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Abstract

Direct mTORC1 inhibition by short-term low-dose rapamycin treatment has recently been shown

to improve CD8 T cell immunological memory. While these studies focused on memory

development, the impact of low-dose rapamycin on the primary immune response, particularly as

it relates to functional effector immunity, is far less clear. We investigated the impact of acute

rapamycin treatment on immune effector cell function during the primary immune response to

several acute infections. We found that functional CD8 T cell and macrophage responses to both

viral and intracellular bacterial pathogens were depressed in mice in vivo and in humans to

phorbol ester and calcium ionophore stimulation in vitro in the face of low-dose rapamycin

treatment. Mechanistically, the CD8 defect was linked to impaired glycolytic switch in stimulated

naïve cells and the reduced formation of short-lived effector cells (SLEC). Therefore, more than

one cell type required for a protective effector immune response are impaired by rapamycin in

both mice and humans, at the dose shown to improve immune memory and extend lifespan. This

urges caution with regard to the relative therapeutic costs and benefits of rapamycin treatment as

means to improve immune memory.

Introduction

Rapamycin (rapa) is a specific inhibitor of the mTORC1 signaling complex, the central

regulator of cell nutrient sensing and energy metabolism (1). Applied in high doses (typical

suppressive dose – 750 μg/kg), rapa is a well-known immune suppressant, used to prevent

organ rejection (2). However, recent seminal studies highlighted the importance of nutrient

sensing pathways during an immune response by showing that short-term mTORC1
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inhibition using low-dose rapa (75μg/kg) enhanced the development of antigen-specific

memory CD8 T cells during acute infection (3, 4). Subsequent studies suggested that the

low-dose rapa used in the above studies did not adversely affect primary immune responses

(5). Of note, these conclusions were based on limited data examining the presence, but not

the function, of antigen-specific CD8 T cells. Recently, mTORC1 signaling has been shown

to be required for Th1 differentiation (6, 7) likely by inducing Tbet expression (8). We

therefore sought to reexamine whether mTORC1 inhibition by low-dose rapa treatment

during CD8 T cell priming may have deleterious consequences to the functional CD8 T cell

immune response during acute infection.

Here we report that low-dose rapa treatment inhibits CD8 T cell effector (CD8eff)

accumulation and function during infections with both viral (lymphocytic choriomeningitis

virus - LCMV) and bacterial (Listeria monocytogenes expressing the ovalbumin protein -

Lm-OVA) microbial pathogens. This was likely due to a rapa-induced block in metabolic

switch to glycolysis in stimulated CD8eff cells, which exhibited curtailed differentiation into

short-lived effector cells (SLEC); by contrast, memory-precursor effector cells (MPEC)

were unaffected or increased in the course of rapa treatment. Moreover, the same dose of

rapa led to poor viral control in the brain and higher mortality of the West Nile Virus

(WNV)-infected mice. Finally, the same dose of rapa inhibited human CD8 T cell cytokine

secretion in vitro, and reduced intracellular acidification of vesicles following the uptake of

Lm-OVA in both human and mouse macrophages. Our data shows that acute low-dose rapa

treatment is deleterious to both innate and adaptive acute immunity against primary

infection. Because the favorable effect on memory formation by rapa treatment likely comes

at the expense of developing a robust primary effector response, rapa treatment/ mTORC1

modulation strategies to improve vaccine-mediated immune memory formation should

consider the downside of increasing susceptibility to acute infections, which could be of

particular importance in partially immunosuppressed and/or vulnerable individuals.

Materials and Methods

Mice

C57BL/6J (8-12 weeks old) were purchased from Jackson Labs (Bar Harbor, ME). Mice

were housed under specific pathogen-free conditions at the University of Arizona. All

experimental procedures were conducted with approval from the University of Arizona

Institutional Animal Care and Use Committee.

Human subjects sample collection and PBMC isolation

Written informed consent was obtained and whole venous blood was collected into

heparinized tubes from healthy volunteers. Subject inclusion criteria were limited to males,

aged 20-30 years old at time of blood draw, who tested negative for both cytomegalovirus

and flaviviruses. Exclusion criteria included any immune-compromising disease, heart

disease, organ transplant, cancer, or stroke. Study was approved by the University of

Arizona Institutional Review Board. PBMCs were isolated using Histopaque (Sigma-

Aldrich, St. Louis, MO) and cryopreserved in DMSO/FBS (10%/90%) until use.
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Rapamycin treatment

Rapamycin (Calbiochem, Darmstadt, Germany) was administered by daily i.p. injection

beginning 2 days prior to infection and lasting through day 7 post-infection. Rapa was

administered at a dose of 75μg/kg in 200μL of PBS. Control groups were given PBS +

1%DMSO (vehicle) injections. For in vitro assays, rapa was added at indicated

concentrations to the cells at the outset of the assay and kept present throughout. For in vivo

experiments rapa was quantified in whole blood as described previously (9), at the

University of Arizona and the Texas Biomedical Research Institute (San Antonio, TX), with

highly concordant results.

Infections

LCMV-Armstrong strain (simply referred to as LCMV) was generously provided by Dr

Jeffrey Frelinger (University of Arizona) (10). Mice were infected with 104 pfu LCMV i.p.

Lm-gp33 was generously provided by Dr. Susan Kaech (Yale University) (11). Mice were

infected with 1-5×105 cfu Lm-gp33 i.v. Lm-OVA (12) was generously provided by Dr Hao

Shen (University of Pennsylvania). Mice were infected systemically i.v. with 1-5×103

colony-forming units (cfu) of Lm-OVA. WNV strain 385-99, generously provided by Dr

Robert Tesh (Univ. of Texas Medical Branch, Galveston), was used to infect mice at 103 pfu

s.c. as described (13-15).

In vitro acidification assay

Mouse bone marrow macrophages were derived as previously described (16). Human

monocytes were enriched using a CD14 positive-selection kit (Miltenyi Biotech, Auburn,

CA). Culture media was replaced with antibiotic-free medium the night before the assay.

Rapa groups were pre-treated with rapamycin at indicated concentrations for 2hr prior to

infection. Chloroquine (Sigma) was used at 20μM as a positive control. Lm was stained with

pH-insensitive e670 dye (eBioscience, San Diego, CA) to identify infected cells. Cells were

infected (MOI=5-10) for 5 min, treated with gentamycin, then washed twice before staining

with lysotracker (Molecular Probes, Eugene, OR). Infected cells were identified as e670+

and then the ratio of the geometric mean fluorescence intensity of acidic to neutral was

calculated to determine relative lysosomal acidification.

In vivo CTL assay

In vivo CTL assay was performed as described previously (17). Briefly, splenocytes from

uninfected mice were stained with DiI Vybrant (Molecular Probes) and then stained with

increasing CFSE concentrations (1nm, 1uM, 10uM) that corresponded with increasing

SIINFEKL peptide pulsing concentrations (no peptide, 100nM, 10μM). Populations were

pooled and 15×106 total target cells were injected i.v. into Lm-OVA-primed mice on day 8

postinfection. Uninfected recipient mice were included as controls. Recipient spleens were

analyzed 4hr later for target cell clearance. Percent target cell clearance was calculated by:

%killing = 100-((pulsed targets of infected recipient/unpulsed targets of infected recipient)/

(pulsed targets of naïve recipient/unpulsed targets of naïve recipient))x100.
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Tetramer staining, in vitro stimulation, ICCS and flow cytometry reagents

Tetramer, ex vivo peptide stimulation for intracellular cytokine staining, and flow cytometry

were performed as described previously (13, 18). PMA + ionomycin (eBioscience)

stimulation was performed in the presence of rapamycin (concentrations as indicated) for

5hr at 37C. Brefeldin A was added for the last 3 hours of stimulation. Samples were fixed

and permeabilized using the Foxp3 buffer kit (eBioscience) followed by intracellular

staining. Polyfunctional analysis was performed by first gating on IFNγ+ CD8 T cells and

then furtherer separating TNFα+ and Granzyme B+ subsets. Samples were collected on an

LSR Fortessa flow cytometer (BD Biosciences San Jose, CA) and analyzed using FlowJo

software (Tree Star, Ashland, OR). All antibodies were purchased from eBioscience, BD,

and Invitrogen. Kb-OVA and Db-NS4b tetramer were provided by the NIH Tetramer Core

Facility (Emory University of Georgia, Atlanta, Georgia). Db-gp33 was generously provided

by Dr. Jeffrey Frelinger.

Bacterial Burden and Viral Titer Measurements

Bacterial burden in spleen and liver were determined by plating serial dilutions of tissue

homogenate on BHI agar plates, as described previously (13). WNV viral titer was measured

by plaque assay in the brain, harvested after mice were perfused with 30mL PBS (14).

Metabolism Assays

Naïve CD8 T cells were enriched from spleen and superficial lymph nodes using a CD8

negative selection kit (Miltenyi) to which we added CD44-biotin to further deplete CD44hi

cells (95-99% purity). Cells were stimulated for 96hr with beads coated with anti-CD3 and

anti-CD28 (Miltenyi) in RPMI media supplemented with FCS (10%), L-glut, β-

mercaptoethanol, and pen/strep, and ± rapa (17ng/ml) as indicated. On the day of the assay,

cells were harvested and separated from dead cells by percoll gradient centrifugation and

stimulation beads, washed, counted, and plated in equal numbers on Seahorse plates

(Seahorse Bioscience, Massachusettes, USA) according to manufacturers protocols.

Glycolysis stress test assay was run according to manufacturers protocol using glucose

(10mM), oligomycin (1.5μM), and 2-DG (100mM). Mitochondrial stress test was performed

using oligomycin (1.5μM), FCCP (0.75μM), Rotenone (1μM), and Antimycin A (1μM)

according to manufacturers protocol.

Data Analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad, La Jolla,

CA), as indicated in the text and legends. p<0.05 was considered significant for all analyses.

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

Results

Previous studies showed equal expansion of CD8 T cells in the course of an acute response

to infection during low-dose rapa treatment (3). However, because there are no definitive

data on whether that expansion is absolute, rather than simply relative, and because the

presence of Ag-specific CD8 T cells does not necessarily equate to equal function of the

responding cells, we re-addressed the impact of low-dose rapa treatment on antigen-specific
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CD8 T cell function in vivo during LCMV infection, used in the seminal work by Araki and

colleagues (3). Rapa treatment was performed beginning 2 days prior to infection

(designated day 0; see Materials and Methods). On day 8 post-infection, we found the

number of splenic CD8 T cells that produced IFNγ in response to ex vivo gp33 peptide

stimulation to be significantly (2.5-fold) decreased compared to vehicle-treated mice (Figure

1A). Furthermore, we found that these mice exhibited a specific decline in the most

polyfunctional Ag-specific CD8 T cell subset, able to produce all three of the effector

molecules measured: IFNγ, TNFα, and Granzyme B (Figure 1B). Importantly, the decrease

in polyfunctional Ag-specific CD8 T cells was due to decreased proportion of these cells in

rapa-treated mice compared to controls (Supplemental Figure 1), indicating loss of the

polyfunctional population is not solely due to decreased overall numbers/survival of these

cells. We conclude that even low-dose rapa has immunosuppressive properties that depress

proliferation and function of Ag-specific effector CD8 T cells during LCMV infection.

To properly interpret our data, it was important to confirm that in our hands low-dose rapa

improves CD8 T cell Ag-specific memory, as previously published by Araki and Ahmed (3).

To test this, we used the same rapa treatment regimen during LCMV infection. At day 45

post-infection we measured significant increases in both frequency (Supplemental Figure

2A) and number (Supplemental Figure 2B) of gp33-specific CD8 T cells in the blood,

exactly as described in the original work(3). In response to Lm-gp33 challenge, we

confirmed that the memory response generated following rapa treatment conferred better

protection, as mice that had been treated with rapa during their primary LCMV infection had

improved bacterial clearance in the spleen on day 3 post-challenge (Supplemental Figure

2C). We further confirmed that at this dosing regimen, our mice experienced similar rapa

exposure based on blood drug concentrations, which ranged from 8-15ng/ml (9), well within

the range of 5-20ng/ml reported by Araki et al. (3). We conclude that our experimental

conditions were similar to those previously reported and that depressed CD8 T cell effector

function during the primary infection is indeed a consequence of the rapa treatment.

To assess whether these functional defects were pathogen-specific, we performed similar

experiments using the bacterial pathogen Lm-OVA. First we compared early bacterial

burden in the spleens and livers of mice in rapa or control groups at early time points after

infection. Mice treated with rapa had significantly higher bacterial burden in both tissues

compared to controls (Figure 2A). Because the burdens were increased early after infection,

prior to the expansion of CD8 T cells required for clearance, this suggested that rapa may be

inhibiting the function of other cell types, presumably neutrophils, macrophages, and/or

granulocytes, which are responsible for early control of Lm infection.

We also found that there were significantly lower numbers of OVA-specific CD8 T cells in

the spleens of mice in the rapa group compared to controls (Figure 2B). To further test the

functional ability of CD8 T cells primed during rapa treatment, we performed an in vivo

killing assay. Target cells were pulsed with a high and a low concentration of SIINFEKL

peptide to model low- or high-epitope density target cell, respectively. Mice treated with

rapa during Lm-OVA infection had significantly reduced target cell killing regardless of the

peptide epitope density on target cells, compared to controls (Figure 2C). Therefore, in

addition to decreased polyfunction (Figure 1B), we also show that low-dose rapa decreases
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the number of Ag-specific CD8 T cells in some infections, resulting in decreased target cell

killing in vivo. Additional experiments will be needed to formally establish whether there

are additional cytotoxicity function defects induced by rapa on a per-cell basis. The fact that

we did not observe an absolute reduction in granzyme B in the rapa-treated group relative to

controls (Fig. 1 and data not shown) would suggest that there may be no additional per-cell

defects. These results demonstrate that low-dose rapa treatment adversely affects multiple

intracellular CD8 T cell functions and that it likely impairs both innate and adaptive immune

cells.

As it is known that many cell types are required for protection against WNV infection (19),

we tested the impact of low-dose rapa treatment on WNV survival. We found that mice

treated with rapa exhibited higher viral titer in the brain compared to controls (Figure 3A),

which we have shown to be a strong predictor of mortality in mice (14). Indeed, these higher

viral titers correlated with increased mortality in the treated group (Figure 3B). Therefore,

low-dose rapa treatment impaired responses to, and immune protection against, a broad

range of pathogens by inhibiting the effector function of multiple cell types at several levels.

We next addressed the mechanistic nature of the observed defects in CD8eff and innate

immunity. To test if rapa treatment induced defects in innate cells, we measured lysosome

acidification in macrophages during Lm infection. Macrophages are critical in the early

control of Lm and their ability to properly dispose of ingested Listeria is key to that process

(20). Mouse bone marrow-derived macrophages were infected with dye-labeled Lm (to

identify infected cells) in the presence of rapa. Cells were treated with gentamycin to kill all

extracellular bacteria, and lysosome acidification was measured in infected cells by a dye

that accumulates in the lysosome and changes fluorescence in the low pH environment. Of

interest, we observed decreased acidification in both mouse (Fig. 4A) and human (Fig. 4B)

macrophages treated with rapamycin during infection, and that effect was seen at 10-1-3

μg/ml, being lost at lower doses in a dose-dependent manner. Because macrophages are

critical for early control of Lm, this provides one explanation for impaired early control of

Lm in vivo in mice treated with rapa (Figure 2A).

We also further examined the nature of a putative CD8 T cell-intrinsic rapa-induced defect

by measuring cytokine production in respose to PMA+ionomycin in the presence of

decreasing doses of rapa. Rapa significantly decreased the ability of both mouse and human

CD8 T cells to produce cytokines IFNγ and TNFα compared to paired samples stimulated in

the absence of rapa (Figure 4C,D). Decreased polyfunction was due to decreased production

of both IFNγ and TNFα for both mouse and human, as single cytokine-producing cells were

also reduced during rapa treatment (Figure 4C,D). Representative flow cytometry data is

shown in Figure 4E to further illustrate this point. This data shows that rapa, even at these

low doses, inhibits the cell-intrinsic ability of CD8 T cells to produce effector cytokines in

response to a polyclonal stimulus. We conclude that deleterious effects of rapa are broad and

impact multiple cell types across different species.

In addition to the above cytokine secretion defect, we found other signs of incomplete

CD8eff differentiation. Specifically, on day 8 post-infection, tetramer+ CD8 T cells were

analyzed for KLRG1 and CD127 expression to identify short-lived effector cells (SLEC)
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and memory precursor cells (MPEC). Representative gating for each infection is shown in

Figure 5A. Similar to previous reports (3), we measured increased MPEC and decreased

SLEC frequencies within the tetramer+ populations specific for LCMV, Lm-OVA, and

WNV (Figure 5B). In absolute terms, we found that anti-LCMV and anti-Lm-OVA blood

populations showed significantly decreased SLEC and increased MPEC cell numbers,

whereas the WNV-specific responses showed similar trends, but did not reach statistical

significance (Figure 5C).

The above decrease in SLEC numbers could be due to a cell-intrinsic effect of rapa on CD8

T cells. Alternatively, rapa might induce changes in innate cell types during CD8 T cell

priming, thus altering the differentiation programming of the Ag-specific (21) CD8 T cells.

To distinguish between these possibilities, we have examined the ability of rapa to affect the

CD8 T cell metabolic switch to glycolysis in the course of activation, a switch known to be

mediated via mTORC1 and required for robust effector function (22). Naïve control and

rapa-treated CD8 T cells were stimulated via TCR and subjected to a glycolysis stress test to

determine their glycolytic capacity. Cells were plated at equal density and metabolic

glycolysis rates were measured in real time. Extracellular acidification rate (ECAR) was

measured as an indication of cellular glycolysis. Basal ECAR, measured in the absence of

glucose, was already significantly reduced in the presence of rapa (Figure 6A). When

glucose was injected into the media to measure cell glycolysis in the presence of saturating

substrate concentration, cells stimulated in the presence of rapa increased ECAR only

marginally compared to control-stimulated cells, which showed robust increase in ECAR

(Figure 6 A,B). This finding is consistent with previous reports that mTORC1 regulates the

T cell glucose transporter GLUT1 (23). Moreover, oligomycin, an ATPase inhibitor that

blocks oxidative phosphorylation and forces the cells to switch any remaining metabolic

capacity towards glycolysis, also failed to significantly increase glycolysis in rapa-treated

cells. Therefore, under any conditions, control samples exhibited significantly higher

maximum glycolytic capacity compared to rapa samples (Figure 6A). To verify that changes

in ECAR were due to changes in cellular glycolysis, we injected 2-DG, a glycolysis

inhibitor, at which point control samples (and, marginally, rapa-treated samples) reverted to

or below baseline glycolysis. To further explore metabolic alterations induced by rapa, we

also measured oxygen consumption rates (OCR) in stimulated CD8 T cells as an indicator of

oxidative phosphorylation (OXPHOS) (Figure 6C). We first observed that control samples

had higher OCR than samples that had been stimulated in the presence of rapa. When we

injected oligomycin to block oxidative phosphorylation, both groups lost all OCR ability, as

expected. We next injected FCCP to uncouple OXPHOS from ATPase activity and observed

that rapa samples reached a higher peak OCR than control samples (Figure 6C). Rotenone

and antimycin A are electron transport chain inhibitors and were injected to confirm that

OCR changes were due to OXPHOS metabolism. We also calculated the spare respiratory

capacity (SRC) and found that CD8 T cells stimulated in the presence of rapa had

significantly higher SRC than control-stimulated cells (Figure 6D). Importantly, increased

SRC is a hallmark of memory CD8 T cell metabolic signature (24), consistent with a shift

from effector to memory differentiation fate. We conclude that impaired glycolysis

activation and diminished glycolytic capactiy provide a mechanism that likely explains the

in vivo defects in CD8 T cell effector function during infection.
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Discussion

The importance of nutrient sensing pathways in T cell function and survival is clearly borne

by several studies [(25-28) and references therein] and the possibility of improving vaccine

efficacy by manipulating these pathways is particularly attractive (29, 30). However, our

data clearly indicate that mTORC1 inhibition, even with low-dose rapa, has detrimental

consequences to immune function during the primary immune response, even increasing

susceptibility to infection. Based on our similar observations in multiple and distinct

infection models, we believe the negative consequences of low-dose rapa are broad and

pathogenindependent.

Furthermore, our data suggests that the function of more than one cell type is negatively

impacted by low-dose rapa. We show that cells in both the adaptive and innate immune

compartments exhibit deficient effector function during low-dose rapa treatment. For CD8 T

cells, this includes loss of polyfunctional cytokine production and decreased cytotoxic

killing in vivo, both considered critical components of CD8 T cell function during infection

(31). For innate immune cells, we show that mouse macrophages and human CD14+

monocytes have decreased phagosome acidification after Lm infection. Phagosome

acidification is a critical process for early control of infections (20). This also provides at

least one explanation for the impaired early control of Lm in vivo (Figure 2A). Importantly,

we show these defects in both mouse and human cells, supporting our hypothesis that the

deleterious effects of even low doses of rapa are broad and impact many cell types.

We further tested the mechanistic nature of low-dose rapa immune suppression by

measuring the glycolytic and respiratory capacity of stimulated CD8 T cells. We found that

cells stimulated in the presence of rapa were essentially glucose-insensitive (Figure 6B) and

were unable to switch towards glycolytic metabolism, even when treated with oligomycin to

block oxidative phosphorylation (Figure 6A), showing extremely minimal glycolytic

metabolism. This observation is supported by previous observations that rapa can decrease

GLUT1 expression (23). These cells also had decreased oxygen consumption rates,

indicating overall decreased metabolic activity during stimulation in the presence of rapa

and this has been shown in other cell types (32, 33). Interestingly, cells stimulated in the

presence of rapa exhibited increased spare respiratory capacity and this has recently been

shown to be critical for memory CD8 T cell development (24). The metabolic switch to

glycolysis is essential for robust T cell effector function (22, 34-37). Low dose rapa (3) or

glycolysis inhibition (38) may promote CD8 T cell memory formation, but this appears to

come at the cost of effector differentiation, causing potentially lethal consequences in at

least some infections.

This becomes especially important in the context of aging. Rapa has recently been used to

extend lifespan in mice (39). Only a limited number of studies have begun to address how

rapa might impact multiple organ systems (40, 41). A recently reported mTOR hypomorphic

mouse model also exhibited lifespan extension but interestingly had increased frequency of

random skin infection (42). Importantly, these studies were all performed in specific

pathogen-free facilities and did not include infectious exposure of treated mice to study

immune function. It has long been known that immune responses to infection drastically
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decline with age [reviewed in (15, 43-45) and that this correlates with increased

susceptibility to infection. Given these results and the findings of this study, it is essential to

evaluate the impact of rapa on immune function during aging. By extension, any

intervention that decreases mTORC1 signaling to extend lifespan and/or manipulate

immunity should be evaluated for its impact on immune function during aging, to prevent

possible adverse effects upon infectious disease susceptibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECAR Extracellular acidification rate, a measure of glycolysis in the cell
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Lm-OVA Listeria monocytogenes expressing recombinant ovalbumin fragment

containing the H-2Kb-restricted CD8 epitope SIINFEKL

low-dose rapa rapamycin administered at 75μg/kg

MPEC memory-precursor effector cells

Rapa rapamycin

SLEC short-lived effector cells
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Figure 1. Low dose rapamycin induces functional CD8 T cell cytokine defects during LCMV
infection
Mice were infected with 104 pfu LCMV i.p. On day 8 post-infection splenocytes were

stimulated ex vivo with gp33 peptide. (A) CD8 T cells were first gated through IFNγ+ as

shown in representative flow plots and quantified. (B) IFNγ+ cells were then further divided

by TNFα and Granzyme B production as depicted and quantified. Representative of 2

independent repeats, each with n=8 mice/group. Unpaired two-tailed student’s t-test (A), or

2-way ANOVA (B) were used to determine statistical significance. In (A) and (C) control

group is represented by open bars; rapa group is represented by filled bars. In (B) white part

of the bar graph denotes the number of IFNγ+TNFα+Granzyme B+ CD8 T cells in the

spleen; light grey is the number of IFNγ+Granzyme B+; dark grey is IFNγ+TNFα+; and

black shows cells that are only IFNγ+.
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Figure 2. Rapamycin delays bacterial clearance and CD8 T cell function killing during Lm-
OVA infection
Mice were infected with 1-5×103 cfu Lm-OVA i.v. (A) Livers (left panel) and spleens (right

panel) were harvested at the indicated time points post-infection to measure bacterial

burden. N=4-8 mice/group and is representative of 3 independent experiments. 2-way

ANOVA was used to determine statistical significance. (B) On day 8 post-infection, spleens

were analyzed for OVA-tetramer staining on CD8 T cells. Representative gating and group

quantification are shown. Results are representative of at least 3 independent experiments

and analyzed by unpaired student’s t-test, n=8 mice/group. (C) In vivo killing assay was

performed on day 8 post-infection and is representative of 2 independent experiments. Left

panel shows representative flow plots of uninfected, control, and rapa target cell recipients.

Unpaired two-tailed student’s t-test was used to determine statistical significance, n=8 mice/

group. For all panels, control groups are indicated in open circles and rapa groups are

represented with filled squares respectively.
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Figure 3. Rapamycin impairs effective control of WNV, resulting in increased mortality
Mice were infected with 103 pfu WNV s.c. (A) On day 10 post-infection brains were

harvested and viral titer was determined by plaque assay. n=6-12 mice/group, representative

of 2 independent experiments. Unpaired Mann-Whitney nonparametric test was used to

determine statistical significance. (B) Mice were tracked for survival for 30 days after

infection, with n=20-22 mice/group, representative of 2 independent experiments. Statistical

significance was determined by Log-rank test. (A and B) Control groups are represented by

open circles, rapa groups are represented with filled squares.
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Figure 4. Rapamycin induces cell intrinsic defects in both innate and adaptive immune cells
(A) Murine bone marrow macrophages or (B) human CD14+ monocytes were infected with

stained Lm in the presence (open circles) or absence (closed squares) of rapa. (A) Cells were

treated with decreasing doses of rapa (a 4-log titration). Chloroquine (CHQ) was used as a

positive control known to block lysosomal acidification. (B) Monocytes were treated with

17ng/ml rapa. gMFI ratio of acidic to neutral fluorescence was calculated to determine

phagosome acidification. (A) Representative of two independent experiments, each

containing n=4-5 samples. (B) Data shown are the combination of 2 independent

experiments. (A,B) Paired two-tailed student’s t-test was used to determine statistical

significance. (C) Murine splenocytes or (D) human PBMCs were subjected to PMA +

ionomycin stimulation, in the presence of the indicated concentration of rapa and CD8 T

cells were gated based on IFNγ and TNFα staining. (C) Representative of 2 independent

repeats, n=4-8 mice/experiment. (D) Combined results of 2 independent experiments,

n=4-10 subjects per experiment. (E) Representative gating for both mouse and human CD8

T cells during rapa treatment. Data in panels C and D were analyzed by paired 1-way

ANOVA with Bonferroni post-tests to determine statistical significance compared to control

stimulation in the absence of rapa. Control samples in C&D are represented by the filled

bars; stimulation + rapamycin at concentrations of 500ng/ml, 100ng/ml, and 17ng/ml, are

represented by black, dark grey, and light grey unfilled bars, respectively.
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Figure 5. Rapamycin enhances memory CD8 T cell differentiation at the cost of effector
differentiation
Mice were infected with LCMV, Lm-OVA, or WNV. Blood and spleens were harvested 8

days post-infection and MPEC and SLEC ratios within tetramer+ cells were measured. (A)

Representative flow cytometry gating strategy for each infection in control and rapa-treated

mice. (B) Frequencies of SLECs and MPECs within the tetramer-positive CD8 T cells for

each infection. (C) Absolute counts of SLEC and MPEC tetramer-positive populations for

each infection. Representative of 2 independent experiments per infection, each with n=8

mice/group. Unpaired student’s t-test was used to determine statistical differences. Control

groups are represented by open bars; rapa groups are represented by filled bars.
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Figure 6. Rapamycin decreases CD8 T cell effector differentiation by blocking glycolytic
metabolism
Naïve CD8 T cells enriched from spleen and superficial lymph nodes were stimulated in

vitro for 96hr ± rapa. (A) Cells were subjected to a glycolysis stress test to determine

glycolytic capacity. (B) Basal glycolysis rates were measured in the presence or absence of

glucose. (C) Cells were subjected to a mitochondrial stress test to determine respiratory

capacity. (D) Spare respiratory capacity was calculated by subtracting the basal OCR from

the maximal OCR after FCCP injection. Representative of 2 independent experiments, each

with n=4-6 mice/group. Control samples are represented by open circles or open bars;

samples treated with rapa are represented with filled squares or filled bars. (A-C) Statistical

differences were determined using 2-way ANOVA or (D) unpaired student’s t-test.
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