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Abstract
Receptors belonging to the TNF-receptor (TNF-R) superfamily include important costimulatory
molecules, many of which specifically affect T cell activation. Tumor necrosis factor receptor-
associated factors (TRAFs) are recruited to many TNF-R superfamily members and are important
modulators of the proximal signaling events that occur at the time of receptor engagement and
activation. TRAF5 has been shown to be a positive regulator of a number of these receptors that are
involved in T cell costimulation. However, the potential importance of TRAF5 in cellular immune
responses to infection or in T cell expansion and memory have not been studied. We report here that
TRAF5 was required for optimal CD8+ T cell responses following infection with Listeria
monocytogenes expressing ovalbumin (LM-OVA). TRAF5 was necessary for optimal T cell
expansion following primary infection with LM-OVA, and its absence resulted in fewer memory
CD8+ T cells following LM-OVA infection, together with higher bacterial loads in the liver. The
effect of TRAF5 on CD8+ T cell expansion was T cell intrinsic and not due to effects of TRAF5
deficiency on antigen presenting cells. Although their proliferative ability remained intact, CD8+ T
cells from TRAF5-/- mice were more sensitive to apoptosis and were unresponsive to the pro-survival
effects of the TNF-R superfamily costimulator CD27. Collectively, these studies identify TRAF5 as
an important positive signaling element that enhances T cell expansion and pathogen containment
by providing a survival advantage to responding antigen-specific CD8+ T cells during infection.
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Online Supplemental Material Fig. S1A, E and I show the levels of IL-2 produced by antigen-specific CD8+ and CD4+ T cells from
TRAF5-/- mice and littermate control mice during the primary infection, memory response and secondary infection respectively. Fig.
S1B, F and J show the levels of TNF-α produced by antigen-specific CD4+ T cells from TRAF5-/- mice and littermate control mice
during the primary infection, memory response and secondary infection respectively. Fig. S1C, G and K show the surface expression of
CD44 and CD127 by antigen-specific CD4+ T cells from TRAF5-/- mice and littermate control mice during the primary infection,
memory and secondary infection respectively. Fig. S1D, H and L show the surface expression of CD44, CD43, CD127 and CD27 by
antigen-specific CD8+ T cells from TRAF5-/- mice and littermate control mice during the primary infection, memory and secondary
infection respectively. Fig. S2 shows the expression of OX40L and CD70 on bone marrow-derived DCs from TRAF5-/- mice and
littermate control mice activated with TLR ligands with or without anti-CD40 treatment.
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Introduction
The quality and magnitude of T cell memory is modulated by costimulation via CD28/B7
interactions (1,2) and the engagement of TNF-R superfamily members such as CD27 (3) and
OX40 (4). This family of costimulators is integral to T cell function and its members are
expressed at different stages during T cell activation (5). CD27, for example, is most highly
expressed by naïve and memory T cells (6,7). The surface expression of OX40 and 4-1BB, by
contrast, is induced by T cell receptor (TCR) stimulation and further enhanced by CD28
costimulation (8,9). Individual members of the TRAF family of cytoplasmic adapter proteins
play various roles in signaling by TNF-R superfamily members, which are dependent upon the
specific receptor, cell type, and context (10). Many studies have been published to date about
the multiple roles played by TRAFs 2 and 6 in immune cell function (10-12) and the diverse
roles played by TRAF3 in TLR signaling and lymphocyte survival are becoming increasingly
appreciated (13-15). However, the biological role of TRAF5 in vivo has remained unclear.
Initially, the functions of TRAFs 5 and 2 were thought to be redundant, based upon results of
studies using transiently overexpressed TRAFs in non-immune, transformed cell lines (16).
Additionally, experiments characterizing the TRAF5 deficient mouse did not conclusively
demonstrate a clear and distinct role for TRAF5 in immunity (17). In these studies, the effects
of TRAF5 deficiency were determined by measuring the in vitro activation of early signaling
events, and did not address how the absence of TRAF5 affects the in vivo immune response to
infection.

TRAF5 has been shown to associate with several TNF-R superfamily members involved in T
cell costimulation, including CD27 (16), OX40 (18), GITR (19,20) and 4-1BB (21). There are
several hypotheses regarding the mechanism of T cell costimulation by these receptors,
including the promotion of survival during expansion (4,5,22) and/or enhancement of
proliferation (5,23,24). CD27 has been shown to use TRAF5 as a positive regulator of NF-κB
and JNK activation in vitro (16), suggesting that TRAF5 may be an important mediator of T
cell costimulation. Additionally, the T cell costimulatory molecules OX40 (25) and GITR
(19,20) have been reported to require TRAF5 for the activation of various signal transduction
pathways. However, the significance of TRAF5 in T cell immunity in vivo has not been
previously tested.

We hypothesized that TRAF5 acts as a positive regulator of T cell costimulation, and that it
facilitates cell survival signals delivered via TNF-R superfamily members. To address this
hypothesis, we employed the Listeria monocytogenes-ovalbumin (LM-OVA) infection model
(26,27). We found that in the absence of TRAF5, infected mice demonstrated a defect in
CD8+ T cell expansion, leading to lower levels of antigen-specific CD8+ T cells during primary
expansion, memory and secondary expansion. This decreased expansion of antigen-specific
CD8+ T cells resulted in reduced bacterial clearance from the liver early during secondary
challenge. The decreased CD8+ T cell expansion observed in TRAF5-/- mice was paralleled
by decreased in vitro survival capacity of TRAF5-deficient T cells following activation through
the TCR. This report presents the first evidence for a biologically important role for TRAF5
in CD8+ T cell responses to infection in vivo.

Materials and Methods
Mice

TRAF5-/- mice and littermate controls were obtained from Dr. Michael Croft (La Jolla Institute
for Allergy & Immunology, La Jolla, CA) and were created by Dr. Hiroyasu Nakano (17).
OT-1 TRAF5-/- mice were created by breeding OT-1 TCR transgenic mice (Thy1.1 or Thy1.2)
obtained from Dr. John Harty (University of Iowa, Iowa City, IA) to TRAF5-/- mice (Thy1.2).
The OT-1 transgene was detected through the use of anti-Vβ5.1 mAb (eBiosciences, San Diego,
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CA) and PCR using mouse tail DNA as a source of template. PCR was used to screen for the
existence of the targeted and germline TRAF5 allele(s). CD45.1+ C57BL/6 mice were obtained
from Jackson Laboratories, Bar Harbor, ME. Mice were maintained under pathogen-free
conditions at the University of Iowa. Use of mice in this study was according to a protocol
approved by The University of Iowa Animal Care and Use Committee.

Listeria monocytogenes infection
8-12 week-old mice were infected i.v. with 0.1 LD50 (1×104 CFU) virulent LM-OVA (Listeria
monocytogenes expressing the gene encoding chicken ovalbumin) (28). At day 7 (primary
response) or 40 (memory response) post infection (p.i.), spleens and livers were collected to
determine bacterial load, as detailed below. At day 43 p.i. mice were infected i.v. with 5
LD50 (5×105 CFU) virulent LM-OVA. At days 3 and 5 post secondary challenge spleens and
livers were collected to determine bacterial load. Livers were homogenized in 10mL 0.2%
IGEPAL in H2O and spleens in 7mL 0.2% IGEPAL in H2O. Organ homogenates were
subjected to serial dilutions and plated on TSB-streptomycin agar plates to determine CFUs
of LM-OVA in liver and spleen. Splenocytes were also collected at the time points listed above
for flow cytometric analysis of OVA-specific T lymphocytes.

Enumerating OVA-specific T lymphocytes by intracellular staining for IFN-γ
Spleens were harvested from infected mice and erythrocytes were depleted by hypotonic lysis.
Splenocytes were washed and resuspended in fresh medium (RPMI 1640, 8% FCS, Pen/Strep,
and β2-mercapoethanol). Total splenocytes were counted on a hemocytometer, and 200μL of
this suspension was transferred to sterile plastic tubes. 200μL of medium plus 2μL/mL
GolgiPlug™ (brefeldin A; BD Pharmingen), with or without 1μM of purified OVA peptide
(SIINFEKL), were then added to the tubes, which were incubated at 37°C for 6 hours prior to
staining. CD4+ T cells were stimulated using the same method with the exception that the
stimulatory peptide was 5μM of listeriolysin O antigen LLO190-201. Splenocytes were surface-
stained with α-Thy1.2-APC (clone 53-2.1, BD Pharmingen) and α-CD8α-PerCP (clone 53-6.7,
BD Pharmingen) or α-CD4-PerCP (clone RM4-5, BD Pharmingen) mAbs prior to fixation and
intracellular cytokine staining. Staining was completed using α-IFN-γ-phycoerythrin (PE)
labeled mAbs (clone XMG1.2, Biolegend). In some cases cells were stained with fluorescein
isothyocyanate (FITC)-labeled α-IFN-γ and were costained with α-IL-2-PE (clone JES6-5H4,
BD Pharmingen) or α-TNF-α-PE (clone MP6-XT22, Biolegend). T cell surface phenotype was
determined using α-CD43-PE (clone R2/60, eBiosciences), α-CD44-PE(clone IM7,
eBiosciences), and α-CD127-PE (clone A7R34, eBiosciences) mAbs.

Detection of OVA257-264-specific CD8+ T cells
MHC class I tetramers were prepared following published protocols (29). Staining with APC-
conjugated tetramers was followed with surface staining for CD8.

Dendritic cell (DC) vaccinations
DC vaccinations were performed as previously described (30). Cells were activated with LPS
(100ng/mL; Sigma, St. Louis, MO), CpG-B oligodeoxynucleotide 2084 (100ng/mL)
(Integrated DNA Technologies, Coralville, IA), 5μg/mL α-CD40 mAb (clone HM40.3,
eBioscience) or both CpG 2084 and α-CD40 mAb for 48 hours. Activation status was
determined by flow cytometric staining for CD11c, CD86 and MHC-class II expression. DCs
were harvested, washed and coated with SIINFEKL peptide (1μM) for 3 hours at 37°C, then
washed and resuspended in sterile PBS. 5×105 activated, peptide coated DCs were injected i.v.
into recipients (TRAF5-/- mice or littermate controls).
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OT-1 adoptive transfer
T cells were obtained from the peripheral blood of TCR transgenic OT-1 TRAF5-/- and OT-1
TRAF5+/+ mice. Erythrocytes were lysed by hypotonic solution and OT-1 T cells enumerated
by flow cytometry. Suspensions of OT-1 T cells from TRAF5-/- mice (CD45.2, Thy1.2) and
OT-1 T cells from TRAF5+/+ mice (CD45.2, Thy1.1/Thy1.2) were mixed 1:1 (500 TRAF5-/-

OT-1 T cells and 500 TRAF5+/+ OT-1 T cells) in sterile PBS and injected i.v. into CD45.1
C57BL/6 recipients. On the following day recipient mice were infected with 0.1 LD50
(1×104 CFU) virulent LM-OVA.

CFSE assays
CD8+ T cells were purified from the spleens of TRAF5-/- or control mice by negative selection
(EasySep, Stem Cell Technologies, Vancouver, Canada) and labeled with carboxyfluoroscein
succinimidyl ester (CFSE) from Sigma-Aldrich (1μM). CFSE labeled cells were plated at
3×105 cells/well in 48 well plates coated with 0.5μg/mL α-CD3 mAb (clone 145-2C11,
eBioscience, San Deigo, CA) with or without 10μg/mL soluble α-CD28 mAb (clone 37.51,
eBioscience,) or 10μg/mL plate-bound α-CD27 mAb (clone LG.3A10, BD Pharmingen, San
Deigo, CA) for 24, 48 and 72 hours. Cell division was determined by CFSE dilution via flow
cytometry.

Propidium iodide staining
CD8+ T cells were purified from the spleens of TRAF5-/- or control mice by negative selection
and stimulated as in the CFSE and caspase 3 activity assays. Following stimulation, cells were
fixed with ice cold 70% ethanol and stained with 10μg/mL propidium iodide for 30 minutes
prior to FACS analysis.

Caspase 3 activity
Splenocytes were washed and resuspended in fresh medium (RPMI 1640, 8% FCS, Pen/Strep,
and 10-5M 2-mercapoethanol). Splenocyte suspensions were stimulated with SIINFEKL
peptide (1μM) with α-Fas mAb (Jo2, BD Pharmingen) for 48 hours. Costimulation was
provided with Hi5 insect cells expressing membrane-bound CD70 via a recombinant
baculovirus. Insect cells grow at room temperature, and lyse to form membrane fragments
within 18 hrs. when cultured at 37°C. Following stimulation, the cells were transferred to
1.5mL tubes and centrifuged for 1 minute at 2000 rpm (380g). To each pellet, 75μL of caspase
3 substrate (PhiPhiLux-G1D2, OncoImmunin, Gaithersburg, MD) was added and pellets were
incubated for 1 hour in a 37°C water bath. Cells were then washed and stained with α-CD8
PerCP mAbs. CD8-negative cells were excluded by gating and caspase 3 activity was observed
using flow cytometry.

Statistical analysis
P values were generated using Student's t test (unpaired, two-tailed, at 95% confidence
interval).

Results
Expansion and memory levels of antigen (Ag)-specific CD8+ T cells in TRAF5-/- mice
following primary infection with Listeria monocytogenes

TRAF5 has been implicated as a positive regulator of TNF-R superfamily members known to
function as T cell costimulators (17,18,20). If TRAF5 is important to T cell costimulation, this
predicts a decrease in T cell expansion and memory following infection of TRAF5-/- mice with
a pathogen. TRAF5-/- mice and littermate controls were infected i.v. with 0.1LD50 (1×104

CFU) virulent LM-OVA. At day 7 p.i., Ag-specific T cells were detected using intracellular

Kraus et al. Page 4

J Immunol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cytokine staining (ICS) for IFN-γ following in vitro stimulation with OVA257-264 (CD8+) or
LLO190-201(CD4+). During the primary infection, there were significantly fewer Ag-specific
CD8+ T cells in TRAF5-/- mice, both in frequency and total numbers (Fig. 1A & B). There was
no statistically significant difference in the number of Ag-specific CD4+ T cells between
TRAF5-/- mice and littermates. There were, on average, 60% fewer Ag-specific CD8+ T cells
in TRAF5-/- mice and 30% fewer CD4+ T cells than found in littermate controls (Fig. 1B). No
differences were observed between TRAF5-/- mice or littermate controls in IL-2 or TNF-α
production by Ag-specific CD8+ or CD4+ T cells, nor were there any differences in CD43,
CD44 or CD127 expression (Fig. S1A-S1D).

Because Ag-specific T cells were enumerated by counting T cells producing IFN-γ in response
to stimulation by peptide, defects in IFN-γ production could explain the differences observed
in the TRAF5-/- mice. To test this possibility, we repeated LM-OVA infection and enumerated
Ag-specific CD8 T cells using OVA257-264-specific MHC class I tetramers. Tetramer-positive
OVA-specific CD8+ T cells at day 7 p.i. yielded similar results to those obtained by intracellular
cytokine staining for IFN-γ (Fig. 1C & D).

The results indicated a defect in primary expansion of CD8+ T cells in the TRAF5-/- mice
following infection with LM-OVA. To determine if this effect was restricted to the primary
response or affected the memory T cell pool as well, we specifically tested the effect of TRAF5
deficiency on memory T cell levels following LM-OVA infection. On day 40 p.i. with
0.1LD50 LM-OVA, the number of memory CD8+ T cells in TRAF5-/- mice was on average
only 15% of the level found in the littermate controls (Fig. 2A & B). CD8+ T cells from
TRAF5-/- mice exhibited a higher degree of contraction (93%) than their littermates (80%)
(Fig. 2C). Interestingly, total numbers but not frequencies of memory CD4+ T cells in
TRAF5-/- mice were also negatively affected (Fig 2B). These data demonstrate that
TRAF5-/- mice have a defect in CD8+ T cell expansion following infection with LM-OVA,
and this defect resulted in a significantly decreased memory CD8+ T cell pool. As in the primary
infection, IL-2 and TNF-α production were not affected, nor was the expression of CD43,
CD44 or CD127 on CD4+ and CD8+ T cells (Fig. S1E-S1H). These data exclude deficiencies
in T cell IL-2 and TNF-α production as a cause for this expansion defect, and demonstrate that
phenotypic markers of activation and memory are normal in TRAF5-/- mice (Fig. S1A-S1H).
We have previously examined purified T cells from TRAF5 deficient mice and littermate
controls stimulated with CD27L (CD70) and found no differences in the ability to activate NF-
κB, JNK, ERK and p38 (data not shown).

Expansion of antigen-specific CD8+ T cells in TRAF5-/- mice following secondary challenge
with Listeria monocytogenes

TRAF5-/- mice and littermate controls previously infected with 0.1 LD50 LM-OVA were
challenged with 5 LD50 LM-OVA at day 43 p.i. Ag-specific T cells were measured via IFN-
γ ICS on days 3 and 5 post challenge, to test the effect of TRAF5 deficiency on the ability of
memory T cells to undergo expansion following secondary infection. Decreased expansion of
Ag-specific CD8+ T cells was observed at both time points in TRAF5-/- mice (Fig. 2A & B).
The total number of antigen-specific CD8+ T cells at day 5 post challenge was only ~30% that
of littermate controls (Fig. 2B), indicating a defect in secondary expansion. IL-2, TNF-α, CD43,
CD44, CD27 and CD127 production and expression were unaffected (Fig. S1I-SIL).

To investigate the effect of TRAF5 on the protective capacity of the secondary response to
infection, TRAF5-/- mice and littermates were primed with 0.1 LD50 LM-OVA and challenged
43 days later with 5 LD50 LM-OVA. Naïve mice were challenged with 5 LD50 LM-OVA as
a positive control to ensure that unimmunized mice were not protected from infection, which
was evaluated by monitoring clearance of the bacteria from spleens and livers. Naive controls
had nearly 1×1010 CFU/gram of liver and 1×109 CFU/spleen at day 3 post challenge (Fig. 3A
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& B). By comparison, littermates primed with LM-OVA had an ~ 7 log decrease in bacterial
load in both organs. LM-OVA-primed TRAF5-/- mice could clear a large proportion of LM-
OVA from the spleen, although their spleens contained ~92% more bacteria than did littermates
(Fig. 3A). Interestingly, 7 out of 9 TRAF5-/- mice (pooled data from two experiments) still had
between 1×106 and 1×107 CFU/gram of liver at day 3 post challenge, indicating that the
negative effect on CD8+ T cell expansion observed in the TRAF5-/- mice resulted in a delayed
clearance of bacteria from the liver (Fig. 3B).

T-cell intrinsic nature of the expansion defect in TRAF5-/- mice
TRAF5 is a potential positive regulator of T cell costimulatory molecules such as CD27 (16).
Additionally, TRAF5 may positively regulate CD40 signaling (17,31). Because CD40 is a
potent activator of dendritic cells (DC), it was important to know whether TRAF5 was
influencing CD8+ T cell expansion directly through T cell costimulation, and/or if the effect
was mediated by enhancing DC activation via CD40 signaling. To test the importance of
TRAF5 as a T cell intrinsic factor in T cell expansion we employed a DC vaccination strategy
to control whether the T cells or the DCs were TRAF5 deficient (32). TRAF5-/- mice and
littermates were given OVA257-264 peptide-loaded bone marrow derived DC (BMDC) from
wild type mice. At day 7 post immunization, OVA257-264-specific T cells were detected using
ICS for IFN-γ. When TRAF5-sufficient DCs were used to immunize TRAF5-/- mice and
littermates, significantly fewer OVA257-264-specific CD8+ T cells were generated in the
TRAF5-/- mice (54% of littermate levels, Fig. 4C & 4E). To test the effect of TRAF5 deficiency
on the ability of DCs to prime CD8+ T cell expansion, we used DCs generated from the bone
marrow of TRAF5-/- mice or littermate controls to immunize C57Bl/6 mice (Fig 4D & 4F).
When Wt mice immunized with DCs from TRAF5-/- mice were compared with those
immunized with DCs from littermates, we found no difference in the expansion of Ag-specific
CD8+ T cells, indicating that TRAF5 deficiency in DCs had no effect on CD8+ T cell expansion
(Fig. 4E & 4F). Thus, the defect in CD8+ T cell expansion in TRAF5-/- mice is T cell intrinsic.

Other activation parameters were measured in DCs from TRAF5-/- mice, including expression
of OX40L, CD27L (CD70), CD86, and IL-12 production. DCs from TRAF5-/- mice did not
show any defects in the ability to upregulate costimulatory ligands or produce IL-12 when
stimulated through CD40 and TLR9 (Fig. S2 and data not shown). However, optimal
expression of CD70 on the surface of DCs from TRAF5-/- mice and littermate controls was
dependent on the stimulation given. LPS was insufficient for inducing CD70 expression on
BMDC. TLR9 plus CD40 stimulation resulted in better CD70 expression and produced more
Ag-specific CD8+ T cells than those vaccinations using DCs stimulated with LPS alone (Fig.
4A & B). Taken together, these data indicate that the defect in T cell expansion and the
downstream decrease in CD8+ T cell memory numbers in TRAF5-/- mice is not a result of
defects in TRAF5-/- DC.

Next, we asked if unequal numbers of OVA-specific precursors in uninfected mice could
explain the observed decrease in Ag-specific T cell expansion following infection. The
possibility that naive TRAF5-/- mice have a lower precursor frequency of OVA-specific T cells
is small, because the frequency of both CD4+ and CD8+ T cells in naive TRAF5-/- mice is
normal (17) and was found in our experiments to be identical to littermate controls and C57Bl/
6 mice (data not shown). However, to normalize the numbers of Ag-specific T cells prior to
infection, OT-1 T cells from TRAF5-/- and TRAF5+/+ mice were used as donor cells for
adoptive transfer into congenic (CD45.1) recipients in the LM-OVA infection model. By
mixing donor cells in a 1:1 ratio we equalized the precursor frequency of TRAF5-/- and
TRAF5+/+ cells prior to adoptive transfer, and their expansion was monitored within the same
recipient (Fig. 5A). At 24 hours post transfer, mice were infected with 0.1LD50 LM-OVA. On
day 7 p.i. spleens were harvested and the frequencies of CD45.1-/Thy1.1+/1.2+ (TRAF5+/+)
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and CD45.1-/Thy1.2+/1.2+ (TRAF5-/-) CD8+ T cells were determined by FACS (Fig. 5C).
Following infection, there were consistently 50% fewer TRAF5-/- OT-1 T cells than
TRAF5+/+ OT-1 T cells recovered from recipient mice (Fig. 5D). These results were
remarkably similar to the results observed during the LM-OVA infection experiments shown
in Fig. 1 and DC vaccination experiments (Fig. 4). Results confirm that the expansion defect
observed in TRAF5-/- CD8+ T cells is not due to precursor frequency differences or defects in
DC function.

CD8+ T cell survival vs. proliferation in TRAF5-/- mice
Decreased expansion of CD8+ T cells in TRAF5-/- mice could be due to an increased sensitivity
to apoptosis, defective proliferation, or both. Many of the TNF-R superfamily members
expressed by T cells that bind TRAF5 are involved in T cell costimulation (33) and could
potentially affect proliferation and/or cell survival. To ask whether TRAF5 plays a positive
role in cell proliferation, purified CD8+ T cells from TRAF5-/- mice or littermate controls were
labeled with the fluorescent dye CFSE and stimulated with plate-bound α-CD3 Ab for 72 hours.
Costimulation was provided in some wells via soluble α-CD28 Ab or plate-bound α-CD27 Ab.
Signaling through CD28 does not require TRAF5 (34) and was a positive control for T cell
costimulation. CFSE dilution showed that naïve CD8+ T cells from TRAF5-/- mice proliferated
to the same degree as those from littermates following α-CD3 stimulation, whether they
received costimulation through CD28 or CD27 (Fig. 6A).

To test sensitivity to apoptosis, we stimulated CD8+ T cells in vitro and measured caspase 3
activity. At 48 hours following stimulation, CD8+ T cells from TRAF5-/- mice contained 25%
more caspase 3 activity than did CD8+ T cells from littermate controls (Fig. 6B & C). Using
agonistic anti-CD3 mAbs to stimulate purified CD8+ T cells can result in low-level activation
of caspase 3. However, this peak is lower in MFI intensity and resides between the peaks of
live and apoptotic cells. For these experiments only the caspase 3 high peak (shown by the
arrows in Fig 6B) was counted in the analysis. Interestingly, this peak was not observed when
using OT-1 T cells activated with OVA257-264. Recent analysis of a CD27 knockout mouse
shows that CD27 deficient CD8+ T cells have increased sensitivity to Fas/CD95-mediated
apoptosis (22). To test whether the CD8+ T cells from TRAF5-/- mice were also more sensitive
to CD95 killing, OT-1 T cells from TRAF5-/- mice were stimulated in vitro with Ag
(OVA257-264) rather than anti-CD3 mAb. Stimulation of the TCR with anti-CD3 mAb or OVA
peptide is used to upregulate CD95 on the cell surface. By using OVA peptide to stimulate
OT-1 T cells within a whole splenocyte culture we could use more physiologic TCR stimulation
conditions and determine whether CD27 signaling could rescue CD8+ T cells from CD95
mediated apoptosis. Splenocytes were treated with OVA257-264, α-CD95 mAb (Jo2) or isotype
control mAb, with or without membrane-bound CD27 ligand (CD70) for 48 hours. Apoptotic
CD8+ T cells were identified by staining for CD8 together with a reagent (PhiPhiLux-G1D2)
that detects activated caspase 3. In this way, caspase 3 activity could be quantitated in CD8+

T cells alone in cultures containing whole splenocytes. As with the purified CD8+ T cells
stimulated with agonistic antibodies to the TCR complex, peptide-stimulated T cells from OT-1
TRAF5-/- mice that were treated with α-CD95 mAb consistently resulted in higher caspase 3
activity than T cells from the littermates (Fig. 6D & 6E). Interestingly, membrane bound CD70
(CD27L) reduced caspase 3 activity in CD8+ T cells from littermate controls but had no effect
on caspase 3 activity in CD8+ T cells from OT-1 TRAF5-/- (Fig. 6D & E) Results were
confirmed using propidium iodide staining for DNA fragmentation (Fig. 6F & 6G) and using
PhiPhiLux® concomitantly with YOPRO-1, which accurately stains apoptotic cells (data not
shown) (35). These findings support our hypothesis that the CD8+ T cell expansion defect
observed in TRAF5-/- mice was due to increased propensity of activated CD8+ T cells to
undergo apoptosis, and not to impaired proliferation.
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Interestingly, we observed no detectable differences in levels of phosphorylated JNK, p38 or
ERK between TRAF5+/+ and TRAF5-/- T cells stimulated with membrane bound CD70 (Fig.
S3A). We also observed no difference in IκBα degradation between TRAF5+/+ and
TRAF5-/- T cells stimulated with membrane bound CD70 (Fig. S3A) or cross-linked α-CD27
agonistic mAb (Fig. S3B). Our findings regarding NF-κB are not surprising, considering the
well documented redundancy between TRAF2 and TRAF5 in the activation of NF-κB (16,
17) and the results published by Nakano and colleagues demonstrating no effect of TRAF5
deficiency on the activation of JNK and NF-κB in primary thymocytes from TRAF5-/- mice
stimulated via CD27 (17).

Discussion
The power of TNF-R superfamily members to regulate T cell costimulation has been
demonstrated in infection (3,22), tumor immunotherapy (36) and autoimmunity (25). However,
the role of TRAFs in this process remains poorly defined. TRAF5 binds to several TNF-R
superfamily members that regulate T cell function (16,18,21). This, together with published
data demonstrating that TRAF5 has functional importance for OX40 (25) and GITR (20)
suggests a link between TRAF5, T cell costimulation and responses to infection.

LM-OVA infection of TRAF5 deficient mice revealed a specific role for TRAF5 in CD8+ T
cell expansion, resulting in significantly fewer OVA-specific CD8+ T cells in both the primary
and secondary CD8+ T cell response. CD8+ T cells from TRAF5-/- mice also showed much
reduced memory responses following infection. Although complete ablation of CD8+ T cell
expansion in TRAF5 deficient mice was not seen, this was not surprising, because other
costimulators such as CD28 that do not require TRAF5 are still functional in these mice.

An important question raised by our results is which events in the T cell response to an
infectious pathogen were compromised by TRAF5 deficiency. While the effect of TRAF5
deficiency on CD8+ T cell expansion was striking, we did not observe defects in T cell
proliferation, cytokine production or activation phenotype. This indicates that the role of
TRAF5 in the CD8+ T cell response to infection is specific to cell fitness during clonal
expansion and is separate from cytokine production or the differentiation of activated T cells
to effector and memory subsets. Our results from LM-OVA infections of TRAF5-/- mice are
strikingly similar to those obtained from influenza virus infection of CD27-/- mice. CD27-/-

mice also exhibit defects in primary expansion of CD8+ T cells, resulting in a diminished
memory pool (3,37). We have also observed that as in the CD27-/- mouse, the TRAF5-/- mouse
appears to have defects in CD8+ T cell survival rather than proliferation (3). Recent work by
Dolfi and colleagues has shown that CD8+ T cell resistance to apoptosis is acquired late in the
primary response and is required at this stage to generate a memory pool similar in cell number,
but more effective in response to secondary challenge (22). Our results demonstrate that
CD8+ T cells from TRAF5+/+ mice were protected from CD95- mediated apoptosis when
stimulated with membrane-bound CD70, while those from TRAF5-/- mice were not. However,
in contrast to Dolfi et al., we observed a reduction in the number of Ag-specific CD8+ T cells
in the memory pool. This is not necessarily surprising, because absence of TRAF5 potentially
affects multiple TNF-R superfamily members involved in CD8+ T cell expansion, whereas
deficiency of CD27, or CD70 blockade affects only one of these pathways. It will be interesting
to determine if and how additional T cell costimulatory TNF-R superfamily members are
influenced by TRAF5.

TRAF5 deficiency might alternatively have indirect effects on the LM-OVA T cell response,
via potential defects in CD40 signaling to antigen presenting cells (17). The optimal surface
expression of many T cell costimulatory TNF-R superfamily member ligands by APCs is
positively influenced by CD40 and TLR signaling (38). We found that DCs from TRAF5
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deficient mice, stimulated with CpG and agonistic anti-CD40 antibodies, displayed identical
surface expression of the costimulatory ligands OX40L, CD70 and CD86, compared to
littermate control DCs, and also had comparable production of the proinflammatory cytokine,
IL-12. TRAF5-/- DCs had no defects in elicitation of OVA-specific T cell expansion. Thus,
while it is likely that TRAF5 plays specific roles in signaling by TNFR superfamily molecules
to APC, its major role in CD8+ T cell responses to infection is in directly delivering signals to
the T cell.

Our data demonstrated that the expansion defect observed in TRAF5-/- mice was not due to a
defect in numbers of OVA-specific T cell precursors. Thus the absence of TRAF5 led to a T-
cell intrinsic defect in the immune response to a pathogenic microbe. The defect in T cell
expansion observed could result from either defective proliferation, or increased susceptibility
to apoptosis during expansion. There is some evidence that costimulation by TNF-R
superfamily members can promote cell proliferation (39,40) However, the majority of
published work has suggested that T cell costimulatory TNF-R superfamily molecules act to
promote survival during clonal expansion by modulating the function of pro and anti-apoptotic
proteins (4,22). CD27 protects CD8+ T cells from CD95-mediated apoptosis during the primary
response to influenza virus infection (22), and our results demonstrate that apoptosis resistance
in TRAF5-sufficient mice was enhanced by the TRAF5-binding receptor CD27. However,
while TRAF5-/- T cells showed normal proliferative capacity, they displayed increased caspase
3 activity, enhanced susceptibility to apoptosis and reduced responsiveness to CD27
stimulation.

The underlying mechanism of the enhanced susceptibility to apoptosis in CD8+ T cells from
TRAF5-/- mice remains unclear. We did not observed any reproducible differences caused by
TRAF5 deficiency in the activation of NF-κB, p38, ERK or JNK (Figs. S3A and S3B). We
also found no detectable differences in the expression of the Bcl-2 family members, Bcl-2,
Bcl-XL and Bim (data not shown). It is likely that there is some overlap between TRAF2 and
TRAF5 in some functions. Evidence of TRAF5/TRAF2 redundancy in NF-κB and JNK
activation was observed in both B and T lymphocytes in the first description of the TRAF5-/-

mice by Nakano in 1999 (17), and is consistent with our present findings. We hypothesize that
TRAF5 affects survival through a separate, non-redundant pathway that is at least partially
independent of NF-κB.

Although priming with a sublethal dose of LM-OVA protected even the TRAF5-/- mice from
a subsequent lethal dose, TRAF5-/- mice consistently showed several orders of magnitude
higher bacterial loads in their livers at day 3 post challenge. That this effect was not as
pronounced in the spleen may be due to decreased clearance of LM-OVA in liver in
TRAF5-/- mice or a defect in T cell migration in TRAF5-deficient mice. It is also possible that
the reduction in expanded CD8+ T cells in TRAF5-/- leaves enough CD8+ T cells to reduce
bacterial loads in the spleen, but produces insufficient numbers to readily eliminate the bacteria
from peripheral organs, resulting in a delay in bacterial clearance from the liver.

Our data suggest that TRAF5 plays an important supporting role, allowing optimal expansion
of CD8 T cells after infection, resulting in the generation of a memory pool sufficient to provide
protection against secondary challenge. Thus, the deletion of one receptor (e.g. CD27) or one
adaptor molecule (such as TRAF5) results in reduction but not complete ablation of T cell
expansion and cellular immunity. Reduction in T cell expansion in TRAF5-/- mice results in
delayed but not ablated clearance of LM. This may have a modest effect on the survival of
laboratory mice in germ-free and predator-free laboratory environments. However, the optimal
CD8+ T cell response, which includes TRAF5 contributions to costimulatory signaling, may
make the difference between the survival or death of a mouse in a natural setting. The
information gained by understanding the effects of costimulatory TNF-R superfamily members
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may also be used in designing new vaccines and tumor therapies through precise manipulation
of T cell costimulation.

In summary, we have defined a novel role for TRAF5 as a positive regulator of CD8+ T cell
survival via costimulatory TNF-R superfamily members. This work reveals the importance of
TRAF5 in T cell costimulation and enhanced T cell survival during expansion, and identifies
a specific functional role for TRAF5 in T cell responses to infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The effects of TRAF5 deficiency on T cell expansion in response to LM-OVA
(A) TRAF5-/- mice (□) and littermate controls (TRAF5+/+) (■) were infected i.v. with a sub-
lethal dose of virulent LM-OVA (0.1XLD50 or 1000 CFU). (C & D) CD8+ T cell expansion
in response to the primary infection was measured using OVA-peptide-MHC class I tetramer
staining at day 7. * represents P<0.001 in a paired students t test (95% confidence interval) on
the composite data of 3 independent experiments (N= 8 mice per group) for ICS experiments
and 2 independent experiments (N= 7 littermate control mice and N= 4 TRAF5-/- mice) for
tetramer experiments).

Kraus et al. Page 13

J Immunol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. The effects of TRAF5 deficiency on T cell memory and secondary T cell expansion
(A &B) Memory levels of CD8+ and CD4+ T cells were measured at day 40 p.i., by IFN-g ICS
(Composite data from 3 independent experiments where N= 8 mice per group). T cell expansion
in response to a secondary infection (i.v.) of LM-OVA (5XLD50 or 5×105 CFU) was observed
using ICS for IFN-γ at day 5 post challenge (Composite data from 3 independent experiments
where N= 7 mice per group). (C) These methods were also used to measure contraction of both
CD8+ and CD4+ T cells. Expansion from memory to the peak secondary response was also
measured for CD8+ and CD4+ T cells. * represents P<0.05 in a paired students t test (95%
confidence interval).
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Figure 3. Protection from secondary infection
TRAF5-/- mice and littermate controls (TRAF5+/+) mice were infected i.v. with a sub-lethal
dose of virulent LM-OVA (0.1XLD50 or 1000 CFU). At day 43 p.i. TRAF5-/- and littermate
controls were challenged with a lethal dose (5XLD50 or 5×105 CFU) of LM-OVA. Naïve mice
were also infected as unimmunized controls. Spleens (A) and livers (B) were harvested on day
3 and 5 post challenge. Cumulative data are from 2 independent experiments.
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Figure 4. Primary response in mice receiving dendritic cell (DC) vaccination
C57BL\6 mice were immunized with 5×105 bone marrow-derived DCs from TRAF5+/+ mice.
DCs were matured with 100ng/mL CpG-B oligonucleotide (2084), 100ng/mL CpG-B (2084)
oligonucleotide plus 5μg/mL anti-CD40 mAb (HM-40.1) or 100ng/mL LPS for 48 hours prior
to immunization (A & B). TRAF5-/- mice and littermate controls (TRAF5+/+) were immunized
with 5×105 bone marrow-derived DCs from TRAF5+/+ mice or (C) TRAF5-/- DCs were used
to immunize TRAF5+/+ mice, while TRAF5+/+ DCs were used to immunize TRAF5+/+ mice
as a control (D). Ag-specific CD8+ T cells were measured by ICS for IFN-γ at day 7 post
immunization (E). * represents P<0.05 in a paired students t test (95% confidence interval).
Data in (C) are cumulative from 3 independent experiments where N= 8 mice per group. Data
in (D) are cumulative from 2 independent experiments where N= 4 mice per group.
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Figure 5. Intrinsic nature of the expansion defect in TRAF5 deficient mice
CD45.2/Thy1.2/1.2 OT-1 TRAF5-/- T cells were mixed 1:1 (1000 total CD8+ T cells) with T
cells from littermate controls (CD45.2/Thy1.1/1.2 OT-1 TRAF5+/+) and transferred i.v. into
naïve CD45.1/Thy1.2/1.2 mice. Recipient mice were infected with 0.1XLD50 virulent LM-
OVA 24 hrs later (A). At day 7 CD45.1 was used to exclude T cells from recipient mice (B)
and OT-1 TRAF5-/- CD8+ T cells and littermate OT-1 CD8 + T cells were measured as Thy1.1
versus Thy1.2 (C & D). * represents P<0.001 in a paired students t test (95% confidence
interval). This figure contains cumulative data from 2 independent experiments where N= 8
mice per group.
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Figure 6. Proliferation and apoptosis in CD8+ T cells
Purified CD8+ T cells were labeled with CFSE prior to stimulation. 3×105 CD8+ T cells/well
were stimulated with plate bound anti-CD3 mAb (0.5ug/mL) with or without soluble anti-
CD28 (10ug/mL) or anti-CD27 (10ug/mL) mAbs, or insect cells infected with CD70-producing
baculovirus for 72 hours. Filled histograms represent control wells where cells were treated
with a sub-optimal concentration of plate bound anti-CD3 mAb and isotype controls for anti-
CD28 and anti-CD27 mAbs or insect cells infected with wild type baculovirus (A). Apoptosis
was also measured as caspase 3 activation using the same stimulation parameters (TRAF5-/-

CD8+ T cells (□) and littermate control CD8+ T cells (■) (C). Open histograms represent
TRAF5-/- CD8+ T cell and filled histograms represent littermate control CD8+ T cells (B).
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Splenocytes from OT-1 TRAF5-/- CD8+ T cells (□) and littermate OT-1 CD8+ T cells (■) were
pulsed with SIINFEKL peptide with or without anti-Fas/CD95 mAb, Hi5 insect cells
expressing CD70 or anti-Fas + Hi5 CD70. Apoptosis was measured as an increase in caspase
3 activity in CD8+ cells (D & E). Filled histograms represent cells treated with isotype control
mAb for anti-Fas/CD95 (Jo2 mAb) and open histograms represent cells treated with anti-Fas/
CD95 mAb (D). CD8+ T cells were fixed and stained with propidium iodide following 48 hour
stimulations (TRAF5-/- CD8+ T cells (□) and littermate CD8+ T cells (■) (F & G). Open
histograms represent TRAF5-/- CD8+ T cell and filled histograms represent littermate control
CD8+ T cells (F) Data are representative of 3 independent experiments with similar results. *=
P<0.05 and ** =P<0.001 in a paired students t test (95% confidence interval).
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