tae Kon Kim1,3, Matthew J. Billard2,4, Eric D. Wieder1, Bradley W. McIntyre2,3, and Krishna
V. Komanduri1,3
1Adult Stem Cell Transplant Program, University of Miami Sylvester Comprehensive Cancer Center,
Miami FL 33136
2Dept. of Immunology, The University of Texas M.D. Anderson Cancer Center, Houston TX 77030
3The Immunology Program of the University of Texas Health Science Center, Graduate School of
Biomedical Sciences
4Dept. of Biostatistics and Bioinformatics, Center for Computational Immunology, Duke University,
Durham, NC 27705

Abstract
The α4β1 integrin VLA-4 (very-late activation antigen-4) and the lineage-specific CD4 and CD8
receptors have been proposed as putative costimulatory receptors on T cells. To assess the relative
contribution of signaling through the TCR, CD28 and these accessory molecules, we activated human
T cells using soluble antibodies recognizing all four of these T cell receptor classes (CD3, CD28,
CD4/CD8 and VLA-4) and assessed the degree of activation using higher-order flow cytometry
detecting intracellular Erk1/2 phosphorylation and production of IL-2 and IFNγ. We found that: 1)
costimulation via CD4/CD8, in addition to CD28, is required for optimal T cell activation; 2) VLA-4
binding consistently potentiates CD4+ and CD8+ T cell activation; 3) augmentation of T cell
activation through VLA-4 binding is most pronounced following engagement of CD4/CD8. These
results confirm that multiple signals, including VLA-4 engagement, are necessary for maximal T
cell activation beyond that induced via the TCR and CD28.
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Introduction
Optimal stimulation of T cells in an immune response requires the binding of multiple ligands
on antigen-presenting cells (APC) to costimulatory molecules on T cells[1]. Besides CD28,
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which is known to deliver the most important costimulatory signal to activate T cells[2], the
CD4 or CD8 co-receptor has been shown to bind to the MHC class I or II molecule, respectively,
in addition to the TCR and Ag:MHC complex. Monoclonal antibodies (mAbs) directed against
CD4 and CD8 have been used in recent years to determine the functional significance of these
molecules in T cell activation[3–6]. However, the extent to which CD4/CD8 engagement may
directly influence TCR-dependent activation remains controversial.

Integrins are a large family of αβ heterodimeric transmembrane proteins that mediate cell-cell
and cell-extracellular matrix adhesion. Although a dual role of integrins as adhesion and
costimulatory molecules has been proposed[7–13], less is known about how integrins may
interact with other putative costimulatory molecules (e.g., CD4 or CD8) and whether integrin
co-engagement is needed to induce optimal T cell activation.

We sought to characterize the relative importance of co-engagement of α4β1 integrin VLA-4
(very late activation antigen-4, also identified as CD49d/CD29) and CD4/CD8 in potentiating
activation induced by the TCR and CD28. To better mimic fluid interactions between putative
costimulatory receptors in vitro, we developed an experimental system wherein human T cells
are activated using soluble antibodies directed against CD3ε[14], CD4 or CD8, CD28 and
VLA-4, followed by secondary cross-linking. We then examined activation at a single-cell
level using cytokine flow cytometry and intracellular assessment of the MAPK/Erk signaling
pathway. In extension of the classical two-signal model (TCR/CD28) of T cell activation, we
found that engagement of multiple cell surface receptors, including VLA-4, is required for
maximal T cell activation.

Material and Methods
Cells

Peripheral blood T cells were purified from the buffy coats (Gulf Coast Regional Blood Center)
of healthy donors as previously described[15]. The resultant lymphocyte population was
routinely >95% viable and >85% CD3+ as determined by flow cytometry.

Cross-linking and T cell activation
106 purified T cells were incubated with 0.1µg/ml anti-CD3 mAb (clone: OKT3, Ortho
Biotech, Bridgewater, NJ), and/or 5µg/ml anti-CD28 mAb (clone: L293, BD Biosciences),
and/or 0.5 µg/ml anti-CD4 mAb (clone: OKT4), and/or 0.5µg/ml anti-CD8 mAb (clone: OKT8,
eBiosciences), and/or 1µg/ml anti-α4β1 mAb (clone: 19H8) in 96-well v-bottom plates in
200µl of PBS supplemented with 2% FBS (Invitrogen, Carlsbad, CA) for 30 min on ice.
Following washing, cells were incubated with 10µg/ml anti-mouse IgG (Fc specific) F(ab’)2
fragment (Sigma) in 96-well v-bottom plates in 200µl of PBS supplemented with 2% FBS for
30 min on ice. Following washing, cells were resuspended in warmed media supplemented
with 10% FBS and transferred to 37°C, 5% CO2 incubator. After 5 min, cells were fixed and
permeabilized to assess the Erk1/2 phosphorylation. After 1 hr, brefeldin A (Sigma, St. Louis,
MO) was added to enable accumulation of intracellular cytokines. Following an additional 5
hr incubation, we fixed and permeabilized cells with Fix & Perm A/B (Caltag, Burlingame,
CA) and assessed the simultaneous expression of surface markers and intracellular effector
proteins.

Assessment of Erk1/2 phosphorylation, VLA-4 expression, and cytokine production by flow
cytometry

Cells were stained with mAb specific for phospho-Erk1/2 (Cell Signal Technologies) followed
by secondary Ab conjugated with Alexa Fluoro 647 (Molecular Probe, Invitrogen) and mAb
conjugated with the fluorochromes FITC, PerCP-Cy5.5, APC, PE-Texas Red, APC-Alexa
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Fluor 750 or pacific blue and specific for human CD4, CD8, IL-2 (BD Pharmingen, San Jose,
CA), CD45RA (Beckman Coulter, Fullerton, CA), CD27, IFNγ (eBiosciences, San Diego,
CA). 1µg/ml anti-α4β1 mAb (clone: 19H8) for VLA-4 staining, and mouse IgG2a for isotype
control followed by secondarily staining with APC conjugated anti-mouse IgG2a (Jackson
ImmunoResearch laboratories, West Grove, PA). After staining, cells were washed,
resuspended in PBS with 1% paraformaldehyde, and analyzed by 6-color 8-parameter flow
cytometry in a Cyan cytometer (Dako, Carpinteria, CA) or an LSRII cytometer (BD, San Jose,
CA) using FlowJo software (Treestar, San Carlos, CA). For most analyses, at least 3×105 total
events were analyzed, with sequential gating of PBMCs in a lymphocyte region (by scatter),
on T cells (by assessing CD4+ or CD8+) and CD45RA+/CD27+ to demarcate naïve and
memory cells staining for α4β1 integrin VLA4 and intracellular pERK1/2 and IL-2/IFNγ).
Gates defining cytokine-positive populations were defined based on the upper limits of
fluorescence of unstimulated cells stained with the same antibodies.

Results and Discussion
Development of an in vitro activation system utilizing soluble mAbs and assessment of
MAPK signaling and cytokine production at a single cell level by flow cytometry

To date, the majority of studies examining costimulation in vitro have utilized immobilized
mAbs or ligands to characterize the roles of individual activation signals. One caveat of these
studies is that microdomain formation is inherently less flexible in these models, potentially
leading to misinterpretation of the role of individual costimulatory molecules. A prior study
by Geppert and Lipsky suggested that soluble anti-CD4 mAb could inhibit T cell activation
induced by anti-CD3 mAb in contrast to immobilized anti-CD4 mAbs, which enhanced
responses. Because the use of models utilizing soluble mAbs more closely recapitulates the in
vivo T cell surface, microdomain formation in these models better reflects physiologic
immunologic synapse formation, including the native roles of costimulatory molecules and
their interactions[16]. Therefore, we evaluated the integration of signals delivered via the TCR,
CD28, CD4/CD8 and VLA-4 following activation using soluble antibodies, followed by
secondary cross-linking. To best discriminate heterogeneity of activation, we utilized single-
cell assays including cytokine flow cytometry (CFC)[17–20] and phosphoflow assessment
[21] to assess activation within subpopulations of CD4+ and CD8+ T cells. By using these
assays, we were able to reduce and/or eliminate artifacts that may be associated with ex vivo
culture by utilizing relatively brief stimulation periods (5 min for Erk1/2 phosphorylation and
6 hr for CFC assays) and preventing events associated with longer stimulation, including
proliferation and/or activation-induced cell death of subpopulations of responders.

Costimulation via CD4/CD8, in addition to CD28, is required for optimal T cell activation
It has been shown that soluble anti-CD3 mAb induces accessory cell dependent T cell
proliferation through Fc receptors[14,22]. It has also been demonstrated that various
interactions of surface proteins including LFA-1 and MHC molecules occur within APC:T cell
synapses formed following anti-CD3 stimulation[23]. We first compared CD3 mAb-induced
T cell activation in the presence and absence of APC (in PBMC and purified T cells,
respectively). Erk1/2 phosphorylation in T cells was significantly increased in PBMC (data
not shown), consistent with the hypothesis that the binding of anti-CD3 mAb Fc regions to Fc
receptors of APC (including monocytes and B cells) induces further interaction between
costimulatory molecules and ligands. In order to minimize the influence of unknown APC-
mediated interactions with T cell surface receptors, we utilized human T cells purified by
negative selection.

We and others have demonstrated that assessments of functional human T cell responses using
cytokine flow cytometry (CFC) correlate strongly with protective immunity in clinical settings.
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We have used these approaches to demonstrate clinically significant immune reconstitution in
HIV-infected subjects[18,19] and to identify individuals at risk for viral reactivation after
allogeneic stem cell transplantation[20]. To better characterize the role of individual and
multiple signals via the TCR, CD28, VLA-4, CD4 and CD8 in T cell activation in vitro, we
induced the cross-linking of various combinations of mAbs directed at these surface proteins
in purified T cells, and assessed phospho-Erk1/2 and measured intracellular cytokine
production using assays previously validated in clinical studies. Because individual human
subjects vary in the magnitude of stimulated T cell responses in vitro, we examined differences
in the magnitude of activation induced by combinations of stimuli across a uniform group of
healthy T cell donors. Of note, while baseline responses varied significantly, very similar
patterns were observed in the pattern and magnitude of stimulation induced by combinations
of agonists.

As expected, a suboptimal dose (0.1 µg/ml) of anti-CD3 mAb alone failed to induce substantial
activation in either CD4+ or CD8+ T cells. The addition of CD28 mAb induced a modest
increase of Erk1/2 phosphorylation (in CD4+ T cells), the production of IL-2 (in CD4+ and
CD8+ T cells) and IFNγ (CD8+), relative to anti-CD3 mAb (OKT3) alone (Lane 1/3 in Fig. 1
& Fig. 2, P<0.05). In the presence of antibodies to CD4 or CD8, costimulation via CD28
consistently induced increased levels of activation in both CD4+ and CD8+ T cells (Lane 5/7
in Fig. 1 & Fig. 2, P<0.05). More interestingly, signals from CD4 or CD8 led to an increased
amount of Erk1/2 phosphorylation, relative to that induced by antibody to CD28 alone, and
the production of IL-2 and IFNγ in the absence (Lane 1/5 in Fig. 1 & Fig. 2, P<0.05) or presence
of CD28 mAbs (Lane 3/7 in Fig. 1 & Fig. 2, P<0.05).

Engagement of VLA-4 may augment, but not replace, CD28-mediated activation
Consistent with the classical two-signal model of activation, the addition of a CD28-mediated
signal to CD3 stimulation resulted in a significant increase in Erk1/2 phosphorylation in both
CD4+ and CD8+ T cells (Lanes 1/3 in Fig. 1, P<0.05). Production of IL-2 and IFNγ were also
significantly increased, though the absolute increase was much less than seen for Erk1/2
activation (Lanes 1/3 in Fig. 2, P<0.05). In contrast, in the absence of CD28 signals, mAb
stimulation via VLA-4 did not significantly increase either IL-2 or IFNγ production, either in
the absence (e.g., Lanes 1/2 in Fig. 2) or presence of activation via CD4 or CD8 (e.g., Lanes
5/6 in Fig. 2). When assessing Erk1/2 phosphorylation, we similarly saw no increase in the
absence of CD4/CD8 signals (Lanes 1/2 in Fig. 1), but did see an VLA-4-induced increase in
Erk1/2 phosphorylation in the presence of CD3 and CD4/CD8 signals. These data suggest that
binding via VLA-4 may only occasionally substitute for activation via CD28, and only then in
the presence of signals delivered via CD4 or CD8.

In CD4+ T cells already stimulated in the presence of mAbs directed against CD3/CD4/CD28,
additional stimulation via α4β1 integrin significantly increased the level of Erk1/2
phosphorylation (lanes 7/8 in Fig. 1) and both IL-2/IFNγ production (lanes 7/8 in Fig. 2). In
CD8+ T cells, Erk1/2 phosphorylation was similarly augmented (lanes 7/8 in Fig. 1) but there
was no significant difference in IL-2 or IFNγ production observed (lanes 7/8 in Fig. 2). We
confirmed the specificity of these results demonstrating the importance of VLA-4 ligation using
three separate mAbs recognizing unique motifs in the α4β1 heterodimer (90B8: α4, 33B6: β1,
19H8: α4β1); qualitative results were similar using all three antibodies, although the extent of
activation measured by Erk1/2 phosphorylation and cytokine production was greater in T cells
activated using 19H8, which recognizes both α and β subunits (data not shown).

In order to determine whether the augmentation of T cell activation by VLA-4 ligation differs
in T cell maturation subsets, we evaluated the expression of VLA-4, the phosphorylation of
Erk1/2 and the production of IL-2 in maturation CD4+ T cell lineages, demarcated by CD45RA
and CD27 staining (Naïve (N): CD45RA+CD27+, Early memory (M1): CD45RA−CD27+,
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Intermediate memory (M2): CD45RA−CD27−, Late memory (M3): CD45RA+CD27−). M3
CD4+ cells are only rarely found in healthy individuals, so CD4+ analyses were confined to
M1 and M2 memory T cell subsets. Although naïve CD4+ T cells expressed VLA-4, its
costimulatory effect on phosphorylation of Erk1/2 and IL-2 production was not significant
(Fig. 3). In contrast, M1 and M2 memory cells expressed higher levels of VLA-4 and
demonstrated significantly augmented phophorylation of Erk1/2 and IL-2 production in both
CD4 and CD8 lineages (Fig. 3). Very similar results were observed in the CD8+ T cell
compartment (data not shown).

Conclusions and therapeutic implications
Prior studies have suggested that VLA-4 may function as a costimulatory receptor in human
T cells. However, these studies have utilized stimulation using immobilized ligands (e.g., on
plastic) [16] and did not address precisely how signals through VLA-4 may integrate with those
delivered via other surface receptors involved in T cell activation. To overcome limitations of
prior studies, we examined relatively rapid functional endpoints, including assessment of
Erk1/2 phosphorylation within minutes of stimulation and cytokine flow cytometry within
hours, and utilized a system wherein soluble antibodies were directed against T cell surface
proteins and then secondarily cross-linked. This also allowed us to use relatively
unmanipulated primary human T cells (i.e., as opposed to less physiologic Jurkat cells or
transformed T cell blasts) to model the activation of native human T cells freshly isolated from
healthy subjects.

We recently have shown that naïve and memory T cells functionally differ in IL-2/IFNγ/MIP1-
β production (Kim et al., in press). To determine whether the VLA-4 effect may vary based
on memory differentiation, we analyzed the expression of VLA-4 in T cell maturation subsets
defined by CD45RA and CD27. Consistent with prior evidence [15], we confirmed that naïve
T cells express VLA-4 at a lower level than memory T cells. Using 6-color flow cytometry,
we confirmed that the augmentation of Erk1/2 phosphorylation and IL-2 production by VLA-4
is significant in memory T cells, and not in naïve T cells, consistent with the requirement of
high-level VLA-4 expression for costimulatory function.

Using single cell analyses, we consistently demonstrated that co-engagement of VLA-4 and
CD4/8 on the T cell surface, in addition to the TCR and CD28, induces a higher degree of
Erk1/2 phosphorylation and more robust production of IL-2 and IFNγ. In this system, we found
that: 1) VLA-4 binding consistently potentiates CD4+ and CD8+ T cell activation, as evidenced
by augmented Erk1/2 phosphorylation and the production of both IL-2 and IFNγ; 2) VLA-4
binding appears to have a more pronounced effect in the presence of signals triggered via CD4
and CD8, with little augmentation of CD3/CD28 stimulation in the absence of Abs directed at
CD4 or CD8; 3) costimulation via CD4/CD8, in addition to CD28, significantly potentiates T
cell activation; 4) VLA-4 binding augmented Erk1/2 phosphorylation and the IL-2 production
in memory, but not in naïve subsets; 5) coengagement of multiple costimulatory receptors,
including VLA-4, is required for optimal T cell activation.

Further studies will be required to define the mechanism by which coengagement of VLA-4
and CD4/CD8 potentiate CD3/CD28-mediated T cell activation. The mechanisms for the
significant effects of coengagement of CD4/CD8 on T cell activation also deserve further
exploration. Berzofsky and colleagues have demonstrated that high avidity CD8+ T cells have
increased surface expression of CD8αβ[24]. Our results also confirm that antibodies directed
at either α4 or β1 subunits, or at the α4β1 heterodimer, augment T cell activation and demonstrate
clearly that integrins may directly act as costimulatory receptors beyond their independent role
in mediating leukocyte adhesion. Finally, our results suggest that the use of selective mAb
agonists targeting VLA-4 should have value in stimulating T cell responses in vivo (e.g., in the

Kim et al. Page 5

Hum Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



setting of therapeutic immunization[25,26]) or during ex vivo expansion of T cells for adoptive
immunotherapy.
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Figure 1. Co-engagement of α4β1 integrin and CD4/CD8 results in maximal Erk1/2
phosphorylation
(a) Representative Erk1/2 phosphorylation in CD4+ and CD8+ T cells from a single subject,
demonstrating augmented activation following CD3/D28 stimulation following co-
engagement of VLA-4 and CD4 or CD8. (b) Scatter plots demonstrating the synergistic effect
of α4β1 integrin and CD4/CD8 co-engagement on intracellular Erk1/2 phosphorylation in CD4
+ and CD8+ T cells from six healthy donors. Intergroup comparisons were performed using
the Wilcoxon signed-rank test. All P values were two-tailed and considered significant if less
than 0.05 (filled black box, lower panel). Positive trends (P<0.1) are also indicated (filled gray
box, lower panel).
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Figure 2. Co-engagement of α4β1 integrin and CD4/CD8 results in maximal CD4+ and CD8+ T cell
cytokine production
(a) Representative IL-2/IFNγ production in CD4+ and CD8+ T cells from a single subject,
demonstrating augmented activation following CD3/CD28 stimulation following co-
engagement of VLA-4 and CD4 or CD8. (b) Scatter plots demonstrating the synergistic effect
of α4β1 integrin and CD4/CD8 co-engagement on IL-2 and IFNγ production in CD4+ and CD8
+ T cells from six healthy donors. Intergroup comparisons were performed using the Wilcoxon
signed-rank test. All P values were two-tailed and considered significant if less than 0.05 (filled
black box, lower panel). Positive trends (P<0.1) are also indicated (filled gray box, lower
panel).
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Figure 3. Co-engagement of α4β1 integrin augments Erk1/2 phosphorylation and the production
of IL-2 in memory T cells
(a) Representative CD45RA/CD27 and α4β1 integrin VLA-4 staining in CD4 T cells. CD45RA/
CD27 delineates CD4 T cell maturation subsets (naïve (N): CD45RA+CD27+, early memory
(M1): CD45RA−CD27+, intermediate memory (M2): CD45RA−CD27−) (left). The
expression of α4β1 integrin in memory CD4 T cell subsets (M1, M2) is higher than naïve subset
(I: isotype control (black dot), N: naïve (thin black), M1: early memory (thick gray), M2:
intermediate memory (thick black)) (right). (b) Representative Erk1/2 phosphorylation (left)
and IL-2/IFNγ production (right) in CD4+ T cell maturation subsets from a single subject,
demonstrating augmented activation in memory CD4+ T cell subsets (M1, M2) following CD3/
CD28/CD4 stimulation following co-engagement of VLA-4. For the most analyses, at least
300,000 total events were acquired, with sequential gating of PBMC in a lymphocyte region
by scatter, on CD4+ T cells and assessment of intracellular p-Erk1/2 and IL-2 & IFNγ within
three naïve and memory T cell maturation subsets demarcated by CD45RA and CD27
expression. 2-D dot plots reflect p-Erk1/2 on side scatter and IL-2 vs. IFNγ staining. (c) Scatter
plots demonstrating the synergistic effect of α4β1 integrin on intracellular Erk1/2
phosphorylation and IL-2/IFNγ production in CD4+ T cells from six healthy donors. Intergroup
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comparisons were performed using the Wilcoxon signed-rank test. N.S.: not significant, *
P<0.05.
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