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Abstract

Developing vaccine strategies to generate high numbers of Ag-specific CD8 T cells may be 

necessary for protection against recalcitrant pathogens. Heterologous prime-boost-boost (HPBB) 

immunization has been shown to result in large quantities of functional memory CD8 T cells with 

protective capacities and long-term stability. Completing the serial immunization steps for HPBB 

can be lengthy, leaving the host vulnerable for an extensive period of time during the vaccination 

process. We show here that shortening the intervals between boosting events to 2 weeks results in 

high numbers of functional and protective Ag-specific CD8 T cells. This protection is comparable 

to that achieved with long-term boosting intervals. Short-boosted Ag-specific CD8 T cells display 

a canonical memory T cell signature associated with long-lived memory, have identical 

proliferative potential to long-boosted T cells and both populations robustly respond to antigenic 

re-exposure. Despite this, short-boosted Ag-specific CD8 T cells continue to contract gradually 

over time, which correlates to metabolic differences between short- and long-boosted CD8 T cells 

at early memory timepoints. Our studies indicate that shortening the interval between boosts can 

yield abundant, functional Ag-specific CD8 T cells, which are poised for immediate protection; 

however, this is at the expense of forming stable long-term memory.

Introduction

Vaccine strategies that are able to generate high frequencies of memory CD8 T cells may be 

essential to prevent or limit infections by pathogens such as HIV, Mycobacterium 

tuberculosis, Plasmodium falciparum, hepatitis C virus and influenza viruses, where 

humoral immunity may not be sufficient for protection (1–6). Memory CD8 T cells are 

poised to perform a diverse set of effector functions upon Ag re-encounter. Central memory 

T cells (TCM) proliferate rapidly after recall, while effector memory cells (TEM) are capable 

of rapid degranulation and cytokine release (7–9). Tissue resident memory (TRM) CD8 T 

cells are positioned at the frontlines and contain invading pathogens by inducing an anti-
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viral state to prevent systemic infection (10, 11). These diverse functional properties of 

memory CD8 T cells make them an important component of the immune response and a 

critical cell type elicited by certain vaccines.

Heterologous prime-boost-boost (HPBB) strategies have been shown to generate large 

quantities of Ag-specific CD8 T cells that rapidly develop into memory CD8 T cells, which 

remain stable and contract very little over time, accelerating protection upon pathogen re-

encounter (12, 13). This is a multi-step immunization scheme, where the host is exposed to 

different vaccine vectors containing a common protein or epitope to stimulate CD8 T cells 

of interest (14, 15). While this method generates large numbers of long lasting memory CD8 

T cells, the time intervals between each boost are at least 28 days long and can be as long as 

six months. This may not be ideal in situations where protection needs to be achieved 

quickly, such as during an outbreak. We have learned from current licensed Ab based 

vaccine regimens that lengthy intervals between boosts can contribute to poor vaccine 

compliance (16, 17). In fact, nearly 28% of children surveyed did not comply with their 

vaccination schedule (18). Other studies showed that vaccine non-compliance can be as low 

as 30% in older children and adult populations (19). This lack of compliance and failure to 

complete vaccination regimens are acknowledged to contribute to increased infection and 

disease incidence for many pathogens, which can be controlled by efficient vaccination. It is 

therefore of interest to develop vaccine strategies that decrease total immunization time, yet 

generate protective immunity.

We sought to identify methods to more rapidly generate protective memory CD8 T cells. 

This has been explored in a system where primary FluMist responses were boosted 7 days 

later with recombinant Listeria monocytogenes (LM), yielding protection against lethal 

influenza challenge (20). Wong et al., have demonstrated protection against a bacterial 

challenge by boosting primary LM responses 7 days later with a heterologous vector (21). 

Interestingly, rapid boosting has also shown to improve survival from tumor challenge using 

a vesicular stomatitis virus (VSV)-human dopachrome tautomerase (hDCT) prime followed 

by an adenovirus-hDCT boost within as little as 4 days (22). Additional studies show that 

CD8 T cell immunization in settings of low inflammation results in rapid development of 

memory phenotype CD8 T cells, which respond within days to boosting and protect against 

microbial challenge (23, 24).

While the above studies demonstrate that shortening boosting intervals can generate 

protective CD8 T cells, direct comparisons between short and long-term boosting efficacy 

remain to be extensively explored. It is unknown how the longevity of memory CD8 T cells 

is affected when using short-boosting regimens. Therefore, in this study we shortened 

boosting intervals between three sequential, non-cross-reactive vectors to examine how this 

impacts CD8 T cell phenotype, effector function, quantity, location and longevity. We found 

that short HPBB results in large numbers of Ag-specific CD8 T cells that are as protective 

and functional as T cells generated using longer intervals between boosts. Interestingly, 

while CD8 T cells generated using shortened boost intervals express canonical memory 

markers, they fail to survive long-term and continue to gradually contract over time. This 

correlates with differences in metabolic activity at early memory timepoints following the 

tertiary boost. These results reveal that short-boosting intervals can generate effector Ag-
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specific CD8 T cells that are comparable in measures of standard function and protection 

against challenge to long-term boosted CD8 T cells. However, brief boosting intervals come 

at the cost of compromising memory T cell longevity. This suggests that while short-

boosting is useful for establishing protection rapidly, additional measures, such as future 

boosts, may need to be implemented to prevent contraction of the short-boosted CD8 T cell 

memory population.

Materials and Methods

Mice and Infections

C57BL/6J and Ptprca PepCb/BoyJ (CD45.1) mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME) or The National Cancer Institute (Frederick, MD). To generate 

short-boosted mice, animals were primed with 1 × 106 PFU VSV-OVA i.v. (1°), rested for 

14 days, boosted with 1 × 104 CFU LM-OVA i.v. (2°), rested for 14 days, then given an 

additional boost with 2 × 106 PFU vaccinia virus (VV)-OVA i.v. (3°) (25–27). Long-term 

boosted mice were generated with this same regimen, but with at least 28 days rest between 

each boost. All mice were used in accordance with the National Institutes of Health and the 

University of Minnesota Institutional Animal Care and Use Committee guidelines.

Intravascular staining, Isolation of lymphocytes and Flow cytometry

To discriminate between CD8 T cells in tissue parenchyma versus tissue vasculature, i.v. 

injected Ab was used as previously described (28). Briefly, 3μg of anti-CD8α Ab (53-6.7, 

Biolegend, San Diego, CA) was injected i.v. and allowed to circulate for three minutes prior 

to mouse sacrifice.

Organs were harvested and digested as previously described (29). For isolation of small 

intestinal intraepithelial lymphocytes (IEL), Peyer’s patches were removed, the small 

intestine was cut longitudinally and then laterally into small pieces. Pieces were incubated 

for 30 minutes with stirring at 37°C with 0.154mg/mL dithioerythritol (Sigma-Aldrich, St. 

Louis, MO) in 10% HBSS/HEPES. Female reproductive tract (FRT), lung and salivary 

gland (SG) tissues were cut into small pieces in RPMI 1640 containing 5% FBS, 2 mM 

MgCl2, 2 mM CaCl2 and 0.5mg/mL type IV collagenase for FRT (Sigma-Aldrich, St. Louis, 

MO) or 100 U/mL type I collagenase for lung and SG (Worthington, Lakewood, NJ) and 

incubated for 1 hr at 37°C with stirring. After enzymatic digestion, the remaining tissue 

pieces were mechanically disrupted using a gentleMACs dissociator (Miltenyi Biotec, San 

Diego, CA). The liver was mechanically dissociated by pushing the tissue through a 70μm-

cell strainer. Single cell suspensions of IEL, FRT, lung, liver and SG were further separated 

using a 44/67% Percoll (GE Healthcare Life Sciences, Pittsburgh, PA) density gradient. 

Spleen and lymph nodes (LN) were dissociated mechanically. Splenocytes and blood were 

treated with ACK lysis buffer to lyse red blood cells.

The following antibodies were used for flow cytometry: anti-KLRG1 (2F1), anti-Eomes 

(Dan11ma), anti-T-bet (4B10), anti-CD44 (IM7), anti-CD122 (TM-b1), anti-CD27 (LG.

7F9), anti-CD69 (H1.2F3) (all from eBioscience, San Diego, CA), anti-CD8α (53-6.7, 

eBioscience, Biolegend, San Diego, CA), anti-CD103 (M290), anti-CD25 (PC61), anti-
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Bcl-2 (Bcl-2/100) and anti-CD127 (SB/199) (BD Biosciences, San Jose, CA). Cell viability 

was determined using Ghost DyeTM Red 780 (Tonbo Biosciences, San Diego, CA). Kb-

SIINFEKL-specific CD8 T cells were identified using H-2Kb tetramers made in house 

containing the SIINFEKL peptide (New England Peptide, Gardener, MA). The BD 

Biosciences intracellular kit for cytokine staining and the eBioscience FoxP3 kit for 

transcription factor staining were used in accordance with manufacturer’s directions. Peptide 

stimulation was performed as previously described (30). Briefly, splenocytes were plated in 

RPMI 1640 containing 10% FBS, 1× NEAA, 2mM L-glutamine, 1mM sodium pyruvate, 1× 

penicillin/streptomycin and 0.05mM β-mercaptoethanol and incubated with 1ug/mL 

SIINFEKL peptide and 1ug/mL GolgiPlug (BD Biosciences, San Jose, CA) for four hours at 

37°C. Cells were washed and stained with fixable LIVE/DEAD aqua dead cell stain (Life 

Technologies, San Diego, CA) before surface and intracellular staining. Samples were 

acquired on an LSRII flow cytometer (BD Biosciences, San Diego, CA).

Recall and Protection Assays

For transfer and recall experiments, CD8 T cells were enriched from splenocytes of CD45.2 

mice at day 30 or ≥95 after 3° using an EasySep CD8+ T cell isolation kit (STEMCELL 

Technologies, Vancouver, Canada). For early memory transfers, 2.5 × 105 Kb-SIINFEKL-

specific CD8 T cells were transferred i.v. to CD45.1 mice. For late memory transfer 

experiments, cells were flow sorted and either 2 × 103 or 2 × 105 Kb-SIINFEKL-specific 

CD8 T cells were transferred i.v. to CD45.1 mice. In all cases, recipient mice were infected 

i.v. with 1 × 106 PFU of VSV-OVA the day after cell transfer.

To determine the ability of T cells to protect upon re-infection, 3° short-boosted and long-

boosted mice were generated as described above and sacrificed five days after infection with 

2 × 106 PFU VV-OVA i.v. (the 3° boost). Ovaries and spleen were harvested, homogenized 

and viral loads were analyzed by plaque assays on 143B cells, as previously described (31). 

Naïve mice were infected with 2 × 106 PFU VV-OVA i.v. as a control.

Metabolic Assays

CD8 T cells were enriched using an EasySep CD8 T cell isolation kit (STEMCELL 

Technologies, Vancouver, Canada) and Kb-SIINFEKL-specific CD8 T cells were purified 

from the resulting population using flow cytometric sorting. At day 30, day 51 and day 69 

following 3° short- or long-boost, Ag-specific CD8 T cells were plated at 2-8.5 × 105 cells/

well (cell numbers were kept similar within experiment) in non-buffered, sodium 

bicarbonate free, RPMI 1640 containing 25mM glucose, 2mM L-glutamine and 1mM 

sodium pyruvate. For day 69 experiments, cells were pooled from 2 to 9 short-boosted mice 

or up to 3 long-boosted mice. Oxygen consumption rate (OCR) was evaluated using the 

Seahorse XF-24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA). The 

non-corrected basal OCR was directly measured, followed by the addition of 0.0063mM 

oligomycin (Sigma-Aldrich, St. Louis, MO) to evaluate ATP production. Non-corrected 

maximum OCR was examined by addition of 0.015mM fluoro-carbonyl cyanide 

phenylhydrazone (FCCP) (Sigma-Aldrich, St. Louis, MO) and non-mitochondrial 

respiration was measured following the addition of 0.019mM rotenone (Sigma-Aldrich, St. 

Louis, MO). Corrected basal OCR, corrected maximal OCR and spare respiratory capacity 
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(SCR) were calculated as shown earlier (32). Briefly, to calculate corrected basal OCR and 

corrected maximum OCR, non-mitochondrial respiration was subtracted from basal and 

maximum OCR. SRC was determined by subtracting corrected basal OCR from corrected 

maximum OCR.

Statistical Analysis

An unpaired two-tailed Student’s t-test was performed when groups were compared using 

Prism (GraphPad Software Inc.). For all analysis, p values of less than 0.05 were considered 

significant and were indicated by asterisks (*).

Results

Short intervals between heterologous boosts generate large numbers of Ag-specific CD8 T 
cells

To test the ability of short heterologous prime-boost-boost (HPBB) intervals to generate a 

high number of Ag-specific CD8 T cells, three replicating vectors encoding OVA were 

administered to mice 14 days apart (Figure 1A). Mice were sacrificed at days 7 and 14 

following 1° (VSV-OVA), 2° (VSV-OVA + LM-OVA), or 3° (VSV-OVA + LM-OVA + 

VV-OVA) vaccinations and the frequency and numbers of Kb-SIINFEKL-specific CD8 T 

cells were evaluated in peripheral blood lymphocytes (PBL), spleen and small intestinal 

intraepithelial lymphocytes (IEL) (Figures 1B-F).

The frequency of Kb-SIINFEKL-specific CD8 T cells in PBL at day 7 increased after each 

vaccination, on average from 9.5% of total CD8 T cells at 1° to 31% at 2° and 51% after 3° 

(Figures 1B, D). An increase in Ag-specific CD8 T cell frequency at this timepoint was also 

noted in spleen throughout the vaccination regimen (Figure 1B). Notably, Kb-SIINFEKL-

specific CD8 T cells increased more robustly in PBL then spleen with each boost (Figure 

1B). By day 14, a decrease in Kb-SIINFEKL-specific CD8 T cells was observed relative to 

the percent of cells present at day 7 after 1° or 2° boosting events (Figures 1B-C). 

Enumeration of total numbers of Kb-SIINFEKL-specific CD8 T cells in the spleen revealed 

that this shortened boosting strategy induced large numbers of Ag-specific CD8 T cells 

(Figure 1E). Indeed, nearly 6 × 106 cells were present at day 7 following 3° boost and at day 

14 there was no evidence of contraction. Ag-specific CD8 T cells in the IEL also expanded 

after immunization (Figure 1F). While there was a loss of Kb-SIINFEKL-specific CD8 T 

cells in this compartment between days 7 and 14 after 3° boosting, heterologous boosting 

increased the numbers of Ag-specific CD8 T cells approximately 5.5-fold when compared to 

cell numbers at day 14 after the 1° vaccination step. In conclusion, the immunization 

regimen with short intervals was able to generate abundant Ag-specific CD8 T cells.

Ag-specific CD8 T cells generated with short HPBB migrate to and populate multiple non-
lymphoid tissues

We evaluated whether T cells generated following short-boosting intervals could access 

non-lymphoid tissues (NLT) and establish broadly distributed memory. At least 95 days 

after 3° immunization, Kb-SIINFEKL-specific CD8 T cells were enumerated in spleen, 

inguinal lymph nodes (IgLN), IEL, lung, liver, female reproductive tract (FRT) and salivary 
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gland (SG) (Figures 2A-B). In these tissues, Ag-specific CD8 T cells were readily detected, 

indicating efficient seeding of Kb-SIINFEKL-specific CD8 T cells to NLT, as described 

previously (33). The frequencies of Ag-specific CD8 T cells in most NLT were greater than 

those in the secondary lymphoid organs: ~40% of CD8 T cells were specific for the OVA 

vaccine insert. In PBL, ~30% of CD8 T cells were Kb-SIINFEKL-specific CD8 T cells 

(Figure 2A).

Contact between CD8 T cells and infected targets is essential for efficient pathogen control. 

Thus, the location of Ag-specific T cells within tissue parenchyma or tissue vasculature was 

determined by using a previously described i.v. Ab staining technique (Figure 2C) (28). This 

technique selectively labels cells in the vasculature of a tissue by i.v. injecting 

fluorochrome-labeled Ab. Cells that are in the tissue parenchyma are not accessed by Ab 

and will remain unlabeled. At least 95 days after 3° boosting, Kb-SIINFEKL-specific CD8 T 

cells in the spleen were distributed evenly between white pulp and red pulp at a 1:1 ratio 

(Figures 2C-D). As expected, the distribution of cells in the IgLN was biased to the i.v. Ab 

negative compartment and in the PBL was biased to the i.v. Ab positive compartment. Ag-

specific CD8 T cells in the lung and liver were predominantly found in the vasculature, 

while Kb-SIINFEKL-specific CD8 T cells in the FRT were evenly distributed between i.v. 

Ab positive and i.v. Ab negative fractions (Figures 2C-D). Intravenous Ab negative cells in 

IgLN had high expression of CD62L while cells in the spleen, IEL, lung, liver, FRT and SG 

were CD62L low (Supplementary Figure 1A). While most of Kb-SIINFEKL-specific CD8 T 

cells in secondary lymphoid organs (SLO) were CD103 and CD69 negative, the majority of 

cells in the IEL and SG were positive for both of these markers. Ag-specific CD8 T cells in 

the i.v. Ab negative fraction in the FRT displayed bimodal expression of CD69 but were not 

CD103 positive (Supplementary Figure 1B-C). In summary, CD8 T cells activated after the 

short-boost immunization scheme penetrated multiple NLTs and exhibit phenotypes 

consistent with TEM and TRM cells.

Ag-specific CD8 T cells have similar functionality regardless of immunization interval 
length

We went on to assess the functionality of the CD8 T cells generated after short-boost 

vaccination compared to cells produced after longer immunization intervals. Granzyme B 

expression was evaluated at day 5 after 3° immunization and compared between short- and 

long-boosted T cells. On a per cell basis, granzyme B production was similar in both 

populations of Ag-specific CD8 T cells indicating equal ability to kill target cells (Figure 

3A). At this same time point, the protective capacity of effector CD8 T cells generated by 

short- and long- boosting was evaluated by quantifying vaccinia virus titers. In spleen, viral 

titers in long- and short-boosted mice were not detectable, while infected naïve mice, which 

do not have Kb-SIINFEKL-specific memory CD8 T cells, had a significantly higher viral 

load (~104 PFU) (Figure 3B). In the ovaries, a primary site of vaccinia virus replication, 

there was a significant decrease in viral titers in both long-boosted mice and short-boosted 

mice, as compared to titers in naïve, infected animals (Figure 3C).

To evaluate Ag-specific T cell function after the final boost, Kb-SIINFEKL-specific CD8 T 

cells were examined for cytokine production following SIINFEKL peptide re-stimulation at 

Thompson et al. Page 6

J Immunol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



day 14 after 3° short and long HPBB. Ag-specific short-boosted CD8 T cells were able to 

produce interferon-γ (IFNγ) and tumor necrosis factor-α (TNFα) in response to SIINFEKL 

peptide at a similar capacity as long-boosted T cells (Figure 4A). Importantly, equal 

numbers of Ag-specific T cells are generated, regardless of boosting history and all of these 

cells produced IFNγ cytokine (Figures 4A-B).

To investigate if short-boosted T cells are able to proliferate upon recall as well as long-

boosted T cells, 32 days after 3°, equal numbers of Kb-SIINFEKL-specific memory CD8 T 

cells from short- or long-term boosted mice were transferred into naïve CD45.1 recipients, 

which were then infected with VSV-OVA. Enumeration of donor Kb-SIINFEKL-specific 

CD8 T cells at day 6 after infection revealed that both populations expanded similarly 

regardless of previous boosting history, indicating similar proliferative potential between 

these cells (Figure 4C).

To determine if the proliferative potential of short-boosted T cells was maintained until a 

late memory time point, we also evaluated the ability of Kb- SIINFEKL-specific CD8 T 

cells to expand upon recall at least 95 days after 3°. Either 2 × 103 or 2 × 105 Kb-

SIINFEKL-specific CD8 T cells from short-boosted or long-boosted mice were transferred 

to naive CD45.1 recipients and infected 1 day later with VSV-OVA. The two different input 

numbers of cells were chosen to eliminate the impact of transferring large numbers of cells 

on individual T cell functions. We tracked donor Ag-specific CD8 T cells in the blood of 

recipient mice following infection to determine the timing of peak expansion. Whether a low 

or high number of cells were transferred, short-boosted T cells expanded as well as long-

boosted T cells upon recall. The peak of expansion was similar for both populations of 

transferred cells, although lower cell number inputs resulted in a delayed response (Figure 

4D). At all timepoints, there was no significant difference between the short- and long- 

boosted cell populations. 22 days later, Ag-specific CD8 T cells were enumerated in the 

spleen (Figure 4E). The number of donor short-boosted and long-boosted Kb-SIINFEKL-

specific CD8 T cells in mice receiving low numbers of cells was not statistically different. 

Similarly, donor short-boosted and long-boosted Kb-SIINFEKL-specific CD8 T cells seeded 

at high numbers were also not statistically different, but more cells were recovered with high 

transfer. Taken together, both short and long immunization schema-derived Ag-specific 

CD8 T cells displayed similar functionality.

Ag-specific CD8 T cells generated through short-boosting display a memory phenotype

HPBB with long-boost intervals results in stable CD8 T cell memory that contracts very 

little over time (12, 13). It might be expected that shortening the immunization intervals 

would result in a terminally differentiated population of cells, due to an increased 

inflammatory environment and more frequent Ag contact. To evaluate whether short-

boosted Ag-specific CD8 T cells could differentiate into classical memory T cells, Kb-

SIINFEKL tetramer+ cells were evaluated for canonical memory markers at day 30 after 3° 

short-term and long-term boosting. Memory precursor effector cells (MPECs), effector CD8 

T cells which give rise to memory T cells, are defined by expression of the IL-7 receptor α 

chain, CD127, and lack of killer cell lectin-like receptor subfamily G member 1 (KLRG1) 

expression (34, 35). At day 30 after 3°, approximately half of the short-boosted Kb-
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SIINFEKL-specific CD8 T cells are positive for CD127, but not KLRG1, thus displaying a 

classic MPEC phenotype (Figures 5A-B). This is a significantly higher percentage of 

MPECs than in long-boosted T cells, as the majority of long-term boosted Kb-SIINFEKL-

specific CD8 T cells (~70%) are positive for both CD127 and KLRG1 (Figures 5A,C). Per 

cell expression of CD127, as measured by geometric mean fluorescence intensity (GMFI), 

indicated similar levels of CD127 on short- and long-boosted Ag-specific CD8 T cells 

(Figure 5D).

Other canonical memory markers such as the IL-15 receptor β chain, CD122, the IL-2 

receptor α chain, CD25, and a member of the tumor necrosis factor receptor superfamily, 

CD27, were all similarly expressed between short-boosted and long-boosted Kb-SIINFEKL-

specific CD8 T cells. The expression of the transcription factor T-bet was also similar on 

short- and long-boosted T cells. While Eomes protein appears decreased on short-boosted 

Ag-specific T cells in comparison to long-term boosted cells, this is not statistically 

significant when comparing GMFI (data not shown). Bcl-2, an anti-apoptotic marker, is 

comparable in short- and long-term boosted Kb-SIINFEKL-specific CD8 T cells. Despite 

shortening the time between immunizations to 2 week intervals, short-boosted Kb-

SIINFEKL-specific CD8 T cells were not PD-1 high, indicating that short HPBB does not 

drive a phenotype associated with T cell exhaustion (Figure 5D). These data demonstrate 

that shortening the gap between immunizations did not alter the acquisition of canonical 

memory markers by Ag-specific CD8 T cells.

Short-boosted Ag-specific CD8 T cells display altered metabolic properties compared to 
long-term boosted T cells

The metabolic activity of memory CD8 T cells has been linked to their function and survival 

(32, 36–40). Oxidative phosphorylation has been shown to be a dominant metabolic 

pathway for memory CD8 T cells (41, 42). Compared to naïve and effector T cells, memory 

T cells maintain a significantly higher spare respiratory capacity (SRC), which is important 

to their establishment and rapid recall response to reinfection (38, 40). SRC is the reserve 

capacity of cells to make energy in response to increased stress or work (43). Since both 

short-boosted and long-boosted T cells displayed phenotypic markers associated with long-

term memory, we investigated whether short- and long-boosted CD8 T cells exhibited 

similar metabolic signatures. To evaluate this, the oxygen consumption rate (OCR), an 

indicator of oxidative phosphorylation, of Ag-specific CD8 T cells under different cell 

stressors was measured in purified Kb-SIINFEKL-specific CD8 T cells at days 30, 51 and 69 

following the 3° boost using the Seahorse platform (Figure 6). This assay uses compounds 

that specifically target electron transport chain components to disrupt cellular respiration 

(32, 38). OCR was measured at basal conditions and after the addition of each of the 

indicated metabolic inhibitors to assess metabolic function. Oligomycin and rotenone 

addition measure ATP-linked respiration and non-mitochondrial respiration, respectively. 

The addition of FCCP, which uncouples the electron transport chain, allows for measuring 

maximum OCR (Figure 6A). From this, SRC can be calculated, which is the corrected basal 

OCR subtracted from corrected maximum OCR (32). Our analysis revealed reduction in 

maximal OCR in short-boosted Kb-SIINFEKL-specific CD8 T cells compared to long-

boosted T cells at day 30 (Figure 6). By day 51 after 3°, short-boosted Ag-specific cells still 
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exhibited lower maximal OCR compared to long-boosted Kb-SIINFEKL-specific CD8 T 

cells, but this difference was not statistically significant (Figures 6B-C). At day 69 after 3° 

boosting, there was no metabolic differences observed between short- and long-boosted Ag-

specific CD8 T cells (Figures 6B-C). At all time points, basal OCR and SCR was not 

statistically different between short- and long-boosted Kb-SIINFEKL-specific CD8 T cells 

although SCR was decreased in comparison to long-boosted T cells at day 30 and 51 

(Figures 6A,C and data not shown). In summary, short-boost-derived memory CD8 T cells 

exhibited metabolic differences as compared to long-boosted cells, but only at earlier 

memory timepoints.

Ag-specific CD8 T cells generated through short-boosting contract without stabilization, 
despite displaying a memory phenotype

Metabolic differences between short-boosted and long-boosted Kb-SIINFEKL-specific CD8 

T cells at early memory timepoints indicated potential disparities in the ability of short-

boosted T cells to establish stable memory. To evaluate whether short-boosting and long-

boosting vaccine regimens result in the formation of memory CD8 T cells of similar 

quantity and longevity, Kb-SIINFEKL-specific CD8 T cell responses were evaluated in the 

spleen over 134 days following 3° vaccination (Figure 7). At an effector timepoint after 3° 

boost (days 5-14), numbers of Ag-specific CD8 T cells generated by short- or long-boosting 

intervals were not statistically different with ~8 × 106 and 1 × 107 cells, respectively (Figure 

7B). Long-term boosted Kb-SIINFEKL-specific CD8 T cells were stably maintained after 

3°, at least for 117 days, which was the last timepoint. In contrast, Kb-SIINFEKL-specific 

CD8 T cells generated with short-boosting intervals contracted significantly by day 30 after 

3° vaccination and this population continued to decline over 134 days. The number of Ag-

specific CD8 T cells enumerated at 134 days after short-boosting was nearly 12-fold lower 

than cells at an effector time point, whereas long-boosted Kb-SIINFEKL-specific CD8 T 

cells showed little contraction (Figure 7B). Thus, short-boosted CD8 T cells are not stably 

maintained in the absence of Ag compared to cells generated by longer intervals between 

immunizations.

Discussion

CD8 T cells contribute to protection against many infections and efficacious CD8 T cell 

memory may be particularly important to eliminate certain pathogens. Vaccine strategies 

should generate high quality memory CD8 T cells that can rapidly purge the offending 

organism from the host and ideally, vaccination would afford almost immediate protection. 

Heterologous prime-boost-boost (HPBB) is a multi-step immunization scheme, which has 

the remarkable feature of forming high quantities of stable memory CD8 T cells (12, 13). 

However, boosting intervals are long, meaning that vaccination is not complete for several 

months (14, 15). Thus, in this study we investigated how the quality, quantity and location 

of Ag-specific CD8 T cells is affected by decreasing the time between boosting events. It 

has been previously demonstrated that expression of CCL21, the ligand for CCR7, is 

downregulated during different microbial infections, including lymphocytic 

choriomeningitis virus (LCMV), LM and VV. This leads to altered migration and priming of 

T cells. Chemokine downregulation is transient and, by day 14 after infection, CCL21 levels 
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are back to pre-infection concentrations (44). Therefore, we chose 14 days as the resting 

period between boosting events to allow animals to regain some immune homeostasis. We 

show that condensing the intervals between boosting results in functional and protective Ag-

specific CD8 T cells in 4 weeks.

We discovered that Ag-specific CD8 T cell numbers early after each vaccination step 

increase within peripheral blood lymphocytes (PBL), spleen and small intestinal 

intraepithelial lymphocytes (IEL) (Figure 1). Indeed up to 62% of CD8 T cells were Kb-

SIINFEKL-specific in PBL by day 14 after the final boost. Short HPBB also led to memory 

T cell populations in the lungs, liver, female reproductive tract (FRT) and salivary gland 

(SG) that comprise up to 40% of CD8 T cells. Thus, short HPBB can generate large 

populations of Ag-specific CD8 T cells through out the host.

A concern was that this curtailed immunization schedule may have induced a state of 

exhaustion or non-responsiveness in Kb-SIINFEKL-specific CD8 T cells. However, the 3° 

recall was robust and short-boosted T cells were able to protect against infection as 

efficiently as long-boosted T cells (Figures 1,3,4). All Kb-SIINFEKL-specific CD8 T cells at 

day 14 post 3° produced cytokines and were not PD-1 high (Figures 4B, 5D), other 

indicators that these T cells were not exhausted. Furthermore, Ag-specific CD8 T cells 

generated through short-boosting have similar proliferative capabilities compared to long-

term boosted T cells (Figure 4C-E). Therefore, the 14-day intervals between immunizations 

did not induce functional defects associated with overexposure to an inflammatory microbial 

environment. This may be expected, as there appears to be a window of opportunity for the 

induction of exhaustion, which necessitates prolonged exposure to this environment. When 

CD8 T cells specific for chronic LCMV clone-13 are transferred at day 8 after infection to a 

naïve, uninfected new host, certain hallmarks of T cell exhaustion are prevented (45).

Many infections begin at mucosal surfaces. CD8 T cell mediated killing requires direct 

contact with target cells and vaccines must position CD8 T cells at the site of infection. The 

recently described CD8 T cell memory subset, tissue resident memory T cells (TRM), are 

uniquely positioned to act as immediate sentinels of re-infection, setting up an anti-microbial 

state (10, 11). As precise localization of T cells within tissue compartments can be 

complicated by vascularization, we used an intravascular staining technique to discriminate 

cell localization between the tissue parenchyma or tissue vasculature (28). We found that 

short-term HPBB drives T cell migration to the parenchyma in multiple non-lymphoid 

tissues (NLT), which are populated for at least 95 days after the last immunization (Figures 

2C-D). The CD62L low phenotype of these cells indicates that the majority of cells in the 

tissue generated from short-boosting are likely TEM cells, which is in line with what has 

been shown for HPBB with long-boosting intervals in secondary lymphoid organs (46). 

However, a significant fraction of cells in the IEL and SG are CD69 positive and CD103 

positive suggesting that they are TRM (Supplementary Figure 1) (29, 47, 48). Generating 

CD8 T cells with a TRM phenotype may be particularly important for vaccination, as this 

cell type has been shown to be critical in providing protection during re-infection (10, 11, 

49). It was recently shown that CD8 T cell quantity has been underappreciated, particularly 

in NLT, due to sub-optimal tissue disruption and lymphocyte isolation techniques and that 
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CD103/CD69 phenotyping may not label all TRM (29). Thus, it is likely that the numbers of 

Kb-SIINFEKL-specific CD8 TRM cells are higher than what we have observed herein.

Formation of a stable population of memory CD8 T cells is important for a vaccine to 

achieve long-term protection. CD127 expression on Ag-specific CD8 T cells has been 

shown to predict memory precursor effector cells (MPECs), which go on to become memory 

T cells (34). MPECs have also been shown to lack expression of KLRG1 (35). Given the 

brevity of rest periods between immunizations, short-boosted CD8 T cells would have been 

predicted to be terminally differentiated, but based on phenotype, these appear to be optimal 

memory CD8 T cells. In fact, a greater percent of short-boosted tetramer+ CD8 T cells were 

positive for CD127 and negative for KLRG1, as compared to long-boosted T cells (Figures 

5A-C). Therefore, it was surprising to discover that the short-boosted Kb-SIINFEKL-

specific CD8 T cells continuously eroded over a 134-day timespan (Figure 7). It might have 

been expected that short-boosted T cells would display a short-lived effector cell phenotype 

of KLRG1 positive, CD127 negative, but this was not the case. Interestingly, exhausted CD8 

T cells, which have a loss of memory potential, lack expression of KLRG1 during chronic 

LCMV clone 13, indicating that absence of KLRG1 expression is not always associated with 

T cell longevity (45).

T-bet and Eomes have been shown to impact CD127 and KLRG1 expression in effector 

CD8 T cells, where high Eomes and low T-bet expression induces a KLRG1 low, CD127 

high population of CD8 T cells that is maintained into memory (35, 50–52). However, in our 

study, expression of T-bet and Eomes was similar between short- and long-boosted 

populations despite their disparate longevity. Short-boosted Ag-specific CD8 T cells also 

express similar levels of CD27, CD122, CD25 and Bcl-2 as compared to long-boosted T 

cells, indicating that they are capable of receiving survival signals via these molecules, but 

they fail to be maintained equally (Figure 5D). This incongruity suggests that there are other 

factors, contributing to the decay of short-boosted CD8 T cells that can overcome a 

signature indicative of long-lived memory T cells.

The metabolism of CD8 T cells is important in memory cell function and survival (32, 36–

40). Oxidative phosphorylation supports the metabolic needs of memory CD8 T cells, while 

glycolysis supports effector T cells (41, 42). To this end, the spare respiratory capacity 

(SRC) of memory CD8 T cells has been shown to be greater than that of naive and effector 

CD8 T cells and is thought to regulate memory CD8 T cell formation and functionality (38). 

Therefore, it was surprising, given the continuous contraction of short-boosted CD8 T cells, 

that SRC was not statistically different between short- and long-boosted T cells (Figure 6C). 

However, short-boosted Ag-specific CD8 T cells have a significantly lower maximal oxygen 

consumption rate (OCR) compared to long-boosted T cells at day 30 (Figure 6). This might 

have deleterious effects on longevity, even though recall responses were not affected (Figure 

4). Perhaps shortening boost intervals does not give ample time for cells to become 

bioenergetically stable between immunizations. This is supported by the recent finding that 

the mitochondrial function of CD8 T cells increases with time after infection (53). One 

interpretation is that short HPBB generates a mixed population of cells differing in their 

mitochondrial capacity. Less metabolically fit Ag-specific CD8 T cells may dominate the 

response early after 3° immunization and rely more heavily on glycolysis during steady state 
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conditions. As the inflammatory environment subsides and growth factors are reduced, these 

cells may preferentially die over time leaving a more stable memory cell population to 

survive long-term. This could explain the reduced, but not significant, SRC of short-boosted 

Kb-SIINFEKL-specific CD8 T cells at day 30 and 51 after 3°, whereby some T cells are able 

to function at higher SRC than others. Indeed, the contraction of short-boosted Ag-specific 

CD8 T cells slows substantially around day 60 after 3° (Figure 7B). This slowed contraction 

may be explained by the identical metabolic activity of short- and long-boosted Kb-

SIINFEKL-specific CD8 T cells observed at day 69 after 3° (Figures 6B-C).

Interestingly, studies show that T cells that take up high amounts of glucose exhibit the 

molecular profile of short-lived effector cells (37). We show here a different phenomenon: 

metabolic alterations of T cells that display a memory phenotype, but do not form stable 

numbers of memory T cells (Figures 5 and 7). Further investigation of the metabolic 

pathway and energy consumption by CD8 T cells generated through short-boosting would 

be needed to reveal if metabolism is directly contributing to memory T cell contraction. 

Regardless of metabolic activity and continued contraction, short-boosted T cells are able to 

respond to infection at any time point measured after 3° comparably to long-boosted mice 

(Figure 4). This further supports our conclusions that functionality is not compromised 

following short-boosting, even at late memory timepoints (Figure 4D).

Our study shows that shortening the boosting intervals during HPBB will generate Ag-

specific CD8 T cells that are functional and protective. While these CD8 T cells gradually 

decay in number, they are still able to proliferate and respond to infection comparably to 

long-boosted T cells. Despite protracted contraction, the population of short-boosted CD8 T 

cells remaining after 3° is still greater than the population remaining after 1° and 2° boosts, 

indicating that short HPBB is still advantageous over single boosts. Overall, shortening 

boosting intervals preserves the function of Ag-specific CD8 T cells, despite ongoing 

contraction, and could be useful in situations where protection needs to be achieved rapidly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

FRT female reproductive tract

HPBB heterologous prime-boost-boost

IEL intraepithelial lymphocytes
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IgLN inguinal lymph node

KLRG1 killer cell lectin-like receptor subfamily F

LM Listeria monocytogenes

LN lymph node

NLT non-lymphoid tissue

OCR oxygen consumption rate

SG salivary gland

SRC spare respiratory capacity

VSV vesicular stomatitis virus

VV vaccinia virus
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FIGURE 1. Short-boosting intervals generate large numbers of Ag-specific CD8 T cells
(A) Short-boosting immunization regimen. Boosts occurred 14 days apart. (B, C) Peripheral 

blood lymphocytes (PBL), spleen, and small intestinal intraepithelial lymphocytes (IEL) 

were analyzed (B) 7 days or (C) 14 days after 1°, 2° or 3° boosting. Plots are gated on CD8 

T cells. (D) Percent of CD44+ Kb-SIINFEKL+ CD8 T cells in PBL at day 7 (black) and 14 

(white) after 1°, 2° or 3° boosting. (E-F) Number of CD44+ Kb-SIINFEKL+ CD8 T cells in 

spleen (E) and IEL (F) at day 7 (black) or day 14 (white) following 1°, 2° or 3° boosting. 

Data are representative of 2 experiments, N=3 mice per experiment.
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FIGURE 2. Short-boosted Ag-specific CD8 T cells migrate to and populate multiple non-
lymphoid tissues
Splenocytes, inguinal lymph nodes (IgLN), peripheral blood lymphocytes (PBL), small 

intestinal intraepithelial lymphocytes (IEL), lung, liver, female reproductive tract (FRT) and 

salivary gland (SG) lymphocytes were isolated at least 95 days after 3° infection. (A) Plots 

are gated on CD8+ T cells. (B) Quantification of Kb-SIINFEKL+ CD8 T cells as in (A). (C-

D) Mice were injected with anti-CD8α Ab i.v. to identify the precise localization of T cells 

within the tissue parenchyma (I.V.-) or within the tissue vasculature (I.V.+). (C) 

Representative flow plots gated on CD44+ Kb-SIINFEKL+ CD8 T cells. (D) Quantification 

of Kb-SIINFEKL+ CD8 T cells as in (C). Data are representative of 2 experiments, at least 

N=3 mice per experiment except IEL and SG where is N=3 total.
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FIGURE 3. Short-boosted Ag-specific CD8 T cells express granzyme B and protect against viral 
infection
(A) Splenocytes were isolated at day 5 post 3°. Granzyme B expression is shown on CD44+ 

Kb-SIINFEKL-specific CD8 T cells from short-boosted mice (black, solid line) and long-

boosted mice (grey, dashed line); grey filled histogram indicates gating on CD44 low CD8+ 

T cells. (B) Spleen and (C) ovaries from 3° short-boosted, 3° long-boosted or 1° VV-OVA 

challenged mice were isolated at day 5 after VV-OVA to determine vaccinia virus titers. 

Data are representative of 2 experiments, N=3-4 mice per experiment. Graphs show mean +/

− SEM. * = p<0.05.
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FIGURE 4. Short-boosted Ag-specific CD8 T cells are functional
(A) Splenocytes from short-boosted or long-boosted mice were stimulated at day 14 after 3° 

HPBB with or without SIINFEKL peptide and examined for TNFα and IFNγ production. 

Plots are gated on CD8+ T cells. (B) Kb-SIINFEKL tetramer+ CD8 T cells (black) and IFNγ 

-producing CD8 T cells (white) were enumerated in spleen at day 14 post 3°. Data are 

representative of 2 experiments N=1-5 mice per experiment. (C) Splenocytes were isolated 

32 days post 3° from short- and long-boosted mice, enriched for CD8 T cells and equal 

numbers of Kb-SIINFEKL-specific CD8 T cells were transferred to naïve CD45.1 mice. 

Thompson et al. Page 20

J Immunol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



New hosts were infected with VSV-OVA 1 day after transfer. 6 days after infection, the 

number of donor+, Kb-SIINFEKL+ CD8 T cells was enumerated in spleen. Data are 

representative of 1 experiment, N= 6-7. (D) Splenocytes were isolated at day 95 post 3° 

from short-boosted mice and ≥95 days post 3° from long-boosted mice, enriched for CD8 T 

cells and sorted for Kb-SIINFEKL-specific CD8 T cells. Either 2 × 103 or 2 × 105 Kb-

SIINFEKL-specific CD8 T cells were transferred to CD45.1 mice. One day after transfer, 

recipients were infected with VSV-OVA and donor CD45.2 Kb-SIINFEKL-specific CD8 T 

cells from short-boosted (solid line) and long-boosted (dotted line) mice were measured in 

the blood at the indicated timepoints. Gray lines are low cell number transfers and black 

lines are high cell number transfers. At all timepoints, there is no significant difference in 

tetramer+ % between short- and long-boosted cells at low or high numbers of transferred 

cells. (E) Recipient mice from (D) were sacrificed at day 22 post infection and donor Kb-

SIINFEKL-specific CD8 T cells from short-boosted (black) and long-boosted (white) mice 

were enumerated from spleen. Data in (D) and (E) are representative of 1 experiment N=at 

least 4.
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FIGURE 5. Short-boosted Ag-specific CD8 T cells have a memory phenotype
(A) Visualization and (B-C) quantification of KLRG1 and CD127 expression on CD44+ Kb-

SIINFEKL tetramer+ CD8 T cells from short-boosted (black) or long-boosted (white) mice 

at day 30 post 3° immunization. Plots are gated on CD44+ Kb-SIINFEKL tetramer+ CD8 T 

cells from splenocytes. (D) Expression of indicated proteins on CD44+ Kb-SIINFEKL 

tetramer+ CD8 T cells from short-boosted (black, solid line) and long-boosted (dotted, grey 

line) mice; grey filled histograms indicate expression on CD44 low CD8+ T cells. Data are 
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representative of at least 2 experiments, N=2-5 mice per experiment. Graphs show mean +/− 

SEM. ***p=0.0001, and **** p <0.0001.
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FIGURE 6. Short-boosted Ag-specific CD8 T cells exhibit altered metabolic function
CD44+ Kb-SIINFEKL-specific CD8 T cells were purified at day 30, day 51 and day 69 after 

3° short or long HPBB via flow sorting. Oxygen consumption rate (OCR) was measured 

under basal conditions and after the addition of the indicated mitochondrial inhibitors. 

Oligomycin is an inhibitor of ATP-synthase and measures ATP-linked respiration; FCCP 

uncouples electron transport and allows for measuring maximal OCR. Rotenone addition 

permits measuring non-mitochondrial respiration. (A) Shows raw data from Seahorse 

platform at day 30 and represents the effects of mitochondrial inhibitors on OCR of short-
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boosted (black line) and long-boosted (grey line) of Kb-SIINFEKL-specific CD8 T cells. 

Raw data from day 51 and day 69 are not shown. (B) Corrected maximal OCR and (C) spare 

respiratory capacity (SRC) for short-boosted (black) and long-boosted (white) Kb-

SIINFEKL-specific CD8 T cells at the indicated timepoints. Data for day 30 are 

representative of 2 experiments, N=2-6 mice per experiment. Data for day 51 represent 1 

experiment, N=2-3 mice. Data for day 69 represent 1 experiment, N=3 of 2-9 mice pooled 

for short-boost and N=3 either single or 2 mice pooled for long-boost. Graphs show mean +/

− SEM. *p=0.0154. Short- and long-boosted Kb-SIINFEKL-specific CD8 T cell OCR 

cannot be compared across timepoints because varying cell densities were used on different 

days.
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FIGURE 7. Short-boosted Ag-specific CD8 T cells do not form stable memory
Splenocytes were isolated at indicated times after 3° from short-boosted and long-boosted 

mice. (A) Plots are gated on CD8+ T cells. (B) CD44+ Kb-SIINFEKL+ CD8 T cell numbers 

were enumerated in short-boosted (black) and long-boosted (white) mice at indicated 

timepoints. Data are representative of at least 2 experiments, N=2-10 mice per experiment, 

except day 117 where N=3. Graphs show mean +/− SEM. *p= 0.0174, **p= 0.0023, and 

*** p = 0.0001.
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