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Lecture Overview 
•  Anatomical concerns 

•  “The rules of engagement” 
–  T cell activation requires more than the generation of 

foreign peptide-self MHC complexes on APC’s….. 

•  T cell signaling 

•  Two signal model and co-stimulation (bulk of the 
lecture) 

•  Putting it all together 



Functional responses of T lymphocytes 





From: Abbas & Lichtman, Cellular & Molecular Immunology, W. B. Saunders, 2003

Kinetics of a T cell response



Signals for T cell activation 

•  Antigen recognition 
–  Regulated movement of signaling receptors 

and adhesion molecules at (immune synapse) 

•  Costimulators (second signals) 

•  Cytokines 
–  Produced by APCs or T cells  
–  Stimulate T cell expansion and differentiation 

into effector cells 





Antigen recognition by T cells 

•  Each T cell sees an MHC molecule and bound peptide 
–  Dual recognition determines specificity and MHC restriction 

•  Each T cell sees very few (1-3) residues of the 
peptide antigen 
–  T cells distinguish between diverse microbes based on 

recognition of few amino-acids 
•  The affinity of TCR-antigen interactions is low 

–  Kd on the order of 10-5 to 10-6 

–  Because T cells are selected by recognition of self MHC in 
the thymus (the only MHC they can encounter during their 
lives) 

–  T cell-APC contacts need to be stabilized by other 
molecules 

•  The activation of T cells may require multiple or 
prolonged TCR-antigen interactions 
–  T cell receptors and signaling proteins assemble in the 

synapse 



T cells first “stick” to APC’s using 
cell adhesion molecules 



T cells use co-receptors for 
antigen recognition 



Formation of the immunological synapse

Regulated way of bringing together key signaling molecules 



Functions of the immune synapse 

•  Promote signaling 
•  Terminate signaling: recruitment of 

phosphatases, ubiquitin ligases, inhibitory 
receptors to the site of the TCR 
complex 

•  Direct effector molecules to the relevant 
target: cytokines, CD40L, perforin, etc 



Menu F B



TCR signalling is 
dynamically regulated 

• Csk and CD45 are 
continually phosphorylating 
and dephosphorylating Lck 

• Phosphorylation of Lck 
inhibits its activation 
acitivity 

• When TCR stimulation 
occurs PAG1 is 
dephosphorylated and Csk 
is released thus removing 
the inhibitory 
phosphorylation of Lck 



TCR signalling is dynamically regulated 
(cont). 

• Cbl family proteins are Ubiquitin 
Ligases that tag phosphorylated 
adaptors for destruction in the 
lysosome 

• When Cbl-b is knocked out, mice 
develop a severe autoimmune 
syndrome highlighting the 
importance of the termination of 
signaling 



Initial responses to activation 
•  #1 rule- key cytokine the T cell needs 

to make is IL-2  

•  Proliferation.  Mostly dependent on IL-2 
through an autocrine pathway. 

•  Other cytokines, cytokine receptors will 
also get produced and lead to effector 
T cell development (lecture upcoming…) 



Figure 8-20 





The Two-Signal Model of  T-cell Activation 
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Two signal requirement for lymphocyte activation 

•  Naïve lymphocytes need two signals to initiate 
responses 

•  Signal 1: antigen recognition 
–  Ensures that the response is antigen-specific 

•  Signal 2: microbes or substances produced during 
innate immune responses to microbes  
–  Ensures that the immune system responds to microbes 

and not to harmless antigenic substances 
–  Second signals for T cells are “costimulators” on APCs 

and cytokines produced by APCs 



Marc Jenkins and Ronald Schwartz in the late 80’s :
The first definitive experimental demonstration that TCR engagement alone 
was insufficient for T cell activation.

Proliferative response of T cell clones 
(pigeon cytochrome c peptide 81-104 presented by I-Ek)
to  normal or ECDI(chemical crosslinker)-fixed peptide-pulsed APCs

ECDI-treated APCs fail to stimulate proliferation by normal T cell clones :
Not the result of extensive modification of the MHC class II molecule
ECDI treatment inactivated an accessory (costimulatory) function of the APC

Jenkins M.K., and Schwartz R.H. J. Exp. Med. 165:302-319, 1987.

The Experimental Evidence of Co-stimulation 





The B7:CD28 families 

From Abbas, Lichtman and Pillai. Cellular and Molecular Immunology 6th edition, Elsevier, 2007  



Activation of T cells by peptide-pulsed  
DCs in vivo: requirement for B7 

DO11 T cells (Ova-specific TCR transgenic) labeled with 
CFSE and transferred into normal or B7-knockout recipients  
----> immunized with Ova peptide-pulsed cultured dendritic 
cells from normal or B7-knockout recipients ---> response of 
DO11 cells assayed 
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B7:CD28 dependence of T cells 

•  Initiation of T cell responses requires 
B7:CD28 

•  Dependence on B7-CD28: 
–  Naïve > Th1 > Th2 > memory 
–  CD4 > CD8 
–  Regulatory T cells 

 



CD28 Signals through its cytoplasmic tail SH2-
binding sites.  A major downstream signaling 

enzyme is PI3 kinase.  



TCR and CD28 Signaling cooperate to help 
promote IL-2 production 



Proliferation 
IL-2 (transcription, mRNA stabilization) 
IL-2R up-regulation 
↑G1 cell cycle kinases 
↓Cell cycle inhibitor p27Kip 
 
Survival  
Bcl-xL 
 
Effector function 
↑ CD40-L, OX-40, 41BB, ICOS 
↑ cytokines expression 
↑ cytotoxic molecules 
 
 

The major effects of CD28-mediated costimulation are to augment and sustain T cell 
responses initiated by antigen receptor signal by promoting T-cell survival and 
enabling cytokines to initiate T cell clonal expansion and differentiation. 

Major effects of CD28-mediated costimulation in T cells 
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SUMMARY

T cell receptor (TCR) signaling without CD28 can
elicit primary effector T cells, but memory T cells
generated during this process are anergic, failing to
respond to secondary antigen exposure. We show
that, upon T cell activation, CD28 transiently pro-
motes expression of carnitine palmitoyltransferase
1a (Cpt1a), an enzyme that facilitates mitochondrial
fatty acid oxidation (FAO), before the first cell divi-
sion, coinciding with mitochondrial elongation and
enhanced spare respiratory capacity (SRC). micro-
RNA-33 (miR33), a target of thioredoxin-interacting
protein (TXNIP), attenuates Cpt1a expression in the
absence of CD28, resulting in cells that thereafter
are metabolically compromised during reactivation
or periods of increased bioenergetic demand. Early
CD28-dependent mitochondrial engagement is
needed for T cells to remodel cristae, develop SRC,
and rapidly produce cytokines upon restimulation—
cardinal features of protective memory T cells.
Our data show that initial CD28 signals during T cell
activation prime mitochondria with latent metabolic
capacity that is essential for future T cell responses.

INTRODUCTION

CD28 is the receptor for B7 molecules (CD80 and CD86), which
are expressed on activated antigen presenting cells, and pro-

vide essential signals for full T cell activation. Over the years,
it has become clear that CD28 signals do not act solely to
amplify T cell receptor (TCR) signaling, but control a wide range
of processes, including the cell cycle, epigenetic modifications,
metabolism, and post-translational modifications (Esensten
et al., 2016). Nevertheless, a complete understanding of the
biology of CD28 is lacking. Because CD28 and its family mem-
bers are targets of current and developing immunotherapies,
understanding how these accessory receptors regulate T cell
function is of broad interest and clinical importance (Esensten
et al., 2016).
A prevailing model in immunology is that CD28 promotes the

glycolytic flux needed for full effector T (TE) cell activation, dif-
ferentiation, and proliferation (Frauwirth et al., 2002; Jacobs
et al., 2008; MacIver et al., 2013). However, in vivo, T cells
do not always require this initial CD28 costimulation to mount
primary responses or to form long-lasting antigen-specific
T cells but need it specifically to develop into protective mem-
ory (TM) cells, which ‘‘remember’’ past infections and respond
robustly to secondary antigen challenge (Borowski et al.,
2007; Kündig et al., 1996; Mittrücker et al., 2001; Villegas
et al., 1999). How initial CD28 signals contribute to the genera-
tion of protective TM cells remains unclear. We have shown that
long-lived TM cells utilize fatty acid oxidation (FAO) and main-
tain fused mitochondria with tight cristae and spare respiratory
capacity (SRC) (Buck et al., 2016; van der Windt et al., 2012),
the reserve energy generating capacity in the mitochondria
beyond the basal state. This metabolic phenotype facilitates
their rapid recall function (van der Windt et al., 2013). We there-
fore speculated that CD28 primes mitochondria during the
initial phase of T cell activation with the metabolic capacity
important for future recall of TM cells.

Cell 171, 385–397, October 5, 2017 ª 2017 Elsevier Inc. 385
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Are there unique pathways for CD28 signaling? 

Liang et al. 2013, Nature 
Immunology 



Are there unique pathways for CD28 signaling? 

J Exp Med 2016 

2421JEM Vol. 213, No. 11

lation was indistinguishable from that after CD3 stimulation 
alone (Fig. 5 c). In controls’ CD8+ PHA T cells, CD3 and 
CD2 cross-linking alone induced intermediate and weak 

P65 phosphorylation, respectively, whereas CD2 and CD3 
co-stimulation synergized for P65 phosphorylation (Fig. 5 d). 
In contrast with controls’ CD4+ T cells and in line with cy-

Figure 5. Impaired CD28 co-stimulation in patients’ CD4+ T cells. (a) Frequency of TNF +, IFN-γ+, and IL-2+ CD4+ memory T cells in healthy controls and 
patients after stimulation with the P815 cell line in the presence of 5 µg/ml anti-CD3 and/or 5 µg/ml anti-CD28 mAbs. 40 ng/ml PMA and 10−5 M ionomycin (Iono) 
stimulation was used as a positive control. One-way ANO VA and Mann–Whitney tests were used. (b) Frequency of TNF+, IFN-γ+, and CD107a+ CD8+ memory T cells 
in controls and patients after stimulation with the P815 cell line in the presence of 5 µg/ml anti-CD3 and/or 5 µg/ml anti-CD28 mAbs. 40 ng/ml PMA and 10−5 M 
ionomycin stimulation was used as a positive control. One-way ANO VA and Mann–Whitney tests were used. (a and b) Data show 20 controls and 6 patients. (c and 
d) Phospho-P65 (p-P65) detection by flow cytometry in CD4+ (c) and CD8+ (d) PHA blasts after cross-linking of indicated cell surface receptors. Representative FACS 
plot (left) and recapitulative bar graphs of eight controls (Ctl) and four patients (A3, B1, B2, and C1; right) are shown. The values represent the mean ± SEM. Wilcoxon 
matched-pairs signed rank test and Mann–Whitney tests were used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. stim, simulated; unstim., unstimulated.



CD40L is upregulated on T cells after initial 
priming.  This causes APC’s to further 

upregulate B7 ligands. 
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•  Knockout of CTLA-4 results in autoimmune disease and 
   loss of normal homeostasis: 
  - multi-organ lymphocytic infiltrate, lethal by 3-4 weeks 
  - lymphadenopathy, splenomegaly 

The opposing functions of CD28 and CTLA-4 



CTLA-4 – Master regulator of T cell activation 



The inhibitory functions of CTLA-4 

•  Role in self-tolerance: 
–  Autoimmunity and lymphoproliferation in 

knockout mice 
–  Polymorphism associated with autoimmune 

diseases in humans 
–  Blockade or deletion makes T cells resistant to 

tolerance, exacerbates autoimmune diseases 
(EAE, type 1 diabetes) 
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How does CTLA-4 regulate T cell function 

L.S.K. Walker / Immunology Letters 184 (2017) 43–50 45

Fig. 2. Cell-extrinsic function of CTLA-4 revealed by mixed bone marrow chimeric mice. Rag-/- deficient mice were reconstituted with bone marrow from wildtype mice,
CTLA4-/- mice, or a 1:1 mixture of both. CTLA-4-/- cells exhibit hyperactivation and lymphoproliferation (red) when alone, but remain non-activated (green) when in the
presence of wildtype cells. Observation first reported in Ref. [21]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of  this article.)

in vitro produced mixed results, with some studies demonstrating
reduced Treg suppression [36,37] and some not [29]. In one study,
different preparations of the same antibody clone yielded differ-
ing results [38]. When Treg from CTLA-4-deficient mice were used,
these generally exhibited suppressive function in vitro, sometimes
as efficiently as wildtype Treg [37,39,40] and sometimes slightly
less so [36]. A major confounder for many of these studies was
that the CTLA-4-deficient Treg were being isolated from mice that
were in the process of developing lymphoproliferative disease.
Since disease in CTLA-4-deficient mice results from unimpinged
engagement of the CD28 pathway, it can be abrogated by blocking
CD28 signaling [41–43], theoretically removing this confounder.
However the known requirement of CD28 for normal Treg genera-
tion and homeostasis [44,45] poses a limitation here: to specifically
test to role of CTLA-4 in Treg, ideally one would want to interrupt
CTLA-4 pathway whilst leaving the CD28 pathway intact.

Around the time that these issues were being debated, my  group
was studying double transgenic mice expressing ovalbumin (OVA)
in the pancreas under the rat insulin promoter and also expressing
the OVA-specific TCR transgene, DO11.10. This model was not origi-
nally intended to be used for Treg analysis but rather was designed
to study the early events in type 1 diabetes pathogenesis. How-
ever, as is often the case in science, unexpected findings can open
the door to new insights. Realising that the rat insulin promoter
was active in the thymus, and that by driving expression of OVA
at this site it was triggering Treg differentiation [46], we  began
to consider the potential advantages of having a TCR transgenic
model of Treg differentiation. Most notable among these was  the
idea that by breeding these animals to a CTLA-4 deficient strain we
would be able to generate antigen-specific Treg that lacked CTLA-4
but retained an intact CD28 pathway. To avoid any variation in the
antigen specificity of the Treg, we bred the mice to a rag deficient
background (precluding expression of endogenous TCR-! chains).
This had the added advantage of avoiding any residual off-target
activation of the CTLA-4 deficient T cells, since now their specificity
was strictly restricted to the ovalbumin expressed in the pancreatic
islets.

For the first time we were able to test the suppressive func-
tion of CTLA-4-deficient Treg bearing an identical specificity and
affinity for antigen as their wildtype counterparts (both being
DO11.10+rag-/-), that had an intact CD28 pathway, and that had not
been isolated from mice with lymphoproliferative disease. By puri-
fying OVA-specific Treg from CTLA-4-sufficient or CTLA-4-deficient
mice we were able to demonstrate that CTLA-4 expression was
absolutely required for regulation of the autoimmune response
against pancreatic islets in vivo [40] (Fig. 3). This contrasted with
the results obtained in vitro using the same Treg populations [40],
suggesting that in vitro suppression assays do not always faithfully
recapitulate in vivo scenarios. A similar message came from the
work of Sojka et al. [39] who found that CTLA-4 deficient Treg were
incapable of suppressing lymphopenia-induced T cell expansion
in vivo despite showing intact suppressive function in vitro. The
seminal experiment from this era, which put the role of CTLA-4 in
Treg function beyond doubt, was  the demonstration by the Sak-
aguchi lab that mice selectively lacking CTLA-4 expression in Treg
succumbed to a spontaneous lymphoproliferation with fatal T cell-
dependent autoimmune disease [47]. In fact, mice lacking CTLA-4
in Treg only survived a few weeks longer than mice lacking CTLA-4
systemically. This marked a change in direction for the CTLA-4 field
that, in some ways, was  as significant as the original description of
the knockout mice. It was now clear that a major role of CTLA-4
related to its ability to function in the regulatory T cell population.
Indeed, transgenic expression of CTLA-4 was  later shown to be one
of three core requirements to convert a conventional CD4 T cell into
a “homemade” regulatory T cell [48].

Another key message to arise from this era was the notion that
there is a degree of redundancy in Treg suppressive mechanisms.
For example it was  shown that while wildtype Treg used CTLA-4
to suppress colitis, Treg lacking the CTLA-4 molecule were able to
utilise IL-10 to achieve the same end [24]. Likewise, the function
of CTLA-4 deficient Treg was shown to be partially TGF-" depen-
dent in a separate study [37], suggesting that, like IL-10, TGF-"
can also compensate to some extent for a lack of CTLA-4. Together
the experimental work indicated that the CTLA-4 pathway is an
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The opposing actions of CD28 and 
CTLA-4 

CD28 and CTLA-4 both recognize B7-1, 2; 
yet CD28 stimulates and CTLA-4 inhibits 
–  Kinetics: CD28 is expressed constitutively and 

initiates responses; CTLA-4 appears later and 
terminates responses 

–  Affinity: CD28 binds to B7 only when B7 levels 
are high (microbes?), CTLA-4 (high affinity) 
binds when B7 is low (self antigens?) 

–  Preferential ligands: CD28-->B7-2 
(constitutive); CTLA-4-->B7-1 (inducible) 



The B7:CD28 families 



ICOS expression:
ICOS is not constitutively expressed on naïve T cells but is induced on CD4+ and CD8+ T cells
following stimulation through the TCR and is further enhanced by CD28-mediated costimulation.

A new molecule with structural characteristic similar to the B7 molecules was identify in 1999,
and was named B7h (B7-related protein 1; also GL-50 or B7RP-1 or ICOS-L).  

B7h does not bind to CD28 or CTLA-4, but bind to ICOS (inducible costimulatory molecule).
ICOS shares 30-40% sequence similarity with CD28 and CTLA-4.

McAdam A.J. et al. J. Immunol. 165:5035, 2000.

FIGURE 2. Expression of ICOS on activated T cells. 
Dissociated splenocytes from wild-type or B7-1/2-/- 
129/SvS4Jae mice were incubated with anti-CD3,
 anti-CD3 and CD28, or no Ab. The thick line shows 
ICOS expression on T cells from wild-type splenocyte
 cultures, the dotted line shows ICOS expression on
 T cells from B7-1/2-/- splenocyte cultures, and the 
thin line represents a negative staining control 
(rat IgG-FITC).

B7h/ICOS costimulatory pathway



Antibody response and germinal center formation in ICOS -/- mice 

  ICOS is required for antibody responses and GC formation. 

  

Tafuri A. et al (2001).  Nature, 409: 105-109.

ICOS +/+

ICOS +/-

ICOS -/-



The PD-1 inhibitory pathway 

•  PD-1 recognizes two ligands (PD-L1, PD-
L2) 

•  Upregulated on T cells after activation 
•  Knockout of PD-1 leads to autoimmune 

disease (different manifestations in 
different strains) 

•  Role of PD-1 in T cell suppression in 
chronic infections? 



Virus-specific T cells
Viral clearance

(spleen)

Inhibitory role of PD-1 in a chronic infection 

In chronic LCMV infection in mice, virus-specific T cells become  
paralyzed; express high levels of PD-1; function restored by  
blocking the PD-1 pathway. Barber et al (Ahmed lab) Nature 2006 
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Action of PD-1 

Normal response  PD-1 engagement  



Roles of inhibitory receptors

•  Maintenance of self-tolerance 
•  Immunosuppression in chronic infections 

(HCV, HIV?) 
•  Termination of normal immune responses? 
•  Why so many inhibitory pathways? 
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Functions of CTLA-4 and PD-1 

CTLA-4                PD-1 

Major site of action        Lymphoid organs         Peripheral tissues 
 
Stage of immune            Induction                 Effector phase  
response suppressed 
 
Mechanism of action        Competitive inhibitor     Signaling inhibitor 

         of CD28     of CD28 and TCR
                 

Cell type suppressed         CD4+ and CD8+          CD8+ > CD4+  
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Putting it back together



Figure 8-16 
Context matters:  APC’s upregulate 

B7 upon recognition of microbes



Figure 8-14 



Figure 8-15 Anatomy of naïve T cell priming-APC’s 



Figure 8-4 Anatomy of naïve T cell priming (cont.) 



In Vivo T cell activation 
 Mempel et al. Nature 2004 

In vivo imaging of T cells 
adoptively transferred into 
mice with antigen loaded DC’s 
DC’s are red and T cells are 
green 
Observed three phases of T 
cell behavior: 
Phase 1: multiple short 
encounters with DC’s 
Phase 2:  long-lasting stable 
contacts with DC’s 
Phase 3:  resumed short 
contacts and rapid migration 

Phase 1 Phase 2 Phase 3 



After T cell activation, 
differentiation into other subsets 

 
 
 



Summary 
•  TCR-MHC/peptide interaction is low 

affinity.  T cells use multiple mechanisms 
to overcome this (anatomy, adhesion, 
synapse, etc.) 

•  Context of MHC-antigen is critical to 
outcome 

•  Balance of positive and negative signals 
determine the magnitude and nature of T 
cell responses  

•  Challenges: 
–  Which signals are dominant in vivo under 

different conditions? 
–  How do we use this knowledge to design 

therapeutic strategies? 


