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Summary
While the role of PD-1 in inhibiting immunity during chronic infections is well established, its
functions during acute infections are much less clear. The PD-1 pathway can dampen CD8 T cell
responses during some acute infections and restrain responses by “helpless” CD8 memory T cells.
An emerging role for PD-1 in innate immunity has been revealed by recent studies showing that PD-1
can limit function of DC and macrophages as well as T cell independent B cell responses. Thus, PD-1
can influence adaptive immune responses during acute infections, though precisely how this
regulation occurs is only just beginning to be appreciated.

Introduction
T cell responses are regulated by the balance of positive and negative regulatory pathways.
Negative regulatory pathways are crucial for peripheral self-tolerance and prevent
autoimmunity, and can function through signals delivered by cell surface inhibitory receptors,
immunoregulatory cytokines, and regulatory T cells (Treg). These regulatory pathways also
play an important role in the response to pathogens. Inhibitory receptors have received
considerable attention recently for their role during chronic viral infections [1–3]. PD-1, an
inhibitory receptor in the CD28 family, is highly expressed on dysfunctional CD8 and CD4 T
cells during chronic infections including LCMV, HIV, HCV, and HBV and contributes to
dampening antiviral T cell immunity [1–3].

The expression of inhibitory receptors by T cells is not unique to chronic infections, however,
and T cell activation in many settings results in the upregulation of inhibitory molecules such
as PD-1, CTLA-4, TIM-3, BTLA, LAG-3, CD244, and CD160 [4]. Early studies suggested
that negative regulatory pathways are important to limit developing effector T cell responses
and perhaps curb tissue damage [3,5,6]. Recent studies, however, suggest that the role of
inhibitory receptors during acute infections is more complex. This review will focus on
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emerging data showing roles for PD-1 and its ligands in modulating effector and memory T
cell responses during acute infections. To provide a context for these studies, we first will
outline the stages of T cell differentiation and introduce the PD-1 pathway.

Effector and Memory T cell differentiation following acute infections
The best understood developmental signals guiding T cell activation and differentiation are
Signal 1 from antigen-TCR, Signal 2 from costimulation, and Signal 3 from inflammatory
cytokines. The generation of effector and memory T cells can roughly be divided into four
stages: 1) initial activation of naïve T cells by professional APC; 2) expansion, differentiation,
and dispersal of effector T cells; 3) contraction of the effector response; and 4) establishment
of a stable memory T cell population. Inhibitory receptors may be involved in each of these
stages, though exactly how is only beginning to be understood.

Initial activation
Following infection, pattern recognition molecules of the innate immune system result in
dendritic cell activation. Early following infection, naïve T cells interact with activated
dendritic cells that present microbial antigens, resulting in delivery of TCR signals in
combination with costimulatory signals to naïve T cells, the most effective combination for T
cell activation. Costimulation during initial TCR engagement lowers the threshold for T cell
activation and augments survival of the newly activated T cells [7]. Costimulation also can
stabilize cytokine mRNAs, alter the transcriptional profile of T cells, and impact T cell
differentiation [8].

Following T cell activation, a number of inhibitory receptors can be upregulated. One of the
best studied, PD-1, is upregulated within 24–72 hours of TCR stimulation. Since PD-1
upregulation occurs after many costimulatory pathways have been engaged, one possible role
for this inhibitory receptor is to help attenuate or shut off developing effector T cell responses.
The expression of PD-1 ligands is also dynamic and regulated by the inflammatory milieu. PD-
L1 and PD-L2 are upregulated on many cell types including professional APC [6]. The precise
role of PD-1 in this phase of early T cell activation remains to be fully defined.

Expansion, differentiation and dispersal
After initial priming by professional APC, effector functions are acquired and antigen-specific
T cells divide vigorously for the next ~1 week [9]. As few as several hundred resting naïve
precursors can give rise to ~107 highly functional CD8+ T cells. These effector T cells distribute
throughout the body to lymphoid and non-lymphoid tissues [9].

Subsets with different fate potential exist within the developing T cell population. Terminally
differentiated effector T cells are highly activated and potent mediators of immunity, but lack
the ability to develop into long-lived, self-renewing memory T cells [10,11]. Memory
precursors also exist in the effector T cell population [10–12] and possess the ability to perform
effector functions, but also have the capacity to further differentiate into a long-term memory
population. Inflammation can regulate the overall “strength of signal” transmitted to a T cell
during priming [10,13] and may be mediated by altering the balance of positive and negative
costimulatory molecules. Influencing the strength of signal, in turn, can alter the proportion of
effector T cells in different subsets and impact memory T cell differentiation over time [10,
14–16]. Thus, integration of signals provided by antigen/TCR, costimulatory pathways and
inflammation shapes T cell fates. How specific inhibitory receptors impact fate decisions
between terminally differentiated effector T cells and memory precursors is not fully
understood.
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Contraction and memory
Following control of acute infection the majority (>90%) of activated effector CD8 T cells dies
by apoptosis. This contraction can involve both Bim and Fas, but growth factor withdrawal,
as well as inhibitory receptors, have been implicated in terminating T cell responses [17,18].
As the surviving effector CD8 T cells differentiate into memory T cells, they acquire a resting
phenotype, but have the capacity to rapidly reactivate effector functions. The early memory
CD8 T cell pool resembles effector memory T cells (TEM: CD62LLoCCR7Lo, low IL-2
production). Over time this TEM population gradually converts to a more central memory-like
(TCM) CD8 T cell population (CD62LHiCCR7Hi, high IL-2 production) due to both loss of
terminally differentiated T cells and further differentiation of some TEM into TCM [9,19].
TCM are endowed with key memory properties such as high proliferative capacity, greater
protective capacity, and long-term antigen-independent self-renewal [20]. The rate and
efficiency of differentiation during the memory phase can be influenced by initial antigen dose
and duration, tissue microenvironment, and inflammation [19], but exactly how inhibitory
receptors influence memory T cell formation and/or maintenance remains poorly defined.

Role of PD-1:PD-L1/PD-L2 Pathway During Acute Infection
Introduction to PD-1

The Programmed Death (PD)-1 receptor has two ligands, PD-L1 (B7-H1; CD274) and PD-L2
(B7-DC; CD273). PD-1 is inducibly expressed on CD4 and CD8 T cells, NKT cells, B cells,
monocytes, and some DC subsets upon activation [6,21]. The PD-1 ligands differ in their
expression [6,21]. PD-L2 is inducibly expressed on DCs, macrophages, peritoneal B1 B cells,
and bone marrow (BM)-derived mast cells. PD-L1 is expressed on B cells, DCs, macrophages,
BM-derived mast cells, and T cells, and is further upregulated upon activation. PD-L1 is also
expressed on a variety of nonhematopoietic cell types. Upon ligation of PD-1 to either PD-L1
or PD-L2, TCR signaling is attenuated [6,21], providing at least one mechanism for suppression
of T cell responses.

The discovery of a critical role for the PD-1:PD-L1 pathway in exhaustion of CD8 T cells
during chronic LCMV infection in mice [5] has catalyzed studies that have demonstrated a role
for this pathway in regulating immune responses to chronic viral infections in mice, primates,
and humans [1–3]. While much work on the PD-1 pathway has focused on understanding the
role of this pathway in chronic infections, tolerance and cancer, recent work has demonstrated
that this pathway also plays a key role in regulating anti-microbial responses to acute infections
(Table 1).

Regulation of T cell function during acute infections
In a study of rabies virus infection in mice, the PD-1 pathway negatively regulated antiviral T
cell responses in the brain [22]. PD-L1 expressed on neurons during infection led to increased
apoptosis of PD-1+ CD8 T cells infiltrating the CNS, thereby inhibiting T cell responses.
Infection of PD-L1−/− mice resulted in decreased disease severity and mortality and decreased
viral load in the CNS. This study indicates a role for PD-1:PD-L1 interactions in dampening
CD8 T cell responses during rabies virus infection, and possibly serving to protect the CNS
from immunopathology.

Another study examined the role of the PD-1 pathway in regulating T cell responses to the
fungal pathogen Histoplasma capsulatum (HC), which replicates in macrophages [23].
PD-1−/− mice cleared fungal infection from their lungs completely while their WT counterparts
had delayed or less effective control of this infection. PD-1−/− mice survived infection with 10
times the lethal dose of HC in WT mice. Additionally, PD-1 blockade in WT mice during
otherwise lethal HC infection led to increased survival. These data suggest that the PD-1:PD-
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L1 interaction dampens T cell responses during anti-fungal immune responses by blocking
efficient T cell priming and the acquisition of effector function. Due to the expression of PD-1
on both T cells and macrophages, further investigation will be required to determine the cell
type responsible for inhibition of T cell responses [23].

PD-L1 on naïve T cells might also influence appropriate maturation of DC during viral
infection. When WT and PD-L1−/− mice were intranasally infected with influenza virus, PD-
L1−/− mice generated a lower percentage of virus-specific CD8 T cells compared to WT [24].
This quantitative defect in CD8 responses of PDL1 −/− mice could be rescued by adoptive
transfer of either WT naïve CD8 T cells, WT DCs, or DCs from RAG−/− that had been
previously injected with WT naïve CD8 T cells. These data suggest that PD-L1 on the T cell
is important for appropriate DC maturation, and that without it, less optimal DC activation
occurs, resulting in suboptimal priming of antiviral CD8 T cell responses. While reduced CD8
T cell responses in the absence of PD-L1 are somewhat counterintuitive, the precise mechanism
for this T cell intrinsic function of PD-L1 remains to be determined. It is unclear if PD-L1
deficiency in this setting could change the ability to control viral infection or duration of T cell
interaction with DC and antigen exposure, which could impact quantity or quality of antiviral
T cell responses. Furthermore, the effect of T cell expressed PD-L1 on other cell types (e.g.
alveolar macrophages or airway epithelial cells) remains to be explored. Rowe et al. also found
that blocking PD-L1 during acute Listeria monocytogenes infection led to reduced, rather than
enhanced, antibacterial T cell responses during primary infection [25]. Whether PD-L1 in this
setting truly provides a positive signal, prevents overstimulation of T cells, or has a more direct
role in antibacterial immunity such as by affecting the activation status of infected macrophages
is unclear. However, the authors did demonstrate an impact on T cell memory as PD-L1
blockade compromised the recall response and ability to control secondary bacterial infection.

The role of PD-1 in regulating function and maintenance of memory CD8 T cells generated in
response to acute infection is only beginning to be understood. One study examined mice
intranasally infected with vaccinia virus (VV) to determine when and how CD4 T cell help is
required to generate efficient functional memory CD8 T cells [26]. Importantly, increased PD-1
expression (both frequency and MFI) was observed on unhelped memory CD8 T cells versus
memory CD8 T cells primed in the presence of CD4 T cells. PD-1 expression could be reduced
to WT levels if help was provided by agonistic anti-CD40 mAb administered during priming.
PD-1 blockade during rechallenge enhanced expansion of “helpless” memory CD8 T cells,
indicating that PD-1 limits responses by “helpless” memory CD8 T cells generated during
microbial infection, perhaps by PD-1-mediated inhibition of IL-2 production, since addition
of exogenous IL-2 also rescued “helpless” CD8 expansion.

Regulation of innate immune responses during acute infections
The PD-1 pathway also can have a role in regulating functions of cells other than T cells. For
example, PD-1 expression was induced on a subset of myeloid DC in spleens of Listeria
monocytogenes-infected mice [27]. PD-1−/− DC were more effective than wild-type DC in
innate protection of mice against lethal L. monocytogenes infection even when adoptively
transferred into Rag-1−/− recipients, likely because of increased IL-12 and TNF production by
PD-1−/− DC. Additionally, in the RAW264.7 mouse macrophage cell line, PD-1 engagement
has been shown to downregulate LPS-mediated IL-12 release [28]. Taken together, these
studies suggest that PD-1 may provide an important negative feedback mechanism to attenuate
innate immune inflammatory responses and tissue damage elicited by TLR and cytokine
signaling.

The emerging role for PD-1 in attenuating innate immune responses to pathogens is further
demonstrated in a mouse model of bacterial sepsis [29]. PD-1−/− mice were protected from
early death, had a significantly greater capacity to clear bacteria than WT mice, and lower
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levels of proinflammatory cytokines. Severe sepsis is associated with macrophage dysfunction
manifest as reduced bactericidal activity, decreased inflammatory cytokine production and
impaired APC function. PD-1 upregulation was much more rapid on macrophages than on T
or B cells during sepsis and appeared to mediate macrophage dysfunction. PD-1−/−

macrophages did not exhibit sepsis-associated dysfunction. Resistance of PD-1−/− mice to
sepsis was abrogated by clondronate liposome depletion of macrophages. These studies
identify PD-1 as a critical regulator of the outcome of sepsis. PD-1 may also serve as a useful
biomarker to indicate macrophage function during sepsis, since PD-1 is significantly increased
on monocytes from septic shock patients. Thus, PD-1 has a critical role in regulating the balance
between protective immunity and immunopathology during sepsis, and blockade may provide
a new strategy for treatment of sepsis.

Concluding Remarks
The PD-1:PD-L pathway is best know for its ability to negatively regulate immune responses.
Most of the evidence for this role, however, comes from models of tolerance, cancer or chronic
infections. Recent studies are revealing clear roles for this pathway during acute infections.
While many studies demonstrate a negative regulatory role for this pathway during acute
infections, there are also some situations where an intact PD-1 pathway appears to enhance,
rather than inhibit, immunity. The mechanism for this potential positive role of the inhibitory
receptor is not yet clear and future experiments are needed to clarify whether this pathway can
provide a positive signal under some circumstances, whether attenuating antigen-receptor
signaling via inhibitory receptors during some infections prevents overstimulation of activated
T (or B) cells, or whether expression of PD-1 and PD-L1 on non-lymphocytes (e.g. DC,
macrophages) plays a critical role in these settings, perhaps by increased production of NO or
other oxygen radicals that could lead to killing of effector T cells [30].

While we have focused mainly on T cell responses in this review, there is also clearly a role
for the PD-1 pathway on other cell types. We have discussed recent work showing that PD-1
or PD-L1 on cells of the innate immune system can impact anti-microbial immunity. However,
PD-1 (and perhaps PD-L1 or PDL2) can influence B cell responses [31], though whether this
effect is directly mediated by PD-1, PD-L1, or PD-L2 on the T or B cell or through effects on
PD-1+ TFH cells is not entirely clear [32]. Several of the recent studies discussed here also
illustrate the potential direct regulation of DC and macrophages by the PD-1 pathway,
suggesting that interventions based on PD-1 pathway disruption might be more complicated
to interpret than just an effect on T cells. These observations also indicate, however, that the
potential therapeutic benefit of modulating this pathway might be substantially more broad
than previously considered.

Further work is clearly needed to fully understand the importance of the PD-1 pathway in
regulating immune responses at each phase of the primary immune response during acute
infection. The possible impact on T cell memory suggested by several studies also indicates
that manipulating these pathways might not only have utility for regulating the response during
primary infection, but also in actively modulating the quantity and/or quality of T cell memory.
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Table 1

Examples of the role of CTLA-4 and PD-1 pathways during acute infection Infection Pathway Cell types regulated
Reference

Rabies virus PD-L1 CD8 T cells [22]

Histoplasma capsulatum

PD-1 T cells [23]

Influenza virus PD-L1 DC/T cells [24]

Listeria monocytogenes

PD-L1 CD8 T cells [25]

Vaccinia virus PD-1 Unhelped memory

CD8 T cells [26]

Listeria monocytogenes

PD-1 DC [27]

Sepsis (multiple bacterial sp.)

PD-1 Macrophages [29]
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