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Abstract

Reactivation of herpes simplex virus type 1 from neuronal latency is a common and potentially

devastating cause of disease worldwide. CD8+ T cells can completely inhibit HSV reactivation in

mice, with IFN-γ affording a portion of this protection. Here, we found that CD8+ T cell lytic granules

are also required for the maintenance of neuronal latency both in vivo and in ex vivo ganglia cultures,

and that their directed release to the junction with neurons in latently infected ganglia did not induce

neuronal apoptosis. We describe a non-lethal mechanism of viral inactivation in which the lytic

granule component, granzyme B, degrades the herpes simplex virus type 1 immediate early protein,

ICP4, which is essential for further viral gene expression.

Several lines of evidence support a role for CD8+ T cells in controlling herpes simplex virus

type 1 (HSV-1) latency. CD8+ T cells, many expressing granzyme B (GrB), are found

juxtaposed to HSV-1 latently infected sensory neurons of both humans (1–4) and mice (5–8).

In C57BL/6 mice, CD8+ T cells specific for the immunodominant HSV-1 glycoprotein

B498–505 epitope (gB-CD8) polarize their T cell receptor (TCR) to junctions with neurons in

situ forming apparent immunologic synapses (9). Murine gB-CD8 can block HSV-1

reactivation from latency in vivo and in ex vivo ganglia cultures in an MHC-dependent manner

(9–11). Because HSV-1 establishes latency solely within ganglionic neurons (12,13), we

hypothesize that some latently infected neurons directly present viral antigens to HSV-specific
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CD8+ T cells during attempted reactivation, which is subsequently quelled by CD8+ T cell

effector functions.

CD8+ T cells can use IFN-γ to block HSV-1 reactivation in some, but not all latently infected

sensory neurons (14,15). HSV-1 reactivation is suppressed by CD8+ T cells in neurons that

are refractory to IFN-γ through an as yet undefined mechanism. Lytic granules represent an

important CD8+ T cell effector mechanism, but their use is generally lethal to targeted cells.

Indeed, GrB-expressing gB-CD8 from latently infected trigeminal ganglia (TG) polarized and

released their lytic granules toward susceptible fibroblasts leading to apoptosis (Fig. S1; see

note 27). Thus, we investigated whether gBCD8 used lytic granules during

immunosurveillance of latently infected neurons, and if they induced neuronal apoptosis.

GrB+ gB-CD8 expanded from latently infected TG of wild type (WT) mice (Fig. S2) were

added to cultures of dispersed TG in which reactivated HSV-1 had spread to surrounding

fibroblasts. Most fibroblasts targeted by gB-CD8 showed active caspase staining in punctate,

multifocal, or diffuse patterns (Fig. S3A&C), consistent with early, intermediate, and late

stages of apoptosis, respectively (16). Conversely, none of the gBCD8-targeted neurons

showed caspase activation (Fig. S3B&C). Thus, either CD8+ T cells do not release lytic

granules towards neurons or lytic granule release does not activate the caspase system of

neurons.

To distinguish between these possibilities, we first documented CD8+ T cell polarization of

GrB toward junctions with neurons in latently infected TG in situ (Fig. 1A) and ex vivo (Fig.

1B), suggesting ongoing use of directed lytic granule release by CD8+ T cells during

immunosurveillance of latently infected ganglia. Histologic studies of HSV-1 latently infected

human (1–4) and murine (5–8) ganglia have failed to detect morphologic signs of apoptosis in

neurons in direct contact with activated CD8+ T cells. To directly investigate whether neurons

are refractory to lytic granule-mediated apoptosis, WT GrB-expressing gB-CD8 were added

to dispersed latently infected TG directly ex vivo when HSV-1 is confined to neurons. Of 13

documented neuron/CD8+ T cell interactions exhibiting lytic granule release, none of the

targeted neurons exhibited activated caspases (Fig. 1C), whereas neuronal caspases could be

activated by ethanol treatment (Fig. 1D). CD8+ T cells contacting non-neuronal cells or not

contacting any cell showed no lytic granule release (Fig. 1E). The selective resistance of

neurons to apoptosis induction by CD8+ T cell lytic granules might be due to the anti-apoptotic

activity attributed to HSV-1 latency-associated transcripts (17).

The use of lytic granules in maintaining HSV-1 latency in vivo was assessed by infecting the

corneas of WT mice or mice deficient in the lytic granule components perforin (Pfn−/−) or GrB

(GrB−/−). All three strains cleared virus from infected corneas and TG with similar kinetics

(Fig. S4) and initially retained a similar latent viral load in the TG (Fig. 2A). However, latency

was unstable in Pfn−/− and GrB−/− TG as indicated by a significant increase in the number of

viral genome copies compared to WT TG at 14 dpi (Fig. 2A). The viral load returned to WT

levels in GrB−/− mice by 20 days post-infection (dpi) and in Pfn−/− mice by 34–36 dpi

suggesting additional mechanisms, such as INF-γ, in blocking HSV-1 reactivation. HSV-1

reactivation frequency correlates directly with viral load and inversely with CD8+ T cell

numbers in ex vivo TG cultures (18). At >30 dpi, these parameters became equivalent in WT,

Pfn−/−, and GrB−/− TG (Fig. 2A & S5), yet cultures of Pfn−/− and GrB−/− TG reactivated to a

significantly greater extent than WT TG (Fig. 2B) further establishing a role for Pfn and GrB

in inhibiting HSV-1 reactivation. To assess the relative roles of lytic granules and IFN-γ in
blocking HSV-1 reactivation, dispersed latently infected WT or Pfn−/− TG were cultured in

medium alone or medium supplemented with recombinant IFN-γ (rIFN-γ) or neutralizing

antibodies against IFN-γ or CD8α (Fig. 2C). The extent of reactivation in Pfn−/− TG was further

elevated by neutralization of IFN-γ to levels similar to CD8-neutralized WT TG. Addition of
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rIFN-γ decreased the level of reactivation in Pfn−/− TG, although it remained higher than WT

TG containing endogenous CD8+ T cells. Thus, both lytic granules and IFN-γ are important

in immune control of HSV-1 reactivation from latency.

Direct evidence that gB-CD8 use lytic granules to inhibit HSV-1 reactivation came from the

observation that 2.5 fold more GrB−/− and ≥ 5 fold more Pfn−/− gB-CD8 were required to block

HSV-1 reactivation in cultures of pooled, CD8-depleted WT TG (Table 1). Thus, gB-CD8 use

lytic granules to block HSV-1 reactivation, and GrB is an important, but not the only, lytic

granule component involved. An additional contribution 6 from GrA is likely because this

granzyme inhibits the interneuronal spread of HSV-1 within infected ganglia (19).

We hypothesized that GrB might inhibit the viral life cycle without killing the host neuron by

directly cleaving an essential HSV-1 protein similar to GrH cleavage of the adenovirus DNA-

binding protein (20). The GraBCas bioinformatics program (21) identified two distinct GrB

cleavage sites in ICP4 (Fig. S6), an HSV-1 IE protein that is essential for efficient viral

transcription beyond the α genes (22). Levels of ICP4 were reduced in HSV-1-infected

syngenic fibroblasts following exposure to WT but not Pfn−/− or GrB−/− gB-CD8 (Fig. 3A&B).

GrB-mediated degradation of ICP4 was directly established by exposing lysates of 293T cells

transfected to express ICP4, lysates of fibroblasts infected with HSV-1, or ICP4

immunoprecipitated from HSV-1-infected fibroblasts to recombinant human GrB (Fig. 3C–

F). Demonstration of GrB and ICP4 colocalization within infected cells and the exact cellular

compartment where cleavage occurs require further investigation.

Understanding the mechanisms that control HSV-1 latency is of paramount importance because

HSV-induced pathology is associated with viral shedding following reactivation from latency

in sensory ganglia. Viral microRNAs expressed during latency can inhibit production of

multiple HSV-1 immediate early proteins, including ICP4 (23). Such mechanisms, in addition

to epigenetic modifications of the viral genome (24), probably contribute to the stable latency

that appears to exist in the vast majority of latently infected neurons. We propose that at any

given time, some neurons escape these control mechanisms and require protection from HSV-

specific CD8+ T cells (25). It is these neurons that might represent those most likely to

reactivate in vivo.

Our findings resolve the paradox that potentially cytotoxic CD8+ T cells surround apparently

healthy HSV-1 latently infected neurons in ganglia of both mice and humans. CD8+ T cell lytic

granules can block the HSV-1 life cycle through a non-lytic mechanism, and GrB can directly

cleave ICP4, a viral protein required for efficient transcription of early and late viral genes.

The fact that gB (a gene product expressed at low levels before viral DNA synthesis) is

detectable by gB-CD8 within 2 hours of infection (26) would permit ICP4 degradation very

early in the viral life cycle during both lytic infection and reactivation from latency. Blocking

reactivation at this early point would prevent replication of viral DNA, consistent with our

observation of a dramatic increase in viral genome copy number in TG of GrB−/− or Pfn−/−

mice. This mechanism might be particularly efficient during attempted HSV-1 reactivation

events where ICP4 expression has escaped repression by viral microRNAs and host neuron

epigenetic modifications. Thus, we propose a tripartite relationship in which HSV-1 latency is

maintained through the activity of the virus, the host neuron, and the contiguous CD8+ T cells

permitting viral persistence with neuronal survival (Fig. S7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD8+ T cells release lytic granules toward neurons within HSV-1 latently infected ganglia
without activating neuronal caspases

(A) In situ confocal images of intact latently infected WT TG stained with antibodies to

CD8α, GrB, and NeuN (neuronal nucleus). Top: CD8+ T cell with GrB polarized to the junction

with a NeuN+ neuron. Bottom: Most CD8+ T cells have GrB dispersed throughout the cell. (B)

Imaging of ex vivo cultures of latently infected WT TG. Top: CD8+ T cell in contact with two

neurons polarizes TCR and GrB toward lower neuron only. Bottom: CD8+ T cells not

contacting targets show no TCR or GrB polarization. (C–E) Imaging of ex vivo latently infected

WT TG cultured 24–48 hrs with WT gB-CD8, which prevent reactivation from latency. (C)

Two representative interactions between NeuN+ neurons and CD8+ T cells with CD107a
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polarized toward the junction with a neuron lacking activated caspases (VAD-FMK−).
Interaction 2, bottom panel: the plane demarcated by the line between the cells (left) is shown

en face (right) demonstrating an apparent secretory domain of an immunological synapse. (D)

10% ethanol induced neuronal caspase activation. (E) CD8+ T cells contacting NeuN− non-

infected fibroblast-like cells (left) or not contacting cells (right) lack surface CD107a

expression. Data are representative of 11 TG from three separate experiments.
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Figure 2. Pfn and GrB are required to maintain HSV-1 neuronal latency in vivo and in ex vivo
ganglia cultures

(A) DNA was extracted from individual TG at designated times and HSV-1 genome copies

was determined by quantitative real-time PCR (horizontal bar = mean). Data pooled from at

least two independent experiments per time point. * p≤0.05 as calculated by ANOVA with

Bonferroni post-test. (B) 34–41 dpi TG were dispersed and cultured at one-fifth TG equivalents

per well. HSV-1 reactivation was indicated by the presence of infectious virus in serially

sampled supernatants as assessed by plaque assay. Pooled data from three independent

experiments presented as mean ± SEM. * p=0.0009; ** p=0.0002 as calculated by survival

curve analysis (Log-rank test). (C) 14 dpi TG were dispersed and cultured at 1 TG per well in
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medium alone or in medium supplemented with 1000 U/ml recombinant IFN-γ (rIFN-γ), 100

μg/ml anti-CD8α monoclonal antibody (α-CD8α mAb), or 20 μg/ml anti-IFN-γ monoclonal

antibody (α-IFN-γ mAb). Reactivation was assessed, analyzed, and presented as in (B). n=10

TG/condition. Data representative of two independent experiments. * p=0.0108; ** p=0.0049.
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Figure 3. GrB cleaves the essential HSV-1 IE protein ICP4

(A&B) B6WT3 fibroblasts were infected with recombinant HSV-1 expressing EGFP from the

ICP0 promoter for 1 hr, washed, and exposed to no, WT, Pfn−/−, or GrB−/− gB-CD8 for 5 hrs.

(A) Histograms from flow analysis of recovered cells show total fibroblasts (CD8−) recovered

from cultures (top left) and percent infected (EGFP+; top right). (B) Lysates of recovered cells

were subjected to Western blot for ICP4 (Lane 1: Noninfected; Lanes 2–5: Infected with No,

WT, Pfn−/−, or GrB−/− gB-CD8, respectively). Bar graphs show optical density (O.D.) readings

that were not adjusted (middle) or adjusted for the number of infected fibroblasts recovered

from each culture (right). (C) Lysates from 293T cells that were either non-transfected (lane

1) or transfected with an ICP4-expressing plasmid (lanes 2–5) and exposed to different

concentrations of recombinant GrB (lanes 1–5: 0, 0, 25, 50, 100 nM GrB, respectively) for 1

hr at 37° C. Lysates from 293T cells transfected with an ICP4-expressing plasmid (D), lysates

from B6WT3 cells infected with HSV-1 (E), or ICP4 immunoprecipitated from HSV-1-

infected fibroblasts (F) were exposed to 0 (lanes 1–3, 5, 7) or 100 nM GrB (lanes 4, 6, 8) for

varying times at 37° C (lanes 1–2: 0 hr; 3–4: 1 hr; 5–6: 2 hrs; 7–8: 3 hrs). Lane 1 contains non-

transfected 293T cell lysate (D) or noninfected fibroblast lysate (E).
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Table 1

Pfn−/− & GrB−/− gB-CD8 are less efficient than WT gB-CD8 at inhibiting HSV-1 reactivation in a common pool

of latently infected neurons

HSV-1 reactivation detected by plaque assay of supernatants from dispersed 34–44 dpi WT TG depleted of endogenous

CD8+ T cells and cultured at one-fifth TG per well with the indicated number and type of gB-CD8 from culture initiation.

+, reactivation detected; −, no reactivation detected; X, condition not tested. Data pooled from four independent

experiments (n=15–35 cultures per condition).

# gB-CD8 per well

Type of gB-CD8

WT Pfn−/− GrB−/−

2×103 + × ×

2×104 − + +

4×104 − + +

5×104 − + −

1×105 − + −
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